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Preface

The research topics of computer algebra, special functions and quantum field theory
have been deriving outstanding achievements from computational, algorithmic and
theoretical point of view. As it turns out, there is a strong overlap of common
interests concerning mathematical, physical and computer science aspects, and
in the last years, the topics started a vital and promising interaction in the field
of the automated computation of multi-loop and multi-leg Feynman diagrams in
precision calculations. This observation has led, e.g. to an intensive cooperation
between RISC (Research Institute for Symbolic Computation) of the Johannes
Kepler University Linz and DESY (Deutsches Elektronen-Synchrotron). In order
to push forward the interaction of the three research fields, the summer school
and conference “Integration, Summation and Special Functions in Quantum Field
Theory” organized by the European Network LHCPhenonet in cooperation with
RISC and DESY was held at Hagenberg/Austria. Here central topics have been
introduced with the special emphasis to present the current developments and to
point out further possible connections.

This book collects the presented work in form of survey articles for a general
readership. It aims at pushing forward the interdisciplinary ties between the very
active research areas of computer algebra, special functions and quantum field
theory. The driving questions of this book can be summarized as follows:

* How do special functions, such as generalized hypergeometric series, Appell
functions, nested harmonic sums, nested multiple polylogarithms and multiple
zeta values, emerge in quantum field theories?

* What properties do these functions and constants have and how are they related
to each other?

* How can one extract information from such functions or how can one simplify
voluminous expressions in terms of such functions with computer algebra, in
particular with the help of symbolic summation and symbolic integration?

* What is the irreducible analytic and algebraic structure of multi-loop and multi-
leg Feynman integrals?
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This book tries to throw light to the underlying problems and to work out possible
future cooperations between the different fields:

Computer Algebra

N

Special Functions <——— > Quantum Field Theory

We emphasize that the interdisciplinary aspects are also reflected in the spirit
of the articles. The authors have different backgrounds concerning mathematics,
computer science and theoretical physics, and their different approaches bring in
new aspects that shall push forward the presented topics of this book.

In this regard, we highlight the following rising aspects:

In Harmonic Sums, Polylogarithms, Special Numbers, and their Generalizations
(J. Ablinger, J. Bliimlein), special functions such as nested sums, associated iterated
integrals and special constants which hierarchically appear in the evaluation of
massless and massive Feynman diagrams at higher loops are discussed. In particular,
the properties of harmonic sums and their generalizations of cyclotomic sums,
generalized harmonic sums and sums containing binomial and inverse-binomial
weights are worked out that give rise to the simplification of such sums by means of
computer algebra.

In Multiple Zeta Values and Modular Forms in Quantum Field Theory (D. Broadhurst),
properties of special functions like multiple zeta values and alternating Euler sums
are worked out, and it is indicated where they arise in quantum field theory. In
particular, the article deals with massive Feynman diagrams whose evaluations
yield polylogarithms of the sixth root of unity, products of elliptic integrals and
L-functions of modular forms inside their critical strips.

In Computer-Assisted Proofs of Some Identities for Bessel Functions of Frac-
tional Order (S. Gerhold, M. Kauers, C. Koutschan, P. Paule, C. Schneider,
B. Zimmermann), big parts of the computer algebra software of the combinatorics
group of RISC are used to prove a collection of identities involving Bessel functions
and other special functions. These identities appear in the famous Handbook of
Mathematical Functions by Abramowitz and Stegun, as well as in its successor,
the DLMF, but their proofs were lost. Here generating functions and symbolic
summation techniques are utilized to produce new proofs for them.

In Conformal Methods for Massless Feynman Integrals and Large N, Methods (J. A.
Gracey), the large N method based on conformal integration methods is presented
that calculates high-order information on the renormalization group functions in a
quantum field theory. The possible future directions for the large N methods are
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discussed in light of the development of more recent techniques such as the Laporta
algorithm.

In The Holonomic Toolkit (M. Kauers), an overview over standard techniques for
holonomic functions is given covering, e.g. big parts of Feynman integrals coming
from quantum field theory. It gives a collection of standard examples and states
several fundamental properties of holonomic objects. Two techniques which are
most useful in applications are explained in some more detail: closure properties,
which can be used to prove identities among holonomic functions, and guessing,
which can be used to generate plausible conjectures for equations satisfied by a
given function.

In Orthogonal Polynomials (T. H. Koornwinder), an introduction to orthogonal
polynomials is presented. It works out the general theory and properties of such
special functions, and it is concerned with constructive aspects on how certain
formulas can be derived. Special classes, such as Jacobi polynomials, Laguerre
polynomials and Hermite polynomials, are discussed in details. It ends with some
remarks about the usage of computer algebra for this theory.

In Creative Telescoping for Holonomic Functions (C. Koutschan), a broad overview
of the available summation and integration algorithms for holonomic functions is
presented. In particular, it is worked out how the underlying algorithms can be
executed within the Mathematica package HolonomicFunctions. Special emphasis
is put on concrete examples that are of particular relevance for problems coming,
e.g. from special functions and physics.

In Renormalization and Mellin transforms (D. Kreimer and E. Panzer), the Hopf
algebraic framework is utilized to study renormalization in a kinetic scheme. Here
a direct combinatorial description of renormalized amplitudes in terms of Mellin
transform coefficients is given using the universal property of rooted trees. The
application to scalar quantum field theory reveals the scaling behaviour of individual
Feynman graphs.

In Relativistic Coulomb Integrals and Zeilberger's Holonomic Systems Approach |
(P. Paule, S. K. Suslov), symbolic summation algorithms such as Zeilberger’s
extension of Gosper’s algorithm and a parameterized variant are utilized to calculate
recurrence relations and transformation formulas for generalized hypergeometric
series. More precisely, the basic facts within the theory of relativistic Coulomb
integrals are presented, and the presented summation technology is used to tackle
open problems there.

In Hypergeometric Functions in Mathematica® (O. Pavlyk), a short introduction
to the constructive theory of generalized hypergeometric functions is given dealing,
e.g. with differential equations, Mellin transforms and Meijer’s G-functions. Special
emphasis is put on concrete examples and notes on the implementation in the
computer algebra system Mathematica.

In Solving Linear Recurrence Equations with Polynomial Coefficients (M. Petkovsek,
H. ZakrajSek), computer algebra algorithms for finding polynomial, rational,
hypergeometric, d’Alembertian and Liouvillian solutions of linear recurrences
with polynomial coefficients are described. In particular, an alternative proof of
a recent result of Reutenauer’s is given that Liouvillian sequences are precisely



viii Preface

the interlacing of d’Alembertian ones. In addition, algorithms for factoring linear
recurrence operators and finding the minimal annihilator of a given holonomic
sequence are presented.

In Generalization of Risch’s Algorithm to Special Functions (C. G. Raab), indefinite
integration algorithms in differential fields are presented. In particular, the basic
ideas of Risch’s algorithm for elementary functions and generalizations thereof
are introduced. These algorithms give rise to more general algorithms dealing also
with definite integration, i.e. calculating linear recurrences and differential equations
integrals involving extra parameters.

In Multiple Hypergeometric Series — Appell Series and Beyond (M. J. Schlosser),
a collection of basic material on multiple hypergeometric series of Appell type is
presented covering contiguous relations, recurrences, partial differential equations,
integral representations and transformations. More general series and related types
such as Horn functions, Kampé de Fériet series and Lauricella series are introduced.

In Simplifying Multiple Sums in Difference Fields (C. Schneider), difference field
algorithms for symbolic summation are presented. This includes the simplification
of indefinite nested sums, computing recurrence relations of definite sums and
solving recurrence relations. Special emphasis is put on new aspects in how
the summation problems are rephrased in terms of difference fields, how the
problems are solved there and how the derived results can be reinterpreted as
solutions of the input problem. In this way, large-scale summation problems for the
evaluation of Feynman diagrams in quantum field theories can be solved completely
automatically.

In Potential of FORM 4.0 (J. A. M. Vermaseren), the computer algebra system
FORM is presented that is heavily used in quantum field theory for large-scale cal-
culations. Special emphasis is put on the main new features concerning factorization
algorithms, polynomial arithmetic, special functions and code simplification.

Finally, in Feynman Graphs (S. Weinzierl), Feynman graphs and the associated
Feynman integrals are discussed. It presents four different definitions from the
mathematical and physical point of view. In particular, the most prominent class
of special functions, the multiple polylogarithms, with their algebraic properties are
worked out, which appear in the evaluation of Feynman integrals. The final part
is devoted to Feynman integrals, which cannot be expressed in terms of multiple
polylogarithms. Methods from algebraic geometry provide tools to tackle these
integrals.

In addition, we want to emphasize the following fascinating presentations that
are not part of this book, but which contributed substantially to our summer school
and conference “Integration, Summation and Special Functions in Quantum Field
Theory”: the key note lecture Mate is Meta by Bruno Buchberger, Hypergeometric
Functions and Loop Integrals by Nigel Glover, Polynomial GCDs and Factorization by
Jiirgen Gerhard and Holonomic Summation and Integration by Frédéric Chyzak.

The present project has been supported in part by the EU Network LHCPhe-
nonet PITN-GA-2010-264564; the Austrian Science Fund (FWF) grants (P20347-
N18, DK W1214); the Research Institute for Symbolic Computation, RISC; and
Deutsches Elektronen-Synchrotron, DESY, which are kindly acknowledged.
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We would like to thank I. Brandner-Foissner, T. Guttenberger, R. Oehme-
Pochinger (RISC) and M. Mende (DESY) for their help in organizing this meeting.

Zeuthen, Germany Johannes Bliimlein
Hagenberg, Austria Carsten Schneider
May, 2013
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Harmonic Sums, Polylogarithms, Special
Numbers, and Their Generalizations

Jakob Ablinger and Johannes Bliimlein

Abstract In these introductory lectures we discuss classes of presently known
nested sums, associated iterated integrals, and special constants which hierarchically
appear in the evaluation of massless and massive Feynman diagrams at higher
loops. These quantities are elements of stuffle and shuffle algebras implying
algebraic relations being widely independent of the special quantities considered.
They are supplemented by structural relations. The generalizations are given in
terms of generalized harmonic sums, (generalized) cyclotomic sums, and sums
containing in addition binomial and inverse-binomial weights. To all these quantities
iterated integrals and special numbers are associated. We also discuss the analytic
continuation of nested sums of different kind to complex values of the external
summation bound N.

1 Introduction

In the solution of physical problems very often new classes of special functions
have been created during the last three centuries, cf. [1-5]. This applies especially
also to the analytic calculation of Feynman-parameter integrals [6] for massless and
massive two- and more-point functions, also containing local operator insertions
and corresponding quantities, cf. [7, 8]. In case of zero mass-scale quantities the
associated integrals map to special numbers, lately having been called periods [9],
see also [10]. In case of single-scale quantities, expressed as a ratio x € [0, 1] to

J. Ablinger

Research Institute for Symbolic Computation (RISC), Johannes Kepler University,
Altenbergerstraie 69, A-4040 Linz, Austria
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2 J. Ablinger and J. Bliimlein

the defining mass scale, the integrals are Poincaré iterated integrals [11, 12] or they
emerge as a Mellin-transform at N € N [13] in terms of multiply nested sums. A
systematic way to these structures has been described in [14, 15]. Here an essential
tool consists in representations by Mellin—Barnes [16] integrals. They are applicable
also for integrals of multi-scale more-loop and multi-leg Feynman integrals [17],
which are, however, less explored at present.

In the practical calculations dimensional regularization in D = 4 + ¢ space-time
dimensions [18] is used, which is essential to maintain conservation laws due to
the Noether theorem and probability. It provides the singularities of the problem in
terms of poles in . However, the Feynman parameter integrals are not performed
over rational integrands but hyperexponential ones. Thus one passes through
higher transcendental functions [4, 5] from the beginning. The renormalization is
carried out in the MS-scheme, chosen as the standard. In new calculations various
ingredients as anomalous dimensions and expansion coefficients of the -functions
needed in the renormalization can thus be used referring to results given in the
literature. At higher orders the calculation of these quantities requests a major
investment and is not easily repeated at present within other schemes in a short
time.

With growing complexity of the perturbative calculations in Quantum Field The-
ories the functions emerging in integration and summation had to be systematized.
While a series of massless two-loop calculations, cf. [19], during the 1980s and
1990s initially still could be performed referring to the classical polylogarithms
[12,20-23] and Nielsen-integrals [24], the structure of the results became readily
involved. In 1998 a first general standard was introduced [25, 26] by the nested
harmonic sums, and shortly after the harmonic polylogarithms [27]. Further exten-
sions are given by the generalized harmonic sums, the so-called S-sums [28, 29]
and the (generalized) cyclotomic sums [30], see Fig. 1. Considering problems at
even higher loops and a growing number of legs, also associated with more mass
scales, one expects various new levels of generalization to emerge. In particular, also
elliptic integrals will contribute [31]. These structures can be found systematically
by applying symbolic summation, cf. [32], and integration formalisms, cf. [33,34],
which also allow to proof the relative transcendence of the basis elements found and
are therefore applied in the calculation of Feynman diagrams.

In this survey we present an introduction to a series of well-studied structures
which have been unraveled during the last years. The paper is organized as
follows. In Sect.2 a survey is given on polylogarithms, Nielsen integrals and
harmonic polylogarithms. In Sect. 3 harmonic sums are discussed. Both harmonic
polylogarithms and harmonic sums obey algebraic and structural relations on which
a survey is given in Sect.4. In Sect.5 we discuss properties of the multiple zeta
values which emerge as special constants in the context of harmonic sums and
polylogarithms. The S-sums, associated iterated integrals, and special numbers
are considered in Sect.6. The generalization of harmonic sums and S-sums to
(generalized) cyclotomic sums, polylogarithms and numbers is given in Sect.7. A
further generalization, which appears in massive multi-loop calculations, to nested
binomial and inverse-binomial harmonic sums and polylogarithms is outlined in
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Cyclotomic S-Sums

Fig. 1 Relations between the different extensions of harmonic sums

Sect. 8. Finally, we discuss in Sect. 9 the analytic continuation of the different kind
of nested sums in the argument N to complex numbers, which is needed in various
physical applications. Section 10 contains the conclusions. The various mathemat-
ical relations between the different quantities being discussed in the present article
are implemented in the Mathematica package HarmonicSums . m [29,35].

2 Polylogarithms, Nielsen Integrals, Harmonic
Polylogarithms

Different particle propagators 1/ A (p;, m;) can be linked using Feynman’s integral
representation [36]

ve—1

1 _ IO ‘ﬁm k=1 ¥
v Vn n n
Al Ay [Ti=i To) Jo >, xkAk)Zk=1W<

S(I—ixk) v, eR (1)
k=1

While the momentum integrals over p; can be easily performed, the problem
consists in integrating the Feynman parameters xj;. In the simplest cases the
associated integrand is a multi-rational function. In the first integrals one obtains
multi-rational functions, but also logarithms [33]. The logarithms [37] have to be
introduced as new functions being transcendental to the rational functions

T d
LT —In(1 — x), etc. (2
0 1—z

) a g
/ el / 2 _ L) 3)
0 21 0 1—22

Iterating this integral by




4 J. Ablinger and J. Bliimlein

one obtains the dilogarithm or Spence-function [20, 21], which may be extended to
the classical polylogarithms [12,21-23]

/X d—ZLin_l(@ = Li,(x),n e N, 4)
o <

All these functions are transcendental to the former ones. For an early occurrence
of the dilogarithm in Quantum Field Theory see [38].

The above iterations are special cases in iterating differential forms in
{dz/z,dz/(1 — z)}. The general case is described as Nielsen integrals [24].

( 1)n+p 1

Sn,p(x) n—1)lp!

/ ="z In"(1 — x2) . %)

Likewise, one might also consider the set {dz/z, dz/(1 4 z)}. Nielsen integrals obey
the relation

Sn—l,p(x) = Sn,p(x) . (6)

d
dx
One may derive serial representations around x = 0, as e.g.:

o0

> xk > xk xk
Lin(0) = Y 5 Si20) = Y581tk = 1), S$an(x) = Y 15 Sitk —1).,
k=1 k=2

k=2
(N

see also [39]. Here S(n) = Y_;_,(1/k) denotes the harmonic sum. The Nielsen
integrals obey various relations [12,20-24]. A few examples are:

Liz(1 — x) = —Liz(x) — In(x)In(1 — x) + & (8)
Lis (—l) — Lis(-¥) - 2 ()~ &2 ©)
X 2

Liz(1 —x) = =Sj2(x) — In(1 — x)Lip (x) — % In(x) In?>(1 — x) + & In(1 — x) + &3

(10)
Lis (—77=) = In(1 = 0)[Lis(x) ~ S12(5)] 4 S2.2(x) ~ Lis(x) = S13(x)

—%lnz(l — x)Lip(x) — 2—141n4(1 —Xx) (1
Li, (x?) = 2" [Li, (x) + Li, (—x)] (12)
Lir(z) = % > Lip(x).n € N\{0} (13)

xn=z
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S22(1 —x) = =S22(x) + In(x)S; 2(x) — [Liz(x) — In(x)Liz (x) — &3] In(1 — x)

+%1n2(x) In?(1 —x) + %‘ . (14)

Here §, = Y ;= ,(1/k"), n >2,n € N are values of Riemann’s {-function.

Going to higher orders in perturbation theory it turns out that the Nielsen integrals
are sufficient for massless and some massive two-loop problems, cf. [26,40], and as
well for the three-loop anomalous dimensions [41], allowing for some extended
arguments as —x, x2. At a given level of complexity, however, one has to refer to a
more general alphabet, namely

A = {wo, w1, w—1} = {dz/z,dz/(1 — z),dz/(1 + 2)} . (15)

The corresponding iterated integrals are called harmonic polylogarithms (HPLs)
[27]. Possibly the first new integral is

* dz Liz(z
H_ 1001 (x) = / deLis@) (16)
0o z 14z

Here we use a systematic notion defining the Poincaré iterated integrals [11, 12],
unlike the case in (5). The weight w = 1 HPLs are

Ho(x) = In(x), Hj(x) = —In(1 —x), H_;(x) = In(1 + x), 17

with the definition of Hy__o(x) = In"(x)/n! for all x indices equal to zero. The
above functions have the following representation

X

x k
WL, Hi, (x) = / [Tow. 9

0 =1

Li, (x) =/“ wf w1, Spa(x) =/
0 0

where the corresponding products are non-commutative, m,, is of length k and x >
Uz 2 2me

Harmonic polylogarithms obey algebraic and structural relations, which will be
discussed in Sect. 4. Numerical representations of HPLs were given in [42,43].

3 Harmonic Sums

The harmonic sums are recursively defined by

N

H k
S0V = 3 SO 5,6y so) =1, b e o) (19)
k=1
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In physics applications they appeared early in [44,45]. Their systematic use dates
back to Refs. [25,26]. They can be represented as a Mellin transform

1
Sa(N) = M[f(x)](N) :/0 dxx"7 f(x), N e N\{0}, (20)

where f(x) denotes a linear combination of HPLs. For example,

Ho1,1(x) — &3 i (l) B In*(2) N n2(2)¢

1
S,11(N) = (~1 N“/ d
211 (V) = (=1) A 2 24 4

T2 G

3 + 3 21
holds. Harmonic sums possess algebraic and structural relations, cf. Sect. 4. In the
limit N — oo they define the multiple zeta values, cf. Sect. 5. They are originally
defined at integer argument N . In physical applications they emerge in the context
of the light—cone expansion [46]. The corresponding operator matrix elements are
analytically continued to complex values of N either from the even or the odd
integers, cf. Sect. 9.

4 Algebraic and Structural Relations

4.1 Algebraic Relations

Algebraic relations of harmonic polylogarithms and harmonic sums, respectively,
are implied by their products and depend on their index structure only, i.e. they
are a consequence of the associated shuffle or quasi—shuffle (stuffle) algebras [47].
These properties are widely independent of the specific realization of these algebras.
To one of us (JB) it appeared as a striking surprise, when finding the determinant-
formula for harmonic sums of equal argument [26] Eqgs. (157,158)

k
1
Sa. . a(N)= E Sa...aN)Su— ,(N), anb =sign(ab)(la| + |b|) (22)
N — N—— m=1

also in Ramanujan’s notebook [48], but for integer sums, which clearly differ in
value from the former ones. Related relations to again different quantities were given
by Faa die Bruno [49].

Iterated integrals with the same argument x obey shuffle relations w.r.t. their
product,

Ha1 ..... ak(x)'Hbl ..... b;(x): Z Hcl,...ck+1(-x)- (23)

c€alllb
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The shuffle-operation runs over all combinations of the sets a and b leaving the order
of these sets unchanged. Likewise, the (generalized) harmonic sums obey quasi-
shuffle or stuffle-relations, which are found recursively using [28,29]

Sa1 ..... ak(X],...,)Ck;n)Sbl ..... b,()’h---»)’l;n):
n

xi ) .
Z l.TllSuz,...,uk (2, oo xk38) Spy by V1o Y10 0)

i=1

i=1
n .

(x1- 1) . .
_Zi“l—‘H’lSaz ..... ak(XZs---sxkvl)sbz ..... b[(st---syl;l)v
i=l1

Xi, Vi € (C,a,-, bi € N\{O} . (24)

The presence of trace terms in form of lower weight products in addition to the
shuffled terms, cf. [50], leads to the name stuffle relations. In case the corresponding
values exist, both (23,24) can be applied to the multiple zeta values or other special
numbers applying the integral and sum-representations at x = 1 and N — oo,
cf. [51]. The basis elements applying the (quasi) shuffle relations in case of the har-
monic sums and polylogarithms at a given weight w can be identified by the Lyndon
words [52,53]. Let 24 = {a, b, c,d, ...} be an ordered alphabet and 20*(2l) the set of
words w given as concatenation products. Under the ordering of 2 a Lyndon word
is smaller than any of its suffixes. For example, the set {a,a,a,b,b,b}, a < b
is associated to the Lyndon words {aaabbb,aababb,aabbab}. Radford showed
[54] that a shuffle algebra is freely generated by the Lyndon words. The number of
Lyndon words can be counted using Witt formulae [55]. Let 90t be a set of letters g
in which the letter a; emerges ny times, and n = ZZ:I ny. The number of Lyndon
words associated to this set is given by

(n/d)!
/). (ng/d)!

1
b, ong) = =3 u(d) (25)
d|ng

Similarly one may count the basis elements occurring for all combinations at a given
weight, if the alphabet has m letters:

Naow = Y (5)me (26)

dlw

where p denotes Mobius’ function [56]. In case of the harmonic sums and
polylogarithms one has m = 3. The original number of harmonic polylogarithms is
3" and in case of the harmonic sums 2 - 3"~!. Algebraic relations for the harmonic
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polylogarithms and harmonic sums are implemented in the FORM-codes summer
[25] and harmpol [27], HPL [57], and also HarmonicSums .m [29, 35].

4.2 Structural Relations

Structural relations of harmonic polylogarithms and harmonic sums are implied by
operations on their arguments x and N, respectively.

4.2.1 Harmonic Polylogarithms

Harmonic polylogarithms satisfy argument-relations, as has been illustrated in (8-
14) for some examples in case of the Nielsen integrals. Not all argument relations
map inside the harmonic polylogarithms, however, cf. [27]. Some of them are valid
only for the sub-alphabet {wy, ®; }. While the transformation x — —x is general

Ha(=x) = (=1)"H-a(x), 27)

with the last letter in a different from 0 and p the number of non-zero letters in a.
The transformations

x—>1-x, x—x? (28)
apply to subsets only. Examples are:

Hi.1(1 —x) = —Ho(x)Ho,1(x) + 2Ho0.1(x) — {2Ho(x) — 283 (29)
Hi o0, (x%) = 4[Hi00,1(x) —Hyo0-1(x) —Hoy 001 (x) + Hop0-1(x)] .
(30)

One may transform arguments by x — 1/y + ie,

Hi o, (%) = Hy(x) [Ho,1 (x) + iwH; (x) — 48 + %] — 2[Ho o1 (x) — Ho 1.1 (x)
+-83] 4 [-Hy (x) — i w] Ho 1 (x) + 28H; (x) — %Hg(x)
+%i [ + 1 Hy (0)] H2(x) . (31)

An important general transformation is

1—1¢

X = —
1+¢

(32)
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which acts on the HPLs but not on the subset of Nielsen-integrals. An example is:

1—x 1 15¢;
Hi_ip (1 m x) = 8H3_1(x) +H_ —11(x) —Ho—1—1(x) —Ho—1,1(x) + =
1 In(2
Lo —Hm 2|2 2D e,
2 8 2
(33)
In most of these relations also HPLs at argument x = 1 contribute, cf. Sect.5.

Structural relations of HPLs are implemented in the packages harmpol [27], HPL
[57], and HarmonicSums .m[29, 35].

4.2.2 Harmonic Sums

Harmonic sums obey the duplication relation

Sitiy(N) = 2040 N5 2, 2N), i € N\{0} . (34)
+

This allows to define harmonic sums at half-integer, i.e. rational, values. Ultimately,
one would like to derive expressions for N € C, cf. Sect. 9. Another extension is
to N € R [14,26]. The representation of harmonic sums through Mellin-transforms
(20) implies analyticity for a finite range around a given value of N. The Mellin-
transform of a harmonic polylogarithm can thus be differentiated for N

1 1
i/ dxxV T H, (x) :/ dxx™V T Hy (x)Ha (x) . (35)
dN Jo 0

In turn, the shuffling relation (23) allows to represent the r.h.s. in (35) as the Mellin-
transform of other HPLs. It turns out that differentiation of harmonic sums for N is
closed under additional association of the multiple zeta values [14]. The number of
basis elements by applying the duplication relation (H), resp. its combination with
the algebraic relations is [58]

1 w
Nyw) =237 =27 Ny == u(5)[22 =31 . G6
(W) am(w) W;M 7 [ ] (36)
Differentiation in combination with the other relation yields

Np(w)=4-3""1 Npy(w) =4-3""2 =22 Nypy(w) = Nag(w) — Nagg (w—1).
(37)
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Let us close with a remark on observables or related quantities in physics which
are calculated to a certain loop level and can be thoroughly expressed in terms
of harmonic sums. As a detailed investigation of massless and single mass two-
loop quantities showed [40] seven basic functions of up to weight w = 4, cf.
[14], are sufficient to express all quantities. The three-loop anomalous dimensions
[41] contributing to the 1/¢ poles of the corresponding matrix elements require
15 functions of up to weight w = 5 and further 20 basic functions are needed to
also express the massless Wilson coefficients [7] in deep-inelastic scattering [59],
cf. Ref. [60]. Despite of the complexity of these calculations finally a rather compact
structure is obtained for the representation of the results. Structural relations of
harmonic sums are implemented in the package HarmonicSums .m [29,35].

S Multiple Zeta Values

The multiple zeta values (MZVs) [61, 62]" are obtained by the limit N — oo of the
harmonic sums

lim Sa(N) = 0a (38)
N—o00

and may also be represented in terms of linear combinations of harmonic poly-
logarithms Hp,(1) over the alphabet {wy, w;,w—;}.> In the former case one usually
includes the divergent harmonic sums since all divergent contributions are uniquely
represented in terms of polynomials in 01(c0) = 0y due to the algebraic relations.
Likewise, not all harmonic polylogarithms can be calculated at x = 1, requiring
their re-definition in terms of distributions. Some examples for MZVs, which
already appear in case of Nielsen integrals, are:

Li,(1) = &, (39)
Lis(=1) = — (1 - %) L, (40)
Sl,p(l) = §p+1 (41)
Sia(-1) = 343 “2)
Lis (%) = % [ —In*(2)] (43)

IFor a detailed account on the literature on MZVs see [63,64] and the surveys Ref. [65].

2The numbers associated with this alphabet are sometimes also called Euler-Zagier values and
those of the sub-alphabet {wy, w|} multiple zeta values.
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1 7 1 1
Li; (E) = §§3 - Efz In(2) + 13 In’(2) (44)
1
S22(1) = EC% (45)

3 1 7 1 1
S2a(~1) = ~2¢3 + 2Lis (5) F15N0) - J6W0) + S ItR) ()

2 1 7 1 1
Si3(-1) = —ggg + Liy (5) + §;3 In(2) — Zgz In%(2) + ﬁln4(2) )

In case of physics applications, MZVs played a role in loop calculations rather early,
cf. [66]. Since for Li,,(1/2) for m = 2,3 these numbers are not elementary, (46,
47) seem to fail to provide a corresponding relation for m = 4. Similarly, for larger
values of m also no reduction has been observed.

A central question concerns the representation of harmonic sums in terms of
polynomial bases. This has been analyzed systematically in [63, 67].> For MZVs
over {0, 1} a proof on the maximum of basis elements at fixed weight w has been
given in Refs. [68]. At the lowest weights the shuffle and stuffle relations imply all
relations for the MZVs. Starting with weight w = 8 one also needs the duplication
relation (34), and from weight w = 12 also the generalized duplication relations
Sect.4.1 in [63]. The latter are closely related to the conformal transformation
relations of the HPLs at x = 1, see (32). Let us give one example for the combined
use of the shuffle and stuffle relation for illustration, [51]*:

shuffle : 8318 = 68311 + 28221 + $o12
stuffle © $.18 = 2801 + Ca1 + G253 + 810

= {1

% [Ca1 + $23—$2021] . (48)

Finally one derives a basis for the MZVs using the above relations. Up to weight
w = 7 reads, cf. [25],

(01(00).1n(2)) : £2; 83: Lis (3) : (¢5.Lis (3)) : (Li6 (3) .0—s5.1) :

(¢7.Li7 (3) . 0-5.1.1,0-5.1.1) ; (49)

3For some aspects of the earlier development including results by the Leuven-group, Zagier,
Broadhurst, Vermaseren and the Lille-group, see [63].
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In [63] bases were calculated up to w = 12 for the alphabet {0, 1, —1} and tow = 22
for the alphabet {0, 1} in explicit form resp. for w = 24 restricting to basis elements
only. In the latter case the conjecture by Zagier [62] that the shuffle, stuffle and
duplication relations were the only ones was confirmed up to the weights quoted. For
these cases counting relations were conjectured in Refs. [69,70]. One may represent
the basis for the MZVs over the alphabets {0, 1} resp. {0, 1, —1} by polynomial
bases or count just the factors appearing in these polynomials of special numbers
occurring newly in the corresponding weight, which is called Lyndon-basis [63].
In the first case the basis for the MZVs[{0, 1}] is conjectured to be counted by the
Padovan numbers Py [71] generated by

14+ x . R
1—x2_ 3 Zka, Pi=P =P =1 (50)

In case of the Lyndon basis the Perrin numbers Py appear [72]

3—x2 > A
mZZkak, P1:0,P2:2,P3,:3. (51)

Both the above sequences obey the Fibonacci-recurrence [73]
Pi=Ps o+ Py3, d=3. (52)
The length of the Lyndon basis at weight w is given by
I(w) = lZu(K) Py (53)
w o d

Hoffman [74] conjectured that all MZVs over the alphabet {0, 1} can be represented
over a basis of MZVs carrying 2 and 3 as indices only. This has been confirmed up
to w = 24. An explicit proof has been given in [75].

The polynomial basis of the MZVs[{0, 1, —1}] is conjectured to be counted by
the Fibonacci numbers [76]

d d
P <1+¢§) _(1—~/§) 54)

NG 2 2

which obey

Z * fic (55)
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For the corresponding Lyndon basis the counting relation
1 w
l@@zz;%ju(E)Ld (56)

is conjectured [69, 70], where L, are the Lucas numbers [77],

d d
1 5 1 —+/5
1_x_x2 Zx Li. (58)

L;,=Lys 1+Ly»r,d=>4, Li=1,L,=3,L;=4. (59)

There is a series of Theorems proven on the MZVs, see also [63], which can be
verified using the data base [63]. The duality theorem [62] in case of the alphabet
{wp, w, } states

Hao(1) = Hy (1), a' =al_ . (60)

In case of the alphabet {wy, w;, w—_;} it is implied by the transformation (32), see
[63]. Another relation is the sum theorem, Refs. [78,79],

Yo b= (61)

i1+..+ig=n,i;>1

The sum-theorem was conjectured in [80], cf. [81]. For its derivation using the Euler
connection formula for polylogarithms, cf. [82].

Further identities are given by the derivation theorem, [80, 83]. Let I =
(i1,...,ix) any sequence of positive integers with i; > 1. Its derivation D([) is
given by

D) = (i1 + Vs, ..o vik) + Grda+ 1, ooyil) + oo (o oo yi + 1)
oy = Cai41inin) F oo F Ll +1) - (62)

The derivation theorem states

¢pay = Cepay) » (63)

where t denotes the duality-operation, cf. (60). An index-word w is called admissi-
ble, if its first letter is not 1. The words form the set $°. |w| = w is the weight and
d(w) the depth of w. For the MZVs the words w are build in terms of concatenation

products x{' ' x;x2 7" xo ... x2* ' x;. The height of a word, ht(w), counts the number



14 J. Ablinger and J. Bliimlein

of (non-commutative) factors x(‘)‘x{’ of w. The operator D and its dual D act as
follows [84],

Dxo=0, Dx;=xox;, Dxo=xox1, Dx;=0.
Define an anti-symmetric derivation
Inxo = xo(xo + x1)" ' xy .

A generalization of the derivation theorem was given in [83, 85]. The identity

§(0,w) =0 (64)
holds for any n > 1 and any word w € $°. Further theorems are the Le—Murakami
theorem, [86], the Ohno theorem, [87], which generalizes the sum- and duality
theorem, the Ohno—Zagier theorem, [88], which covers the Le-Murakami theo-
rem and the sum theorem, which generalizes a theorem by Hoffman [80, 81], and
the cyclic sum theorem, [89].

There are also relations for MZVs at repeated arguments, cf. [51, 84, 90], on
which examples are:

2n
£((2) = ©3)
(@A) = Cn +2) (66)
1 2 4n
€3 1) = 80 = o (67)
~ 10(27[)2" 1+\/§ 10n+5 1—\/§ 10n+5
(00 = o | ( 5 ) +— (68)

Finally, we mention a main conjecture for the MZVs over {0, 1}. Consider tuples
k = (ki,...,k;) € N, k; > 1. One defines

Z:=Q

21 = {0}

%= Y Qi{KCR. (69)
k|=w

If further

o0
oo .= Z %, CR  (Goncharov) (70)
w=0
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FC = @wa (Cartier) (71)

w=0
the conjecture states

(a) Z0° ~ #C There are no relations over Q between the MZVs of different
weight w.

(b) dim%,, =d,,withdy =1,d, =0,d» = 1,d,, = d,,— + d,,—3.

(c) All algebraic relations between MZVs are given by the extended double-shuffle
relations [91], cf. also [92]. If this conjecture turns out to be true all MZVs are
irrational numbers.

Let us also mention a few interesting relations for Li,(z) for special arguments
found by Ramanujan [93], which are of use e.g. in massive calculations at three-
loops [94]. These numbers relate to constants beyond the MZVs, which occur for
generalized sums and their extension allowing for binomial and inverse binomial
weights:

1 1,

2

= _’1’—8 +1n(2) In(3) — %lnz(Z) - % In’(3) (73)

C

5
— —
W —
N—

|

C

S

18 3
2

b4 1
=——+-1In® 7
18+6n(3) (75)

Li (—1) + 1L = e (2 76
o(=5) + 3t (5) =3 (5)- 7o

For further specific numbers, which occur in the context of Quantum Field Theory
calculations see also Sects. 6.3, 7, and 9.

2 2
) =" 4+2In(2Q)In(3) —2In*(2) — ZIn*(3)  (74)

6 Generalized Harmonic Sums and Polylogarithms

6.1 Generalized Harmonic Sums

Generalized harmonic sums, also called S-sums, are defined by [28,29,95]

i=1"1
Sg =1, x; e R\{0}, a; € N\{0} (77)
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and form a quasi-shuffle and a Hopf algebra [96] under the multiplication (24)
[28]. The multiplication relation in general leads outside the weight sets {a; }, {b;}.
The S-sums cover (together with the limit N — oo) the classical polylogarithms,
the Nielsen functions, the harmonic polylogarithms, the multiple polylogarithms
[97], the two-dimensional HPLs [98], and the MZVs [28]. In Ref. [28] four
algorithms were presented allowing to perform the e-expansion of classes of sums
in terms of S-sums, which were coded in two packages [99, 100]. In this way
the e-expansion can be performed using convergent serial representations for the
generalized hypergeometric functions p Fgp, The Appell-functions Fj,, and the
Kampé de Fériet function [101].

They can be represented in terms of a Mellin transformation over x €
[0, X1 ...xx] [29]. E.g. the single sums are given by

b d dxm X3 ]
Sub: Ny = | £ / x2/ dx, > . (78)
0 Xm X1 —1

Generalized harmonic sums obey the duplication relation

> Supas (b B2 N) =

(br.....bE:N), (79)

DT et
where the sum on the left hand side is over the 2" possible combinations concerning
+ and g; € N, b; € R\{0} and n € N. They also obey differential relations w.r.t.
N, supplementing their set with the generalized harmonic sums at infinity, resp. of

the generalized harmonic polylogarithms at x = 1. The mapping will usually also
require objects with different weights x;. Examples are [29]:

9

3, 52(2im) = —S3(2in) + Ho(2) S2(2:n) + Ho,o—1(1) + 2Ho 01 (1) + Hop —1(1) .
Dsa(3i8) = 12[ =533 4 V) — 2onsaa (54 v) - 2Hio(4) Sa(:)
IN A2 209N "HIN\22 2P\

+H0( ) Sy, l(%, %; N) — %H% (%) H()&()(%) + %HO,O,I,O(%)

Fita(H) - () s(En) sy oo

The counting relations for the basis elements are
Np(w) = Ns(w) — Ns(w—1), Nypw) =Ngw)—Ng(w—1), (81)
where Ny = (n — 1) - n"~! denotes the number of sums, given n letters in the

alphabet, and N4 the basis elements after applying the algebraic equations. Explicit
bases for a series of alphabets have been calculated in [29].



Harmonic Sums, Polylogarithms, Special Numbers, and Their Generalizations 17
6.2 Generalized Harmonic Polylogarithms

Generalized harmonic polylogarithms are defined as the Poincaré-iterated integrals
[11,12]

H, 4z , a; €C, z;>zj41. 82
)= / \aji—mgna])z 4 G =i (82)

Fora; € R,0 < a; < 1,x > 1(82) is defined as Cauchy principal value only.
Already A. Jonquiere [12] has studied integrals of this type. Sometimes they are
also called Chen-iterated integrals, cf. [11], or Goncharov polylogarithms [97].
The Mellin transforms of generalized harmonic polylogarithms map onto gener-
alized harmonic sums [29]. Furthermore, the generalized harmonic polylogarithms
obey various argument relations similar to the case if the HPLs, cf. Sect.4.2.1, as

X+b—x (83)
b—x —>x (84)
l-x (85)
I1+x o
kx — x (86)
1
— = x. (87)
X

6.3 Relations Between S -Sums at Infinity

S-sums at infinity exhibit a more divergent behaviour than harmonic sums if a; > 1.
The degree of divergence is then at least o< af¥, cf. Sect. 9. In the following we will
discuss only convergent S-sums at infinity. They obey stuffle and shuffle relations,
the duplication relation N — 2N, and the duality relations for the generalized
polylogarithms [29]

l1—x —>x (88)
Eale (89)
X cdeRd#1. (90)

Equation (88) implies

a1 ..... ak(l) - Hl —ai,..., l—ak(l)s ag 7é 0. (91)
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Examples for (89, 90) are:

Sy (3:00) = =S_;(c0) = In(2) (92)
£:00) = —S_j(0c0) + Si (—3:00) . (93)

In various cases S-sums at infinity reduce to MZVs, cf. also [102],

3 7

Sii(3.2.1500) = 5(2 In(2) + Z§3 %94)
1

$21 (3. 1:00) = =5 @) + &5 (95)

Sm (3:00) = Liyn (3) - (96)

Otherwise, new basis elements occur which have both representations in infinite
sums and iterated integrals. Using the above relations bases for different sets of
S-sums at infinity were calculated in [102].

7 Cyclotomic Harmonic Sums and Polylogarithms
and Their Generalization

The alphabet of the harmonic polylogarithms (15) contains two differential forms
with denominators, which form the first two cyclotomic polynomials: (1 — x) and
(1 + x). It turns out that quantum field theoretic calculations are also related to
cyclotomic harmonic polylogarithms and sums [103]. Cyclotomic polynomials are
defined by

x"—1
Q,(x) = ———, d,neNy C)
[] ®ax
dln.d<n
and the generating alphabet reads
d ld

A= EUG) 28 eNL o<1 <o), (98)

b Dy (x)

where @ (x) denotes the kth cyclotomic polynomial [104], and ¢(k) denotes
Euler’s totient function [105]. The Poincaré iterated integrals over the alphabet (98)
are called cyclotomic harmonic polylogarithms, cf. [30]. Due to the regularity of
1/®,(x) for x € [0, 1], except for @;(x), no more singularities appear beyond
those known in the case of the usual harmonic polylogarithms (or Nielsen integrals).
Cyclotomic harmonic polylogarithms obey shuffle relations, cf. Sect. 4.
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The cyclotomic harmonic sums [30] are related to the cyclotomic harmonic
polylogarithms via a Mellin transform (20). The generalized cyclotomic harmonic
sums are given by

StarbrerhodarbieyS1s - 51 N) =
N k

s
Z m Carbacabdar by ey (82, - 815k1), Sp =1, (99)

where a;,¢; € N4, b; € N, s; € R\{0},a; > b;; the weight of this sum is defined
by ¢; + -+ + ¢; and {a;, b;, ¢; } denote lists, not sets. If s; = £1 these are the usual
cyclotomic harmonic sums. The simplest cyclotomic sums are the single sums

N

(£1)*
S{al,bl,cl}(il;N) = Z e (100)
= (ark + by)«

i.e. harmonic sums with cyclic gaps in the summation. The cyclotomic harmonic
sums obey quasi-shuffle relations (A).

Beyond this the cyclotomic harmonic sums obey structural relations implied
by differentiation for the upper summation bound N, (D), which require to also
consider their values at N — oo. There are, furthermore, multiple argument
relations, cf. [30], decomposing Sy, »,.¢; (k - N), called synchronization (M), and
two duplication relations (H;, H3). Let us consider the cyclotomic harmonic sums
implied by the letters

_1)k _1\k
%’ (k}z) "k Jlr s’ (21(< —il-)l)’4 ' (101)
The length of the basis can be calculated by
Ng(w) = 4.5"71 (102)
Natw) = }deu (b)s (103)
Np(w) = Ns(w) = Ns(w— 1) (104)
Napw) = Na(w) — Ng(w—1) (105)
Naanm o) = 3 S (§) =320 - L 57 (M) =520,
d\w dlw 1

(106)
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where Ng(w) denotes the number of all sums. One may calculate the asymptotic
representation of the cyclotomic harmonic sums analytically. Here also the values
of cyclotomic sums at N — oo occur. The singularities of the cyclotomic harmonic
sums with s, = =+£1 are situated at the non-positive integers.

The cyclotomic sums for N — oo are denoted by 04, p,.c13....4ay brciy (S5 - -5 S1).
For V |sx| < 1 divergent series do only occur if a; = by and ¢; = 1, where the
degree of divergence is given by oy as in the case of the harmonic sums and can be
represented algebraically. They are related to the values of the cyclotomic harmonic
polylogarithms at x = 1. At w = 1 the regularized sums may be given in terms
of ¥ (k /1) and for higher weights in terms of ¥ (k/l),m > 1.1f [ is an integer
for which the /-polygon is constructable one obtains representations in terms of
algebraic numbers and logarithms of algebraic numbers, as well as & [30]. In this
way, {, being a basis element in case of the MZVs, looses its role. At depth w = 2
Catalan’s constant [106] with

021—2=—-14+C (107)

contributes. At higher depth new numbers emerge, which partly can be given inte-
gral representations involving polylogarithms and roots of the integration variable x.
The cyclotomic sums at infinity, as real representations, are closely related to the
infinite generalized harmonic sums at weights s; which are roots of unity, cf. also
[107]. In [30] basis representations were worked out for w = 1, 2 for the /th roots,
[ € [1,20], cf. also [108]. Counting relations for bases of the cyclotomic sums at
infinity have also been derived in Ref. [30].

8 Nested Binomial and Inverse-Binomial Harmonic Sums
and Associated Polylogarithms

In massive calculations further extensions to the nested sums and iterated integrals
being discussed in the previous sections occur. Here summation terms of the kind
Sab.c(X; k), or their linear combinations are modulated by

Sa,b,c(X; k) g (2]{]() Sa,b,c(X; k)

1
Sa,b,c(X; k) - —Sa,b,c(X; k) s (108)
2k
k
building iterated sums [94]. Sums of this kind occur in case of V-type three-loop

graphs for massive operator matrix elements. Simpler sums are obtained in case of
three-loop graphs with two fermionic lines of equal mass. Single sums of this kind
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have been considered earlier, see e.g. [109]. One may envisage generalizations of
(108) in choosing for the binomial a general hypergeometric term, i.e. a function,
the ratio of which by all shifts of arguments being rational. The association of the
corresponding iterated integrals in the foregoing cases has been found easily. Here
the situation is more difficult and the functions representing these iterated sums are
found in establishing differential equations [110]. It is found in the cases occurring
in Ref. [94] that the corresponding differential equations finally factorize and one
obtains iterated integrals over alphabets which also contain root-valued letters

1 1

1
Jae+a)x+b) Jax+ax+byx+c

beyond those occurring in case of the generalized (cyclotomic) polylogarithms. A
few examples of this type have been considered in [111]. The relative transcendence
of the nested sums and iterated integrals has been proven. The V-type three-loop
graphs require alphabets of about 30 root-valued letters. The corresponding nested
sums do partly diverge oc a”,a € N,a > 2. A typical example for a nested binomial
sums is given by:

a,b,c €Q (109)

i=1 =1 -
=N

V(2 U ,
Z(,-)H) 2@51,2(%,—1:1) (110)
j

1 )CN -1 X . .
- 0 dx x—1 8+ x [HW”'_LO(X) _Zlex,—l,O(x)]

Q/l N -1 [x . /1 (80N —1 [x
= d. H —2H dx ,
20y B Vg M@ -l e | x+g Vi-x

with 3 = 3020812 (3.-1j)G !)Z/j/(Zj)!/rr.one of the specific constants
emerging in case of these sums. Here the iterated integrals H* extend to x = 1
as firm bound, contrary to the cases discussed before where x = 0 is chosen. Here
the new letters wy, are

| |
Y s S S gy e

1 1
\/x(8+x)’ s = 24+ x)v/x@+x) ‘

The representations over the letters (109) are needed to eliminate the power growth
o a” of these sums and can be used to derive the asymptotic representation at large
values of N. While the terms & 8" and o 4V cancel, it may occur that individual
scalar diagrams exhibit contributions o< 2%, cf. [94]. This behaviour is expected to
cancel in the complete physics result.

(111)
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Fig. 2 Path of the contour Im(N)
integral (112)

N

43-2-1 1 23 4 ReN)

9 Analytic Continuation of Harmonic Sums

The loop-corrections to various physical quantities take a particular simple form in
Mellin-space being expressed in terms of harmonic sums and their generalizations.
Moreover, in this representation the renormalization group equations can be solved
analytically, cf. [59,112]. For a wide variety of non-perturbative parton distributions
Mellin-space representations can be given as well, see e.g. [113].

Thus one obtains complete representations for observables in N-space. In case
of the perturbative part, the singularities are situated at the integers N < N,
with usually N9 = 1, see e.g. [114]. The harmonic sums possess a unique
polynomial representation in terms of the sum S;(N) and harmonic sums which
can be represented as Mellin transforms having a representation by factorial series
[115,116]. They are transformed to x-space by a single precise numerical contour
integral around the singularities of the problem to compare with the data measured
in experiment. The analytic continuation of the perturbative evolution kernels and
Wilson coefficients from even or odd integers to complex values of N is unique
[117].3 To perform this integral a representation of the harmonic sums for N € C is
required. Accurate numeric representations up to w = 5 have been given in [118],
see also [119]. Arbitrary precise representations can be obtained using the analytic
expressions for the asymptotic representation [14, 60] together with the recursion
relations given in Sect. 3. These are given up to w = 8 in [58]. A path to perform
the inverse Mellin transform

flx) = %/Ooodz Im[e’” x “M[fI(N =C)]. C=c+z'? (112

is shown in Fig. 2. The asymptotic representations can also be obtained in analytic
form for the S-sums [29], cyclotomic (S)-sums [30], as well as for the nested
binomial cyclotomic S-sums [94, 110].

SFor a detailed proof also in case of generalized harmonic sums see [29].
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In case the expressions in N -space result from Mellin transforms of functions
f(x) ~ x% a €]0, 1] the singularities are shifted by «. This is usually the case
for the non-perturbative parton distribution functions, but also in case of some root-
valued harmonic polylogarithms considered in Sect. 8.

The inverse Mellin-transform cannot be performed in the above way for inte-
grands which do not vanish sufficiently fast enough as | N| — oo. Contributions of
this kind are those leading to distribution-valued terms in x-space as to §(1 — x),
[In*(1 — x)/(1 — x)]4 the Dirac §-distribution and the +-distribution defined by

1 1
/ dx [f()]4 gx) = /0 dx [g(x) — g(1)] £(x) - (113)

0

Also for terms which grow like aV,aeR,a>1inN -space, the Mellin transform
cannot be performed numerically in general. They are not supposed to emerge
in physical observables. The physical quantities in hadronic scattering contain
the parton distribution functions, which, however, damp according contributions
occurring in the evolution kernels sufficiently. On the other hand, the inverse
Mellin transform can always be performed analytically changing form nested sum-
representations in N -space to iterated integral representations in x-space as has been
outlined before.

10 Conclusions

Feynman integrals in Quantum Field Theories generate a hierarchic series of
special functions, which allow their unique representation. They emerge in terms of
special nested sums, iterated integrals and numbers. Their variety gradually extends
enlarging the number of loops and legs, as well as the associated mass scales. The
systematic exploration of these structures has been started about 15 years ago and
several levels of complexity have been unraveled since. The relations of the various
associated sums and integrals are schematically illustrated in Fig. 3 and are widely
explored. Many relations are implied by the shuffle resp. stuffle algebras, others are
structural relations. The number of relations grows with the number of admissible
operations.

A large amount of transformations and relations between the different quantities
being discussed in this article are encoded in the package HarmonicSums [29,35]
for public use. For newly emerging structures the algebraic relations are easily
generalized but they will usually apply structural relations of a new kind. With
the present programme revealing their strict (atomic) structure, they are fully
explored analytically and Feynman’s original approach to completely organize the
calculation of observables in Quantum Field Theory is currently extended to massive
calculations at the three-loop level in Quantum Electrodynamics and Quantum
Chromodynamics at the perturbative side. For these quantities efficient numerical
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integral representation (inv. Mellin transform)

C-Logs

Hia1),0,00%)

Hig 1,000

power series expansion

Fig. 3 Connection between harmonic sums (H-Sums), S-sums (S-Sums) and cyclotomic harmonic
sums (C-Sums), their values at infinity and harmonic polylogarithms (H-Logs), generalized
harmonic polylogarithms (G-Logs) and cyclotomic harmonic polylogarithms (C-Logs) and their
values at special constants

representations have to be derived. Working in Mellin space the treatment may even
remain completely analytic, in a very elegant way, up to a single final numerical
contour integral around the singularities of the problem, cf. Sect.9.

Despite of the achievements being obtained many more physical classes still
await their systematic exploration in the future. It is clear, however, that the various
concrete structures are realized as combinations of words over certain alphabets,
which may be called the genetic code of the microcosm [120].
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Multiple Zeta Values and Modular Forms
in Quantum Field Theory

David Broadhurst

Abstract This article introduces multiple zeta values and alternating Euler sums,
exposing some of the rich mathematical structure of these objects and indicating
situations where they arise in quantum field theory. Then it considers massive
Feynman diagrams whose evaluations yield polylogarithms of the sixth root of unity,
products of elliptic integrals, and L-functions of modular forms inside their critical
strips.

1 Sums and Nested Sums

We begin by generalizing the single sum of a zeta value to the nested sum that
defines a multiple zeta value (MZV) [1-4].

1.1 Zeta Values

For integer s > 1, the zeta values
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divide themselves into two radically different classes. At even integers we have

8]

b4
2) = —
(@) =7
4
b4
4) = —
(@ = 35
6
bid
6) = —
¢ 945
8
b4
]) =
¢®) 9,450
710
10) =
¢10) 93,555
and hence integer relations such as
50(4) - 28%(2) = 0. M

Yet no such relations have been found for odd arguments.
To prove (1), consider the wonderful formula

cos(z) > 1
sin(z) nZ

I—Nnmw
=—00

in which the cotangent function is given by the sum of its pole terms, each with unit
residue. Multiplying by z, to remove the singularity at z = 0, and then combining
the terms with positive and negative n, we obtain

z¢0s(z) > 1
=1-22Y ————.
sin(z) ¢ ; n?x? — 72

Expanding about z = 0 we obtain

1—-22/214+ 24 /41+ O(z°)
1—22/31424/514+ 0(z°)

2 z* 6
1=20Q) 5 ~20(4) 5 + 0

and easily prove that {(2) = 7?/6 and ¢(4) = 7*/90.

1.2 Double Sums

For integers a > 1 and b > 0, let
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caby = Y

m>n>0

which is a multiple zeta value (MZV) with weight a + b and depth 2. Then, when a
and b are both greater than 1, the double sum in the product

(@it =Y

m>0 n>0

can be split into three terms, withm > n > 0,m = n > 0andn > m > 0. Hence
¢(@)¢(b) = ¢(a.b) + L(a+b) + L(b.a). 2
There are further algebraic relations. Consider the sums
— 1
T(a,b,c) = ;; eI
Multiplying the numerator by (j + k) — j — k = 0 we obtain
0=T(@—-1,b,c)—T(a,b—1,c)—T(a,b,c—1)
and hence by repeated application of
T(a,b,c)y=T@@+1,b—1,c)+T(a+1,b,c—1)
we may reduce these Tornheim double sums [5] to MZVs. For example
T(1,1,1)=2¢(2,1).

We also have

But now the inner sum has only j terms and hence
N A
T(1.1,1) = ZFZE =2, 1) +¢0).
j=17 n=1

Comparing the two results for 7(1, 1, 1), we find that

£@2.1) =E0).
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More generally, for a > 1, Euler found that
a—1

Ca ) = Soa+ )= 3 Y Ea+ 1=, G
b=2

Moreover, Euler found the evaluation of all MZVs with odd weight and depth 2.
For odd a > 1 and even b > 0 we have

1+ C(a,b,a+b)

¢(a,b) = — > {la+Db)
(a+b=3)/2
+ Y Clab.2k+1)ia+b-2k-1IQk+1) 4
k=1
where

Cla.b.c) = (Z:i) + (Z:i)

For example, we obtain

2
(6.2) = ~5£0) + 2L0)

§(2,3) =5(2)5(3) = ¢(5) —¢(3,2)
9 w2
= S66) - 550)

using (4) and (2).
With weight w = a + b < 8 there is only one double sum ¢ (@, b) not covered by
Euler’s explicit formulas, namely

(4.2 = 2() - 526)

with an evaluation whose proof will be considered later.

To obtain such evaluations by empirical methods, you may use the EZFace
interface! which supports the 1indep function of Pari-GP. For example, the
input
lindep([z(4,2),2(3)72,2(6)])
produces the output
3., -3., 4.

Thttp://oldweb.cecm.sfu.ca/cgi-bin/EZFace/zetaform.cgi
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corresponding to the integer relation
30(4,2) —30%(3) + 42(6) = 0.

At weightw = 8, it appears that { (5, 3) cannot be reduced to zeta values and their
products, though we have no way of proving that such a reduction cannot exist. We
cannot even prove that ¢(3)/3 is irrational. I shall take ¢ (5, 3) as an (empirically)
irreducible MZV of weight 8 and depth 2. Then all other double sums of weight 8
may be reduced to (5, 3) and zeta values. For example,

202(6,2) = 40¢(5)¢(3) — 8£(5,3) — 492 (8).

It is proven that the number of irreducible double sums of even weight w = 2n is
no greater than [n/3]— 1. Up to weight w = 12, we may take the irreducible double
sums to be £(5,3), £(7,3) and £(9, 3). Later we shall see that the proven reduction

24,2572

8
£(1,5) = %4@(9, 3)+ 2;4“ (NE®) = 57398, 646,350 ®

sets us a puzzle. There is only one irreducible MZV with weight 12 and depth 2.

1.3 Triple Sums

The first MZV of depth 3 that has not been reduced to MZVs of lesser depth (and
their products) occurs at weight 11. It is proven that

1
) bv c) = T
C(a ) Z lambnpe
I>m>n>0
is reducible when the weight w = a + b + ¢ is even or less than 11. I conjectured
that all MZVs of depth 3 are expressible in terms of Q-linear combinations of the
set

By ={QRa+1,2b+1,2c+ 1)ja=b>c,a>c}

together with double sums, {(a, b), single sums, {(c), and their products. This was
borne out by investigations with Borwein and Girgensohn [6] and more recently
with Blimlein and Vermaseren in [7], with the associated MZV DataMine?
providing strong evidence for many of the claims made in this article. The conjecture

2http://www.nikhef.nl/~form/datamine/
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implies that the number of irreducible MZVs of weight w = 2n + 3 and depth 3 is
[n2/12] — 1, with the sequence

1,2,2,4,5,6,8,10,11, 14,16, 18,21, 24,26, 30

giving the numbers for odd weights from 11 to 41.

1.4 A Quadruple Sum

The mystery of MZVs really begins here. At weight 12 there first appears a
quadruple sum that has not been reduced to MZVs with depths less than 4. In the
DataMine we take this to be

1
COALD= D e

k>I>m>n>0

and prove, by exhaustion, that the following methods are insufficient to reduce it.

2 Shuffles, Stuffles and Duality for MZVs

Next we consider the sources of relations between MZVs.

2.1 Shuffles of Words

For integers s; > 0 and s; > 1, the MZV

1
C(s1,82,....8) = Z T

ny>ny>..>np>0

may be encoded by a word of length w = Z];=1 s in the two letter alphabet (4, B),
as follows. We write A, s; — 1 times, then B, then A, s, — 1 times, then B, and so
on, until we end with B. For example
£(5,3) = Z(AAAABAAB)
(6,4,1,1) = Z(AAAAABAAABBB)



Multiple Zeta Values and Modular Forms in Quantum Field Theory 39

where the function Z takes a word as it argument and evaluates to the corresponding
MZV. Note that the word must begin with A and end with B. The weight of the MZV
is the length of the word and the depth is the number of B’s in the word.

We may evaluate the MZV from an iterated integral defined by its word. For
example

X1 1—2x, 1—x3

1 X1 X2
£(2.1) = Z(ABB) = / dxy / dx / dxs o
0 0 0

where we use the differential form dx/x whenever we see the letter A and the
differential form dx/(1 — x) whenever we see the letter B. Then the equality of
the nested sum (2, 1) with the iterated integral Z(ABB) follows from binomial
expansion of 1/(1 — x;) and 1/(1 — x3) in (6).

The shuffle algebra of MZVs is the identity

ZWzwvy= Y, ZW) (7)

Wes(U,V)
where .7 (U, V') is the set of words obtained by all permutations of the letters of UV
that preserve the order of letters in U and the order of letters in V. For example,
suppose that U = ab and V = xy. Then (U, V') consists of the words

S (ab, xy) = {abxy, axby, xaby, axyb, xayb, xyab} .

The only legal two-letter word is AB. Hence settinga = x = Aandb =y = B
we obtain

Z(AB)Z(AB) = 2Z(ABAB) + 4Z(AABB)
which shows that

£2(2) =26(2,2) + 4¢(3,1).

2.2 Stuffies of Nested Sums

We also have the “stuffle” identity

@82 =1202.2) +1(4) +¢2.2)

from shuffling the arguments in a product of zetas and adding in the extra “stuff” that
originates when summation variables are equal. Hence we conclude that £(3,1) =
%C (4). The evaluation ((2,2) = %C (4) requires the extra piece of information
222 = %é (4) obtained from expanding the cotangent function.
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Like the shuffle algebra, the stuffle algebra can be used to express any product of
MZVs as a sum of MZVs. For example

(3. 1)t(2)=¢(3,1,2) +¢(3,3) + (3,2, 1) + ¢(5, 1) + £(2,3,1).

2.3 Duality

By combining shuffles, stuffles and reductions of ¢(2), £(4) and {(6) to powers of

72 we may prove that

4
Z(AAABAB) = £(4,2) = {*(3) — 34“(6)-
Moreover, we obtain the same value for the depth-4 MZV

Z(ABABBB) = (2,2,1,1)

since Z(W) = Z(W), where the dual W of a word W is obtained by writing it
backwards and then exchanging A and B. This duality was observed by Zagier.
It follows from the transformation x — 1 — x in the iterated integral, which
exchanges the differential forms dx/x and dx/(1 — x) and reverses the ordering
of the integrations. Hence

¢(2,3,1) = Z(ABAABB) = Z(AABBAB) = ¢(3,1,2).

2.4 Conjectured Enumeration of Irreducible MZVs

Thus we arrive at a well-defined question: for a given weight w > 2 and a given
depth d > 0, what is rank-deficiency D,, s of all the algebraic relations that follow
from the shuffle and stuffle algebras algebras of MZVs, combined with duality
and the reduction of even zeta values to powers of 72? Note that D, 4 is an
upper limit for the number of irreducible MZVs at this weight and depth. There
may conceivably (but rather improbably) be fewer, since we cannot rule out the
possibility of additional integer relations. We cannot even prove that ¢(3)/73 is
irrational.

In 1996, Dirk Kreimer and I conjectured [8] that the answer to this question is
given by the generating function

. ‘ 3 12021 — 2
l_[l—[(l_xwyd)Dw_d ; 1— . y + y ( y ) (8)

_y2 4 _ 16
w>2d >0 X (1 X )(1 X )
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Table 1 Number of basis elements for MZVs as a function of weight and depth in a minimal
depth representation. Underlined are the values we have verified with our programs

w/d 1 2 3 4 5 6 7 8 9 10
3 1

4

5 1

6

7 1

8 1

9 1

10 1

11 1 1

12 1 1

13 1 2

14 2 1

15 1 2 1

16 2 3

17 1 4 2

18 2 5 1

19 1 5 5

20 3 7 3

21 1 6 9 1

22 3 il 7

23 1 8 15 4

24 3 16 14 1

25 1 10 23 11

26 4 20 21 5

27 1 11 36 23 2
28 4 27 45 16

29 1 14 50 48 7
30 4 35 73 37 2

which produces the values of D,, 4 in Table 1, with underlined values verified by
work with Johannes Bliimlein and Jos Vermaseren [7].

To explain how I guessed the final term in the generating function (8), we shall
need to consider alternating Euler sums.

3 MZVsin QFT

The counterterms in the renormalization of the coupling in ¢* theory, at L
loops, may involve MZVs with weights up to 2L — 3 [9]. Those associated
with subdivergence-free diagrams may be obtained from finite massless two-point
diagrams with one less loop.
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The first irreducible MZV of depth 2, namely (5, 3), occurs in a counterterm
coming from the most symmetric six-loop diagram for the ¢* coupling, in which
each of the 4 vertices connected to an external line is connected to each of the 3
other vertices, giving 12 internal propagators (or edges, as mathematicians prefer to
call them). It hence diverges, at large loop momenta, in the manner of [ d**k/k**.
Its contribution to the B-function of ¢*-theory is scheme-independent and may be
computed to high accuracy by using Gegenbauer polynomial expansions in x-space,
which give the counterterm as a four-fold sum that is far from obviously a MZV.
Accelerated convergence of truncations of this sum gave an empirical Q-linear of
combination of £(5)¢(3) with

(6.3~ 120®)

and the latter combination was found to occur in another six-loop counterterm.
I shall attempt to demystify the multiple of ¢(8) after discussing alternating Euler
sums.

At seven loops, Dirk Kreimer and I found the combination

¢(3.5.3) = £(3)(5.3)

in three different counterterms, where it occurs in combination with rational
multiples of £(11) and £2(3)¢(5).

4 Alternating Euler Sums

This second topic is closely related to the first, namely alternating sums of the form

oo ni ng

Z 81 .- Sk

81 Sk

ny>ny>..>np>0 1 k

with positive integers s; and signs ¢; = =£1. We may compactly indicate the
presence of an alternating sign, when &; = -1, by placing a bar over the
corresponding integer exponent s ;. Thus we write

_— (_1)m+n
§(3’ ) B m§:>0 m’n
B _ (_1)k+m
C(Ss 67 3565 3) = Z j3k()l3m6n3

Jj>k>I>m>n>0

using the same symbol { as we did for the MZVs. Such sums may be studied using
EZFace and the DataMine.
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4.1 Three-Letter Alphabet

Alternating sums have a stuffle algebra, from their representation as nested sums,
and a shuffle algebra, from their representation as iterated integrals. In the integral
representation we need a third letter, C, in our alphabet, corresponding to the
differential form dx /(1 + x). Consider

sy = [ [ [
B o X Jo l—y 0 1+Z

The z-integral gives log(1 + y) = — Zj>0(—y)j /j and hence

zaney =y [ [

j>0

Expanding 1/(1 —y) = >, y*~1 and integrating over y we obtain

ST
Z(ABC) = ZZ/ d;c ;C:rk( })f

k>0 j>0 J

and the final integration gives

1 =D/
zn0) =YY A Y
k>0 j>0 (] + k) J
Finally, the substitution k = m — j gives

Z(ABC)=— ) ( 1) =—£(2,1).

m>]>0

It takes a bit of practice to translate between words and sums. Here’s another
example:

(R R GV G VL
Z(ACCAC) = (— 1)3222(1 +k+02j+k 2

>0 k>0 j>0
gives
=D 5
Z(ACCAC) =— Y —— =-{(2.1.2)
- m?nj
m>n>j>0

after the substitutions/ =m —nandk =n — j.
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Going from sums to words is quite tricky. For example, try to find the word W
and the sign (W) such that

§(37 67 35 85 3) = €(W)Z(W)
Note that e(W) is +1 or —1 according as whether there is an odd or even number of

letters C in the word W. The word W begins AABAAAAACAA .. .. The next letter
is either B or C, but which is it?

4.2 Shuffles and Stuffles for Alternating Sums

The six shuffles in
S (ab, xy) = {abxy, axby, xaby, axyb, xayb, xyab}
give six different words, witha = A,b = B,x =y = C:

Z(AB)Z(CC) = Z(ABCC) + Z(ACBC) + Z(CABC)
+ Z(ACCB) + Z(CACB) + Z(CCAB)

which translates to
(M, =¢2,1,H)+¢2, 1, +¢10,2,D)+¢2, 1, D) +¢(1,2,1) +¢(1,1,2).
The stuffles for this product are

tc, ) =¢2, L, +c@, ) +¢(1,2, 1) +¢(1,3)+¢(1,1,2).

4.3 Transforming Words

The transformation x = (1 — y)/(1 + y) gives

dlog(x) = dlog(l — y) —dlog(l + y)
dlog(1 — x) = dlog(y) —dlog(l + y)
dlog(l + x) = —dlog(l + y)
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and maps x =0and x = 1toy = 1 and y = 0. Thus, if we take a word W, write
it backwards, and make the transformations

A—- (B+C)
B—-(A-C)

we may obtain an expression for Z(W) by expanding the brackets.
For example the transformation

AB = (A—C)(B+C)=AB+AC— CB - CC
gives
Z(AB) = Z(AB) + Z(AC) — Z(CB) — Z(CC).
Combining this with the shuffle
Z(C)Z(C) = Z(CC) + Z(CC)

we obtain

0= Z(AC) ~ Z(CB) ~ 3 Z(C)Z(C) = ~£() + £(1T) — 3£ (D).
Combining this with the stuffle

(M) = £ D) +¢0) + 20T
we obtain
(@) = 5t

which is also obtainable as follows.

4.4 Doubling Relations

For a > 1 we have

1 —-1)" 2
t@ i@ = Y e~
n>0 k>0




46 D. Broadhurst

by the substitution n = 2k. Hence

(@ = Q"7 = 1.

Ata = 2, we obtain £ (2) = —£(2)/2, as above. Note also that (1) = —log(2).
We may take any MZV and convert it into a combination of MZVs and
alternating sums, by doubling the summation variables. For example, we obtain

2—a—b _ 2
2T @) = 3 (2m)a @y

m>n>0

_ Z 1+ (=1) 1+ (=D
j>k>0 ja ke

= {(a,b) +{(@b) + {(a,b) + ¢ (@, b)

by the transformations j = 2m and k = 2n.

More complicated doubling relations were used in constructing the DataMine.
With these, it was possible to avoid using the time-consuming transformations
A — (B+ C)and B — (A — C) as algebraic input. It was verified that the output,
obtained by shuffling, stuffling and doubling, satisfied the relations that follow from
word transformation.

4.5 Conjectured Enumeration of Irreducible Alternating Sums

Before considering the enumeration of irreducible MZVs, in the (A, B) alphabet,
I already had a rather simple conjecture for the generator of the number, E,, 4, of
irreducible sums of weight w and depth d in the (A, B, C) alphabet, namely

wpdyBua 2 XV
e e e T ©

w>2d>0

If this be true, it is easy to obtain E,, ; by Mobius transformation of the binomial
coefficients in Pascal’s triangle. Let [8]

(a/c +b/c)!
T(a.b) = +bZ ) @lonw/on "

where the sum is over all positive integers ¢ that divide both a and b and the M&bius
function is defined by

1 whenc¢ = 1
n) =140 when c is divisible by the square of a prime (11)
(=1)* when c is the product of k distinct primes.
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When w and d have the same parity, and w > d, one obtains from (9)

Ew,dzT(W;d,d). (12)

The DataMine now provides extensive evidence to support this conjecture. It
was verified at depth 6 up to weight 12, solving the algebraic input in rational
arithmetic, and then up to weight 18, using arithmetic modulo a 31-bit prime. At
depth 5, the corresponding weights are 17 and 21. At depth 4, they are 22 and 30.

S Pushdown from MZVs to Alternating Sums

Now consider the integers M,, ; generated by an even simpler process:

TTTTH - xyybos =1 - 222 (13)

1 —x2
w>2d>0

But what is the question, to which this is the answer?

I conjectured that M,, 4 is the number of irreducible sums of weight w and depth
d in the (A, B, C) alphabet that suffice for the evaluation of MZVs in the (A, B)
alphabet.

5.1 Pushdown at Weight 12

As already hinted, the first place that this conjecture becomes non-trivial is at weight
12, where the enumerations M4 = 0 and M, = 2 are to be contrasted with
the enumerations D4 = 1 and D, = 1 of irreducible MZVs. The conjecture
requires that

£6.4.1.1)= Y !

kol4mn
k>I>m>n>0
be reducible to sums of lesser depth, if we include an alternating double sum in the
basis.

In 1996, I found such a “pushdown’ empirically, using the integer-relation search
routine PSLQ [10]. It took another decade to prove such an integer relation, by
the laborious process of solving all the known algebraic relations in the (4, B, C)
alphabet at weight 12 and depths up to 4. Jos Vermaseren derived this proven identity
from the DataMine:
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_ 64 7,967 1, 11,431
£6,4,1,1) = =22 A(7.3) = 15280, 3) + S8 + T5550(E6)

_%5(9)«3) +30()0(7.3) + %m)zz(S) +100@)EMNIG)

3 2 1 2 18 3 2
+200(5.3) = PRGN G) - 28 @F6)

5,607,853
_6,081,075§ @
where

A(7,5) = Z(AAAAAA(B — C)AAAAB) = ¢(7,5) + ¢(7.5).

It is now proven that all MZVs of weight up to 12 are reducible to Q-linear
combinations of (5, 3), ¢(7,3), £(3,5,3), £(9,3), {(7,5), single zeta values, and
products of these terms.

5.2 Enumeration of MZVs Revisited

I can now explain the rather simple-minded procedure that Dirk Kreimer and I used
in 1996 to arrive at the conjecture [8]

[T - w21 - Xy o x2-y?)

— x2 — x4 _ 6
w>2d>0 1 X (1 X)(l )C)

for the number D,,; of irreducible sums in the (A4, B) alphabet of pure MZVs.
We added the third term to the much simpler conjectured generator for the much
complicated question answered by M,, s, namely the number of irreducibles in
the (A4, B, C) alphabet that suffice for reductions of MZVs. The numerator, x!2 y2
(1 — y?), of this term was determined by the single pushdown observed at weight
12, from an MZV of depth 4 to an alternating sum of depth 2. The denominator,
(1—x*)(1—x9), was chosen to agree with the empirical number D5, » = [1n/3]—1
of double non-alternating irreducible sums of weight 2n. Then we assumed that the
enumeration of all other pushdowns would be generated by filtration. It was possible
to check this, in a few cases, using PSLQ in 1996.

The list of explicit pushdowns that have now been obtained, in accord with the
conjecture, has grown since then.

At weights 15, 16, 17, we have found pushdowns from MZVs to these alternating
sums: £(6,3,6), £(13,3), £(6,5,6).
At weight 18, there were pushdowns to £ (15, 3) and £ (6, 5,4, 3).
At weight 19, to £(8,3,8) and £(6, 7, 6).
At weight 20, to £(17,3), £(8,5,4,3) and £(6. 5,6, 3).
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Our most ambitious efforts were at weight 21, where 3 MZVs of depth 5 are
pushed down to the alternating sums ¢ (8, 5, 8), (6, 9, 6)and ¢ (8, 3, 10). Moreover
the first pushdown from an MZV of depth 7 to an alternating sum of depth 5 is
predicted at weight 21. A demanding PSLQ computation gave a relation of the form

326
£(6.2,3.3.5.1.1) = =t (3.6.3.6.3) + ... (14)

where the remaining 150 terms are formed by MZVs with depth no greater than
5, and their products. At such weight and depth, it becomes rather non-trivial to
decide on a single alternating sum that might replace a MZV of greater depth. It
took several attempts to discover that the alternating sum

~ B (_1)k+m
£(3,6.3,63)= ) (jk2Im?n)?

Jj>k>I>m>n>0

is an “honorary MZV” that performs this task.

5.3 Suppression of & in Massless Diagrams

Now I can demystify, somewhat, the combination

(6.3~ 120®)

that occurs in scheme-independent counterterms of ¢* theory at six loops. Dirk
Kreimer and I discovered that the combinations [8]

N(a,b) = (@, b) = ¢ (b, a),

with distinct odd integers a and b, simplify the results for counterterms. In
particular, the use of

27 29 45
NG5 = o5 (669 - e ) + o)

removes all powers of 7 from both subdivergence-free diagrams that contribute to
the six-loop B-function. In each case, the contribution is a Z-linear combination of
N(3,5) and (3)¢(5).

At higher loop numbers, Oliver Schnetz has found that N(3,7) suppresses the
appearance 7'°. However, at 8 loops he found that N(3,9) and N(5,7) are not
sufficient to remove 7 '2. Like the maths, the physics becomes different at weight 12.
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6 Magnetic Moment of the Electron

The magnetic moment of an electron, with charge —e and mass m, is slightly greater
than the Bohr magneton

B
9274 % 10724 T
2m

which was the value predicted by Dirac. Here I included # = h/(27), which we
usually set to unity in QFT.

Using perturbation theory, we may expand in powers of the fine structure
constant:

e? 1
o= = .
dmephc 137.035999. ..

In QFT, we usually set & = 1 and ¢ = 1 and expand in powers of o/ = e?/(47?),
obtaining a perturbation expansion

magnetic moment

o a2 a3
=1+A1—+A2(—) +A3(—) + ...
Bohr magneton g b4 b4
which is known up to three loops.

In 1947, Schwinger [11] found the first correction term A; = % In 1950, Karplus
and Kroll [12] claimed the value

125 2,687
282(3) = 54L(2) log(2) + —~L(2) = T = —2.972604271 ..

for the coefficient of the next correction. It turned out that they had made a mistake
in this rather difficult calculation. The correct result

197
144

A, = §§(3)_3§(2) log(2) + %g(z) + = —0.3284789655 ...

was not obtained until 1957 [13, 14]. Not until 1996 was the next coefficient

215 83 13 50, — —
Az = —55(5) + 55(3)5(2) - §§(4) - ?5(3, 1)
139 596 17,101 28,259
+§§(3)_T§(2)10g(2)+ 135 ‘(2 + =134 (15)

= 1.181241456. ..
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found, by Stefano Laporta and Ettore Remiddi [15]. The irrational numbers
appearing on the second line are those already seen in A,. On the first line we see
zeta values and a new number, namely the alternating double sum

_ -1 m—+n
(3,1 = Z L ~ —0.11787599965050932684101395083413761 . ..

I visited Stefano and Ettore in Bologna when they were working on this
formidable calculation and recommended to them a method of integration by parts,
in D dimensions, that I had found useful for related calculations in the quantum
field theory of electrons and photons [16]. Here D = 4 — 2¢ is eventually set to 4,
the number of dimensions of space-time. But it turns out to be easier if we keep it as
a variable until the final stage of the calculation. Then if we find parts of the result
that are singular at ¢ = 0 we need not worry: all that matters is that the complete
result is finite. Based on D-dimensional experience, I expected their final result to
look simplest when written in terms of (3, 1).

The D-dimensional calculation that informed this intuition involved three-loop
massive diagrams contributing to charge renormalization in QED [16]. These
yielded Saalschiitzian F3, hypergeometric series, with parameters differing from
% by multiples of &, namely

o

W(ayazas,as) =y

n=0

(3 — a18)a (3 — @28y

(% + 6138)n+1(% + a48)n+1

with (@), = I'(e +n)/I" (). In particular, I needed the expansions of W(1, 1; 1, 0)
and W(1,0;1,1) in &. The result for the most difficult three-loop diagram had the
value 72 log(2) — %é (3) at & = 0. Noting that this also occurs in the two-loop
contribution to the magnetic moment, I expanded the charge-renormalization result
to O(g), where I found only ¢(3,1) and ¢(4). I thus hazarded the guess that these
two sums would exhaust the weight-4 contributions to the magnetic moment at three
loops, which happily is the case.

One may also write (15) in terms of a polylog that is not evaluated on the unit
circle, such as

L1/ = 3 o (3] = =530 + 6@ 108 @) + 52 - 3G,
n=1

but then the result for A3 will acquire extra terms, involving powers of log?(2).
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7 Three-Loop Massive Bubble Diagrams

Here we consider three-loop diagrams with a massive particle in at least one of the
internal lines. If this mass is much larger than the scales set by external momenta,
we may set the latter to zero, and obtain vacuum bubbles.

7.1 Tetrahedral Bubbles from Two-Loop Propagators

There are ten distinct colourings of a tetrahedron by mass, shown in Fig. 1.

The massive lines in V,4 and V,y are adjacent and non-adjacent, respectively;
in the dual cases, Vi4 and Vuy, it is the massless lines that are adjacent and non-
adjacent; in cases Vs7, V35 and V3, the massive lines form a triangle, star and line,
and hence the massless lines form a star, triangle and line.

Defining the finite two-point function (with space-like p?)

2
I(ry...rs; p*/m?) := %/d“k/d“l Pi(k)Po(p + k)Ps(k — D Py(D)Ps(p +1)  (16)

with P; (k) := 1/(k? + m?r;), in 4 dimensions, we obtain

V(rl...r5,0)—V(rl...rs,l)=/oodx1(r1...r5;x){§_L} + O(e)
0

x+1
a7
for the difference of vacuum diagrams with a massless and massive sixth propagator.

This difference is finite in 4 dimensions.
Suppressing the parameters r;...rs, temporarily, we exploit the dispersion

relation
© 1 1
I(x) = / dso(s){ ——} (18)

S0 s+ x K

where —2mwio(s) = I(—s + i0) — I(—s — i0) is the discontinuity across the cut
[—00, —So] on the negative axis. Integration by parts then gives

I(x) = /OO ds o’ (s) {—log (1 n ?) + log (1 n :—0)} (19)

where the constant term in the logarithmic weight function may be dropped if
o (so) = 0, as occurs when sy = 0. As x — o0, we obtain the universal asymptotic
value

60(3) = I(o0) = / " dso '(s) {log(s) —log(so)} (20)

S0
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LN LN LN BN AN
LA LN BN AN A

Fig. 1 Colourings of a tetrahedron by mass, denoted by a blob

with the log(so) term dropped when so = 0. The finite difference in (17) is obtained
from (19) as

/0 dx 1(x) {% -— 1} _ / o ML)~ Lo} @D

with a dilogarithmic weight function

o o dx 1+x 1 _ _ _l 2 R _
Ly(s) := /0 ot D) log(1 m x/s) =Liy(1-1/s) = 3 log=(s)—Liz(1—s)
(22)

that is chosen to satisfy L,(1) = 1, thus enabling one to drop L, (so) for so = 0 and
so = 1, which covers all the cases with N < 3 massive particles in the two-point
function, and hence N + 1 < 4 massive particles in vacuum diagrams.

We now prove that the two terms in the weight function (22) can be separated to
yield the finite parts of the vacuum diagrams combined in (17), as follows:

F(ry...r5,0) = % /oo dso’'(ry ...rs:s) {log*(s) — log*(s0) } (23)

S0

oo

F(rl...rs,l)Z—/ dsa’(rl...r5;s) {Liz(l—S)—Liz(l—S())} (24)

50

with constant terms in the weight functions that are inert when so = 0 and when
so = 1. The proof uses the representation

o0

I(x) =6L(3) + / dso’(s) {—log(x + 5) + log(x + s0)} (25)
50

in which the asymptotic value (20) is subtracted. Then one obtains

/0 dxl(o.;)—;f(x):—[o dso’(s) {Lin(1 —5) —Lio(1 —s0)}.  (26)
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Specializing the analysis to cases with r; = 0 or 1, we obtain from [17]

o'(r1...rs5;8) = {a;(rl ...r5;s)(~)(s—(r1 —|—r2)2> +( <—>4,2<—>5)}

+ {a}l)(rl . r5185) O (s P r4)2) F (12,4 5)}

i T(x.r1,12,73.14.75) 0 ( A(x,ry,
ol(ry...rs5;8) := 25)’%/ dx (xX,r1,72,73,74 ”5)_( (x, 7 ".2)) @7
(ra+7s)> A(s,r1,12) ox \x—s+1i0
(Vfs=r2)? 9 /T
o) (r1...r55) = 25}{/ o ( (x,s,rz,rsyf‘4,r3)) 28)
(r3+r4)? as x—r; +1i0

A(s,a,b)A(s,d, e)
x2—x(a+b—-2c+d+e)+(a—b)d—e)

T(s,a,b,c,d,e) := arctanh( ) 29)

Aa,b,c) := Va2 + b2 + ¢2 — 2ab — 2bc — 2ca (30)
with integration by parts in (27) giving a logarithmic result, in all cases, and

differentiation in (28) giving a logarithmic result when r r3r; = ryrary = 0, i.e.
when there is no intermediate state with three massive particles.

7.2 The Totally Massive Case

We were able to hand nine cases by methods that avoided intermediate states with
three massive particles. Now there is no option, since

o0
Fe = —/ dSE/(S) L12(1 — S) (31)
4
involves intermediate states with two and three massive particles in
() =0,(s)O(s —4) +7,(s)O(s — 9).. (32)

We may, however, simplify matters by separating these contributions in

Fs—Fs = /:Odsc_r/(s) Liy(1—1/s) = F, + F, (33)
F = /4 " s (5) {Lin(1 — 1/5) — £ ()} (34)
F, ;:/9 dsT)(s) {Lix(1 — 1/5) — £(2)} (35)

where F5 may be evaluated without encountering elliptic integrals.
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The two-particle cut gives a logarithm in

2 2
il

L(5) = arccosh(s/2 — 1) - ——— (36)

s—3 V3s(s —4)

while the three-particle cut gives the elliptic? integral

_, Vs=D% gy A(x,1,1) x+s—1

o(s) = — 3 . 37
x—1 A(x,s, 1) A%*(x,s,1) + xs

At large s, contributions (36) and (37) are each O(log(s)/s), while their sum is
O(log(s)/s?). The integrals (34) and (35) converge separately, thanks to the ¢(2) in
their weight functions, to which the combination (33) is blind.

It appears that we need to integrate the product of a dilog and an elliptic integral.
To avoid this, we may we reverse the order of integration. Setting x = 1/u?® €
[4, 00] in (37), which now becomes the outer integration, and s = (1/u+ v)(1/u +
1/v) € [(1/u + 1)?, 0] in the inner, we then integrate by parts on v € [0,1] to
convert the dilog to a product of logs, with the result [18]

i 1
Fy = 2/ du (dfl(”))/ dv (%) C(u,v) Du,v)  (38)
u 0

Au) == log( ) (39)
(1
B(u,v) := log( u++”z)f:‘;2v)) (40)
Cluv) = log ((1 ruet ”)) (41)
142w+ 02+ (1 —v2)V1 —4u?
D(u,v) :=1 42
®.2) 0g<1—|—2uv—|—v2—(1—vz)x/1—4u2 )

which establishes that F}, is the integral of a trilogarithm.

The NAG routine DOIFCF is notably efficient at evaluating rectangular double
integrals in double-precision FORTRAN, which was ample to to discover the
remarkable relation

Fs = Fss + Fay — Fay = 4 (CB(1/3) + 4(4) + 203, 1)) (43)

3T am told that Killén was disappointed to find that the two-loop electron propagator involves an
elliptic integral, unlike the simpler photon propagator.
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where Cly(7/3) = Y, _,sin(nx/3)/n?. This corresponds to a direct relation
between diagrams

Vs + Vany = Vas + Van + O(e) (44)

verified to 15 digits. It stands as testament to the oft remarked fact that results
in quantum field theory have a simplicity that tends to increase with the labour
expended.

8 Massive Banana Diagrams

To progress beyond diagrams that yield polylogs and elliptic integrals we now turn
attention to vacuum diagrams with merely two vertices. I shall call these “banana”
diagrams. The L-loop banana diagram has L + 1 edges, each representing a massive
propagator with unit mass. To avoid ultra-violate divergences, let us consider these
in two space-time dimensions.

8.1 Schwinger’s Bananas

Let A be the diagonal N x N matrix with entries 4; ; = §; ;a;. Let U be the column
vector of length N with unit entries, U; = 1. Then B = U U is the N x N matrix
with unit entries, B; ; = 1. The banana diagram with N + 1 edges of unit mass, in
two space-time dimensions, may be evaluated by Schwinger’s trick as a multiple of
the N -dimensional integral

V — / dO(]...dOéN (45)
N+ . <0 Det(A + B)(Tr(A) + 1)

where

N 1 N
Det(A+B)=Za—
i

a;
i=0 ' j=0

is the first Symanzik polynomial, with oy = 1 fixed by momentum conservation,
and the second Symanzik polynomial

N
Tr(A) +1=) o

i=0

results from the fact that the N + 1 edges are propagators with unit mass.
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8.2 Bessels’s Bananas

We may also evaluate banana diagrams in x-space, since the two-dimensional
Fourier transform of the p-space Euclidean propagator 1/(p? + m?), with p?> =
P2 + p?, yields the Bessel function Ko(mx), with x> = x2 + x?. The normalization
in (45) corresponds to

Vsl = ZN/O [Ko()]N 't dt (46)

which differs by a power of 2 from the Bessel moments that I studied with Bailey,
Borwein and Glasser [19].

Hence I but a bar over V' and use the subscript N + 1 to indicate the number of
Bessel functions.

8.3 Known Bananas

It is proven that [19]

Vi=1 47)
V,=1 (48)
Vi =3L_3(2) (49)
Vi=17503) (50)

where

1 1
L) =2 ((3n Ty Gnt 2)s)

n>0
is the Dirichlet L function with conductor —3.
The zero-loop evaluation (47) merely checks our normalization.

The one-loop evaluation
o0
- d
v, = / L
o (o1 +1)2

follows neatly from (45), since with N = 1 we have Det(A + B) = Tr(A) + 1 =
o + 1.
I shall now use {a, b, c, ...} for the Schwinger parameters {&, &y, o3, ...}
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8.4 Three-Edge Banana and Sixth Root of Unity

At two loops, the Schwinger method gives the banana diagram with 3 edges as

v _/°°/°° da db
T f Sy @tra+b)at+b+1)

To proceed we may take partial fractions with respect to ». Then

a’>+a+1 _a+l 1 9 o ab+a+b
(ab+a+b)a+b+1) ab+a+b a+b+1 b o
enables integration over b. Hence we obtain
— *® G(a)d
v, = / _G@da_ 51)
0o a’+a+1
with contributions to
G(a) =log(1 + a) + log(1l + 1/a) (52)

at b = oo and b = 0. It is apparent from (51) that the sixth root of unity
A = (1 +i+/3)/2 is implicated, since a®> + a + 1 = (a + A)(a + A), where
A = (1 —iv/3)/2 = 1 — A is the conjugate root. Working out the corresponding
dilogarithms we obtain

_ 4
V3= —3Lih(A) =3L_3(2
3 7 2(A) 3(2)

in agreement with the well known result (49).

8.5 Four-Edge Banana and §(3)

To evaluate

v _/°°/°°/°° da db de
o)y (abe+ab+betcaya+b+c+1)

we take partial fractions with respect to ¢ and then integrate over ¢, to obtain

- [ [~ L(a,b)dadb
V“_/O /0 (a+ )b + )(a+b)
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with
Lmjazkg(@b+a+bxa+b+n).
ab
Hence with
*® (a—1)L(a,b)db
F =
(@) /0 &+ )(a+b)
we have

(53)

— * F(a)da _ (F(a) — F(l/a))da
A=

- a2 —1 2

I shall need only the derivative of F(a). Let

K(a,b) =

L
M +log(ab + a + b) —2log(a + b + 1).
a

+b

Then, by construction,

d _ d ((a—1)L(a,b)
%K(a,b) = ag (—)

b+1(a+b)

and hence
d
ad—F(a) = K(a,00) — K(a,0) =2G(a)
a

where G (a) was given in (52). We now integrate (53) by parts, to obtain

V= / —1og( )(G(a)+G<1/a>)

and use Nielsen’s evaluations
14 5
—/ il log(1 —a)log(l1 +a) = =¢(3)
0o d 8
1 d 3
—/ it log(a)log(1 + a) = =¢(3)
o d 4
1 d 1
/ & log’(1 +a) = —£(3)
0o 4a 4

1
/ 4 ) e(@)log(1 - a) = £3)
0o a
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to obtain
_ 5 3 1

in agreement with the previously known result (50).

8.6 Unknown Banana

The next diagram has 5 edges and hence 4 loops. After an easy first integration, we
obtain

v _/oo/w/f’o M(a,b,c)dadbdc
>~ ) Ly )y @+a+b)er+ (ab+a+b)a+b)c+ (a+bab
with

|
M(a,b,c’)=10g(a+b+c+1)+log(l+—+E+—).
a C

But then integration over ¢ will produce complicated dilogarithms with arguments
involving the square root of the discriminant

D(a,b) = (ab + a + b)(a + b)(ab(a + b) + (a — b)?)

of the quadratic in c¢. The result will have the form

v _/°°/°° Ly(a,b)dadb
T o Jo v D(a,b)

with undisclosed dilogs in L,(a, b). Integration by parts, to reduce the dilogs to
logs, would require us to introduce an elliptic function, since D(a, b) is a quartic
inb.

We know nothing about the number theory of Vs. Its value is known to 1,000
decimal places.

9 Cut Bananas: On-Shell Sunrise Diagrams

For N > 2 we may cut an edge in V y and set the two external half edges on the
unit mass shell, which is at pz = —1. I call the result Sy. It has N — 1 internal
edges and hence N — 2 loops. Thus V3 and S correspond to the two-loop diagrams
of Fig. 2, with the “sunrise” diagram S obtained by cutting an edge of V.
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Fig. 2 Two-loop banana and
sunrise diagrams

9.1 Schwinger’s Cut Bananas

At N loops, the integral over Schwinger parameters is

_ day ... d
Snis = / oGOV (54)
;>0 Det(4 + B)Tr(A) + UCU

where C is the adjoint of A + B, with
(A+ B)C =Det(A+ B)I

where / is the unit matrix with /; ; = §; ;. The denominator in (54) is the second
Symanzik polynomial.
9.2 Bessels’s Cut Bananas

In x-space, cutting an edge and putting it on the mass shell corresponds to replacing
one instance of the Bessel function K(¢) by I(¢), to obtain

Syas = 2 / Ko@) e dr 55)
0

at N loops. Note that S is divergent, since

p
I(t) = Z (W)

2

k>0
grows exponentially, with
exp(?) ( 1 ) )
Iy(t) = I1+—+001/t

ast — oo, while
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Ko(t) = \/zztexp(—t) (1 — é + 0(1/t2))

is exponentially damped.

9.3 Known Cut Bananas

It is proven that [19]

_ 2r

S3=2L_3(1) = — 56
3 3(1) e (56)

_ 2

Sy =Lix(1) —Lix(-1) = T (57)

and it is conjectured that [19]

| 1 2 4 8
Ss = —30¢§F(1_5)F(1_5)F(E)F(1_5) ©8)

which holds to at least 1,000 decimal places.

9.4 Cut Banana with Sixth Root of Unity

The Schwinger formula (54) at one loop gives

S _ /°° da _ log(A) — log(}) _ 2 arctan(~/3) 27
T @ tat+1 A=A B V3 33

as claimed in (56).

9.5 Cut Banana with ©*

At two loops, we have

_ oo oo da db
54:/0 /0 (@+b)a+)b+1)
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with a convenient factorization of the second Symanzik polynomial. Hence

00 1
S, = / log(a) da _ 2/ log(a) da
0 0

a’>—1 a>—1
yields dilogs at square roots of unity, namely

— 7[2 w? w?

S4=Lix(1) —Lix(~=1) = — + 7 = e

as claimed in (57).

9.6 Cut Banana at the 15th Singular Value

At three loops, we have
/ / / * dadbdc
Ss =
P(a b,c)

P(a,b,c) = (abc+ ab + bc + ca)(a + b + ¢) + (ab + bc + ca)

where

with the final term, (ab + bc + ca), resulting from the adjoint matrix. Grouping
powers of ¢, we see that

P(a,b,¢) = (ab+a+b)c*+ (ab+a+b)a+b+ 1)+ (a+b+ 1)ab
yields a discriminant
Aa,b) =(ab+a+Db)a+b+1)(ab+a+b)a+b+1)—4ab)

and the integral over ¢ gives

5 / / da db (1+X(a,b))
T ‘/A(a b 1_X(avb)

with

4ab
X@b)= \/1_ (@+a+batb+1)
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Conjecture (58) was stimulated by a proven result for

= _ e 2 3 — = Ooﬂ
Ts= 4/0 [1o@F[Ko (@)t dt —/0 /0 V/A(a.b)

namely

e () (3)r ()G e
1207 15 15 15 15

obtained at the 15th singular value, by diamond mining [19].
Numerical evaluation suggested that

§5 _7 4

Ts /15

and this has been confirmed at 1,000-digit precision. Yet it remains to be proved that

% % dgdb 1+X(a,b))_47f)
/0 /0 JA@D) (IOg(l—X(a,b) i (60)

1,000

vanishes. It has been shown that its magnitude is smaller than 10~

10 Diagrams Evaluating as L-Series of Modular Forms

Finally, I indicate how sunrise diagrams lead to evaluations in terms of the Dirichlet
L-functions of modular forms, evaluated at integers inside their critical strips.

10.1 L-Series of a K3 Surface

Fors > 2 let

1
L(s)zl_[
p 1_%"‘(115)5_21

where (E) is a Kronecker symbol and the product is over all primes p, with integers
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A, =2x7 + 2xy —Ty%, forx* + xy + 4y = p =1, 4 (mod 15),  (61)
A, = x* 4+ 8xy + y?, for2x* + xy +2y* = p =2, 8(mod 15),  (62)
with pairs of integers (x, y) defined, for x > 0, by the quadratic forms in (61)

and (62).
As shown by Peters, Top and van der Vlugt [20], the L-series

L(s)zz%

n>0

is generated by the weight-3 modular form

f@ = n@n@)n@ @ )R@) = Anq" (63)
n>0
where
;71(721 — l—[(l _qj) — Z(_l)nqn(3n+l)/2’ (64)
Jj>0 nez
R((]) — Z qm2+mn+4n2. (65)
mne’L

Note that A; = 1,since 1 +3 + 5+ 15 =24.1f ¢ = p" is a prime power, then

Apg = ApAg — (%) P Agp-
Ifn = [T, q;. with prime powers ¢; = p//, then A, =[], A, . Thus (61) and (62)
suffice to compute A, and are easily programmed using the gfbsolve command
of Pari-GP.
I now describe how I was able to evaluate 20,000 good digits of the conditionally
convergent series L(2) = Y _, An/n>. Let

A(s) = @L(s), with ¢ = 5—711_5

Then the functional equation A(s) = A(3 — s) may be used to extend the Mellin
transform
o0
d
Ay =Y 4, / & S exp(=cnx) (66)
0 X

n>0
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throughout the complex s-plane, as follows

Als) = ZA (F(s cn/\) F(3—s,cn/)t)) 67)

(cn)* (cn)>=

n>0
where
o0
d
rey =[x e
y X

is the incomplete I" function and A > 0 is an arbitrary real parameter. To
establish (67), I remark that it agrees with (66), at A = 0, and that its derivative
with respect to A vanishes by virtue of the inversion symmetry

M) = 22" Ay exp(—cnd) = M(1/A).

n>0

Optimal convergence is achieved at A = 1, where

A(s) = ZA/ dx (x* + x° )exp(—z\j/t%c) (68)

n>0

makes the relation A(s) = A(3 — s) explicit. Zeros on the critical line Ns = 3/2
occur when

) o 12 2mwnx
A(3/2+1isp) =2 Z A, dx x /= cos(so log(x))exp | — VG
1

n>0
vanishes. I have computed 100 good digits of the first zero, obtaining

5o = 4.8419258142299625880455337112471754483999458406347
669395095360856334816804741135372158525188377525005. ..

At s = 2, the integral in (68) is elementary and we have dramatically improved
convergence for

g T (o ()

n>0 n>0

from which I obtained more than 20,000 good digits in less than a minute, by
computing the first 30,000 terms, with the aid of (61) and (62). The result is
consistent with the conjecture
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3L(2) = Ts (70)
=4 [P Ko a a1
0
3 /00 /00 da db 72
o Jo @a+a+b)a+b+1)((ab+a+b)a+b+1)—4ab)
4
= %2 (x/l_— ﬁ) (1 + ZZOexp (—x/gnnz)) (73)
= o (1) 7 (5) 7 () 7 () o
12070 \15 15 15 15
2 Egs (75)
4

where T's is defined in (71) as a Bessel moment, with a proven integral represen-
tation over Schwinger parameters in (72), a proven evaluation at the 15th singular
value in (73), a proven reduction to I" values in (74) and a conjectural relation to S's
in (75).

Unfortunately, T did not succeed in relating V's to L(3) and/or L(4).

10.2 L-Series for 6 Bessel Functions

We are interested in relating Bessel moments of the form

o
Vy =2N"1 / [Ko(t)]Vt dt, for N > 0, (76)
0
o0
Sy = 2N—2/ TIo()[Ko(O))V "'t dt, for N > 2, (77)
0
o0
Ty = 2N—3/ I2(O[Ko)])N 2t dt, for N > 4, (78)
0
o0
Uy =2V / I3O)[Ko@)]N 3t dt, for N > 6, (79)
0
o0
Wy =2V / 15 () [Ko())¥ ¢ dt, for N > 8, (80)
0

to L-series derived from modular forms. In [19] it was conjectured that
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dr _

P (81
NI )

_ 47?2

S = Us (82)

7o 2 37 g, (83)

with a notable appearance of 7 in the denominator on the right hand side of (83).
Francis Brown suggested that the weight-4 modular form

1@ = [@n@n@n@®]’ = Asag" (84)

n>0

of Hulek, Spandaw, van Geemen, and van Straten [21] might yield an L-series

Asp 1 1 1
L4(S)ZZ = - - l—[ A 3
n>0 n I+271+3 Sp>3l_%+#

with values related to the problem with 6 Bessel functions. Note that A4, = 1, since
20 +2+3+6) =24,
The Mellin transform

00 = ST L) = T A [ e (-2F)

n>0

may be analytically continued to give

Au(s) = ZA4”/ dx (x* +x* )exp(—zit/%x)

n>0

by virtue of the inversion symmetry

M) =2 Y dagexp (<27 ) = a1/

n>0

that gives the reflection symmetry A4(s) = A4(4 — ).
Then, at s = 2 and s = 3, we obtain the very convenient formulas

A4y 4rn 2mn
L,2) = : (2 + —) exp (——) (85)
; n V6 V6

A 2 2722 2
L) =Y =% (1 n % + %) exp (—%) (86)

n>0
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without resort to incomplete I" functions that entail exponential integrals. By this
means, I was able to compute 20,000 good digits of (85) and (86) in less than 100s.
Then the conjectural evaluations

S¢ = 48L(2)La(2) (87)
T = 12L4(3) (88)
Te = 6L4(2) (89)

were discovered and checked at 1,000-digit precision.

I remark that Francis Brown had expected a result of form (88), for T, with an
unknown rational coefficient, which I here evaluate as 12. The existence of a relation
of the form (89), for Uy, had not been predicted, since I had been unable to provide
an expression for this Bessel moment as an integral over Schwinger parameters of
an algebraic or polylogarithmic function. However, it was quite natural to guess that
a reduction of T'g to L4(3) would be accompanied by a reduction of Ug to L4(2).
Then the reduction of S¢ to £(2)L4(2) follows from conjecture (82), which I had
already checked at 1,000-digit precision in [19].

10.3 L-Series for 8 Bessel Functions

Next, Francis Brown provided the first 100 Fourier coefficients of a weight-6
modular form fs(q) =), Aenq", whose L-series

A6n 1 1 1
Le(s) = Z = 2—s 2—s l_[ A 5
n>0 n 1-2"71+3 ‘p>31_%+%

was expected to yield values related to the problem with 8 Bessel functions. His data
may be condensed down to the values

-66, 176, -60, -658, -414, 956, 600, 5574, -3592, -8458,
19194, 13316, -19680, -31266, 26340, -31090, -16804, 6120,
-25558, 74408, -6468, -32742, 166082

of Ag , for the primes p = 5,7, ..., 97.

From this I inferred that the explicit modular form is given by

fo(@) = g(@)g(q?) (90)
2@ = [n@n@] > g 1)

mn€”l
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with fs(q)/fa(q) given by the 6 function of the strongly 6-modular lattice [22]
indexed by QQF .4 .g* with expansion coefficients in entry A125510 of Neil
Sloane’s On-Line Encyclopedia of Integer Sequences.’

Proceeding along the lines of the previous section, I accelerated the conver-
gence of

() _ d_ 2mnx
- gl - B [ )

n>0

by using the functional relation A¢(s) = Ae(6 — 5) to obtain

Ag(s) = ZAM/ d; x + x° )exp(—zjgx)

n>0

and hence the convenient formulas

Asn ( 4mn 2712112) ( Znn)
Le(3) = 2 0L T Vexp (=22 ), (92)
@ ; " 6 s )P

Ag ( 2zn  4n*n?®  47in 3) ( 27rn)
Lo =S 20 (1 4+ 222 4 + exp (-2 ), (93)

Aén( 2nn  wn?  27%n3 n4n4) ( 27tn)
Le(5)=Y 22 (1+ + + + exp (= ).
o) 2 n’ 63 o 21 )T\

%94

The resulting fits

Ty = 216L4(5) 95)
Us = 36L6(4) (96)
Ws = 8L4(3) 97)

are rather satisfying. They leave the conjectural relation

Lo(s) £ 2Q)Lo) ©8)

as a restatement of the notable conjecture (83) given in [19].

“http://www2.research.att.com/~njas/lattices/QQF.4.g.html
Shttp://oeis.org/A125510
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Thanks to the explicit formula (90) for the weight-6 modular form, conjec-
ture (98) has now been checked to 20,000-digit precision.

11 Open Questions

This article has provided examples of single-scale Feynman diagrams that evaluate
to five types of number: multiple zeta values, alternating sums, polylogarithms of
the sixth root of unity, products of elliptic integrals, and L-functions of modular
forms. In each case, I indicate an open question concerning the physics and an open
puzzle concerning the mathematics.

Q1: At which loop-number do the counterterms of QFT cease to evaluate to
MZVs?

There remains a single subdivergence-free counterterm in ¢* theory at seven
loops that has not been reduced to MZVs, but might be expected to evaluate to
polylogs. At eight loops there is a diagram for which there is good reason [23]
to suppose that no reduction to polylogs will be possible, yet there is no concrete
guess of the type of new number that might emerge.

On the mathematical side, the conjectural enumeration [8] of irreducible MZV's
by weight and depth, in (8), is still unproven. Might it be that the conjecture fails
at weights higher than those in the table of Sect. 2.4, notwithstanding the notable
agreement so far achieved?

Q2: At which loop-number do the diagrams for the magnetic moment of the
electron case to evaluate in terms of alternating sums?

One might guess that this will happen at four loops, since there one has diagrams
with five electrons in an intermediate state and the corresponding on-shell sunrise
diagram in two dimensions, with 6 Bessel functions, evaluates to the L function
of a modular form, as seen in Eq. (87).

On the mathematical side, one would like to understand why a depth-5 alternating
sum like ¢(3, 6,3, 6, 3) in (14) is an honorary MZV of depth 7.

Q3: Does a polylogarithm of the sixth root of unity appear in the seven-loop
beta-function of ¢* theory?

It has been argued [24] that this may happen, for one special diagram. However,
comparable arguments suggested the appearance of alternating sums from a pair
of simpler seven-loop diagrams and these were found to evaluate to MZVs.

On the mathematical side, one would like to have an economical basis for
polylogs of the sixth root of unity up to weight 11, so as to tackle the seven-
loop problem in QFT. However, that seems to be a daunting task.

Q4: What type of number results from the four-loop banana diagram V's, with
5 Bessel functions?

We have seen that the three-loop on-shell sunrise diagram S's evaluates, empir-
ically, to the square of an elliptic integral at the 15th singular value. Yet the
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simplest result so far achieved for Vs is the integral of the product of a
dilogarithm and a complete elliptic integral [19].

On the mathematical side, one would like to be able to prove the vanishing of the
remarkable integral (60).

Q5: Is there a modular form whose L-function gives an evaluation of the
on-shell five-loop sunrise diagram S;?

It is frustrating to have identified modular forms for problems with 5, 6 and 8
Bessel functions, yet to have failed to do so for any 7-Bessel problem.

On the mathematical side, one would like to understand the relation between
integrals of powers of Bessel functions and Kloosterman sums [25, 26] that
evaluate to rational numbers.

In conclusion, these open questions arose from fertile meetings of number theory,
algebraic geometry and quantum field theory, reported in part by this article.
While much remains to be understood, we may still rejoice that mathematicians
and physicists continue to learn how to share their understanding and their
puzzles at the work-face of perturbative quantum field theory.
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The writing of DLMF Chapter BS! by Leonard Maximon and myself is now largely
complete [...] However, a problem has arisen in connection with about a dozen formulas
from Chapter 10 of Abramowitz and Stegun for which we have not yet tracked down proofs,
and the author of this chapter, Henry Antosiewiecz, died about a year ago. Since it is the
editorial policy for the DLMF not to state formulas without indications of proofs, I am
hoping that you will be willing to step into the breach and supply verifications by computer
algebra methods [...] I will fax you the formulas later today.

In view of the upcoming trip to NIST, Paule was hoping to be able to provide at

least some help in this matter. But the arrival of Olver’s fax chilled the enthusiasm
quite a bit. Despite containing some identities with familiar pattern, the majority of
the entries involved Bessel functions of fractional order or with derivatives applied
with respect to the order.

Let us now display the bunch of formulas we are talking about. Here, J,(z)

and Y,(z) denote the Bessel functions of the first and second kind, respectively,
I,(z) and K,(z) the modified Bessel functions, j,(z) and y,(z) the spherical
Bessel functions, P,(z) the Legendre polynomials, and Si(z) and Ci(z) the sine and
cosine integral, respectively. Unless otherwise specified, all parameters are arbitrary
complex numbers.

lsin V242 = Z (_t,)n Yn—1(2) Qlt] < 1z, IS @) < R(z)
Z —0 n!
(10.1.39)
1 X 4n
cos V2 2z :n;o%j,,_l(z) 240 (10.1.40)
[iju (Z)] = l(Ci(ZZ) sin z — Si(2z) cos z) (ze C\]-00,0])
av v=0 Z
(10.1.41)
[%jv (z)] = %(Ci(Zz) cos z + Si(2z) sinz) (ze C\]-00,0])
v=—1
(10.1.42)
[%YV(Z)] = %(Ci(Zz) cos z + [Si(2z) — 7] sinz) (z€ C\ ]—00,0])
v=0
(10.1.43)
[%yu (Z)] = —%(Ci(Zz) sinz — [Si(2z) — 7] cos 7) (z€ C\]—o00,0])
v=—1
(10.1.44)
. ae @2n)! .
Jo(zsin6) = ZO(M + 1) 5515 720(2) Pan 05 6) (10.1.48)

!Finally Chap. 10 Bessel Functions.
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2n —2k + 1

Jn(22) = —n1" ! kgmh_k(z)yn_k(x) (n=0,12,...)
(10.1.49)
= .5, Si(22)
n;/n 0 == (10.1.52)
%sinh V72 = 2izt = ’;) (—rilt!)” %ﬂ/zl_n_,_%(z) Qlt] < 12, 13@)| < R(z)
(10.2.30)
%cosh V2 + 2zt = Z (i’?'n %n/zln_%(z) z#0 (10.2.31)
n=0 :
3
[EIU (Z)Ll/z — B 4 B 2060 (c € C\ ]-00.0)
(10.2.32)
3 1 . —Z __ v p—
|:$IV(Z)]V=—1/2 = m(El(Zz)e E1(2z)€%) (ze C\]—00,0])
(10.2.33)
0 T
[_KV(Z)} = i\/iEl(ZZ)ez (z€ C\]—00,0])
v v=x£1/2 2z
(10.2.34)

The numbering follows that in Abramowitz and Stegun [2], and Olver remarked
on the fax: “Irene Stegun left a record (without proofs) that (10.1.41)—(10.1.44)
have errors: the factor %71 should not be there, and (10.1.44) also has the wrong
sign. Equations (10.2.32)-(10.2.34) have similar errors. Their correct versions are
given by [...]".

In view of these unfamiliar objects and of the approaching trip to NIST, Paule
asked his young collaborators for help. Within 2 weeks, all identities succumbed to
the members of the algorithmic combinatorics group of RISC. Moreover, in addition
to the typos in [2] mentioned by Olver, further typos in (10.1.39) and (10.2.30) were
found. Above we have listed the corrected versions of the formulas, and when we
use the numbering from [2], we refer to the corrected versions of the formulas here
and throughout the paper.

At this place we want to relate the numbering from [2] to the one used in [15]:
(10.1.39) and (10.1.40) are DLMF entries 10.56.2 and 10.56.1, respectively. With
the help of the rewriting rule DLMF 10.47.3, (10.1.41) and (10.1.42) are DLMF
entries 10.15.6 and 10.15.7, respectively; using the rule DLMF 10.47.4, (10.1.43)
and (10.1.44) are DLMF entries 10.15.8 and 10.15.9, respectively. Entry (10.1.48)
is DLMF 10.60.10, (10.1.49) is DLMF 10.60.4, and (10.1.52) is DLMF 10.60.11.
With the help of DLMF 10.47.8, entry (10.2.30) turns into DLMF 10.56.4; and
with the help of DLMF 10.46.7, entry (10.2.31) turns into DLMF 10.56.3. Formulas
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(10.2.32) and (10.2.33) are bundled in DLMF entry 10.38.6; formula (10.2.34) is
DLMF 10.38.7.

The goal of our exposition is to convince the reader that only a very limited
amount of techniques has to be mastered to be able to prove such special function
identities with computer algebra.

Our computer proofs are based on the algorithmic theory of holonomic functions
and sequences, and symbolic summation algorithms. In the following two sections,
we do purely algebraic manipulations; where necessary, analytical justifications
(convergence of series, etc.) are given in Sect. 4. In general, we rely on the following
computer algebra toolbox; underlying ideas are described in [9, 10].

Holonomic closure properties. The packages gfun [18] (for Maple) and
GeneratingFunctions [13] (for Mathematica) are useful for the manipulation
of functions f(x) that satisfy linear ordinary differential equations (LODEs)
with polynomial coefficients, as well as for sequences f, satisfying linear
recurrence equations (LOREs) with polynomial coefficients. Such objects are
called holonomic. It can be shown that whenever f(x) and g(x) (resp. f, and g,)
are holonomic, then so are f(x) - g(x) and f(x) + g(x) (resp. f, - g, and
fo + gn). Furthermore, if f(x) = Y02, fux", then f(x) is holonomic if and
only if f, is holonomic as a sequence. The packages gfun and GeneratingFunctions
provide procedures for “executing closure properties,” i.e., from given differential
equations for f(x) and g(x) they can compute differential equations for f(x)-g(x)
and f(x) + g(x), and likewise for sequences. Also several further closure
properties can be executed in this sense, and there are procedures for obtaining
a recurrence equation for f, from a differential equation for its generating function
f(x) =302, fux", and vice versa.

Symbolic summation tools. The package Zb [16] (for Mathematica) and the more
general and powerful packages Mgfun [4] (for Maple), HolonomicFunctions [11]
and Sigma [19, 20] (both for Mathematica) provide algorithms to compute for a
given definite sum S(n,z) = Y ;_, f(n,z k) recurrences (in n) and/or differential
equations (in z). Here the essential assumption is that the summand f(n,z, k)
satisfies certain types of recurrences or differential equations; see Sect. 3.

Subsequently, we restrict our exposition to the Mathematica packages Generat-
ingFunctions, Zb, HolonomicFunctions, and Sigma. In the Appendix, for the reader’s
convenience we list all formulas from Abramowitz and Stegun [2] that we apply in
our proofs.

As for applications of differentiating Bessel functions w.r.t. order, we mention
maximum likelihood estimation for the generalized hyperbolic distribution, and
calculating moments of the Hartman-Watson distribution. Both distributions have
applications in mathematical finance [6, 17]. Prause’s PhD thesis [17] in fact cites
formulas (9.6.42)—(9.6.46).
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2 Basic Manipulations of Power Series

Let us now show how to apply these computer algebra tools for proving identities.
The basic strategy is to determine algorithmically a differential equation (LODE) or
a recurrence (LORE) for both sides of an identity and check initial conditions.

First we load the package GeneratingFunctions in the computer algebra system
Mathematica.

= << GeneratingFunctions.m
GeneratingFunctions Package by Christian Mallinger — (©) RISC Linz

2.1 LODE and Initial Conditions for (10.1.39)

We show that both sides of the equation satisfy the same differential equation in ¢,
and then check a suitable number of initial values.

First we compute a differential equation for the left hand side % sin /7% + 2z1.
We view this function as the composition of % sin(?) with +/z2 + 2zt and compute
a differential equation for it from defining equations of the components, by using
the command AlgebraicCompose. (The last argument specifies the function under
consideration. This symbol is used both in input and output.)

2= AlgebraicCompose[ £ [t] == —f[t], £ [t]* == 2% + 2zt, f[t]]

ouz zf 1]+ f'[t] 4+ 2t +2) f"[t] == 0

In order to obtain a differential equation for the right hand side, we first compute
a recurrence equation for the coefficient sequence ¢, := (—1)"/n!y,—1(z) from
the recurrences of its factors (using (10.1.19)). (The coefficient-wise product of
power series is called Hadamard product, which explains the name of the command
REHadamard.)
- REHadamard[c[n + 1] == —c[n]/(n + 1),c[n —1] +c[n + 1] ==
2@m—=1)+1)/zc[n], c[n]]

CanRE::denom : Warning. The input equation will be multiplied by its denominator.

ougl= zc[n] + (1 +n)(1 +2n)cln + 1]+ (1 +n)2 4+ n)zcln +2] == 0

Then we convert the recurrence equation for ¢, into a differential equation for its
generating function Y ., ¢,#", which is the right hand side.
4= RE2DE[ %, c[n], f[t]]

oura zf 1]+ f[t14+ 2t +2) f"[t] == 0

This agrees with output 2. To complete the proof, we need to check two initial
values.
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= Series[1/z Sin[v'z2 + 2z¢], {t, 0, 1}]

S1n;/_ J_Cos «/_ P 0[t]2

out[5]=

By (10.1.12) and (10.1.19), this agrees with the initial values of the right hand side
for z € R>¢. The extension to complex z will be discussed in Sect. 4.

Alternatively, we could have derived a differential equation only for the right
hand side and then check with Mathematica that the left hand side satisfies this
equation:

wer- Out[4] /. £ — (1/zSin[vz2 + 2#]&)

outiel= True

The proofs for (10.1.40), (10.2.30), and (10.2.31) follow the same scheme as the
proof above. Both variants of the proof work in each case.

In summary, the most systematic way is to compute a differential equation for the
difference of left hand side and right hand side, and then check that an appropriate
number of initial values are zero.

2.2 Proofof (10.1.41)

This time we will not derive an LODE, but instead a recurrence relation for the
Taylor coefficients of the difference of the left and the right hand side. The term
log(z/2) that occurs in the pertinent expansion (9.1.64) is not analytic at z = 0,
hence we first treat that one “by hand.” (Working with Taylor series at z = 1, say,
promises not much but additional complications.) This will leave us with a rather
complicated expression for a holonomic formal power series, for which we have to
prove that it is zero. At this point, we will employ the GeneratingFunctions package
for computing a recurrence equation for the coefficient sequence of that series. Upon
checking a suitable number of initial values, zero equivalence is then established.

One might think that we would not even have to compute the recurrences, since
it is known a priori that the sum of two sequences satisfying recurrences of order r;
and r, respectively, satisfies a recurrence of order at most r; 4 r,. The same holds
for products, with r;7; instead of | 4 r,. The catch is that the leading coefficient of
the combined recurrence might have roots in the positive integers. It is clear that in
order to give an inductive proof there must not be an integer root beyond the places
where we check initial values.

Proposition 1. Identity (10.1.41) holds for z € C \ R<o.

Proof. First we consider the left hand side. Using (10.1.1) and (9.1.64) from the
Appendix, we get
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Y +n+3) (G2
'lv+n+ %) n!

3

d |
50 @) = ju(@)log 5 = 3V Xy

dr()

where I'(x) and ¥ (x) = denote the Gamma and digamma function,

respectively. Hence, with (10.1. 11)

q . _ sinz z LY+ 3) (i 2)"
[gh(Z):L:O— Jlogs—3 \/_Z( )F( P

For the right hand side, we need (5.2.14), (5.2.16), and the Taylor expansions of
sin z and cos z. We have to show that

[aijv (z)] — (Ci(2z) sinz — Si(2z) cos z) /z
v v=0

_sinz, oz (—D)"y(n+3) (3" Si(22)cosz
= E - «/_Z +

n=0 rn +7) n! <

sinz (=1)"(29)*"
- _(” log(22) + Z 2n(2n)! v

3 /4"y + 32" S (4 (="
T «/_Z T+ Hn! +2n§0(2n+1)(2n+1)' Z 2n)!

n=0 n=0
00 2 00 2 0 2 *)
_ (=D"z™" 2 (=" (=D"z™"
(v +2l0g2) 3 ot T E 2 200 + D20 + D) 2 2n + 1)!
n=0 n=0 n=0
is identically zero, i.e., ¢, = 0 for all n > 0, where ¢, is defined as (x) =

Z;io ™

To this end, we compute step by step a recurrence equation for ¢, from the
various coefficient sequences appearing in (x). We suppress some of the output,
in order to save space. Recurrences for most of the inner coefficient sequences are
easy to obtain. For instance, for

N G S
me= f[n] i= Q2r+1)2n+1)!
we have

inte:= FullSimplify[ f [n + 1]/f [n]]

—202n +1)
(n+1)2n +3)2

out[sl=

and hence the recurrence f,+; = % fn. Only the series involving

¥ (n 4 3/2) requires a bit more work. Here, we use the package GeneratingFunctions
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to obtain a recurrence from the recurrence (6.3.5) for ¥ (n + 3/2) and the first order
recurrence of (—1/4)"/I"(n + %)n!.

1
ingr= recSum = REHadamard[ f[r + 1] == f[n] + ——— nt32

-1
fln+1]= mf["],f["]];

Next, we compute recurrence equations for the coefficient sequence of the two series
products in ().

initor:= recSiCos = RECauchy| f [ -;- 1] = %_[ [n],
fln+1] == mf[n],f["]];

init13:= recCiSin = RECauchy| f [n -;- 1] = % fn],
fIn+ 1] == —————f[n], f[n]};

2(n+ 1)2n +3)

The latter recurrence has to be shifted by 1, owing to the factor z2.

ini12:= recCiSin = recCiSin /. f[n] = fln+1]/.n > n—1;

The recurrences collected so far can now be combined to a recurrence for c¢,,.
in13= recl = REPlus[recSiCos, recSum, f[n]];

ini14:= rec2 = REPlus[recCiSin, f[n + 1] = mf[n], fIn]ls

intsi= rec = REPlus[recl, rec2, f[n]]

outts= 5184(227 4 60n) f[n] + - -

-+ 7600(4 +n)(5+n)(6 + n)*(9+2n)(11 4+ 2n)(13 + 2n)*(167 + 60n) f[n + 6] = 0

The precise shape of the recurrence is irrelevant, it only matters that it has
order 6 and that the coefficient of f[n + 6] (i.e., of ¢,+6) does not have roots at
nonnegative integers. As this is the case, we can complete the proof by checking

that the coefficients of Z°, ..., z!% in (*) vanish, which can of course be done with
Mathematica.

Alternatively, a similar proof can be obtained more conveniently using the
package

inite:= << HolonomicFunctions.m

HolonomicFunctions package by Christoph Koutschan, RISC-Linz, Version 1.6 (12.04.2012)
One of the main features of this package is the Annihilator command; it analyzes
the structure of a given expression and executes the necessary closure properties
automatically, in order to compute a system of differential equations and/or
recurrences for the expression. We apply it to (x):

—1\n 2n
In[17]:= Annihilator[ [z] (EulerGamma + 2Log[2] + Sum [M ,{n, 1, oo}:|)

2n (2n)!
JT -1 /4)" 2" PolyGammal0, n + 3/2]
7 Sum n! Gammal[n + 3/2] > {n, 0, 00}

+ Cos[ ]SlnIntegral[Zz] Der[z]:|
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w7 {(482° + 952°) DF + (864z" + 190077) D] + (5762° + 54362° + 10830z) DS +
(7968z* + 23684z% + 17100) D7 + (1440z° + 3244223 + 770027) D! +
(13344z* + 5933227 + 83448) D] + (13442 + 335962° + 828582) D7 +
(6240z* + 3140422 + 46892) D, + (4322° + 64957° + 151502)}

Since the HolonomicFunctions package uses operator notation, the second argument
indicates that a differential equation w.r.t. z is desired; instead of an equation
the corresponding operator is returned with D, = d/dz. As before, the proof is
completed by checking a few initial values (see also Sect. 4). O

3 Symbolic Summation Tools

It is not always the case that recurrences for the power series coefficients can be
obtained by the package GeneratingFunctions. Sometimes combinatorial identities
such as the following one are needed. Its proof gives occasion to introduce
the Mathematica package Zb, an implementation of Zeilberger’s algorithm for
hypergeometric summation [22].

Lemma 1. Fork € Zso we have

k .
(=2 [k
Z . (j) -
j=1

Hn+l — 2H2n+2 k =2n + 1 isodd
H, — 2H,, k =2n iseven,

J

where H, := Y | _, % denotes the harmonic numbers.

It can be a chore to locate such identities in the literature. The closest match that
the authors found is the similar identity Z];=1(—1)j+1j_1(];) = H; [7, p.281].
Thus, an automatic identity checker like the one we describe now is helpful. We
note in passing that we can not only verify such identities, but even compute the
right hand side from the left hand side [19].

Proof (of Lemma 1). We denote the sum on the left hand side by ay. Using the
Mathematica package
np8r= << Zb.m
Fast Zeilberger Package by Peter Paule and Markus Schorn (enhanced by Axel Riese) — © RISC Linz
we find
= Zb[(—2)7 /j Binomial[2r + 1, j], {j,1,2n + 1}, 1]

If ‘1 + 2 n’ is a natural number, then:

outtel= {(n + 1)(2n + 3)SUM[n] — (4n® + 14n + 13)SUM[n + 1]
+ (n +2)2n + 5)SUM[n + 2] == —2}

inzo= Zb[(—2)’ /j Binomial[2n, j1, {j,1,2n},n]

If 2n’ is a natural number, then:
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ouzo {(n + 1)(2n + 1)SUM([n] — (4n> 4+ 10n + 7)SUM[n + 1]
+ (n +2)(2n 4 3)SUM[n + 2] == -2}

hence the sequence a; satisfies the recurrences
(n + 1)(2n + 3)azn i1 — (4n” + 14n + 13)az, 13 + (n + 2)2n + S)azyys = —2
and

(n 4+ 1D)@2n + Day, — (4n* + 101 + T)azsr + Cn +3)(n + 2)az, 14 = —2.

The right hand side satisfies these recurrences, too:

1= Out[19] /. SUM[n_] = HarmonicNumber[n 4+ 1] — 2HarmonicNumber[2n + 2]
// ReleaseHold // FullSimplify

oute1= {True}

ini22= Out[20]/. SUM[n_] — HarmonicNumber[r] — 2HarmonicNumber[2n]
// ReleaseHold // FullSimplify

outiz2= {True}
Hence the desired result follows by checking the initial conditions k = 0, 1, 2, 3.
(]

Proposition 2. Identities (10.2.32) and (10.2.33) follow from Lemma 1. They hold
forz e C\ R<o.

Proof. We do Taylor series expansion on both sides of (10.2.32), and then compare
coefficients. Using the expansions (5.1.10) and (5.1.11) and computing Cauchy
products, we find that the right hand side of (10.2.32) equals

2 2\ ot 5
=l log?2 inh k) 1
V - (( ogz +log2 + y) sin z+n§=0 @n 1 I )

where ay is the sum from Lemma 1. The expansion of the left hand side of (10.2.32)
can be done with (9.6.10) and (9.6.42). Since

(Z2/4)n _ 2Z2n
Fn+3n  w@2n+ 1)

and

Ip-(n + %) = -y — 210g2 + 2H2n+2 - HVl+ls



Computer-Assisted Proofs of Some Identities for Bessel Functions of Fractional Order 85

the left hand side of (10.2.32) turns out to be

[ 2 ) 0 Z2n+l
j'[_z (IOgZ + IOg 2+ J/) sinh z + Z (Hn+1 — 2H2n+2) m . (2)

n=0

Lemma 1 completes the coefficient comparison.
Identity (10.2.33) can be proved analogously; replace sinh by cosh and 2n 4 1 by
2n in (1), and sinh by cosh and the summand by (H, — 2H,,)z*"/(2n)!in (2). O

We proceed to prove the identities (10.1.48), (10.1.49), and (10.1.52) by the same
strategy as above: compute LODEs or LOREs for both sides, and check initial val-
ues. Since in these identities definite sums occur for which one cannot derive LOREs
or LODEs by using holonomic closure properties, symbolic summation algorithms
enter the game. For hypergeometric sums, like in Lemma 1, the package Zb is the
perfect choice. Since in the following identities the occurring sums do not have
hypergeometric summands, we use more general summation methods [19] and [11]
that are available in the packages Sigma and HolonomicFunctions, respectively.

In general, the sums under consideration are of the form

o0
S(n,z)zzmn,k)f(n,z,k) 3

k=0
with integer parameter #n and complex parameter z where /2 and f have the following
properties: h(n, k) is a hypergeometric term in n and k, i.e., h(n + 1,k)/h(n, k)

and h(n,k + 1)/ h(n, k) are rational functions in n and k. Furthermore, f(n,z, k)
satisfies a recurrence relation of the form

f(nvz’k + d) = O[O(’LZ’k)f(nvZ’k)
+ai(n,z k) f(n.zk + 1)+ +ag1(n.z.k) f(n,z,k +d — 1), (4)
and either a recurrence relation
f(l’l + lesk) = ﬂo(l’l,Z,k)f(l’l,Z,k)
+ ,Bl(l’l,Z,k)f(l’l,Z,k + 1) + e +ﬂd—l(”aka)f(nstk +d— 1) (5)

or a differential equation

d
d_Zf(n’ Z, k) = ,30(’15 2, k)f(l’l,Z, k)

+,31(H,Z,k)f(n,z,k + 1) + 'u—i—,Bd_l(l’l,Z,k)f(l’l,Z,k + d— 1), (6)
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where the «;, B; are rational functions in k, n, and z. From recurrences of the
forms (4) and (5) we will derive a recurrence relation in n for S(n,z). If, on the
other hand, we have (6) instead of (5), we will compute a differential equation for
S(n,z)inz.

We note that the HolonomicFunctions package allows more flexible recur-
rence/differential systems as input specifying the shift/differential behavior of the
summand accordingly. However, the input description given above gives rise to
rather efficient algorithms implemented in the Sigma package to calculate LOREs
and LODEs for S(n, z).

3.1 LORE and Initial Conditions for (10.1.49)

We compute a LORE for the right hand side

2n —2k +1

o P L o O
S(n) : kz_;) nl'z Klan—k+ 1)!Jn—k(z)yn—k(z)

no
=> e G+ D) Ji(@)yr(2)
k=0

— (1 — k) + k£ 1)!

using
In23= << Sigma.m
Sigma - A summation package by Carsten Schneider (© RISC-Linz
First we insert the sum in the form (3) with recurrences of the type (4) and (5).

Note that h(n, k) = % is hypergeometric in n and k. Moreover, by
(10.1.19) the spherical Bessel functions of the first kind j(k) := ji (z) (we suppress
the parameter z in our Mathematica session) fulfill the recurrence

in24r=rec] = zjlk]l— Rk +3)jlk + 1] +2zjk + 2] == 0;

Since the same recurrence holds for yx (z), see (10.1.19), we obtain with

inzst:= recJY = REHadamard[rec], recJ, j[k]]/.{j — f};

outasi (—2k — 5)Z22[k] + (2k + 3)(4k? + 16k — 22 + 15) f [k + 1]
—(2k 4+ 5)(4k2 + 16k — 22+ 15) f[k + 2] + 2k + 3)2 flk +3] =0

a recurrence in the form (4) for f(k) := jx(2)yk(z). Since f(k) is free of n, we
choose f[n + 1,k] == f[k] for the required recurrence of the form (5). Given
these recurrences we are ready to compute a recurrence for our sum

" —nlz"tIQ2k + 1)
In26]:= mySum = ,;, i —0)ln + k+ 1)
by using the Sigma-function
ini271= GenerateRE[mySum, n, {recJY, f[k]}, f[n + 1,k] == f[k]]

flx];

ouzr= 2zSUM([n] — (2n + 3)SUM(n + 1] + 2zSUM[n + 2] == 0
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Note that S(n) = Y ;_,h(n, k) f(k)(= mySum = SUM(n]). Since besides S(n)
also j,(2z) fulfills the computed recurrence and since S(n) = j,(2z) forn =0, 1,
we have S(n) = j,(2z) foralln > 0.

A correctness proof. Denote Arg(z,k) := g(z,k + 1) — g(z, k). The correctness of
the produced recurrence follows from the computed proof certificate

Arg(n, k) = coh(n, k) f(k) + cith(n + 1,k) f(k) + coh(n + 2,k) f(k)  (7)
given by ¢y = 2z, ¢y = —(2n + 3), ¢c; = 2z and

Zn+1n!
8§00 = S Tk ot —k g i o) Ttk D) ol +2)]

with

g0 =8k° — 8(n — )k* — (% 4 28n + 30)k> + 2(2n® + (222 — Nn + 22> — 19)

k2 + (2 + 8)n® + (822 + 15)n + 822 + Dk + (n* + 3n +2)(2% + 3)
g1 =k +3)(k —n —2)(2k> + (3 —2n)k*> — (5n + )k + (n + 1)(Z* — 3)),
g =—(k+Dk—-—n—-2)(k—-n—-1)7.

Namely, one can show that (7) holds foralln > 0and 0 < k < n as follows. Express
Arg(n, k) in terms of f(k) and f(k + 1) by using the recurrence given in Out[25]
and rewrite any factorial in (7) in terms of (n + k 4+2)! and (n — k 4 2)!. Afterwards
verify (7) by polynomial arithmetic. The summation of (7) over k from 0 to n gives
the recurrence in Out[27]; here we needed the first evaluations of f(i) = J; (2)y: (2),
i =0,1,2,from (10.1.11) and (10.1.12).

We remark that the underlying algorithms [19] unify the creative telescoping
paradigm [22] in the difference field setting [20] and holonomic setting [4].
This general point of view opens up interesting applications, e.g., in the field of
combinatorics [3] and particle physics [1].

3.2 LODE and Initial Conditions for (10.1.48)

For the proof of (10.1.48) we choose the package HolonomicFunctions. As we have
seen before, holonomic closure properties include algebraic substitution; but since
sin@) is not algebraic, we have to transform identity (10.1.48) slightly in order to
make it accessible to our software: just replace cos(®) by ¢ and sin@) by v 1 — c2.
Now it is an easy task to compute a LODE in z for the left hand side:

inzel.= Annihilator [BesselJ [0,z~/ 1- cz] s Der[z]]

oups= {zD? + D, + (z— ¢%2)}
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The sum on the right hand side requires some more work. Similar to identity
(10.1.49) above, the technique of creative telescoping [22] is applied and it fits
perfectly to the HolonomicFunctions package. The latter can deal with multivariate
holonomic functions and sequences, i.e., roughly speaking, mathematical objects
that satisfy (for each variable in question) either a LODE or a LORE of arbitrary
(but fixed) order. For example, the expression

Fonze) = @n+ )2 o @ Pae)

22np 12
satisfies a LORE in n of order 4 and LODEs w.r.t. z and ¢, both of order 2. To derive
a LODE in z for the sum we employ the following command (the shift operator S,,
defined by S, f(n) = f(n + 1), is input as S[n], and the derivation D,, defined by
D. f(z) = f'(z), is input as Der|z]):
inzey= CreativeTelescoping[(4n+1)(2n)!/(2*" n!?) SphericalBesselJ [2n, 7] LegendreP[2n, c],
S[n] — 1, Der[z]]

4(n + 1)?

out[29)= {zDz2 + D, 4+ (z— CZZ)}, 4}1—+5S” D,
dn+ 1)@+ 18n —2 +9) s+ 4n? b
(4n 4+ 3)(4n + 5)z 4n +1

n —16¢2n7% — 16¢%nz2 — 3¢22% + 32n* + 4003 + 4n%2% + 1202 + 4n?> + 2 } }
(4n + 1)(4n + 3)z

The output consists of two operators, say P and Q, which are called felescoper and
certificate (note already that P equals Out[28]). They satisfy the relation

(P+ (S —1Q) f(n,z,¢c) =0, (8

a fact that can be verified using the well-known LODEs and LOREs for spherical
Bessel functions and Legendre polynomials. Summing (8) w.r.t. n and telescoping
yields

Py fn.z.¢)=(21)0.z.¢) + lim (Qf)(n.z.c) = 0

n=0

(P is free of n and §, and therefore can be interchanged with the summation
quantifier). Using (9.3.1) and (10.1.1) it can be shown that the limit is 0, and also
the part (Q f)(0, z, ¢) vanishes.

Consequently, we have established that both sides of (10.1.48) satisfy the same
second-order LODE. It suffices to compare the initial conditions at z = 0 (see
Sect.4). For the left hand side we have Jy(0) = 1. From (10.1.25) it follows that
the Taylor expansion of j,, (z) starts with z>* and hence for z = 0 all summands are
zero except the first one. With (10.1.11) we see that the initial conditions on both
sides agree.
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Before turning to the next identity, we want to point to [20] where a different
computer algebra proof of (10.1.48) has been given. More examples of proving
special function identities with the HolonomicFunctions package are collected in [12].

3.3 LODE and Initial Conditions for (10.1.52)

Again we compute a LODE with Sigma. In order to get a LODE of the left hand side
of (10.1.52) we compute a LODE of its truncated version

a
in3ox= mySum = Z J [k]23
k=0

Note that the summand of our input-sum depends non-linearly on ji(z). In order to
handle this type of summation input, Sigma needs in addition the package [5]
in31:= << OreSys.m

OreSys package by Stefan Gerhold (© RISC-Linz
for uncoupling systems of LODE-systems. Then using a new feature of Sigma we
can continue as “as usual”. Given the difference-differential equation of the form (6)
for j(k) := ji(2) and j OV (k,2) := L (2):

k
2= recZ = j OV [k, 7] == Zl[k] + jlk+1];

see (10.2.20), and the recurrence In[24] of the form (5), we compute a LODE for
mySum(= SUM[n]):

in(33}= mySum = Z FAL3RS
k=0

in341= GenerateDE [mySum, n, {rec]J, j [k]}, recZ]

outsal= ZSUM’[z] + SUM[z] == (zj[aljla + 1] — 2a + 1) j[a]®) — (2 [0]/ [1] — j [0])

A correctness proof. The correctness of the LODE can be checked by the computed
proof certificate

Arg(z. k) = cojk)* + 1OV (k,2)? 9)

with ¢ = 1, ¢; = zand g(z,k) = zj(k)j(k + 1) — (2k + 1)j(k)>. Namely,
one can easily show that (9) holds for all 0 < k as follows. Express (9) in terms
of j(k) and j(k + 1) by using the recurrence given in In[24] and the difference-
differential equation given in In[32]. Afterwards verify (9) by polynomial arithmetic.
Then summing (9) over k from O to a gives the recurrence in Out[34]; here we used
the initial values (10.1.11).

Next, we let a — oo. Then j,(z) tends to zero by (9.3.1). Therefore, the left hand
side of (10.1.52) satisfies the LODE

SQ) + ZdS(z) _ sin(2z)' (10)
dz 2z
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It is readily checked that the right hand side satisfies it, too, and both sides equal 1
at z = 0. This establishes equality of both sides of (10.1.52).

Alternatively, we can derive the inhomogeneous differential equation for the left
hand side of (10.1.52) with HolonomicFunctions:

inasi- Annihilator[Sum[SphericalBesselJ[n,z]?, {n,0, c0}], Der[z], Inhomogeneous —
True]

owasi= {{zD, + 1}, {Hold[Limit[...,n — oo]] +...}}

The output consists of a differential operator and an expression that gives the
inhomogeneous part (abbreviated above). Without help, Mathematica is not able
to simplify the latter (i.e., compute the limit), but using (9.3.1) it succeeds and we
get

sin(z) cos(z)

(zD. + 1)S(z) — 0

which of course agrees with (10).

4 Series Solutions of LODEs and Analyticity

In some proofs we have determined a differential equation that is satisfied by both
sides of the identity in question, and then compared initial values. In contrast to the
case of recurrences, the validity of this approach needs some non-trivial justification.
This procedure can be justified by well-known uniqueness results for solutions of
LODEs, to be outlined in this section. In the proofs of (10.1.39), (10.1.40), (10.2.30),
and (10.2.31), the point + = 0, where we checked initial conditions, is an ordinary
point of the LODE (i.e., the leading coefficient of the LODE does not vanish at
t = 0). Then there is a unique analytic solution, if the number of prescribed initial
values equals the order of the equation. The identity then holds (at least) in the
domain (containing zero) where we can establish analyticity of both sides.

Proposition 3. Identity (10.1.40) holds for all complex t and all complex z # 0.
The same is true for (10.2.31).

Proof. We consider (10.1.40) and omit the analogous considerations for (10.2.31).
For n € Z, the function j,—(z) is defined for z € C*. We fix such a z and consider
both sides of (10.1.40) as functions of ¢. By (9.3.1), the right hand side converges
uniformly for all complex ¢, therefore it is an entire function of ¢. The left hand
side is also entire, since cos y/w = >, _(—1)"w"/(2n)! is an entire function of w.
Initial values at # = 0 and an LODE satisfied by both sides were already presented
in Sect. 2, hence, by the above uniqueness property, identity (10.1.40) is proved. O
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Proposition 4. Identity (10.1.39) holds for all complex z and t with |3(z)| < R(z)
and 2|t| < |z]. If |S(2)| < —R(2), then the identity holds with switched sign for all
t with 2|t| < |z|. The same is true for (10.2.30).

Proof. We give the proof in the case of (10.1.39); (10.2.30) is treated analogously.
First we complete the check of initial values from Sect. 2. For ¢ = 0, the right hand
side is y_;(z) = (sinz)/z, and on the left hand side we have (sin v/z2)/z. Thus, at
t = 0 both sides agree for | arg(z)| < m/2, which follows from |J(z)| < %(z); for
/2 < |arg(z)| < m, which follows from |J(z)| < —%(z), the identity holds at t =
0 with switched sign, because the function w +— Vw? changes sign when crossing
the branch cut iR. The first derivatives at t = 0 are (cos v/z2) / V22 = (cosz) / N
and —y(z) = (cosz)/z, respectively. The same consideration as for the first initial
value completes the check of the initial conditions.

Now we show that both sides of (10.1.39) are analytic functions of ¢ for fixed
z # 0 with |J(z)| < |9 (z)]. Let us start by determining the radius of convergence
of the right hand side. It is an easy consequence of (9.3.1) that

V2 (2n)"
yn(Z)~——(—), n— o0, z#0.
Z (4

Hence, by Stirling’s formula, the radius of convergence is |z|/2, and so the right
hand side is analytic for 2|¢| < |z].

The left hand side of (10.1.39) has a branch cut along a half-line starting at ¢ =
—z/2, a point on the circle of convergence of the right hand side. If this half line has
no other intersection with this circle, then the left hand side is analytic in the disk
{t : 2|t| < |z|}. Otherwise, the branch cut separates the disk into two segments, and
the identity does not necessarily hold in a segment that does not contain # = 0. As
we will now show, our assumptions exclude the possibility of a second intersection.
Once again it is convenient to proceed by computer algebra. Note that the presence
of two intersections means that

(Eis #te (D)(Z|s| = |z| A2|t] = |z] A2 +2z5 € ]—00,0) A2 + 22t € ]—oo,O])

holds. Upon rewriting this formula with real variables, it can be simplified by Math-
ematica’s Reduce command; the result — translated back into complex language — is
the equivalent formula |R(z)| < |J(z)|. Summing up, under our assumptions on z
the left hand side of (10.1.39) is analytic in the disk {¢ : 2|¢| < |z|}. O

Now consider the LODE (10), which we want to employ to prove (10.1.52). The
point z = 0 is not an ordinary point, so the question of uniqueness of the solution
is more subtle. The origin is a regular singular point of (10), since the degree of the
indicial polynomial

[lps@) 'L =0+ 1
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agrees with the order s = 1 of the LODE. Here, p;(z) = z denotes the leading
coefficient, and .Z the differential operator

&L =1+4zD..

The following classical result [8] describes the structure of a fundamental
system at a regular singular point. See also the concise exposition in Meunier and
Salvy [14].

Theorem 1. Let z = 0 be a regular singular point of a homogeneous LODE
of order s. Denote the roots of the indicial polynomial by o1, ...,0, and let
my, ..., mg be their multiplicities. Then the equation has a basis of s solutions

d;
Y log! (1)@ (2). 1<ic<s, (11)
j=0

where d; < s, and the ®;;(z) are convergent power series. Each of these solutions
is uniquely defined by the coefficients of the s “monomials”

s

U {27, 2% logz, ..., 2% log" ' z}

i=1
in the series (11).

Proposition 5. Identity (10.1.52) holds for all z € C.

Proof. We have shown in the preceding section that both sides satisfy the LODE
(10). As seen above, the indicial polynomial of the homogeneous equation .Z f =
f +zf’ = 0is o + 1. Hence, by Theorem 1, a solution of . f = 0 that has
the form (11) is uniquely defined by the coefficient of z~'. Hence the zero function
is the only analytic solution of the homogeneous initial value problem .Z f = 0,
f(0) = 0.1t s a trivial consequence that the inhomogeneous equation (10) cannot
have more than one analytic solution with f(0) = 1. Therefore, (10.1.52) holds
in a neighbourhood of z = 0. The left hand side of (10.1.52) is entire since it is a
uniform limit of entire functions, and the right hand side is entire by (5.2.14). Thus,
the identity holds in the whole complex plane by analytic continuation. O

Proposition 6. Identity (10.1.48) holds for all complex z and 0.

Proof. By the Laplace-Heine formula [21, Theorem 8.21.1], P2, (cos 6) grows at
most exponentially as n — oo. Together with (9.3.1) and n(2n)!/(2*'n1?) =
O(+/n), this shows that the right hand side of (10.1.48) is an entire function of
z and 6. In Sect. 3 we showed that both sides of (10.1.48) satisfy the differential
equation zf”(z) + f'(z) + z(1 — ¢?) f(z) = 0 (whose indicial equation is 0> = 0)
and that the initial condition at z° agrees. The result follows from Theorem 1 and
the fact that both sides are entire functions. O
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5 Non-computer Proofs

Some of our identities can be easily proved from some of the others, without using
any software machinery. The computer proofs that we have in hand suffice for
establishing the remaining identities (10.1.42)—(10.1.44), and (10.2.34) in this spirit.
The reader should by now be convinced that, if desired, all of them can also be
proved by the algorithmic methods we have presented.

Proposition 7. Identities (10.1.42)—(10.1.44) follow from (10.1.41). They hold for
zE€ (D \ IR,So.

Proof. 1dentities (10.1.42)—(10.1.44) can be done analogously to (10.1.41), but we
instead present (non-computer) deductions from (10.1.41). The derivative of Y,
w.r.t. v can be expressed in terms of J,, J_,, and Y, see (9.1.65) in the appendix.
Note that cot (v + 1/2)m vanishes for v = 0, 1. Equation (9.1.65) thus yields

ad d . msing
Gl FC

0 Jd . T COSZ
|:3_UyV(Z)i|V=_1 = - I:a_VJV(Z):|u=0 - P

Therefore, we have a relation between the left hand sides of (10.1.42) and (10.1.43),
and one between the left hand sides of (10.1.41) and (10.1.44). It is easy to verify
that the respective right hand sides satisfy the same relations. Hence the assertion
will be established once we show that (10.1.42) follows from (10.1.41). To this end,
it suffices to show that the left hand sides of these identities satisfy

d a . aJ . _ sing
g (laro] ) <lo] - o

since once again it is easy to see that the right hand sides of (10.1.41) and (10.1.42)
obey the same relation. By (9.1.64), the recurrence relations of I" and v, and the
duplication formula of I", the left hand side of (12) equals

sinz vk + %) vk + %) 2
‘/_Z(_' (F(k +H/k+5 Tk+hH) K

2k

smz 1 z
fZ(— e+ Hk+ 5k

and

_sinz Z(_ je 2 22K sing a
rek+2  z
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Proposition 8. Identity (10.2.34) follows from (10.1.32) and (10.2.33). It holds for
Z € (D \ IR/fO‘

Proof. Indeed, by (9.6.43) we have
d d
[—KV@} - zcsc(wr)[ L@ (z)}
v v=t12 2 v v==%1/2

T d
= —5 CSC(UT[) (I:aIU(Z)iL::Fl/Z |:81)I (Z)i|u=:l:l/2)
_ i\/geza(zz)- ;

Finally, we note that (10.2.32), which was proved in Proposition 2, can be proved
by hand from (10.1.41). Indeed, replacing z with iz in (9.1.64) makes the k-sum in
(9.1.64) equal the k-sum in (9.6.42). Solving both relations for the k-sum allows
to express %Iu(z) by 1,(z), J,(iz), and %Jv(iz). Plugging in v = %, rewriting
%JV (iz) with (10.1.41), and using the relations (5.2.21) and (5.2.23) between the
exponential integral and the sine and cosine integrals gives (10.2.32). Analogously,

(10.2.33) follows from (10.1.42).
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Appendix: List of Relevant Table Entries

For the reader’s convenience, we collect here all identities from Abramowitz,
Stegun [2] that we have used.

Ei(x) =

(x >0) (5.1.10)
nn'

(="

nn!

Ei(z) = -y —Inz —Z (Jargz| < m) (5.1.11)

S (_l)nx2n+l

Si(x) = ; 2n + H2n + 1)

(5.2.14)

S (_l)nx2n
Ci(x) =y +logx + E —_— (5.2.16)
= 2n(2n)!
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Si(x) = l.(El(iZ) — Ei(—iz)) + T (largz] < z) (5.2.21)
2i 2 2
Ci(x) = —%(El(iz) + E\(—iz)) (Jargz| < %) (5.2.23)
v+ =v@ + % (6.3.5)
KA L s, Y+ k+ 1) G
v 5@ = L@ log(32) - (37) ;;( D rv+k+1) k! ©.1.64)
% Y, (2) = cot(vn)(%]u (2) — JTYV(Z)) (9.1.65)
— csc(wr)a%J_v(z) —nJ,(2) (v#0,£1,£2,...)
1 ez\’ 2 sez\
J\J(Z) ~ m(ﬁ) > Yv(Z) ~ - E<E) (1) — OO) 9.3.1)
—— ()"
I,(z) = (52) ;m (9.6.10)
9 _ 1 L Y+ k+ 1) (D
3 1(@) = 1, In(32) - (32) k;)r(v T (9.6.42)
Jn@ = \57/20,0 1), @) = \[37/2Y,,1() (10.1.1)
Jo(2) = Siﬂ, (@) = % - (10.1.11)
z z z
. 31y . 3
J2(@) = <z_3 - E> sing — — cosz
Yo(2) = —j1(2) = —¥, M@ = jak) = —“Z’#, (10.1.12)
. 1 3 3 .
@) =—j3() = (E — z_z) cosz — 2 sinz
Jn=1@) + jut1(2) = 2n + Dz ju(2) (n € Z) (10.1.19)
Yu-1(2) + yut1(R) = @n + Dz yu(2) (nez)
. . 1 0y\rsinz
(@) = 7 (_Za_z) - (10.1.25)
1 d
ijn (@) + —Jjn(@) = ju-1(2) (10.2.20)
z dz
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Conformal Methods for Massless Feynman
Integrals and Large Ny Methods

John A. Gracey

Abstract We review the large N method of calculating high order information on
the renormalization group functions in a quantum field theory which is based on
conformal integration methods. As an example these techniques are applied to a
typical graph contributing to the B-function of O(N) ¢* theory at O(1/N?). The
possible future directions for the large N methods are discussed in light of the
development of more recent techniques such as the Laporta algorithm.

1 Introduction

One of the main problems in renormalization theory is the construction of the
renormalization group functions. These govern how the parameters of a quantum
field theory, such as the coupling constant, depend on scale. In situations where
one has to compare with precision data, this ordinarily requires knowing the
renormalization group functions to very high orders in a perturbative expansion.
The quantum field theories we have in mind are not only the gauge theories of
particle physics but also the scalar and fermionic ones which arise in condensed
matter problems. These are central in understanding phase transitions. To attain such
precision in perturbative expansions means that large numbers of Feynman diagrams
have to be determined with the number of graphs increasing with the loop order.
Moreover, as the order increases the underlying integrals require more sophisticated
methods in order to deduce their value analytically. The widely established methods
of computing Feynman graphs will be reported elsewhere in this volume. Here we
review an alternative approach which complements explicit perturbative techniques.
It does so in such a way that for low loop orders there is overlap but at orders
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beyond that already known part of the perturbative series can be deduced at all
orders within a certain approximation. This is known as the large N or large Ny
method where N is a parameter deriving from a symmetry of the theory such as a Lie
group or the number of massless quark flavours, Ny, in Quantum Chromodynamics
(QCD). In this method the Feynman graphs are related to those of perturbation
theory but because of the nature of the expansion parameter, the powers of the
propagators appearing in such graphs are not the canonical value of unity but instead
differ from unity by O(e) where € corresponds to the regularizing parameter of
dimensional regularization. In addition beyond leading order in the 1/ N expansion,
the propagator powers will include the anomalous dimensions in addition to the
leading or canonical dimension. Therefore, standard perturbative techniques such
as integration by parts requires care in its use since one may not be able to actually
reduce a graph to a simpler topology. Instead a different technique has had to be
refined and developed. It is based on a conformal property of Feynman integrals
and we review it here in the context of the large N methods. Though it has had
some applications in perturbative computations.

The article is organized as follows. We devote the next section to the nota-
tion and techniques of computing Feynman graphs using conformal methods in
d-dimensions. We focus on the general two loop self energy graph in the subsequent
section and review the work of [1, 2], upon which this review is mostly based,
and others in the methods of evaluating it. These techniques are then applied
to a problem in scalar quantum field theory in Sect.4 where a graph with 10
internal integrations is evaluated exactly in d-dimensions. We conclude in Sect. 5
with thoughts on the direction in which the technique could be developed next
given recent advances in the computation of Feynman graphs using conventional
perturbative techniques.

2 Notation and Elementary Techniques

We begin by introducing the notation we will use which will be based on [1,2]. There
Feynman graphs were represented in coordinate or configuration space notation. By
this we mean that in writing a Feynman integral graphically the integration variables
are represented as the vertices. By contrast in momentum space representation the
integration variables correspond to the momenta circulating around a loop. So in
coordinate space representation propagators are denoted by lines between two fixed
points, as illustrated in Fig. 1. There the power of the propagator is denoted by a
number or symbol beside the line. One can map between coordinate and momentum
space representation by using a Fourier transform. In the notation of [1,2] we have

1 a(a) 4, ™

= dik (1

(XZ)a 220[]T;L « (k2)u—a
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Fig. 1 Coordinate space propagator
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Fig. 2 Chain integration

where x is in coordinate space and k is the conjugate momentum. Also for shorthand
we set

d = 2u )

which is used throughout to avoid the appearance of d/2 in the Euler I"-function.
This symbol should not be confused with the mass scale appearing in renormaliza-
tion group equations. Clearly

ala) = =) )

which is singular when & = 4+ n where n is zero or a positive integer. Also a(«)
vanishes at the negative integers. The elementary identity

a(@a(p —a) =1 S
follows trivially as does
_ ale —1)
B R TRy ©

from the I"-function identity I"(z + 1) = z/'(z). With this notation the elementary
one loop self energy graph in momentum space is replaced by chain integra-
tion in coordinate space representation. This is represented graphically in Fig.2
where, [1,2],

via.B.y) = 7fa(@a(Bla(y) . (6)

However, in practice Feynman graphs have more complicated integration points.
In other words in coordinate space representation one has more than two lines
intersecting at a point. Therefore, more involved integration techniques are required
to evaluate the Feynman integrals. One very useful technique is that of uniqueness
or conformal integration which was introduced in three dimensions in [3]. It has
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Fig. 3 Conformal integration 0 0

whena + B +y =2u
«
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been developed in several ways subsequently and specifically to d -dimensions. For
example, see [4]. We follow [1,2] and use the rule represented in Fig. 3, where z is
the integration variable, which follows when the sum of the exponents of the lines
intersecting at the 3-point vertex add to the spacetime dimension

a+p+y=2un. (7

This is known as the uniqueness condition. By the same token if a graph contains a
triangle where the lines comprising the triangle sum to p such as

=) + (u=B) + (L—y) = pn ®

as is the case in Fig. 3, then the unique triangle can be replaced by the vertex on the
left side. There are several methods to establish the uniqueness integration rule. If
one uses standard text book methods such as Feynman parameters then the integral
over z can be written as

(-l (e +p+y—p
BT (W)
1 bﬂ—l(l _b)y—l
x /0 A= by =y A

[bx + (1 =0b)y] )
b(1 —b)(x — y)?

X2 Fy (a+ﬁ+y—u,a;u;— 9)

prior to using, (7). When that condition is set then the hypergeometric function
collapses to the geometric series and allows the integration over the Feynman
parameter b to proceed which results in

M (w—o) (=P (e —y)
rQu—pB—y)L B ()« [(x — y)2)ptr—=

x2
o Fi (a,u—y;z,u—,ﬁ—)/;l—ﬁ) (10)

Applying the uniqueness condition a second time produces the right hand side of
Fig. 3 since the hypergeometric function again reduces to the geometric series. This
is in such a way that the canonical propagators emerge.
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Fig. 4 Vertex of Fig. 3 after a 0
conformal transformation
with base at 0 where

a=2u—a—B—y 2 — 7 2u—B

An alternative method is to apply a conformal transformation on the coordinates
of the integral, [2]. In this approach, which is applicable to any graph in general, one
external point is labelled as an origin and given 0 as a coordinate. The other points
are denoted by coordinates x, y and z. The conformal transformation changes the
integration coordinate as well as the external points through

Xy = — - (1

Thus for two coordinates y and z undergoing such a transformation we have the
lemma
v -2?
-2 - —5—. (12)
yoz
An integration measure also produces contributions to the lines joining to the origin
since

diz
(ZZ)ZM :

Therefore, for the vertex on the left side of Fig. 3 this transformation produces the
intermediate integral of Fig. 4.

To complete the integration requires setting the uniqueness condition (7) which
produces a chain integral since the line from O to z is absent from the graph.
To complete the derivation one undoes the original conformal transformations to
produce the right hand side of Fig. 3. If one compares the two derivations, the latter
is in fact of more practical use. This is because it avoids the use of writing the
original integral in terms of Feynman parameters which would become tedious for
higher order cases. Also it is simple to implement graphically.

Having recalled the derivation of the uniqueness rule it is straightforward to see
that there is a natural extension. In the first derivation there was not a unique way to
collapse the hypergeometric function to an elementary type of propagator. Instead
this will happen if the sum of the exponents is (2 +n) where n is a positive integer.
Although the collapse in this case will not be to the geometric series, it will reduce
to simple algebraic functions which are of the propagator type. So, for instance,
when n = 1 we have the result of Fig. 5, [5],

A similar rule has been constructed and used in [5]. We will use Fig. 5 later in
order to simplify various integrals.

d'z —> (13)
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Fig. 5 Conformal integration 0 0
whena + B +y=2u+1
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3 Two Loop Self Energy Graph

We can illustrate some of the techniques of conformal integration by considering the
massless two loop self energy graph with arbitrary powers, ¢; on the propagators. It
is illustrated in Fig. 6 where we have used the coordinate space representation. Thus
the vertices are integrated over rather than the loop momenta. To clarify, the integral
of Fig. 6 is

1
T, e, 05,04, 05) = /y 0D (= D (= D)@ (= )
(14)

where [ y = / % The structure of this integral has been widely studied and we
briefly highlight several properties of relevance. The analysis of [6, 7] determined
that the symmetry group of the graph was Z, x S¢ which has 1,440 elements.
Exploiting this the € expansion of the integral in d = 4 —2e with propagator powers
of order € from unity was determined up to O(€®), [6,7]. At O(€’) it was discovered

that the first multi-zeta value occurred, [7]. Specifically
T, 1, = 1,1, 0 — 1) = 6&3 4 94e + T¢s€’
5 1
+ > [¢6—283] € — 3 (9187 + 12043¢4) €

+

653,440 — 7,059,417 576 Fs3] €
81.920 [ {583 {3 + s3] €

+ 0(c% (15)



Conformal Methods for Massless Feynman Integrals and Large Ny Methods 103

where ¢, is the Riemann zeta function and Fs3 = ) ..., ﬁ in the original
notation of [8]. Subsequent to this it has been shown that the only numbers which
appear in the full series expansion in € are multiple zeta values, [9]. While the work
of [6,7] illustrated the power of group theory to evaluate master integrals explicitly,
using conformal integration allows one to relate two loop self energy integrals by
exploiting the masslessness of the original diagrams. This was originally developed
in [1,2] and we summarize that here as there appears to be scope nowadays to take
this method to three and higher loop order graphs.

The transformations developed in [2] fall into several classes. The first is that
derived from the elementary use of the Fourier transform. Writing

r

o 1o

I(ar, 00, 03,004, 05) =

where D = Z?=1 o; and I" is independent of x and corresponds to the value of
the integral, then taking the Fourier transform produces an integral which is also
the two loop self energy. Though the propagator powers are different. In this sense
one can say that the graph is self-dual which is not a property all Feynman graphs
have. Thus, [2],

1_[?=1 a(e;)

I - 5 - 5 - 5 - 5 - .
a(D —2p) (U —oar o — a3, o —ag, o — oy, & — as)

7)

(o, 00, 03, 04, 5) =

This transformation is known as the momentum representation or MR. It can be
easily generalized to other topologies and there is a simple graphical rule for this.
Although not immediately apparent from the self energy because of the self-duality,
each 3-valent vertex of the original graph has an associated triangle in the dual
graph. For other topologies 4-valent vertices are mapped to squares and 5-valent
vertices to pentagons with a clear generalization pattern.

A set of less obvious transformations can be deduced from the uniqueness
condition. First, we define the shorthand notation, [2],

S| =0 +0+0o5 , S = o3+ 04+ Q5

h=o4+as+as , Hh =a+az+oas (18)
and illustrate the technique for one case. If one considers the central propagator it
can be replaced by a chain integral. Although there are an infinite number of ways

of doing this one can choose the exponents of the chain so that the top vertex is
unique. In other words

__
(v =2
1 1

e TR A (P D T
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where u is the intermediate integration point. As the y vertex of Fig. 6 is now unique
the conformal integration rule can be used to rewrite the integral. This results in, [2],

a(ay)a(az)a(as)
Iy, 00, 03,004, 05) = %I(M—azsﬂ—alsa&amsl—ﬂ)- (20)
=

In the notation of [2] this transformation is known as 1. It is elementary to see
that there are five other such transformations which are denoted by 7, N\, |,
\\ and /. The syntax is that when an arrow points in a general upwards direction
it is a transformation on the y vertex and by contrast in a downwards direction it
relates to the z vertex. The propagator which one replaces by a chain to make the
vertex unique is in correspondence with the direction of the arrow. While these
six transformations operate on the internal vertices there are two which act on
each of the external vertices. One can complete the uniqueness of one of these by
realizing that the integral itself is a propagator with power (D — 2u) as indicated in
(16), [2]. For example, if the right external point is chosen as the base integration
vertex then the appending propagator has power (20 — a2 — «3). This produces

a(on)a(as)
I ) ) ) ) = I ) - ) - ) at -
(a1, 000, 03, €4, t5) a(D — 2)au —11) (o1, b — a3, b — 2, 04,1 — 1)
21

and this is denoted by <—. The corresponding transformation on the left external
point is called —.

The final set of transformations are based on the conformal transformations (11)
and (12) together with the effect they have on the two vertex measures, [2]. One
can choose either of the external vertices as the origin of the transformation. Once
decided the result of the conformal transformation is that all propagators joining to
the origin have their powers changed to the difference of 2 and the sum of the
exponents at the point at the other end of that propagator. This means all points
including those not directly connected to the base point in the first place. For the
two loop self energy there are no such points but for higher loop graphs this will
be the case. We will give an example of this in Sect.4. Thus the conformal left
transformation is, [2],

I(o, 0, 03, 04,05) = T2p — 81,002, 03,214 — $, 05) (22)

where there is no I'-function factor and this is denoted by CL in contrast to CR
which is the transformation based on the right external vertex as the origin of the
conformal transformation. The full set of transformations and the result of applying
each to the graph of Fig.6 are summarized in a Table in [2]. However, as brief
examples of the transformations the integral of (15) is related as follows
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Fig. 6 Two loop self energy y
graph in coordinate space o o
representation ! 2
0 T
€21 [e%}

I L p—1 =1 2 =1l =1L —1,1)
Rrp—1,1,1L1,5-1). (23)

Though the latter follows from a simple rotation of the integral as well.

Aside from the transformations there are other techniques which allow one
to evaluate the two loop self energy and higher order graphs. Perhaps the most
exploited is that of integration by parts which was introduced for (16) in [10]. It
determined that the first term in the ¢ expansion of 7(1,1,1,1,1) was 63 and
has also been used in other applications, [2]. Indeed more recently the technique
has been developed by Laporta in [11] to produce an algorithm which relates all
integrals in a Feynman graph to a base set of master integrals. These can then be
evaluated by direct methods to complete the overall computation. In the coordinate
space representation we use here the basic rule is given in Fig. 7 where the + or —
on a line indicates that the power of that propagator is increased or decreased by
unity. For example, with this, [10],

I1,1,1,1,1) = %[v(1,2,2,u—3)—v(3—u,2,3,u—5)] (24)

which can be expanded in powers of €. Clearly the series can only involve rationals
and ¢,. Indeed the rule can also be applied to more general cases. In [2] it was
shown that

o, p—1,u—1,8u—1) = a(zﬂ_z)l: a(@)a2 —a)

Fp—1 LA=-Bfla+p-2)
a(@+p—1aB—a—p)
(=D -1)
a(B)a2 - p) }
(I—a)a+pB—-2)

(25)

for arbitrary « and B. However, not all graphs can be integrated by parts. An example
of such a case is /(1, «, B, y, 1) for non-unit &, B and y. Another example is (15),
[71, whose expansion has a non-Riemann zeta value at some point in the expansion.
Indeed this is perhaps an indication of an obstruction to integrability.
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Fig. 7 Integration by parts in coordinate space representation
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Fig. 8 Reduction formula for two loop self energy based on the generalized /' transformation

While integration by parts allows one to reduce the powers of various propagators
by unity within a Feynman diagram it is not the only method to achieve this.
A modification of the uniqueness method can be used to derive rules similar to
Fig.7. Specifically if one chooses the exponents of the propagators to be (2u + 1)
then one finds the extension given in Fig. 5. Using this rule and repeating the analysis
of the transformations on the two loop self energy graph provides relations specific
to this topology, [5]. For instance, extending  to have the upper vertex exponents
summing to (2t + 1) gives the relation in Fig. 8 where the + or — on the right side
indicates that the exponent of that line is increased or decreased by unity. In Fig. 8
provided a, # 1 and o5 # 1 then the powers of the respective propagators can be
reduced by unity. However, this restriction is a drawback if one wishes to reduce
graphs which have unit exponents. Instead it is possible to extend the method which
produced the relation of Fig. 8. For instance, rather than begin with the general two
loop self energy and applying the generalized uniqueness rule, one can use one of
the transformations of [2] and then apply a rule like that of Fig. 8 before applying
the transformation inverse to the original one. In this way one can build up a suite
of relations.
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Fig. 9 Another reduction formula for two loop self energy

One such useful relation is illustrated in Fig. 9 which is derived in several stages.
The first is to construct a relation similar to that of Fig.9 by first applying <— to
the graph of Fig. 6 and then undoing it by applying the rule of Fig.5 to the same
external vertex. This produces a relation where 7, increases by unity in each of the
three resulting graphs. The second stage is to apply this rule to the graph of Fig. 6
after a CR transformation has been enacted. To complete the derivation the final
step is to undo with another CR transformation. Thus the #, value of each graph on
the right hand side of Fig.9 is one less than that of the graph on the left side. This
reduction has coefficients on the right hand side which are non-singular for unit
propagators. Other rules can be derived by this method and a fuller set are recorded
in Appendix B of [12]. It is worth noting that similar rules based on the generalized
uniqueness where developed in [4].

4 QFT Application

Having discussed the general techniques for determining massless Feynman inte-
grals using conformal methods, we illustrate their usefulness in a practical problem
in a quantum field theory. Specifically we focus on the determination of the critical
exponents at a phase transition in various models in the large N expansion. The
background which we describe here is based on a series of articles, [1, 2, 13],
where exponents were determined in d-dimensions at O(1/N?) and O(1/N?).
The fact that d-dimensional results are computable means that information on the
renormalization group functions can be deduced in various spacetime dimensions.
This is due to a special feature of critical point field theories and that is that at
a non-trivial fixed point of the renormalization group flow the critical exponents
correspond to the associated renormalization group function at that fixed point.
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Thus information on the renormalization group functions is encoded in these
exponents. Moreover, at a fixed point several quantum field theories can lie in
the same universality class despite having different structures. This is invariably
as a consequence of a common interaction in the Lagrangian. Thus the same
exponents can be used to access the structure of the renormalization group functions
of two different theories. Further, as the spacetime dimension d is not used as a
regulator, information on the exponents can be deduced simultaneously in several
different dimensions such as three and four. For more background to the use of the
renormalization group equation at near criticality in quantum field theories see, for
example, [14].

For the application of the conformal methods we consider here we concentrate
on the O(N) nonlinear 0 model which is critically equivalent in d-dimensions to
O(N) ¢* theory. For the latter theory the Lagrangian is

1 ) o
L= 30,97 + S@'¢') (26)

where g is the coupling constant and 1 < i < N. Introducing an auxiliary field o
equates this Lagrangian to

02

% 27)

L= @) + 300'¢) -
2 2

At criticality it is the interaction which drives the dynamics and thus it is straight-
forward to see that in this formulation the Lagrangian interaction is the same as
that of the O(N) nonlinear 0 model when the fields are constrained to lie on an
(N —1)-dimensional sphere. The constraint would have a final term linear in o rather
than a quadratic one together with a different coupling constant. This essentially is
the origin of both field theories being in the same universality class. The linear or
quadratic terms in o at criticality serve effectively to define the structure of the
propagators. In coordinate space representation these are, [1,2],

ij

()

(0Oo) = —— (28)

(¢ )¢/ (x)) = o5

where A and B are x-independent amplitudes and o and S are the scaling
dimensions of the fields. The latter comprise two parts. The first is the canonical
dimension and the other is the anomalous dimension. Here

a=p—1+3n , B=2-n—-1y (29)
where 7 is the anomalous dimension of ¢ and y is the vertex anomalous dimension.

The former is related to the renormalization group function which is also termed the
anomalous dimension, y(g), by

n = y(g) (30)
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Fig. 10 Two loop self energy
for o

where g. is the value of the coupling constant at the critical point,

d
y(g) = uﬁlnzqs (€29)

and Z is the wave function renormalization constant. (In (31) we have temporarily
used p to denote the standard renormalization group scale that underlies any
renormalization group equation.) To determine the values of the exponents to a
particular order in 1/N requires solving the skeleton Schwinger-Dyson equation
for the 2-point functions at the same order. We do not discuss that formalism
here, which can be found in [1, 2], as our focus is rather on the evaluation of the
Feynman graphs contributing to these equations. Though we should say that the
presence of the non-zero anomalous dimensions in the propagators means that in
2-point functions there are no self energy corrections on any internal propagator as
otherwise there would be double counting. So the number of graphs to consider is
smaller than the corresponding perturbative case.

The coupling constant at the critical point is denoted by g, and is defined as a
nontrivial zero of the B-function, 8(g.) = 0. As we are working in d-dimensions
such a non-trivial zero exists in our theories since away from the spacetime
dimension where the theory is renormalizable the coupling constant becomes
dimensionful. Hence the first term of the d-dimensional B-function depends on d.
Moreover, g. will depend on the parameters of the theory which in our case here is
N. Thus g, = g.(d, N). Similarly n = n(d, N) and y = y(d, N). These can all
be expanded in powers of 1/N where N is large in such a way that the coefficients
of 1/N are d-dependent. Thence if one expresses these coefficients in powers of €
where d = 4 — 2¢ for ¢4 theory or d = 2 + € for the nonlinear ¢ model, then one
can deduce the coefficients in the corresponding renormalization group equation to
all orders in perturbation theory at that order in 1/N. In this respect it is important
to note that in the large N expansion € or € do not play the role of a regulator as
they would do in conventional perturbation theory.

Instead to see the origin of where a regulator is required one should consider the
simple two loop contribution to the o self energy graph given in Fig. 10 in coordinate
space representation. To use conformal methods one has to check the sum of the
exponents at a vertex in coordinate space representation. From (29) one can see that

20 + B =21 — g. (32)
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Fig. 11 Subtracted graphs y
for computation of o two
loop self energy

However, from the structure of the renormalization group equation at criticality the
anomalous dimensions 7 and y begin as O(1/N). More, specifically

n = Z;\’/— (33)

Thus at leading order in 1/N the basic vertex is unique, [2]. Hence at this order
one can integrate at either of the vertices and produce the first contribution to the
integral which is v(u — 1, u — 1,2). The second integration is a simple chain and
naively gives v(u, i, 0). This is clearly ill-defined due to the zeroes and singularities
deriving from the I'-function. However, this graph was chosen to illustrate the
fact that the graph and indeed the theory requires a regularization in this critical
point formulation. The method developed in [1,2] was to use analytic regularization
which is introduced by shifting the vertex anomalous dimension by an infinitesimal
amount, A, via

B —- B —-A. (34)

In some respect one is in effect performing a perturbative expansion in the vertex
anomalous dimension, [1,2]. Consequently even at leading order the graph of Fig. 10
no longer has a unique vertex due to a non-zero A. Therefore, to determine the
graph to the finite part in A requires the addition and subtraction of the graphs of
Fig. 11, [2].

These two graphs have been chosen in such a way that their singularity structure
in A exactly matches that of Fig.10, [2]. Clearly they represent simple chain
integrals which can be determined as 2v (o, B — A, 2u—a— B+ Ayv(o, u— A, u—
a + A) where the singularity is clearly regularized. To complete the evaluation
introduces another technique, which we will use later, to extract a finite term of a
graph. This is a temporary regularization, [2]. If one subtracts the graphs of Fig. 11
from that of Fig. 10, the combination is finite with respect to A which is therefore
not required and can be set to zero. Thus one can complete the first integration
at the upper vertex of each graph. (Without a regularization the point where one
integrates in each graph has to be the same and thence the order of integration is
important.) This produces v(e, «, f) for each graph. However, each of the three
subsequent chain integrals has a singular exponent, w. To circumvent this the lower
two propagators of all three graphs are temporarily regularized by ¢ — o —§ where
d is arbitrary. Thus the three graphs give
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[wuw—68mu—68,28)—v(e—8,u—8, u—a+20)

(35)
—v(u—68,0a -8, u—a+28)]via,a, p)
which is clearly finite as § — 0, [2]. Thus to O(A) the graph of Fig. 10 evaluates
to, [2],
2 a®(a)a(B)
A

() 1 + B(B) — B(a) + O(A)} (36)

where B(z) = ¥ (z) + ¥ (u — z) for z and ( — z) not equal to zero or a negative
integer and 1/ (z) is derivative of the logarithm of the I"-function.

A more involved example which uses many of the techniques of the previous
section occurs in the computation of the O(1/N?) correction to the S-function in
O(N) ¢* theory. The relevant critical exponent is @ which is related through the
critical renormalization group equation to the S-function slope at criticality. In this
case it has the form

o0
Wy
=2 — 37
1) w + ’; N 37
and the explicit forms for w, are deduced from the part of the Schwinger-Dyson
equations corresponding to corrections to scaling. In other words the propagators of
(28) are extended to

(¢’ (0)¢’ (x)) = L [1+ 4]
(x?)*

B i w
(0(0)o(x)) = W[l + B'(x*)"] . (38)

In principle other corrections can appear here corresponding to other exponents such
as that for the B-function of the nonlinear ¢ model but one tends to focus on one
calculation at a time. The effect of the corrections is that to deduce w, within the
Schwinger-Dyson formalism all Feynman diagrams with one correction insertion
on a propagator contribute at each particular order in 1/N. While the O(1/N?)
expression for w appeared in [15] the explicit evaluation of the contributing graphs
has not been detailed. Thus we discuss one such diagram here as the approach
can be readily adapted to the other graphs. It is given in Fig. 12. To see that it
is O(1/N?) each closed loop of ¢’ fields contributes a factor of N and each o
propagator is O(1/N). This is due to the fact that the amplitude B is O(1/N),
[1,2]. As there are four of the former and five of the latter then this gives O(1/N)
overall which is one factor of 1/N more than the previous order graph of Fig. 10.
Finally, another factor of 1/N derives from the actual Schwinger Dyson formalism
used to determine w,. The double line on one o propagator in Fig. 12 denotes the
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Fig. 12 Particular graph contributing to the ¢* theory B-function at O(1/N?)

1

Fig. 13 Reduced integral of Fig. 12

B’ correction. The presence of such a correction means that the graph is A-finite.
Moreover, since we only want the value as a function of d rather than d and N
we can replace the exponents of the lines by their canonical values. If one was
computing w3z then the anomalous dimensions of each exponent would need to be
retained at O(1/N). The benefit of this restriction here is that of the ten vertices
eight are unique. There are ten integrations to do over the vertices rather than
the six of the loops as we are in coordinate space representation. Given this high
degree of uniqueness the graph can be reduced rather quickly to one with fewer
integrations. To do this one can use a variety of the rules we had earlier aside
from uniqueness such as conformal transformation, unique triangle, insertion at an
internal or external vertex. Ultimately one produces the graph of Fig. 13.

This graph cannot be reduced any further since there are no unique vertices
or triangles. Though various vertices or triangles are one unit from uniqueness.
Moreover, integration by parts cannot be used since at some point one produces an
unregularized exponent, such as 0 or p, or a zero in a denominator factor. In some
sense this graph could be regarded as a master integral since it arises in several
of the other graphs contributing to the o Schwinger-Dyson equation. Moreover,
it is worth noting that in strictly four dimensions the propagators of the graph
would all have unit exponents. As an aside if an interested reader has been applying
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Fig. 14 Temporary 1
regularization of previous
graph to reduce it to two loop
basic graphs

Fig. 15 First graph after 9
integration by parts

the conformal techniques to reduce the diagram and obtains similar exponents but
distributed differently around the diagram then it will be related to that of Fig. 13 by
applying the transformations discussed for the master 2-loop self energy. We note
here that if a conformal transformation is applied to the graph of Fig. 13 with the
left internal point as the CL base, then that would introduce a new line from the top
right internal vertex to the base. This illustrates comments made earlier.

To proceed further and reduce the graph to a known function of d requires an
integration by parts but this requires modifying the integral first. Though before this
can be achieved safely one has to introduce a temporary regularization to handle
hidden singularities at a later stage of the computation. This technique has been
applied by others, [4, 16]. For our case we have chosen the regularization of Fig. 14.
How one chooses the temporary regularization is not unique. However, it is chosen
here so that after application of the integration by parts rule of Fig.7 the resulting
four graphs have either unique vertices or triangles which are §-dependent and
which regularize any singularity after subsequent integration. For the integration
by parts we use the top left internal vertex of Fig. 14 with the line joining the quartic
vertex as the reference line of the rule of Fig.7. This produces the four graphs of
Figs. 15-18.

All but the third have at least one unique vertex while that has a unique triangle.
In our earlier notation the first two graphs of Figs. 15 and 16 are

V2,1 =820 =34+ 8)I(u—1-8pu—1+8pu—1+8u—1-81) (39
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Fig. 16 Second graph after 2
integration by parts

Fig. 17 Third graph after 1
integration by parts

and
v, u—1=6,u—1+8I(1+6,2u—3,14+682u—-3-4,1). (40)

As both of these are §-finite and have no §-singular coefficients, one can set § to
zero in each. The final evaluation is by a two loop reduction formula similar to
those of Figs. 8 and 9. For the remaining two graphs of Figs. 17 and 18 one has
to treat them together due to the singular propagator exponents as will be evident.
After integrating the respective unique triangle and vertex they combine to produce

aAMauw—8)au—-3+8)[I(u—-1,u—1,14+8pu—-1=86pn—1

(41)
—I(p—1pn—1,14+6,pu—-1-25,u—149)] .
As the external coefficient includes a factor of 1/§ then the quantity inside the
square brackets needs to be evaluated to O(§). This is not possible exactly for both
integrals. (It is for the first.) Instead since one only needs the O(6) part itself one
can achieve this by evaluating the integral

In—1lpu—1,1Lu—1-8u—1+6). (42)
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Fig. 18 Fourth graph after 1
integration by parts

w—2=0 20—3+4+9

nw—2-0 1+46

From the two 2-loop graphs we are interested in the O(8) term of this integral clearly
corresponds to the piece we require. Moreover, it can be evaluated exactly using |
as it then reduces to an integral to which one can apply a 2-loop recurrence relation
similar to that of Fig. 9. The final expression for the graph of Fig. 12 is

DD o]
where
H=v@-wW+v¥Cu-3)—y@u-1) -y
L=v'3-w -y Cu-3)+y' (-1 -y
ERAVESIEL AR (44)
Setting © = 2 reproduces the established leading order value for the wheel of

three spokes, [17], which provides a useful check. Finally, all the other contributing
graphs are evaluated in a similar way and the full expression for w,, after using the
Schwinger Dyson formalism, is given in [15].

5 Future Directions

We close the article by discussing several directions in which this approach could
move. First, the extension of scalar field theories to non-abelian gauge theories has
been considered in [18-22] for various applications where information is needed on
the renormalization group functions of operators in deep inelastic scattering and the
B-function. That approach is based on the observations of [23] using the number
of quark flavours, Ny, as the expansion parameter. Rather than use the full QCD
Lagrangian one exploits the critical point equivalence with the non-abelian Thirring
model, [23],

L= iy' Py’ —3(47)° (45)
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where D, is the covariant derivative, T¢ are the group generators and Yl is the
quark field with 1 < i < Ny. The spin-1 auxiliary field Aj plays the role of the
gluon in the higher dimensional theory. The triple and quartic gluon vertices of
QCD are generated by the 3-point and 4-point functions of (45) with Aj, external
legs respectively. Following the critical point analysis the propagators in a similar
notation, but in momentum space, are

. . §i Ap
i j —
(' (=p)¥’ (p)) (P
8ubB ;
PP = = s [ 6222 6)

where £ is the gauge parameter with the Landau gauge corresponding to § = 1.
From dimensional analysis the exponents are now, [18],

a=p+3n , p=1-n-y (47)

which means the basic vertex is one step from uniqueness. This complicates
computations in that to proceed one has to break all contributing graphs into scalar
integrals and treat them by transformations, subtractions or use integration by parts
to reduce them to computable cases. While it has been possible to do this in certain
instances, [19,20,22], it is not systematic.

Since the application of the method of [1, 2] to QCD an algorithm has been
developed which allows one to exploit integration by parts. Known as the Laporta
algorithm, [11], it creates all integration by parts relations between integrals of
a particular topology and then algebraically solves them in such a way that all
integrals are reduced to a basis set of master integrals. Once their values are known
by other methods then the problem is complete. In the large Ny context once one
moves to say O(1/ Nfz) computations then graphs such as that of Fig.12 need
to be computed in QCD. Then the solid lines would represent quarks and the
springs would correspond to gluons. However, taking the traces over the closed
loops results in a huge number of irreducible numerator scalar products. While the
propagators do not have integer powers, as is the case in perturbative calculations,
there appears to be a similarity to the problem. In other words in principle a
generalization of the Laporta algorithm should be able to produce a reduction of
the irreducible graphs to a set of masters. The difficulty is that the presence of
non-integer propagator powers means that the present Laporta algorithm would need
to be modified in order to have a point, akin to a ground state, below which no more
reductions could be possible. Though it is not clear under what conditions such
a bottom point exists or whether for certain topologies or distribution of non-unit
exponents it can be proved to be impossible. Indeed the latter point could be related
to the issue of lack computability of a graph due to the presence of multiple-zeta
values similar to (15). However, it seems that for the practical problem of deducing
the QCD B-function at O(1/ Nfz) such an extension to the Laporta algorithm is
possibly the only feasible tactic at present.
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Aside from this possible extension to the Laporta algorithm another interesting
possibility is to what extent the conformal integration methods can be built into that
algorithm to improve and speed reductions within a computer algebra programme
for massless Feynman graphs. This may be important for higher loop topologies.
For instance, earlier we derived recurrence relations for the two loop self energy
topology based on the transformation deduced from the generalized uniqueness
condition. While such relations are no doubt contained within integration by parts
relations of the Laporta construction, that of Fig.9 is particularly useful in that
there is no increase in the power of any propagator. Therefore, it may be possible
to construct similar relations using conformal transformations but for higher loop
massless topologies. Indeed such transformations are not unrelated to the symmetry
group of the topology as has already been studied in depth for the two loop
self energy, [0, 7]. At the time of [6, 7] expanding a graph in terms of its group
invariants was a promising approach which was complemented by later methods
such as [8, 9]. However, it may be worth returning to a group theory analysis
for topologies such as that represented in Fig. 13. This is because the high order
expansion in terms of € of this and other three and four loop topologies will soon be
required for extending QCD to five and possibly higher loops. In this respect another
direction of exploration may be to study the structure of the graph polynomials of a
topology. The transformations of [2] have been derived from a graphical approach
to understanding the structure of the two loop self energy graph. Understanding the
effect such conformal transformations have on the graph polynomials of massless
integrals may also give insight into the as yet undetermined group theory properties
of higher order topologies.
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The Holonomic Toolkit

Manuel Kauers

Abstract This is an overview over standard techniques for holonomic functions,
written for readers who are new to the subject. We state the definition for holonomy
in a couple of different ways, including some concrete special cases as well as a
more abstract and more general version. We give a collection of standard examples
and state several fundamental properties of holonomic objects. Two techniques
which are most useful in applications are explained in some more detail: closure
properties, which can be used to prove identities among holonomic functions, and
guessing, which can be used to generate plausible conjectures for equations satisfied
by a given function.

1 What Is This All About?

This tutorial is an attempt to further advertize a concept which already is quite
popular in some communities, but still not as popular in others. It is about the
concept of holonomic functions and what computations can be done with them. The
part of symbolic computation which is concerned with algorithms for transcendental
functions faces a fundamental dilemma. On the one hand, problems arising from
applications seem to induce a demand for algorithms that can answer questions
about given analytic functions, or about given infinite sequences. On the other hand,
general algorithms that take an “arbitrary” analytic functions or infinite sequences
as input cannot exist, because the objects in question do in general not admit a
finite representation on which an algorithm could operate. The dilemma is resolved
by introducing classes of “nice” functions whose members admit a uniform finite
description which can serve as data structure for algorithms.
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A class being small means that strong assumptions are imposed on its elements.
This makes the design of algorithms easier. A typical example for a small class
is the set of all polynomial functions. They clearly admit a finite representation
(for instance, the finite list of coefficients), and many questions about the elements
of this class can be answered algorithmically. Implementations of these algorithms
form the heart of every computer algebra system. The disadvantage of a small class
is that quantities arising in applications are too often beyond the scope of the class.

Algorithms for bigger classes are more likely to be useful. An example for
an extremely big class is the set of all functions y which admit a power series
expansion y = > °2 - a,x" whose coefficients are algebraic numbers and for which
there exists an algorithm that computes for a given index n the corresponding
coefficient a,. Elements of this class clearly admit a finite representation (for
instance, a piece of code implementing the algorithm for computing the nth
coefficient), but hardly any interesting questions can be answered algorithmically
for the functions in this class. It is for example impossible to decide algorithmically
whether two representations actually represent the same function. So although the
class contains virtually everything we may ever encounter in practical applications,
it is not very useful.

The class of holonomic functions has proven to be a good compromise between
these two extremes. On the one hand, it is small enough that algorithms could be
designed for efficiently answering many important questions for a given element of
the class. In particular, there are algorithms for proving identities among holonomic
functions, for computing asymptotic expansions of them, and for evaluating them
numerically to any desired accuracy. On the other hand, the class is big enough that
it contains a lot of quantities that arise in applications. In particular, many Feynman
integrals [7] and many generalized harmonic sums are holonomic. Every general-
ized polylogarithm and every hypergeometric term is holonomic. Every algebraic
function and every quasi-polynomial is holonomic. According to Salvy [31], more
than 60 % of the entries of Abramowitz/Stegun’s table of mathematical functions [1]
are holonomic, as well as some 25 % of the entries of Sloane’s online encyclopedia
of integer sequences (OEIS) [33].

The concept of holonomy was introduced in the 1970s by Bernstein [4] in the
theory of D-modules (see Bjork’s book [5] for this part of the story). Its relevance
to symbolic computation and the theory of special functions was first recognized by
Zeilberger [42]. His 1990 article, which is still a good first reading for readers not
familiar with the theory, has initiated a great amount of work both in combinatorics
and in computer algebra. Stanley discusses the case of a single variable [34, 35]
(see also Chap. 7 of [25]). Salvy and Zimmermann [32] and Mallinger [29] provide
implementations for Maple and Mathematica, respectively. Algorithms for the case
of several variables [14, 15, 40, 42] were implemented by Chyzak [14] for Maple
and more recently by Koutschan [27, 28] for Mathematica. The applications in
combinatorics are meanwhile too numerous to list a reasonable selection.

In this tutorial, it is not our aim to explain (or advertize) any particular software
package. The goal is rather to give an overview over the various definitions of
holonomy, the key properties of holonomic functions, and the most important
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algorithms for working with them. The text should provide any reader new to
the topic with the necessary background for reading the manual of some software
package without wondering how to make use of the functionality it provides.

2 What Is a Holonomic Function?

2.1 Definitions and Basic Examples

We give several variants of the definition of holonomy, discussing the most
important special cases separately, before we describe the concept in more general
(and more abstract) terms.

Definition 1. An infinite sequence (a,)72, of numbers is called holonomic (or
P-finite or P-recursive or, rarely, D-finite) if there exists an integer r € N,
independent of 7, and univariate polynomials py, ..., p,, not all identically zero,
such that for all n € N we have po(n)a, + p1(n)a,+1 + -+ p,(n)a,+, = 0.

Example 1. 1. The sequence a, = g”;g is holonomic, because it satisfies the

recurrence equation (3n + 5)(5n + 2)a, — (5n — 3)(3n + 8)a,+1 = 0.

2. The sequence a, = n! is holonomic, because it satisfies the recurrence equation
ap41— (n + a, = 0.

3. The sequence H, = Y j_, % of harmonic numbers is holonomic, because it
satisfies the recurrence equation (n + 1)H, —(2n+3)H,+1+ (n+2)H,+> = 0.

4. The sequence a, = Y, (Z)z(n :k)z arising in Apery’s proof [38] of the
irrationality of {(3) is holonomic, because it satisfies the recurrence equation
(n+ D3a, — 2n +3)(A7n%* 4+ 51n +3%a, 11 + (n + 2)3a,4» = 0.

5. The sequence a, = fol 01 %(l—wnﬁ—(l—w)”“)dwdz coming
from some Feynman diagram [27, p. 94f] is holonomic (regarding ¢ as a fixed
parameter) because it satisfies the 3rd order recurrence equation —(e —n —3) (e —
n—2)(e+2n+4)(e+2n+6)a,3+ (e—n—2)(s+2n+4)(* +2en +
56 —6n% —28n — 34)a, 1o — (n + 2)(e> — 3e?n — 68 — 8en? — 30en — 28¢ +
1213 + 64n* + 116n + 72)a,+1 —2(n + 1)(n + 2)*(s — 2n — 2)a, = 0.

6. For n € N, define H,(x) as the (uniquely determined) polynomial of degree n
with the property [0 H, () H(x)e ™ dx = /m2"n!8,x for all n.k € N,
where §, ; is the Kronecker symbol. The H, (x) are called Hermite polynomials.
Regarding them as a sequence with respect to n where x is some fixed parameter,
the Hermite polynomials are holonomic, because they satisfy the recurrence
equation H,15(x) —2xH,+1(x) + 2+ 2n)H,(x) = 0.

7. The sequence (a,),2, defined recursively by ap = 0, a; = 1, a, = 17, and
an+3 = (1004991 +97n%)ay 42+ (96 +95n+94n?)a, 41+ (93+92n+91n%)a,
has no particular significance, but it is nevertheless holonomic.
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8. The sequences a, = +/n, by, = pn), ¢, = &), d, = n" where
p(n) is the nth prime number and ¢ denotes the Riemann’s zeta function are
not holonomic, i.e., none of them satisfies a linear recurrence equation with
polynomial coefficients [19].

According to Definition 1, a sequence is holonomic if it can be viewed as a solution
of some linear recurrence equation with polynomial coefficients. The definition for
analytic functions is analogous:

Definition 2. An analytic function y: U — C defined on some domain U € C
(or more generally, any object y for which multiplication by polynomials, addition,
and repeated differentiation is defined) is called holonomic (or D-finite or P-finite)
if there exists an integer r € IN and univariate polynomials po,..., p,, not all
identically zero, such that py(z)y(z) + p1(2)y' (@) + -+ p,(2)y"(z) = 0.

Example 2. 1. The function y(z) = gj;; is holonomic, because it satisfies the

differential equation (5z — 3)(3z 4+ 5)y'(z) — 34y(z) = 0.

2. The functions exp(z) and log(z) are holonomic, because they satisfy the differ-
ential equations exp’(z) — exp(z) = 0 and zlog” (z) + log’(z) = 0, respectively.

3. The function y(z) = 1/(1 + /1 —z?) is holonomic, because it satisfies the
differential equation (z°> — 2)y” (z) + (42> — 3)y'(z) + 2zy(z) = 0.

4. The function y(z) = Y oo, a,Z" where a, is the sequence from Example 1.4 is
holonomic because it satisfies the differential equation (> — 34z + 1)z22y"(z) +
3222 =51z 4+ Dzy"(2) + (722 = 11224+ 1)y'(z) + (z = 5)y(z) = 0.

5. The function y:[—1, 1] — R uniquely determined by the conditions y(0) = 0,
y'(0) = 17, y"(z) = (100 + 99z + 98z%)y’(z) + (97 + 96z + 95z%) y(z) has no
particular significance, but is nevertheless holonomic.

6. The functions exp(exp(z)), 1/(1 + exp(z)), ¢(z), I'(z), W(z) (the Lambert W
function [17]) are not holonomic, i.e., neither of them satisfies a linear differen-
tial equation with polynomial coefficients.

Note that as introduced in the two definitions above, the word “holonomic” is
ambiguous. We need to distinguish between discrete variables and continuous
variables. If a function depends on a discrete variable (typically named n, m,
or k), then it is called holonomic if it satisfies a recurrence, and if it depends on
a continuous variable (typically named x, ¢, or z), then it is called holonomic if it
satisfies a differential equation. For example, the Gamma function is holonomic if
we regard its argument as a discrete variable, but it is not holonomic if we regard
its argument as a continuous variable. For a connection of the two notions, see
Theorem 1 below.

The definition for the differential case extends as follows to functions in several
variables.

Definition 3. An analytic function y: U — C, defined on some domain U € ¢4
(¢ € N fixed) is called holonomic (or D-finite or P-finite) if for every variable z;
(i =1,...,q) there exists an integer r € IN and polynomials py, ..., p,, possibly
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depending on all ¢ variables zi, . .., z, but not all identically zero, such that for all
z=(z1,...,24) € U we have po(2)y(z) + pl(z)a%y(z) +t pr(z)a%y(z) =0.

In other words, a multivariate analytic function is holonomic if it can be viewed as a
solution of a system of ¢ linear differential equations with polynomial coefficients.
The polynomial coefficients may involve all the variables, but there is a restriction
on the derivatives: the i th equation (i = 1, ..., g) may only contain differentiations
with respect to the variable z;. Again, in addition to analytic functions the definition
extends more generally to any objects y for which multiplication by polynomials,
addition, and repeated partial differentiation is defined.

For sequences with several indices, and more generally for functions depending
on some discrete as well as some continuous variables, several different extensions
of Definition 1 are in use. We give here two of them. Assigning the words
“holonomic” and “D-finite” to these two properties seems to be in accordance with
most of the recent literature. However, it should be observed that other authors use
slightly different definitions.

Definition 4. Let U € C? be a domain, and let

y :Y(nla---,I’lp,Zl,...,Zq):]I\IpXU—)(D

be a function which is analytic in zi,...,z, for every fixed choice of ny,...,

n, € N?.

1. y is called D-finite (or P-finite) if foreveryi (i = 1, ..., p) there exists a number
r € N and polynomials uy, . . ., u,, possibly dependingon ny,...,n,,21,...,24
and not all identically zero, such that for all n = (ny,...,n,) € IN” and all
z=1(a1,...,2g) € U we have

ug(n,2)y My, ..., ni—1, N, Nit,...,Np,2)

+ui(n, )y, ....,ni—1,n; + 1L,nig1,...,np,2)

+u(n, )y, ...,ni—,n; +2,041,...,1p,2)

+ur(nvz)y(nlv"'7ni—lsni +r5ni+lv"'7npsz) = 07
and for every j (j = 1,...,q) there exists a number r € N and polynomials
ug, ..., u,, possibly depending on ni,...,np,z1,...,z, and not all identically
zero, such that foralln = (ny,...,n,) € NP andallz = (z1,...,24) € U we
have

r

a ad
MO(H,Z)y(”l,Z) + Ml(ns Z)gy(ns Z) +---+ ur(nvz)a_z,;y(ns Z) =0.
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2. y is called holonomic if the (formal) power series

o0 o0 o0
~ n
F(X1s.. ., XpyZlsenns 7g) = E E E (i, gzt 2g)X ] Xy Xy

ni=1ny=1 np=1

is holonomic as function of xi, ..., x,,z1,...,Z, in the sense of Definition 3.

1
1—y—xy
because it satisfies the differential equations (1 — y — xy)% flx,y) = yf
(x,y) =0and (1 —y —xy) 5 f(x,9) = (x + 1) f(x,y) = 0.

2. The bivariate sequence a, y = (Z) is D-finite, because it satisfies the recurrence
equations (n — k + Day+146 — (n + Dayx = 0and (n — k)a, 41 — (kK + 1)
anx = 0, and it is holonomic because f(x,y) = Y72 > 722 (})x*y" =
l—yl—xy is holonomic.

3. Regarded as a function of one discrete variable n and a continuous variable x,
the Hermite polynomials H, (x) are D-finite because they satisfy the equations
Hy42(x) — 2xHy41(x) + 2(n + 1)H,(x) = 0 and H)(x) — 2xH)(x) +
2nH,(x) = 0. They are also holonomic because the formal power series
f(x,2) == Y02, Hu(x)7" satisfies the differential equations z% f(x,z) +
(1 - 4xz)%:2f(x,z) + (4x%z — 4z — 2x)L f(x,2) + 4xzf(x,2) = 0 and
22 L f(x.2)+ (142 =2x2+ 1) 2 f(x,2) + (202—4x) L f(x.2)+4f (x.2) = 0.

4. The integrand % (1—w"t'—(1—w)"*") of the Feynman integral
in Example 1.5 is D-finite when w and z are regarded as continuous and 7 and &
are regarded as discrete variables.

5. The Kronecker symbol 8, , viewed as a bivariate sequence in n and m, is
holonomic but not D-finite. The bivariate sequence 1/(n? + k?) is D-finite but
not holonomic [40].

6. The bivariate sequence S (n, k) of Stirling numbers of the first kind is not D-
finite although it satisfies the recurrence equation S1(n + 1,k +1) +nS;(n, k +
1) — Si(n,k) = 0. This recurrence equation does not suffice to establish D-
finiteness because it involves shifts in both variables. It can be shown that
Si(n, k) does not satisfy any recurrence equations containing only shifts in n
or only shifts in k.

is D-finite and holonomic

Example 3. 1. The bivariate function f(x,y) =

Although the two properties in Definition 4 are not equivalent, the difference does
not play a big role in practice: multivariate functions arising in applications typically
either have both properties or none of the two.

It is sometimes more transparent to work with operators acting on functions
rather than with functional equations. In order to rephrase the previous definition
using operators, consider the algebra

A:=Ci,....np,21,...,29)[S1,....Sp. D1, ..., Dyl
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consisting of all the multivariate polynomials in the variables Si,...,S,,
Dy,..., D, with coefficients that are rational functions (i.e., quotients of
polynomials) in the variables ny,...,n,,z1,...,z4. We regard the elements of
A as operators and let them act in the natural way on functions y: application of S;
corresponds to a shift n; ~ n; 4 1, application of D; causes a partial derivation a%’
and application of some rational function # maps y to the function uy. We write
A - y for the result obtained by applying an operator A € A to the function y.

If A, B are operators and y is a function, then (A + B)-y = A-y + B -y (the +
on the left hand side being the addition in A, and the + on the right hand side being
the pointwise addition of functions). For the product of two operators, we want to
have (AB)-y = A- (B - ), i.e., multiplication of operators should be compatible
with composition of application. This is not the case for the usual multiplication, but
it works if we use a noncommutative multiplication which is such that for a rational
function u(ni,...,np,z1,...,24) we have

Si M(nls---vnpyzlv-'-szq) :M(nls---sni—lvni + lvni"rl?"'vnpszls---qu)Si
foreveryi i =1,..., p), and
Dju(ni,....np,z1,....29) =ulmy,....np,21,...,29) D;

+ —uny,....n,,21,...,2
aZl ( P 1, ’ q)

forevery j (j = 1,...,q). These rules for example imply S;n; = (n; + 1)S; and
Djz; =z;D; +1fori =1,...,pand j = 1,...,q. By furthermore requiring
that SiSj = SjSi and SiDj = DjSi and DiDj = DjDi for all i and j, the
multiplication is uniquely determined. With this multiplication, we have for example
D?a(z) = D(D a(z)) = D(a(z)D + d'(z))
= Da(z)D + Dd'(z)
= (a@@)D +d'(2))D + (a'())D +a"(2))
=a(z)D* 4+ 24d'(x)D + d" ().
In terms of operators, part 1 of Definition 4 can be stated as follows: Let y be a

function as in Definition 4, and let a € A be the set of all operators which map y to
the zero function. Then y is called D-finite if

e Foralli =1,...,pwehaveanN C(ny,...,np,21,...,24)[Si] # {0}, and
e Forall j =1,...,gwehaveanN C(ny,...,np,21,...,29)[D;] # {0}.

The set a is called the annihilator of y. It has the algebraic structure of an ideal of A,
i.e., it has the properties A, B€a = A+ BcaandAca, Be A= BAca.
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Operator algebras can be used to abstract away the difference between shift and
derivation, and to allow other operations as well. We will not use this most general
form in the remainder of this tutorial, but only quote the definition of D-finiteness in
this language. Let R be a commutative ring (for example, the set C(xy, ..., Xx,) of
all rational functions in m variables xy, .. ., x,, with coefficients in C), and consider
the algebra A = R[0y,...,d,] of multivariate polynomials in the indeterminates
d1,...,0, with coefficients in R. Let 01,...,0,: R — R be automorphisms (i.e.,
oi(a + b) = oi(a) + 0;(b) and o;(ab) = o;(a)o;(b) for all a,b € R) and for
each i, let §;: R — R be a so-called skew-derivation for o;. A skew-derivation is
a map which satisfies 6;(a¢ + b) = 8;(a) + 6;(b) and the generalized Leibniz law
8;(ab) = §;(a)b + o;(a)é; (b). Then consider the (noncommutative) multiplication
on A defined through the properties ab = ba foralla,b € R, 0;0; = 9,0, for all
i,j=1,...,nand d0;a = 0;(a)d; + 8;(a) foralla € Randalli = 1,...,n. Such
an algebra A is called an Ore algebra. Details about arithmetic for such algebras are
explained in a nice tutorial by Bronstein and Petkovsek [10].

Observe that the generators d; of an Ore algebra can be used to represent shift
operators (by choosing o; such that 0;(x) = x + 1 for a variable x in R and §;
the zero function) as well as derivations (by choosing o; the identity function and
8 = % for a variable x in R). In addition, further operations can be encoded, for
example the g-shift (set 0; (x) := gx where x is a variable and g some fixed element
of R).

We let the elements of an Ore algebra act (“operate”) on the elements of some
set F of “functions”. To make this action precise, we need to assume that F is
an R-module (i.e., there is an addition in F and a multiplication of elements in
R by elements in F' which is compatible with the addition), and that there are
functions dy,...,d,: F — F (“partial pseudo-derivations”) which satisfy certain
compatibility conditions with the addition, the multiplication, and the o; and §; so
as to ensure that the action of some A € A on some y € F, written A4 - y, has the
properties (A + B) -y = (A-y)+ (B-y)and (AB)-y = A-(B - y) for all
A,B e A,a-y =ayforalla € R C A,and 0; - y = d;(y) for all i. As an
example, if A is a ring of differential operators, a natural choice for F would be
the set of all meromorphic functions, and if A is a ring of shift operators, a natural
choice for F' may be some vector space of sequences.

Definition 5. Let A = R[0d,...,d,] be an Ore algebra whose elements act on
some set F' as described above, andlet y € F.Leta:={Ae€ A:A-y =0}
be the set of all operators which map y to the zero element of F. Then y is called
d-finite if foralli = 1,...,n we have a N R[9d;] # {0}.

Example4. 1. Set R = C(ny,...,np,21,...,24) and consider the Ore alge-
bra A = R[01,...,0p,0p41,...,0,44] defined by the automorphisms
O1,...,0p+q: R = R, and the skew-derivations 81, ...,8,+4: R — R satisfying

oi(c)=cand;(c) =0fori =1,...,p+qgandallc € C, and

oi(nj)=n;+1, oi(n;)=n; (@#j), oi(zj)=z; (J=1....9)
51(”]):0 (J :lsvp)s SI(Z]):O (jzl,,(])
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fori =1,...,p,and

oi(nj)=n; (j=1,....,p), oaiz)=z (G=1....9)
Sinj))=0 (j=1....p), Sizi-p) =1, 8izj—p) =0 (G #J)

fori = p+1,...,p+q.Thendi,...,d, act as shift operators for the variables
ni,...,np, respectively, and 0,41, ...,d,44 act as derivations for the variables
21,...,2q, respectively.

For this choice of A, Definition 5 reduces to part 1 of Definition 4.

2. Let R = Q(gq, Q) and define 6: R — R by o(c) = ¢ for all ¢ € Q(g) and
o(Q) = qQ, so that o acts on Q like the shift n ~~ n + 1 acts on ¢". Consider
the Ore algebra A = R[J] with § = 0 and this 0.

Let F denote the vector space of all sequences over QQ(g) and let A act
on F by 9+ (an)yZy = (an+1)y2g and r(q, Q) - (an)yZ, = (r(q.q")an);2,
forr(q, Q) € Q(g. Q) and (an),;2, € F.

Consider the sequence a, = [[;_, %, which is known as g-analog of the
factorial in the literature [2, Chap. 10]. Because of

((1 -qQ)—(1- Q)a) cap = (1- qn+l)an —(1=¢")ap+1 =0

it is d-finite with respect to the algebra A.

Most of the algorithms and features explained below for the shift and/or differential
case generalize to objects that are D-finite with respect to arbitrary Ore algebras A.
Even more, it has recently been observed [16] that for some of the properties a
weaker assumption than D-finiteness is sufficient. However, the underlying ideas
can best be explained for the univariate case, and for reasons of simplicity we will
focus on this case.

2.2 Fundamental Properties

A key property of holonomic functions is that they can be described by a finite
amount of data, and hence faithfully represented in a computer. This is almost
obvious for univariate holonomic sequences: all the (infinitely many) terms of such
a sequence are uniquely determined by the linear recurrence and a suitable (finite)
number of initial values. If (a,);2, satisfies the recurrence

po(m)a, + pr(m)ay+1 + -+ pr—1(M)ay4r—1 + prM)ap+r =0

for all n € IN, where po, ..., p, are certain polynomials, and p, is not the zero
polynomial, then the recurrence uniquely determines the value of a,4, once we
know the values of ay,, ..., a,+,—1, unless n is a root of the polynomial p,. In order
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to fix a particular solution of the recurrence, it is therefore enough to fix the values
ao, . . . ,ar—1 as well as the values a, 4, for every positive integer root n of p,. Note
that p, is a univariate polynomial, so it can have only finitely many roots.

The situation is not much different for holonomic functions in a continuous
variable. In order to fix a particular solution of a given differential equation

0@)y@) + 1@y @+ + 1@y V(@) + ¢y (@) =0,

where qo,...,qs are polynomials, it suffices to fix the initial conditions y(0),
¥'(0),..., y*~D(0), plus possibly some finitely many further values y(0). For
which indices 7 the value of ¥ (0) does not follow from the earlier values by the
differential equation is not as obvious as in the case of a recurrence equation. One
possibility is to make use of the following theorem, which associates to a given
differential equation a recurrence equation from which the relevant indices n can
then be read off as described before.

Theorem 1. Let (a,)%2, be a sequence and y(z) = Y oo, anZ" the (formal) power
series whose coefficient sequence is (a,),>,. Then (a,);2 is holonomic in the
sense of Definition 1 if and only if y(z) is holonomic in the sense of Definition 2.
A differential equation satisfied by y(z) can be computed from a known recurrence
equation for (a,);2, and vice versa.

The theorem is based on the observation that multiplying a series by z~! corresponds
to a forward shift of the coefficient sequence, and a differentiation followed by a
multiplication with z corresponds to a multiplication by n. Here is an example for
obtaining a recurrence equation for (a,)72, from a given differential equation for
the power series y(z) = > _po an2".

(z=2)y"(@) +52y'(2) —y(x) =0

o0 o o
= (z—2) Z apn(n — 172 + 57 Z apn?* ' = Z ap?' =0
n=0

n=0 n=0

o0 o0 o0 o0
= Zann(n —DF =2 Zann(n — D" 245 Zannz” — Z apd' =0
=0 =0 n=0 n=0

o0 o0 o0 o0
= Zan+1(n + Dn" -2 Zan+2(n +2(n+ D"+ 5 Zannz” - Zanz” =0
n=0

n=0 n=0 n=0
o0

= Z((n + Dnay+1 —2(n +2)(n + Day42 + 5nay —an)z" =0
n=0

= =2n+2)(n+ Va2 +n+ Dnay41+ Gn—1a, =0 (n>0).

See The Concrete Tetrahedron [25, Theorem 7.1] for the general case. The reverse
direction works similarly.
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Theorem 1 does not generalize to multivariate D-finite functions, it does however
hold (by definition) for holonomic functions in several variables. In fact, Theorem 1
is the motivation for defining multivariate holonomy as in Definition 4.

A second useful feature of holonomic functions is that their asymptotic behaviour
can be described easily. We say that two sequences (a,);2, (by)52, are asymp-
totically equivalent if a, /b, converges to 1 for n — oo. Similary, two functions
f(z),g(z) are called asymptotically equivalent at some point ¢ if f(z)/g(z)
converges to 1 for z — . The following theorem describes the possible asymptotic
behaviour of holonomic sequences and functions. Unlike Theorem 1, it is not
straightforward.

Theorem 2. [18,24,41]

1. If (an);2, is a holonomic sequence, then there exist constants ¢y, . . . , Ciy, polyno-
mials pi,..., pm, natural numbers ry, ..., T'n, CONSants Yi, ..., Vm, Ot .., dm,
aiy, ..., 0y, and natural numbers By, . .., By such that

m
1/r
ay ~ Z cy ePk (n ”n”‘”d),’jn“" log(n)P (n — 00).
k=1

2. If y(z) is a holonomic analytic function with a singularity at { € C, then there
exist constants ci, . .., Cy, polynomials py, ..., pm, natural numbers ry, ..., 1y,
constants &y, . . . , 0y, and natural numbers By, ..., By such that

Y0 ~ Y e (EOT @ logc - f (2 Q).

k=1

Typically, one of the terms in the sum dominates all the others, so we can take
m = 1. As an example, for the sequence (a,);2, from Example 1.4 we have a, ~
¢ (12 4 17+/2)"n =3/ where

¢ ~ 0.220043767112643037850689759810486656678158042907.

All the data in the asymptotic expression can be calculated exactly from a given
recurrence or differential equation, except for the multiplicative constants cy.
These can however calculated numerically to arbitrarily high precision. In typical
examples, it is easy to compute at least a few dozen decimal digits for them.

It is also possible to compute numerically the values of an analytic holonomic
function to arbitrary precision, as stated in part 2 of the following theorem. The
statement about sequences in part 1 is trivial (all terms of the sequence can be
computed using the recurrence), but part 2 is not because it also covers the case
where the evaluation point is outside of the disk of convergence of the series. This
is known as effective analytic continuation.
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Theorem 3. 1. If a holonomic sequence (a,)52, is given in terms of recurrence
equation and a suitable number of initial values ay,ay,...,ai, then we can
efficiently compute the nth term a, of the sequence for every given index n.

2. [13,30,36,37] If a holonomic analytic function y(z) is given in terms of a differ-
ential equation and a suitable number of initial values y(0), y'(0), ..., y®(0),
and if we are given some complex number { with rational real and imaginary
part and a polygonal path from 0 to { whose vertices have rational real and
imaginary path, and some positive rational number &, then we can efficiently
compute a number y such that for the value y({) of the analytic continuation
of y along the given path to { we have |y () — J| < e.

3 What Are Closure Properties?

If p and ¢ are polynomials, then also their sum p + ¢, their product pg, the
composition p o g, the derivative p’, and the indefinite integral | p are polynomials.
We say that the class of polynomials is closed under these operations. Also the class
of holonomic functions is closed under a number of operations.

Theorem 4. [25,35,42]

1. If (an);2, and (b,)52, are holonomic sequences, then so are (a, + b,)52, and

(@nbn)S%g and (3} — axbu—k ), o

If a(z) and b(z) are holonomic functions, then so are a(z) + b(z) and a(z)b(z).

3. If (an)i2, is a holonomic sequence and oo, B € Q are nonnegative constants then
(@an+p])> Is a holonomic sequence.

4. If a(z) is a holonomic function, then so are a’(z) and [ a(z)dz.

5. If a(z) is a holonomic function and b(z) is an algebraic function, i.e., there is a
nonzero bivariate polynomial p(z, y) such that p(z, b(z)) is identically zero, then
the composition a(b(z)) is holonomic.

N

The theorem is most useful for recognizing a quantity given in terms of some
expression as holonomic. For example, using the theorem, it is easy to see that

y(@) =exp(l—v1-2%)+ /log(l —2)%dz

is holonomic: the innermost functions exp(z) and log(z) are holonomic (Exam-
ple 2.2), by part 3 of the theorem exp(1—+/1 — z2) and log(1 —z) are holonomic (the
arguments are algebraic because they satisfy the equations (1 — y)> — (1 —z?) = 0
and y — (1 —z) = 0, respectively), then by part 2 also log(1 —z)? is holonomic, and
then by part 4 also [ log(1 — z)2d z is holonomic. Finally, using once more part 2 it
follows that y(z) is holonomic.

By a similar reasoning, it is clear by inspection that
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Y=
N i=1 i
k

n
n = k!'— (2 5)!
a k=13+k2 2n + )+];

is holonomic.

By just looking at an expression, the closure properties in Theorem 4 are
often sufficient to assert that some quantity is holonomic, which means that
there does exist some differential equation or recurrence which has the object in
question as solution. The equations can usually not be read off directly, but it is
possible to compute them with computer algebra. For the two examples above,
computer algebra packages for holonomic functions need virtually no time to find a
differential equation for y(z) of order 5 with polynomial coefficients of degree 14
and a recurrence for a, of order 7 with polynomial coefficients of order 37.

The idea behind these algorithms is as follows. Consider for example two
sequences (a,)2, and (b,)22, satisfying recurrence equations

Apy2 = ur(n)ap41 + uo(n)a,, byir = v1()byy1 + vo(n)by

for some known rational functions ug, vo, u1, v;. Let (¢,) 72, be the sum of these two
sequences, i.e., ¢, = a, + b, for all n € IN. Our goal is to compute a recurrence for
(cn)52,- Let us make an ansatz for a recurrence of order 4,

po(n)c, + pr(n)cpt1 + pa(n)cuta + p3s(m)cpts + pa(n)c,4a = 0,

with undetermined polynomials py, ..., ps. We will see in a moment that 4 is a good
choice. By definition of the ¢, in order for the recurrence to hold, we must have

po(m)(an + bu) + pr(n)(@nt1 + but1) + p2(n)(@ns2 + buta)
+ p3(n)(an+s + bus3) + pa(n)(antsa + buys) = 0.

Using the known recurrences, we can reduce the higher order shifts to lower order
shifts:
dn42 = ur(n)an+1 + uo(n)ay,
an43 = ur(n + Dap42 +uo(n + an4
= u(n + 1) (ur(n)an+1 + wo(n)ay) + uo(n + 1)yt
= (w1 (n + Dur(n) + uo(n + 1))ant1 + ur(n + Duo(n)ay

Anta = u1(n + 2)an+3 + uo(n + 2)an+42



132 M. Kauers

=u(n+ 2)((u1(n + Dui(n) + uo(n + 1))an+1 +u(n + 1)u0(n)a,,)
+ ug(n + 2) (uy (n)an 41 + uo(n)ay)

= (uo(n + 2)ui(n) + uo(n + Duy(n +2) + wy (m)uy (n + Dy (n + 2))ant
+ uo(n) (uo(n + 2) + ur(n + Duy(n + 2))ay,

and analogously for the shifted versions of b,. After applying these substitutions,
the ansatz for the recurrence for ¢, takes the form

po()(an + bn) + pi(n)(ant1 + but1)
+ p2(m)(_ Dant1 +(C_ Jan +C_Ibpr +(C_by)
+ p3(m)(C Dapt1 +(C_ Jan + (b1 +_Iby)
+ pa)( Dant1 +C Jan +C_Ibyyr +(_Jby) =0,

where the symbol () represents certain expressions involving the known rational
functions uy, u1, vy, v; as indicated above. Reordering the equation leads to

(po() + (I pa(n) + (I ps(n) + (I pa(n))ay
+(p1(n) + (I pa(n) + (I p3(m) + () pa(n))ant:
+(po(n) + I pa(n) + (I ps(n) + () pa(n))bn
+(p1() + I p2(n) + (I ps(m) +(_J pa(m))buy1 =0,

where we write again (_ )to denote certain expressions of the ug, u;, vy, v; which
are a bit too messy to be spelled out here explicitly. This latter equation is certainly
valid if we choose polynomials po, ..., ps that turn the four expressions in front
of ay,an+1, by, by+1 to zero. Such polynomials can be found by solving the linear
system

10C OO\
01| _,
LoC )OO+
o1COCoOC |

This is an underdetermined homogeneous linear system with four equations and
five variables, so it must have a nontrivial solution vector, and the coordinates of
this vector correspond do the coefficients of the recurrence we want to compute.
Note that the system involves the variable n as parameter, and it has to be solved
with this parameter kept symbolic.
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The order 4 in the ansatz for the recurrence of (c,);2, was chosen such as to
ensure that the resulting linear system has more variables than equations. In general,
if (a,)52,, satisfies a recurrence of order r and (b,)52, satisfies a recurrence of
order s, the linear system obtained for constructing a recurrence for the sum will
have at most r 4 s equations, and therefore it must have a nontrivial solution
as soon as we have at least r + s + 1 variables py, ..., p,+s. Likewise, for the
product sequence (a,b,);2, a similar construction leads to a linear system with rs
equations, which hence has a nontrivial solution once we supply at least rs + 1
variables py, ..., prs. The arguments for the other operations listed in Theorem 4
are similar.

Holonomic closure properties are not only interesting for finding appropriate
holonomic descriptions of objects that are given in some other form. They can also
be used for proving identities. If two holonomic objects A and B are given in some
form, it may not be obvious at first glance whether they are actually equal. Using
closure properties, we can compute a recurrence for A — B (or, if A and B depend
on a continuous variable, a recurrence for the Taylor coefficients of A — B by way of
Theorem 1). Then if the identity is valid for a certain finite number of initial values,
it follows by induction that it is true.

Example 5. Consider the following identity for Hermite polynomials. We regard it
as a (formal) power series with respect to #, where x and y are viewed as constant
parameters. In the first term on the left the expression H, (x) H,(y) % is regarded as
a sequence in the discrete variable n, with x and y as parameters. Apply the closure
properties algorithms as indicated by the braces to obtain a linear recurrence for the
coefficients in the series expansion of the whole left hand side.

> 1, 1 4t(xy —1(x* 4+ y?)\

1—4¢2
n=0
N e N N e’ N—— e N— —
rec. of rec. of rec. of alg.eq. diff.eq. alg_eq_ of degree 1
ord. 2 ord. 2 ord. 1 of deg. 2 of ord. 1
N— N——
rec. of order 4 dfifﬁqu differential equation of order 1
of ord.
differential equation of order 5 differential equation of order 1

differential equation of order 5

~+  recurrence equation of order 4

If ¢, denotes the coefficient of " in the series expansion of the left hand side, we
obtain the recurrence

(n+4)cp+4—4xy c,,+3—4(2n—2x2—2y2+5)cn+2—16xy chr1+16(n+1)c, =0
for all n > 0. Direct calculation confirms that ¢ = ¢; = ¢; = ¢3 = 0, which

together with the recurrence implies inductively that ¢, = 0 for all n > 0. This
proves the identity.
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In general, once a recurrence of a holonomic sequence is known, it always suffices
to check a certain finite number of initial values for being zero in order to decide
whether the whole sequence is zero. The number of terms needed is the maximum
of the order of the recurrence and the largest integer root of the leading coefficient
(if there is any such root). Although integer roots in the leading coefficient are not
common, their possible existence must always be taken into account. It is in general
not sufficient to only estimate the order of a recurrence (which could be done very
quickly) without actually computing it.

The example above is a typical application of the holonomic toolkit, except that
it is usually not possible to prove an identity using only Theorems 1 and 4 and the
mere definitions of the objects involved. A more realistic scenario is that we want to
prove an identity, say of the form A = BC, which involves holonomic quantities A,
B, C for which we calculated defining equations using other techniques, and then
the algorithms behind Theorem 4 are only used to complete the proof by combining
the partial results into a defining equation for the whole equation.

Closure properties are also available in several variables. The class of D-finite
functions in several (discrete or continuous) variables is closed under addition and
multiplication, under linear translates n ~ |an + B] of discrete variables n (for
fixed positive rational numbers o, 8), and under compositions z~y(z) of continuous
variables z by some multivariate algebraic functions y that must not be constant with
respect to z, may or may not depend on the other continuous variables, and must not
depend on any of the discrete variables. The underlying ideas of the algorithms is
the same as in the univariate case.

Also the class of holonomic functions in several variables enjoys these closure
properties, as well as some further ones which in general do not apply to D-finite
functions.

Theorem S. [42] Let a = a(ny,...,np,21,...,2¢) and b = b(ny,....n,,
21, ....q) be holonomic with respect to the discrete variables ny,...,n, and the
continuous variables zy, . .., z4. Then:

1. The sum a + b and the product ab are holonomic,

2. If b is algebraic, not constant with respect to 21, and independent of ny, ..., np,
thena(ny,...,np,b,22,...,24) is holonomic,
3. a(lani+Bl.na,...,np,21,...,24) is holonomic for any fixed positive constants
a, B e
4. a(0,ny,...,np,21,...,2g) anda(ny,...,n,,0,2,...,24) are holonomic,
ny
5.3 atk.na, ... np.z1,...,2g) and [y a(ny,... np.t.2, ..., 2g)dt are holo-
k=0
nomic (provided the integral converges),
o
o0
6. > alk.ny....npz1,....2¢) and [ a(ny,....np.t,22,...,29)dt are
k=—o00
holonomic as functions in ny,...,np,21,...,2p and Ny, ..., Np,22,...,2,

respectively (provided these quantities are meaningful),
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This theorem is considerably more deep than Theorem 4, and the algorithms behind
it are less straightforward than those sketched before for the univariate case. See
the chapter on symbolic summation and integration in this volume for further
information about these algorithms.

4 What Is Guessing?

We have seen that closure properties are useful for finding the holonomic repre-
sentation of holonomic objects which are given in terms of holonomic functions
for which defining equations are known (possibly recursively descending a nested
expression). But when no such relation to known functions is available (yet), we
cannot obtain defining equations in this way. We may in fact be faced with objects
of which we do not know whether they are holonomic or not.

How can we check an arbitrary object for being holonomic? Of course, this
question makes only sense relative to some choice of assumptions we are willing
to make about how the object is “given”, or more generally, what information about
it we want to consider known. A very weak assumption which is almost always
satisfied in practice is that we can calculate for every specific index » the nth term of
the sequence (or the nth term of the power series) of interest. For example, suppose
the first few terms of a sequence (a, )52, are known to be

5,12, 21, 32, 45, 180, 797, 2,616, 6,837, 15,260, 30,405, 55,632, 95,261, 154,692.

How can we check whether this sequence is, say, a polynomial sequence? Strictly
speaking, we cannot tell this at all without taking into account all the terms of
the sequence. But from the available finite amount of data we can at least get
an idea. By means of interpolation [39], we can easily compute for any tuple of
n 4 1 numbers x, ..., X, the (unique) polynomial p of degree at most n such that
p0) = xp, p(1) = xy, ..., p(n) = x,. For example, for the first two terms
we find p(n) = 7n + 5, which however cannot be correct for all n > 0 because
already p(2) = 19 # 21. The interpolating polynomial for the first three points is
p(n) = n* + 6n + 5, which is correct (by construction) for n = 0, 1, 2, happens
to be correct also for n = 3 and n = 4, although these values had not been used
in the construction of p. However, also this polynomial cannot be correct for all
n > 0 because we have p(5) = 60 # 180. Interpolation of the first six terms gives
p(n) = n° — 10n* + 350 — 491> + 30n + 5 which turns out to match all the
terms listed above. Of course, this does not prove that the polynomial is correct for
all greater indices as well, but the more terms match, the more tempting it becomes
to believe so. Interpolating polynomials based on a finite number of terms of some
infinite sequence can therefore be considered as a guess for a possible description
of the entire sequence, and the difference between the number of terms taken into
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account and the degree of the resulting interpolating polynomial can be considered
as measuring the confidence of the guess (e.g., 0: no evidence, 1: somewhat reliable,
10: reasonably trustworthy, 100: almost certain).

In a similar fashion, it is also possible to come up with reliable guesses for
recurrence equations possibly satisfied by some infinite sequence of which only
a finite number of terms are known, or for differential equations possibly satisfied
by a function of which the first few terms of the series expansion are known. To
illustrate the technique, suppose we are given a sequence (a,) 2, starting like

1, 2, 14, 106, 838, 6,802, 56,190, 470,010, 3,967,310, 33,747,490.

Let us search for a recurrence of order » = 2 with polynomial coefficients of degree
d =1, i.e., arecurrence of the form

(co0 + co1n)ay + (c1o + crin)an+1 + (c20 + €2.11)an+2 =0

for constants c; ; yet to be determined. Since the recurrence is supposed to hold for
n =0,...,7 (at least), we obtain the following system of linear constraints:

n=0:(co0 + ¢0,10)1 + (c1,0 + ¢1,10)2 + (c20 + ¢2,10)14 =0
n=1:(co0+co11)2+ (c1o0+c111)14 4+ (c20 +¢211)106 =0
n=2:(co0 + c0.12)14 + (c10 + ¢1,12)106 + (c2.0 + ¢2,12)838 = 0

n=7: (co0 + c0.17)470,010 + (c10 + ¢1.17)3.968.310 + (c2.0 + ¢2.17)33,747,490 = 0.

In other words, any choice of the ¢; ; which corresponds to a recurrence that holds
foralln € IN mustin particular correspond to recurrence that holds forn = 0, ..., 7,
and the choices for ¢; ; that correspond to a recurrence valid forn = 0,...,7 are
precisely the solutions of the following homogeneous linear system:

1 0 2 0 14 0 _
2 2 14 14 106 106 0.0

14 28 106 212 838 1,676 o1

106 318 838 2,514 6,802 20,406 €10 -0
838 3,352 6,802 27,208 56,190 224,760 c1a

6,802 34,010 56,190 280,950 470,010 2,350,050 20
56,190 337,140 470,010 2,820,060 3,968,310 23,809,860 e

470,010 3,290,070 3,968,310 27,778,170 33,747,490 236,232,430

This system has the solution (0,9, —14,—10, 2, 1), which means that the infinite
sequence (a,)°2, of which we were given the first 10 terms above satisfies the
recurrence
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9na, + (14— 10n)a,+1 + 2n + 1)a,+, = 0,

at least forn = 0,1,...,7. Note that the linear system had more equations than
variables so that a priori we would not have expected that it has a nonzero solution
at all. This makes it reasonable to guess that the recurrence we found is not just
a match of the given data, but in fact a “true” recurrence, valid for all n € N.
The reliability of such a guess can be estimated by the difference between number
of variables and number of equations in the linear system (e.g. O: already some
indication, 10: convincing evidence, 100: strong evidence).

Guessing is a very popular technique in experimental mathematics, it is certainly
a more widely used (and known?) part of the holonomic toolkit than the algorithms
for closure properties. Several software packages provide efficient implementations
of the algorithm sketched above, or of more sophisticated algorithms based on
Hermite-Pade approximation [3]. Maple users can use gfun [32], Mathematica
users can use the old package of Mallinger [29] or Kauers’s package [23], which
also supports multivariate guessing. For Axiom there is a package by Hebisch and
Rubey [20]. Recent versions of these packages have no trouble processing hundreds
or even thousands of terms.

Note the computational difference between the linear algebra problems for
guessing and closure properties: For guessing, we solve large overdetermined
systems with constant coefficients, whereas for closure properties we solve small
underdetermined systems with polynomial coefficients.

Note also that if no equation can be found by guessing, then there definitely
does not exist an equation of the specified order and degree. On the other hand, a
guessed equation may be incorrect, although this very rarely happens in practice.
The requirement that a dense overdetermined linear system should have a nontrivial
solution acts as a strong filter against false guesses. In case of doubt, there are
some other tests which can be applied to a guessing result to estimate how plausible
itis [8].

4.1 Trading Order for Degree

The first step in the guessing procedure is to make a choice for the order r and the
degree d of the equation to be searched. The possible choices are limited by the
number N of available terms, because we want to end up with an overdetermined
linear system. (An underdetermined system will always have nontrivial solutions,
but these have no reason to have any significance for the infinite object from which
the data sample originates.) An overdetermined system is obtained for r and d such
that (d +2)(r + 1) < N. The possible choices for r and d are thus the points (r, d)
under a hyperbola determined by the number of available terms.
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If for some point (r, d) below the hyperbola no equation is found, it may still be
that there is an equation for some other point (r’, d’) (unless r’ < r and d’ < d).
An exhaustive search needs to go through all the integer points right below the
hyperbola. These are only finitely many.

If an object is holonomic, it satisfies not only a single equation but infinitely
many of them. First of all we can pass from any given equation to a higher degree
one by simply multiplying it by n or z, respectively, and we can produce higher order
equations by shifting or differentiating, respectively. This means that if there is an
equation of order r and degree d, then there is also one of order r’ and degree d’
for every (r/,d’) with r’ > r and d’ > d. In addition, in examples coming from
applications, there usually exist further equations. A typical shape for the region
of all points (7, d) for which there exists an equation of order r and degree d is
shown in Fig. 2. As indicated by the curves in this figure, the equations which can be
recovered with the smallest amount of data are those for which r/d = 1.In contrast,
the minimal order operator tends to require the maximal number of terms. This is
unfortunate because this operator is for many applications the most interesting one.
Modern guessing packages [23] use an algorithm which guesses several nonminimal
order recurrences (taking advantage of their small size) and construct from them a
guess for the minimal order operator (which is most interesting to the user) [6, 9].
Very recent results [11,12,21] offer further improvements by giving precise a priori
knowledge about the shape of the region where equations can be found.

Example 6. The technique explained above has been utilized for certain sequences
arising in particle physics [6]. A certain quantity arising in this context (named
Cz(,zq),cﬁ. in Table 5 of [6]) satisfies a recurrence of order 35 and degree 938. This
is the minimal order recurrence for this sequence. In order to guess it directly, at
least 33,841 terms of the sequence are needed. However, by first guessing a smaller
recurrence with nonminimal order (in this case, order 51 and degree 92), it was
sufficient to know 5,114 terms of the sequence. See Fig. 1 for an illustration.

4.2 Modular Techniques

A common problem in computer algebra is the intermediate growth of expressions
during a calculation. In the context of holonomic functions, it is not unusual that
the output of a calculation is much longer than the input, and yet the intermediate
expressions can still be much longer than that, thereby causing severe time and
memory problems. A classical technique in computer algebra for dealing with this
problem is the use of homomorphic images (a.k.a. modular arithmetic) [22,39]. The
basic idea is that instead of solving a problem involving polynomials, one evaluates
the polynomials at several points, then solves the resulting small problems, which no
longer involve polynomials but only numbers, and afterwards combines the various
solutions by interpolation to a solution of the original problem. To the same effect,
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Fig. 1 For the sequence mentioned in Example 6, it turns out that there exists a recurrence of
order r and degree d whenever (r, d) is above the solid curve. With 5,114 terms available, guessing
can find recurrence equations of order r and degree d whenever (r, d) is below the dashed curve.
With 33,841 terms, guessing can find recurrences of order r and degree d for all (r, d) below the
dotted curve. The two dots mark the position of the minimal order recurrence and the recurrences
which were actually guessed, and from which the minimal order recurrence was constructed

problems involving rational numbers are mapped to problems in finite fields, solved
in these fields, and afterwards the modular solutions are combined to a rational
solution using the Chinese remainder algorithm and rational reconstruction.

Implementations use this technique internally to speed up the computations and
to save memory. The user does not see this, and does not need to care. Modular
techniques are however also useful for the user, because in large problems the
hard part of the computation is usually not the guessing itself but the generation
of sufficiently many terms of the sequence or series. It is typically about one order
of magnitude faster to compute the terms only modulo some fixed prime. Therefore,
one should first compute the data only modulo some fixed prime p (for instance
p = 23" — 1 = 2,147,483, 647), and then apply the guesser modulo this prime.
If it does not find anything, then (with high probability) it would also not find any
equation for the actual data, and there is no point in computing it.

On the other hand, if a modular equation for the modular data is found, then one
can still go ahead and calculate the data modulo many other primes, reconstruct the
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non-modular data from the results, and apply the guesser to those in order to get
the non-modular equation. This is possible, but there is a better way: calculate the
data modulo several other primes, then for each prime guess an equation modulo the
prime, and in the end reconstruct the non-modular equation from the modular ones.
In practice, this strategy tends to require much fewer primes, and is therefore much
more efficient.

Example 7. Consider the sequence a, = Y j_o(n + k)33% (Z)2 It satisfies a
recurrence of order 2 and degree 4 which a guesser can recover from the first 20
terms of the sequence. The example is so small that both the computation of these
twenty terms via the sum and the guessing can be done in virtually no time. The
arithmetic effect described above can nevertheless be observed already here.

The term a,g, which is the largest in the sample, has 42 decimal digits, so if we
work with primes of 11 decimal digits, we need four of them in order to reconstruct
the values of ay, . . ., ayy from their images modulo the primes.

On the other hand, the largest coefficient in the recurrence has only 12 decimal
digits. (It is a fraction with a 7-digit numerator and a 5-digit denominator.) Therefore
we can already recover it if we know the coefficients of the recurrence modulo two
different primes. See Fig. 2 for an illustration.

Example 8. For the sequence from Example 6, the largest among the first 5,114
terms is a fraction with 13,388 decimal digits in the numerator and 13,381 digits in
the denominator. In contrast, the largest coefficient in the minimal order recurrence
is a fraction with 1,187 decimal digits in the numerator and 7 digits in the denomi-
nator. The resulting speed-up is a factor of (13,388 +13,381)/(1,187 + 7) ~ 22.4.

4.3 Boot Strapping

We have remarked that the generation of a sufficient amount of data is often more
expensive than guessing an equation from the data. Of course, once we have an
equation, it is very cheap to calculate as much data as we please—this is one of the
fundamental properties of holonomic objects. But if we already know an equation,
we don’t need to guess one. To some extent, the situation has the character of a
chicken/egg problem: in order to guess a recurrence most efficiently, the best thing
would be if we could already use it for generating data. Sometimes the conflict
can be resolved by guessing auxiliary equations: in a first step, use a naive way to
compute a small number of terms, then use them to guess some equation which can
be used to generate further terms, and iterate until you have enough terms to guess
the equation of interest. We conclude with two examples for this strategy.

Example 9. [26] Consider the lattice N*. We are interested in walks starting at
(0,0,0,0) and going to (i, j,k,/) which may consist of any number of steps,
where a single step can be of the form (m,0,0,0) or (0,m,0,0) or (0,0,m,0)
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mod mod mod mod mod mod
100000000003 100000000019 100000000057 100000000063 100000000003 100000000019
0 0 0 0 0 0
325 325 325 325 325 325
107896 107896 107896 107896 107896 107896
20619774 20619774 20619774 20619774 20619774 20619774
3180175360 3180175360 3180175360 3180175360 3180175360 3180175360
39281494338 39281494274 39281494122 39281494098 39281494338 39281494274
44150634536 44150625448 44150603864 44150600456 44150634536 44150625448
21005523377 21004395297 21001716107 21001293077 21005523377 21004395297
47849449427 47713597155 47390948009 47340003407 47849449427 47713597155
10040664517 94031491240 56009704700 50006264720 10040664517 94031491240
21985378201 66674685234 60311791810 64570282631 21985378201 66674685234
33735899035 69655913193 79966218922 18436302163 33735899035 69655913193
43166832072 5147734490 89883154498 50634811944 43166832072 5147734490
44406348808 99474064104 33709016642 55347756722 44406348808 99474064104
50094685503 23789791408 32316196105 19843824994 50094685503 23789791408
48089246095 80233657716 43056414134 27698338095 48089246095 80233657716
46630298409 55837852211 47226351528 21769511873 46630298409 55837852211
28184365337 25424314762 78343837230 83639568961 28184365337 25424314762
97965056397 76012039079 60755450198 76086130993 97965056397 76012039079
82688649229 13097788119 92702069386 96377809322 82688649229 13097788119
19000479750 73020719731 24797347614 67792308900 19000479750 73020719731
mod
10000000002200000000057  10000000012000000003591
0 0
325 325
107896 107896 \l/ \l/
20619774 20619774
3180175360 3180175360
439281494350 439281494350
56844150636240 56844150636240
7050521005734892 7050521005734892
849076747874921728 849076747874921728
100057333113042384510 100057333113042384510

1595691831469856133143
6025499912914500896416
3987619360762795412890
9655826781634081152247
7039405589661276853185
4174097428373312168941
8692452790707403882121
6892250317634951874859
8887206360264581247194
9184942883958236935737
9037373502190121684807

Guessed equation
modulo 100000000003:

1595691821669856129609
6025498619314500429928
3987472380362742409958
9639354343828140989473
5207872858000803723455
1922634602838958137103

(n* 4123378926311 +

mod
100000000142000000062880000008584200000204687

0

325

107896

20619774

3180175360
439281494350
56844150636240
7050521005734892
849076747874921728
100057333113042384510
11595691833669856133200

1326025500203314500903940

8757614004539066331243 24675785259, n2 +
S0 1996660 1195505 12337892629n) a2 +
SR TII5 M S18988 (99999999839* +
765856083331 +
24849274151n% +
43356113667n)a,11 +
(64000 +
62512855233 +
50051350526n> +
12564160956n +

25025659263)a, =0

149983987652356362796267776
16808619659524675834176961324

1868910957450565998671929645600

Guessed equation
modulo 100000000019:

(n* +17278992424n> +
34557984845n% +
17278992422n)ay 5 +
(999999998551* +
662452427690 +
4089946154612 +
16817950742n) a1 +
(6400 4
85551511805n° +
422059767631 +
27757443749n +
71102972391)a, =0

206379043919577487080949672719000
22652994757462351298463229473971200
2473240118789349718278365703625872670
268742205192237274018023266433839996880
29076651329353997890401249406299092602900
3133800494309454721113304131063624227776000

1

4, 260983 3
(n* + Ton” +

208979 2 | 52325
O 3673408000 3, 7348870400 2 | 6348330200 | 2005171200
(6400n* + n’+ n*+ n+ Soamg )an =0

70335 n+2 — (

164”4 + 6?466146 n3 + 4539888 n2 + 17371256

Tog320 )an+1 +

104329 104329 104329

Fig. 2 Two ways of using modular arithmetic in guessing, illustrated with the data of Example 7
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or (0,0,0,m) for some positive integer m. If a; j x; denotes the number of walks
ending at the lattice point (i, j,k,/), we are interested in the sequence ay ;...
counting the walks that end on the diagonal. There is a simple way to compute
these numbers, but this algorithm is costly. It would be somewhat hard to generate
1,000 terms with it.

Therefore we proceed as follows: compute the terms a, , x x for 0 < n,k < 25,
say, and use bivariate guessing to guess recurrence equations for this sequence with
respect to # and k. Using these recurrences, it is much easier to calculate a, , , , for
n = 0,...,1,000. These terms can finally be used to guess the desired recurrence
foray pnn-

Example 10. (Rechnitzer, A.: Personal communication (2012)) For a certain appli-
cation in combinatorial group theory, it was necessary to find a differential equation
for the power series [¢°] f(q, z), where f(gq,z) is a certain power series with respect
to z whose coefficients are Laurent polynomials in ¢. The notation [¢°] is meant to
pick the constant term of each coefficient:

f@.2=14+@ " +Qz+ @ > +4+¢H7+-
[¢°1(q,2) = 1 + 0z + 42> +---.

The power series f(g,z) was given in terms of a defining equation p(q,z,
f(gq,z)) = 0, where p is a polynomial in three variables which is too large to be
printed here. Using Newton polygons [25, Chap. 6], it is possible to compute from p
the first terms in the expansion of f(g, z) with respect to z. But it is hard to generate
enough terms to recover the differential equation for [¢°] £(z).

Therefore we proceed as follows: compute the first 30 terms in the expansion of
f (g, z) for symbolic ¢, and use these to guess a general recurrence of the coefficients
of f(g,z) with symbolic ¢g. Using this recurrence, generate many further terms of
f (g, z) with symbolic ¢, pick the constant terms and apply guessing to the result.
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Orthogonal Polynomials

Tom H. Koornwinder

Abstract This chapter gives a short introduction to orthogonal polynomials, both
the general theory and some special classes. It ends with some remarks about the
usage of computer algebra for this theory.

1 Introduction

This chapter gives a short introduction to orthogonal polynomials, both the general
theory and some special classes. After the definition and first examples in Sect. 2,
important but mainly elementary aspects of the general theory associated with the
three-term recurrence relation are treated in Sect. 3. Sections 4, 6, and 7 discuss
special classes of orthogonal polynomials, interrupted by Sect.5 about Gauss
quadrature. Section 8 collects some more advanced results in the general theory
of orthogonal polynomials. Finally Sect. 9 discusses the role of computer algebra in
the theory of (special) orthogonal polynomials.

Everything treated here is well-known from the literature. I mention a few books
which can be recommended for more detailed study. A great classical introduction
to orthogonal polynomials, both the general theory and the special polynomials,
is Szegd [24]. A very readable textbook, in particular for the general theory, is
Chihara [5]. As a textbook emphasizing the special theory I recommend Andrews,
Askey and Roy [2]. Very good is also Ismail [10], but more focusing on the g-case.
Two recent compendia of formulas for special orthogonal polynomials are Olver
et al. [18, Chap. 18] and Koekoek, Lesky and Swarttouw [12, Chaps. 9 and 14].
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2 Definition of Orthogonal Polynomials and First Examples

Let & be the real vector space of all polynomials in one variable with real
coefficients. Assume on & a (positive definite) inner product (f, g) (f. g € £).
Orthogonalize the sequence of monomials 1, x, x2,... with respect to the inner
product (Gram-Schmidt). This results into the sequence po(x), p1(x), p2(x), ...
of polynomials in x. So po(x) = 1 and, if po(x), p1(x),..., ps—1(x) are already
produced and mutually orthogonal, then

n—1

R (xnspk>
Pal) = x ,; (k. pr) Pr(x)-

2

Indeed, p,(x) is a linear combination of 1, x, x*,...,x", and

n—1

N\ jn N (-xnvpk> )
(pus pj) = (X", p}) ];) Tl
=(x",pj)—E;ji;;j;(pj,pj)=0 (G=0,1,....n—1).

Throughout we will use the constants 4, and k, associated with the orthogonal
system:

(Pns pn) = hu, Pn(x) = k,x" + polynomial of lower degree. (1)
The p, are unique up to a nonzero constant real factor. We may take them, for
instance, orthonormal (h, = 1; this determines p, uniquely if also k, > 0) or

monic (k, = 1).
In general we want

(x f.g) =(fxg)

This is true, for instance, if
b o]
(f.g) = / f@gwxyde  or  (fig)i= Y fx;)glx))wy
a =0

for a weight function w(x) > 0 or for weights w; > 0, respectively. These are
special cases of an inner product

(f.g) = /R £(0) g(x) dpu(x). @

where u is a (positive) measure on R, namely the cases du(x) = w(x)dx on an
interval /, and p = Z?o:l wj Oy, , respectively.
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A measure @ on R can also be thought as a non-decreasing function fi on R.
Then

M
/R £ dp(x) = [R f@) ) = Jim_ [_ S i)

can be considered as a Riemann-Stieltjes integral. The measure y has in x a mass
point of mass ¢ > 0 if the non-decreasing function f has a jump c at x, i.e., if
limgy (@2(x + 8) — fi(x —8)) = ¢ > 0. The number of mass points is countable.
More generally, the support of the measure p consists of all x € R such that ji(x +
8) — fi(x — &) > 0 forall § > 0. This set supp(i) is always a closed subset of R.
In the most general case let u be a (positive) measure on R (of infinite support,

ie.,not u = Z?;le 8x;) such that/ |x"|du(x) < oo forallm =0,1,2,....
R

A system {po, p1, p2,...} obtained by orthogonalization of {1,x,x?,...} with
respect to the inner product (2) is called a system of orthogonal polynomials with
respect to the orthogonality measure /.

Here follow some first examples of explicit orthogonal polynomials.

* Legendre polynomials P,(x), orthogonal on [—1, 1] with respect to the weight
function 1. Normalized by P,(1) = 1.

* Hermite polynomials H,(x), orthogonal on (—oo, co) with respect to the weight
function e=*". Normalized by k, = 2".

e Charlier polynomials c,(x,a), orthogonal on the points x = 0,1,2,... with
respect to the weights a*/x! (a > 0). Normalized by ¢, (0;a) = 1.

The h, (see (1)) can be computed for these examples:

1
1
1
5 Pm Pn dx = Smn7
L pato) Py = 5

o0
n—%/ Hn(x) Hy(x) e dx = 21 8y 0.
—00

o0 ax
e Zcm(x,a) cn(x,a) Pl a"n!m,, .

x=0

3 Three-Term Recurrence Relation and Some Consequences

3.1 Three-Term Recurrence Relation

The following theorem is fundamental for the general theory of orthogonal polyno-
mials.
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Theorem 1. Orthogonal polynomials p, satisfy

Xpu(x) = an ppi1(x) + bupp(x) + cppu—1(x) (n>0),
Xpo(x) = aop1(x) + bopo(x)

3)

k Cnt1 a
with a,, by, ¢, real constants and a,c,+1 > 0. Also a, = z, ntl T
kn+l hn-H hn
Moreover (Favard theorem), if polynomials p, of degree n (n = 0,1,2,...)
satisfy (3) with a,, by, ¢, real constants and a, ¢, +1 > 0 then there exists a (positive)

measure (L on R such that the polynomials p, are orthogonal with respect to |i.

The proof of the first part is easy. Indeed, xp,(x) = ZZ:(I) ok pr(x), and if

k <n —2then (xp,, pr) = (pn, xpx) = 0, hence oy = 0. Furthermore,

. (XPn+1. Pn) (XPn, Pnt1) (XPn, Pnt1) Pt hnt
C}’l+l = = = = an .

{(Pns Pn) hy (Pnt1s Puv1)  ha

Hence a, ¢,4+1 = aﬁ hyt1/ hn > 0. Hence ¢,41/ hpt1 = an/ ha.
The proof of the second part is much deeper (see Cihara [5, Chap. 2]).

Remarks

1. For orthonormal polynomials the recurrence relation (3) becomes

Xpn(X) = @y pp+1(x) + by pp(x) + ap—1 pu—1(x) (n>0),

“)
xpo(x) = aopi(x) + bopo(x),
and for monic orthogonal polynomials
Xpn(X) = ppt1(x) + by pu(x) + cupp—1(x) (n>0), 5)

xpo(x) = p1(x) + bopo(x),

with ¢, = h,/hy,—1 > 0 in (5). If orthonormal polynomials p, satisfy (4) then

the corresponding monic polynomials k! p, satisfy (5) with ¢, = a?_, .

2. If the orthogonality measure is even (U(E) = w(—FE)) then p,(—x) =
(=1)" pu(x), hence b, = 0, so xp,(x) = a, pu+1(x) + ¢, pu—1(x). Examples
of orthogonal polynomials with even orthogonality measure are the Legendre
and Hermite polynomials.

3. The recurrence relation (3) determines the polynomials p, uniquely (up to a
constant factor because of the choice of the constant py).

4. The orthogonality measure p for a system of orthogonal polynomials may not be

unique (up to a constant positive factor). See Example 1.
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5. If u is unique then & is dense in L?(u). See Shohat and Tamarkin [21,
Theorem 2.14].

6. If there is an orthogonality measure p with bounded support then p is unique.
See Chihara [5, Chap. 2, Theorem 5.6].

3.2 Moments

The moment functional M: p — (p,1): & — R associated with an orthogonality
measure y is already determined by the rule M (p,) = (pn, 1) = 0forn > 0. Hence
M is determined (up to a constant factor) by the system of orthogonal polynomials
Pn, independent of the choice of the orthogonality measure, and hence M is also
determined by (3). The same is true for the inner product { f, g) = ( fg, 1) on Z.

The moment functional M is also determined by the moments pn, = (x",1)
(n =0,1,2,...). The condition a, c,+; > 0 is equivalent to positive definiteness of
the moments, stated as

An = det(p,i+j)?’j=0 >0 (l’l =0, 1,2, .. )

For given moments w, and corresponding orthogonal polynomials p, a positive
measure i is an orthogonality measure for the p, iff p is a solution of the
(Hamburger) moment problem

/ x"du(x) = uy (n=0,1,2,...). (6)
R

Uniqueness of the orthogonality measure is equivalent to uniqueness of the moment
problem.

Example 1 (non-unique orthogonality measure). The following goes back to
Stieltjes [23, §56]. In the easily verified formula

o0
/ e_”z(l + C sinQ2rwu)) du = n'/?

o0

make a transformation of integration variable # = log x — %(n + 1) and take —1 <
C < 1.Then

o0
e / x"(1 + C sin(27 log x)) e 108" x gy = pan(n+2), @)
0

Thus a one-parameter family of measures yields moments which are independent
of C. The corresponding orthogonal polynomials p, are a special case of the
Stieltjes-Wigert polynomials [12, §14.27]: p,(x) = S, (q%x; q) withg = €72, see
Christiansen [6, p. 223].
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It is also elementary to show that

o0 -1 (]
( e—;kz) Z o Bkn =i k+1? _ e%n(n+2)’ (8)

k=—00 k=—00

which means that the same moments, up to a constant factor, as in (7) are obtained
: 00 —Lk+1)?
with the measure ) )~ _ e g (et+1) 8exp(_%k).

3.3 Christoffel-Darboux Formula

Let &, be the space of polynomials of degree < n. Let {p,} be a system of
orthogonal polynomials with respect to the measure . The Christoffel-Darboux
kernel is defined by

KAmyr=§:£i%ﬁiQ. ©
j=0 /
Then
(I, f)(x) == /RKn(-st) F)du(y)

defines an orthogonal projection I7,: & — 22, . Indeed, if f(y) = Y peo o Pr())
(finite sum) then

(1@ =Y i Y2 [ 901 p0)du) = Yy (0.
=0 k=0 '/ /R j=0

The Christoffel-Darboux formula for K, (x, y) given by (9) is as follows.

kn pn+l(x)pn(y) — Pn(x)anrl(y)

Tkt =y C#y.  (10)

~ ()P () _

k" ! /
h; ey Prn P = L @P () (=), (11)

For the proof of (10) note that

xpj(x) =a;pj+1(x) +b;p;j(x)+c;jpj—1(x),
ypi(y)=a;pj+1(y) +b;p;j(y) +c;pj—1(y).
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Hence

(x=y)pi(xX)p;j(¥)/h;

= 2L (P11 ()P 0) = (P10 = T (P (1) = P ()P, ().
J J

Usethatc;/h; =aj—1/hj—1. Sumfrom j = Oton. Use thata, = k,/k,41. This
yields (10). For (11) let y — x in (10).

3.4 Zeros of Orthogonal Polynomials

Theorem 2. Let p, be an orthogonal polynomial of degree n. Let |1 have support
within the closure of the interval (a,b). Then p, has n distinct zeros on (a,b).
Furthermore, the zeros of p, and p,+ alternate.

Proof. For the proof of the first part suppose p, has precisely k < n sign
changes on (a,b) at xi,x,,...,x;. Hence, after possibly multiplying p, by
—1, we have p,(x)(x — x1)...(x — xx) > 0 on [a,b]. Hence fab Pn(x)
(x —x1)...(x — xx)du(x) > 0. But by orthogonality we have fab Pn(x)
(x —x1)...(x —x¢) du(x) = 0. Contradiction.

For the proof of the second part use (11): If k,,, k,,+1 > O then

hnkn+l . pj(x)z
kn h;

P;/1+1(X)Pn(x) - P,/,(X)Pn+1(x) = > 0.

j=0

Hence, if y, z are two successive zeros of p,4; then

P Pa(¥) >0, priy(2)pa(z) > 0.

Since p,,,(y) and p;,(z) have opposite signs, p,(y) and p,(z) must have
opposite signs. Hence p, must have a zero in the interval (y, 7). O

3.5 Kernel Polynomials

Recall the Christoffel-Darboux formula (10). Suppose the orthogonality measure u
has support within (—oo, ] and fix y > b. Then

b
[ KaGroy) (=0 dp() = Y =) =0 (k <n).
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Hence x — ¢,(x) := K,(x, y) is an orthogonal polynomial of degree n on (—o0, b]
with respect to the measure (y — x) du(x). Hence

Py)

™ Pu(x),

Qn(x) - qn—l(x) =

hukny
o) Pa1 () = Prr (7 Pa() = =7 (X = ) ().

The orthogonal polynomials g, are called kernel polynomials. Of course, they
depend on the choice of u and of y.

4 Very Classical Orthogonal Polynomials

These are the Jacobi, Laguerre and Hermite polynomials. They are usually called

classical orthogonal polynomials, but 1 prefer to call them very classical and to

consider all polynomials in the (g-)Askey scheme (see Sects. 6 and 7) as classical.
We will need hypergeometric series [2, Chap. 2]:

ai,. (ak .. (ar)kZ
F(b ) Z(bl)k B KU (12)

where (a); ;= a(@+1)...(a+k —1)fork = 1,2,... and (a)p := 1 is the
shifted factorial. If one of the upper parameters in (12) equals a non-positive integer
—n then the series terminates after the term with k = n.

4.1 Jacobi Polynomials

Jacobi polynomials P,,(a’ﬁ ) [12, §9.8] are orthogonal on (—1,1) with respect to
the weight function w(x) = (I — x)*(1 4+ x)# (@, > —1) and they are

normalized by P,,(a’ﬂ ) (1) = (@ + 1),/n!. They can be expressed as terminating
Gauss hypergeometric series:

a (o + 1), —nn+a+p+1
PP (x) = —. 20 ot 1 ;5(1—x)

:Zn:(”+a+,3+l)k @+ K+ Dys (x =D

Kkl (n —k)! 2k (13)
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They satisfy (because of the orthogonality property) the symmetry Pn(“’ﬂ ) (—x) =
=" Pn(ﬂ ) (x). Thus we conclude (much easier than by manipulation of the
hypergeometric series) that

F(—n,n+a+,3+l. )_(—1)”(ﬂ+1)n F(—n,n+o&+,3+1.1_)
2147 Ol+1 s < _—(Ol+1)n 2471 ,3“1‘1 s Z]).

For p,(x) := Pn(a’ﬂ ) (x) there is the second order differential equation

(1=x)pl(x)+ (B—a—(a+B+2)x)p,(x) = —n(n+a+p+1) p,(x). (14

This can be split up by the shift operator relations

% PP (x) = Ln+a+ B+ )PETPHD(), (15)
(1_x2)d (a+1/3+1)( )+(,3—Ol—(05+,3+2) ) (W‘Hﬂ"‘l)( )

dx
=(1—x) (1 +x)F = ((1 W14 PP ()
= —2n P*P(x). (16)

Note that the operator d /dx acting at the left-hand side of (15) raises the parameters
and lowers the degree of the Jacobi polynomial, while the operator acting at the
left-hand side of (16) lowers the parameters and raises the degree. Iteration of (16)
gives the Rodrigues formula

D"

PP (x) = =2

(=007 (£) (@0,

4.1.1 Special Cases
e Gegenbauer or ultraspherical polynomials (0« = 8 = A — —)

QA Jo-1a

CHx) = PO (),

SN )

e Legendre polynomials (@ = 8 =0): P,(x) := Pn(o’o) (x).
e Chebyshev polynomials (o = B = :i:%):
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n! (-1-1
Ty(cos0) :=cos(n ) = —— P, * *(cosh),
2/n
sin(n + )6 (2),

(3:3)
= P22 0).
sin 0 ) (cos )

U,(cos0) :=

4.1.2 Quadratic Transformations

Since Pz(ff ) (x) is an even polynomial of degree 2n in x, it is also a polynomial
Pn(2x% — 1) of degree n in 2x% — 1. For m # n we have

1
0= /0 P25 = 1)pa(2y® — 1) (1 — y?) dy

1
= const. / D) Pu(x) (1 = x)*(1 + x) ™2 dx.
—1
Hence

_1
P90 PETx2—1)
(o, - _1 .
Py (1) P20

Similarly,

1
Pz(f;_‘:i (x) . )CP,,((%’Z)(Z)C2 -1

.o - 1 .
P () P (1)

Theorem 3. [5, Chap. 1,88] Let {p,} be a system of orthogonal polynomials with
respect to an even weight function w on R. Then there are systems {q,} and {r,} of
orthogonal polynomials on [0, 00) with respect to weight functions x +— X2 w(x2)
and x +— x? w(x%), respectively, such that pr,(x) = qn(x?) and pr,+1(x) =
x 1 (x2).

4.2 Electrostatic Interpretation of Zeros

Let p,(x) := const. P,fzﬂ_l’zq_l)(x) = (x — x1)(x — x2)...(x — x,) be monic
Jacobi polynomials (p, g > 0). By (14) we have

(1=x*)p)(x)+2(q—p—(p+9)x)p,(x) = —n(n +2p + 2q — 1) pu(x).
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Hence

0=(1-x})p)(xx) +2(qg—p—(p +q@)xx) P, (xk)

_1pn(xk) P q -y 1 P q
2pi(xk)  xk—1 xp+1 Xe—x;  xk—1 xe+ 1

Js J#k
This can be reformulated as
(VV)(x1,...,xy) =0,

where

Vyi,..oyn) ==Y log(y; — yz)—pzlog(l—y])—qZIOg(ler;)

l<j

is the logarithmic potential obtained from n 4 2 charges ¢, 1, ..., 1, p at successive

points —1 < y; < ... < y, < 1.Itachieves a minimum at the zeros of P,""~"24~".

This result goes back to Stieltjes [22].

4.3 Laguerre Polynomials

Laguerre polynomials LS [12, §9.12] are orthogonal on [0, o) with respect to the
weight function w(x) = x%e™ (¢ > —1). They are normalized by L%(0) =
(a + 1),/n!. They can be expressed in terms of terminating confluent hypergeo-
metric functions by

n k n
L:;‘(x)=%m( ) Z(“;(;}g),k(—x)k. (17)

For p,(x) := L%(x) there is the second order differential equation
X Py (xX) + (@ + 1= x) p(x) = —n py(x).

This can be split up by the shift operator relations

4 Li(x) = —LiH (x),
dx

and
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d a+1 at1 o X d a+l e ™ 0t+1 o
X o L LT () +(a+1=x)L7 (x) = x" %€ d_ ( L (x)) =nLj(x).
x
(18)
Iteration of (18) gives the Rodrigues formula

—a,

X * d ! n+oa ,—x
py (Ec) (x"Fee™).

Li(x) =

4.4 Hermite Polynomials

Hermite polynomials H, [12, §9.15] are orthogonal with respect to the weight
function w(x) := ¢ on R and they are normalized by H, = 2"x" 4 --- . They
have the explicit expression

[n/2] n=2j
(=) @2x)"%
Hy(x) = n! § : T2 (19)

There is the second order differential equation
H)(x) —2xH,(x) = —2nH,(x).
This can be split up by the shift operator relations
H) = 20 Hyoa (), H)y () = 20Hy 1 () = ¢ S (7 Hy (1) = —Ha 0.
(20)

Iteration of the last equality in (20) gives the Rodrigues formula

Hy(x) = (1) " (%)n (e_"z) .

4.5 General Method to Derive the Standard Formulas

The previous formulas can be derived by the following general method. Let (a, b)
be an open interval and let w, w; > 0 be strictly positive C !-functions on (a, b). Let
{pn} and {g,} be systems of monic orthogonal polynomials on (a, b) with respect
to the weight function w resp. w;. Then under suitable boundary assumptions for w
and w; we have



Orthogonal Polynomials 157

b b d
[ P ana@ym s == [ puweo ™ 000 s () wi
Suppose that for certain a, # 0:

w(x) ! —

7 (w1 (x) x”_l) = —a, x" 4 polynomial of degree < n.
X

Then we easily derive a pair of first order differentiation formulas connecting
{pn} and {q,}, an eigenvalue equation for p, involving a second order differential
operator, and a formula connecting the quadratic norms for p, and g, :

d
Py(x) = ngp(x), wx)™! 7 W) 1 (X)) = —an pu (),

w(x) ! —

dx (Wl (x) p;z(x)) = —nay py(x),

b b
n / o (¥ w1 () dx = a / Pu(x w(x) d.

a

In particular, if we work with monic Jacobi polynomials pf,a’ﬁ ), then (a,b) =
LD, wx) = (1 =01+ )P, pa(x) = pP (), wi(x) = (1 - x)H!
(1 + )P g (x) = peT P 0 (x). Thena, = (n +a + B + 1). Hence

P ) =0 (), 1)

(= j—x +(B—a—(@+B+2x)) Pt )
=—(n+a+p+DpPx). (22

For x = 1 (22) yields

(a ﬂ)(l) 2(0( + 1) (04+1}3+1)(1)
n+a+p+1
Iteration gives
(Ot ﬂ)( ) — 2”(“ + 1))1 ' (23)

(n+a+p+ 1,

So for p, = const. pf,a’ﬁ) = k,x" + --- we know p,(1)/k,, independent of the
normalization.
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The hypergeometric series representation of Jacobi polynomials is next obtained
from (21) by Taylor expansion:

PPy =Dk (AN wp
NCT N A d_ Pn (X)’ -1
pn (1) k=0 ' X =

B n ()C—l)k n! p(a+kﬂ+k)(1) —n, I’l+0{+ﬁ+1 1
=2 KU m—k)l @By 2F1( a+1 2= ))

The quadratic norm #,, can be obtained by iteration of

/ @B (x) (1 — x)*(1 4 x)P dx

n (a+lﬂ+l) atl B+1
= — x) (1-x 14+ x dx.
e [ A -0

So for p, = const. p,(,a - k,x"™ + --- we know hn/k,%, independent of the
normalization.

4.6 Characterization Theorems

Up to a constant factors and up to transformations x — ax + b of the argument
the very classical orthogonal polynomials (Jacobi, Laguerre and Hermite) are
uniquely determined as orthogonal polynomials p, satisfying any of the following
three criteria. (In fact there are more ways to characterize these polynomials, see
Al-Salam [1].)

* (Bochner theorem) The p, are eigenfunctions of a second order differential
operator.

* The polynomials p;, , | are again orthogonal polynomials.

* The polynomials are orthogonal with respect to a positive C°° weight function
w on an open interval I and there is a polynomial X such that the Rodrigues
formula holds on I:

Pn(x) = const. w(x)™! (%)" (X(x)"w(x)).
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4.7 Limit Results

The very classical orthogonal polynomials are connected to each other by limit
relations. We give these limits below for the monic versions p,(,a’ﬁ ), L%, hy of these

polynomials, and on each line we give also the corresponding limit for the weight
functions:

2 p@D (x/a?) > hy(x), (1—x*/a)* —> e, a— o0, (24)
(—B/2)" peP (1 —2x/B) — €2(x), x“(1—x/B)f — x%e™, B — oo,
(25)

- h,(x), (14 (Z/a)l/zx)“e_(za)l/zx — e_xz, a — 00.

(26)

2(2a)?x + a)
(2a)n/2

The limits of the orthogonal polynomials in (24) and (25) immediately follow from
(13), (17) and (19). For various ways to prove (26) see [17, §2].

5 Gauss Quadrature

Let be given n real points x; < x; < ... < X,. Put p,(x) := (x — x1)...
(x —x,).Fork = 1,...,n let [y be the unique polynomial of degree < n such that
le(x;) = 6k,; (j = 1,...,n). This polynomial, called the Lagrange interpolation

polynomial, equals

l_lj;j¢k(x—xj) . Pn(X)

() = TTjs ok = x5) (= x) p(ve)

For all polynomials r of degree < n we have

n

r(x) =Y r(x) k(x).

k=1

Theorem 4 (Gauss quadrature). Let p, be an orthogonal polynomial with respect
to |4 and let the I be the Lagrange interpolation polynomials associated with the
zeros X1, ..., Xy of pn. Put

A= /le(x) du(x).
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Then
A = / Le(x)? dp(x) > 0
R

and for all polynomials of degree < 2n — 1 we have

/1; Sy dp(x) = i f(x). (27)
k=1

Proof. Let f be a polynomial of degree < 2n — 1. Then for certain polynomials ¢
and r of degree < n — 1 we have f(x) = q(x)pn(x) +r(x). Hence f(xx) = r(xx)
and

[ e = [ reraue =3 rew) [ 1 due

k=1
n n
=D hr(a) = ) A fw)
k=1 k=1
Also
A=Y A l(x;)? = / Le(x)? du(x) > 0.
j=1 ®
From (27) we see in particular that, fori, j <n —1,

hibey = /R PP () dpu(x) = 3 A i) pj ().
k=1

Thus the finite system po, pi,..., ps—1 forms a set of orthogonal polynomials on
the finite set {x,...,x,} of the n zeros of p, with respect to the weights A and
with quadratic norms /;. All information about this system is already contained in
the finite system of recurrence relations

xpj(x) =a;jpj+1(x) +bjpj(x)+c;pj-1(x) (G =01,....n—-1)

witha;cj11 > 0(j = 0,1,...,n — 2). In particular, the A; are obtained up to a
constant factor by solving the system

Z/\kpj(xk) =0 (j=1,....n—1).
k=1
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6 Askey Scheme

As an example of a finite system of orthogonal polynomials as described at the

end of the previous section, consider orthogonal polynomials py, pi, ..., py on the
zeros 0, 1, ..., N of the polynomial py4+;(x) := x(x —1)...(x — N) with respect
to nice explicit weights w, (x =0, 1,..., N) like:

« wy == (1)p*(1 = p)"* (0 < p < 1). Then the p, are the Krawtchouk
polynomials

K,(x:p.N) := 2F1( ri ) Z ((ni\k/gk;{?k plk.

1 y—
* wy = @+ Dy B+ Dy (¢, > —1). Then the p, are the Hahn
x! (N — x)!

polynomials

—-n,n+aoa+p+1,—x
O,(x;a,B,N) = 3F2( p ;1).

a+1,—N

Hahn polynomials are discrete versions of Jacobi polynomials:
—n,n+a+pB+1,—Nx

Nx;o, B, N) =3 F 01
On(Nx;a, B, N) 32( o+1.—-N )

—n,n+a+p+1
2F1(

o+ 1 ;x) = const. P,,(“’ﬂ)(l —2x)

and

NTUY T QuNxa, B, N)Qu(Nxs, B, N ) we —

x€{0.4.%....1}
1
const. / PP (1 —2x) PP (1 —2x) x*(1 — x)? dx.
0

Jacobi and Krawtchouk polynomials are different ways of looking at the matrix
elements of the irreducible representations of SU(2), see [16]. The 3; coefficients
or Clebsch-Gordan coefficients for SU(2) can be expressed as Hahn polynomials,
see for instance [15].

While we saw that the Jacobi, Laguerre and Hermite polynomials are eigenfunc-
tions of a second order differential operator,

A(X)py (x) + B(x) p,, (x) + C(x) pu(x) = Anpu(x), (28)
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the Hahn and Krawtchouk polynomials are examples of orthogonal polynomials p,
on {0, 1, ..., N} which are eigenfunctions of a second order difference operator,

A(X) pu(x = 1) + B(x) pu(x) + C(xX) pu(x + 1) = Ay pu(x). (29)

If we also allow orthogonal polynomials on the infinite set {0, 1,2, ...} then
Meixner polynomials M, (x; B, ¢) and Charlier polynomials C,(x; a) appear. Here

My (x; B, c) = ZFI(_H’_X;l— l), Wy = @cx
p ¢ x!

Co(x:a) = 2Fy(—n,—x;;—a™), wy:=a*/x!.

’

If we also include orthogonal polynomials which are eigenfunctions of a second
order operator as follows,

A)pn(x +10) + Bx) pa(x) + C(x) pu(x — 1) = Ay pa(x), (30)

then we have collected all families of orthogonal polynomials which belong to the
Hahn class.
Similarly, with an eigenvalue equation of the form

A)pa(g(x + 1) + B(x) pa(q(x)) + C(x) pulg(x = 1)) = A pu(q(x)), (31

where ¢ is a fixed polynomial of second degree, we obtain the orthogonal poly-
nomials on a quadratic lattice. All orthogonal polynomials satisfying an equation
of the form (28)—(31) have been classified. There are only 13 families, depending
on at most four parameters, and all expressible as hypergeometric functions, 4 F3 in
the most complicated case. They can be arranged hierarchically according to limit
transitions denoted by arrows. This is the famous Askey scheme, see for instance
[17, Fig. 1].

7 The g-Case

On top of the Askey-scheme is lying the g-Askey scheme [12, beginning of
Chap. 14], from which there are also arrows to the Askey scheme as ¢ — 1. We take
always 0 < g < 1 andlet ¢ 1 1 for the limit to the classical case. Some typical
examples of g-analogues of classical concepts are (see Gasper and Rahman [9]):

1 _qa
* g-number: [a], := T .,
l—gq
n—1 ( a. )
¢ g-shifted factorial: (a;q), = l—[(l - aqk) (also for n = 00), (il 74)1; =
—q
k=0

(@)k.
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* g-hypergeometric series:

s+1¢>s(a1"”’as+l;q,z) = i (ali.q)k...(as+.1§4)k -zk ,
blv-..ybs k=0 (th)k...(bs,q)k (q’q)k

qalv--'vqa‘\'-i_l al,...,ds41
s+1Ps b b 42 s+1Fy 32 -
qbr, ..., qb bi,..., by

o g-derivative: (Dy f)(x) := DAC A0} = f'(x).
(1—g)x

1 ) 1
. q-integral:/o fx)dyx :=(1 —q)Zf(qk)qk —>/O f(x)dx.
k=0

The g-case allows more symmetry which may be broken when taking limits for
q to 1. In the elliptic case [9, Chap. 11] lying above the g-case there is even more
symmetry.

On the highest level in the g-Askey scheme are the Askey-Wilson polynomials
[3]. They are given by

(ab; q)n(ac; q)n(ad; q)n
an

—n ,n—l i6 —if6
q~",q" 'abcd, ae'’, ae
x 4¢3( ab, ac, ad ;q’q) ’

pulcosBia,b,c.d | q) :=

and they are symmetric in the parameters a, b, ¢, d. For suitable restrictions on
the parameters they are orthogonal with respect to an explicit weight function on
(—1,1). Inthe special case a = —¢c = ,3% b=-d= (q,B)% we get the continuous
q-ultraspherical polynomials [12, §14.10.1]. They satisty the orthogonality relation

2

/”cm(cose;mq)cn(cose;ﬁ|q>'((em;q)” d6=0  (m+#n).
0

Be??: q) oo

and they have the generating function

(Be'’t; q) oo
(e’%:¢)oo

2 0o
= ch(X;,B | q)[n.
n=0

For ¢ 1 1 they tend to ultraspherical (or Gegenbauer) polynomials: C, (x; ¢* | ¢) —
C/(x). The Gegenbauer polynomials have the generating function

o0
(I=2xt+ ) =) Clxn".
n=0
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8 Some Deeper Properties of General Orthogonal
Polynomials

8.1 True Interval of Orthogonality

Consider a system of orthogonal polynomials { p, }. Let p, have zeros x,, | < x,2 <
... < Xpy,.Then

Xij > Xit1i > ... > Xpi L& > —00,
(32)
Xj1 <Xj412 <... < Xpn—j+1 T n; = oo.

The closure [ of the interval (£1, 1) is called the true interval of orthogonality of
the system { p, }. It has the following properties (see [21, p. 112]).

1. [ is the smallest closed interval containing all zeros x,, ;.

2. There is an orthogonality measure p for the p,(x) such that / is the smallest
closed interval containing the support of L.

3. If p is any orthogonality measure for the p,(x) and J is a closed interval
containing the support of  then I C J.

8.2 Criteria for Bounded Support of Orthogonality Measure

Recall the three-term recurrence relation (5) for a system of monic orthogonal
polynomials {p,}. Let &, n, be as in (32). The following theorem gives criteria for
the support of an orthogonality measure in terms of the behaviour of the coefficients
b,,c, in (5) asn — oo.

Theorem 5.

1. ([5, p. 109]) If {b,} is bounded and {c, } is unbounded then (&, 1) = (—00, 00).
2. ([5, Theorem 2.2]) If {b,} and {c,} are bounded then [£, n1] is bounded.

3. ([5, Theorem 4.5 and p. 121]) If b, — b and c¢,, — ¢ (b, ¢ finite) then supp(i) is

bounded with at most countably many points outside [b — 2./c,b + 2./c], and
b + 2./c are limit points of supp(i1).

Example 2. Monic Jacobi polynomials p,(,a’ﬂ ) (x):
132 _ az
= —
Cn+a+pB2n+a+p+2)

_ dn(n + a)(n + f)(n + o + B)
S @nta+B-D2n+a+B)l2nta+B+1)

n >

Cn —

1
1

Hence [b —2/c,b + 2/c] = [-1,1].
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8.3 Criteria for Uniqueness of Orthogonality Measure

Put

p@ = (LIneP) " ceco.

n=0

Then 0 < p(z) < oo. Note that p(z) = 0 iff Y oo |pa(z)|?* diverges and that
p(z) > 0iff Y02 | pu(z)|? converges.

Theorem 6. ([21, pp. 49-51]) The orthogonality measure is not unique iff p(z) > 0
for all z € C. Equivalently, the orthogonality measure is unique iff p(z) = 0 for
some z € C.

In the case of a unique orthogonality measure |, we have p(z) = 0 for z € C\R
and p(x) = w({x}) (the mass at x) for x € R, which implies that p(x) # 0 iff x is
a mass point of L.

In case of non-uniqueness, for each x € R the largest possible mass of a measure
W at x is p(x) and there is a measure realizing this mass at x.

Recall the moments p, := (x",1) = [px"du(x), which are uniquely
determined (up to a constant factor) by the system {p,}, and also recall the three-
term recurrence relation (4) for a system of orthonormal polynomials { p,, }.

Theorem 7 (Carleman). ([21, Theorem 1.10 and pp. 47, 59]) There is a unique
orthogonallty measure for the p, if one of the following two conditions is satisfied.

M) Y my, " =00 D) Za = o0,
n=1

Example 3 (Hermite).

o0
_ 2n —x? _ 1
Mzn—/ x"e™ dx=1T(n+3) and

—0o0

log I'(n + %) =nlog(n + %) 4+ O(n) asn — oo,
s0 1y~ (0 + 173 Hence Y02, 15/ = oo, i.e., the orthogonality
measure for the Hermite polynomials is unique.

Example 4 (Laguerre). Monic Laguerre polynomials p, satisfy

xpn(X) = put1(x) + 2n +a + Dpa(x) +n(n + @) pp—i (x).

oo

. 1 . L
Since Z W = 00, the orthogonality measure is unique. Also note that
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LE0)Y?  T'(n+a+1)
h T+ O+ "

o

Since Y 02 n* = oo (¢ > —1) we conclude once more that the orthogonality
measure is unique.

Example 5 (Stieltjes-Wigert). Consider the moments p, given by the right-hand
side of (7). Then

o

[ele)
—1/@2n) _

dony =

n=1 n

Since the corresponding moment problem is undetermined, the above inequality
agrees with Theorem 7(i). Furthermore, from [12, (14.27.4)] with ¢ = e~ we see
that the corresponding orthonormal polynomials p,(x) = const. S, (q%x; q) with
q= ¢~ have aﬁ_l =e2"(1— e_%"), by which }"°2 , a;! < oo, in agreement with
Theorem 7(i1).

_1
e 20D < o,
|

8.4 Orthogonal Polynomials and Continued Fractions

Let monic orthogonal polynomials p, be recursively defined by

po(x) =1, pi(x) = x — b,
xpn(x) = pn+1(x) + bnpn(x) + Cnpn—l(x)(n >1, ¢, >0).

Then define monic orthogonal polynomials p,(,l) by

1
P =1, P ) =x—b,

xpV ) = () 4 a1 PV () + i p () (0 = 1),

They are called first associated orthogonal polynomials or numerator polynomials.
Define

1

C )
X — b() - —V—bl—l [

F](X) = x_;

bo s Fz(x) =

T b=

x—b1

x—by

Cn

and recursively obtain F,4;(x) from F,(x) by replacing b,—; by b,—1 + b
X —
This is a continued fraction, which can be notated as !
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[ |cn—1
z2—bo—| z—by —| 2=bpo—| z2—by1

F.(2) =

Theorem 8 (essentially due to Stieltjes). ([5, Chap. 3, §4])
B2 g )= L[ 20200 g
n( ) Mo JR y—-x

Theorem 9 (Markov). ([5, Chap.3, (4.8)]) Suppose that there is a (unique)
orthogonality measure [ of bounded support for the p,. Let [£1,n1] be the true
interval of orthogonality. Then

hm F.(z) = p / " ci,u_(x)

uniformly on compact subsets of C\[£1, n1].

8.5 Measures in Case of Non-uniqueness

Take p, and p,(ql) orthonormal:

po(x) =1, pi(x) = (x — bo)/ap.

XPpa(X) = ay pur1 (X) + by pa(X) + @po1 paoi (¥) (0 2 1),
P’ ) =1 p’(x)=(x—bi)/a.

xpV(x) = a1 pL () + bar pV () + anp () (= 1),

where a, > 0. Let uo = 1, wi, U2, ... be the moments for the p,. Suppose that
the orthogonality measure for the p, is not unique. Then the possible orthogonality
measures are precisely the positive measures @ solving the moment problem (6).
The set of these solutions is convex and weakly compact.

We will need the following entire analytic functions.

A@) =z)_pP0) pP(). B():= —1+z2p 1(0) pa(2).

n=0

C(z) =1 +zzpn(0>p<” @. D@ =2z pa0) pa(2).

n=1 n=0

By a Pick function we mean a holomorphic function ¢ mapping the open upper half
plane into the closed upper half plane. Let P denote the set of all Pick functions.
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In the theorem below we will associate with a Pick function ¢ a certain measure
te- There i, for t € R will mean the measure 14 with ¢ the constant Pick function
Z +> 1, and oo Will mean the measure s with ¢ the constant function z — oo
(not a Pick function).

Theorem 10 (Nevanlinna, M. Riesz). ([21, Theorem 2.12]) Suppose the moment
problem (6) is undetermined. The identity

/dﬂq;(t) _ AR¢GE) - Ck)
R

t—z B¢k —D()

gives a one-to-one correspondence ¢ — gy between P U {oo} and the set of
measures solving the moment problem (6).

Furthermore the measures j1; (t € RU {oo}) are precisely the extremal elements
of the convex set, and also precisely the measures [ solving (6) for which the
polynomials are dense in L*(i). All measures i, are discrete. The mass points
of |u; are the zeros of the entire functiontB — D (or of B if t = 00).

(32> 0)

Example 6 (Stieltjes-Wigert). The measure which gives in (8) a solution for the
moment problem associated with special Stieltjes-Wigert polynomials, has a support
which is almost discrete, but not completely, since 0 is a limit point of the support.
Therefore (see the above theorem) this measure cannot be extremal. As observed
by Christiansen at the end of [6], finding explicit extremal measures for this case
seems to be completely out of reach. Since the measure in (8) is not extremal,
the polynomials will not be dense in the corresponding L? space. Christiansen and
Koelink [7, Theorem 3.5] give an explicit orthogonal system in this > space which
complements the orthogonal system of Stieltjes-Wigert polynomials to a complete
orthogonal system.

9 Orthogonal Polynomials in Connection
with Computer Algebra

Undoubtedly, computer algebra is nowadays a powerful tool which many
mathematicians and physicists use in daily practice for their research, often using
wide spectrum computer algebra programs like Mathematica or Maple, to which
further specialized packages are possibly added. This is certainly also the case
for research in orthogonal polynomials, in particular when it concerns special
families. Jacobi, Laguerre and Hermite polynomials can be immediately called in
Mathematica and Maple, while other polynomials in the (g-)Askey scheme can be
defined by their (¢-)hypergeometric series interpretation. Even more general special
orthogonal polynomials can be generated by their three-term recurrence relation.
Typical kinds of computations being done are:

1. Checking a symbolic computation on computer which was first done by hand.
2. Doing a symbolic computation first on computer and then find a hopefully
elegant derivation which can be written up.
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3. Doing a symbolic computation on computer and then write in the paper
something like: “By using Mathematica we found . ..”.

4. Checking general theorems, with (hopefully correct) proofs available, for special
examples by computer algebra.

5. Formulating general conjectures in interaction with output of symbolic compu-
tation for special examples.

6. Trying to find a simple evaluation of a parameter dependent expression by
extrapolating from outputs for special cases of the parameters.

7. Building large collections of formulas, to be made available on the internet,
which are fully derived by computer algebra, and which can be made adaptive
for the user.

8. Applying full force computer algebra, often using special purpose programs,
for obtaining massive output which is a priori hopeless to get by hand or to be
rewritten into an elegant expression.

While item 8 is common practice in high energy physics, I have little to say about
this from my own experience. Concerning item 3 there may be a danger that we
become lazy, and no longer look for an elegant analytic proof when the result was
already obtained by computer algebra. In particular, many formulas for terminating
hypergeometric series can be derived much quicker when we recognize them as
orthogonal polynomials and use some orthogonality argument.

As an example of item 1, part of the formulas in the NIST handbook [18] was
indeed checked by computer algebra. Concerning item 7, it is certainly a challenge
for computer algebraists how much of a formula database for special functions
can be produced purely by computer algebra. Current examples are CAOP [4]
(maintained by Wolfram Koepf, Kassel) and DDMF [8] (maintained by Frédéric
Chyzak et al. at INRIA).

The most spectacular success of computer algebra for special functions has been
the Zeilberger algorithm, now already more than 20 years old. It is treated in several
books: Petkovsek et al. [19], Koepf [13], and Kauers and Paule [11]. In particular,
[13] contains quite a lot of examples of application of this algorithm to special
orthogonal polynomials, including the discrete and the g-case.

Various applications of computer algebra to special orthogonal polynomials can
be found in other chapters of the present volume.

A very desirable application of computer algebra would be to recognize from a
given three-term recurrence relation with explicit, possibly still parameter dependent
coefficients, whether it comes from a system of orthogonal polynomials in the
(g-)Askey scheme, and if so, which system precisely. A very heuristic algorithm was
implemented in the procedure Rec2ortho [20] (started by Swarttouw and maintained
by the author). It is only up to the level of 2 parameters in the Askey scheme. On the
other hand Koepf and Schmersau [14] give an algorithm how to go back and forth
between an explicit eigenvalue equation (28) or (29) and a corresponding three-term
recurrence relation with explicit coefficients.
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Creative Telescoping for Holonomic Functions

Christoph Koutschan

Abstract The aim of this article is twofold: on the one hand it is intended to serve
as a gentle introduction to the topic of creative telescoping, from a practical point of
view; for this purpose its application to several problems is exemplified. On the other
hand, this chapter has the flavour of a survey article: the developments in this area
during the last two decades are sketched and a selection of references is compiled
in order to highlight the impact of creative telescoping in numerous contexts.

1 Introduction

The method of creative telescoping is a widely used paradigm in computer algebra,
in order to treat symbolic sums and integrals in an algorithmic way. Its modus
operandi is to derive, from an implicit description of the summand resp. integrand,
e.g., in terms of recurrences or differential equations, an implicit description for the
sum resp. integral. The latter can be used for proving an identity or for finding
a closed form for the expression in question. Algorithms that use this idea are
nowadays implemented in all major computer algebra systems. Meanwhile, they
have been successfully applied to many problems from various areas of mathematics
and physics, see Sect. 7 for a selection of such applications.

The key idea of creative telescoping is rather simple and works for summation
problems as well as for inte%rals. For example, consider the problem of evaluating a
sum of the form F(n) = ) ,_, f(k,n)fora,b € Z and some bivariate sequence f.
If one succeeds to find another bivariate sequence g and univariate sequences ¢
and ¢ such that the equation
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ci(n) f(k,n +1) 4 co(n) f(k.n) = gk +1,n) — g(k.n) ey

holds, then a recurrence for the sum F is obtained by summing (1) with respect to k
from a to b, and then telescoping the right-hand side:

ci(m)F@n+ 1)+ co(m)F(n) = g(b + 1.n) — g(a.n).

For this reasoning to be nontrivial, one stipulates that the sequence g is given as
a closed-form expression in terms of the input (this will be made precise later).
Note that on the left-hand side of (1) one can have a longer linear combination
of f(k,n),..., f(k,n + d), giving rise to a higher-order recurrence for F. This
procedure works similarly for integrals, see Sect. 4 for a detailed exposition. In order
to guarantee that a creative telescoping equation, like (1), exists, one requires that
the summand f satisfies sufficiently many equations. This requirement leads to the
concepts of holonomic functions and 0-finite functions; they will be introduced in
Sect. 3.

The class of holonomic functions is quite rich and thus the method of creative
telescoping applies to a wide variety of summation and integration problems. Just
to give the reader an impression of this diversity, we list a random selection
of identities that can be proven by the methods described in this article (where
Pn(a’b) (x) denotes the Jacobi polynomials, L% (x) the Laguerre polynomials, J, (x)
the Bessel function of the first kind, H, (x) the Hermite polynomials, C,fk) (x) the
Gegenbauer polynomials, I"(n) the Gamma function, and y, (x) the spherical Bessel
function of the second kind):
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Further examples are discussed in Sect. 6 where we also demonstrate the usage of
our Mathematica package HolonomicFunctions:

In[1]:= << HolonomicFunctions.m

HolonomicFunctions package by Christoph Koutschan, RISC-Linz,
Version 1.6 (12.04.2012)

For further reading, we recommend the following textbooks: the classic source
for hypergeometric summation is the wonderful book [80], although Zeilberger’s
algorithm made it already into the second edition of Concrete Mathematics [45],
as well as into its recent “algorithmic supplement” [52]. A book that is completely
dedicated to hypergeometric summation is [57]. We also would like to point the
reader to the excellent survey articles [24,33,59, 77, 100] and to the theses [32,61]
for more detailed introductions to the topic of creative telescoping in the context of
holonomic functions.

2 History and Developments

The notion creative telescoping was first coined by van der Poorten in his essay [92]
on Apéry’s proof of the irrationality of ¢ (3). But certainly, the underlying principle
was known and used long before as an ad hoc trick to tackle sums and integrals.
The most famous example is the practice of differentiating under the integral
sign, that was made popular by Feynman in his enjoyable book “Surely You’re
Joking, Mr. Feynman!” [40], see also [4]. It was Zeilberger who equipped creative
telescoping with a concrete well-defined meaning and connected it to an algorithmic
method [99].

The seminal paper that initiated all the developments presented here is Zeil-
berger’s 1990 holonomic systems approach paper [98]. It sketches an algorithmic
proof theory for identities among a large class of elementary and special functions,
involving summation quantifiers and integrals. The main theorems are based on
the theory of D-modules [13, 38], as well as the creative telescoping algorithm
which uses a general, but inefficient, elimination procedure. Therefore, it was
not really suited to be applied to real problems, except from some toy examples,
and was later called “the slow algorithm™ by Zeilberger, see Sect.5.1. But very
quickly, one realized the big potential that lied in these ideas. Takayama designed
a method that is still based on elimination, but in a more sophisticated way using
modules [90], see Sect.5.2. In the same year—we’re still in 1990—more efficient
creative telescoping algorithms for special cases were formulated: Zeilberger’s
celebrated “fast algorithm” for hypergeometric single sums [97] and its differential
analogue, the Almkvist-Zeilberger algorithm for the integration of hyperexponential
functions [4]. The theory on which these two algorithms are built was developed by
Wilf and Zeilberger [94] and was named WZ theory after its inventors, who were
awarded the Leroy P. Steele Prize in 1998 for this seminal work.
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In the following years the main focus of research in this field concentrated
on hypergeometric summation. Certain extensions [55] and optimizations [84] of
Zeilberger’s algorithm and its g-analogue [75] were published. The problem of
dealing with multiple sums was studied in more detail [10, 29, 93], also for g-
hypergeometric terms [85]. Based on estimates on the order of the output recurrence
and the largest integer root of its leading coefficient, Yen derived an a priori bound
for the number of instances one has to check in order to get a rigorous proof of a (¢-)
hypergeometric summation identity [95,96]; although these bounds are too large for
real applications, this in principle allows to prove such identities by just verifying
them on a finite set of special cases, without executing Zeilberger’s algorithm
explicitly. This bound was later improved drastically in [47]. Sharp bounds for
the order of the telescoper that is computed by Zeilberger’s algorithm and its g-
analogue were derived in [72]. Abramov considered the question for which inputs
the algorithm succeeds [2, 3].

In the late 1990s a return to the original ideas of Zeilberger started, namely
to consider general holonomic functions instead of only (g-) hypergeomet-
ric/hyperexponential expressions. This development was initiated by Chyzak and
Salvy [32, 35] and culminated in a generalization of Zeilberger’s algorithm to
holonomic functions [34] that is now known as Chyzak’s algorithm, see Sect.5.3.
This work was picked up in [61] where several nontrivial applications of creative
telescoping were presented. A fast but heuristic approach to the computation of
creative telescoping relations for general holonomic functions was then given
in [63], see Sect.5.4.

During the last few years, a new interest in creative telescoping algorithms
arose. The main motivation was to understand the complexity of such algorithms, a
question that had been neglected during the two preceding decades. This research
finally also led to new algorithmic ideas. A first attempt to study the complexity
of creative telescoping was made in [18], but this investigation was restricted to
bivariate rational functions as inputs. The problem of predicting the order and
the degree of the coefficients of the output was largely solved in [27] for the
hyperexponential case and in [26] for the hypergeometric case. Both articles also
discuss the trading of order for degree, i.e., the option of computing an equation
with lower coefficient degree at the cost of a larger order and vice versa; this
trade-off can be used to reduce the complexity of the algorithms. The question
of existence criteria for creative telescoping relations for mixed hypergeometric
terms was answered in [30]. Concerning new creative telescoping algorithms, the
use of residues for the computation of telescopers has been investigated in [28] for
rational functions and in [31] for algebraic functions. Further innovations include
an algorithm for hyperexponential functions based on Hermite reduction [21] and a
new algorithm for rational functions [22] using the Griffiths-Dwork method.

Since our focus is on creative telescoping for holonomic functions, we mention
only briefly some other settings in which this method can be realized. The first
algorithm for a class of non-holonomic sequences was given in [71], where Abel-
type sums were considered. An algorithm for summation of expressions involving
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Stirling numbers and similar non-holonomic bivariate sequences was invented
in [50]. Closure properties and creative telescoping for general non-holonomic
functions were presented in [36]. In the setting of difference fields, Schneider
developed a sophisticated symbolic summation theory [86] whose core again is
creative telescoping. For more information on this topic we refer to the chapter [87]
in this volume. Similarly, see [82] for creative telescoping in differential fields.

We have already mentioned that algorithms based on creative telescoping are
part of many computer algebra systems. For example, Zeilberger’s fast algo-
rithm [97] for hypergeometric summation has been implemented in Maple [59,
80], shortly after its invention. In current Maple versions it is available by
the command SumTools[Hypergeometric][Zeilberger]. Other implementations of
Zeilberger’s algorithm are in Mathematica [76], in Reduce [56], and in Mac-
syma [25]. Its differential analogue, the Almkvist-Zeilberger algorithm [4], can be
called by DEtools[Zeilberger] in Maple. For the g-analogue, Zeilberger’s algorithm
for g-hypergeometric summation, there exist implementations in Mathematica [75,
83] and in Maple [16], see also the command QDifferenceEquations[Zeilberger]
there. Packages for multiple sums have been written in Mathematica, namely
MultiSum [93] for hypergeometric summands and its g-version qMultiSum [85]
for g-hypergeometric multi-sums. Multiple integrals can be treated with the Maple
package MultInt [91]. Finally, there are two software packages for creative tele-
scoping of general holonomic functions, which are not restricted to (g-) hyperge-
ometric/hyperexponential inputs, i.e., expressions satisfying first-order equations:
Mgfun [32] for Maple and HolonomicFunctions [64] for Mathematica.

3 Holonomic and d-Finite Functions

In order to state, in an algebraic language, the concepts that are introduced in this
section, and for writing mixed difference-differential equations in a concise way,
the following operator notation is employed: let D, denote the partial derivative
operator with respect to x (x is then called a continuous variable) and S,, the forward
shift operator with respect to n (n is then called a discrete variable); they act on a
function f by

af
Dxfz5 and S, f = f|, 41

They allow us to write linear homogeneous difference-differential equations in
terms of operators, e.g.,

d ad
af(k,n—i—l,x,y)—i—n@f(k,n,x,y)+xf(k+l,n,x,y)—f(k,n,x,y) =0
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turns into
(DxSy +nDy + xS — 1) f(k.n,x,y) =0,

in other words, such equations are represented by polynomials in the operator
symbols Dy, §,, etc., with coefficients in some field [F which we assume to be
of characteristic 0. Note that the polynomial ring F(D,, S, ...) is not necessarily
commutative, a fact that is indicated by the angle brackets. Its multiplication is
subject to the rules

D.-a(x)=a(x)-Dy+d(x) and S,-a(n)=a@m+1)-8,.

Typically, IF is a rational function field in the variables x, n, etc. over Q or over some
other field K. Such non-commutative rings of operators were introduced in [73]
and are called Ore algebras. We use the symbol d to denote an arbitrary operator
symbol from an Ore algebra, so that d,, may stand for S,, or D,,, for example. Thus,
a generic Ore algebra can be written as O = F(d,) with, e.g., ' = Q(w), where
w=wp,...,wgand d,, = 0,,,,...,0dy,. We define the annihilator (w.r.t. some Ore
algebra ©) of a function f:

Amng (f) :={P € O | P(f) = 0}.

It can easily be seen that Annp(f) is a left ideal in O. Every left ideal / <
Anng (f) is called an annihilating ideal for f . In the holonomic systems approach,
functions are represented by annihilating ideals (plus initial values) as a data
structure. When working with left ideals, we use left Grobner bases [23,49] which
are an important tool for executing certain operations algorithmically (e.g., for
deciding the ideal membership problem).

Definition 1. Let O = IF(d,,) be an Ore algebra. A function f is called d-finite
or D-finite w.r.t. O if O/ Annp(f) is a finite-dimensional F-vector space. Its
dimension is called the rank of f w.r.t. O.

Example 1. Consider the family of Laguerre polynomials L%(x) as an example
of a d-finite function w.rt. O = Q(n,a,x)(S,, Ss, Dy). The left ideal I =
Annp (L%(x)) is generated by the following three operators that can be easily
obtained with the HolonomicFunctions package:

in2:= Annihilator[LaguerreL[n, a, x], {S[~], S[a], Der[x]}]
outel= {S,+Dx—1,(n+1)S,—xDy+(—a—n+x—1), xDjzc +(a—x+1)D,+n}

These operators represent well-known identities for Laguerre polynomials. More-
over, they are a left Grobner basis of I with respect to the degree-lexicographic
order. Thus, from the leading monomials S,, S,, and Dﬁ, one can easily read off
that the dimension of the Q(n, a, x)-vector space O/ is two, in other words: L¢ (x)
is d-finite w.r.t. © of rank 2.
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Without proof we state the following theorem about closure properties of 0-finite
functions; its proof can be found in [61, Chap. 2.3]. We remark that all of them are
algorithmically executable, and the algorithms work with the above mentioned data
structure.

Theorem 1. Let © be an Ore algebra and let f and g be d-finite w.r.t. O of rank r
and s, respectively. Then

(a) f + g is 0-finite of rank <r + s.

(b) f -gis0-finite of rank <r -s.

(c) Pf is 0-finite of rank < r for any P € O.

(d) flxsa(x.y..)is O-finite of rank < r-d ifx,y, ... are continuous variables and
if A satisfies a polynomial equation of degree d.

(e) flnsaumn..) is 0-finite of rank < r if A is an integer-linear expression in the
discrete variablesm,n, . . ..

If we want to consider integration and summation problems, then the function in
question needs to be holonomic, a concept that is closely related to d-finiteness. The
precise definition is a bit technical and therefore skipped here; the interested reader
can find it, e.g., in [38,61,98]. The closure properties for d-finite functions are also
valid for holonomic functions. Additionally, the following theorem establishes the
closure of holonomic functions with respect to sums and integrals; for its proof, we
once again refer to [61, 98].

Theorem 2. Let the function f be holonomic w.rt. Dy (resp. S,). Then also
b b . .
[, f dx (resp. ", _, f)is holonomic.

All holonomic functions that appear in this chapter are also d-finite and vice
versa; therefore we will not continue to care about this subtle distinction, but only
talk about holonomic functions from now on. A more elaborate introduction to
holonomic and d-finite functions is given in the chapter [51] of this book.

4 Creative Telescoping for Holonomic Functions

In order to treat a sum of the form F(w) = qu f (k,w) with creative telescoping,
one has to find an operator P which annihilates f, i.e., Pf = 0, and which is of
the form

P=Tw,0,)+ (Sk—1)-C(k,w, Sk, dy) 2)

where 9,, stands for some operators that act on the variables w = wy,...,w;. The
operator T is called the telescoper, and we will refer to C as the certificate or delta
part. Written as an equation, (2) turns into =7 f(k,w) = gk + L,w) — g(k,w)
with g(k,w) = Cf(k,w), compare also with (1). With such an operator P we can
immediately derive a relation for F(w):
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b
0= Plk.w.Sk.0u)f(k.w)

k=a

b b
=D Tw.3u)f(kw) + D ((Sk = DCk,w. S dw)) £ (k. w)

k=a k=a
b k=b+1
= T80 Y fkow) + [Clw, Sk, 80 fkow)] 3
k=a
—_— inhomogeneous part
F(w)

If the inhomogeneous part evaluates to zero then 7T is an annihilating operator for
the sum, otherwise we get an inhomogeneous relation. In the latter case, one can
homogenize it by multiplying an annihilating operator for the inhomogeneous part
to T from the left. Note that in general, the summation bounds @ and b may depend
on w in which case some correction terms need to be added which are created when
the operator 7 is pulled in front of the sum.

In terms of closure properties for holonomic functions, see Theorem 2, this
reads as follows: the summand f(k,w) is given by an annihilating ideal and the
operator P must be a member of this ideal. The goal is to compute an annihilating
ideal for the function F(w) that is sufficiently large (to testify its holonomicity).
We have seen that every operator P with the above properties yields an annihilating
operator for F, so one continues to compute such creative telescoping operators
until the left ideal generated by them is large enough.

Multiple sums can be done by iteratively applying the above procedure. Alterna-
tively, one can use creative telescoping operators of the form

Tw,0y) + (S, — 1) - Cr(k,w, Sk, 9y) + -+ (Sk; — 1) - Ci(k,w, Sk, 30) (4)

where k = ki, ..., k; are the summation variables.
Similarly one derives annihilating operators for an integral I(w) =

fab f(x,w)dx. In this case we look for creative telescoping operators that
annihilate f and that are of the form

P=Tw,dy)+ Dy-C(x,w,D,,0dy). (&)

Again, it is straightforward to deduce a relation for the integral
b
0= / P(x,w,D,,0y) f(x,w)dx
a
b b
= / T(w,dy) f(x,w)dx + / (DxC(x,w, Dy, dy)) f(x,w)dx

b x=b
= T(w, aw)/ f(x,w)dx + [C(x,w, Dx,aw)f(x,w)] _ (6)

e ——
I(w) inhomogeneous part
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which may be homogeneous or inhomogeneous, as before. Analogously to the sum-
mation case, multiple integrals can be treated iteratively or by creative telescoping
operators of the form

T(W, aw) + Dxl ) Cl(wiv va aw) +- -+ DXj 'Cj(x,w,Dx,aw). (7)

where now x = xi, ..., x; are the integration variables.

In practice it happens very often that the inhomogeneous part vanishes. The
reason for that is because many sums and integrals run over natural boundaries.
This concept is often used, e.g., in Takayama’s algorithm, to argue a priori that there
will be no inhomogeneous parts after telescoping. For that purpose, we define that

qu f resp. fa b f dx has natural boundaries if for any arbitrary operator P € O

for a suitable Ore algebra O the expression [P f ]IZ:ZH resp. [Pf ]:Z evaluates

to zero. Typical examples for natural boundaries are sums with finite support, or
integrals over the whole real line that involve something like exp(—x?). Likewise
contour integrals along a closed path do have natural boundaries.

5 Algorithms for Computing Creative Telescoping Relations

In this section some algorithms for computing creative telescoping relations are
described briefly; for a detailed exposition see [61]. We focus on algorithms
that are applicable to general holonomic functions and omit those which are
designed for special cases of holonomic functions—Ilike rational, hypergeometric,
or hyperexponential functions—and refer to Sect. 2 and the references given there.
In the following, the summation and integration variables are denoted by v =
vf,...,v; whereas w = wp,...,wg are the surviving parameters. So the most
general case to consider is a holonomic function f(v,w) which has to be summed
and integrated several times, thus some of the v may be discrete variables and the
others continuous ones. The task is to find operators in the (given) annihilating ideal
of f which can be written in the form

T(wv aw) + Avl * Cl(vs w, al)s 3w) + A + Avj * C/ (')7 w, avs 3w) (8)

where A, = S, — 1 if v is a discrete variable and A, = D, if v is a continuous
variable; compare also with (4) and (7).

5.1 Zeilberger’s Slow Algorithm

In [98] Zeilberger suggested to approach holonomic sums or integrals by finding
operators whose coefficients are completely free of the summation and integration
variables v. Once such an operator is found, it is immediate to rewrite it into the
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form (8) using division with remainder, since the corresponding operators d, now
commute with all remaining variables w and with all other operators d,,. The theory
of holonomic D-modules answers the question whether this elimination is possible
at all in an affirmative way. The same argument justifies the termination of all other
algorithms described in this section. Operators that are free of some variables can
be found, e.g., by a Grébner basis computation in K(w)[v](d,, d,,) or by ansatz and
coefficient comparison. In any case, this algorithm searches for creative telescoping
operators that are not as general as possible—also the certificates are free of v in
contrast to what is indicated in (8)—and therefore is very slow in practice and often
does not find the minimal telescoper.

5.2 Takayama’s Algorithm

In order to avoid the overhead that results in a complete elimination of the v,
Takayama came up with an algorithm that he termed an “infinite dimensional analog
of Grobner basis” [90]. He formulated it only in the differential setting and in
a quite theoretical fashion. Chyzak and Salvy [35] later presented optimizations
that are relevant in practice and extended it to the more general setting of Ore
operators. Compared to Zeilberger’s slow algorithm, Takayama’s algorithm is faster
and delivers better results, i.e., larger annihilating ideals.

The idea in a nutshell is the following: while in Zeilberger’s slow algorithm
first the v were eliminated and then the certificates were divided out, the order
is now reversed. In Takayama’s algorithm one first reduces modulo the right
ideals 9, O, ..., 0y ; O and then performs the elimination of the v. The consequence
is that the certificates Cy, ..., C; are not computed at all because everything that
would contribute to them is thrown away in the first step. Hence one has to assume
a priori that the inhomogeneous parts vanish, e.g., in the case of natural boundaries.

There is one technical complication in this approach: one starts with a left ideal
and then divides out some right ideals. After that there is no ideal structure any
more and therefore, one is not allowed to multiply by either of the variables v from
the left. In order to solve this problem one enlarges, at the very beginning, the set
of generators of the input annihilating ideal by some of their left multiples by v-
powers and, at the end, computes a Grobner basis w.r.t. to POT ordering (position
over term) in the module that is generated by the power products of v.

5.3 Chyzak’s Algorithm

Chyzak presented his algorithm [34] as an extension of Zeilberger’s algorithm to
general holonomic functions. Like the latter, Chyzak’s algorithm can only find
creative telescoping operators for single sums or single integrals. Hence the goal
is to find operators of the form
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Tw,dy) + Ay - C(v,w,0dy,0y) 9)

in the annihilating ideal / € K(v,w){(d,, d,,) of the summand or integrand f (v, w).
The idea of the algorithm is to make an ansatz with undetermined coefficients for
T and C. Since we may assume that C is in normal form w.r.t. , its ansatz is as
follows:

C(v,w,0y,0y) =c1(v,w)U; + -+ + ¢, (v,w)U, (10)

where Uj,...,U, are the monomials which cannot be reduced by /. Given a
Grobner basis for 7, these are exactly the monomials under its staircase and r is
the rank of f'. The ansatz for T is of the form

T(w,dy) = 11(w)dy' + -+ 1;(w)aP Y

where a; € N¢ for1 < i < s. The ansatz T + A, - C is reduced with the
Grobner basis of I which leads to a system of equations for the unknown rational
functions ¢y, ...,¢,,1,...,t. In the summation (resp. integration) case, this is a
parametrized linear first-order system of difference (resp. differential) equations in
the unknown functions ¢; ..., c, and with parameters ?,...,#,. One has to find
rational function solutions of this system and for the parameters, a problem for
which several algorithms exist. Finally, Chyzak’s algorithm proceeds by increasing
the support of 7" in (11) until the ansatz yields a solution; doing this in a certain
systematic way guarantees that the computed telescopers form a Grobner basis in
K(w)(dy).

5.4 A Heuristic Approach

In [63] a variant of Chyzak’s algorithm was developed that is based on a refined
ansatz for the unknown rational functions ¢y, ..., c,. The motivation comes from
the fact that the bottleneck in Chyzak’s algorithm is to solve the coupled first-order
system. The key observation is that good candidates for the denominators of the c¢;
can be obtained from the leading coefficients of the input Grobner basis. Thus the
ansatz (10) is refined in the following way:

cioW) + ciaW)v + -+ + ci e, (W)V¥
d;(v,w) ’

ci(v,w) = I<ic=<r,

where the d; are explicit polynomials and the e; are degree bounds for the
numerator; both quantities are determined heuristically. In many examples this
approach is faster than Chyzak’s algorithm, but due to its heuristics it may not
always succeed. Note also that this approach can be generalized to multiple sums
and integrals, see Sect. 6.5.
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6 Demonstration of the HolonomicFunctions Package

6.1 Differential Equations for Bivariate Hypergeometric
Functions

The most studied concept in the area of special functions are hypergeometric
functions, whose most prominent representative is the Gauss hypergeometric
function , F;. We consider here the Appell hypergeometric function F; defined by

Fl(Ol,,B,,B/, J/;x,y) _ Z Z x’”y”(ﬁ)m(ﬁ )n(Ol)m+n (12)

mnl(y)m+n

m=0n=0

for |x| < 1 and |y| < 1. Classical mathematical tables like [44] list systems of
differential equations for such functions, e.g., entry 9.181 for the Appell functions.
The nature of this example is that no closed form is desired, but a system of partial
differential equations. These equations are now derived completely automatically
from (12) using Takayama’s algorithm.

The input for Takayama’s algorithm is an annihilating ideal for the summand
which is obtained by the command Annihilator. We need to introduce the shift
operators S,, and S, for the summation variables and the partial derivatives D,
and D, since we are interested in PDEs w.r.t. x and y. The computation of the
annihilating ideal is direct since the summand is hypergeometric in all discrete
variables and hyperexponential in all continuous variables:

In[3]:= ann = Annihilator[Pochhammer[a, m + n] * Pochhammer|[B, m] *
Pochhammer[b, n] / (Pochhammer[y, m + n] * m! % n!) * “m % y~n,
{S[m], S[n], Der[x], Der[y]}]

Out[3]= {yDy —n,xDy —m,
(mn+m+n*+ny+n+y)S,—(bmy+bny +bya+mny+n’y +nya),
(m2+mn+my+m+n+y)Sm—(m2x+mnx+mxa+mx,3—i—nx,B—i—xot,B)}
Next the double summation is performed and a Grobner basis for the left ideal
containing partial differential equations satisfied by the series Fj is computed:
In41:= pde = Takayama[ann, {m, n}]
outl= {(xy*> —xy —y> + y*) D} + (bx* —bx) Dy + (bxy — by’ + xya — xyp +
xy +xB —xy — y’a—y> + yy)D, + (bxa — bya),
(x —y)DyDy —bD, + BD,,
(x> =x*y = x>+ xy)D? + (bxy —by + x’a + x*B + x* —xya — xyp —

xy —xy + yy)Dx + (B — y*B)Dy + (xaf — yap)}
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Observe that the two equations given in [44, 9.181] do not appear in the above result.
To verify that they are nevertheless correct, one has to show that they are members of
the derived annihilating ideal. This is achieved by reducing them with the Grobner
basis and check whether the remainder is zero:

insl:= OreReduce[(x (y — 1))#*(Der[x]Der[y]) + (y(y — 1))%*Der[y]* +
(bx)*xDer[x] + (y(a¢ + b + 1) — y)*xDer[y] + ab, pde]
out[5}= 0
On the other hand, the desired equations can be produced automatically by
observing that the first is free of 8’ and the second does not involve fB. The

command FindRelation finds operators in a given annihilating ideal that satisfy
certain properties, to be specified by options:

inie]:= FindRelation[pde, Eliminate — g]
outlel= {(xy —x)D,D, + (»? - y)Di +bxDy + (by + ya+y—y)D, + ba}

This is precisely the form in which the first partial differential equation appears
in [44] and an analogous computation yields the second one.

6.2 An Integral Involving Chebyshev Polynomials

It has been pointed out that creative telescoping does not deliver closed-form
solutions. The next example demonstrates how it can be used to prove an identity,
in this case the evaluation of a definite integral which appears in [44, 7.349]:

/_11 (1=x?) 77,1 = x2y) dx = %(Pn_l(l —)+P(—y). (13

Here T,,(x) denotes the Chebyshev polynomials of the first kind defined by
T, (x) = cos(n arccos x)

and the evaluation is given in terms of Legendre polynomials P, (x) defined by

_ 1 dn 2 n
= Jmiae D

Py (x)

This relatively simple example is chosen not only to demonstrate Chyzak’s algo-
rithm but also to enlighten the concept of closure properties.

The starting point is the computation of an annihilating ideal for the integrand
f(n,x,y) = (1 —x»)~Y2T,(1 — x?y) in (13) which, in this instance, we will
discuss in some more detail. For this purpose, recall the three-term recurrence

Th42(2) — 22T 41(2) + Ta(z) = 0 (14)
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and the second-order differential equation
(Z = DT/ () +zT)(2) —n’T,(z) =0 (15)

for the Chebyshev polynomials which are both classic and well-known. The
HolonomicFunctions package has these relations stored in a kind of database.
Clearly, the integrand £ also satisfies the recurrence (14) if z is replaced by 1 —x2y.
The same substitution is performed in (15) and considering 7}, (1—x2y) as a function
in y yields

(1-=x2y)? =1 9 x%y 9

1—
2 5 ) .
x4 aszn(l — X y) + ——x2 @Tn(l —X y)—n Tn(l —x y) =0.

Multiplying with x? produces another annihilating operator
(x?y% — 2y)D§ + (x%y — D, — n’x?

for the integrand f. Note that the square root term can be ignored since it is free
of y. Finally, observe that

df —2xy l 2 X 2
af = _—sz/(l —x%y)
dy J1-x2"
giving rise to the operator
2
)CDX — 2yDy — m

which also annihilates f. The above ad hoc derivation of annihilating operators
for a compound expression can be turned into an algorithmic method, and this is
implemented in the Annihilator command:

In[7]:= Annihilator[ChebyshevT[n, 1— x2y]/Sqrt[1 — x?], {S[n], Der[x],
Der[y]}]
out7l= {(x* —x)D, + (2y —2x*y)D, + x°,
nS, + (x*y* =2y)Dy + (nx’y —n),
(x*y*=2y)D; + (xy — )D, —n’x*}
The above operators form a left Grobner basis, and therefore differ slightly from

the ones that were derived by hand; but the latter can be obtained as simple linear
combinations of the previous ones.
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Now we are ready to perform creative telescoping: we apply Chyzak’s algorithm
to find operators of the form 7; 4+ D, C; in the annihilating ideal. Our implementation
returns two such operators, with the property that {7}, 7>} is a Grobner basis:

ing):= {{T1, T2}, {C1, C2}} = CreativeTelescoping| %, Der[x]]
Out[8]= % {(an +2n)S, + (2ny* —dny + y* — 2y)D, + (2n*y —2n* + ny —2n),
(> =2y)D; + (y —=2)D, —n*},

4, _ 2 _22 2 2
{y(xy X%y —2x% + )Dy+y(nx3—nx),x lDy}}

X X

With the help of Mathematica, it is easily verified that the inhomogeneous part,
see (6), vanishes:
inigk= Limit[ApplyOreOperator|[Cy, ChebyshevT[n, 1 — x*y]/Sqrt[1 — x*]],
x > 1]

out[gl= 0

(Similar checks have to be done for the lower bound and for C,.) It follows that T
and T, generate an annihilating ideal for the integral. For the convenience of the
user, all the previous steps can be performed at once by typing a single command:

In[10]:= Annihilator[Integrate[ChebyshevT[n, 1-x%y]/Sqrt[1-x2], {x, -1, 1}],
{S[n], Der[y]}]

Out[10]= {(an +2n)S, + 2ny* —4ny + y* — 2y)D, + 2n%y —2n* + ny —2n),
(»y*=2y)D; + (y —2)D, —n*}

The next step is to compute an annihilating ideal for the right-hand side of (13).
Instead of applying the Annihilator command to the expression itself which would
produce an annihilating ideal of rank 4 by assertion (a) of Theorem 1, the fact that
the sum of the two Legendre polynomials can be written as Q(P,—;(1 — y)) with
Q = S, + 1 is employed. This observation produces an annihilating ideal of rank 2,
see part (c) of Theorem 1:

In[11]:= rhs=Annihilat0r[ApplyOreOperator[S[n]+1, LegendreP[n—1,1-y]],
{S[n], Der[y]}]

Out[11]= {(2n2 +2n)S, + (2ny* —4ny + y* — 2y)Dy + (2n*y —2n* + ny —2n),
(»*=2y)D} + (y —=2)D, —n?}

Finally, one realizes that the annihilating ideals for both sides of the identity
coincide. The proof is completed by comparing two initial values, e.g., forn = 0
and n = 1. This has to be done by hand (of course, with the help of the computer
algebra system), but is not part of the functionality of the HolonomicFunctions
package.
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6.3 A g-Holonomic Summation Problem from Knot Theory

The colored Jones function is a powerful knot invariant; it is a g-holonomic
sequence of Laurent polynomials [42]. Its recurrence equation is of interest since
it seems to be closely related with the A-polynomial of a knot. The recurrence for
the colored Jones function J7, ,(q) of the knot 7, was derived in [41] using creative
telescoping, starting from the sum representation

k(k+3)

n—l1
Jon@) = D D @) g @@ e (16)
k=0

where (x;q), denotes the g-Pochhammer symbol defined as ]_['};10(1 — xqg’) and
where the sequence ¢k (q) satisfies a second-order recurrence:

2@ H @ P+ = 1 N g (@) +H (P T~ ek (q) = 0. (A7)

Note that the summand in (16) is not g-hypergeometric and therefore the g-version
of Zeilberger’s algorithm cannot be applied.

Again, we start by constructing an annihilating ideal for the summand. The one
for the sequence c,(gq) is given by its definition (17), we just have to add the trivial
relation w.r.t. n and convert everything to operator form (note the usage of g-shift
operators):

in(12}= annc = ToOrePolynomial[{QS[qn, ¢4"] — 1, QS[qk, ¢*]* +
(qk+3(1 +q _qk+2 +q2k+4))**QS[qk, qk] +q2k+6(1 _qk+l)}]

out1zl= {Sqng — 1. S5, + (¢79K> — ¢ qk> + ¢ *qk + ¢°qk) Sqrq + (¢°ak> — ¢"qk’)}

Next, the closure property “multiplication”, see Theorem 1 (b), is applied (the result
is about 2 pages long and therefore not displayed here):

in[13}:= annSmnd = DFiniteTimes[annc, annc,
Annihilator[(—1)* ¢~ (—kn — k (k + 3)/2) QPochhammer[¢" "', 1/q, k]
QPochhammer[q"*', ¢, k], {QS[qk, ¢*], QS[an, ¢"D1I;
The stage is now prepared for calling Chyzak’s algorithm which delivers a pair
(T, C) consisting of the telescoper and certificate:

in14}= {T, C} = CreativeTelescoping[annSmnd, QS[qk, ¢*] — 1]

This computation takes about 2 min and the result is again too large to be printed
here. We remark that the inhomogeneous part does not vanish so that we obtain
an inhomogeneous recurrence for the function J7, ,(¢). The result is in accordance
with the AJ conjecture and the previously known A-polynomial of the knot 7,4.



Creative Telescoping for Holonomic Functions 187
6.4 A Double Integral Related to Feynman Diagrams

We study the double integral

1 1 w_1_5/2 1— e/2,,—¢/2
/o /0 (z +(w— vzv)z)l—ze (1—w* = (1 —w)"*") dwdz (18)

than can be found in [54, (J.17)]. The task is to compute a recurrence in n where &
is just a parameter. We are aware of the fact that (18) is not a hard challenge for
physicists, and we use it only as a proof of concept here. We are going to apply
Chyzak’s algorithm iteratively.

For computing an annihilating ideal for the inner integral, we simply use the
command Annihilator that takes care of the inhomogeneous part automatically:
(5= f =w (—1—¢/2) 1 —2)"(e/2)z"(—e/2)/(w +z—w2)"(1 —¢)

(L =w "+ 1) = (1 —w) (n + 1));

inft6}:= ann = Annihilator[Integrate[ f, {w, 0, 1}], {S[r], Der[z]}];

This result is quite large so that we do not want to display it here. But it can be used
again as input to Chyzak’s algorithm, in order to treat the outer integral.

in[171:= {{T}, {C}} = CreativeTelescoping[ann, Der|z], S[r]];
It is a little bit tricky to handle the inhomogeneous part of the outer integral since it
involves an integral itself:

1 =1 1
_ z=1
|:C/0 fdw:|Z=O = /0 [Cf]z=0 dw. (19)

It turns out that the right-hand side of (19) is preferable to show that the inho-
mogeneous part evaluates to zero. Therefore the operator 7" annihilates the double
integral, and this is the desired recurrence in n (which is of order 3):

in[18]:= Factor[T]
outiigl= —(e —n —3)(e —n —2)(e + 2n + 4)(e + 2n + 6)S> + (e —n — 2)

(e +2n 4 4)(e® +2en + 56 — 6n> —28n — 34)S? — (n + 2)(e*— 3&’n
— 66— 8en®— 30en — 28¢ + 12n° + 64n” 4 1161 + 72)S,
-2+ )(n+2)* (e —2n—2)

6.5 A Hypergeometric Double Sum

We finally turn to a binomial double sum which was investigated in [8]:

2 2
i+ (4n—2i -2/ _ 2n
sE( V() et) e



188 C. Koutschan

We apply the heuristic approach from Sect. 5.4 to it. The corresponding command
in the HolonomicFunctions package is FindCreativeTelescoping:

in(19]:= FindCreativeTelescoping[Binomial[i + j,i]"2 x Binomial[4n — 2i —
2j,2n —2i],{S[i]1-1,S[j]1 -1}, S[n]]
outto %{1}7 % % —2i%j +i’n - i?— gijz + 3ijn —2ij + 3in
G+DE+j—2n)
—2i%j —2ij? +3ijn —2ij + j?n — j* +3jn } } }
@+D@+j—2n)

’

The output consists of the telescoper and the two certificates. At first glance it
may seem contradictory that the telescoper is 1, but there are contributions from
the certificates that make the recurrence for the double sum inhomogeneous. So we
don’t claim that the operator 1 annihilates the double sum, which would imply that
1t 18 zero.

7 Selected Applications of Creative Telescoping

In this section we want to give an extensive, but certainly not complete, collection
of examples which show the beneficial use of creative telescoping in diverse areas
of mathematics and physics.

Zeilberger’s algorithm for hypergeometric sums is a meanwhile so classic tool
that it is impossible to list all papers where it has been used to prove some binomial
sum identity. We therefore restrict ourselves to publications where this algorithm
plays a more or less central role. In [39] it was used to prove Ramanujan’s famous
formula for 7, and in [46] for some formulas of similar type. The whole paper [89]
is dedicated to binomial identities that arise in combinatorics and how to prove them
algorithmically. Two proofs of the notorious binomial double sum identity (20) are
given in [8] where, due to the lack of multi-summation software packages at that
time, the problem was reduced in a tricky way to a single sum identity. A “triumph of
computer algebra” is celebrated in [81] where the computation of factorial moments
and probability generating functions for heap ordered trees is based on Zeilberger’s
algorithm. In [5] it is used to derive formulas for hypergeometric series acceleration,
among them a pretty formula for {(3) that allowed to evaluate this constant to a
large number of digits. In the article [60], Zeilberger’s algorithm is combined with
asymptotic estimates in order to give automated proofs of non-terminating series
identities of Saalschiitz type. Applications in the context of orthogonal polynomials
are given in [58]. A fast way of computing Catalan’s constant is derived in [103]
by means of creative telescoping. While the recurrence that plays a crucial role
in Apéry’s proof of the irrationality of {(3) is nowadays a popular example for
demonstrating these techniques, they were not available to Apéry when he came up
with his proof. A new, elementary proof, still using Zeilberger’s algorithm, is given
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in [104]. We conclude this paragraph by mentioning [6] where a binomial identity
that arose in the study of a certain integral is investigated.

We turn to applications of creative telescoping that go beyond Zeilberger’s
algorithm. As an application of its g-analogue we cite [74] where computer proofs
for the Rogers-Ramanujan identities are constructed. Multi-summation techniques
for g-hypergeometric terms were used in [12] to prove a partition theorem of
Gollnitz. Computer proofs for summation identities involving Stirling numbers
are given in [53]. In [17] creative telescoping was used to obtain bounds on the
order and degree of differential equations satisfied by algebraic functions. Chyzak’s
algorithm was applied to the generating function of 3-dimensional rook paths [19]
in order to derive an explicit formula. Creative telescoping proofs for a selection of
special function identities, mostly involving integrals, are presented in [66]. Another
application to the evaluation of integrals is [7].

In [101] Zeilberger proposed an approach how to evaluate determinants of
matrices with holonomic entries with the method of creative telescoping. This
approach applies to determinants of the form det;<; j<,(a; ;) whose entries are
bivariate holonomic sequences, not depending on the dimension n. The so-called
“holonomic ansatz” celebrated its greatest success so far when it was employed to
prove the qTSPP conjecture [68], a long-standing prominent problem in enumer-
ative combinatorics, which previously had been reduced to a certain determinant
evaluation of the above type. This conjecture is the g-analogue of what is known as
Stembridge’s theorem about the enumeration of totally symmetric plane partitions.
Based on creative telescoping, this theorem was re-proved twice, both times using
the formulation as a determinant evaluation: the first time by applying symbolic
summation techniques to a decomposition of the matrix [9], the second time
following the holonomic ansatz [62]. Some extensions of the holonomic ansatz were
presented in [67] and were applied to solve several conjectures about determinants.
An analogous method for the evaluation of Pfaffians was developed in [48].

In the field of quantum topology and knot theory, a prominent object of interest
is the so-called colored Jones function of a knot. This function is actually an infinite
sequence of Laurent polynomials and in [42] it has been shown that this sequence
is always g-holonomic, by establishing an explicit multisum representation with
proper g-hypergeometric summand. The corresponding minimal-order recurrence is
called the non-commutative A-polynomial of the knot. Creative telescoping was used
to compute it for a family of twist knots [43] and for a few double twist knots [41].

We are turning to applications in the area of numerical analysis. A widely used
method for computer simulations of real-world phenomena described by partial
differential equations is the finite element method (FEM). A short motivation of
using symbolic summation techniques in this area is given in [79], and a concrete
application where hypergeometric summation algorithms deliver certain recurrence
equations which allow for a fast evaluation of the basis functions, is described
in [11]. Further examples, where creative telescoping is used for verifying identities
arising in the context of FEM or for finding identities that help to speed up the
numerical simulations, can be found in [14, 15, 69].
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Last but not least we want to point out that creative telescoping has extensively
supported computations in physics. We will not detail on the very fruitful interaction
of summation methods in difference fields with the computation of Feynman
integrals in particle physics [1], but refer to the survey [87], also contained in this
volume, and the references therein. The estimation of the entropy of a certain pro-
cess [70] was supported by computer algebra. In the study of generalized two-Qubit
Hilbert-Schmidt separability probabilities [88] creative telescoping was employed to
simplify a complicated expression involving generalized hypergeometric functions.
The authors of [20] underline the particular importance that creative telescoping
may play in the evaluation of the n-fold integrals y of the magnetic susceptibility
of the Ising model. Also relativistic Coulomb integrals have been treated with the
holonomic systems approach [78]. Likewise it was used in the proof of a third-
order integrability criterion for homogeneous potentials of degree —1 [37]. One
branch of statistical physics deals with random walks on lattices; some results in
this area [65, 102] were obtained by creative telescoping.
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Renormalization and Mellin Transforms

Dirk Kreimer and Erik Panzer

Abstract We study renormalization in a kinetic scheme (realized by subtraction at
fixed external parameters as implemented in the BPHZ and MOM schemes) using
the Hopf algebraic framework, first summarizing and recovering known results in
this setting. Then we give a direct combinatorial description of renormalized ampli-
tudes in terms of Mellin transform coefficients, featuring the universal property of
rooted trees Hpg. In particular, a special class of automorphisms of Hr emerges
from the action of changing Mellin transforms on the Hochschild cohomology of
perturbation series.

Furthermore, we show how the Hopf algebra of polynomials carries a refined
renormalization group property, implying its coarser form on the level of correlation
functions. Application to scalar quantum field theory reveals the scaling behaviour
of individual Feynman graphs.

1 Introduction

As was shown in [6, 16,24], we may decompose Feynman integrals into functions
of a single scale parameter s only (further forking into logarithmic divergent parts
multiplied by suitable powers of s) and scale-independent functions of the other
kinematic variables, called angles. Furthermore, the Hopf algebra Hg of rooted
trees suffices to encode the full structure of subdivergences in quantum field theory
by [8,9, 16].

We can therefore study such generic Feynman rules in a purely algebraic
framework as pioneered in [9, 18]. Renormalizing short-distance singularities by
subtraction at a reference scale yu (which we refer to as kinetic scheme) leads to
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amplitudes of a distinguished algebraic kind: Theorem 4 proves them to implement
the universal property of Hpg, delivering an explicit combinatorial evaluation in
terms of Mellin transform coefficients.

Further investigating the role of Hochschild cohomology, in Sect.6 we define
a class of automorphisms of Hgz which transform the perturbation series in a way
equivalent to changing the Feynman rules. This clarifies how exact one-cocycles
describe variations.

In Sects. 4 and 5 we advertise to think about the renormalization group property
as a Hopf algebra morphism to polynomials, determining higher logarithms in
(28). We show how it implies the renormalization group on correlation functions
and extend the propagator-coupling-duality of [5] which yields the functional
equation (34).

After analysing the differences to the minimal subtraction scheme in Sect. 7, we
show explicitly how our general results manifest themselves in scalar field theory.

2 Connected Hopf Algebras

The fundamental mathematical structure behind perturbative renormalization is the
Hopf algebra as discovered in [16]. We briefly summarize the results on Hopf
algebras we need and recommend [21, 22] for detailed introductions with a focus
on renormalization.

All vector spaces live over a field K of zero characteristic (in examples K = R),
Hom(-, -) denotes K-linear maps and lin M the linear span. Every algebra (<, m, u)
shall be unital, associative and commutative, any bialgebras (H,m,u, A,¢) in
addition also counital and coassociative. They split into the scalars and the
augmentation ideal ker ¢ as H = K1 @ker ¢ = imu®ker ¢, inducing the projection
P :=id—uoe: H — kere. We use Sweedler’s notation A(x) = ZX X1 ® x, and
A(x) = 3, X’ ® x" to abbreviate the reduced coproduct A := A—1®id—id ®1.

We assume a connected grading H = @, ., H, (Hy = K-1) and write |x| :== n
for homogeneous 0 # x € H,, defining the grading operator Y € End(H) by
Yx = |x| - x. Exponentiation yields a one-parameter group K > ¢ +— 6; of Hopf
algebra automorphisms

., VneNy: H,>3xr 0,(x)=ePlx=e¢"x.

(@Y
n!

0, :=exp(tY) = Y

n€Ny

ey

An algebra (&/,my,u.) induces the associative convolution product on
Hom(H, /) by

Hom(H, )3 ¢, v > dp*x ¥ :=mgyo(p @ Y)oAeHom(H, ),
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with unit given by e := u,, o . As outcome of the connectedness of H we stress

1. The characters Gf{ = {¢p e Hom(H, ): pou=ug andp om = mgo
(¢ ® ¢)} (morphisms of unital algebras) form a group under *.
2. Hence id e GII}' has a unique inverse S := id*~!, called antipode, turning H

into a Hopf algebra. For all ¢ € Gg wehave ¢* ! = ¢ o S.

3. Thebijectionexp, : g¥, — G# withinverselog,: G — g% between G and
the infinitesimal characters gz ={p e Hom(H,Z): pom=¢p Q@e+e Q ¢}
is given by the pointwise finite series

¢*" (=1 o
exp.(®) =) - and log,(¢):=)_ @—o". @

. n
neNy neN

2.1 Hochschild Cohomology

The Hochschild cochain complex [1,8,22] we associate to H contains the function-
als H' = Hom(H, K) as zero-cochains. One-cocycles L € HZ!(H) C End(H) are
linear maps such that Ao L = (id®L) o A + L ® 1 and the differential

§:H —HZ!(H),a > da:= ([d®a) o A—uoa € HBJ(H) :=8§(H') ()

determines the first cohomology group by HH!(H) := HZ!(H)/HB!(H).

Lemma 1. Cocycles L € HZ!(H) fulfil im L C kere and L(1) € Prim(H) :=
ker A is primitive. The map HH!(H) — Prim(H), [L] — L(1) is well-defined
since Sa(1) = 0 foralla € H'.

2.2 Rooted Trees

The Hopf algebra Hy of rooted trees serves as the domain of Feynman rules. As

an algebra, Hgy = S(lin.7) = K[.7] is free commutative' generated by the rooted
trees 7 and spanned by their disjoint unions (products) called rooted forests .5

7= { 1 {A]}\QA} #={1}U7U {IIA }}

Every w € % is just the monomial w = ]_[tem)(w)t of its multiset of tree
components 77o(w), while 1 denotes the empty forest. The number |w| := |V (w)| of
nodes V(w) induces the grading Hg , = lin.%, where %, :={w e .7 : |w| = n}.

'We consider unordered trees /} = {& and forests -I = I-, sometimes called non-planar.
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Definition 1. The (linear) grafting operator B+ € End(Hp) attaches all trees of a
forest to a new root, so for example B, (1) = o, B, () = ] and B (es) = A.

Clearly, B is homogenous of degree one with respect to the grading and restricts
to a bijection By : % — 7. The coproduct A is defined to make B a cocycle by
requiring

AoBy =By ®1+ (id®B4+) o A. )
Lemma 2. In cohomology, 0 # [By] € HH!(Hpg) is non-trivial by B4 (1)
=e£0(.

It characterizes Hg through the well-known (Theorem 2 of [8]) universal prop-
erty of

Theorem 1. 7o an algebra o/ and L € End(&) there exists a unique morphism
Lo Hg — o of unital algebras such that
Lp
HR —
Lyo By = Lotp, equivalently By l L L commutes. 5)

HRﬁ%

Lp

In case of a bialgebra </ and a cocycle L € HZ(<), Yp is a morphism of
bialgebras and even of Hopf algebras when < is Hopf.

This morphism Zp simply replaces By, my, and 1 by L, m and 1, as in
o (f, 30 = "o {Br (1B+ ) =3B: () = L (ILAP) =3L(1w).

Example 1. The cocycle fo € HZ; (K[x]) of Sect. 4 induces the character
" Iwl
Q= fO,o € GK[’f;] fulfilling @(w) = — for any forest w e #, using
: w!
(6)
Definition 2. The free factorial (-)! € GHQIR is equivalently determined by

requesting

[BLw)]! = w!-[B+(w)] or w!= [] wl foral we.z. (1)

veV (W)

2By w, we denote the subtree of w rooted at the node v € V(w).
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3 The Generic Model

As explained in the introduction we consider Feynman rules as characters ¢ € G{ZR,
mapping a rooted tree to a function of the parameter s (by Proposition 1 it lies in the
algebra & = K[z~',z]][s?]). Since B4 mimics the insertion of a subdivergence
into a fixed graph y (restricting to a single insertion place by a result from [24]),
applying ¢ yields a subintegral and therefore

Definition 3. The generic Feynman rules ,¢ are given through Theorem 1 by

00 ENsr—z 00
o By = /O / (Ss)é e dt = /0 FO6H™ dedt. @

The integration kernel f is specified by y after Wick rotation to Euclidean space,
with the asymptotic behaviour f(¢) ~ ¢! for ¢ — oo generating the (logarithmic)
divergences of these integrals (we do not address infrared problems and exclude
any poles in f). The regulator {~% ensures convergence when 0 < N(z) < 1,
with results depending analytically on z. We can perform all the integrals using
this Mellin transform

F(2) = / SO de = Z ¢, 2", ©)
n=-—1

Proposition 1. For any forest w € .% we have (called BPHZ model in [4])

B w) =5~ T Faw)). (10)

vEV (W)

Proof. As both sides of (10) are clearly multiplicative, it is enough to prove the
claim inductively for trees. Let it be valid for some forest w € .%, then for ¢t =
B (w) observe

$s 0 By(w) = / (O S @) ¢sz(W)d§—/ O fO6)™™ [T FelwD dg

veEV(w)
=B+l T FGlw | F @IBronl) = s~ [T FcloD.
vEV (W) veV(r)

Example 2. Using (10), we can directly write down the Feynman rules like

() =5TF@, 4 (}) =s¥FQ@QFQ) and ¢ (])=s¥FQPFFG2).

Many examples (choices of F) are discussed in [4], the particular case of the one-
loop propagator graph y of Yukawa theory is in [5] and for scalar Yukawa theory in
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six dimensions one has F(z) = m as in [22]. Already noted in [17], the
highest order pole of ,¢;(w) is independent of s and just the tree factorial

1

@ w!

psw) e s {j;j\ + K[[Z]]} (=)™ 4 MR an

veV (W)

3.1 Renormalization

Algebraically, renormalization of a character ¢ € Gg equals a Birkhoff decom-
position [9, 21, 22] into the renormalized character ¢pr = ¢4 € Gg and the
counterterms Z := ¢_ € G defined by the conditions

p=0¢"x¢py and ¢ (kere) C o, (12)

with respect to a splitting &/ = o4 @.</_ determined by the renormalization scheme
(the projection R : &/ —» &/_). Turning to minimal subtraction in Sect.7 we now
focus on

Definition 4. On the target algebra o7 of regularized Feynman rules depending on
a single external variable s, define the kinetic scheme by evaluation at s = u:

End(«/) > R, :=ev, = (,Q% > f f|S:M). (13)

This scheme exploits that subtraction improves the decay at infinity: Let f(¢) ~ %,

meaning f () = % + f(¢) for some f(¢) € O (¢7'7%) with & > 0. Then .¢; (o) is
logarithmically divergent (would it not be for the regulator { %), but subtraction

[s&) Q) ~[7& @)
st [ [ A2 [T

yields a convergent integral even for z = 0. As R, is a character of <7, the Birkhoff
recursion simplifiesto Z = R, 0 ¢ oS = ¢, 0§ and ;¢pp = Z¢;_l * Q.

Example 3. We find .¢g. (o) = (s — %) F(z) and S (]) = — ] + eeresults in

brs ()= (TF—pF) FQFQ2) = (7= p ) pF?@). (15
The goal of renormalization is to assure the finiteness of the physical limit

0¢R = limZ¢>R, (16)
z—0
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and indeed we find the finite o¢r s (¢) = —c_, In ﬁ In the case of (15) check

2
0PR.s (I) = ggr(l) {— [—zlni + % (lnzs +2Inslny —31n? p,)] . [CZ_—Z‘ + 2%]

CZ

2
+ [—2zln% +272* (In*s — In’ ,u)] : [02?2‘ + 36"2%]} = ?lln2 L —Ccn g,
A7)
where all poles in z perfectly cancel. Note that ¢¢r s maps a forest w to a polynomial
in K[In %] of degree < |w| without constant term (except for ;¢ (1) = 1), due to the

subtraction at s = p. We now prove these properties in general, extending work in
[18].

3.2 Subdivergences

Inductively, the Birkhoff decomposition is constructed as ¢4 (x) = (id —R M)J)(x)
where the Bogoliubov character ¢(x) (R-operation) serves to renormalize the
subdivergences. It is defined by

$(x) = $(X)+ Y - (xNP(x") = () +[p— *p—p-—](x) = ¢ (x)—¢—(x).

Theorem 2. For an endomorphism L € End(<7) consider the Feynman rules ¢ :=
Lp induced by (5). Given a renormalization scheme R € End(<7) such that

Lomyo(p-®id) =myo(p-® L), (18)

that is to say, L is linear over the counterterms, we have

¢poBy =Logy. (19)

Proof. This is a straightforward consequence of the cocycle property of B :

poBy =(p-xPp—¢p_)o By
=myo(p-®¢)o[(id®By)oA+ By @1 —¢_o0By
=¢-x(@oBr)=¢-x(Lod)=Lo(¢-x¢)=Lods.

18

As the counterterms Z of our model are independent of s, they can be moved
out of the integrals in (8) and (18) is fulfilled indeed. This is a general feature
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of quantum field theories: The counterterms to not depend on any external
variables.’

The significance of (19) lies in the expression of the renormalized ¢ o(¢) for a
tree t = By (w) only in terms of the renormalized value ,¢g(w). This allows for
inductive proofs of properties of ;¢ and also g, without having to consider the
unrenormalized Feynman rules or their counterterms at all.

3.3 Finiteness

Proposition 2. The physical limit ¢¢rs exists and maps Hpg into polynomials
K[ln 2].
m

Proof. We proceed inductively from g¢r (1) = 1 and, as o¢r is a character, only
need to consider trees t = B4 (w) in the induction step. Hence for this w € .7 we

already know that ¢ (W) € O (lnN §) for some N € Ny such that dominated
convergence yields

/ f(E/S)

obns0) = limia =R [s 0> [ L g o |

o0 o0
— im [f(i/s) _ f(il/u)] £ pre(w) dE = /0 [f(rs/s) _ f(tﬂ/u)} obre () dE.

z—0 Jo

recalling the term in square brackets to be from & (§ _1_8) as in (14). This proves
the cancellation of all z-poles in ,¢g () and we identify opr ((t) with the 2
term, which is a polynomial in Ins and In u of degree |¢| by inspection of (10):
Each such logarithm comes with a factor z (expanding s~%) which needs to cancel
with a pole £ B “ from some F(z |t,]) in order to contribute to the oc z° term. Finally
the substitution ¢ — {u gives

m

0o ®
0Pr,s(1) = /0 [f(fs) —f(é“)] 0pr ug (W) di, (20)

hence by induction ¢¢r ¢, only depends on ¢ and o¢r s is a function of i only.

Using (20), the physical limit of the renormalized Feynman rules can be obtained
inductively by convergent integrations after performing the subtraction at s = u
on the integrand, in particular without the need of any regulator. Therefore o¢r
is independent of the choice of regularization prescription, so employing a cutoff

3Even if the divergence of a Feynman graph does depend on external momenta as happens for
higher degrees of divergence, the Hopf algebra is defined such that the counterterms are evaluations
on certain external structures, given by distributions in [9]. So in any case, ¢_ maps to scalars.
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regulator or dimensional regularization yields the same renormalized result in the
physical limit.

4 The Hopf Algebra of Polynomials

We summarize relevant properties of the polynomials, focusing on their Hochschild
cohomology (the relevance of fo was already mentioned in [8]). First observe

Lemma 3. Requiring A(x) = x ® 1 + 1 ® x induces a unique Hopf algebra

structure on the polynomials K[x]. It is graded by degree, connected, commutative

and cocommutative with A (x") = Y/, ( )x ® x"7 and the primitive elements

are Prim (K[x]) = K- x.

The integration operator [,: x" +— ——x"*! furnishes a cocycle [, € HZ{(K[x]) as
X" anrl n+1 xk xn+17k
A/O(E) - A((n—l—l)!) _;E@’ (n+1—k)!
xn+1 ) X"
T ® +Zk' /((n—k)')_[/oer(ld@/o)MKn_!)’

and is not a coboundary since [, I = x # 0. In fact it generates the cohomology by

Theorem 3. HH!(K[x]) = K- [fo] is one-dimensional as the 1-cocycles of K[x] are

HZ! (K[x]) = K-/ ® 8 (K[x]') = K'/ ® HB! (K[x]). (1)
0 0

Proof. For an arbitrary cocycle L € HZl(K[x]) Lemma 1 ensures L(1) = xa—;
where a_; := dyL(1). Hence L := L —a_ 1y € HZ! fulfils L(1) =0,s0 Ly :=
Lo [, e HZ! by

AoL0=(1d®Z)vo/+(£®1)o/:(id®L0)0A+LO®1+£(1)-/.
0 0 0

Repeating the argument inductively ylelds an = doL, (1) =0dpo Lo f"+1(1) eK
and L,q1 := (L, —ay [))o [, € HZ!, so for any n € Ny we may read off from

c>/0n(1)=a_1 /0n+1(1)+...+a,,_2/02(1)+Ln_1(1)
o [([ )Z/

that indeed L = a_; fo 48« for the functional ¢ := dgo L o fo with a(’;—';) =a,.
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Lemma 4. Up to subtraction P = 3¢ = id—ev(: K[x] — kere = xK][x] of the
constant part, direct computation exhibits Sa for any « € K[x] as the differential
operator

Sa=Po Yy a(i)d" €EndK[x]). (22)

neNy

Lemma 5. As characters ¢ € Gﬁlé[x] of K[x] are fixed by A := ¢(x), they form the

group Gﬂﬂé[x] = {ev,: A € K} of evaluations (the counit ¢ = evq equals the neutral
element)

K[x] 3 p(x) > eva(p) := p(A) with the product ev, xevy, = evgyp. (23)

Proof. Note [ev, * evp] (x") = [ev, (1) - evp(x) + eva(x) -evp(D]" = (b + a)".

Lemma 6. The isomorphism (K, +) > a + ev, € Gﬂﬂé[x] of groups is generated
by the functional d9 = evo o d € gﬁé[‘x], meaning log, ev, = ady and ev,
= exp, (ado).

Proof. Expanding the exponential series reveals exp, (ado)(x") = a" as a direct
consequence of 93F = g 0 9*F = ¢ o 9k:

o (55) = X (i) () = Lo = e = 1, (3

it tig=n i1+...+ig=n

4.1 Feynman Rules Induced by Cocycles
Let y¢ : Hrp — K[x] denote the polynomials that evaluate to the renormalized
Feynman rules ¢¢prs = evyo ¢ at £ =In % We state

Theorem 4. The renormalized Feynman rules j¢ = Lp arise out of the universal
property of Theorem 1, where the coefficients c, of (9) determine the cocycle

L:=—c_, /—}—57] € HZ!(K[x]) with n(x"):=n!(=1)"c, foranyn € Ny.
0
(24)

Proof. We may set u = 1 and produce logarithms of subdivergences by differenti-

ation, exploiting analyticity of zF (z) and S_z_l at z = 0 we obtain




Renormalization and Mellin Transforms 205
o0 . a n o0 .
tima—ry[s = [ oo o0 ac| = (<) de=ro [ oo ar

_ 3\ [s2—1 _ W [ (—Ins)Ft!
= (—3—2)220[ ; -zF(Z)] = (-1 /;) (k)klm(” — ke,

X"t = (n) | —
= €V|ns [—Clm + Z (l_)x’ (_])n ’Cnfi(n _ i)!:| = eV, 0L (x”) . (*)

i=l1

By linearity we can replace In"(s¢) in the integrand by any polynomial to prove
Theorem 4 inductively: As (¢ and Lp are algebra morphisms, it suffices to consider
atree 1 = By(w) for a forest w € F already fulfilling ;¢ (w) = Lo(w) in the
induction step

0P (1) = lim(id —R,) [S = /0 F(E)(sE) ™ evinsz 0 0 (w) d?}
=eviol [0p ()] = evio Lo p(w) =eveo "po By (w) = evy o “p(2),

where the convergence of (20) allows to reintroduce { % into the integrand.

Corollary 1. As L is a cocycle, by Theorem 1 the physical limit ¢ : Hp — K[x]
of the renormalized Feynman rules (8) is a morphism of Hopf algebras.

This key property naturally yields the renormalization group as we shall see in the
sequel. For now observe the simple and explicit combinatorial recursion Example 4,
expressing ¢ in terms of the Mellin transform coefficients without any need for
series expansions in z, as shown in

Example 4. Using (24) we rederive y¢ (¢) = “p o B4(1) = L(1) = —c_, x and
also

00 (})="poBs(s)=Lolp(e)= |:— c_y /0+8ni| (—c_ix) = Cilx; e,
¢ (N) =00 By (se)=Lolp(es) = [_C_l /0+8'7} {(—c_l X)z}

3 3
X X
= —cil? + 2, [n() X + 2n(x) x] = —CL? +c% ey x* —2¢2 ¢ x.

Defining F(z) := F(z) — Cf‘ =D nen, €n2"» (22) uncovers §n = P o F(-d,) and
under the convention 9} ! := Jo we may thus write L = P o F(—0dy).
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Corollary 2. As in n only —c_, fo increases the degree in x, the highest order
(called leading log) of (¢ is the tree factorial (note the analogy to (11)): For any
forestw € F,

M
o w) € e hlogw) + 0 (x'w“l) = —C_v:'x)

(6)

+ K[x] <. (25)

4.2 Feynman Rules as Hopf Algebra Morphisms

As (¢ : Hrp — K][x] is a morphism of Hopf algebras, the induced map Gg

GHQIR given by ev, — (¢, := ev, o ;¢ becomes a morphism of groups. In particular
note

SN

Corollary 3. Using (23) we obtain the renormalization group equation (as in [17])

0®a * 0®p = ¢Pasp, Jorany a,b ek (26)

Before we obtain the generator of this one-parameter group in Corollary 4, note how
this result gives non-trivial relations between individual trees (graphs) like

0Ba * 005 (1) = 0Pa (1) + 0Pa (*) 05 (o) + 095 (])

24 p2
o, a’+b 2
e (@ +b)+cZyab = 0%ats (1)

Proposition 3. Let H be any connected bialgebra and ¢ : H — K[x] a morphism
of bialgebras.* Then log, ¢ is given by the linear term in x through

log, ¢ = x - dp o . 27

Proof. Letting ¢ : C — H and ¢ : H — ./ denote morphisms of coalge-
bras and algebras, exploiting (Y o —ug 0osc)™” = Yo (p—ugoey)™” =
(Y —uy0ey)™ o ¢ in (2) proves (log, ¥) o ¢ = log, (¥ o @) = ¥ o log, ¢.
Now set = ev, and use Lemma 6.

Example 5. In the leading-log case (6) we read off dg o ¢ = Z, € gHZR where
Z,(w) := 8,.0. Comparing ¢ = exp, (xZ,) with (6) shows |w|! = w! - ZzM(w),
hence’

“4This already implies ¢ to be a morphism of Hopf algebras.

5This combinatorial relation among tree factorials, noted in [17], thus drops out of Agp = (¢ ®
@)o A
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wl

* W 1 *|W2 p—
W (wl = 1)'ZZ(W”Z T = 3 e = 2, o

wi w=e w. wi=e

Corollary 4. The character ¢ is fully determined by the anomalous dimension

*7
HypDoghf sy :=—d o op suchthat op =exp,(—x-y)= Z Vn‘ _

n€Ny

(28)

An analogous phenomenon happens with the counterterms in the minimal sub-
traction scheme: The first order poles o« z~! alone already determine the full
counterterm via the scattering formula proved in [10]. However, (28) is much
simpler as illustrated in

Example 6. Reading off y (¢) = c_;, y (]) = c_;co and y () = 2¢2 ¢, from the
Example 4 above, Corollary 4 determines the higher powers of x through

2

b ()= [e—xr + 2L (D =0y () #2200 = e egr v e, T

qu(A)=0—xy(A)+x2L§y(2-®I+..®.)_X3M(Z.®.®,)

x3 x3
= —y3(-)? + xzy(-)y(I) —2¢% ¢, x = —03_1? +cticoxt —2¢k ¢, x

Note how the fragment ee & o of A( A) does not contribute to the quadratic terms

%y * Y, as y vanishes on products. We will exploit this in (33) of Sect. 5.1 and close
with a method of calculating y emerging from

Lemma 7. FromyoB, = —dpo Lo p = evyo[zF(2)]-s, oexp,(—xy) we obtain
the inductive formula y o By = ZneNo v

Example 7. We can recursively calculate y (o) = c¢_,&(1) = c_,, similarly also
v())= o)+ oy (o) = <o

2
y<{)_c e+ ar(D+erer () =cad+alr(F =g+

V() = coig(s0) + coy (s) + €1y *y (o0) = 2¢, [y (-)]2 =2c2,c, andso on.
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5 Dyson-Schwinger Equations and Correlation Functions

We now study the implications for the correlation functions (31) as formal power
series in the coupling constant g. For simplicity we restrict to a single equation
and refer to [24] for systems. With detailed treatments in [1, 11], for our purposes
suffices

Definition 5. To a parameter k € K and a family of cocycles B.: N — HZ!(Hg)

we associate the combinatorial Dyson-Schwinger equation®
X(g) =1+ ¢"B,(X'"t"(g)). (29)
neN

Lemma 8. As perturbation series X(g) = ZneNo x,g" € Hg|[g]], Eq. (29) has a
unique solution. It begins with xo = 1 while x,+1 is determined recursively from

X0, - . ., Xu. These coefficients generate a Hopf subalgebra, explicitly we find’
AX(9) = > [X(]'"M"™ ® g"x, € (Hr ® Hp)[[g]]. (30)
neNy

Example 8. In[5,22], X(g) = 1—gB+ (ﬁ) features k = —2, summing all trees

n kﬂqm\)y
_< +i+2&+/l\+ﬁ+2q+2/>&+3{1\+.4&) &+ ¢°Hel[g]]

with a combinatorial factor.® Physically these correspond to (Yukawa) propagators

X(g)ell—-g—Igz—<}+A)g3—<

arising from insertions of the one-loop graph ./, \, into itself.

As xo = 1, for arbitrary p the series [X(g)]” = },en, (f) [X(g) — 1]" € Hgl[[g]] is well
defined.

7 A proof of (30) may be found in [11] and [12, 13] study systems of Dyson-Schwinger equations.

8Counting the number of corresponding ordered trees.
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Definition 6. The correlation function G(g) evaluates the renormalized Feynman
rules ,¢ : Hr — K[{] on the perturbation series X(g), yielding the formal power
series

G(g):=opoX(g) = ) op(x)g" € (K[E]) [[¢]]- (31)
neNy
We call y(g) := y o X(g) = —0¢|,G(g) € Kl[g]] the physical anomalous

dimension.

Example 9. The Feynman rules ¢ from (6) result in the convergent series G(g) =

V1—2gf and y(g) = —Z, o X(g) = g for the propagator of Example 8.
5

Perturbatively,

G(g):1__.’__.___—:—...:1—g£—%(g£)2—%(gf)3+ﬁ((g€)4>

5.1 Propagator Coupling Duality

The Hopf subalgebra of the perturbation series allows to calculate convolutions in

Lemma9. Let i € gZR denote an infinitesimal character, ¥ € fo a character
and A € Hom(Hg, &) a linear map. Then (in suggestive notation)

(T x2)oX(g) =[¥oX(@)] AoX (g[¥oX(]) (32
=WoX(@)] Y Ax)- (g[¥o X(]9)" € #[g]]
n€Ny
(¥ *A) o X(g) =[¥ o X(g)] - (id +kgdy) [A 0 X(g)] € F[g]]. (33)

Proof. These are immediate consequences of Lemma 8, for (33) consider

1 .
12 ([X(g)]1+”“)'g” =Y ( Jrl.nk)t/f (IX(e)—11') g" = ¥ (X(g) — 1)-(1+nk)g".

i€Ny

Example 10. Continuing 8 we deduce zZ? (X(g) = —g(1 —2g03,)(—g) = —g>
and

Zzntl a1 @)

X)) =-g"M"en-12n-3)---(1) = s
v n!
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proving ¢(x,+1) = —27"C,£"*! with the Catalan numbers C, already noted in
[20]. From Example 9 we find their generating function 2g >, Ny 8'Cn = 1 —
1—4g.

Corollary 5. As ¢ is a morphism of Hopf algebras, for any a,b € K we can factor

Gat(8) = (o8 * o) © X(8) = Ga(2) - Gy [2G ()] = Gi(2) - Gu [2G} ()]

(34)
These functional equations of formal power series make sense for the non-perturba-
tive correlation functions as well. Relating the scale- with the coupling-dependence,

this integrated form of the renormalization group equation becomes infinite-
simally

Corollary 6. From —C% o =V * o9 =@ * y ordifferentiating (34) by b at zero
note

Gi(g)- 728Gl (9)] =—0:Gelg) = 7(2)- (1 +xgdg) Ge(g). (35)

The first of these equations generalizes the propagator coupling duality in [5,20].
For any fixed coupling g, it expresses the correlation function as the solution of the
o.d.e.

d
—d—elnGg(g)—y[ ge* M@ with InGo(g) = 0, (36)

determining G¢(g) completely from y(g) in a non-perturbative manner as in (39).

Example 11. The leading-log expansion takes only the highest power of £ in each
g-order. Equally, y(g) = cg”" for constants ¢ € K, n € N and (36) integrates to

Gleading—log(g) = [1 + Cnlceg"] M. (37)
As a special case we recover Example 9 forn = ¢ = 1 and k = 2.
Example I2. In the linear case k = 0, (34) states Ga45(8) = Gu(g) - Gp(g)
in accordance with the scaling solution Gy(g) = e 7® of (36), well-known
from [19].

Example 13. For vertex insertions as in [2] we have k = 1, s0 G,45(g) = Gi(g) -
[Gb (g)] expresses the running of the coupling constant G := g - G: A change in
scale by b is (up to a multiplicative constant) equivalent to replacing the coupling g

by Gp(g).
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5.2 The Physicist’s Renormalization Group

To cast (34) and (35) into the common forms of (7.3.15) and (7.3.21) in [7], we
introduce the S-function B(g) := —kgy(g) and the running coupling g(i) as the
solution of

7(gG0)G (g(w.n%).
(38)

d d S
M@g(u) = B(g(n)), hence M@G (g(u),ln ;)

(35)

Integration relates the correlation functions for different renormalization points p in

M2

6 (st ) = 6 (st z) x| [ (e |

26 (o) [5G

Setting i1 = s we may thus write G¢(g) explicitly in terms of y(g) as

_;l HOREPY
Gi(g) = [ﬁ} , with g(s) subjectto £ = lni = g

—° (39
woJe o Bg) %

5.3 Relation to Mellin Transforms
We finally exploit the analytic input from Theorem 4 to the perturbation series in

n nK n (n) T nK
Gu(g) = 1+n€ZNgo¢oB,l (@) =143 ¢ [—0_1/0+P°F/1(3—4)]Gz(g)1+ !

neN

with Mellin transforms F,(z) = %c(_"l) + F,(z) corresponding to the insertions® B,,.

Corollary 7. The power series Go(g) € K[{][[g]] is fully determined by

Ge(0) =1 and 3G (g) =) 8" [tFa@=my, (Ge(®)'™).  (40)
neN

Restricting to a single cocycle Fi(z) = F(z)dk., choosing F(z) = C%l reproduces

(37) from 9_¢G(g) = g"c_,;G¢(g)"' ™. More generally, for any rational F(z) =

% € K(z) with ¢(0) = 0, (40) collapses to a finite order ode q(—d¢)G¢(g) =

°For this generality we need decorated rooted trees as commented on in Sect. 6.1
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g" p(—=08;)Ge(g)' ™ that makes perfect sense non-perturbatively (extending the
algebraic 9, € End(K[{]) to the analytic differential operator).

Example 14. For F(z) = the propagator (¢ = —2 as in Example 8) fulfils

1
z2(1=z)’

g
Gi(g)

At £ = 0 this evaluates to y(g) — 7(g)(1 — 2g0d,)y(g) = g, which is studied in
[5,24].

=0 (1= 9-0) Ge(g) = 7(2) (1 — 2809,) [1 = 7(2) (1 — 220,)] Ge(g).

6 Automorphisms of Hp

Applying the universal property to Hp itself, adding coboundaries to B leads to

Definition 7. For any « € H}, Theorem 1 defines the Hopf algebra morphism
Oy =B+ Hp 5 Hp suchthat “yo By =[By +8a]o%y.  (41)
Example 15. The action on the simplest trees yields

“x(¢) =y o B4(1) = B4(1) + (a)(1) = B4(1) = e,

“A(]) =00 By (3) = (B +80) " (+) = ]+ ba(e) = ] +a®) e,
”({): }“‘*‘“’I”[‘J‘“”z*“(')}' and g (J)= N2 (o)e e

These morphisms capture the change of “p under a variation of L by a coboundary:

Theorem 5. Let H denote a bialgebra, L € HZ!(H) a 1-cocycle and further
o € H' a functional. Then for 'p,* %% Hyp — H given through Theorem 1 and

”‘°Lp)(: Hpyg — Hpg from Definition 7, we have

L+60(p
HR — H
Ltday — Ly [aoLp]X, equivalently . l / commutes. (42)
x
L
79

Hp

Proof. As both sides of (42) are algebra morphisms, it suffices to prove it induc-
tively for trees: Let it be true for a forest w € %, then it holds as well for the tree

B4 (w) by
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Lpo ey o By (w) = Lpo[By + 68 (@ 0 bp)] o ="y (w)

= {L oo+ Gy o o} o L' yw) = {L + 8} o ip o W) yo0) = 1+ 0 B ().
N’ (3
Letbap(y)
We used (§a) o Lp = p o § (& o Lp), following from %p being a morphism of bialgebras.

Hence the action of a coboundary o on the universal morphisms induced by L
is given by aolp x- This turns out to be an automorphism of Hg as shown in

Theorem 6. The map "y: Hp — Endpoy(HR), taking values in the space of Hopf
algebra endomorphisms of Hp, fulfils the following properties:

1. Foranyw € ¥ and a € Hp, * y(w) differs from w only by lower order forests:

[w]—1

“pw) ew+ HY'T = w+ @ Hea (43)
n=0

2. "y maps Hpy into the Hopf algebra automorphisms Auty,,(Hg). Its image is
closed under composition, as for any o, f € Hp we have * y o By =7y taking

y=a+Bo%y (44)

3. The maps §: Hy — HZ!(Hg) and "y : Hyp — Auty,,(HR) are injective, thus
the subgroup im 'y = {“X: o€ Hl/z} C Autyoy(HR) induces a group structure
on Hy with neutral element 0 and group law > given by

av ="y (xolr)=a+Bo ) and o' =—woty. (45)

Proof. Statement (43) is an immediate consequence of do(Hj) € Hjp: Starting
from *y () = e, suppose inductively (43) to hold for forests w,w’ € .#. Then it
obviously also holds for w - w’ as well and even so for B (w) through

“J o B(w) = [By + 8 o x(w)  [By + 8] (w+ HY'™) € Baw) + HY'.

This already implies bijectivity of * x, but applying (42) to L = By + d« and @y
for & := —a 0 “y shows id = ¢y o “y directly. We deduce bijectivity of all * y and

thus ® y € Autpepr(Hg) with the inverse y ! = . Now (44) follows from

[a+ﬂ 0“171])( — [B++8a]+8(ﬂo°‘x71)p — [B++8a]po [ﬁ o%lo (B++8d)p]x —_« Oﬂ
(42)

X-

Finally consider o, B € Hp with®y = #y,then0 = (“ y—* y)o By = §o(a—p)o%
reduces the injectivity of "y to that of §. But if 6o = 0, forall n € Ny
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0= da (o) = (n + 1)0{ (/) & T1=7 implies (") = 0.

l
i=0

Given an arbitrary forest w € .% and n € N, the expression

o= =g 32 () e )

w o i=0

() ety

1
n w:w'=e

simplifies upon projection onto K e to o (we" 1) = — o (¢"w"). Iterating

this formula exhibits «(w) as a scalar multiple of « ( -‘W‘) = 0 and proves o = 0.

6.1 Decorated Rooted Trees

Our observations generalize straight forwardly to the Hopf algebra Hg(2) of rooted
trees with decorations drawn from a set &. In this case, the universal property
assigns to each Z-indexed family L.: 2 — End(«/) the unique algebra morphism

Lp: HR(2) — o suchthat “poBY =Lso%p foranyd € 9.

For cocycles im L. € HZ! (/) this is a morphism of bialgebras and even of Hopf
algebras (should <7 be Hopt) For a family «.: & —> Hp(2) of functionals, setting
LY = Bd + Say yields an automorphism * y := ©“p of the Hopf algebra Hz(2).
Theorems 5 and 6 generalize in the obvious way.

In view of the Feynman rules, decorations d denote different graphs into which
le_ inserts a subdivergence. Hence we gain a family of Mellin transforms F. and
Theorem 4 generalizes straightforwardly as (¢ o Bi = P o Fy(=0¢) 0 ¢

6.2 Subleading Corrections Under Variations of Mellin
Transforms

As an application of (42) consider a change of the Mellin transform F to a different
F’ that keeps ¢_; fixed but alters the other coefficients c,. With o := 7' — 1,

4 ol o
0¢/:Lp L+8ap_ po[oc p]X:0¢o[a 0¢]X

translates the new renormalized Feynman rules ,¢” into the original ;¢.
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Fixing ¢c_; = —1, this in particular relates ;¢ to ¢ = f0p using Example 15
together with 1 o p(w) = (—1)'”"%@4 as

P ()=x=¢(s)=gomy ("),

@ ()= +ax=¢ I+ = g0yl

{mw[cs—cl]} =¢°”°“’X({)

3
09 (D = % +x’cy+x(cg—c)=0¢

and

3

o (N) = %+Co'x2—26’1'x:@{A+c-0..—2cl } = 4o (A).

Corollary 8. The new correlation function y¢ o X = ¢ o X equals the original
¢ applied to a modified perturbation series X(g), fulfilling a Dyson-Schwinger
equation differing by coboundaries. By (43) the leading logs coincide and explicitly

X(g) = ’7°¢Xo X(g) =1+ Zgn (B, + 1) (X“v(g)l-l-nk) ]

neN

7 Locality, Finiteness and Minimal Subtraction

Consider the regularized but unrenormalized Feynman rules .¢. Now setting &7 :=
K[z7!,z]] and ¢ := ¢ € GZR, (10) fixes the scale dependence ,¢p; = ¢ 0 O_1;.

Proposition 4. For any character ¢ € fo, the following are equivalent:
1. ¢* V% (oY) =¢o(SY)mapsinto %K[[z]], 50 lin(l)q&*_l * (z¢ oY) exists.
, e

2. Foreveryn € Ny, ¢* ' x (¢ oY) = ¢ o (S * Y") maps into 7 "K[[z]].
3. Foranyl € K, ¢* ! % (¢ 0 0y,) = ¢ o (S * 0p,) maps into K[[z]].

Proof. We refer to the accounts in [5, 10, 21], however only 1. = 2. is non-
trivial and

po(SxY"™) =go(Sx¥) oY +[po(Sx V)] *[po(S* V"]

yields an inductive proof. It exploits (S o ¥Y) xid = —S x Y in the formula
(o arbitrary)

Sx(@oY)—(S*xa)oY = —(SoY)xa=—[(SoY)xid]xS+xax = S*xY xS *xa.
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Note that condition 3. is equivalent to the finiteness Proposition 2 of the physical
limit ;¢ as

z¢R,s = z¢;_l * z¢s = ¢ © [(S © 9—zlnu) * 9—zlns] = ¢ ° (S * Q—Zlnfj) © 9—zlnpu

Corollary 9. The anomalous dimension can be obtained from the %-pole coeffi-
cients

y=—000,p =—0go ling)d) o(Sx0_,y) =Res[po(S«~Y)]. (46)

The minimal subtraction scheme R, projects onto the pole parts such that .o/ =
o @ oy where o7_ := 77 'K[z"!] and 74 := K[[z]]. Though it renders finiteness
trivial, its counterterms might depend on the scale s and violate locality. So from
[10] we need

Definition 8. A Feynman rule ¢ € GZR is called local iff in the minimal
subtraction scheme, the counterterm (¢ o 8y,)— is independent of £ € K.

Proposition 5. Locality of ¢ € GZR is equivalent to the conditions of
Proposition 4.

Proof. In case of Proposition 4, ¢ 0 0y, = (¢_)* ' x {1 x [¢* ' x (90 0]} isa
Birkhoff decomposition by condition 3. such that (¢ o 6y,)_ = ¢_ from uniqueness.
Conversely, for local ¢,

0=Ryso(po elz)+ = Rys o [(¢ 0 0p;)_ * (¢ 0 Op;)] = Rys o [p— x (¢ 0 O¢;)]

implies K[[z]] = ker Rys 2 im¢_ * (¢ o ;) and convolution with qu__l =¢* ! *

¢*~!' : Hr — K][[z]] yields condition 3. of Proposition 4.

So we showed algebraically that the problems of finiteness in the kinetic scheme and
locality in minimal subtraction are precisely the same. These schemes are related by

Lemma 10. If Pus.s denotes the Rys-renormalized Feynman rule, then its scale
dependence is given by (¢ through ¢, = (R u© Zq&Ms) * g (as already exploited
in [4]).

Proof. Locality of the minimal subtraction counterterms ¢ implies R, 0¢— = ¢,
hence

(Ru© ) %k = [Ryu 0 (p— % )| *(Ru0.9)" ™ %:p = (R 0 p_)%:p = .

The physical limit eviy s 0 (@, = ling) .Pys.s Yields polynomials (¢, . and Lemma 10
2> ’

becomes

Corollary 10. The characters ,¢,,., 0@ : Hr — K[x] fulfil the relations

0Pus — (8 °© 0¢MS) * 0¢’ equivalently Ao 0Pus = (0¢MS ® 0¢) oA. (47)
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In particular, the constant parts € o 4¢,; = €V © (P, € GHQIR determine ¢,
completely as the scale dependence is governed by ,¢. Using ¢ = exp, (—xy), the
B-functional ¢, = exp, (xp) * (s ) 0¢>MS) from [10] relates to y by conjugation:

B * (8 00¢MS) = (8 o 0¢MS) *x .

Corollary 11. Applying (32) to (47) expresses the correlation function of the R,;-
scheme to the kinetic scheme by a redefinition of the coupling constant:

Gys.e(g) = Guso(g) - Gy (g - [Gus.0(8)]" )

8 Feynman Graphs and Logarithmic Divergences

In a typical renormalizable scalar quantum field theory, the vertex function is log-
arithmically divergent and may be renormalized by a simple subtraction as studied
above. Referring to [6] for quadratic divergences, we now restrict to logarithmically
divergent graphs with only logarithmic subdivergences, in D dimensions of space-
time.

Following the notation established in [3], the renormalized amplitude of a graph
I" in the Hopf algebra H of Feynman graphs is given by the forest formula'®

e 4y L
DIFl vr/F  Vy/F
oun=[or ¥ om0 gy
A
Fez(I) vr/F L Vy/F

The forests % (I") account for subdivergences, the first and second Symanzik
polynomials Yy, ¢r depend on the edge variables «, (Schwinger parameters) and

we integrate over R]P’LEO(F) =

in projective space with canonical volume form 2.

Apart from a scale s, ¢ depends on dimensionless angle variables © = {’”TZ} u
{£-EL} built from the mass m and external momenta p;. We abbreviate Sr=aE
and denote evaluation at the renormalization point (5, &) of the kinetic scheme by a
tilde or «| := '|(s,(~))»—>(§,@~))'

Definition 9. Holding the angles © fixed, the period functional 22 € H' is given by

P = —%dﬂ.([‘) forany I' € H. (49)
R

10We prefer to work in the parametric representation as introduced in [14, Sect. 6-2-3].
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Corollary 12. For any graph I' € H, the value &(I) is a period in the sense of
[15] (provided that § and all 6 € © are rational) by the formula

@
(=1 Yr/F
P(I) = /9 o £ (50)
(48) L + 9
FG?(F) F W[‘/F r;éyerwy/F

For primitive (subdivergence free) graphs, [23] gives equivalent definitions of
this period in momentum and position space. The product rule, (49) and @4 |, = ¢
show

Corollary 13. The period is an infinitesimal character & € g]g (it vanishes on any
graph that is not connected).

8.1 Renormalization Group

Proposition 6. Holding the angles © fixed, differentiation by the scale results in'"

il
€D+ =X % ¢)+ (51)
~ dlns
Proof. Adding 0 = Z(I") — Z(I") and collecting the contributions of £ Vo/F in ()

we find

45 r
~ 3 2+ )
1 ( 1)1+|F| &
_ — VIr/F
=2y 5pt > L 1
r (ry#rezr)  VF VIIF Gl VSIE
(=50 5.5
) vr/F Vr/F Vy/F
=,@(1")+/~QFZ ( )D2 _ ~r;éye.r
(50) {rY#£FeZF(T) F/ |:£ + Z v ] I:-Iw_ + i|
VP ey VOIF VP ey VOIF
¢ _% z
(—1)1+I7] (EFF v F)w F
—gz(r)+/9rz > N PR AT
y<I' yEFEZF(I) F I:EF/F—FF#XE:EFE‘S/F].EEFES/F

|mo()|=1

This simple form circumvents the decomposition into one-scale graphs utilized in [6] and
therefore holds in the original renormalization Hopf algebra H.
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With y < I denoting a subdivergence y # I, the forests F' € .# (I") containing y
correspond bijectively to the forests of y and I'/y by

F () :={FeZF('): yeF}y3Fw(F|, F/y)eZ(y)x.Z(I'/y), using
Fl,:={€F: 8=y} and F/y:={§/y: §€F and §Z£y}.

This is an immediate consequence of the definition of a forest, as for F' € ﬁy (),
each § € F is either disjoint to y or strictly containing y (in both cases it
is mapped to §/y € F/y) or itself a subdivergence of y. Thus integrating

00 A—A _ p—lin A ;
fO (A+zB)(/I+tB)dt =B"'In e
(=) FIE[+IF]
=93(F)+/Z 2y N Qryy Z D/2 D/2
y=I ez Y
|| =1 FEF(I'/y)
x/% vr/F  Vvr/r) "V Vy/F,
t [«z [ [ ? ?
A R SR |'[xg,, +o-22 ]
0 Vvr/F F#XE:EF veF Y SEXF:V V§/F, &vsr Y ser, Vo/Fy
~ ¢ ¢
2 v + v
Y (r/y)/F V§/F
(DB g rly PN/}
=3Z(F)+/ZQVAQWZ Ty In =
<r F,eZ(y) v v
] =1 FEF T sery YO/ Fy ier VI

reduces to the projective | £2, in the edge variables of the subgraph y, making use of

ify 28 €F
ify=8eF

IF|=|F|,|+|F/y|. %
§/F

G/V)/(F/y)

<l <

8/ Fl,’

and

Ve =Vr|, V-

The apparent factorization into &?(y) and @4 (I"/y) shows that we obtain conver-
gent integrals for each y < I' individually and may therefore separate into

¢
1 1+|F, | v
=2 +) /‘Q = w)D/Z ' y(;{Fy
\n()}/(;)f 1 Hesm FV §€Fy Va/Fy
¢ 2
(=DlFl Ve T m%/y} Vs/F
/.Qr/y D/2 -In = :9*@154_(1")

Fey(l’/y) F 8€F1//8/F
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Note that the terms y ® I'/y of A(I") with |7p(y)| > 1 do not contribute here by
Corollary 13.

Together with Corollary 13 and the connected graduation of H, this shows

_ (_Z)n 8 " _ (_e . 9)*n
Pr=3 — [(__BIns) <1>+l=§(5—” Y e o

n€Ny n€Ny

where we set £ := In ¢ and the series is pointwise finite. Hence note

Corollary 14. The renormalized Feynman rules @ = @4 |,_g5 * P4 |,—; factor-
ize ([6] gives a different decomposition) into the angle-dependent part 4 |,_; and
the scale-dependence @ |,_g given as the Hopf algebra morphism

Dilgeg =exp, (—€P): H — K[{]. (52)
Example 16. For primitive I' € Prim(H), &1 (I") = —£ - 2(I") + @4 |,—:(I")

disentangles the scale- and angle-dependence. Subdivergences evoke higher
powers of £ with angle-dependent factors. Dunce’s cap of ¢*-theory gives

P(XX)= 2 (><>> = 1 such that

P4 62 -
P Py ba »
v (% =5 0 () + il <>
D3 s

8.2 Dimensional Regularization

The dimensional regularization of [7] assigns a Laurent series ;@(I") inz € C
to each Feynman graph I' € H, which for large Nz is given by the convergent
parametric integral

0 _¢
e vr
2= J] /ae —57 (53)
e€E(N) r

As %F is linear in the scale s and homogeneous of degree one in the edge variables,
simultaneously rescaling of all «, yields (for logarithmically divergent graphs)

Corollary 15. The scale dependence ;@ = @ |,_; 0 0_y of (53) is induced from
the grading Y of H given by the loop number.
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Thus the finiteness of the physical limit @4 |,_g = lim; ¢ @]z 0 (S *0_) results
by Proposition 4 in the local character ;@ |, € G{g, evaluated at the renormalization
point (5, ©).

Corollary 16. In dimensional regularization, the period (50) is the %-pole coeffi-
cient

P =Reso P|go(S*7Y). (54)
0

8.3 Dilatations

For A > 0, consider the dilatation operator A, scaling masses m +— A - m and
momenta p; — A - p;. It fixes all angles ©, multiplies the scale s with A% and
therefore acts as

@4 o0 Ay =exp, (—Wln i) * @il_s0(s>s5-1%) =exp, (2Z21Ind) x &
5

In other words, the dilatations R.g 2 A — A, — exp, (-2 1In L) * - are repre-
sented on the group G f{ of characters by a left convolution. As the unrenormalized
logarithmically divergent graphs are dimensionless and naively invariant under A},
& precisely measures how renormalization breaks this symmetry, giving rise to
anomalous dimensions.

9 Conclusion

We stress that the physical limit of the renormalized Feynman rules results in a
morphism ¢ : Hr — K[x] of Hopf algebras in case of the kinetic scheme. This
compatibility with the coproduct allows to obtain (¢ from the linear terms y only. As
we just exemplified, these relations are statements about individual Feynman graphs
unraveling scale- and angle-dependence in a simple way. Again we recommend [6]
for further reading.

Secondly we revealed how Hochschild cohomology governs not only the pertur-
bation series through Dyson-Schwinger equations, but also determines the Feynman
rules. Addition of exact one-cocycles captures variations of Feynman rules and the
anomalous dimension y can efficiently be calculated in terms of Mellin transform
coefficients.

Note how this feature is lost upon substitution of the kinetic scheme by minimal
subtraction: We do not obtain a Hopf algebra morphism anymore due to the constant
terms, which are also more difficult to obtain in terms of the Mellin transforms F'.
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Finally we want to emphasize the remarks in Sect. 5 towards a non-perturbative
framework. Though this relation between F'(z) and the anomalous dimension y(g)
is still under investigation and so far only fully understood in special cases, these
already give interesting results [5, 24].
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Abstract With the help of computer algebra we study the diagonal matrix elements
(Or?), where O = {1,8,ianp} are the standard Dirac matrix operators and
the angular brackets denote the quantum-mechanical average for the relativistic
Coulomb problem. Using Zeilberger’s extension of Gosper’s algorithm and a variant
to it, three-term recurrence relations for each of these expectation values are derived
together with some transformation formulas for the corresponding generalized
hypergeometric series. In addition, the virial recurrence relations for these integrals
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1 Introduction

This work has been initiated by the following email regarding Doron Zeilberger’s
760 conference:

http://www.math.rutgers.edu/events/Z60/

Email to Peter Paule from Sergei Suslov [27 Feb 2010]

Subject: Uranium 914 ion

"...I understand that you are coming to Doron’s conference in May
and write to you with an unusual suggestion...

I am attaching two of my recent papers inspired by recent success
in checking Quantum Electrodynamics in strong fields [see Refs. [35] and
[37] in this chapter].

It is a very complicated problem theoretically, and fantastically,
enormously complicated (at the level of science fiction!)
experimentally, which has been solved - after 20 years of hard
work by theorists from Russia (Shabaev 4 20 coauthors/students)
and experimentalists from Germany.

Experimentally they took a uranium 92 atom, got rid of all but one
electrons, and measured the energy shifts due to the quantization
of the electromagnetic radiation field!

Mathematically, among other things, the precise structure of the
energy levels of the U 91 + ion requires the evaluation of
certain relativistic Coulomb integrals, done, in a final form, in
my attached papers

Here is the problem:

These integrals have numerous recurrence relations found by
physicists on the basis of virial theorems. They are also sums of
3 (linearly dependent) 3F2 series.

Now you can imagine what a mess it is if one tries to derive those
relations at the level of hypergeometric series (3 times 3 = 9
functions usually!).

It looks as a perfect job for the G-Z algorithm in a realistic
(important) classical problem of relativistic quantum mechanics.
It looks as a good birthday present to Doron, if one could have
done that. I feel we can do that together.

Looking forward to your answer on my crazy suggestion, BW, Sergei"

The first named author’s computer algebra response reported at the Z60 conference
is presented in this joint paper.

2 Relativistic Coulomb Integrals

Recent experimental and theoretical progress has renewed interest in quantum
electrodynamics of atomic hydrogenlike systems (see, for example, [3,10,11,13,14,
17,31, 33, 34] and the references therein). In the last decade, the two-time Green’s
function method of deriving formal expressions for the energy shift of a bound-state
level of high-Z few-electron systems was developed [31] and numerical calculations
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of QED effects in heavy ions were performed with an excellent agreement to
current experimental data [10, 11, 33]. These advances motivate a detailed study
of the expectation values of the Dirac matrix operators multiplied by the powers
of the radius between the bound-state relativistic Coulomb wave functions. Special
cases appear in calculations of the magnetic dipole hyperfine splitting, the electric
quadrupole hyperfine splitting, the anomalous Zeeman effect, and the relativistic
recoil corrections in hydrogenlike ions (see, for example, [1, 30, 32, 35] and the
references therein). These expectation values can be used in calculations with
hydrogenlike wave functions when a high precision is required. For applications
of the off-diagonal matrix elements, see [22—24,28,29], and [32].

Two different forms of the radial wave functions F' and G are available (see,
for example, [18] and [38]). Given a set of parameters a, o, o, B, B1, B2, and y,
depending on physical constants ¢, «, 1, and v, consider

F(r)\ _ 2530 n! v—1 —afr (061 062) (Lﬁv— (Za,Br))
(G(r)) =N T @ g ) 2 apn)
(D

where, using the notation from [20], Lﬁ (x) stands for the corresponding Laguerre
polynomial of order n. Throughout this paper,

k=2 +1/2), v = Kk?—u?,
w=oaZ = Ze*/he, a=+v1-—¢g2, (2)
e = E/mc?, B = mc/h,

and y = u(x — v)(ex — v), with the total angular momentum j = 1/2,3/2,5/2,

etc. (see [4,5,8,25,35], and [38] regarding the relativistic Coulomb problem). The
following identities

epm=a@V+n), eu+av=a@m+2v), eu—av=an, 3)

2,2 2

el —vi =a’n(n+2v) = u* —ad*?

are useful in the calculation of the matrix elements.
The relativistic Coulomb integrals of the radial functions,

Ap = / e (F2(r) + G*(r)) dr, )
0

B, = / oorf’“ (F?(r) = G*(r)) dr, ®)
0

C,= / - rPY2F (r) G (r) dr, (6)
0
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have been evaluated in Refs.[35] and [37] for all admissible integer powers p,
in terms of linear combinations of special generalized hypergeometric 3 F, series
related to the Chebyshev polynomials of a discrete variable [18, 19].

Note. We concentrate on the radial integrals since, for problems involving spherical
symmetry, one can reduce all expectation values to radial integrals by use of the
properties of angular momentum.

Throughout the paper we use the following abbreviated form of the standard
notation of the generalized hypergeometric series 3 F»; see, e.g., [20]:

ai, az, az ai, as, a; o (a1 (@2)k (a3)k
F = 3 F 1) = _— 7
3 2( ) : 2( bi. by ) L ot P

where (a); :=a(a + 1) ...(a + k — 1) denotes the Pochhammer symbol.
Analogs of the traditional hypergeometric representations for the integrals are as
follows [35]:

'2v+1) l—n, —p, p+1
2u(2aBf)P ———— A, =2 F ’ ’ 8
w(2aB) Tavtrptnr pean 3 2( il 2 (8)
I—n, —p, p+1 -n, —p, p+1
F — F ,
+(u +ak) 3 2( Wil 1 )+(H ak) 3 2( WAl 1
rv+1 1—n, —p, p+1
21 ap)? ——— B, =2 F ’ ’ 9
w@ab) oo Br pa”32( w1, 2 ©)

I—n, —p, p+1 -n, —p, p+1
F — F ,
+e (u +ak) 3 2( wal 1 )+€(H ak) 3 2( il 1

I'(2v+1)
rv+p+1 *

l—n, —p, p+1 -n, —p, p+1
= F — — F .
a(p+ak) 3 2( ol 1 ) a(p—ak) 3 2( Al 1

4 (2ap)” (10)

The averages of r” for the relativistic hydrogen atom, namely the integrals A4 ,, were
evaluated in the late 1930s by Davis [6] as a sum of certain three 3 F, functions.! But
it has been realized only recently that these series are, in fact, linearly dependent and
related to the Chebyshev polynomials of a discrete variable [35]. The most compact
forms in terms of only two linearly independent generalized hypergeometric series
are given in Ref. [37].

'He finishes his article by saying: “In conclusion I wish to thank Professors H. Bateman,
P. S. Epstein, W. V. Houston, and J. R. Openheimer for their helpful suggestions.”
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In addition, the integrals themselves are linearly dependent:
QCe+e(p+1)A,— Qe+ p+1)B, =4uCp; (11)

see, for example, [1,28,29], and [35]. Thus, eliminating, say C,, one can deal with
Ap and B, only.

The integrals (4)—(6) satisfy numerous recurrence relations in p, which provide
an effective way of their evaluation for small p. A set of useful recurrence relations
between the relativistic matrix elements was derived by Shabaev [29] (see also
[1,7,28,32,35], and [39]) on the basis of a hypervirial theorem:

ZKAP—(p-i-l)Bp =4,uCp+4,3£Cp+1, (12)
ZKBP—(p—i-l)AP =4,3Cp+1, (13)
:qu - (p +1) Cp = ,3 (Ap+1 - SBp+1) . (14)

From these relations one can derive (see [1,29], and [32]) the linear relation (11)
and the following computationally convenient recurrence formulas (15)—(18), stated
in our notation as

i+ 2 (p+2)+e(p+1)2ke+p+2)

Apr1=—(p+1) 1= (p 12) B A, (15)
4# (p+2)+(p+1)(2/<8+p+1)(2/c8+p+2)
4(1-¢e2)(p+2)Bu Br
2 2
Bp+1=—(p+1)4v +2e@Rp+3)+e(p+1D)(p+2) 4, (16)

4(1—¢>)(p+2)Bu
+4p, £(p+2)+(p+1)(2K£+p+1)(21(+£(p+2))
4(1—e2)(p +2)Bu By

and

4p? 5(p+1)+p(2/cs+p)(2/c+£(p+1))
p(4v?—p?)p

4p? (p+1)—|—p(2/cs+p)(2/cs+p+1)
p(@4v?—p?)p

Apor = B 4, a7

—p

pv

424+ 2keRp+1)+&2p(p+ 1)
1 (42— p?) A
W2 +2c(p+1)+epRee+p+1)
(402 — p?)

B,y =P (18)

—p By,

respectively.
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Note. (i) These recurrences are complemented by the symmetries of the integrals
Ap, B,, and C, under the reflections p — —p — 1 and p — —p — 3 found in [35];
see also [2]. (ii) These relations were also derived in [36] by a different method using
relativistic versions of the Kramers—Pasternack three-term recurrence relations.

3 Computer Algebra and Software

The general algorithmic background of the computer algebra applications in this
paper is Zeilberger’s path-breaking holonomic systems paper [40]. The examples
given in the following sections restrict to applications: (i) of Zeilberger’s extension
[42] of Gosper’s algorithm [9], also called Zeilberger’s “fast algorithm” [21,41], and
(i1) of a variant of it which has been described in the unpublished manuscript (Paule,
2001, Contiguous relations and creative telescoping, unpublished manuscript, 33p).
Both of these algorithms have been implemented in the Fast Zeilberger package
zb . m which is written in Mathematica and whose functionality is illustrated below.
A very general framework of Zeilberger’s creative telescoping (i), and also of its
variant (ii), is provided by Schneider’s extension of Karr’s summation in difference
fields [12]; see, for instance, [26,27] and the references therein.
The Fast Zeilberger Package can be obtained freely from the site

http://www.risc.jku.at/research/combinat/software/

after sending a password request to the first named author. Put the package zb.m
in some directory, e.g., /home /mydirectory, open a Mathematica session, and
read in the package by

In[1l] := SetDirectory["/home/ppaule/RISCComb-Software_-Sep05.dir/fastzeil"];

In[2] := <<zb.m

Fast Zeilberger Package by Peter Paule and Markus Schorn

(enhanced by Axel Riese) - © RISC Linz - V 3.53 (02/22/05)

A Mathematica notebook containing a full account of the Mathematica sessions
described below, together with some additional material, is available at:

http://hahn.la.asu.edu/~suslov/curres/index.htm

4 Unmixed Three-Term Recurrence Relations
The following relations purely in the A, and B, respectively, have been established
in [37]:

wP(p) A
a2B (4p2 (p + 1) + p ek + p) ek + p + 1)) (p + 2)

Ap+1 = P (19)

_(4v2—p2) AP +2+(@+1DQek+p+1)Q2ek+p+2)p
2aB) (42 (p + 1) + p ek + p) ek + p+ 1)) (p + 2) rh
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en Q (p)

Bpt1 = a2B (4242 2p+ ) +2p(p+ 1) (p+2) B, (20)
@) (@42 2P+ D 42D+ (D
(2ap)? (@2 +2ec2p+ D) +2p(p+1))(p+2) p—1
where
P(p)=2ep(p+2)QRex+ p)Rex+p+1) 1)

+e[4 (2> —v) —p (4’ + p(p+1)]

+@2p+ 1) [4e% +2(p +2) (2en®> — k)],
0(p)=Qp+3)[4°+2ec2p+ 1)+ p(p+1)] (22)

- Q2p+D(p+1)(p+2).

In comparison with other papers (e.g., [1, 2, 28, 29, 35, 36], and the references
therein), this approach provides an alternative way of the recursive evaluation of
the special values A, and B, when one deals separately with one of these integrals
only. The corresponding initial data A9 = 1 and B_; = a?B/u can be found
in [35].

Note. The derivation in [37] resembles the reduction (uncoupling) of the first order
system of differential equations for relativistic radial Coulomb wave functions
F and G to the second order differential equations; see, for example, [18] and [38].

With Zeilberger’s definite extension [41, 42] of Gosper’s algorithm [9] for
indefinite hypergeometric summation, the derivation of such recurrences is fully
automatic if the input is given as a terminating hypergeometric series (and provided
that the input is of computationally feasible size). We illustrate this by a mechanical
derivation of the following simple three-term recurrence relation for the integral C,,,
not found in [37]:

2k +¢e[p(p+1)—4i?]
aB(p>—4)(p+1) 7
(p* —4v?) [(p +1)*— 4/c2]
2 Cpor.
(2ap)” (P> =4 (p + 1)

As input for C,, we take the hypergeometric sum representation from (10). We start
our Mathematica session by reading in the RISC “Fast Zeilberger” package:

Cori=pnQ@2p+1

(23)

+p

In[l] := <<zb.m
In[2]:= (a-)x. := Pochhammer[a, k] ;
F1lk] ie QA-n)y =Pk @+1) F2 k] iz )k (=P (P+ 1)k

2 v+1)x (D)x k! 7 (2 v+1x () k!
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In[3]:= FullSimplify[{F1[k]/F1[k], F2[k]/F1([k]}]

"

Out [3]= {1, —
ut [3]1= { —mn

—1

n
) F1[k] (a (uta k)—a (u—a k) * n—k);

Gammal2 v+1]
Gammal2 v+p + 1]

In[4]:= f[k.] ::(4 n (2 a P

In[5]:= SuslovRec=Zb[f[k] , k, 0, Infinity, p, 2] // Simplify
out[sl= {4 a B (-3+2p) (—(24+3 p+p?) u? m+v)—2 ank u m+2 v)+
a? k> (n+v) (2+4 n?+3 p+p’+8 n v)) SUM[ + p|+
a (2+p) B (—@+p)? p?+a® «» (4 n®+(1+p)?+8 n v)) SUMp +2] ==
(1+p) (1+2 p+p?—4v?) (—(2+p)? p2+a? ¥? (4 n>+(2+p)?+8 n v))suMp|}

Here C, = SUM [p] . Utilizing two of the identities (2)—(3) brings Out [5] into the
form (23). In order to prove the correctness of Out [5], just type

In[6] := Provel]

and the program generates automatically a pretty print version of a proof in a
separate window or file, respectively.

The computerized derivations and proofs of (19)—(20) are analogous; one finds the
details in the corresponding Mathematica notebooks on the article’s website.

5 Related Transformations of Generalized Hypergeometric
Series

Several relations between two pairs of the generalized hypergeometric series under
consideration are given in [35] and [37]:

1—n, —p, p+1
F 24
32( w41, 1 ) 24

Qv+ Qv+p+D)2v+p+2)2n+p+1)
N Qv+ Dw+n)(p+1)

s P l—n, p+2, —p—1
2v0+2, 1

_n(4v+2n+p+l) F -n, p+2, —p-—1
2w+n)(p+1) 2v, 1

and

-n, —p, p+1
F 25
’ 2( w41, 1 ) 25)

nd+2n—p—-1D2v+p+1DQ2v+p+2)
b+ +n)(p+1)

2See RelativisticCoulomblntegralsISupplementaryl.nb
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o l—n, p+2, —p—1
2v+2, 1

@v+m)@2n—p-1) (—n,p+2, —p—l)
2w+n)(p+1) 2v, 1 ’

In addition,

1 _ _
plp+1) o (l-n p+1 —p (26)
2v+n 2v+1, 2

_(p=2v»)Qv+p+1) F I—n, p+1, —p
T 2@+ tn) w42, 1

v -n, p+1, —p
F 9
+v+n3 2( 2v, 1 )

and

plp+D) o (1—n, —p,p+1)
-~ 3172

n-—+2v 2v+1, 2

-n, —p, p+1 l—n, —p. p+1
=3F —3F . 27
32( 2w+1, 1 ) } 2( w41, 1 @7)

These relations are “responsible” for the transformation between two different
hypergeometric forms of the relativistic Coulomb integrals [35, 37]. The second
named author was able to give only the proof of the last relation from the advanced
theory of generalized hypergeometric functions.

With the zb . m package, one can not only prove but also find such relations, in
the literature called also contiguous relations, automatically. We illustrate this by a
computer derivation of (24).

In[l] := <<zb.m
A—n)x (P P+ D)
In[2]:= (a-)x. := Pochhammer[a, k] ; FO[k.] := 2 vty Oy W ;
A—n)x (P~ 1k (P+2) () (—p—1)x (P+2)
F1l[k.] := ; F2[k.] := ;
(k-] (2 v+2) (1) k! k-] (2 vk ()x k!

Our goal is to compute rational function coefficients ¢y, c1, ¢, free of the summation

variable k, such that

> " (coFO[K] + 1 F1[k] + 2 F2[k]) = 0.
k=0
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With a parameterized version of Gosper’s algorithm, similar to Zeilberger’s
extension of Gosper’s algorithm, we compute such ¢; together with a hypergeometric
expression g such that for non-negative integer N:

N

FIk]  Fak]\) _
(ot (o + e g + g )) =

k=0

This is accomplished using the option Parameterized; finally we send N to
infinity:

In[3]:= FullSimplify[{1, F1[k]/Fo[k], F2[k]/Fo0[k]}]
out(3l= {1, — (1+k+p 1+2v) , n(l+k+p) k+2v) y
(-1+k—p) 1+k+2v)" 2 (k—n) (-1+k—p) v
In[4]:= Gosper[Fo[k], {k, 0, N},
(1+k+p) (142 v) n (l+k+p) (k+2v)

Parameterized -> {1, _(—1+k—p) (Afk+2v) 2 (k—p) (—1+k—p) \1}]

If ‘N’ is a natural number, then:
N

out[4]l= {> 4 (1+p) v (n+v) 1+2 v) Fkl—(1+2 n+p) m+2v) 1+p+2 v)
k=0

(24+p+2v) Filk]+ 2 nv (14+2v) 1+4+2 n+p+4 v) Fk] ==
—((1+N+p(1+2v)(2 n+4 n°+n N+2 n? N+3 np+2 n? p+n N p+
np’+4v+8nv+8n>v+2Nv+6pv+8npv+2Np vt
2p2v+8v2+8nv2+8p v?)

Pochhammer [1 - n, N] Pochhammer[-p, N] Pochhammer[l + p, N])/
(1+N+2 v) N! Pochhammer[l, N] Pochhammer[l+2 v, N]) }

For N — oo this gives the desired relation because the right hand side is 0 when
N > p.

The computerized proofs of (25)—(27) are similar and the corresponding Mathe-
matica notebooks are available on the article’s website.?

6 Virial Recurrence Relations

A general procedure of verification of the linear relations between the relativistic
integrals can be formulated as follows. Start from the hypergeometric series
representations for the integrals involved into the identity/relation in question, and
find all linear dependencies between the corresponding hypergeometric series using
the package zb .m. Substitute the integrals into the desired identity, eliminate the
linear dependent sums/vectors from this equation, and then simplify the coefficients
in front of the rest of the series to zero with the help of the standard identities among
the quantum numbers of the relativistic Coulomb problem.

3See RelativisticCoulomblntegralsISupplementaryll.nb
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One can easily see that the linear relation (11) is equivalent to (27), and that (12)
follows from (11) and (13). To illustrate our strategy, we derive (13) directly from
the hypergeometric representations for the relativistic Coulomb integrals (8)—(10).
To this end, we input the hypergeometric summands involved in the relations
(8)—(10) and (13):

In[l] := <<zb.m
Q- =Pk @+ D)

(2 v+ 1) () k!

(=n)x (=P)x @+ D)
2 v+ 1) (L K

In[2]:= (a-)x. := Pochhammer [a, k] ; FO[k.] :=

_ (1—nx Pk P+ D) o
FLie] = 2 v+ () k7 F2lke] =

F3lk] e (1—n) (—p— 1) (P+2)k; Falk] i- (n)x (—p— 1)« (P+2)k;
2 v+1)x (1)x k! (2 v+ (D k!
In[3]:= FullSimplify[{1, F1[k]/Fo[k], F2[k]/FOo[k], F3[k]/F0[k], F4[k]/FoI[k]}]
_ _(1+Kkn 2k ((1+k) (1+k)n (1+k+p)
out[3]= {1, 1+k, I 1+k+ T-k+p  (i—n) Cltk—p) H
In[4]:= Gosper[Fo[k], {k, 0, N},
Parameterized -> {1, 1+k, —(l+k) n, 1+k+ 2k (l+k), (1+k) n (+k+p) hal
k—n 1—k+p (k—n) (-1+k—p)
If ‘N’ is a natural number, then:
N
out[4]l= {) —n Fi[k]+ (1 +n+p) F2lk| —n F:[k]+ (-1 +n—p) Falk] ==o0,
k=0

%2 np Fkl+@+2 n+p+2 v) Folk] +(=1—p—2 v) Fulk] ==
k=0

2 n (1+N+p) Pochhammer[l —n, N] Pochhammer[—p, N] Pochhammer[l + p, N]
N! Pochhammer[2, N] Pochhammer[l + 2 v, N] ’

N
>»—2n @n+2v) Rk]l+(14+2n+2n?2+2 p+2np+p*+2 v+
k=0

4nv+2pv) FRk—-—0Q+p) QL+p+2 v) Fulk] ==
2 n (1+N)(1+ N+ p) Pochhammer[l —n, N] Pochhammer[— p, N] Pochhammer[1 + p, N]
N! Pochhammer([2, N] Pochhammer[l+ 2 v, N]

}

Notice that for N — oo all the right hand sides vanish because they are 0 when
N > p.
Summarizing, the package has found the following three linear relations:

nX+U)—(I+n+pY+A=n+p) V=0, (28)
pZ+(+2n+p+20)Y —(14+p+2v)V =0, (29)
2n(n+2v) X+ 10+ p)A+p+20)V (30)

=[n+1)*+2p+(n+p>+22n+p+1w]Y

for the following five linear dependent vectors
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X = 3F2 1—I’l, —pp + ! . Y = 3F2 =P p + ! .
2v+1, 1 2v+1, 1

1—n, —p, p+1 l—n, —p—1, p+2
ZI:3F2( . p. P ), UI:3F2( P P )7

2v+1, 1

—n, —p —1, p+2)

V.= 3F
32( 2w+1, 1

We choose to present everything in terms of Y and V:

In[5]:= Linl = nx(X + U) - (1 + n + p)*Y + (1 - n + p)*V ;
Lin2 = (2 np)*Z + (1 + 2n +p + 2 V)*xY - (1L +p + 2 v)*V ;
Lin3 = -2 n (n + 2 v)*X +

out [5]= {{x—

(L+2n+2n>+2p+2np+p>+2VvV+4nv+2Dp0V)«Y -
(L +p) (1 +p+ 2 v)*V ;
Solve[Linl==0 && Lin2==0 && Lin3==0, {X, U, 2}];

FullSimplify[%]

—(1+4+p) V@+p+2 v)+Y 2 n*+2n (1+p+2 v)+(1+p) A+p+2 v)
2n (n+2v) ’
V(En’-2n@Q+p—2v)+(1+p) 1+p—2v)—(21+p) Y (1+p—2 v)
2n (m+2v) ’

s V@+p+t2v)-Y @+2ntp+2 ) 1

2np

U—

Introducing the Coulomb integrals,

In[6]l:= Ap([X, Y, Z] :=

(2 p (2 a B)"(p) (Gamma[2 v + 1])/(Gamma[2 v + p + 1])) " (-1)«

((L + ak)*X + (L - ak)*Y + 2 p & a nxZ) ;
BplX, Y, Z] :=

(2w (2 a B)"(p) (Gammal[2 v + 1])/(Gammal[2 v + p + 11))"(-1)+«

(e (0 + ak)*X + & (L - ak)*Y + 2 p a nxZ) ;

Cplusl[U, V] := (4 n (2 a B)"(p + 1) (Gammal[2 v + 1])/
(Gamma [2 v + p + 2])) " (-1)x(a (u + a kK)*xU + a (4 - a k)=*V) ;
we express the desired relation in terms of X, ..., V:
In[7]:= (2 k)*Bp[X, Y, 2] - (p + 1)*Ap([X, Y, 2] - (4 B)*Cplusl[U, VI];

% /. Gammal[2 + p + 2 v] -> (1L + p + 2 v)+Gamma[l + p + 2 v];

FullSimplify[%]
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1
Out[7]= ———————— 2717P P
ut 7] M Gamma[l + 2 ] @#
(w ((X+Y) (1 +p-2¢€k)+U(L+p+2v) -V (L+p+20V))+
a 2npZ(e+pe-2k)+k ((X-Y) (L +p-2c¢€k) +
U((l+p+2v) +V(L+p+2v)))) Gammal[l + p + 2 v]
Next we rewrite the relevant part into a linear combination of X, ..., V:
In[8]:= ZERO = (u ((X+Y) (l+ p - 26 k) + U (1 + p + 2v) -V (1 + p + 2v)) +
a (2np2Z (e +pe-2k) +
K ((X-Y) (L +p -26k) + U (L +p+2V) +V (1L +p+20v)))) ;
Collect [ZERO, {X, Y, Z, U, V}] ;
FullSimplify[%]
Out[8]=2anpiz (¢ +peée-2k)+Y (1L+p-2c¢ek) (-ak+ u) +

X(1 +p - 2¢8«k)(ak + p) + V(ak - p) (1 + p + 2v) + U(ak + u) (1 + p + 2v)

Eliminating X, U and Z,

—(14+p)v(l+p+2v)+Y2n2+2 n(A+p+2v)+(1+p)(1+p+2 v))
2n (n+2v) ’
VEen—-2nl+p—2v)+1+pQ+p—2v)—(1+p) Y (1+p—2 V)
2n (n+2 v ’
V@A+p+2v)—Y @+2n+p+2 v)
2np

In[9]:= % /. {X—

U—

Z—>

}oi
FullSimplify[%] ;
Collect[%, {Y, V}1 ;

FullSimplify [%]

(1+p) V@i+p+2v)(—pu (m—e k+v)+a (n®? e—n k+e k?+2n¢ev—«k v))+
nn+2v)
(1+p) (@ack+p) I+p—2v) L+p+2v)
2n @m+2v) -

Out [9] =

Y ((l+p—2 e k) (—a k+p)—

a(e+pe—2«)(1+2 n+p+2 v)+

(14+p—2¢ek) (@ack+pw@n?+2n (1+p+2v)+(1+p) 1+p+2 v)))
2n@m+2v)

Finally, we simplify the coefficients of I and Y:

2e-nk+ek>+2nev-Kkv) ;

In[10]:= ZeroV = - u (n - ¢ k + v) + a (n
ZeroY = 2 n (1 + p - 26 k) (-ak + u) (n + 2v) -
(1L +p) (ak + ) (L +p - 2v) (L +p + 2v) -
2 an (¢ +pe -2¢) (n+2v) (L +2n+p+ 2v) +
(L+p-26 k) (ak+p) (2n?2 + 2n(1 + p + 2v) + (1L + p) (1 + p + 2v)) ;
{Zerov, zeroY} ;
FullSimplify[%] ;

$/.n-> (epn-av/a;

FullSimplify[%] ;
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/.2 ->1-a"2 ;

FullSimplify[%] ;

/. k"2 - >v72 + u"2
out[10]l= {0, 0}

which is the name of the game.

Computerized proofs of (14) and some of its extensions work the same; they are
available on the article’s website.*

In a similar fashion, seeking for a more general linear combination of the
corresponding integrals, with the zb.m package one can derive the following
two-parameter relation:

Dp+1)—CQ2c+e(p+1))]A,
—2Dk—-CQRex+p+1)]B,+4uCC,+48D Cpy =0, 31

where C and D are two arbitrary constants. The virial relations (11)—(13) are its
special cases.
We would like to point out the following relation:

(p+1)(2kCp—pAy) = B(p +2) (eApt1 — Bpt1) (32)

as another simple example.

Note. This relation is a linear combination of (12)—(14); see [1].

7 Conclusion

The relativistic Coulomb integrals (4)—-(6) were recently evaluated in a hyper-
geometric form [35]. The corresponding system of the first order difference
equations (15)—(16) has been solved in [37] in terms of linear combinations of the
dual Hahn polynomials thus providing an independent proof. Here, with the help of
the Fast Zeilberger package zb . m we give a direct derivation of these results.

One of the goals of this article is to demonstrate the power of symbolic
computation for the study of relativistic Coulomb integrals. Namely, computer
algebra methods related to Zeilberger’s holonomic systems approach allow not only
to verify some already known complicated relations, but also to derive new ones
without making enormously time-consuming calculations by hands or with ad hoc
usage of computer algebra procedures.

“See RelativisticCoulomblntegralsISupplementaryIIl.nb
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In a sequel to this article® we are planning to investigate the computer-assisted
derivation of recurrences, e.g. the “birthday recurrences” from Sect. 4, by taking as
a starting point the original definition of the Coulomb integrals (4)—(6). To this end,
we will use Koutschan’s package HolonomicFunctions [16]. This package,
written in Mathematica, implements further ideas related to Zeilberger’s holonomic
systems paradigm [40]; for instance, it includes implementations of (variations
of) Z’s “slow algorithm”, and algorithms by F. Chyzak (and B. Salvy), and
N. Takayama. In this context we will have to exploit closure properties of classes
of special (resp. holonomic) sequences and functions; an introduction to computer
algebra methods for the univariate case can be found in [15].

Moreover, the zb.m package strongly suggests that there are, in fact, four
linearly independent virial recurrence relations, see more details on the article’s
website, but only three of them (e.g., (12)—(14)) are available in the literature.
Another next challenge is to study the off-diagonal matrix elements that are
important in applications [22-24,28,29], and [32].
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Hypergeometric Functions in Mathematica®

Oleksandr Pavlyk

Abstract This paper is a short introduction to the generalized hypergeometric
functions, with some theory, examples and notes on the implementation in the
computer algebra system Mathematica®. (Mathematica is a registered trademark
of Wolfram Research, Inc.)

1 Hypergeometric Series

A power series Y ;_, ¢, is called hypergeometric if the ratio of successive ¢, is
rational in n, represented in its factored form:

@ _(mta)mta)---(n+ap)
e T Dbt by)

ey

Examples of such series include geometric series with ¢, = 7", exponential series
. n . . . . —2)* .
with ¢, = %5 and logarithmic series with ¢, = (9" The general solution to the

(n+1)°
recurrence equation (1) is
n—1
o (m4a)im+ay)---(m+ap) 2" (@)a(@)n---(apn
SR U S ey e ey T Ry e

where (a), = a(a + 1)---(a + n — 1) is the Pochhammer symbol, also known as
raising factorial. The hypergeometric series need not be infinite. When the ratio (1)
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vanishes for some value of n, the hypergeometric series degenerates to a polynomial.
Newton’s generalized binomial theorem serves as an example:

1-™ =) ((Z)!nz".

n=0

Convergence of the hypergeometric series can be easily established by the
ratio test:

i=1

q p

Cntl z 1 1

il Rl ED'D lbf‘_z"" “(;) SRS
=

When ¢ + 1 > p the hypergeometric series converges for all z € C and defines
an entire function , F;;(z). When p = g + 1 the series converges for |z| < 1 and

for |z] = 1if N (Z‘;=1 b —¥"_, ai) > 0. The hypergeometric series converges

conditionally for |z| = 1,z # 1if % (Z?=1 b —¥"_, ai) =0.Forp >¢q+1
the hypergeometric series diverges, unless it is a polynomial. An example of such a
hypergeometric polynomial is provided by the Charlier polynomials [7]:

1 )
i
Analytic continuation, whenever necessary, of the hypergeometric series defines
a generalized hypergeometric function , denoted as
z) . “)

* HypergeometricPFQI[{ai,..., ap}, {b1,...,b4},z]

Col1:2) = 2Fy ( i

ay, a, ..., da
F P
P20 by, by, ... by

It is represented in Mathematica as

with special cases of p and ¢ implemented as

* HypergeometricO0F1[h, Zz]
* HypergeometriclFlla, b, Zz]
e Hypergeometric2F1l[a;, a, b, z]

for convenience. The family of the generalized hypergeometric functions encom-
passes many elementary and special functions and sequences. A compendium of
such special cases can be found in [3,5].

The hypergeometric function , F;, (z) is an analytic function of its parameters with
poles at b; = —m, m € Zz. A regularized hypergeometric function, pﬁq (z),is a
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multiple of hypergeometric functions with the property that it is an entire function
of its parameters:

e m

o ) @h--(an
pFy(2) = jl:[lr(bj) ol = mZ=0 r'(by +m)---T'(b, —i—m)% ©)

The regularization effect is the consequence of the reciprocal of the I'-function
vanishing at non-positive integers.

2 Parameter Shift Operators and Hypergeometric
Differential Equation

Making use of the recurrence relation

a-(+1), = (@pt1 = (o), - (@ + 1) (6)

for the Pochhammer symbol for @ = aj, it is easily established that the differential
operator Aa1 =z2 & T a1 increases the parameter a; of the hypergeometric function

by 1:
)

=\ Ay 02 @)y (@y),
2 B G @

~ ay, ..., a
Ay 0 ,F, r
1O (b1 . b,

n=0

v 2" (@)n - (ap)n
_};(l’l-i- ap) 2l B (B

7 (al + 1))1' '(ap)n
- Z‘“n' B0 (by)n

a+1,...,a
:al.qu( bl bp
.. by

:).
Clearly the choice of the parameter a; was arbitrary, 6,, will likewise raise the

parameter a, by 1. Using the recurrence equation (6) with « = b; — 1, and
introducing ébl = zd% + by —1:

A ay, ..., a
By 0 ,F, ,
b Op (bl...,bq

& By 07 (@) (ap)n
Z) BD e R RY ®

& @) (@),
=2+ h =D,
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2 @) ay)n
‘Z“_ T T

:(bl 1) p (bal’l ””Zp
q

The derivative of the hypergeometric function is also easy to find:

& (@) @y
Z) = G ©

d ., a
oy PP
dz P (bl...,b,,

n=0

o~ ' (@) (ap)n
Z(n—n' (b1)n -+ ()

_ i 2" (@)n+1-(@p)nt
! (D)ntr - (bg)nt

_diap ar+1,...,a,+1 .
bl'"bq P b1+1,...,bq+1

where the first equality of (6) was used for each parameter of the hypergeometric
function.
We are now in the position to derive the ordinary differential equation (ODE),
satisfied by the hypergeometric function. To this end, note that
Z) (10)

a+1
Z):al"'ap'qu( b
Z), (1

a
I ICEENOR A (N
where a + 1 denotes the vector with each element incremented by one. Differentiat-
ing (11), using (9) and comparing to (10) we arrive at the hypergeometric differential
equation:

A A a
Aalo..-oAapOqu(b

A A a
Bblo...oBbqoqu(b

A A A - a
(c-Auover0 dn, = Bro B oo By ) o o5y 2

z) =0. (12

A few remarks are in order.

The hypergeometric differentiation equation is a linear ordinary differential
equation with polynomial coefficients, and therefore the generalized hypergeometric
function is a holonomic function [8].

Any solution of the hypergeometric differential equation is referred to as a
hypergeometric function. Therefore, for example, the Tricomi’s solution U(«; b; 7)
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of the | Fy-differential equation (a.k.a. Kummer’s ODE) zy”(z) + (b — 2)¥'(z) —
ay(z) = 0 is also said to be a hypergeometric function.

In the differential equation parameters p and g can be arbitrary non-negative
integers. The order of the differential equation equals r = max(p,q + 1). When
p # q + 1, the leading term of the ODE is z” y"), meaning that z = 0 and z = 00
are the only singular points of the hypergeometric differential equation. In the case
of p = g+ 1, the leading term of the ODE is (1 —z)z"~' y(”(z), so that the ODE has
three singular points z = 0, z = 1 and z = co. One can show that z = 1 is always a
regular singular point.

Let f(z) be a solution of the hypergeometric ODE (12), and define g(z) =
2% f (kz™). Then g(z) satisfies:

P
m z d o z d o B
K U(ad—z*“"a)—ll(;d—ﬁbﬁl‘;) °g@=0. 13

The equation obtained is similar in the structure to Eq. (12). Solutions of (13) are
also said to be hypergeometric functions. Therefore the familiar Bessel’s function
of the first kind

2

4

can now be welcomed to the hypergeometric family, as well as the Bessel’s function
of the second kind Y,(z) which is another solution of the Bessel’s differential
equation, so that Jv(z) and Y, (z) form a non-degenerate basis on the solutions of
the Bessel’s differential equation for all regular points of the ODE.

(/2 -
Ju(Z)—m'oFl(U_’_l

3 Mellin Transform

The (direct) Mellin transform of a function f(x) is defined, for a < 9(s) < b, as
the following integral transform

MNf1(s) = /0 ! f(x)dx (14)

The image of the Mellin transform is an analytic function of s in its definition
domain. Therefore the region {s € C:a < %(s) < b} is called the strip of
analyticity. The inverse Mellin transform is defined as follows:

y+ioo

1 )
M) (x) = on /y p(s)x*ds (15)

—i00
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for arbitrary a < y < b, and a and b define the strip of analyticity of ¢(s).
The Mellin inversion theorem specifies when the inverse Mellin transform is
defined, and when it recovers the original function.

The importance of the Mellin transform for the study of the hypergeometric
differential equation lies in the following property:

M [x%f(x)} (s) /000 X! -x%f(x)dx

PR s [T
— —s.A1f1(6).

Moreover,

%wﬂmm=A,WW7mm=%m@wm

We now consider a suitable solution of the hypergeometric ODE (13), and apply
these two facts about the Mellin transform to infer the constraints the ODE imposes
on the Mellin image of its solution. We readily find

m m

P q
K]‘[(a,- —1—S+a)///[g](s+m) =T] (b,- —1—s+“)//1[g](s), (16)

i=1 j=0
where we take by = 1. The relation (16) is the rank 1 recurrence equation in s, = -
Therefore the Mellin transform image of a solution of the hypergeometric differe
tial equation (13) is an analytic solution of the rank 1 recurrence equation (16).
In order to simplify further analysis, we temporarily set m = 1.
Solutions of the recurrence relation (16) are easily constructed with the help of
Euler’s I'-functions. Let ®; be the operator of taking the ratio of the unit shift of a
function of s to the function itself:

=]

h(s +1)
Osh(s) = ———.

sh(s) )
Every factor of the rational function &;.#[g](s) in (16) can be reproduced in 1 of
2 ways:

1 (=1)*
Ora—a—s)=——— =06 17
sIa—a=s) a—1l—a—s "F'l—a+a+ys) a7

and

1

@SmZb—l—O{—SZ@‘y(—l)‘r(l—b+(¥+6‘). (18)
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A solution of (16) therefore involves combinations of these possibilities. Partition
the set of parameters {a;}/_, into two non-overlapping subsets, depending on
whether the direct or the reciprocal I"-function in (17) is used in the solution of (16).
Denote these subsets Ay and A,. Partition the set of parameters {b; }'; —o similarly
into B, and B, . Then the solution of (16) reads

]_[aeAdF(a—oc—s) ‘
[loea, FT(1—a" +a+s)
[lyep, T A =b"+a+5)
nbeB,F(b—“—S)

A[8](s) =

. (_1)5(\Ar|+|Bd|)K—S_ (19)

As an example, consider the solution for which A, = @ and B; = {by}, i.e.

1 e T T(a —a — ) s
g(x) = %/y_ioo l_[,;zl I, —a _S)F(a + 5)(—z)"ds,

where y and the parameters a; are such that 0 < y + o < min;g;j<, N(a;). It can
be shown, that the integration contour can be closed to the left, encompassing all
the poles of I'(s + o). As these poles are all simple, finding residues at them is
particularly simple:

P T'(a; —o—s)

R s=—a—m i=l d r —7) " =
es, T T —a—) (¢ +5)(—2)

Hf=1 I'(a; +m)

l_[?=1 I'(bj +m)

(—Z)m+a Ress=—p, I'(s) =

[T/, I'(ai +m) (=1)"
l_[l]1-=1 ro;+m)l'(m+ 1’

(_Z)m+a

(20)

and hence

e o0 Hf:lr(ai-’_m)i
8@ = (=2) r;)]_[';=l L'(b; +m)m!

f=11"(ai). F(al...ap
[ rky) "\ b by

p
= corlran,f (G

= (—2)*

Z) 21

Z) (22)

i=1

which in the case of @« = 0 precisely corresponds to the generalized hypergeometric
function we started with.
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Fig. 1 The integration

contour .%; o in the definition s=—bh.—k
of the Meijer’s G-function. It e o .j ® .
separates “left” poles (labeled s=-ai+k+1
ass = —b — k) of ® 6 0 ©
[T7=, I'(b; + s) from the

“right” poles (labeled as e 0 0 ©

s=—a+k+1)of
o I —a;—s) s=-bj—k |\® ® ® @
s=-aj+k+1

"Ei oo
4 Meijer’s G-Function

The Dutch mathematician Cornelis Meijer introduced [4] his famous G-function to
mn ap, ..., dy, Ap+1, -.., Ap
qu (

be defined as follows:
bio oo\ b bt .. by Z):

0 Mo rO=ai—s) I Tk, +5)
210 Jo TTj i T =bj =) Tlj—upy T(aj +5)

* Z_S dss (23)

where the integration contour . starts with |s| — oo, separates “left” poles of
[17= I'(b; + s) from the “right” poles of [T/_, I'(1 — a; — s), and goes back to
|s| — oo. The Mellin-Barnes integration contour .+, (see Fig. 1) starts from —i oo
and continues to +i oo, for example.

As discussed in the previous section, the G-function is the general hypergeomet-
ric function. It is implemented in Mathematica as

MeijerG[ {{ ai,....an} {ans1, . ap}}, b1, b} b1, .. by} ), 2]
The G-function satisfies an ordinary differential equation of hypergeometric type:
P(d L/ d
(_1)n+m_pz,-l:[1 (Zd_z 41— a,-) o f(z) = ,EII (E - b,-) o fr). (24

By virtue of (23) several useful properties of the G-function follow easily:

Z) (25)

al,...,a
oy (4.
b.....b,

st Gmn at+o,....ap + o
A\ bi+a,....by+a
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ot o (1 =D 1= by | 1
z) = qu( ‘ —). (26)

l—ay,....1—a,|z

ay,...,d
Gmn V4
P4 (bl,...,bq
Next we use Stirling’s formula log I'(s + a) = (a + 55— %) log(s) — s +
% log(2m) + O(|s|™") to study the convergence properties of the integral (23). Using

|[I(a + s)| = exp (Nlog I'(s + a)) and taking care to carefully combine terms we
get the asymptotic behavior of the integrand in (23) for large |s|:

S r—a=s) I Meta)

i=1 i=1

3(s) (arg(s) (p —m —n) —arg(—s) (¢ —m —n) + arg(z)) —

27)
—NR(s) ((p —q) (log|s| — 1) +log z]) — R(¥) log |s| + (1)

where

o5 E6-)-E6-)-E6-)

i=1 i=1 i=l1

The above result allows to establish the convergence of the integral (23). For
integration along .%o, N (s) is bounded and arg(s) approaches 47 . Convergence
for s — +ioo and for s — —i oo takes place for

larg(z)| < b or (Jarg(z)| = bp and ((p — )N (s) + R(Y)) > 1),  (28)

#) G-functions defined by the integration over the

where 6y = 7 (m+n—
contour %, of Mellin-Barnes type admit a Mellin transform.

Since the integrand of (23) is meromorphic, the integration contour can be bent
at our convenience so long as no poles are crossed in the process. We thus consider
contours where s — |s|e*? for some 0 < 6 < .

We denote contours with 0 < 6 < 7 as .4 » as N(s) is increasing to +o00 along
the contour and contours with 7 < 6 < 7 as £ .

The integral (23) with the contour .Z;« replaced with .2, o converges when
(p>q)or(p=gqgand|z] >1)or(p =qgand |zl =1and RN(Y) > 1). (29)
The integral (23) with the contour %« replaced with £, converges when
(p<q)or(p=gqgand|zl <1 or(p=gand|z] =1and R(y¥) > 1). (30)

Example 1. Consider an example of f(z) = GJ? ( 0 ’z) with g = m = 1 and
p =n = 0. f(z) satisfies 7 f'(z) + zf(z) = 0. The integral (23) over the contour
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Zioo is convergent for —3 < arg(z) < 5. Since p < ¢, the contour can be bent
to the left. The integral (23) over the contour .Z_, is convergent for all z € C. Of
course, when M (z) > 0, these integrals define the same function. By the principle
of analytic continuation the integral over .Z_., gives the analytic continuation of
the function, defined by the integral over %} . It can be evaluated by the Cauchy

integral theorem, as the sum of residues at the infinite sequence of poles of the I'(s):

0 1 - - _
G(l)?( ‘Z) i )y I(s)z7'ds = ZRGSF—n r)z*

n=0

€19

oo
—1)"
ol
0 n:

Note that the condition of integrability along .%o, coincides with the condition of
absolute convergence of the Mellin transform in ¢ for f(¢z).

03/2

Example 2. Consider f(z) = GJi (0 12

z), which satisfies

2z(1-2) f"() + (1 =32) ' (2) + f(z) = 0.

The integral over the contour .} is divergent. Since p = q = 2, the integral over
2~ converges for |z| < 1, and the integral over .Z’; o converges for |z| > 1. It is
therefore understood that function f(z) is piecewise analytic, with the discontinuity
at |z| = 1. For |z] < 1, f(z) is defined as the sum of residues at left poles:

> r(1—s)r(s)
f (Z) = Ress=—n Z_S
0= LR TG )
00 s 00 .
=3 Res,—_, 2 cot(ms) 2 o 32)
~ 25 + 1 7 n—1

% (1 — J/zarctanh ({/Z)) .

For |z] > 1, f(z) is defined as the negative of the sum of residues at right poles:

o0
ra-sre)
f> (Z) = - Res;= "
LR T )
o0 —5 o0 n
= =3 Res,o, 2 cotlrs) 2 PP (33)
= 2s + 1 nn=12n+1

= % (1 — J/zarctanh (%)) .
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Re(/(e'4) _ im( (et

Fig. 2 Plots of f- (¢/?) = lim,y; f< (te’?) and f» (e'?) = lim,y; f~ (t€'?)

The discontinuity of f(z) at the unit circle can be seen on the plot (see Fig.2) of
the real and imaginary parts of f-(z) and f- (z) as z approaches the unit circle from
inside and from the outside respectively.

The G-functions such that the integral (23) over .Z « is divergent generically are
not continuous at the unit circle. An example of exception to such a rule is

01/2 11
Gl - 34
22(01/2‘) Tl—z G

Example 3. Consider f(z) = M+1 ( l—ay,....1—a, Z). The integral (23)

0,1=>by,...,1 =0,
along o converges for |arg(z)| < 7 (1 + p —q). It converges along £ for
p<qg+1lorp=gqg+1and |zl <1, and under these conditions can be evaluated
as a sum of residues at poles of I'(s) (compare to (22) for o = 0):

_x [17= F(@i =) s
f@) = ;Ref =—n Wr( 5)z

T2 T@i +n) (—2)"
Z [T, T (b; +n) nl

(35)

_ [T=i@)n (2"
l_[['(a)zl—[fi_lp(b +n) n!

i=1
_Z)

_ l_[ (a;)- » ( < dp
Pl Lseoes by

where |, I*:q denotes the regularized hypergeometric function.
The integral (23) converges along the .%o contour for p > g+ lorp =g + 1
and |z| > 1. Under these conditions f(z) is evaluated as the negative of the sum
of residues at “right” poles of I"(¢; — s). In the cases when these sequence poles
s = «a; + n are all distinct, viz. none of coefficients a are integer apart from one
another, we get
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= 1oz Flaj —ai —n) (- l/z)”
f@) = i LIzt I(a; +n)
) ;Z ZO [T, T —ai —n)

= — z - .
— §=1,jaéi sin ( (a; —a;)) - TT{, T'(bk —a;)
F (a,,{l + a; _bk}k 1 ( 1)p q)
r {1+ai—aj}jzi <

For p = ¢ + 1, integration along %« is convergent for |arg(z)| < m, and
under this condition the formula (36) provides an analytic continuation of the
hypergeometric function outside the region of convergence of the hypergeometric
series. This motivates our next and last example, of a G-function with coincident
poles.

Example 4. Consider f(z) = Gzljé (]z). This is an instance of a G-function
considered in the previous example, with a; = a, = 1 and b; = 2. Using (35)
we have, for |z] < 1:

W (=" _
(2) n!

f@ =2F(1,1;2:=2) = F (1, 1,2, =) = Z
(37)

_ n? ()" 5 (9 _log(l+2)
_Z(n—i-l)' n! _Z(n—f-l)

Z

For |z| > 1 the function is defined as a negative of the sum of residues over “right”
poles, situated at positive integers:

2
/@) = ZResy_n FF((Z s)) r(s)z. (38)

Only the pole at s = 1 is of order 2:

Res w7z’ 1 L 1 —n(s—1) _py _
== Dsin(rs) 2z S=l (s — 1)2sin(m(s — 1)) N

1 li d ( —H(S — 1) Z_(S_l)) — 10g(Z)

Z 521 ds \sin(z (s — 1)) Z

The poles at s = n,n = 2 are all simple poles, due to cancelation by zeros of
I'(2 — s) in the denominator. Using I"'(2 — s) = (1 — s)I'(1 — s) we get:
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G = ZRe o S T

—S

- _ Z Ress= T(”S)
(39

—s oo —

g
(s — 1) sin(mrs) + }; (s — 1) sin(7s) -

_ log(z) n i =" _ log(z) n llog (1 n l) _
z z z

Z n—1
n=

= Res;—

We thus established an equality of (37) and (39) for —n < arg(z) < =.

S Asymptotic Expansion of Meijer G-Functions at Infinity

As per (29), z = oo is a regular singular point of the differential equation (24) for
p > ¢ and is an irregular singular point for p < ¢g. Similarly, per (30),z = Oisa
regular singular point of (24) for p < ¢, and an irregular singular point for p > ¢.
By virtue of (26) it suffices to consider the case of p < g. The sum of residues at
left poles has infinite radius of convergence, and the sum of residues at right poles
(if any) diverges. We now apply the technique from [1].

We start with (23) over .2, and displace it to the right by an integer r, making
sure to subtract the residue at every “right” pole that we crossed in the process:

r—=1 n

Gl =g [ e0as = Y Resig g @0)

k=0,j=1

The idea is to choose g large enough to warrant use of Stirling’s formula for I"-
functions. We write:

1_1,_1 I'(1—a; —s) l_["-’—l I'(b; +s)
J m‘HF(l b — ) l_[l =n+1 I'(ai +5)

T —a;—s) ]_[l p1 SN (a; +s))ﬂm+n . (41)
]_[q_ll“(l b; —s) [T/= sin(z(b; +9))

= @o(s) - p1(s)

p(s) =

where ¢ (s) denotes the ratio of products of I"-functions and ¢, (s) denotes the ratio
of products of sines. By using Stirling’s formula one obtains the following simple
asymptotic expansion [1, 6]:
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=t
S) =
v (1= ¢ —ks) Q)1
o 7
14— Lyt L), @2
(st A ) @
where k = ¢ —p > Oand y = Y/_ (@ —3) — X4, (b — 3), and the

coefficients 7 are polynomials in {a;} and {b;} and can be shown to satisfy a

rank ¢ + 1 holonomic recurrence equation. See [6] for examples of computing <7

for small values of p and g. For the sake of convenience we set .o = 1.
Substituting (42) into (40) one obtains

r—=1 n
Gpr(e]2) == > Resymi—q,+k ()7
k=0 j=1
(43)
m o0
+ )0 D Res——p 1 Go()1 ()7,
j=1u=0

where @o(s) denotes the asymptotic expansion (42) of ¢o(s). Assuming that all left
poles are simple it follows that

K—Ks—w
QCr)<—'r(l+£—y¥ —«ks)

ReSg=—p,+r—u pi1(s)z" =

44
(1) e o
Fku+1+L€—v +xby—r))’
where
— K_W : l_[ipr=nn+l'sin(7[(ai _bl)) m+n—p—l' (45)
Qryt [T/ sin(w(b; — b))
Summation over u gives rise to the Mittag-Leffler function [2]:
o0
Y ReS——pyr—u Go($) i ()2 =
u=0
[max
(g(_l)r(m-l-n—p) (KKZ)In—r Z MEK,ﬂ+l ((—1)m+n_pKKZ) (46)
(=0

where = 1 — ¢ + «(b; —r). The Mittag-Leffler function E, g(z) is implemented
in Mathematica since version 9 as

MittagLefflerE [k, f,z].
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Example 5. Consider f(z) = G%%(léz’llfz'—z) = 7 -2F(3.5:1.1:2).

The corresponding values for ¢y and ¢; (s) are

1 2
%ng%g% o) = s )
Applying Stirling’s formula we get
N I/ !
Pols) = ; re+i-s ¢ (r(z+em—s)) (*9)

where @) = 1, o) = % and the coefficients o7, satisfy the following order 2 linear
recurrence equation:

4004 1)ty — (8% +24L + 19)epy 1 + 4(L + 2)epy 2 = 0. (49)

The right poles of ¢(s) are located at s, = % + k for k € Zz( with the residue
equal to

B rk+5 (rk+4H\
hi(=z) = Res;=y, (s)7" = — Z(k+1/22) ( ( 2)) X

k!
(50)
1
(IOg(Z) -3y (k + E) + 2y (k + 1)) ,
where 1/ (z) denotes the digamma function. Thus
f@) = me+2maﬁh@ (51)

k=0 =0

A verification with Mathematica is obtained as follows. We first define the sequence
of expansion coefficients .7:

Alell ] := DifferenceRoot[ Function[{y, n},
{4 (n + 1)"3 y[n] + (-19 - 24 n - 8 nA2) vin + 1] +
(8 + 4 n) y[2 + n]l==0, y[0]l==1, y[1]1==3/4}1] [ell]

We then define the function encoding the asymptotic expansion:

Asymp2F2 [r Integer, ellmax Integer, z ] :=
Sum[((-z) " (-1/2-n) Gamma[l/2 + n]"3 (Logl[-z] -
3 PolyGamma [0, 1/2 + n] + 2 PolyGammal[0, 1 + n]))/
((nt)"2 Pi*2), {n, 0, r - 1}1 +
Sum[A[ell] MittagLefflerE[1l, 2 + ell - r, z],
{ell, 0, ellmax}l/z"r
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Numerical evaluation at some large argument gives a very good agreement:

In[534] :=

With([{z = 2456 Exp[I Pi 1/31}, {
Pi HypergeometricPFQI[{1/2, 1/2}, {1, 1}, =z],
Asymp2F2 (4, 3, z] }]

out [534]= {
-4.895364613319294107529 + 6.80663165332857%107529 I,
-4.89536461331808%107529 + 6.80663165333123%107529 I}
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Solving Linear Recurrence Equations
with Polynomial Coefficients

Marko Petkovsek and Helena ZakrajSek

Abstract Summation is closely related to solving linear recurrence equations,
since an indefinite sum satisfies a first-order linear recurrence with constant
coefficients, and a definite proper-hypergeometric sum satisfies a linear recurrence
with polynomial coefficients. Conversely, d’ Alembertian solutions of linear recur-
rences can be expressed as nested indefinite sums with hypergeometric summands.
We sketch the simplest algorithms for finding polynomial, rational, hypergeometric,
d’Alembertian, and Liouvillian solutions of linear recurrences with polynomial
coefficients, and refer to the relevant literature for state-of-the-art algorithms for
these tasks. We outline an algorithm for finding the minimal annihilator of a
given P-recursive sequence, prove the salient closure properties of d’ Alembertian
sequences, and present an alternative proof of a recent result of Reutenauer’s that
Liouvillian sequences are precisely the interlacings of d’ Alembertian ones.

1 Introduction

Summation is related to solving linear recurrence equations in several ways.
An indefinite sum

n—1

s(n) = Y 1(k)

k=0
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satisfies the nonhomogeneous first-order recurrence equation
s(n+1)—s(n) =tm); s0)=0,

and also the homogeneous second-order recurrence equation
tm)sn+2)—@m)+tm+1)s(m+1)+t(n+1sn)=0; s0)=0, s(1)=1(0).

A definite sum
n
s(n) =Y F(n.k)
k=0

where the summand F(n, k) is a proper hypergeometric term:

A
Hj:](aj)ujn-l—ajk k

F(n,k) = P(n,k)
nf=1(ﬁj)bjn+z§,-k

with P(n, k) a polynomial in n and k, (z)x the Pochhammer symbol, a;,b; € N,
dj,l;j € Z,and a;, B, z constants such that (,Bj)b/”,;/k # Oforallk € {0,...,n},
satisfies a linear recurrence equation with polynomial coefficients in # which can be
computed with Zeilberger’s algorithm (cf. [11,29, 44, 45]). So the sum of interest
may sometimes be found by solving a suitable recurrence equation.

The unknown object in a recurrence equation is a sequence, by which we mean
a function mapping the nonnegative integers N to some algebraically closed field
K of characteristic zero. Sequences can be represented in several different ways,
among the most common of which are the following:

* explicit where a sequence @ : N — K is represented by an expression e(x) such
that a(n) = e(n) foralln > 0,

* recursive where a sequence a : N — K is represented by a function F' and by
some initial values a(0),a(1),...,a(d — 1) such that

a(n) = Fn,an—1),a(n —2),...,a(0)) (1)

foralln > d,
* by Generating function where a sequence a : N — K is represented by the
(formal) power series

(o]

G.(2) = Z a(n)z".

n=0
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Each of these representations has several variants and special cases. In particular,
ifan) = Fm,an —1),a(n —2),...,a(n —d)) for all n > d, the recursive
representation (1) is said to be of order at most d.

Example 1 (Fibonacci numbers).

n+1 n+1
« Explicit representation: a(n) = ﬁ ((1+;/§) — (#)

* Recursive representation: a(n) = a(n—1)4+a(n—-2) (n > 2), a(0) =a(l) =1
e Generating function: G,(z) = ——
1—z—22

From the viewpoint of representation of sequences, solving recurrence equations
can be seen as the process of converting one (namely recursive) representation to
another (explicit) representation.

In this paper we survey the properties of several important classes of sequences
which satisfy linear recurrence equations with polynomial coefficients, and sketch
algorithms for finding such solutions when they exist. In Sects. 2 and 3 we review
the main results about C-recursive and P-recursive sequences, then we describe
algorithms for finding polynomial, rational and hypergeometric solutions in Sects. 4
and 5. Difference rings and the Ore algebra of linear difference operators with
rational coefficients, together with the outline of a factorization algorithm, are
introduced in Sects. 6 and 7. In Sect. 8 we define d’ Alembertian sequences and prove
their closure properties. Finally, in Sect. 9, we give an alternative proof of the recent
result of Reutenauer [30] that Liouvillian sequences are precisely the interlacings of
d’ Alembertian sequences by showing that the latter enjoy all the closure properties
of the former.

2 C-Recursive Sequences

C-recursive sequences satisfy homogeneous linear recurrences with constant coef-
ficients. Typical examples are geometric sequences of the form a(n) = c ¢" with
¢,q € K*, polynomial sequences, their products, and their linear combinations
(such as the Fibonacci numbers of Example 1).

Definition 1. A sequence a € K" is C-recursive or C-finite' if there are d € N and
constants ¢, ¢z, ...,cq € K, cg # 0, such that

IC-recursive sequences are also called linear recurrent (or: recurrence) sequences. This neglects
sequences satisfying linear recurrences with non-constant coefficients, and may lead to confusion.
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a(n) = cra(n—1)+ca(n—=2)+---+cqa(n—d)

foralln > d.

The following theorem describes the explicit and generating-function represen-
tations of C-recursive sequences. For a proof, see, e.g., [38].

Theorem 1. Let a € K" and G,(z) = Y oo a(n)z". The following are equiva-
lent:

1. a is C-recursive,

2. an) = ZP,-(n) o foralln € N where P; € K[x]and o; € K,
i=1

3. Gu(2) = & where P, Q € K|[x], deg P < deg Q and Q(0) # 0.

0(2)

The next two theorems are easy corollaries of Theorem 1.

Theorem 2. The set of C-recursive sequences is closed under the following binary
operations (a,b) — c:

1. Addition: c¢(n) = a(n) + b(n)

2. (Hadamard or termwise) multiplication: c¢(n) = a(n)b(n)

3. Convolution (Cauchy multiplication):  ¢(n) = Y i_, a(i)b(n —1i)

4. Interlacing: {c(0),c(1),¢(2),c(3),...) = (a(0),b(0),a(1),b(1),...)

Remark 1. These operations extend naturally to any nonzero number of operands.

Theorem 3. The set of C-recursive sequences is closed under the following unary
operations a +— c:

1. Scalar multiplication: c¢(n) = Aa(n) (A € K)

2. (Left) shift: c(n) =amn+1)

3. Indefinite summation: c¢(n) =Y ;_, a(k)

4. Multisection: c(n) =a(mn+r) (m,reN, 0<r <m)

That (nonzero) C-recursive sequences are not closed under taking reciprocals
is demonstrated, e.g., by a(n) = n + 1 which is C-recursive while its reciprocal
b(n) = 1/(n+1) is not, since its generating function G, (x) = —In(1 —x)/x is not
a rational function. Of course, there are C-recursive sequences whose reciprocals
are C-recursive as well, such as all the geometric sequences.

Question 1. When are @ and 1/a both C-recursive?

Theorem 4. The sequences a and 1/a are both C-recursive iff a is the interlacing
of one or more geometric sequences.

For a proof, see [26].
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3 P-Recursive Sequences

P-recursive sequences satisfy homogeneous linear recurrences with polynomial
coefficients. While most of them lack a simple explicit representation, there
exist several important subclasses of P-recursive sequences such as polynomial,
rational, hypergeometric (Sect. 4), d’Alembertian (Sect. 8), and Liouvillian (Sect. 9)
sequences which do have nice explicit representations. Figure 1 shows a hierarchy
of these subclasses together with some examples. In the rest of the paper, we
investigate their properties and sketch algorithms for finding such special solutions
of linear recurrence equations with polynomial coefficients, whenever they exist.

Definition 2. A sequence a € KU is P-recursive if there are d € N and
polynomials pg, p1, ..., pa € K[x], popas # 0, such that

pa(mya(n +d) + pg—1(na(n +d —1) +---+ po(n)a(n) =0  (2)

foralln > 0.

Definition 3. A formal power series f(z) = Y oo, a(n)z" € K[[z]] is D-finite if
there exist d € N and polynomials g, q1, ..., qs € K[x], ga # 0, such that

4a@f D@+ a1 V@ + -+ q0(2) f(2) = 0.

Theorem 5. Let a € K" and G,(z) = Y oo a(n)z". The following are equiva-
lent:

1. a is P-recursive,
2. G,4(2) is D-finite.

For a proof, see [37] or [39].
Theorem 6. P-recursive sequences are closed under the following operations:

addition,
multiplication,
convolution,
interlacing,

scalar multiplication,
shift,

indefinite summation,
multisection.

CON QRN =

For a proof, see [39].

Question 2. When are @ and 1/a are both P-recursive?
The answer is given in Theorem 7.

Example 2. The sequences a(n) = n! and b(n) = 1/n! are both P-recursive since
am+1)—m+ Da(m)=0and (n + 1)b(n + 1) —b(n) = 0.



264 M. Petkovsek and H. Zakrajsek

n
P-recursive: Z 6] 2 (”Ik) ?
‘ =0

Liouvillian: n!!

d’ Alembertian: ”!Z (b

3

. s on

hypergeometric: n! quasirational: ;57 +1
rational: # C-recursive: n2" +1
polynomial: n+ 1 geometric: 2"

Fig. 1 A hierarchy of P-recursive sequences (with examples)

Example 3. The sequence a(n) = 2" 4 1 is P-recursive (even C-recursive) while
its reciprocal b(n) = 1/(2" + 1) is not P-recursive.

Proof. We use the fact that a D-finite function can have at most finitely many
singularities in the complex plane (see, e.g., [39]). The generating function

© n

o) . 7
Gy(z) = nzzjob(n)z =2 5

n=0

obviously has radius of convergence equal to two. We can rewrite

> 2 > 1 .
G20 =2 5@ = L)

Il

|
Q

S
~

N
N~

3

At z = 1 the function 1/(1 — z) is singular, G, is regular, so G is singular
at z = 2. At z = 2 the function 1/(1 — z) is regular, G, is singular, so G is
singular at z = 4. At z = 4 the function 1/(1 —z) is regular, G, is singular, so G, is
singular at z = 8, and so on. By induction on k it follows that Gj(z) is singular at
z=2forall k € N, k > 1, hence G, is not D-finite, and b is not P-recursive. O
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4 Hypergeometric Sequences

Hypergeometric sequences are P-recursive sequences which satisfy homogeneous
linear recurrence equations with polynomial coefficients of order one. They can be
represented explicitly as products of rational functions, Pochhammer symbols, and
geometric sequences. The algorithm for finding hypergeometric solutions of linear
recurrence equations with polynomial coefficients plays an important role in other,
more involved computational tasks such as finding d’Alembertian or Liouvillian
solutions, and factoring linear recurrence operators.

Definition 4. A sequence a € K" is hypergeometric® if there is an N € N such
that a(n) # O for all n > N, and there are polynomials p,q € K|[n] \ {0} such that

pmya(n+1) = qn)a(n) “)

for all n > 0. We denote by .7 (K) the set of all hypergeometric sequences in K.
Clearly, each hypergeometric sequence is P-recursive.
Proposition 1. The set 77 (K) is closed under the following operations:

multiplication,

reciprocation,

nonzero scalar multiplication,
shift,

multisection.

Proof. For 1-4, see [29]. For multisection, let a € 7 (K) satisfy (4) and let b(n) =
a(mn + r) wherem € Nym > 2,and0 < r < m.Fori =0,1,...,m — 1,
substituting mn + r + i for n in (4) yields

SR N~

pmn+r+i)amn+r+i+1) = gmn+r+i)amn+r+i). (5)

Multiply (5) by ]_[3;10 p(mn+r+j) ]_[;Cil +19(mn—+r+ j) onboth sides to obtain

lhs; = rhs; fori = 0,1,...,m — 1, where
i m—1
lhs,-:l—[p(mn+r+j) l—[ gmn+r+ jamn+r +i+1),
j=0 j=i+1

i—1 m—1

rhs; = np(mn—i—r+j)l_[q(mn+r+j)a(mn+r+i).
j=0 j=i

2A hypergeometric sequence is also called a hypergeometric term, because the nth term of a
hypergeometric series, considered as a function of 7, is a hypergeometric sequence in our sense.
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Note that [hs; = rhs; 4 fori =0,1,...,m — 2, hence, by induction on i,
rhsgy = lhs; fori =0,1,...,m—1.

In particular, lhs,,—; = rhsop, so

m—1 m—1
[[pmn+r+pbn+1) = []amn+r+ j)b@.
j=0 j=0
hence b € 7 (K). O

Theorem 7. The sequences a and 1/a are both P-recursive iff a is the interlacing
of one or more hypergeometric sequences.

For a proof, see [40].

5 Closed-Form Solutions

In this section, we sketch algorithms for finding polynomial, rational, and hyperge-
ometric solutions of linear recurrence equations with polynomial coefficients.

5.1 Recurrence Operators

Let E : KN — K be the (left) shift operator acting on sequences by (Ea)(n) =
a(n + 1), so that (E¥a)(n) = a(n + k) for k € N. For a given d € N and
polynomials pg, pi..... ps € K[n] such that p; # 0, the operator L : K~ — KN
defined by

d
L =7 p(mEr

k=0

is a linear recurrence operator of order d with polynomial coefficients, acting on a
sequence a by (La)(n) = Z/i:o pr(n)a(n+ k). We denote by K [n](E) the alge-
bra of linear recurrence operators with polynomial coefficients. The commutation
rule E - p(n) = p(n + 1) E induces the rule for composition of operators:

d e d e
D pkMESY qimE =) pe(n)g;(n + k)ETT,
k=0 j=0

k=0,=0
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5.2 Polynomial Solutions

Given: L € K[n](E), L #0

Find: abasis of the space {y € K[n]; Ly = 0}

Outline of algorithm

1. Find an upper bound for deg y.
2. Use the method of undetermined coefficients.

For more details, see [3,9,29].

5.3 Rational Solutions

Given: L € K[n](E), L #0

Find: abasis of the space {y € K(n); Ly = 0}
Outline of algorithm

1. Find a universal denominator for y.
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2. Find a basis of the space of polynomial solutions of the equation satisfied by the

numerator of y.

For more details, see [4,6,7,41].

5.4 Hypergeometric Solutions

Given: L =Y{_,px E¥ € K[n](E), L #0

Find: a generating set for the linear hull of {y € 7 (K); Ly = 0}

Outline of algorithm

1. Construct the “Riccati equation” for r = % e K(n):

d k—1
Zpk l—[ Elr =0
k=0  j=0

2. Use the ansatz

a Ec
r = z7-——

b c

(6)

withz € K*,a,b,c € K[n] monic, a, ¢ coprime, b, Ec coprime, a, EXb coprime

for all k£ € N to obtain
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d k—1 d—1
o Ep | [[Ea| | ] Eb | EXe = 0. @)
k=0 j=0 j=k

3. Construct a finite set of candidates for (a, b, z) using the following consequences
of (7):

s a| po,
« b|E"p,,

« Y k(P =0

0<k=d
deg P =m

where P, = pi (]_[];;10 Eja) (]_[f;}{ Efb), m = maxo<k<q deg Py.

4. For each candidate triple (a, b, z), find all polynomial solutions ¢ of the equation

d
Y FPEfe = 0.
k=0

For more details, see [28] or [29]. A much more efficient algorithm (although
still exponential in deg po 4+ deg p, in the worst case) is given in [42] and [18].

Example 4 (Amer. Math. Monthly problem no. 10375). Solve

y(n+2)=22n +3)y(n+ 1) +4(n + D*Qn+ 1)2n +3)y(n) = 0. (8)
Denote po(n) = 1, pi(n) = —2(2n+3)2, and po(n) = 4(n+1)>2n+1)(2n+3).
In search of hypergeometric solutions we follow the four steps described above:

1. Riccati equation:

pa(m)r(n + Dr(n) + pi(n)r(n) + po(n) = 0

2. Plug in the ansatz:

22 pa(n) a(n + 1) a(n) c(n +2)
+z pin)am)b(m+1)c(n +1)
+  po(n) b(n + 1) b(n) c(n) =0

3. Candidates for (a, b, 7):

e a(n)|4(n+1)°Qn + 1)(2n + 3)
. bn)|1

Take, e.g.,a(n) = (n+ 1)(n + %), b(n) =1,Thenz> —8z+ 16 = (z—4)> = 0,
soz = 4.
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4. Equation for c:
nm+2)cn+2)—2n+3)cm+1)+n+ecn) =0

Polynomial solution: c(n) =1

‘We have found
—y(;(:—)l) =rn) = Z% —C(Z(:)l) = 2n+1)(2n + 2),

therefore y(n) = (2n)! is a hypergeometric solution of equation (8).

6 Difference Rings

Definition 5. A difference ring is a pair (K, o) where K is a commutative ring with
multiplicative identity and o0 : K — K is a ring automorphism. If, in addition, K
is a field, then (K, o) is a difference field.

Example 5. » (K[x],0) withox = x + 1, o|x = idk is a difference ring.
e (K(x),0) withox = x + 1,0|x = idk is a difference field.
» (KN, E) is not a difference ring since the shift operator E is not injective on K.

For a,b € KN define a ~ b if there is an N € N such that a(n) = b(n)
foralln > N. Thering #(K) = K~/ ~ of equivalence classes is the ring
of germs of sequences. Let ¢ : KN — .#(K) be the canonical projection, and
o : S(K) - L(K) the unique automorphism of .#(K) st. 0 op = po E.
Then ((K), o) is a difference ring.

Henceforth we work in (. (K), o) rather than (K, E) (but still call the elements
of .7 (K) just “sequences” for short). One important advantage of this setting is that
the dimension of the solution space of Eq. (2) (with a(n + i) replaced by o' a(n)) is
precisely equal to its order, d (this follows from [19, p. 272, Theorem XII]). Another
advantage is that sequences with, possibly, finitely many undefined terms (such as
the values of a rational function at nonnegative integers) also have their germs in
Z(K) (e.g., if a(n) is defined for all n > N, its germ can be represented by the
sequence (0,0,...,0,a(N),a(N + 1),...)). Thus K[n], K(n), and 57 (K) can all
be naturally embedded into .7 (K).

7 An Ore Algebra of Operators

Instead of linear recurrence operators with polynomial coefficients from K[n](E),
we will henceforth use linear difference operators with rational coefficients from
the algebra K (n) (o). The rule for composition of these operators follows from the
commutationrule o - r(n) = r(n + 1)o forall r € K(n).
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The identity

rn)ot = (%ok—f) ()0

describes how to perform right division of r(n) o by s(n) o/ . Hence there is an
algorithm for right division in K (n){o):

Theorem 8. For Li,L, € K(n){o), Lo # O, there are Q,R € K(n){o) such
that

e L = QL+ R,
e ord R < ordL,.

As a consequence, the right extended Euclidean algorithm (REEA) can be used to
compute a greatest common right divisor (gcrd) and a least common left multiple
(Iclm) of operators in K (n){o), which is therefore a left Ore algebra. In particular,
given L, L, € K(n){(c), REEAyields S, T, U,V € K(n){(c) such that

° SL] +TL2 = gCI‘d(Ll,Lz),
e UL, = VL, = lelm(Ly, L»).

Definition 6. Let a be P-recursive. The unique monic operator M,, € K(n){c)\{0}
of least order such that M,a = 0 is the minimal operator of a.

Example 6. Leth € 7(K) where ch/h =r € K(n)*. Then M), = o —r.

Question 3. How to compute M,, for a given P-recursive a?
The outline of an algorithm for solving this problem is given on page 271.

Proposition 2. Let a be P-recursive, and L € K(n){o) such that La = 0. Then L
is right-divisible by M,,.

Proof. Divide L by M,,. Then:

L=0OM,+R — La=0OM,a+Ra — O0=Ra — R=0
O

Corollary 1. Let L € K(n){o) and h € F7(K) be such that Lh = 0. Then there
is Q € K(n){(o) suchthat L = Q(0 —r) wherer = coh/h € K(n)*.

Hence there is a one-to-one correspondence between hypergeometric solutions of
Ly = 0 and first-order right factors of L having the form o — r with r # 0.

Example 7 (Amer. Math. Monthly problem no. 10375 — continued from Example 4).

L = 0>=22n+3)%0 +4(n+1)>’Qn + 1)(2n + 3)
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We saw in Example 4 that Ly = 0 is satisfied by y(n) = (2n)!, hence L = QL,
where

Li=0—-(2n+1)(2n+2),
0=0—-—02n+2)(2n+3).

The operator factorization problem

Given: L € K(n){o)andr e N
Find: all L; € K(n){(o) s.t.

e ordL;=r,
e L =QL, forsome Q € K(n){(o)

Suppose such L; exists, and let yV, y® .. 1) be linearly independent solutions
of L1y = 0in.#(K). Define the Casoratian of y,y@ . . y) by
y(l) y(2) y(r)
1 2 (r)
O’y O’y .o O’y
Cas(yM,y@,....y") = det : :

r—1

o y(l) O'r_lly(z) PPN O’r_iy(r)
as usual. Then (see [14] or [15]):

1. Cas(yM, y@ ..., y") e #(K).

2. From L and r one can construct a linear recurrence with polynomial coefficients
satisfied by Cas(y(", y@, ..., y®).

3. From L and r one can construct linear recurrences with polynomial coefficients
satisfied by the coefficients of L, multiplied by Cas(y™", y@, ..., y©).

Outline of an algorithm to solve the operator factorization problem:

1. Construct a recurrence satisfied by Cas(y(", y@, ... y®).
2. Find all hypergeometric solutions of this recurrence.

3. Construct recurrences satisfied by the coefficients of L.

4. Find all rational solutions of these recurrences.

5. Select candidates for L; which right-divide L.

Outline of an algorithm to find the minimal operator of a P-recursive sequence:

Given: L € K(n){o)anda € . (K)s.t.La=10
Find: minimal operator M, of a

forr=1,2,...,ord L do:
find all monic L € K(n){o) of order r s.t. 3Q € K(n){c): L = QL,
for every such L do:
if (L;a)(n) = 0 for ord Q consecutive values of n then return L.

In the last line, the ord Q consecutive values of n must be greater than any integer
root of the leading coefficient of Q.
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8 D’Alembertian Solutions

Write A = o — 1 for the forward difference operator as usual. If y = a satisfies
Ly = 0, then substituting y <— az where z is a new unknown sequence yields

L' Az=0

where ord L’ = ord L — 1. This is known as reduction of order or d’Alembert sub-
stitution [5]. By finding hypergeometric solutions and using d’ Alembert substitution
repeatedly we obtain a set of solutions which can be written as nested indefinite
sums with hypergeometric summands. These so-called d’Alembertian sequences
include harmonic numbers and their generalizations, and play an important role in
the theory of Padé approximations (cf. [20,21]), in combinatorics (cf. [27,33]) and
in particle physics (cf. [1,2, 12]).

8.1 Definition and Representation

Definition 7. A sequence a € ¥(K) is d’Alembertian if there are first-order
operators Ly, Ly, ..., Ly € K(n)(o) such that

Ld---Llea = 0. (9)

We denote by o/ (K) the set of all d’Alembertian elements of .(K), and write
nd(a) for the least d € N for which (9) holds (the nesting depth of a). For a set
S € &/ (K) we write nd(S) for max,es nd(a).

Remark 2. Leta € o/ (K). Then:

1. nd(a) = O if and only ifa = 0,
2. nd(a) = 1 if and only if a € 7 (K).

Example 8.

 Harmonic numbers H(n) = Y ;_, % are d’ Alembertian because

n+1 n+1 1

_k .
 Derangement numbers d(n) = n!y ;_, % are d’Alembertian because

(_1)n+1
(n+1)!

(c+D)(o—(n+1)dn) = (6+1)(n+1)! = (c+1)(=D"" = 0.

Notation: Fora € .¥(K) and A, B C %/ (K) we write
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n—1
Ya={beS(K): Ab=a} = Y a(k)+K,
k=0

YA ={be S (K);, Ab € A},
a+B={a+b,b€B}, aB:{ab;beB}’
A+B={a+b;acADbeB)}

and identify a € .¥(K) with {a} € . (K) if suitable.
Remark 3.

1.A+1=0, 3.0%
2.AY =1, 4.0

Y +1,
K.

Proposition 3. Letr € K(n), ch =rh, and f € ./ (K). Then

esKyo-ry=1) = hsl

Proof. Assume that (c —r)y = f and write y = hz. Then

f=(@—-r)yy=(—r)hz=0hoz—rhz=0hAz

hence Az = %, S0z € E£ andy =hzeh 2%. — Conversely,
f f f f

—rhY—=0choX——rhY— =0chAXY— = f.

(@=r) oh e T e T oh /

Corollary 2.
h h h
Ker (0 —rg)---(0d—r)(c—r) = h12—22—3---2 50
O']’ll O']’lz O'hd_l

whereKer L ={y € (K); Ly =0}andoh; = rih; fori =1,2,...,d.
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(10)

It turns out that for any L € K(n)(o), the space of all d’ Alembertian solutions

of Ly = 0 is of the form
hy Xhy Xhy---Xhg X0

for some d < ord L and hy, hy, ..., hy € F(K).

Y

Example 9 (Amer. Math. Monthly problem no. 10375 — continued from Example 7).
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L =02-2Q2n+3)%0 +4(n+ 1)>Q2n + 1)(2n + 3),
L =LyLy,

Li=0c—-2n+1)(2n+2),

L, =0—(2n+2)2n + 3).

Since L;(2n)! = 0 and L,(2n + 1)! = 0, it follows from (10) that

@2n+1)! K
KerL=02n)!'Y—=XY0 = 2n)! ¥ ——
e (2m) 2n +2)! (2m) n+1

n—I1
= (2n)! (K];%H + K) = K@n)!'H(n) + K (2n)!.

8.2 Closure Properties of </ (K)

Definition 8. For operators L, R € K(n)(c), denote by L/R the right quotient of
Ielm(L, R) by R.

Remark 4. Clearly, (L/R)R = lcIm(L,R) = (R/L)L.

Example 10. Let Ly = 0 —ry and L, = 0 — r; be first-order operators. If ry = 1,
then Ly/L, = L,/ Ly = 1.1f r; # ry it is straightforward to check that

ory —or ory —orp
(a——rl) (0—r) = (o—l—rz) (o0 —r1),

ry—rnr ry —rnrp
hence
Ll/Lz = a—wrl, Lz/Ll = G—wrz.
r—rnr r—nr
Lemmal. Let Li,L;,..., Ly, R € K(n){o) be monic first-order operators.

Then there are monic operators N1, Na, ..., Ny, M € K(n){o) \ {0} of order < 1
such that

MLyLi_y---L; = N¢Ni—1---NiR.

Proof. By induction on k.

k = 1: Take Ny = L;/R, M = R/L,. Then ML, = (R/L))L; =
(L1/R)R = N|R.

k > 1: By the induction hypothesis, there are monic operators Ny, Ny, ..., Ny_1,
M € K(n)(c) \ {0} of order < 1 such that
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MLy yLi---Ly = NyiNea---NiR. (12)
Take Ny = Lk/M, M = M/Lk. Then, using (12) in the last equality, we obtain

MLgLi—y -+ Ly = (M/LQ)Le L1 Li—y -+ Ly = (Lie/M)M Lg—yLg—++- Ly
=NMLy_Lir---Li = NyNie—1Nir—2---NiR. ]

Lemma2. Let Li,L,,...,Lg, R, Ry,..., R, € K(n){o) be monic first-order
operators. Then there are monic operators My, M, ... , M,,, N\, Na, ..., Ny €
K(n){(o) \ {0} of order < 1 such that

MMy - MiLgLg—y--- Ly = NgNg—y---NiRypRy—1--- Ry.

Proof. By induction on m.

m = 1: By Lemma 1 applied to Ly, Lo, ..., Lk, Ry, there are N1, N, ..., Nk
and M; suchthat M Ly Ly—1---Ly = NiNr—1---NiR;.

m > 1: By the induction hypothesis applied to Ry, R», ..., R,,—1, there are
monic operators My, M, ..., M, Ni,Ns,....,N € K(n){o) \ {0} of order < 1
such that

My My MLy Ly --- Ly = NyNi—y---N\Ry—1Rp—z---Ry.  (13)

By Lemma 1 applied to 1\71, Nz, e, Nk, R,,, there are Ni, N», ..., N; and M,, such
that

MuNiNi—y---Ni = NeNioi === Ni Ry,
hence, by multiplying (13) with M,, from the left, we obtain

MyMy_y - MLy Li_y -~ Ly = MyyNyNi—y -+ NiRpy—1 Ry - Ry
= NiNi—1---NiRyRp—1--Ry. u]

Proposition 4. o/ (K) is closed under addition.

Proof. Leta,b € &/(K). Then there are monic first-order operators Ly, Ly, ..., Lg,
R, R;,..., R, € K(n){(o) such that

LiLi_i-+-Lia = RyRy_i+--Rib = 0.

By Lemma 2, there are monic operators My, ..., M,,, Ny,..., Ny € K(n){o) \ {0}
of order < 1 such that

L = MyMy—1---MLyLg—---L1 = NgNp—1---N1RyRpy—1---Ry.

Then La = Lb =0,s0 L(a +b) =0and a + b € o/ (K). O
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Proposition 5. o7 (K) is closed under multiplication.

Proof. Leta,b € 7/(K). We show that ab € </ (K) by induction on the sum of
their nesting depths nd(a) + nd(b).

(a) nd(a) = 0 or nd(b) = 0: In this case one of a, b is 0, hence ab = 0 € &7 (K).

(b) nd(a),nd(b) > 1: By (11) we can write a € hy Xhy Xh3--- Xhy X0 and
begiXgXgy--Xg, X0 where h;,g; € s(K),d = nd(a), and e =
nd(b). Leta; = hy Xh3---Xhy X0and by = g X g3--- X g, X0,s0thata €
hy Ya; and b € gy Xby with a1, b; € &/ (K), nd(a;) < nd(a) and nd(b;) <
nd(b). Clearly ha € o/ (K) whenever h € J#(K) and a € o/ (K), hence
it suffices to show that (3_aj)g1 Y b1 € &/(K). Using the product rule of
difference calculus

Auv = uAv + Auov

and Remark 3 repeatedly, we obtain

A(QCangi b)) = anNgiAY b+ A a)g)o Yo b

(X angibi + (X aAgi +ai0g1)(3_ b1 + bi)
Agi(Xoa) b+ (g1 + Ag)bi Yoar +aiogi(3_bi +by)
Agi (X a)Y by +ogi(ar Y. br + b1 > ar +aiby).

Assume first that g = 1. Then A(Q_a1)Y_b1) = a1 d_b1 + b1 Y a; + a1b;.
By the induction hypothesis and from Proposition 4 it follows that a; > by +
b1 > a;+a1by € &/ (K). Therefore there are first-order operators Ly, Ly, ..., Ly €
K(n){o) such that

LiLi—y---LiA((Q ai)) b)) =0,

hence (3" a;) Y by € <«/(K). In the general case, Agy,o0g; € J£(K) U {0} now
implies A ((3_ay)g1 Y b)) € & (K). Again we conclude that (D" aj)g1 > by C

A (K). O
Proposition 6. <7 (K) is closed under o and o~
Proof. Leta € o/ (K). Then there are monic first-order operators Ly, Ly, ..., Ly €
K(n){(o) suchthat Ly Ly—_;---Lia = 0.

By Lemma 1 with R = o, there are monic operators Ny, Np,..., Ny, M €

K(n){(o) \ {0} of order < 1 suchthat MLy Ly_y---L; = NpNy_;---Njo.Hence
Nka_l"'Nl(Ta = MLkLk_l"'Lla = 0,

sooa € (K).
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From LyL;_;---Lia = 0 it follows that LyL;_1---Lioc(c~'a) = 0, hence
o la € 7/(K) as well. O

Theorem 9. <7 (K) is a difference ring.
Proof. This follows from Propositions 4, 5 and 6. O

Corollary 3. o7(K) is the least subring of ./ (K) which contains 7 (K) and is
closed under o, 0=, and X.

Proof. Denote by HS(K) the least subring of .(K) which contains .77 (K) and is
closed under o, 6!, and X.

By Corollary 2, every a € «/(K) is obtained from 0 by using ¥ and
multiplication with elements from J#(K). Hence 2/ (K) € HS(K).

Conversely, .27 (K) is closed under o and 6~! by Proposition 6, and under X by
Corollary 2. Since o7 (K) is a subring of . (K) containing 5 (K), it follows that
HS(K) € 7(K). O

Proposition 7. <7 (K) is closed under multisection.

Proof. Let a € o/(K). We show that any multisection of a belongs to <7 (K) by
induction on the nesting depth nd(a) of a.

(a) nd(a) = 0: In this case a = 0, so the assertion holds.

(b) nd(a) > 1: By (11) we can write a € hy Xhy Xh3---Xhy X0 where d =
nd(a) and hy, hy, ..., hg € JCO(K). Leth = hyand b = hy Xh3--- X hy X0,
sothata € h ¥b where b C &/(K) and nd(b) < nd(a).

Let ¢ € .Y(K), defined by c(n) = a(mn + r) forall n € N, where m,r € N,
m > 2,0 <r < m,be amultisection of a. Then foralln e N

mn+r—1
cin)=a@mn+r) = h(mn+r) Y  b(k)
k=0
m—1n—1
= h(mn+r) ZZb(mj —}—l)—i—Zb(mn—}—l)
i=0 j=0 i=0
m—1n—1
= h.r(n) Zme,(JHme,(n)
i=0 j=0

where hy, ,(n) = h(mn + r) and by, ;(n) = b(mn + i) for 0 < i < m. Hence

m—1 r—1
= hm,r (Z(:) Ebm,i + Z;bm,i)
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where h,, , € (K) C o7/ (K) by Proposition 1, and b,,,; € 27 (K) by the induction
hypothesis as a multisection of b. Since 2/ (K) is closed under X', addition and
multiplication, it follows that ¢ € 27 (K). O

8.3 Finding d’Alembertian Solutions

The following theorem provides a way to find all d’ Alembertian solutions of Ly = 0.

Theorem 10. Ly = 0 has a nonzero d’Alembertian solution if and only if Ly = 0
has a hypergeometric solution.

For a proof, see [10].

Outline of an algorithm for finding the space of all d’Alembertian solutions:

1. Find a hypergeometric solution /; of Ly = 0.

If none exists then return 0 and stop.
2. LetL; =0 — ”h—hl‘ Right-divide L by L, to obtain L = QL.
3. Recursively use the algorithm on Qy = 0. Let the output be a.

4. Return by X U“Tl and stop.

A much more general algorithm which finds solutions in [T X*-difference
extension fields of (K(n),o0) is presented in [31]. For the relevant theory,
see [32,34-36].

9 Liouvillian Solutions

Definition 9. .Z(K) is the least subring of .#(K) containing J#(K), closed
under

e g,071,
. ¥,

* interlacing of an arbitrary number of sequences.
A sequence a € . (K) is Liouvillian iff a € £ (K).

Example 11. The sequence

ol = 2Kkl n =2k,
T G =2k +1

is Liouvillian (as an interlacing of two hypergeometric sequences ).

The following theorem provides a way to find Liouvillian solutions of Ly = 0.
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Theorem 11. Ly = 0 has a nonzero Liouvillian solution if and only if Ly = 0 has
a solution which is an interlacing of at most ord L hypergeometric sequences.

For a proof, see [24]. For algorithms to find Liouvillian solutions, see [8, 13, 16,
17,22,23,25,43].

Theorem 12. A sequence in . (K) is Liouvillian if and only if it is an interlacing
of d’Alembertian sequences.

This is proved in [30] as a corollary of the results of [24] obtained by means of
Galois theory of difference equations. Here we give a self-contained proof based on
closure properties of interlacings of d’ Alembertian sequences.

Let A(ayg,ay,...,ak—1), or A’;_loaj, denote the interlacing of ag, ay, ..., ar—1.

By definition of interlacing we have
(A52ha,) ) = Atao,ar,....ai)(0) = anmoax(n div k)
for all n € N, where

ndivk = L%J, nmodk = n—Lng.

Denote temporarily the set of all interlacings of (one or more) d’ Alembertian
sequences by AL(K). The goal is to prove that AL(K) = Z(K).

Proposition 8. AL(K) € .Z(K).

Proof. Since 5#(K) € Z(K) and .Z(K) is a ring closed under ¥, we have
A (K) € Z(K). Since Z(K) is closed under interlacing, AL(K) € .Z(K). O

Lemma 3. AL(K) is closed under addition and multiplication.

Proof. Let © denote either addition or multiplication in K and . (K). We claim
that, for k,m € Nand ag,ay,...,ax—1,bo,b1,...,bu—1 € & (K), we have

(41=bas) © (47200) = AV @esm © bricw) (14)
where foralln € N,

agjm(n) = agmod k(mn + £ div k),

b(i.k,m (”) = b[ modm(kl’l + ¢ div m)
Indeed,

(A2 @esem © begm)) (n)

= An mod km.,k,m (n div km) O} bn mod km,k.m (n div km) =u®vu
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where

U = Ay mod km) mod k (M (1 div km) + (n mod km) div k),

v = b(n mod ki) mod m (k(n div km) 4+ (n mod km) div m).

From

(n mod km) mod k = ( — L%J km) mod k = n mod k,

(n mod km) mod m = ( - LLJ km) mod m = n mod m,
m(n div km) + (n mod km) div k = m L%J n {%J - L%J = n div k,
k(n div km) + (n mod km) div m = k L%J + {#J - L%J — n divm

it follows that

UOV = dymodk(n div k) ® by moam(n div m)
= (M) o (a7Z0h,) ) = ((A52hay) @ (472085)) (),

proving (14). By Proposition 7, the sequences ay x,, and by x , belong to <7 (K).
Since 7 (K) is a ring, the right-hand side of (14) is an interlacing of d’ Alembertian
sequences, and hence so is the left-hand side. O

Lemma 4. AL(K) is closed under o and o=

Proof. Letay,ay,...,ax—; be d’Alembertian sequences. Then:

( ( oa,))(n) ( _Oa])(n—i-l)
= A(u+1)mod k ((n + 1) div k)

_ {apmoak+1(n divk), nmodk #k —1,
" lay(ndivk+1), nmodk=k—1

_ faimodkr1(n divk), nmodk #k —1,
" | (cag)(n divk), nmodk=k—1

(a8

where

p. = a4+ F k-1
N W =k —1
0> J_ .
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By Proposition 6, by, by, ..., by are d’Alembertian. So o (Ak Oaj) = A’j‘;lobj
is an interlacing of d’ Alembertian sequences.
Similarly,

(o (w20

(4)=bas) =1
= dp-1)mod k ((n — 1) div k)

| anmoak—1(n div k), n mod k # 0,
" lak(ndivk—1), nmodk =0

_ a,,modk 1(n div k), nmod k # 0,
" | (07 ag_1)(n div k), n mod k =0

- (A c,) )
where
_faj—,  j#O,
T 1o =0
k—1> ./ - Y
By Proposition 6, ¢y, ¢1, . . ., ck—; are d’Alembertian. So 6~ (Ak oa/) = A];;locj
is an interlacing of d’ Alembertian sequences. O

Lemma 5. AL(K) is closed under X.

Proof. Letag,ay,...,ar— be d’Alembertian sequences. We claim that

j—1 k—1
T (Afzha)) = A Y oTa+ ) Tai|. (15)
i=0 i=j

Indeed, foralln € N,

(= (452e)) o0

n—1 n—1
o (A2ha) (O = D armoar (€ div k)
=0 =0

(n—1) mod k | 57+ k—1 L2t -

= > al) + ) Y wl) (16)
i=0 =0

i=(m—1)mod k+1 j=0
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n mod k— l|_J k—1 |_J =1
= > Za, G+ > D al) (17)
i=0 j=0 i=nmodk j=0
n mod k—1 k—1
= > (©Za)(mdivk) + Y (Ta;)(ndivk)
=0 i=n mod k

j—1 k—1
ZUZ‘ai —i—ZEai (n),
i=0 i=j

proving (15). Here equality in (16) follows by mapping each £ € {0, 1,...,n—1}to
the pair (i, j) = ({ mod k, £ div k) and summing over all the resulting pairs, and
equality in (17) follows by noting that when n mod k # 0, we have

(n—1)modk =nmodk —1,
(n—1) divk = n div k,
while for n mod & = 0, both (16) and (17) are equal to Zf:(l) Z;té a;(j).

Since <7 (K) is closed under X', o and addition, the right-hand side of (15) is an
interlacing of d’ Alembertian sequences, and hence so is the left-hand side. O

Lemma 6. AL(K) is closed under interlacing.

Proof. An arbitrary interlacing can be obtained by using addition, shifts, and
interlacing of zero sequences with a single non-zero sequence by the formula

Aag.ar.....ai1) = Y 6" A0,0,....0,a1-).

Hence, by Propositions 3 and 4, it suffices to show that AL(K) is closed under
interlacing of zero sequences with a single non-zero sequence from AL(K). But this
is immediate: Let ag, ay, . . ., ax—; be d’ Alembertian sequences. Then the interlacing
of m zero sequences with A(ag,ay,...,ax—1)

A(0,0,...,0, Aag, ay, . ..,ak—1))
= A(0,0,...,0,a0,0,0,...,0,a;1,...,0,0,...,0,a,—1)

is an interlacing of mk + k d’ Alembertian sequences. O

Proof of Theorem 12. By Proposition 8, it suffices to show that Z(K) € AL(K).
This is true since by Lemmas 3-6, AL(K) is a subring of . (K) containing #(K)
and closed under o, 07!, X, and interlacing, while .2 (K) is the least such subring.

O
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Generalization of Risch’s Algorithm to Special
Functions

Clemens G. Raab

Abstract Symbolic integration deals with the evaluation of integrals in closed
form. We present an overview of Risch’s algorithm including recent developments.
The algorithms discussed are suited for both indefinite and definite integration. They
can also be used to compute linear relations among integrals and to find identities
for special functions given by parameter integrals. The aim of this presentation is
twofold: to introduce the reader to some basic ideas of differential algebra in the
context of integration and to raise awareness in the physics community of computer
algebra algorithms for indefinite and definite integration.

1 Introduction

In earlier times large tables of integrals were compiled by hand [19, 20, 30, 36].
Nowadays, computer algebra tools play an important role in the evaluation of
definite integrals and we will mention some approaches below. Tables of integrals
are even used in modern software as well. Algorithms for symbolic integration in
general proceed in three steps. First, in computer algebra the functions typically are
modeled by algebraic structures. Then, the computations are done in the algebraic
framework and, finally, the result needs to be interpreted in terms of functions
again. Some considerations concerning the first step, i.e., algebraic representation
of functions, will be part of Sect.2. A brief overview of some approaches and
corresponding algorithms will be given below. We will focus entirely on the
approach using differential fields. Other introductory texts on this subject include
[12, 32]. Manuel Bronstein’s book on symbolic integration [13] is a standard
reference. The interested reader is referred to one of these for more information.
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A recent version of Risch’s algorithm will be presented in Sect. 3. The subtle issues
of the last step, i.e., translating the algebraic result to a valid statement in the world
of functions, will not be dealt with here.

1.1 Parametric Integration

Integration of functions can be done in two variants: indefinite and definite
integration, which are closely related via the fundamental theorem of calculus. On
the one hand, an indefinite integrals still is a function in the variable of integration
and is nothing else than the antiderivative of a given function f(x). On the other
hand, a definite integral is the value

/ub f(x)dx

resulting from integrating the function f(x) over the given interval (a, b). Another
difference between the two is that in general it is easy to verify an indefinite integral
just by differentiating it, whereas in general it is hard to verify the result of a definite
integral without recomputing it.

For the evaluation of definite integrals many tools may be applied to transform
them to simpler integrals which are known or can be evaluated easily: change of
variable, series expansion of the integrand, integral transforms, etc. As mentioned
above by the fundamental theorem of calculus it is obvious that we can use indefinite
integrals for the evaluation of definite integrals. It is well known that for a function
g(x) with g’(x) = f(x) we have

b
/ Fx)dx = g(b) - g(a).

This fact has also been exploited in order to evaluate definite integrals for which a
corresponding indefinite integral is not available in nice form. We give an overview
of this method, which will be the main focus for computing definite integrals in
the present paper. If the integral depends on a parameter, we can differentiate the
parameter integral with respect to this parameter and obtain an integral that might
be evaluated more easily. Under suitable assumptions on the integrand we have

d b B b df
5/0 f(x,y)dx—/a e

which is called differentiating under the integral sign. A related paradigm, known
as creative telescoping, is used in symbolic summation to compute recurrences for
parameter dependent sums, see [48] for instance. Based on these two principles
Almkvist and Zeilberger [6] were the first to propose a completely systematic
way for treating parameter integrals by differentiating under the integral sign by
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giving an algorithm to compute differential equations for parameter integrals with
holonomic integrands. They gave a fast variant of it for hyperexponential integrands,
which may also be used for computing recurrences for such parameter integrals.
From a very general point of view the underlying principle might be understood as
combination of the fundamental theorem of calculus and the linearity of the integral
in the following way. If for integrable functions fy(x),..., f,n(x) and constants
co, - - ., Cyy the function g(x) is an antiderivative such that

o fo(x) + -+ cm fin (x) = g'(x),

then we can deduce the relation
b b
Co/ fo(x)dx+ -+ cp / fm(x)dx = g(b) — g(a)

among the definite integrals f“b fi (x) dx provided they exist. Both the functions
fi(x) and the constants ¢; may depend on additional parameters, which are not
shown here. In order that this works the important point is that the ¢; do not depend
on the variable of integration. In practice, the functions f;(x) are chosen to be
derivatives or shifts in the parameter(s) of the integrand f(x) if we are interested in
differential equations or recurrences for the definite integral.

The main task for finding such relations of definite integrals of given functions
fi (x) consists in finding suitable choices for the constants ¢; which allow a closed
form of the antiderivative g(x) to be computed. We will call this parametric
integration as it can be viewed as making suitable choices for the parameters c;
occurring in the combined integrand co fo(x) + « -+ + ¢ fin ().

The approach above also addresses the issue of verifiability. When given such a
linear relation of integrals

b b
C()/ Jo(x) dx + ---+Cm/ fu(xX)dx=r
the function g(x) may act as a proof certificate of it as we just need to verify

cofo(x) + -+ cmfu(x) =¢'(x) and 1 =g()-gla),
where the left hand sides are directly read off from the integral relation we want to

verify.

1.2 Symbolic Integration

Algorithms to compute indefinite integrals of rational integrands are known for a
long time already and many other integrals were computed analytically by hand as
mentioned above. Especially in the last century algorithms have been developed
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capable of dealing with more general classes of integrands in a completely
systematic way. In the following we want to give an overview of three different
approaches that were taken. We also mention some relevant cornerstones but we
do not include a fully comprehensive survey of the corresponding literature, many
other contributions were made. Note that all of those approaches extend to definite
integration in one way or the other.

The differential algebra approach represents functions as elements of differential
fields and differential rings. These are algebraic structures not only capturing the
arithmetic properties of functions but also their differential properties by including
derivation as an additional unary operation. In general terms, starting with a
prescribed differential field one is interested in indefinite integrals in the same
field or in extensions of that field constructed in a certain way. Based on a book
by Joseph F. Ritt [42] using differential fields Robert H. Risch gave a decision
procedure [10, 41] for computing elementary integrals of elementary functions
by closely investigating the structure of the derivatives of such functions. Since
then this result has been extended in various directions. A parametric version was
discussed in [29]. Michael F. Singer et al. generalized this to a parametric algorithm
computing elementary integrals over regular Liouvillian fields in the appendix
of [45] and Manuel Bronstein gave partial results for more general differential
fields constructed by monomials [9, 13]. The author’s thesis [37] can be seen as
a continuation of this line of research. In [33] Arthur C. Norman published a
variant of Risch’s algorithm avoiding its recursive structure, which therefore is
sometimes also called the parallel Risch algorithm. The Risch-Norman algorithm
can be used in even more general differential fields and has proven to be a rather
powerful heuristic in practice, see [8, 13, 14] and references therein. Most results
mentioned so far restrict to the case where the generators of the differential fields are
algebraically independent. The presence of algebraic relations causes new situations
and requires more involved algebraic tools, see [8, 10,12,23] and references therein.
Another type of generalization is to search also for certain types of non-elementary
integrals over certain differential fields. Some results for this problem have been
achieved in [45], see also [7] and the references to the work of Cherry and Knowles
in [13].

Indefinite integrals of products of special functions that satisfy homogeneous
second-order differential equations were considered by Jean C. Piquette. His
ansatz for the integral in terms of linear combinations of such products led to a
differential system, which after uncoupling he solved by heuristic methods, see
[34, 35] and references therein. The holonomic systems approach was initiated
by Doron Zeilberger in [47] and puts this on more general and more algorithmic
grounds. Functions are represented by the differential and difference operators
that annihilate them. The notion of D-finite functions is closely related and refers
to functions satisfying homogeneous linear differential equations with rational
functions as coefficients. Hence, the derivatives of a D-finite function generate a
finite-dimensional vector space over the rational functions. Frédéric Chyzak [16]
presented an efficient algorithm for computing indefinite integrals of such functions
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in the same vector space. The algorithm handles also parametric integration and
summation and utilizes Ore algebras to represent the operators corresponding to
functions. For extensions and improvements see [17,24].

The rule-based approach operates on the syntactic presentation of the integral
by a table of transformation rules. This comes close to what is done when
integrating by hand based on integral tables such as [19,20,36]. Also most computer
algebra systems make at least partial use of transformations and table look-up.
These tables may contain rules for virtually any special function, which makes
such algorithms easily extensible in principle. This approach is recently being
investigated systematically by Albert D. Rich and David J. Jeffrey [40], who point
out several subtle issues related to efficiency.

1.3 Risch’s Algorithm

When computing elementary integrals the paradigm followed by Risch’s algorithm
and many of its generalizations is that the computation proceeds recursively,
focusing one by one on a particular function, which is involved in the integrands,
at a time. For each of these functions the computation is organized in several main
steps, where each step computes a part of the integral and subtracts its derivative
from the integrand to obtain the remaining integrand to proceed with. The part of
the integral that is computed in each step is chosen in such a way that the remaining
integrand is simpler than the previous one in some suitable sense.

Before we discuss the computation for rather general types of integrands in a bit
more detail, it will be instructive to consider the simplest case first, namely rational
functions. The main steps of the full algorithm will be used to work out a closed
form of the following integral of a rational function.

/x4+2x3—x2+3
x3+5x2+8x+4

For rational functions three steps are relevant. First, we will apply Hermite reduction
to reduce the task to an integrand that does not have poles of order greater than one.
Then, we will compute the residues at the simple poles of the remaining integrand
to obtain the logarithmic part of the integral. Finally, the remaining integrand will
be a polynomial, which is easily integrated.

Let us start by outlining the main idea of Hermite reduction [21], which repeats
as needed what can be summarized as a suitably chosen additive splitting of the
integrand followed by integration by parts of one of the two summands. Each
time the order of some poles of the integrand is reduced. We will see later
how such splittings are determined, for now we just emphasize that no partial
fraction decomposition is required. In our example the denominator factors as
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(x + 1)(x + 2)%. This means that we have to reduce the order of the pole at x = —2,
which is achieved by the following splitting.

x4 - +3 x—x+1

(x+ D(x +2)° x‘/( FETER R T
n X—x+1

x+2 (x+1)(x+2)

The remaining integrand has only simple poles, so we proceed by computing
the residues at its poles, from which we obtain the logarithmic part of the integral.

For an integrand %, where a(x) and b(x) are polynomials and b (x) is squarefree,
a(xo)

the residue at a root x¢ of h(x) is given by zp := %En) and we get a contribution
z0 log(x — xp) to the integral. Instead of determining the residue in dependence of
the location of the pole, there are algorithms which first compute the set of values
occurring as residues and then determine the appropriate logands for each residue.
One such algorithm relying on resultants has its roots in the work of Rothstein and
Trager, see [25,31,43,46], and another algorithm using Grobner bases was proposed
by Czichowski, see [18]. The main idea to compute the residues directly, without
computing the roots of b(x), is to characterize them as those values zp such that
the equations a(x) — zo-b’(x) = 0 and b(x) = 0 are satisfied for some x at the
same time. So the Rothstein-Trager resultant r(z) = resy(a(x) — z:b'(x), b(x)) is
a polynomial in the new variable z having the residues of the integrand as its roots.
For each root z of r(z) we need to compute ged(a(x) — zo-b'(x), b(x)), which is
the corresponding logand. A modern variant, the Lazard-Rioboo-Trager algorithm,
computes the subresultant polynomial remainder sequence of a(x) — z-b’(x) and
b(x), from which both 7 (z) and the logands can be read off. Similarly, Czichowski’s
algorithm computes a Grobner basis of {a(x) — z:b"(x), b(x)} W.r.t. z <jey X, from
which both the squarefree part of r (z) and the logands can be read off. In our present
example we determine the polynomials

r(z) =(z—1)(z—5) and s(z,x):x-}-%z_}_%’

where the roots of r(z) are the residues and s(z, x) gives the corresponding logands,
which give rise to the following logarithmic part of the integral:

Z z-log(s(z, x)) = log(x + 1) + Slog(x + 2).
r(z)=0

Therefore, subtracting its derivative from the integrand we obtain the polynomial
B —x+1 L5(z, x)
-y D

x+Dx+2) r(z)=oz 5(zx)
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as remaining integrand or, in other words,

xX3—x+1

——dx =1 1 51 2 —3dx.
(x+1)(x+2)x og(x + 1) + 5log(x + )+/x by

The integral of a polynomial is determined via an appropriate ansatz, based on
the fact that the derivative of a non-constant polynomial is a polynomial with degree
exactly one less. The coefficients in the integral are then determined by equating the
coefficients in the derivative of the ansatz to those in the integrand. In our case the
ansatz for the integral is a>x> + a;x and comparing coefficients of the powers of
X in

%(azxz +ajx) =x—3

yields 2a, = 1 and a; = —3. Plugging the solution of these equations into the
ansatz we obtain the integral

1,
x —3dx = —x“ — 3x.
2

Altogether, we obtained the following closed form of the integral.

X423 —x2 43
(x + D(x +2)2

1 1
dx:_x—H+ln(x+1)+51n(x+2)+§x2—3x

2 Algebraic Representation of Functions

In differential algebra functions are represented as elements of differential fields and
differential rings. These are algebraic structures not only capturing the arithmetic
relations of functions but also their differential properties by including derivation as
an additional operation. For more information on differential algebra, see [22] for
example.

Definition 1. Let F be afieldandlet D : FF — F be a unary operation on it, which

is additive and satisfies the product rule, i.e.,

D(f +g =Df+Dg and  D(fg) =fDg+ (Df)g.

Then D is called a derivation on F and (F, D) is called a differential field. The set
of constants is denoted by constp (F) :={f € F | Df = 0}.

It follows from the definition that the set constp (F) is closed under the basic
arithmetic operations and hence is a field. Note that while for f,g € F sums
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f + g, products fg, and derivatives Df by definition are in F again, powers f¢,
compositions f o g and antiderivatives [ f need not be in F in general. The same
statements apply for differential rings where every occurrence of the word field is
to be replaced by the word ring.

The basic example for a differential field is the field of rational functions
(F,D) = (C(x), j—x), where Dx = 1 and constp(F) = C. Note that C,
the field of constants, may not only consist of numbers, but it may also con-
tain elements depending on variables other than x. For example, (F,D) =
R(n, x,x",1In(x)), %), where the notation is meant to imply Dn = 0, Dx = 1,
Dx" = 7x", and D In(x) = %, is a differential field with constp (F) = R(n). In
principle the definition of a differential field does not require the existence of an
element x € F with Dx = 1. For example, (Q(e¥), %) is a differential field since
the derivative of any rational expression in e” is again a rational expression in e*. In
practice, however, such cases are not very important.

In general, we will consider finitely generated differential fields of the form
(F,D) = (C(t1,...,t;), D), where C = constp(F) and ¢,...,t, represent
some functions. Algebraically, an element f € F is a rational expression in
ti,...,t, with coefficients in C and, resembling the chain rule, the derivative can be
expressed as

of f

When given some differential field (K, D), by adjoining additional elements
t1,...,t, under the condition that we can extend D to a derivation on K(¢1,...,t,)
we obtain a differential field extension (K(¢y,...,t,), D), i.e., a differential field
containing (K, D) as a differential subfield. The following theorem makes the
choice explicit which we have when extending the derivation from (K, D) to a
differential field extension of the form (K (¢), D).

Theorem 1 ([13, Theorems 3.2.2, 3.2.3]). Let (K, D) be a differential field and
let K(t) be the field generated by a new element t.

1. If t is algebraic over K, then D can be uniquely extended to a derivation on
K().

2. Ift is transcendental over K, then, for anyw € K(t), D can be uniquely extended
to a derivation on K(t) such that Dt = w.

In our presentation we will focus on transcendental extensions, in which case the
notion of a (differential) monomial, introduced by Bronstein [9], is very important
for practical algorithms.

Definition 2. Let (F, D) be a differential field, (K, D) a differential subfield, and
t € F.Thent is called a monomial over (K, D) if

1. ¢ is transcendental over K and
2. Dt € K[t].

If deg,(Dt) > 2, we call t nonlinear.
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There are many similarities between rational functions (C(x), ix) and monomial
extensions (K(¢), D), but there are, of course, some important differences as well.
The derivative of polynomials p € C|[x] is a polynomial again, likewise any
polynomial p € K]Jt] has its derivative Dp in K[t]. However, unlike the degree
of the derivative of p € CJx], the degree need not drop when applying D to a
p € K[t], it may stay the same or even increase depending on the degree in ¢ of Dt.
An irreducible polynomial p € C[x] never divides its derivative, this need not be
true for polynomials p € K|t]. More generally, a squarefree polynomial p € K|t]
need not be coprime with Dp, while it always is if p € C[x].

Definition 3. Let (K, D) be a differential field and let # be a monomial over
(K, D). We call a polynomial p € K[t] normal,if p and Dp are coprime, or special,
if p divides Dp.

A squarefree polynomial p € KJ¢] is normal if and only if it does not contain a
factor of degree at least 1 which is special.

These properties of the derivation on K[t] deserve to be exemplified, for
which we consider (K, D) (C(x), jx) The transcendental functions In(x),
exp(x), and tan(x) satlsfy 4 In(x) = X, & 4 exp(x) = exp(x), and < o tan(x) =
tan(x)?+ 1, respectively. Hence they can be represented by monomials over (K, D).
Representing the logarithm by a monomial ¢ with Dt = % € K it can be proven
that the degree of a polynomial p € K|t] is always at least as large as that of its
derivative Dp. The degrees are unequal if and only if the leading coefficient of p
is in C, which is true for p = 1>+ xt with Dp = "+2Z + 1, for example, but

not for p = x1? — =1 with Dp = 1> + (x+l)2t — 2= In addition, every
squarefree polyn0m1a1 1s 1ndeed coprime w1th its derivative. For a monomial ¢ with
Dt = t we always have that p € KJ[t] and Dp have the same degree if p is not
constant. There are polynomials which divide their derivative, and all of them are of
the form p = at” where a € K and n € N. Finally, a monomial with Dt = 2 +1
has the property that the degree of Dp is strictly greater than that of p € KJ¢] as
long as the degree of p is at least one, e.g., p = t(¢> + 1) has derivative Dp =
(322 + 1)(¢> + 1), and a squarefree polynomial is normal if and only if it is coprime
with 12 + 1.

Furthermore, in monomial extensions (K(¢), D) we will rely on the canonical
representation

of elements f € K(t), where p,ay,ay, b, b, € K[t] with deg,(ay) < deg,(by) and
deg,(a,) < deg,(b,) are such that b, is special and every irreducible factor of b, is
normal, cf. [13, p. 103]
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2.1 Relevant Classes of Functions

Apart from rational functions (C(x), j—x) and algebraic functions (C(x), j—x), ele-
mentary functions are a very basic class of functions as well and were among the
first to be considered algorithmically. The elementary functions are those which
can be constructed from rational functions by the following operations in addition
to the basic arithmetic operations: taking the logarithm, applying the exponential
function, and solving algebraic equations with elementary functions as coefficients.
Elementary functions include rational and algebraic functions, logarithms, ¢* and
x¢, trigonometric functions and their inverses, as well as hyperbolic functions and
their inverses. Recall that trigonometric and hyperbolic functions can be expressed
in terms of exponentials and their inverses can be expressed in terms of logarithms
of algebraic functions. Note that compositions f(g(x)) and powers f(x)$™) of
elementary functions are elementary functions again. When representing elementary
functions in differential fields we make use of the following relations:

d _dx)

St =25 ()
4 expla()) = () expla(v)). )

X

Definition 4. Let (K, D) be a differential field and let # be a monomial over
(K, D). Then we call ¢t an elementary monomial over (K, D) if it is either

1. alogarithm over (K, D), i.e., there exists @ € K such that Dt = %, or

2. an exponential over (K, D), i.e., there exists a € K such that % = Da.

Let (F,D) = (K(t1,...,t,), D) be a differential field extension of (K, D). Then
(F, D) is called elementary extension of (K, D), if each ; is either algebraic or an
elementary monomial over (K (ty,...,t—1), D).

An elementary function is a function representable as an element of some
elementary extension of (C(x), %) Note that an elementary extension of some
differential field (K, D) does not only contain elementary functions unless K
does.

The notion of elementary functions is generalized naturally to give Liouvillian
functions by considering differential equations of the form

Sy =a 3)
d
9w = atwy) @

instead of their special cases for logarithms and exponentials above. In other
words, Liouvillian functions are the functions obtained from rational functions by
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the basic arithmetic operations, by taking primitive functions [ a(x) dx, by taking
hyperexponential functions e a™dx ang by solving algebraic equations with Liou-
villian functions as coefficients. Again, the composition of Liouvillian functions as
well as powers f(x)$™) of Liouvillian functions are Liouvillian. Several special
functions can be found in the class of Liouvillian functions, e.g., logarithmic and
exponential integrals, error functions, Fresnel integrals, incomplete Beta and I"

functions, polylogarithms, harmonic polylogarithms [39], and hyperlogarithms [15].

Definition 5. Let (K, D) be a differential field and let # be a monomial over
(K, D). Then we call ¢ a Liouvillian monomial over (K, D) if it is either

1. primitive over (K, D), i.e., there exists @ € K such that Dt = a, or
2. hyperexponential over (K, D), i.e., there exists @ € K such that % =a.

Let (F,D) = (K(ty,...,t,), D) be a differential field extension of (K, D). Then
(F, D) is called Liouvillian extension of (K, D), if each ¢; is either algebraic or a
Liouvillian monomial over (K (t1,...,t—1), D).

A Liouvillian function is a function representable as an element of some
Liouvillian extension of (C(x), %). Note that there are a few equivalent definitions
of the class of Liouvillian functions. For instance, we need not start the construction
from the rational functions but it suffices to start from the set of constants because
the rational functions are obtained by the basic arithmetic operations from constants
and the identity function, which in turn is a primitive function of the constant 1.
Similarly, we may also choose to keep the operation of applying the exponential
function instead of replacing it by taking hyperexponential functions as the latter
operation can obviously be decomposed into applying the exponential function to
a primitive function. Alternatively, we may also summarize taking primitive and
hyperexponential functions into taking solutions of linear first-order differential
equations. More precisely, the class of Liouvillian functions may also be constructed
from the set of constants by the basic arithmetic operations and taking particular
solutions of

y'(x) = a(x)y(x) + b(x) &)

and of algebraic equations with Liouvillian coefficients each. Note that the solutions

of (5) may be expressed in terms of primitives and (hyper)exponentials by y(x) =
Jfa()yde b 4
e f efu(x)dx
For the sake of completeness we also give the definition of hyperexponential
and d’Alembertian functions [4, 5], although they are not so relevant in our con-
siderations. They are continuous analogues of hypergeometric and d’ Alembertian
sequences, respectively. An algorithm for integration of hyperexponential functions

is given in [6].

Definition 6. Let (F, D) be a differential field, (K, D) a differential subfield, and
t € F.Then ¢ is called
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1. hyperexponential over (K, D) if % € K, or

2. d’Alembertian over (K, D) if there existn € N and rq,...,r, € K such that ¢
is a solution of the homogeneous linear differential equation obtained from the
composition of differential operators D — r;,i.e., (D —r,) ... (D —r))t = 0.

The hyperexponential functions are functions h(x) being hyperexponential over
(C(x), j—x), i.e., their logarithmic derivative % is a rational function. Typical
examples of hyperexponential functions are ¢/ and f(x)¢, where f(x) is a
rational function. Note that the product and the quotient of hyperexponential
functions are hyperexponential again, but the sum of hyperexponential functions
is not hyperexponential in general. So, in contrast to the classes of elementary and
Liouvillian functions, the class of hyperexponential functions is not closed under
the basic arithmetic operations.

Similarly, d’Alembertian functions are the functions that are d’Alembertian
over (C(x), %). The class of d’Alembertian functions is not closed under the
basic arithmetic operations either, as the sum and the product of d’Alembertian
functions are d’Alembertian again, but the quotient of d’Alembertian functions
is not d’Alembertian in general. Most of the special functions listed above as
being Liouvillian functions are in fact even d’Alembertian functions: exponential
integrals, error functions, Fresnel integrals, incomplete Beta and I" functions,
polylogarithms, harmonic polylogarithms, and hyperlogarithms. Note that hyper-
exponential functions are d’ Alembertian as well, and d’ Alembertian functions are
Liouvillian. An equivalent characterization of d’ Alembertian functions is that they
can be written as iterated integrals over hyperexponential functions

hl(x)/hz(x)/.../hn(x)dx...dx.

The relation to the previous definition is that the product /2; (x) . . . h; (x) is a solution
of y'(x) —ri(x)y(x) = 0.

2.2 Liouwville’s Theorem

Liouville [26-28] was the first to prove an observation on the structure of elementary
integrals. In the language of differential fields it can be stated as follows.

Theorem 2 (Liouville’s Theorem [13, Theorem 5.5.3]). Let (F, D) be a differen-
tial field and C := const(F). If f € F has an elementary integral over (F, D),
then therearev € F, cy,...,c, € C,anduy,...,u, € F(cy,...,c,)* such that

f=Dv+) ¢—. (6)
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In view of this theorem we always can express an elementary integral [ f as
the sum of two parts: a v € F, which then is called the rational part, and a sum
of logarithms Y ¢; log(u;), which is called the logarithmic part of the integral.
This theorem and its refinements [13, 37] which consider a special structure of the
integrand are the main theoretical foundation for algorithms computing elementary
integrals. There are even generalizations of Liouville’s theorem dealing also with
non-elementary integrals, e.g. [7,45].

3 Risch’s Algorithm in Monomial Extensions

As already explained earlier, we are interested in parametric integration. In terms of
differential fields this problem can be formulated as follows.

Problem 1 (parametric elementary integration). Given: a differential field
(F,D)and fy,..., fu € F.

Find: a C-vector space basis ¢;,...,¢, € C"tl where C := const(F), of all
coefficient vectors (¢, ..., cn) € C™T such that co fo + -+ + ¢ f,n € F has an
elementary integral over (F, D) and compute corresponding integrals g, ..., g,
from some elementary extensions of (F, D).

We consider this problem over towers of monomial extensions, i.e., (F, D) =
(C(ty,...,t,), D) where each t; is a monomial over (C(ty,...,%—1), D) subject
to some technical conditions. For details see [13,37]. A big part of the common
special functions can be represented in such differential fields. In addition to
Liouvillian functions, most importantly functions satisfying (possibly inhomoge-
neous) linear second-order differential equations can be fit into this framework.
Concrete examples include orthogonal polynomials, associated Legendre functions,
Bessel functions, Airy functions, complete elliptic integrals, Whittaker functions,
Mathieu functions, hypergeometric functions, Heun functions, Struve functions,
Anger functions, Weber functions, Lommel functions, Scorer functions, etc. How
this can be done is explained in [37].

As mentioned above Risch’s algorithm proceeds recursively, thereby exploiting
the structure of the underlying differential field that is used to model the functions
occurring. The focus of the computation always is on the topmost generator of
the differential field and everything else is regarded as part of the coefficients.
In essence, the steps dealing with expressions from C(x) outlined above are
generalized to work with expressions from K(¢) where some monomial ¢, cf.
Definition 2, takes the role of x and coefficients appearing in rational or polynomial
expressions in ¢t do not necessarily have zero derivative. Moreover, we do not
consider the poles of the integrand by interpreting it as a function of x, we will
work on a syntactic level instead by considering the factors of the denominator in
the representation of the integrand in terms of ¢. The algorithms outlined above
carry over as long as they are applied to the normal part of the denominator only.
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If present, the special part of the denominator needs to be treated differently, which
is done similarly to integrating the polynomial part.

Along with the main ideas of the algorithm in monomial extensions we present
a specific example to illustrate how the integrand is processed. For the explicit
computation we consider the integral

dx.

/ x2e> —2xe*™ 4+ (2x3 4 5x + 1)e* — (6x3 4+ x + 1)e¥ + 4x3
x2€2x(ex _ 1)2

The integrand can be represented in the differential field (C(x,t), D) with Dx =1
and Dt =t as

x2t5 = 2xt* + (2x3 4+ 5x + )3 — (6x3 + x + D)t + 423
x2t2(t —1)2 '

In the general setting Hermite reduction requires some preprocessing, since
it only deals with terms for which all irreducible factors of the denominator
are normal. To this end, we compute the canonical representation mentioned
earlier. We ignore any terms with special polynomials in the denominator for the
moment.

In our example we have that the polynomial ¢ is special and the polynomial r — 1
is normal. So the canonical representation is given by

3_ 2 2
2% —2 2x xzx lt 4 4x 3x -i;%x+2t _ 2xx;-2

X 12 + (t —1)2 ’

r+

where the last fraction is the one we will focus on now.

Hermite reduction repeatedly splits the integrand and applies integration by parts
to one of the two summands each time. More precisely, if the integrand is of the
form 5, where a,u,v € K[t] are pairwise relatively prime polynomials with v
being normal and m € {2,3,...}, then there are unique polynomials r,s € KJt]
such that deg, (r) < deg,(v) and

a = (1 —m)ruDv + sv.

Such polynomials can be readily computed by the extended euclidean algorithm, for
instance. With this splitting of the numerator we have

/(l—m)ruDv—f—sv: r +/s—uDr )

uym pm—1 uym—1 ’

where the power of v in the denominator of the remaining integrand has dropped
by (at least) one. Note that the polynomial v is merely required to be normal, so all
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normal irreducible factors in the denominator of the integrand occurring with power
m can be treated at once.

Hermite reduction repeats the above step until an integrand with a normal
denominator is obtained. Starting from an integrand 5 with a,b € K[t] and every
irreducible factor of b being normal, we first compute a squarefree factorization of
the denominator b = byb3 ... b" and then after at most n — 1 reduction steps going
from m = n down to m = 2, reducing the highest-order poles in each step, we
arrive at an integrand with a normal denominator.

There is also a variant of the Hermite reduction where at each reduction step the
order of all poles of order greater than one is reduced, instead of the highest-order
poles only. This has the additional advantage that no squarefree factorization needs
to be computed at the beginning.

In our example the denominator (1 — 1)? is already given in factored form. This
means that we have m = 2, u = 1, and v = t — 1. With these values we need to
find the polynomials r, s € C(x)[¢t] satisfying

24212 2242
N A (45 —1)

x? x?
and deg, (r) < 1. We compute r(x) = —""i’z and s = 2"‘;24'2, so by (7) we obtain
/ 3x2-i;%x+2t _ 2x;£|—2 o« +2 / 2
(t —1)2 x(t—1) t—1

The remaining integrand has a normal denominator and we still focus on the part
of the integrand which has normal irreducible factors in its denominator only, which
just occur with multiplicity one now. For such integrands the notion of a residue can
be defined appropriately in monomial extensions, which we do not detail here. We
proceed by computing the logarithmic part of the integral, which will be of the form

Yo D zloglsi(z 1)

i ri(2)=0

with r; € C|z] squarefree and s; € K|z, t]. This means that the residues are the
roots of the polynomials r; and the polynomials s; give the corresponding logands.
In general it may happen that the residue is not a constant, i.e., potentially we
have r; € K]|z] only. If this happens, it can be shown that the integral is not
elementary over (K(¢), D). This gives a necessary condition on the coefficients of
the linear combination of several integrands in the parametric integration problem.
An algorithm to ensure that we will consider only linear combinations which
actually have r; € C|z] can be found in [37], a different algorithm was already
used in [45]. Once this is done we compute the corresponding polynomials 7; and s;
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via generalizations of the algorithms mentioned earlier that originally were designed
for rational functions, see [13,38]. Note that subtracting the derivative

D(Sl <, t))
Zi: r,%: 0 Si (Z’ t)

of the logarithmic part of the integral from the integrand may also change the
polynomial part of the integrand in the general case, in particular this happens if
t is nonlinear.

In our case we simply have one polynomial r; = z —2 and s; = ¢ — 1 each,
which give rise to the logarithmic part

2log(t — 1)

Subtracting its derivative D(2log(t — 1)) =2 + % from the integrand we obtain

-2 Eoeligax o 2 2 20l 4 4y
L T i R

At this point the remaining integrands are such that their denominator is special.
Depending on the specific properties of ¢ this condition admits only a very restricted
form of the denominator and in many cases even implies that the denominator is in
K. The aim is to reduce the integrands to lie in K. In short, the idea how to proceed
is to make an appropriate ansatz for part of the integral based on the partial fraction
decomposition of the integrands. Comparing coefficients then leads to differential
equations with coefficients in K, for which solutions have to be found in K. While
setting up the ansatz and solving for the coefficients was the easiest part in the
integration of rational functions, it is the most difficult part in the general setting and
algorithms exist only for certain types of monomials ¢ and underlying differential
fields (K, D). Under certain technical assumptions on ¢ the following ansatz for the
part of the integrands having special denominators can be justified. The integrand
on the left hand side has only irreducible polynomials p; € K[t] in its denominator
which are special and it is given by its partial fraction decomposition, i.e.,

Sy on(yy e

J=1k=1 p/ J=1k=1 p/

After rewriting the right hand side in its partial fraction decomposition we can
compare coefficients in order to obtain differential equations for g € K[t]. Note
that the derivative

Dp;
gj;k . ng,k _kp_]jg]k

Pl Pl
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. . . . Dp; .
again has the same power p’ in the denominator since % € K]|t] for special
J

polynomials. Roughly speaking, upon comparing coefficients of pj_k we obtain
differential equations relating each g, to f;x. This leads to the problem of finding
solutions of certain type to differential equations, which may or may not exist. If
no solution of the correct type exists, then it can be shown that the integral is not
elementary over (K(¢), D). This again restricts the possible linear combinations in
the parametric integration problem. There is a lot more to this, but we do not go into
detail here. Instead we refer to [13] where relevant results are given. Not all cases
can be dealt with algorithmically so far, this depends on the structure of (K, D) as
well as on 7. The main difficulty lies in the algorithmic solution of the differential
equations arising, for which we also refer to [3, 11, 44] for example. This can be
skipped if ¢ is such that K[¢] does not contain any special irreducible polynomial.
In practice this is often the case, the most notable exception are hyperexponential
monomials 7.

The above ansatz deals with the remaining denominators in the integrands.
Similarly, for the remaining polynomial parts we can set up an ansatz of the form

n+1—d

Xn:fﬂj =D > &t
j=1 J=l1

where d := deg,(Dt) and g; € K. After expanding the right hand side in powers
of t, we compare coefficients of (™D yn+max(1-d.0) The degree d of Dt
determines the main features of the action of the derivation on polynomials from
K[t]. If ¢ is nonlinear, i.e., d > 2, then we can directly solve for g; one by
one. Otherwise, this leads to differential equations for g;, which again impose
restrictions on the possible linear combinations of integrands. As above, depending
on the structure of (K, D) as well as on ¢ the algorithms for computing solutions
to these differential equations given in [3, 11, 13,44] apply. There are large classes
relevant in practice, which can be solved completely algorithmically. Remaining
integrands are polynomials in K[t] of degree less than max(d, 1), which can be
reduced further to integrands in K under certain assumptions on ?.

Our running example is such that complete algorithms exist. The fractional part
has partial fraction decomposition

2x3;—5‘_1l+4x 2x3—x—1 4x

12 T X2 3

with respect to ¢. The ansatz £ 4 £ has the derivative Daizen Dgzt;zzgz and hence

t
leads to the differential equations
2x3 —x—1
Dgy—g1 = ——F—
by

Dg, —2g, = 4x
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with solutions g; = —2"2+—x2"_1 € C(x)and g = —2x—1 € C(x). The polynomial

part is just 7, for which the ansatz g for the integral trivially leads to g; = 1.
Altogether, we have the remaining integrand

3
2 Zx’—x—1t+4x 2x2+2x—1 2x + 1 2
X t Xt 12 X

Now we reduced to integrands in K, still we want to find integrals which are
elementary over (K(z), D). If t is elementary over (K, D), then this obviously
is equivalent to finding integrals elementary over (K, D). In order to apply our
algorithm recursively we have to reduce this to a problem of finding elementary
integrals over (K, D) also in the case where ¢ is non-elementary over (K, D).
Various refinements of Liouville’s theorem are needed to solve this issue. For
details we refer to [37], we just mention that this may lead to an increase in
the number of integrands we have to consider in the recursive application of the
algorithm.

In case of our example ¢ is elementary over (K, D) = (C(x), j—x), so we just
need to apply the algorithm recursively to the remaining integrand —%. This yields
—2log(x) as elementary integral over (C(x), %). Now, collecting all the parts of
the integral we computed, we obtain the following closed form

2x242x—1 2x+1 xX+2
— 2log(t — 1) — —.
xt t2 - 2log( ) x(—1)

—2log(x) + ¢t —

In other words we computed

dx =

x2e> —2xe™ + (2x3 4 5x + 1)e™ — (6x3 + x + 1)e* + 4x3
/ XZeZX(ex _ 1)2

oln (e" - 1) N xe™ —xe? — (2x% 4+ 3x + e + (x — 1)e* + 2x%2 + x
xeX(e* — 1)

X

3.1 Non-monomial Extensions

To a certain extent the algorithm can also be applied even in situations where the
differential field does not meet all the requirements. Depending on which properties
are violated the computation still may make sense, for instance if some algebraic
relations among the generators of the differential field exist. Then it is just not
guaranteed to find all possible solutions. Recently this heuristic has proven to be
quite effective in the computation of massive Feynman diagrams at three-loops [1]
where new iterated integrals involving square-root terms emerged [2].
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Multiple Hypergeometric Series: Appell Series
and Beyond

Michael J. Schlosser

Abstract This survey article provides a small collection of basic material on
multiple hypergeometric series of Appell-type and of more general series of related

type.

1 Introduction

Hypergeometric series and its various generalizations, in particular such involving
multiple series, appear in various branches of mathematics and its applications.
This survey article features a small collection of selected material on multiple
hypergeometric series of Appell-type and of more general series of closely related
type.

These types of series appear very naturally in quantum field theory, in particular
in the computation of analytic expressions for Feynman integrals (for which we
kindly refer to other relevant chapters in this volume). Such integrals can be obtained
and computed in different ways — which may lead to identities for Appell series
(see e.g. M.A. Shpot [30]). On the other hand, the application of known relations
for Appell series may lead to simplifications, help to solve problems or lead to
more insight in quantum field theory. Therefore it is of importance that people
working in this area have a basic understanding of the existing theory for such
series.! This survey is meant to provide a very digestible, easy introduction to

Researchers working with Feynman integrals who are in demand of effective manipulation of
Appell-type series including differential reductions and e-expansions may find HYPERDIRE
(located at https://sites.google.com/site/loopcalculations/) useful, which is a set of Wolfram
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Appell-type series. Besides of recalling some known results, some of the standard
mathematical techniques which are used to prove and derive these identities are
illustrated. We highlight some of the most fundamental properties and relations for
Appell hypergeometric series and further give hints of similar relations for the series
which are (slightly) beyond the hierarchy of Appell series. All the series we consider
admit very explicit series and integral representations.

To warn the reader: There exist various different types of multivariate hypergeo-
metric series which are not covered in this survey. In particular, here we do not treat
multiple hypergeometric series associated with root systems (cf. [16, 20, 25, 29]),
hypergeometric series of matrix argument [15], and other types of multivariate
hypergeometric series such as those which appear in the study of orthogonal
polynomials of several variables (often also associated with root systems) [11,22].

A very important extension of Appell-type series which is just beyond the
scope of this basic survey article are the multivariate hypergeometric functions
considered by .M. Gelfand, M.M. Kapranov, and A.V. Zelevinsky [14], developed
in the late 1980s. These A-hypergeometric functions (or GKZ-hypergeometric
functions) are fundamental objects in the theory of integrable systems as they are the
holonomic solutions of a (certain) A-hypergeometric system of partial differential
equations. Natural questions regarding algebraic solutions and monodromy for
A-hypergeometric functions have been recently addressed by F. Beukers [4,5].

For basic (or g-series) analogues of Appell functions, see [13, Chap. 10].

2 Appell Series

Appell series are a natural two-variable extension of hypergeometric series. They are
treated with detail in Erdelyi et al. [12], the classical reference for special functions.
In the following, we follow to great extent the expositions from the classical texts
of W.N. Bailey [3], and L.J. Slater [31] (both contain a great amount of material on
hypergeometric series).
For convenience, we use the Pochhammer symbol notation for the shifted
factorial,

aa+1)...(a+n-1) ifn=12,...,
(@), = ( ). ) ) (la)
1 ifn =0.

Accordingly, we have

_I'(a+n)

(@) = '@ (1b)

Mathematica based programs for differential reduction of Horn-type hypergeometric functions,
see V. Bytev et al. [9].
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which is used as a definition for the shifted factorial in case n is not necessarily a
nonnegative integer.
The goal is to generalize the Gauf} hypergeometric function

(@ (0)s
F ; x"
’ 1( ) g n! ()

to a double series depending on two variables.
The easiest is to consider the simple product

a, b a, b/ (a)m (a/)n (b)m (b/)n m..n
ZFI( ¢ ’x) ZF‘( ¢ ) 2 o S

m=>0n=>0

where on the right-hand side the indices m, n appear uncoupled.

To consider a genuine double series instead (which does not factor into a simple
product of two series), we now deliberately choose to replace one or more of the
three products (@), (@')n, (B)m (B')n, (¢)m (¢')n by products of coupled type (a)m+n
(other choices such as (a),;,—, or (a)2,—n, etc., instead, may be sensible as well; they
lead to Horn-type series, see Sect. 3.1).

There are five different possibilities, one of which by application of the binomial
theorem gives the series

m+n bm m ,b
Zz(a) + () + xmynzzF1 a x+y),
m!n! (¢)m+n c

m=>0n>0

i.e., an ordinary hypergeometric series.
The other four remaining possibilities are classified as Fi-, F>-, F3-, and Fy-
series (cf. P. Appell [1] and P. Appell and M.-J. Kampé de Fériet [2]):

(@mtn (D) (B')n oy
Fi(a:b,b";c;x,y) Z)Zom ', lx|.[y| < L.

(2a)

(@ mtn (B)m (B')n m.,.n
Fyash,bic,c’ix,y) Z)Zomxy, lx| + [y] < 1.

(2b)

F; (a a;bh,b';c;x, y ZZ (@ @) B)m B x"y", [x], [yl < 1.

I'n!
m=0 n=0 m!'n! ()m+n

(20)

Fy(a:b:c.c’sx,y) ZZ (@mtn Bl — TR T Xy |x|% + |y|% < 1.

1n! /
oz mint (€)m (¢

(2d)
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One immediately observes the following simple identities:

Fi(a:b,b'icix,y) = Z(a)m Ol Fl(a+m ’ ,y) 3)

!
e m! (¢)m c+m

Fi(a;b,b";c:x,0) = Fy(a;b,b";c,c';x,0) = F3(a,a’:b,b'; ¢; x,0) (4a)

. b
= Fy(asb;c,c’;x,0) = zFl(a ix ). (4b)
c

Fi(a;b,0:c;x,y) = Fa(a:b,0;¢c,¢";x,y) = Fs(a,a’;b,0;¢;x, ) (5a)
. b
=,F (“ ;x). (5b)
¢
Using ideas of N.Ja. Vilenkin [32], W. Miller, Jr. [23] has given a Lie theoretic
interpretation of the Appell functions Fj. In particular, he showed that s/(5, C) is
the dynamical symmetry algebra for the Fj.

2.1 Contiguous Relations and Recursions

All contiguous relations for the F; function can be derived from these four relations:

(a—b—">")Fi(a;b,b';c;x,y) —aFi(a+ 1;b,0;¢c;x,y)
+b Fi(a;b+ 1,0 ¢c;x,y) +b' Fi(a;b, b’ + 1;¢;x,y) =0, (6a)

¢ Fi(a:b,b;c;x,y) — (¢ —a) Fi(a:b,b";c + 1;x, )
—a Fi(a+1:b,b;c+1:x,y) =0,  (6b)

¢ Fi(a:b,bic;x,y) +c(x— 1) Fi(a;b+ 1,0 ¢1x, y)
—(c—a)x Fi(a;b+ 1,b;c+ 1;x,y) =0, (6¢)

¢ Fi(a;b,b;c;x,y) +c(y — 1) Fi(a:b,b" + 1;¢;x, )
—(c—a)y Fi(a;b,b' + 1;c + L;x,y) = (6d)

Similar sets of relations exist for the other Appell functions, see R.G. Buschman [8].

Recently, X. Wang [35] has used contiguous relations and induction to derive
various recursion formulae for all the Appell functions Fy, F,, F3, Fy. (Some
of the recursions for F, were previously given by S.B. Opps, N. Saad and
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H.M. Srivastava [26].) For n = 1 these recursions reduce to equivalent forms of
the known contiguous relations.
In particular, for F; we have

n
Fi(a+n:bb'ic;x,y) = Fl(a;b,b’;c;x,y)—l—?ZFl(a—{—k;b—l— Lb';c+1:x,y)

k=1
b’ u
ZFla—l—kbb’—l—lc—l—lxy) (7a)
k=1
/ ’ bxn_l ’
Fl(a—n;b,b;c;x,y):Fl(a;b,b;c;x,y)—?ZFl(a—k;b—l—l,b;c—{—l;x,y)
k=1
b/ n—1
yZFla—kbh’+1c+1xy) (7b)
k=1

n

Fi(a;b+n.b'icix,y) = Fl(a;b,b’;c;x,y)—l—%ZFl(a—{— Lb+k b+ 1ix,y),
k=1

(7¢)

n—1
Fi(a:b—n.b;c:x,y) = Fl(a;b,b’;c;x,y)—?ZFl(a—{— Lb—k.b'sc+1x,y),

k=1
(7d)
Fi(a;b.b';c —nix,y) = Fi(a;b.b';c:x,y)
Fila+Lb+1bc—k+2x,y)
b.
+“Z Cc—kc—k+1)
" F ;6,0 +1;¢ —k + 2: x,
+aby Y o+ +le—k+2xy) (Te)

P Cc—k)c—k+1)

For F>, we have
Fy(a+n;b,bsc.csx,y) = Fa:;b,b'se.c’;x,y)
+g§55@+kb+1yw+ldwy)
2 : b ,cix,
by &
+72Fz(a+k;b,b’+l;c,c’+1;x,y),

k=1
(8a)



310

Fy(a—n;b.bc.c/sx,y) =

Fy(a;b+n,be,cix,y) =

Fz(a;b — n,b’;C,C/;X»J’) =

Fy(a:b,bic—n,c';x,y) =

For F3 we have

Fi(a+n.,d;b.bc:x,y) =

Fi(a—n,a’;b,b";c;x,y) =

Fi(a,d";b,b':c —nix,y) =

M.J. Schlosser
Fy(a;b,b'ic.c’sx,y)

n—I1
—XZFz(a—k;b—i- Lbie+1,c¢5x,y)
k=1

/nl

___nga+kbﬁ+lcc+1xy)

k=1
(8b)
Fy(a;b,b'ic.c'sx,y)
+@Zn:Fz(a+1-b+k Pic+1.cix.y)
¢ = ’ o T
(8c)
Fy(a;b,b';c.c’sx,y)
n—1
— =Y Bat -k b+ 1ckixy),
(8d)

Fy(a;b,b’;c.c’sx,y)

Fa+1:b+1,b¢c—k+2,c:x,y)
b
+‘”‘Z c—K)c—k+1)

(8e)
Fi(a,d’;b.b";c:x.y)
bx " ’ /
+ =Y F(a+k.a:b+1.b:c+1ix.y), (9a)
¢ k=1
F3(a.a’;b.b";c;x.,y)
n—1
——ZF3a—ka b+ 1,b"¢c+1x,y), (9b)
k=1

Fi(a,d’;b.b";c:x.y)

Fi(a+1,a:b+1,b;c—k +2:x,y)
bx
ta Z c—K)c—Fk+1)

n ! !
Fi(a,d' + 1;b,0" + ;¢ —k + 2:x,y)
b’ .
LEDD ©—Ie—k+1)

k=1
%)
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Finally, for Fy we have

Fyla+n:bie.c’sx,y)

Fyla—nibic.c;x.y)

Fy(asbie —n.c';x,y)

= Fy(asbic.c’;x.y)

b n
+?xkz_:1F4(a +kib+ e+ 1.¢1x,y)

b n
+ —% ZF4(a +k;b+1ie,c’ +1;x,y),  (10a)
c
k=1

= Fy(a:bic.c’;x.y)

beF4a—k b+1;c+1,c; xy)
k=1

b
yZF4a—kb+1cc+1xy) (10b)
k=1

= Fy(a:bic.c’sx.y)

VFE(a+ b+ Lie—k+1,¢5x,y)
+abz c—he—k=1 .

(10c)

Most of these recursions can be extended to elegant recursions involving more

terms. For instance,

Fi(a+n:b.b'scix,y) =

Fi(a—n;b,bicix,y) =

Fi(a;b+n,bc;x,y) =

" (b)i (b)k
SO0 )

xx'y Fi(a+i+kib+ib +kic+i+kix,y),

(11a)
n n—i n n—i (b)z(b/)k
;1;)(’)( k ) (it

x (=x) (=y) Fi(a;b +i,b' +kic +i +k;x,y),
(11b)

Z( )Eaik “Fila+ kb +kbe+kixy).
k

(11c)
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Fi(asb—n,b"icix,y) = Z()(a)k( x)kFl(a+kbb c+kix,y).

(11d)

or

Fy(asbse—n.,c'sx,y) = Z (Z) Mxkﬂ(a +kib+kict+k, c'ix,y).
k=

(Ox(c —n)k
(12)
2.2 Partial Differential Equations
Let
z=Fi(a:b,bicix,y) =Y ) Apax™y".
m=>0n=>0
Then
(a+m+n)b+m)
Am-l—l,n = mns
A+ m)(c+m+n)
and
(a+m+n)d +n)
Am,n+l =
(1+n)(c+m+n)
Denoting the partial differential operators by
d 0
0 =x— and ¢ =y—,
X dy
we readily see that z = Fj satisfies the partial differential equations
1
[0 +¢+a)(9+b)—;9(9+¢+c—1)]z=0, (13a)
1
[(6 +¢+a)(¢>+b’)—;¢(9+¢+c— D]z=o0. (13b)
Now let
0z _ 0z r_azaz S_322 t_azz
P = q_ay’ Cox Ay’ Coox2T T 9y?
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Then z = F satisfies the partial differential equations

x(I=x)r+y(d—=x)s+[c—(a+b+ Dx]p—byg—abz =0, (14a)
yAd=yt+x(0=y)s+c—(a@a+b +1)ylg—bxp—abz=0. (14b)

Similarly, z = F, satisfies the partial differential equations

x(I1=x)yr—xys+[c—(a+ b+ 1)x]p—byq—abz =0, (15a)
y(I =)t —xys+[¢' —(@a+ b + 1)ylg —b'xp—ab'z=0. (15b)

Similarly, z = Fj3 satisfies the partial differential equations

x(1—x)r+ys+[c—(@+b+ 1)x]p—abz=0, (16a)
Y=yt +xs+[c—(@ +b +1)ylg—a'b'z=0. (16b)

Finally, z = Fj satisfies the partial differential equations

x(1=x)r —y*t —=2xys+cp—(a + b + 1)(xp + yq) — abz = 0, (17a)
y(1—y)— xr— 2xys +c'g—(a+ b+ 1)(xp + yq) —abz = 0. (17b)

2.3 Integral Representations

Integral representations for Appell series are very useful. Substitution of variables
in theses integrals lead to equivalent integrals. This provides an effective and easy
method to derive transformation formulae for Appell series, see Sect.2.4.

Consider the integral

I = //ub_lvb/_l(l —u— v)c_b_b/_l(l —ux—vy) “dudv,

taken over the triangular region u > 0, v > 0, u + v < 1. (We implicitly assume
suitable conditions of the parameters a, b, b’, ¢ such that the integral is well-defined
and converges.)

Now, provided |vy/(1 — ux)| < 1, we have, by binomial expansion,

A—ux—vy)™ @ ={1—-ux)™ Z (@)m ( vy )m

m! \1—ux
m=>0
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_Z( D V" y" (1 —ux)~*"

m=>0
Z(a)m m mz(a+m)n -
m=>0 n>0
Thus,
I = Z Z %x”ym //ub—l+nvb’—l+m(1 = )P dydy
m>0n>0 min:
_Zz(a)m+n nym b+nb +m,c—b-"b
m>0n>0 min! c+m+n ’
which yields
! —h W
I:Fl:b,byccb b}Fl(a;b,b/;C;x,y). (18)

While 7 is a double integral, a single integral for F| even exists, see (22).
Similarly,

1,1
// ub_lvb/_l(l — ) - v)"/_b/_l(l —ux —vy) “dudv
0Jo

o ’
_F|:b,b,c b,c

_ h
o b:| Fy(a;b,b;c,c';x, ), 19)

and
//ub_lvb/_l(l —u— v)”_b_b/_l(l —ux)"(1 - vy)_“/ dudv

/ _ _Hh
_ F[b,b,c b-b

/

. i| Fi(a,a’;b,b";¢";x, ), (20)

the last integral taken over the triangular regionu > 0, v > 0, u +v < 1.
The double integral for Fy is more complicated:

1,1 ’
/ / w1 =TT A =) T (1w T (=)
0J0

uvxy c+c’'—a—b—1
x (1 - —) dudv
A= w1 =)

_ r_
_ F[a,b,cc ‘c’;c b:| Fy(asbie,c'sx(1—y),y(1-x)). 2D
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In 1881, E. Picard [27] discovered a single integral for Fj. Let

1
I = / N1 = )N = wx) (1 — uy) ™ du,
0

where fic > Ra > 0. Then

ZZ/ al(l )cal()mmm(b)”nnd

m=>0n>0

b)m (D) ! :
Z Z ( ) '( ‘) m n/ Ma+m+n—l(1 _ u)c—u—l du
m=>0n>0 min: 0
Zz(b)m(b)n m nr[a—i—m—}—n,c—a}
m=>0n>0 ctm+tn

hence
1/ — Fl:a, CC— ai| Fl (a; b,b/;C;X, y) (22)

2.3.1 Incomplete Elliptic Integrals
As immediate consequences of (22), it follows that the incomplete elliptic integrals

F and E and the complete elliptic integral /7 can all be expressed in terms of special
cases of the Appell F; function:

¢ dé
F(p,k): = _—
@5 /0 1 —k2sin’ 0
L3 :sin ¢, k2 sin ¢ M| < T (23a)
2°2°2°2 ’ 2’

¢
E(¢>,k)::/ V1 —k2sin*6do
0

= sin¢ Fl(

11 13
Z:sin’ ¢, k? sin ¢) M| < %, (23b)

= F L ——=
= sing ‘(2 272

/2 d 1 1
H(n,k)::/ 0 :zFl(—;l,—;l;n,kz).
0 (1-nsin?0)V1—k2sinf0 2 \2 2

(23¢)
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2.4 Transformations

In the single integral for the F| series,

4

Fi(a:b,bc:x,y) = F[
a,c—a

1

i| / W1 =)™ A —ux) (1 = uy)_b/ du,
0

one may use the substitution of variables # = 1 — v to prove

Fl(a;b,b’;c;x,y):(l—x)_b(l—y)_b/Fl(c—a;b,b’;c;L Y )

x—1y—1
(24)
For &’ = 0 this reduces to the well-known Pfaff~Kummer transformation for
the » Fi:
a, b _ c—a, b x
2F1( ;x)z(l—x) bZFl( ; )
c c x—1
Similarly, the substitution of variables u = ﬁ can be used to prove

Fl(a;b,b’;c;x,y):(l—x)_“Fl(a;—b—b’+c,b’;c; Y y—x)' (25)

x—1"1-—x

For b’ = 0 this reduces again to the Pfaff~-Kummer transformation for the , F}
series.
On the other hand, if c = b + b/, then

Fi(a;b,b';b +b';x,y) = (1—x)_“2F1( a.b ~y_x) (26a)

b+b1—x

_ a,b x-—y
= (1= a4, F, —. 26b
(1-y) 21(b+b/1—y) (26b)

Similarly,

Fi(a:b,b";c;x,y) = (1 —y)_“Fl(a;b,c—b—b’;c;)lc;y,LI), 27
—yy—

Fi(a:b.bicix,y) = (1 =x) 01—y F (c —azc—b—bbeix, ’f_y) ,
e
(28)

Fi(a:b,b'sc;x,y) = (1 —x)(1—y) " F (c —a;b,c—b—">;c; T:x,y) .
(29)
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Further,

X Y

. /. /. — )4
Fy(a:b,b';c.csx,y) = (1—x) Fz( —b,b"c,c: T TS

—). 6o

Fy(a;b,b'sc.c'sx,y) = (l—y)_“Fz(a;b,c’ —b"c,c: 0 a Ll) 31)
-

Fy(a;b.b'ie.cixy)=(1—x— y)_aF2<a; c—a,c'=bse s P —XJF)}’_H) .

(32)
Also quadratic transformations are known for Appell functions, see
B.C. Carlson [10].

2.5 Reduction Formulae

The transformations of Sect.2.4 readily imply the following reduction formulae
(typically a double series being reduced to a single series):

e y=xin Fi:
Fi(a;b,b';c:x,x) = (1 - x)C e Ry (C @ Cc_ b- b/;x) . (33a)
By Euler’s transformation this is
Fi(a:b.b'icix.x) = 2F1(a’ b:r b/;x). (33b)

e ¢c=b+b"in Fi:

7b -
Fl(a;b,b’;b—i-b’;x,y)=(1—y)_“2F1(a %) (34)

b+b'1
e ¢c=binF,:
"y —a a, b’y
Fy(a;b,b":b,c'sx,y) = (1 —x)"" 1 Fy S, (35)
c 1—x
e y=1in Fi:
Since

/
Fl(a;b,b/;c;x,y Z(a)m(b)m m F(a+m b ’y)

!
= m ©)m c+m
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and
7b - -
2Fl(a ;1):r[c’c a b] Yi(c—a—b)>0.
c c—a,c—b
we have
Filab.biex 1) =4 (@f (36)
s U s Ly Ay c—a,C—b/ b/’ ’

for N(c —a —b’) > 0.
e An F| < F; transformation:
Since

i
Fi(a;b,b;c;x,y) = Z(a)M(b)m " F(a+m b ,y)

!
= m ©)m c+m

and

a, b _ c—a,b
ZFI( :y)=(1—y)sz1( L)
c c y—1
we have

_ —y (@m D)m c—a, by
Fi(a:;b,b5c:x,y) = (1—y)~ Z T 2 P Fl(c—}—m’ﬁ)

:(1—y)_b/F3(a,c—a;b,b/;c;x,y)_)l). 37

Hence, any F; function can be expressed in terms of an F3 function. The converse
is only true whenc = a + a’.
e a/=c—aandb’ =c—bin F5:
Since by Eq. (34) the F) function reduces to an ordinary , F; function when
¢ =b+ b, we have

—1 1—x

(38)

—b yv—
F3(a,c —a;b,c—b;c;x, ) ) =(1—-x)7( —y)c_szl(a’ ¢ ;y x).
y C

e ¢!=ain F:

Fy(a;b,b'ic.a;x,y) = (1— W F (b;a —b',b:c;x, %) . (39
-y



Multiple Hypergeometric Series: Appell Series and Beyond 319

Conversely, any F; function can be expressed in terms of an F, function where
' =a.
If further ¢ = a, then

, b, b Xy
Fy(aib.bha.aix.y) =(1-0)"A =y 2R ).
2acb.blra.aix.y) = (1 =07 A=) 1( a (I—X)(l_y)24o

2.6 An Expansion of an Fy4 Series

In 1940 and 1941, J.L. Burchnall and T.W. Chaundy [6, 7] gave the following
expansion of an Fj series in terms of products of two hypergeometric , F; series:

Fy(asb;e, s x(1=p), y(1 = x))

_ @mD)n(A+a+b—c—c)p mom
_mzz;) m! (€)m (¢ )m v

. b b
szl(a+m +m;x) ZFl(a+I31+ +m;y)' @1
' +m

This expansion has applications to classical orthogonal polynomials. It can also be
used to deduce the double integral representation for Fy. Various special cases are
interesting enough to state separately:

e ¢!=14+a+b—cin Fy:
We have the product formula

F4(a;b;c, 1 +a+b—c;x(1—y),y(1—x)) = 2F1(a’cb;x) 2F1(a;_/b;y).

(42)
e ¢’ =bin Fy:
Here we have the reduction formula
Fy(a:b;c,b;x(1—y), y(1—x))
_ _ Xy X
=(1- ‘(1 - “Fila;l —c,c—b;c; , .
1—=—x)""(1-y) 1(a +a—c,c C(l—x)(l—y) x—l)

(43)

e ¢=bandc =ain Fy:
Further specialization of (43) gives the quite attractive summation formula

Fy(a:bia.bix(1—y),y(1—x)) = (1-x)' " (1—y)' “(1—x—y)~".  (44a)
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Written out in explicit terms, this is

O e L
22 i (an, oy~ (T A=) =

m=>0n>0

(44b)

For y = 0 this reduces to I. Newton’s binomial expansion formula
b
1F0( ;X) =(1-x)"

3 Related Series and Extensions of Appell Series

3.1 Horn Functions

In 1931, Jacob Horn [17] studied convergent bivariate hypergeometric functions
Zm 2 Smax™y" with certain (degree and other) restrictions on the two ratios of
consecutive terms

fm+l,n fm n+l

fmﬂ ’ fmn

He arrived at a complete set of 34 different functions among which are the Appell
functions Fy, F>, F3, Fy.
They include series such as

m-rn b n—m b m—n

Gi(a.b.b':x.y) ::ZZ(“) * (nz'n'( LR (45)
m=>0n>0

. L (a)2m+n(b)n R

Hi(a,b,c;x,y) :i= ,,;); (c)m+,,m'n' ", (46)
and
m—n b n b/ n

Hy(a,b,b ,c;x,y) = Zz%xmﬂ 47)

m>0n>0
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3.2 Kampé de Fériet Series

In 1937, J. Kampé de Fériet [18] introduced the following bivariate extension of the
generalized hypergeometric series:

. /. . /.
Fp;q al,...,ap 'bl’bl""’bl]’bq’x
rs “di.d!- -d.. d’: Y
Cly.., Cp 2 A1, 405 ... 505, A,

_ Z Z (al)m+n e (a,,)m+n (bl)m(bi)n cee (bq)m(b(/])n men (48)

(€Dm+n - (€ )m+n (dl)m(dll)n e (ds)m(ds/)n mln!’

m>0n>0

Numerous identities exist for special instances of such series. For illustration, we
list three summation formulae.
e P.W. Karlsson [19], 1994:

af—:a,d—a;b,d —b;c,—c; e,e+d—a—b—c
F()..3 a’ 9 bl bl bl 711 :F bl
1'1( d:e,d+e—a—b—c; ) |:e—c,e+d—a—b:|’

(49)
where Ni(e) > 0and H(d +e—a—b—c) > 0.
e S.N. Pitre and J. Van der Jeugt [28], 1996:
o3f—:a,d—a;b,d —b;c,d —c; _ e,e+d—-—a—-b—c,e—d
Fm( d:e,d+e—a—-b-—c; 1’1)_F[ e—a,e—b,e—c ’
(50)
where 9i(e —d) > 0and N(d + e —a — b — ¢) > 0. Further
af—:a,d—a;b,d —b;c,e—c—1;
FQ.S a? bl 9 9 9 711
1'1( d:e,d+e—a—b—c; ’ )
l1—a,1—-b,e,e—d,d+e—a—-b—c
=T , 51
|:1—d,e—a,e—b,e—c,1+d—a—bi| D

where R(d + e —a—b —c¢) > 0,and d — a or d — b is a negative integer.

3.3 Lauricella Series

In 1893, G. Lauricella [21] investigated properties of the following four series F/(ln) ,
F, F FY, of n variables:
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(. . .
FA (a,bl,...,bn,cl,...,cn,xl,...,xn)

_ Z . Z (@my+-tm, D1)my - (bn)m, TR (52)
= 1.

€)my - - - (Cn)m, m1! ... my! no

m1=>0 my=>0

where |x;| 4+ -+ [x,| < 1.

(n) . o
Fg'(ar,....an:bi, ... byscsxy, ... xy)

_ Z Z (al)ml ---(an)mn (bl)ml ce (bn)mn mi M (53)

Xy ... X
| | 1 n
m=0 =0 (C)m1+~-~+m,, mp:...my:

where |x1],..., x| < 1.
F(”)(a.b.c .
casbier, .. cniXi LX)
_ Z Z (@)my+-tm, D)mytetm, PR (54)
(CODmy -+ (Cn)mymilo.omy) ! "

where |x1|% + -+ |x,,|% < 1.
Fg")(a;bl,...,bn;c;xl,...,x,,)

_ Z L Z (@ my+etmy By -+ (b)m, o X (55)
= 1.

() my 4oy, M1 oo ! "

m;=>0 my >0

where |x{],...,|x,| < 1.
Certainly, we have

FP=F, FP=F  FY)=F  Fy=F.

Many properties for Lauricella functions, such as integral representations and
partial differential equations, are given by Appell and Kampé de Fériet [2]. From
the vast amount of material, we single out the following integral representation of

the Lauricella F I()") series as a specific example.

3.3.1 Integral Representation of F l()")
The formula

Fg”(a;bl,...,b,,;c;xl,...,xn)

1
= r[ ¢ } / w1 =) N = wx) TP (1 — ux,) T du,
a 0

,c—da
(56)
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where fic > Ra > 0, is very useful for deriving relations for Fp series. It can
be easily verified by Taylor expansion of the integrand, followed by termwise
integration.

3.3.2 Group Theoretic Interpretations

A group theoretic interpretation of the Lauricella F/({') functions corresponding
to the most degenerate principal series representations of SL(n, R) was given by
N.Ja. Vilenkin [33] (see also [34, Sect. 16.3.4]). Similarly, W. Miller, Jr. [24] has
shown that the Lauricella F l()") functions transform as basis vectors corresponding to
irreducible representations of the Lie algebra s/(n 4 3, C) (by which he generalized
his previous observation in [23] for the n = 2 case, corresponding to the Appell
functions Fy).

Acknowledgements I would like to thank Tom Koornwinder for pointing out references on group
theoretic interpretations of Lauricella series. This work was partially supported by FWF Austrian
Science Fund grants S9607 & F50-08.
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Simplifying Multiple Sums in Difference Fields

Carsten Schneider

Abstract In this survey article we present difference field algorithms for symbolic
summation. Special emphasize is put on new aspects in how the summation
problems are rephrased in terms of difference fields, how the problems are solved
there, and how the derived results in the given difference field can be reinterpreted as
solutions of the input problem. The algorithms are illustrated with the Mathematica
package Sigma by discovering and proving new harmonic number identities
extending those from Paule and Schneider, 2003. In addition, the newly developed
package EvaluateMultiSums is introduced that combines the presented tools.
In this way, large scale summation problems for the evaluation of Feynman diagrams
in QCD (Quantum ChromoDynamics) can be solved completely automatically.

1 Introduction

We will elaborate a symbolic summation toolbox based on up—to-date algorithms
in the setting of difference fields. It contains hypergeometric and g—hypergeometric
summation, see, e.g., [28,34,37,38,52,55,57,59,82] and [16,43,53] respectively,
and it can deal with multiple sums covering big parts of (g—)hypergeometric multi-
summation [15, 60,79, 80] and (g—)holonomic sequences [30, 44, 68, 81].

This difference field approach started with Karr’s theory of IT X*-fields and his
indefinite summation algorithm [39, 40]; for the continuous analogue of indefinite
integration see [61]. In principle, the algorithm solves the telescoping problem in
a given field generated by indefinite nested sums and products. In this article we
restrict this input class to nested hypergeometric sum expressions (see Definition 4),
i.e., expressions where the arising products represent hypergeometric sequences,

C. Schneider (<)
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and the sums and products occur only as polynomial expressions in the numerators;
evaluating such expressions produces d’ Alembertian sequences [12] and [58, this
book], a subclass of Liouvillian sequences [36]. We point out that exactly this
restriction covers all the summation problems that have been relevant in practical
problem solving so far. There we solve the following fundamental problem: given a
nested hypergeometric sum expression, calculate an alternative expression such that
the occurring sums are algebraically independent [76]; for related work see [9,18,35,
42,609]. In addition, the found representation should be given in terms of sums and
products that are as simple as possible; for a general framework we refer to [49].
This is possible by representing the sums and products in [T X*-fields reflecting
certain optimality properties: We will exploit simplifications taking into account,
e.g., the minimal nesting depth [65,67,74,75,77] or minimal degrees [13,69,72].

Besides indefinite summation, we aim at the transformation of a definite multiple
sum to nested hypergeometric sums. As for the special case of hypergeometric
summation [59, 82] one looks for a recurrence of such a sum [62]. If one succeeds,
one computes all solutions of the found recurrence that are expressible in terms
of nested hypergeometric sum expressions; for solvers of recurrences in terms of
polynomials and I7X*-fields see [12, 36, 57] and [14, 26, 62, 70], respectively.
Finally, one tries to combine the solutions to an expression that equals the
input sum.

All these algorithms (also for the g-hypergeometric and mixed case) are available
in the summation package Sigma [73] and have been used to discover and prove
demanding identities from combinatorics or related fields, like, e.g., in [32,51, 56,
71]. A typical example is the sum

a

¢ k
Ag(@) =) (1+ a(n —2k)S(k)) (Z) with Sy (k) = Y ll
i=l1

k=0

which is connected to supercongruences of the Apéry numbers. For the treatment
of the cases o € {1,2,...,5} and @ > 5 we refer to [54] and [45], respectively. As
running example we will discover and prove the following identities'

A—i(n) =(n + 1)Si(n) + 1, (1)
_(n+1)? (n+2(n*+3n+2)S1(n)+3)(n+1)
A=) =5 ) n +2)2 ’ @
A_3(n) =(=1)"(55_3(n)(n + 1)* =685 (n)(n + 1)*) + 6S1(n)(n + 1) + 1,
3)

IFor identities (1) and (2) we point also to [29]; for their indefinite versions see (10) and (11)
below.
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CED) a1 (T (- 1) () (- 1) Sl(z)
A-a(m) = (4n(n +2)+3) 2; SZ

i=1

(10(11 + 1D)Si(n) +3)(n+1)
2n+3

)

where the harmonic sums [20, 78] are defined by

S () = 3 ST SO L ez )

|mi | - [my|
i1=1 1 =1 I

We emphasize that exactly this type of nested hypergeometric sums is related to
summation problems coming from QCD like., e.g., in [21,48] or in [4,7, 17, 25].
More precisely, two- and three-loop Feynman integrals with at most one mass and
with operator insertion can be transformed to multiple sums [24] depending on a
discrete Mellin parameter n. Then these sums must be simplified in terms of special
functions [2, this book], such as harmonic sums (5), their infinite versions of multi-
ple zeta values [22] and generalizations like S-sums [9,47] and cyclotomic harmonic
sums [5]. In recent calculations [6] also binomial sums as in (4) arose. For certain
sum classes we point to efficient tools like [47,78]. For harder sums such as [7]

n—3 Jj k —j+n—3 —Il4+n—q—3

2222 L

j=0k=0i=0 ¢=0

—l4n—g—s—3
+nzq § (iii)(l‘)(/ﬂ)( ]+n (- l+r =3 (~ I4n— 5= Nl (=l n—g—r—s—Hs—D)
(— l+/t—q 2)‘( Jj+n— 1)(n—q r—s=2)(g+s+1)

X

r=0
()T (< = ) =48I ]+ =2) = 251(K) = (Si(—L +n—q—2)
(6)

+s1(—l+n—q—r—s—3)—zsl(r+s))+zsl(s—1)—zsl(r+s)}

the summation techniques under consideration work successfully and are applied
automatically in the newly developed package EvaluateMultiSums [23].
In this way, millions of multiple sums [4, 25] could be treated. In addition, the
presented packages and algorithms are used by an enhanced version [6, 7] of the
method of hyperlogarithms [27] and by new algorithms for the calculation of
e-expansions [8,24] utilizing multi-summation and integration methods [15,68,79].

The outline of this article is as follows. In Sect. 2 we present the basic mechanism
how expressions in terms of indefinite nested sums and products can be rephrased
in a difference field. For interested readers details are given in Sect. 3. Readers, that
are primarily interested in the summation tools and how they can be applied with
the summation package Sigma, can jump directly to Sect. 4. Finally, in Sect. 5 the
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new package EvaluateMuliSums is introduced that combines all the presented
summation methods. It enables one to simplify definite nested sums to indefinite
nested hypergeometric sums completely automatically.

2 Indefinite Summation: The Basic Mechanism

We will work out the basic principles how indefinite summation can be carried out
in the setting of difference fields. This will be illustrated by the task to simplify

a

a -1
Aq@=) Fl)y=) (1-(n— Zk)sl(k))@) : (7)
k=0

k=0

to be more precise, by the task to solve the following problem.

Problem T: Telescoping. Given a summand F (k). Find an expression G (k)
such that
Gk+1)=Gk)+ F(k+1) ®)

and such that G (k) is not “more complicated” than F (k).

For our given F' (k) in (7) we will compute for £ > 0 the solution

G(k) = ((k + DSIk) + D) +e. ¢ eQ). )

Since A—;(a) and G(a) satisfy both the recurrence A(a + 1) = A(a) + F(a + 1),
they are equal for a > 0 if they agree at a = 0; this is the case with ¢ = 0. Hence
we get for A_|(a), and with the same technique for A_,(a), the simplifications

—1
A_i(a) = ((a+ DSi(a) + 1)(2) : (10)

Ar(a) =

n+1* @+ D(—a+2n+2(a+1)(n+2)Si(a)+3)(n -
(n +2)? (n+2)? al

Y

Note that for the special case a = n this simplifies to (1) and (2), respectively.
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Subsequently, we give more details how this solution G (k) for (8) can be derived
automatically. First observe that the occurring sums can be written in terms of
indefinite sums and products: for all k € N,

£ En—it1
i=1 i=1
here n is considered as a variable. Now let . be the shift operator w.r.t. k. Then
using the shift behavior of the summand objects, namely

Sin=n, Sik=k+1, %) =150, ASik) = Si(k)+ .
12)

we can write, e.g., F(k + 1) again in terms of n, k, (Z) and S;(k):

Flk+1)= % FKk) = (1—(n =2k + D)(S1(k) + 27)) %) (13)

We will utilize this property, but instead of working with the summand objects k,
(Z) and S;(k) we will represent the objects by the variables x, b, h, respectively;
n is also considered as a variable. Here we start with the rational numbers and
construct the rational function field’> F := Q(n)(x)(b)(h), i.e., the field of quotients
of polynomials in the variables n, x, b, h. In this way, (13) is represented by

n—x

~leF. 14
x—i—lb < (14)

1
f=0-@m-2(x+)h+ x——i—l))

Finally, we model the shift operator .7 by a field automorphismo : F — F.

Definition 1. Let [ be a field (resp. ring). A bijective map o : F — F is called field
(resp. ring) automorphismif c(aob) = o(a)oo(b) foralla,b € Fando € {+,-}.

Remark. If TF is a ring, it follows that 6(0) = 0, (1) = 1 and o (—a) = —a(a)
for all @ € F. In addition, if IF is a field, this implies that o (1/a) = 1/0(a) for all
a e F*.

Namely, looking at the shift behavior of the summand objects (12) the automor-
phism is constructed as follows. We start with the rational function field Q(n) and
define o : Q(n) — Q(n) with o(c) = c for all c € Q(n). Next, we extend o to
Q(n)(x) such that o (x) = x + 1. We note that this construction is unique:

Lemma 1. Let F(t) be a rational function field, o : F — F be a field automor-
phism, and a,b € F with a # 0. Then there is exactly one way how the field
automorphism is extended to F(t) subject to the relation o(t) = at + b. Namely,

27, are the integers, N = {0, 1,2, ...} are the non-negative integers, and all fields (resp. rings)
contain the rational numbers Q as a subfield (resp. subring). For a set A we define A* := A \ {0}.
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for f=Y"1_ fitt €F[t] o(f) = X i_oo(fi)at+b).Andfor p,q € F[t] with

2y — 9@
q#0,0(2) =35

As a consequence, by iterative application we extend o uniquely from Q(n) to
Q(n)(x)(b)(h) subject to the shift relations (compare (12))

Ty, o(h) = h+ ——. (15)

o(x)=x+1, a(b)zx—i—l o

In summary, we represent the summand F (k+1) givenin (13) by (14) in the rational
function field F := Q(n)(x)(b)(h) together with its field automorphismo : F — F
subject to the shift relations (15). Exactly this construction is called difference field;
for a general theory see [31,46].

Definition 2. A difference field (resp. difference ring) (F, o) is a field (resp. ring) F
together with a field automorphism (resp. ring automorphism) o : F — F. Here we
define the set of constants by const,F := {c¢ € F|o(c) = c}.

Remark. For a difference field (IF, o) the set const,[F forms a subfield F which is
also called constant field of (IF, o). Since Q is always kept invariant under o (this is
a consequence of o(1) = 1), Q is always contained in const, [F as a subfield.

We continue with our concrete example. Given the difference field (F, o) in which
F(k + 1) is represented by (14), we search for a rational function g € FF such that

o@ =g+ / (16)
Namely, we activate the algorithm from Sect. 3.2 below and calculate the solution
g=((x+Dh+ Db '+, c €Qn) (17)

which rephrased in terms of the summation objects gives the solution (9) for (8).
In a nutshell, the proposed simplification tactic consists of the following steps.

1. Construct a difference field in which the summand objects can be rephrased.
2. Find a solution g of (16) in this difference field (or a suitable extension).
3. Reformulate g to a solution G (k) of (8) in terms of product-sum expressions.

The algorithms in the next section deliver tools to attack this problem for the class
of indefinite nested product-sum expression; for a more formal framework see [75].

Definition 3. Let K be a field and the variable k be algebraically independent over
K. An expression is called indefinite nested product-sum expression w.r.t. k iff it can
be built by k, a finite number of constants from K, the four operations (+, —, -, /),
and sums and products of the type Zf;, f@) or ]_[f;, f(@i) where [ € N and
where f(i) is an indefinite nested product-sum expression w.r.t. i which is free
of k. In particular, we require that there is a A € N such that for any integer n > A
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the expression evaluates for k = n (to an element form K) without entering in any
pole.

In this recursive definition the sums and products can be arbitrarily composed and
can arise also as polynomial expressions in the denominators. Here we restrict
ourselves to those expressions that occurred in practical problem solving so far.

Definition 4. A sequence (h,),>0 € K is called hypergeometric if there are
a(x) € K(x) and I € N such that h,41/h, = o) for all u > [. Le,,
hy = ¢ [[/2j4 o — 1) forall u > [ for some ¢ € K*. Such a symbolic product
(u replaced by a variable k) is called hypergeometric product w.r.t. k. An expression
is called nested hypergeometric sum expression w.r.t. k if it is an indefinite nested
product-sum expression w.r.t. k (see Definition 3) such that the arising products
are hypergeometric and the arising sums and products occur only as polynomial
expressions in the numerators. The arising sums (with upper bound k) are called
nested hypergeometric sums (w.r.t. k).

E.g., the harmonic sums (5) and their generalizations [5,47] fall into this class. In
particular, the right hand sides of (1)—(4) are covered. These expressions evaluate
exactly to the d’ Alembertian sequences [12] and [58, this book].

Remark 1. In the difference field approach also the g-hypergeometric and mixed
case [16] can be handled. All what will follow generalizes to this extended setting.

Subsequently, we will derive a full algorithm that treats the three steps from
above automatically for the class of nested hypergeometric sum expressions.

3 Details of the Difference Field Machinery

We will work out how the Steps 1-3 from above (covering also the more general
paradigms of creative telescoping and recurrence solving) can be carried out
automatically. As an important consequence we will obtain tools to compactify
nested hypergeometric sum expressions, i.e., the occurring sums in the derived
expression are algebraically independent (see also Sect. 4.1).

3.1 Step 1: From Indefinite Nested Sums and Products
to I1 X *-Fields

In the previous section the construction of a difference field for a given summand
in terms of indefinite nested product-sums was as follows. We start with a constant
difference field (K, 0), i.e., 6(c¢) = c for all ¢ € K or equivalently const, K = K.
Then we adjoin step by step new variables, say ?,...,% to K which gives the
rational function field F := K(#)(#;) ... (f.) and extend the field automorphism
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from K to [F subject to the shift relations o(¢;) = a; t; or o (t;) = t; + a; for some
a; € F(t;)...(ti—1)*. Subsequently, we restrict this construction to I7 X *-fields;
for a slightly more general but rather technical definition of Karr’s ITX-fields
see [39,40].

Definition 5. (F, o) as given above is called [T X*-field over K if const,F = K.
The adjoined elements (11, ..., ) are also called generators of the I7T X' *-field.

E.g., our difference field (Q(n)(x)(b)(h), o) with (15) is a IT X*-field over Q(n).
To see that the constants are just Q(#n), the following result is crucial [39, 62].

Theorem 1. [Karr’s theorem] Let (F,0) be a difference field, take a rational
function field F(t), and extend the automorphism o from F to F(t) subject to the
relation o(t) = at + f forsome a € F* and f € F. Then the following holds.

1. Case a = 1: const,[F(t) = const,F iff there isno g € Fwitho(g) =g+ f.

2. Case f = 0: const,F(t) = const,[F iff there isno g € F*, r > O witho(g) =
a g.

Example 1. Using Theorem 1 we represent the sum (7) in a [T X*-field parsing the

occurring objects in the following order: Snid () X5 1(k) 3 A_i(a).

1. We start with (Q(n), o) setting o(c) = ¢ forall ¢ € Q(n).

2. Then we construct the difference field (Q(#)(x), o) subject to the shift relation
o(x) = x + 1. Since there is no g € Q(n) such that 6(g) = g + 1, it follows by
Karr’s Theorem that const,Q(n)(x) = Q(n), i.e., (Q(n)(x),0) is a IT X *-field
over Q(n).

3. One can check by an algorithm of Karr [39] that there is no » > 0 and
g € Q(n)(x)* such that o(g) = (’g_’i)r g. Thus for our difference field
Q) (x)(b),0) with o(b) = {37b we have that const;Q(n)(x)(b) =
const,Q(n)(x) = Q(n) by Theorem 1, i.e., (Q(n)(x)(b),0) is a [T X*-field
over Q(n).

4. Next, we extend the I7 X*-field (Q(n)(x)(b), o) to (Q(n)(x)(b)(h), o) subject
to the shift relation o(h) = h + x+-1 There is no g € Q(n)(x)(b) with
o(g) =g+ x+-1; this can be checked by the algorithm given in Sect. 3.2 below.
Thus the constants remain unchanged by Theorem 1, and (Q(n)(x)(b)(h),0) is
a [T X*-field over Q(n).

5. Given f in (14), that represents F (k + 1) in (7), we find (17) such that o (g) =
g + f. In other words, g reflects the shift behavior of A_;(k) = Zf:l F@)
with S A—1(k) = A_i(k) + F(k + 1). Reformulating g in terms of sums and
products yields (9) and choosing ¢ = 0 delivers the identity (10). In other words,
g (for ¢ = 0) can be identified with the sum A_; (k). This construction will be
done more precise in Sect. 3.4; in particular, we refer to Remark 4.

In general, Theorem 1 yields the following telescoping tactic to represent a given
indefinite nested product-sum expression (see Definition 3) in terms of a I7 X *-field.
One starts with the constant field (K, o) with o(c) = ¢ for all ¢ € K. Then one
parses all the summation objects. Suppose one treats in the next step a sum of the



Simplifying Multiple Sums in Difference Fields 333

form Zi;l F (i) where one can express F(k) in the so far constructed /7T X*-field
(F,0), say F(k 4+ 1) can be rephrased by f € F. Then there are two cases: one
findsa g € F such 0(g) = g + f and one can model the sum Zi;l F (i) with its
shift behavior

k k
Sy Fi)=Y F()+Fk+1) (18)

i=1 i=1

by g + ¢ (for some properly chosen ¢ € K). If this fails, one can adjoin a new
variable, say ¢, to F and extends the automorphism to o : F(¢) — F(¢) subject to
the shift relation o(t) = ¢t + f. By Theorem 1 the constants remain unchanged,
ie., (F(¢),0) is a [T X*-field over K, and ¢ € F(¢) models accordingly the shift
behavior (18) of our sum. The product case can be treated similarly; see also
Problem RP on page 336.

3.2 Step 2: Solving the Telescoping Problem in a Given
IT X *-Field

Karr’s algorithm [39] solves the telescoping problem within a fixed [7X*-field
exploiting its recursive nature: it tries to solve the problem for the top most generator
and reduces the problem to the subfield (i.e., without the top generator). This
reduction is possible by solving the following more general problem.

Problem FPLDE: First-order Parameterized Linear Difference
Equations.

Given a [1 X*-field (F, o) over K, g, ¢y € F* and fy, ..., fs € F.

Find all* c¢y,...,cq € K and g € TF such that ojo(g) + g =
cofo+ -+ cafa

“The solution set V = {(cy, ..., cq,g) € KIT! X Flayo(g) + apg = Z;i=o ¢; fi } forms
a K-vector space of dimension < d + 2 and the task is to get an explicit basis of V.

Remark. Problem FPLDE contains not only the summation paradigm of tele-
scoping, but also of creative (resp. parameterized) telescoping (40) for a fixed
1 ¥ *-field.

Subsequently, we sketch a simplified version of Karr’s algorithm applied to our
concrete problem: Given the I7 X *-field (F,o0) with F = Q(n)(x)(d)(h) and the
shift relations (15) and given the summand (14), calculate (if possible) g € I such
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that o(g)—g = f holds. The algorithm is recursive: it treats the top most variable
and needs to solve FPLDE:s in the smaller I7 X*-field (H, o) with H = Q(n)(x)(b).

Denominator bounding: Calculate a polynomial ¢ € H][h]* such that for any g €
H(h) with (16) we have that g ¢ € H[k], i.e., g contains the denominators of all the
solutions as a factor. For a general IT X' *-field and f such a universal denominator
q can be calculated; see [26, 39, 63]. Then given such a g, it suffices to search for a
polynomial p € H][h] such that the first order difference equation

Lcr(p) - lp =f (19)
o(q) q

holds (which is covered by Problem FPLDE). In our concrete example the algorithm
outputs that we can choose ¢ = 1, i.e., we have to search for a p € H[h] such that

o(p) — p = f holds.

Degree bounding: Calculate b such that for any p € H[h] with (19) we have that
deg(p) < b.Fora general [T X*-field and f such a b can be calculated; see [39,66].
In our concrete example we get b = 2. Hence, any solution p € H[h] of o(p)—p =
f is of the form p = p,h* + pih + po and it remains to determine p,, p;, po € H.

Degree reduction: By coefficient comparison of 42 in
a(p2h® + pih' + po) — (P2 + pih' + po) = (20)

we obtain the constraint 6(p;) — p» = 0 on p,. Since (H, o) is a IT X *-field,
p2 € Q(n). Hence we can choose p, = d where d € Q(n) is (at this point) free to
choose. Now we move p,h? = d h? in (20) to the other side and get the equation

a(pih' + po) — (pih" + po) = f —d AL @n

Note that we accomplished a simplification: the degree of A in the difference
equation is reduced (with the price to introduce the constant d). Now we repeat
this degree reduction process. By coefficient comparison of i' in (21) we get the
constraint o (p;) — p1 = w + dx__+21 on p;. Again we succeeded in a
reduction: we have to solve Problem FPLDE in H. Applying the sketched method
recursively, gives the generic solution d = 0 and p; = xbj + e with e € Q(n).
Plugging this solution into (21) and bringing o (p; k) — p1 h to the right hand side
reduce the problem to a(pg) — po = f{i@;l + e%; note that we decreased
the degree of i from 1 to 0, i.e., we have to solve again Problem FPLDE in H.
Recursive application of the algorithm calculates the generic solution e = 0 and
po = b~! + ¢ with ¢ € Q(n). Putting everything together gives the solution (17).
The technical details of the sketched algorithm for Problem FPLDE can be found
in [26, 65]. More generally, this algorithm can be extended to a method from the
first-order case to the mth-order case (m € N) as described in [70]. Furthermore,

taking results from [14] we obtain a full algorithm that solves the following
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Key problem PLDE: Parameterized Linear Difference Equations.
Given a I1X*-field (F,0) over K, ap,...,o, € I (not all zero) and

fo,...,fd elF.
Find all” ¢y, ...,cy; € Kand g € F such that

ano™(g) + -+ a0g = cofo+ -+ cafa (22)

4The solution set V = {(cy, ..., cq,g) € K¢t x F | (22) holds} forms a K-vector space
of dimension < m + d + 1 and the task is to get an explicit basis of V.

Remark. Problem PLDE covers telescoping (see (16)), creative telescoping
(see (40)) and recurrence solving (see (46)) for a given IT X *-field. In particular,
it is a crucial building block for the enhanced summation paradigms given below.
Furthermore, it allows to deal with holonomic sequences in the setting of difference
fields [68, 73].

3.3 Restriction to Polynomial I1 X *-Fields

We described how the summation objects can be rephrased in a I7 X *-field (Step 1)
and how the telescoping problem, and more generally Problems FPLDE and PLDE
can be solved there (Step 2). Subsequently, we restrict to polynomial I7 X'*-fields.
This will allow us to reformulate the found result completely automatically in terms
of the given summation objects (Step 3) in Sect. 3.4.

Definition 6. A 7 X*-field (F, o) over K with F = K(x)(p1) ... (pr)(s1) ... (se)
is called polynomial if 6 (x) = x + 1,

e o(p;) =a; p; witha; € K(x)* forall 1 <i < r, and
s o(s) = s + fi, with® fi € K&)[p1,py's ... pr 27 Is1, - - 5i21] for all
1<i<e.

Related to Remark 1 we note that in [76] a more general definition is used that covers
also the g-hypergeometric and mixed case [16]. All what will follow generalizes to
this general setting. Let (IF, o) be a polynomial /T X¥*-field over K as in Definition 6
and define the ring

R=K(x)[pl,pl_l,...,p,,pr_l][sl,...,se]. (23)

is finite.
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Note that for all g € R and k € Z we have that 0¥ (g) € R. Thus restricting o to R
gives a ring automorphism (see Definition 1). Therefore (R, o) is a difference ring
and the set of constants is the field K.

Example 2 (See Example 1). (Q(n)(x)(b)(h), o) is a polynomial IT X¥*-field over
Q(n). In particular, we get the difference ring (R, o) with constant field Q(n) for
the polynomial (Laurent) ring

R = Q(n)(x)[b, b~ "][A]. (24)

We highlight that polynomial I7X*-fields cover (up to the alternating sign) all
nested hypergeometric sums (see Definition 4). This can be seen as follows.

* Hypergeometric sequences. Consider, e.g., the hypergeometric products

k k
Hyk) =] =D, ... .Hk)=]]eulG =1  withe;(x) € K(x),
i=l i=ly

(25)

(Hj(k) # Oforall k > 0) where K = Q or K = Q(ny,...,n,) is a rational
function field. Then there is an algorithm [69, Theorem 6.10] based on Theorem 1
that solves

Problem RP: Represent Products. Given a IT X *-field (K(x), o) over K
witho(x) = x + 1 a1,...,0, € K(x)*.

Find a I1X*-field (F,0) over K with F = K(x)(p1)...(p,) and
o(pi)/pi € K(x) for 1 < i < r together with g; €
KX)[p1, pits ..o prpy 1 and b; € {—1,1} for 1 < j < v such that
0(gj) =bja;g;.

Namely, given oy, ..., o, € K(x), let (F,0) with R := K(x)[p1, pi’",..., pr,
p; '] together with gj € Randb; € {—1,1} for 1 < j < v be the output of
Problem RP.

If b; = 1forall 1 < j < v, the products H; (k) in (25) can be expressed with
c;j g, for appropriate ¢; € K* in the polynomial [7 ¥*-field (F, o).

Otherwise, construct the difference ring (F[m], o) with o(m) = —m, m*> = 1
and const,F[m] = K; see [62]. Here m models (—1)* with .7 (—1)F = —(=1)*.
Then the H;(k) in (25) are rephrased with ¢; m!=%)/2 ¢; for appropriate
Ccj € K*.

* Indefinite nested sums. Take an expression in terms of nested hypergeometric
sums, i.e., the sums do not occur in a denominator. Moreover, suppose that all the
arising hypergeometric products can be expressed in a polynomial I7 X*-field.
Thus it remains to deal only with summation signs and to extend the given
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polynomial IT X *-field using Theorem 1.1. Suppose that during this construction
it was so far possible to obtain a polynomial I7 X' *-field, say it is of the form
(F, o) as given in Definition 6 with the difference ring (R, o) with R as in (23),
and let /' € R be the summand of the next sum under consideration. Then there
are two cases. If we fail to find a g € FF such that 6(g) = g + f then we can
construct the I7 X' *-field (IF(¢), 0) with 6 (¢) = t+ f by Theorem 1. In particular,
this IT X' *-field is again polynomial. Otherwise, if we find such a g € F with
o(g) — g = f € R, we can apply the following result; the proof is a slight
extension of the one given in [76, Theorem 2.7].

Theorem 2. Let (F,0) be a polynomial IT X*-field over K and consider the
difference ring (R, o) as above. Let g € F. Ifo(g) — g € Rthen g € R.

Example 3 (Cont. Example 2). For f € R with (14) it follows that any solution
g € Fwitho(g) = g + f isin R. Indeed, we calculated (17).

Thus we always have g € R. As a consequence we can express the sum over f
with g + ¢ for some properly chosen ¢ € K (see Remark 4). Hence by iterative
application of the above construction we never enter in the case that sums occur in
the denominators. Consequently, a nested hypergeometric sum expression can be
rephrased in a polynomial /7 X*-field up to the following technical aspect.

Remark 2. 1f the hypergeometric products (25) cannot be expressed in a I7 X' *-field
solving Problem RP, one needs in addition the alternating sign (—1)¥ in the setting
of difference rings; note that here we cannot work anymore with fields, since zero
divisors pop up: (1 + (—=1))(1 — (=1)¥) = 0. For simplicity, we restrict ourselves
to polynomial /T X'*-fields; the described techniques and algorithms in this article
can be extended for the more technical case allowing also (—1)*; see [33,62].

3.4 Step 3: Evaluating Elements from a I1X *-Field
to Sequences

Let (F,0) be a polynomial /T X*-field over K as in Definition 6 and define R
by (23). In this section we make the step precise how elements from R can be
reformulated as a nested hypergeometric sum expression. I.e., how such an element
f € R can be mapped via an evaluation function ev : R x N — K to a sequence
(ev(f.i))i>0 by using an explicitly given nested hypergeometric sum expression
w.r.t. a variable k.

Before we start with a concrete example, we emphasize that this map ev should
respect the ring structure R and the ring automorphism o as follows.

Definition 7. A map ev: R x N — K for a difference ring (R, o) with constant
field K is called evaluation function if the following evaluation properties hold: For
allc € Kandalli > 0 we have that ev(c,i) = ¢, forall f,g € R thereisad > 0
with
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Vi>6§:ev(f g i)=ecv(fi)ev(g,i), (26)
Vi>3d:ev(f +g,i)=ev(f,i)+ev(gi); 27

and forall f € Rand j € Z thereis aé > 0 with

Vi >§8:ev(o/ (f).i) =ev(f.i + j). (28)

Example 4 (See Example 1). Take the polynomial IT X*-field (Q(n)(x)(b)(h), o)
with (15) and consider (R, o) with (24) and constant field Q(n). We construct an
evaluation map ev : R x N — Q(n) as follows. For f € Rand k € N, ev(f, k) is
calculated by evaluating an explicitly given nested hypergeometric sum expression.
The construction is performed iteratively following the tower of extensions in R.

1. We define ev : Q(n)(x) x N — Q(n) as follows. For g € Q(n)(x) with p,q €
Q(n)[x] and ged(p.q) = 1,

pk) -
ev(Z k) = ) 1B ifg(k) #0
1 0 ifg(k) =0 (pole case);

(29)

here p(k), q(k) with k € N denotes the evaluation of the polynomials at x = k.
Note that the properties in Definition 7 are satisfied for § chosen sufficiently
large: that is the case when one does not enter in the pole case in (29) for elements
/. & € R as given in Definition 7; see also Example 5.

2. Next, we extend ev from Q(n)(x) to Q(n)(x)[b, b~']. We set

k .
ev(b.k) =c1 [ ] Pl heNeeQm) (30)
1

i=l

and prolong the ring structure as follows: for f = Z?q fibl €
Qm)(x)[b,b7'] with f; € Q(n)(x) and u,d € Z we define ev(f, k) =
Z?Zu ev(f;,k)ev(b,k)’; this implies that (26) and (27) hold for some § € N
sufficiently large; see Example 5. Note that for any choice of /; € N and
¢ € Q(n)* also (28) is valid. Since we want to model (}) = e, S
natural choiceisl; = 1,¢; = 1.

3. Finally, we set

k
1
ev(h, k) = E -+ d, A1 €N, dy € Q(n). (3D
i
i=hi

Again properties (26) and (27) hold for some § € N (see Example 5) if we
extend ev as follows: for f = Zj;ofjhj € R with f; € Q(n)(x)[b,b™'] we
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setev(f, k) = 231:0 ev(fj,k)ev(h, k)’ . In addition, property (28) holds for any
choice of A; € N and d; € Q(n). Since we want to model S;(k), we take, e.g.,
Al =1 anddl =0.

For instance, for f € R as in (14) the evaluation is given by the nested
hypergeometric sum expression (cf. (13))

-1
—k
Mﬁmzo—m—mwn(&m+gfﬂﬁ:TC); (32)

the usage of Sy(k), (Z) is just pretty printing and stands for (30) and (31),
respectively.

Besides the function ev we aim at the calculation of the bounds § in Definition 7.

Example 5. For the evaluation function ev : R x N — Q(n) from Example 4 the
bounds can be extracted by the computable map B : R — N defined as follows.
For f € R let d € N be minimal such that for all k > d the calculation of
ev( f, k) does not enter in the pole case in (29). More precisely, write f in the form
f = Yiezjen fijb'h/ with finitely many f;; € Q(n)(x) being non-zero, and
choose d € N such that for all i, j and all k > d the denominator of f; ; has no
pole at x = k. This d can be calculated explicitly for any f € R and defines the
function B with 8(f) := d. Now let f, g € R. Then for § := max(B8(f), B(g)) we
have that (26) and (27). In addition, for all j € Z choose § := S(f) + max(0, —)
and we get (28).

This example motivates the following definition [76].

Definition 8. Let (R, o) be a difference ring with constant field K and consider an
evaluation functionev : R x N — K. 8 : R — N is called bounding function of ev
if forall f, g € R we can take § := max(8(f), f(g)) such that (26) and (27) holds,
and for all f € Rand j € Z we can take § := S(f) + max(0, —j) such that (28)
holds.

The concrete construction above carries over to the general case. Let (F, o) be a
polynomial /7 X*-field over K as given in Definition 6 and define R by (23). Then
one obtains an evaluation map ev : R x N — K in terms of explicitly given nested
hypergeometric sum expressions as follows. We start with ev : K(x) x N — K
defined by (29) for § e K(x) with p,q € K[x] and ged(p,q) = 1. Next we
define how the map acts on the p;:

k
evipik)=c; [[aG =1, (1<i<r); (33)

J=li

here we are free to choose ¢; € K*, and [; is chosen such that the numerator and
denominator of a; evaluated at j is non-zero for all j > [;. Then this map is



340 C. Schneider

extended to ev : Ry x N — K with Ry := K(x)[p1, pit . pr 7] as follows.
ir)€L” Sar i Pl . P € Ry with fi;, i) € K(x) we set

Finally, we extend iteratively this map from Ry to R := R,. Suppose that we are
given already the map for R; = R[s;,...,s;—1] with 1 <i < e. Then we define

k

evisik) = D ev(fi,j— 1) +d; (34)

J=Ai

where d; € K can be arbitrarily chosen, and A; € N is sufficiently large in the
following sense: it is larger than the lower bounds of the arising sums and products
of the explicitly given nested hypergeometric sum expression for ev(f;, j — 1)
and such that during the evaluation one never enters in the pole case in (29). In
a nutshell, the underlying expression for ev(s;, k) (for symbolic k) can be written
as an indefinite nested sum without entering poles that are captured via (29).
Finally, we extend this construction to Ri_l[si]: for f = Zj’:o f]sl’ € Ri_l[s,-]
with f; € R;_; we define ev(f,k) = > i—oev(fj,k)ev(si, k)’ . To this end,
by iteration on i (1 < i < e) we obtain ev: R x N — K with R := Re that
satisfies the properties in Definition 7 and which is explicitly given in terms of nested
hypergeometric sum expressions.

Remark. Note that the products in (33) and sums in (34) are just nested hypergeo-
metric sum expressions w.r.t. k; see Definition 4.

Moreover, we can define explicitly a bounding function 8 : R — N that produces
the required bounds § in Definition 7 following the construction in Example 5.
In short, consider f € R as a polynomial in the variables p;,s; and take all its
coefficients from K(x). Then B(f) is the minimal value d € N such that the
evaluation of the coefficients does not enter in the pole case of (29); note that
the positive integer roots of the denominators can be detected if K is computable
(in particular, if one can factorize polynomials over K). We can summarize this
construction as follows; cf. [76].

Lemma 2. Let (F, 0) be a polynomial IT1 X *-field over K with R as in (23). Then
ev: R x N — K defined above in terms of nested hypergeometric sum expressions
is an evaluation function, and 8 : R — N given above is a corresponding bounding
function of ev. If K is computable, such functions can be calculated explicitly.

Remark 3. Solving Problem PLDE. Take a polynomial ITX*-field (F,o) as in
Definition 6 and define R by (23). Let ev: R x N — K be an evaluation function
with a bounding function B8 : R — N as constructed above by means of hypergeo-
metric sum expressions. Let ¢;, f; € R and take g € R such that Eq. (22) holds.
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Now calculate § := max(B(xo), ..., B(atm), B(f0)s ..., B(fa), B(g)). Then for any
k > 6,

ev(an,, kev(g,k +m) + --- + ev(ag, k)ev(g, k) = coev(fo, k) + - -+ + caev(fa, k).
(35)

Hence a solution g € R of (22) produces a solution of (35) in terms of nested
hypergeometric sum expressions. In particular, a lower bound § for its validity can
be computed (if K is computable). We emphasize that this property is crucial for the
automatic execution of the summation paradigms given in Sect. 4 below.

Remark 4. Simultaneous construction of a Il X*-field and its evaluation function.
In order to model the summation problem accordingly (see, e.g., Problem EAR on
page 344) the construction of the IT X *-field (Step 1) and the evaluation function
with its bounding function should be performed simultaneously. Here the choice of
the lower bounds and constants in (33) and (34) are adjusted such that the evaluation
of the introduced products and sums agrees with the objects of the input expression;
for a typical execution see Example 4. In particular the evaluation function is crucial
if a sum can be represented in the already given IT X *-field by telescoping. This is,
e.g., the case in (5) of Example 1. We succeeded in representing the summand F (k)
in (13) by the element f € R as in (14). Namely, using the evaluation function
from Example 4 we have (32) for all k > 0. Then we calculate the solution (17) of
o(g) = g+ f . Inparticular, we obtainev(g, k) = ((k+1)S1(k)+1) (Z)_1 + ¢ with
¢ € Q(n) such that for all k > 0 we have thatev(g,k+1) = ev(g, k) +ev(f k+1);
see Remark 3. Now we follow the same arguments as in the beginning of Sect. 2:
A_j(a) and ev(g, a) satisfy the same recurrence A(a + 1) = A(a) +ev(f,a + 1)
for all @ > 0 and thus ev(g,a) = A—_;(a) when choosing ¢ = 0. In this way, we
represent A_; (a) precisely with g (¢ = 0) in the given IT X' *-field and its evaluation
function.

3.5 Crucial Property: Algebraic Independence of Sequences

Take the elements from a polynomial I7T X' *-field, rephrase them as nested hyperge-
ometric sum expressions, and evaluate the derived objects to sequences. The main
result of this subsection is that the sequences of the generators of the T X *-field are
algebraically independent over each other. To see this, let (F, o) be a polynomial
I X*-field over K with F = K(x)(p1)...(pr)(s1) ... (s.) and define R by (23).
Moreover, take an evaluation function ev : R x N — K following the construction
of the previous subsection. Then we can define the map 7 : R — K with

t(f) = (ev(f. B))iz0 = (ev(/£.0),ev(f. 1).ev(f.2)....). (36)

Now we explore the connection between the difference ring (R, o) and the set of
sequences T(R) = {t(f)|f € R}. First, we introduce the following notions.
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Definition 9. Let (R}, 01) and (R, 07) be difference rings.

o If Ry isasubringof Ry and o1(f) = 02(f) forall f € R then (R}, 0) is called
sub-difference ring of (R,, o).

* Amapt: R — R, is called ring homomorphism if (f g) = t(f)7(g) and
o(f +g) = t(f)+ t(g) forall f,g € R;.If tisin addition injective (resp.
bijective), t is called ring embedding (resp. ring isomorphism). Note: if 7 is an
isomorphism, the rings R; and R, are the same up to renaming of the elements
with 7.

* A map t: Ry — R, is called difference ring homomorphism (resp. embed-
ding/isomorphism) if it is a ring homomorphism (resp. embedding/isomorphism)
and for all n € Z, f € Ry we have t(0](f)) = o5(z(f)). Note: if 7
is an isomorphism, (R;,0) and (R,,0) are the same up to renaming of the
elements by 7.

With component-wise addition and multiplication of the elements from K" we
obtain a commutative ring where the multiplicative unit is 1 = (1,1, 1,...); the
field K can be naturally embedded by mapping k € Ktok = (k,k,k,...).

Example 6. Let K(x) be a rational function field, take the evaluation function
ev : K(x) x N — K(x) defined by (29), and define 7 : K(x) — K" as in (36). Now
define the set

F = t(K(x)) = {ev(f. )izl / € K(x)}.

Observe that F is a subring of K. However, it is not a field. E.g., if we multiply
ev(x, k))i>o with ev(1/x, k))k>0, we obtain (0, 1,1, 1,...) which is not the unit 1.
But, we can turn it to a field by identifying two sequences if they agree from a certain
point on. Then the inverse of ev(x, k))i>o is ev(l/x, k))x>0. More generally, for

J e K(x)* we getev(f. k))izoev(l/f k))iz0 = 1.

To be more precise, we follow the construction from [59, Sect. 8.2]: We define an
equivalence relation ~ on K~ by (a,)y>0 ~ (bn)nso if there exists a § > 0 such
that a, = b, for all n > §. The equivalence classes form a ring which is denoted
by S(K); the elements of S(KK) (also called germs) will be denoted, as above, by
sequence notation. Finally, define the shift operator . : S(K) — S(K) with

y((ao,al,az,...)) = (al,az,a3,...).

In this ring the shift is invertible with .~ !'({a1,as,...)) = (0,a1,a2,a3,...) =
(ag,ay,as,...). Itis immediate that . is a ring automorphism and thus (S (K), .7)
is a difference ring. In short, we call this difference ring also ring of sequences.

Example 7 (Cont. Example 6). Consider our subring F' of S(K). Restricting .# to
F gives a bijective map and thus it is again a ring automorphism. Even more, since
F is afield, it is a field automorphism, and (F, .¥) is a difference field. In particular,
(F,.?) is a sub-difference ring of (S(K), .7).
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More generally, consider the map  : R — S(K) as in (36). Sinceev: R x N — K
has the properties as in Definition 7, it follows that for all f,g € R we have

(fg) = ©(f)r(g) and «(f + g) = t(f) + t(g). Hence 7 is a ring
homomorphism. Moreover, for all f € R and all n € Z,

(v ([ k))i=0)) = (ev(f k 4+ n))iz0) = (ev(" (f). k))k=0)-

Thus 7 is a difference ring homomorphism between (R, o) and (S(K), .~). Since
7(R) is a subring of S(K) and .# restricted to t(R) is a ring automorphism,
(r(R),.) is a difference ring, and it is a sub-difference ring of (S(K), .%).

Example 8. Take the polynomial I7X*-field (Q(n)(x)(b)(h),0) over Q(n)
with (15) and (24), and let ev : R x N — QQ(n) be the evaluation function from
Example 4; define 7 : R — S(Q(n)) with (36). Then 7 is a difference ring
homomorphism. In particular, (z7(R),.¥) is a difference ring and a sub-difference

ring of (S(Q(n)),.¥).
Now we can state the crucial property proven in [76]: our map (36) is injective.

Theorem 3. Ler (F,0) be a polynomial I1X*-field over K, define R by (23),
and take an evaluation function ev: R x N — K as given in Lemma 2. Then
T : R — S(K) with (36) is a difference ring embedding.

Example 9. (Q(n)(x),0) and (z(Q(n)(x)),0) are isomorphic. In addition, the
rings (R, o) and (z(R),0) with R := Q(n)(x)[b, b~ '][h] are isomorphic. Thus
(R) = (Q(n)(x))[z(b), (b~ ")][r(h)] is a polynomial ring and there are no
algebraic relations among the sequences t(b), t(b™"), t(h) with coefficients from

Q) (x)).

In general, the difference rings (R, o) and (z(R),.¥) are isomorphic: they are the
same up to renaming of the elements by 7. In particular, we get the polynomial ring

T(R) = t(R(x))[t(p1). t(py"). ... t(pr), T(py DIle(s1). ... T(s0)]  (B7)

with coefficients form the field 7(KK(x)). L.e., there are no algebraic relations among
the sequences t(p;), (p; ") and ©(s;) with coefficients from 7 (K(x)).

4 The Symbolic Summation Toolbox of Sigma

In the following we will give an overview of the symbolic summation toolbox that
is available in the Mathematica package Sigma [73]. Here we focus on nested
hypergeometric sum expressions (w.r.t. k) as given in Definition 4: the products are
hypergeometric expressions (for more general classes see Remark 1) and the sums
and products do not arise in the denominators.
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Concerning indefinite summation it is shown how a nested hypergeometric sum
expression can be compactified such that the arising sums are algebraically inde-
pendent and such that the sums are simplified concerning certain optimality criteria.
Concerning definite summation the package Sigma provides the following toolkit.
In Sect.4.2 it is worked out how a recurrence can be computed with creative
telescoping for a definite sum over a nested hypergeometric sum expression. More-
over, in Sect. 4.3 it is elaborated how such a recurrence can be solved in terms of
nested hypergeometric sum expressions which evaluate to d’ Alembertian sequences.
Usually the derived solutions are highly nested, and thus indefinite summation is
heavily needed. Finally, given sufficiently many solutions their combination gives
an alternative representation of the definite input sum. Summarizing, the following
“summation spiral” is applied [64]:

combination of solutions creative telescoping

s1mp1}ﬁed recurrence
solutions

indefinite 'summation

recurrence solving

hypergeometric
sum solutions

Remark. We give details how these summation paradigms are solved in the setting
of polynomial [T ¥*-fields introduced in Sect.3. These technical parts marked
with * can be ignored if one is mostly interested in applying the summation tools.

4.1 Simplification of Nested Hypergeometric Sum Expressions

All of the simplification strategies of Sigma solve the following basic problem.

Problem EAR: Elimination of algebraic relations.

Given a nested hypergeometric sum expression F (k).

Find a nested hypergeometric sum expression F (k) and A € N such that
F(k) = F (k) forall k > A and such that the occurring sums are algebraically
independent.
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The following solution relies on Sect. 3 utilizing ideas from [39,70,76].

Solution*. Compute a polynomial I7 X*-field* (F, o) over K as in Definition 23
with R defined as in (6) together with an evaluation function ev: R x N — K in
which one obtains an explicit f € R with A € N such that ev(f, k) = F (k) for
all k > A. Output the nested hypergeometric sum expression F (k) that encodes
the evaluation ev( f, k). Concerning the algebraic independence note that the sub-
difference ring (37) of the ring of sequences (S(K), ) forms a polynomial ring;
here the difference ring embedding 7 is defined by (36). The sequences given by the
objects occurring in F (k) are just the the generators of the polynomial ring (37).

Remark. K is the smallest field that contains the values of F(r) for all r € N with
r > A. Here extra parameters are treated as variables. However, in most examples
these parameters are assumed to be integer valued within a certain range. In such
cases it might be necessary to adjust the summation bounds accordingly.

A typical instance of Problem EAR is the simplification of the sum (7): Using
the above technologies, see Examples 1 and 4 for further details, we can reduce
the sum A_;(a) in terms of (Z) and S;(a) and obtain the simplification (10). After
loading in

Inf[1]:= << Sigma.m

Sigma — A summation package by Carsten Schneider(©) RISC

this task can be accomplished with the function call

inf2)-- SigmaReduce[ Y . (1— (n — 2K)S[1,k]) (") "', a]
k=0

-1
ouz= ((a+ 1)S[L.a] + 1)(2)

Note that S[my, ..., my,n] stands for the harmonic sums (5). More generally, one
gets reduced representations for nested hypergeometric sum expressions such as
. - 4(2k)2 249 ¢ 3 (2k\2 259 ¢ 2(2k)2 Sy 202
Inf3}:= s.gmaReduce[kglk ® + Ek;lk &+ Ek;lk ) +k§1(k) +2k§1k(k) ,a]

ou= Y ()2 — D0 (). + 1—15a(2a +1)%(4a +45)(%?)°
i1=1 i1=1

4.1.1 Simplification with Improved Difference Field Theory

The solution of Problem EAR is obtained by calculating a set of algebraic indepen-
dent sums (the generators of the IT X *-field) in which the occurring sums of the

“As observed in Remark 2 one might need in addition the alternating sign to represent all
hypergeometric products. The underlying solution works analogously by adapted algorithms.
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input expression can be rephrased. In order to guarantee that the output expression
consists of sums and products that are simpler (or at least not more complicated)
than the input expression, the generators of the I7 X' *-field must be constructed such
that certain optimality criteria are fulfilled. In short, we refine Problem EAR using
improved IT X *-difference field theory and enhanced algorithms for Problem T. The
most useful features of SigmaReduce can be summarized as follows.

* Atomic representation. By default all sums are split into atomic parts (using
partial fraction decomposition) and an algebraic independent representation of
the arising sums and products is calculated. In addition, Sigma outputs sums
such that the denominators have minimal degrees w.r.t. the summation index
(i.e., if possible, the denominator w.r.t. the summation index is linear). A typical
example is

—2+k (1 — 4k — 2k%)S[1, k] (1 — 4k — 2k%)S[3, K]
tnidl= S'gmaRed““[Z (10(1 1) T A+ +2k+K) T 5AFIDC + 2k + k) ) 1
outl4j= ws[l al— wsp,a}}(a) -z 1

10(@+2a+2) 5(a2 +2a + 2) = k2

This feature relies on algorithms refining those given in [72]; for the special
case of rational sums see, e.g., [11,52]. By default this refinement is activated;
it can be switched off by using the option SimpleSumRepresentation->
False.

* By default the following fundamental problem is solved:

Problem DOS: Depth Optimal Summation. Given a nested hyperge-
ometric sum expression. Find an alternative representation of a nested
hypergeometric sum expression whose nesting depth is minimal. More-
over, each derived sum cannot be expressed by a nested hypergeometric
sum expression with lower depth.

The solution to this problem is possible by the enhanced difference field theory
of depth-optimal IT X *-fields and the underlying telescoping algorithms; see [74,
75]. E.g., we can flatten the harmonic sum S35 ;(a) of depth 3 to sums of depth<
2:

In[5]:= SlgmaReduce[Z =
i=1 j=1J k=1

ouse Y = Z*+(Z:%)(i52 L)- z:ii z_i%

ip=1 112 ;L2 si=1 1l i,=1 1 1 ipg=1 i

z2)

This depth-optimal I7T X *-field theory yields various structural theorems [77],
i.e., gives a priori certain properties how the telescoping solution looks like.
In particular, this leads to very efficient algorithms (for telescoping but also
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for creative telescoping and recurrence solving given below) where we could
work with more than 500 sums in a depth-optimal I7TX*-field. The naive
(and usually less efficient) ITX*-field approach is used with the option
SimplifyByExt—None.

Example 10. For the 2,186 harmonic sums (5) with weight Zf'{=1 |m;| < 7 all
algebraic relations are determined [10]. More precisely, using their quasi-shuffle
algebra the sums could be reduced by the HarmonicSums package [1] to 507
basis sums. Then using the algorithms above we showed that they are algebraic
independent.

* Reducing the number of objects and the degrees in the summand. The depth-
optimal representation can be refined further as follows.

Given a nested hypergeometric sum expression, find an alternative sum represen-
tation such that for the outermost summands the number of occurring objects is
as small as possible (more precisely, concerning a given tower of a [T X *-field
the smallest subfield is searched in which the summand can be represented);
see [65].

E.g., in the following example we can eliminate S; (k) from the summand:

a
In[6]:= SigmaReduce[Z (—=1)%S; (k)? (E) , a, SimplifyByExt — DepthNumber]
k=0

=3 2 1 & (et
_2ly &

(n)
3 2 i
n n nZ L i

Furthermore, one can calculate representations such that the degrees (w.r.t. the top
extension of a IT X *-field) in the numerators and denominators of the summands
are minimal [72]. For algorithms dealing with the product case we point to [13,69].

outlel= —(a — 1'1)(1'1231(51)2 + 2ns;(a) + 2)

4.2 Finding Recurrence Relations for Definite Sums

Given a sum, say’ A(n) = Z,f(!(’)‘ """ "en) F. (k) where F,(k) is a nested hyper-
geometric sum expression depending on a discrete parameter 7, find polynomials
co(n),...,cq(n) (not all zero) and an expression i(n) in terms of sums that are
simpler (see below) than the sum A(n) such that the following linear recurrence
holds:

co(m)A(m) + -+ cqg(n)A(n + d) = h(n). (38)

We treat this problem by the following variation of creative telescoping [82].

SL(my, ..., my, n),u > 0, stands for a linear combination of the m; and n with integer coefficients.
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Problem CT: Creative telescoping (general paradigm). Given d € N and
F, (k) such that F,4;(k) withi € N (0 < i < d) can be written as nested
hypergeometric sum expression. Find A € N, g, ..., cs € K(n), not all zero,
and G (k) such that for all kK > A we have

coF (k) + 1 Fyp (k) + -+ 4+ cqg Fyra(k) = S G(k) — G(k) (39)

and such that the summands of the occurring sums in G(k) are simpler
(depending on the chosen strategy, see below) than Fj,4;(k); if this is not
possible, return L.

The following solution relies on [39, 70, 76].

Solution*. We consider the parameter n as variable. Compute an “appropriate”
polynomial /7 X*-field (F, o) over the constant field K () as in Definition 23 with
R defined as in (6) together with an evaluation function ev : R x N — K in which
one obtains explicitly fo,..., f4 € R with A’ € N such that ev( f;, k) = F,4;(k)
for all k > A’; again we point to Footnote 4. Compute, if possible, a solution
co,--.,¢c4 € K(n) (not all zero) and g € R (or an extension of (R, o) with an
extended evaluation function ev) such that

cofot+-+cafi=0(g)—g (40)

holds; in addition we require that in g the summands of the occurring sum
extensions are simpler (depending on the chosen strategy, see below) than each of
the given f;. If there is not such a solution, return L. Otherwise extract a nested
hypergeometric sum expression G (k) such that G(k) = ev(g, k) and compute A €
N such that (39) holds for all k > A; see Remark 3 withm = 1,0y = 1,09 = —1.
Then return (co, ..., cq, G(k)) and A.

Application. Usually, one loops overd = 0, 1, ... until a solution for (39) is found,;
for termination issues see Remark 1 on page 355. Then summing (39) over a valid
range, e.g., from A to a, gives

co(n) Y Fu(k) 4+ +ca(n) Y Furak) = Gla+1)=GQR) (41
k=A k=X

where by construction the summands of the arising sums in h(a) = G(a+1)—
G(A) are simpler than F,;(k). This implies that also the arising sums /(a) are
simpler than > _, F,4; (k). Note that so far n is considered as an indeterminate.
We remark that in many applications r itself is an integer valued parameter and
extra caution is necessary to avoid poles when summing up (39). Finally, when
settinga = L(my,...,m,,n) in (41) (if @ = oo, a limit has to be performed) and
taking care of missing summands yields (38) for A(n); see Example 11 for details.
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Proof certificate. The correctness of (38) for a given sum A(n) is usually hard
to prove. However, given the proof certificate (co, ..., cqs, G(k)) it can be easily
verified that (39) holds within the required summation range. Then summing this
equation over this range yields the verified result (38).

With Sigma one can calculate for A_3(n) = SUM [n] a recurrence® as follows:

n -3
7= mySum = Y "(1—3(n — Zk)Sl(k))(:> ;

k=0

In8]:= rec = GenerateRecurrence[mySum, n][[1]]

ougl= (n+ 2)*(n+ 3)?sUM[n] 4+ (n+ 1)*(n + 3)*(2n + 5)SUMn + 1] + (n + 1)*(n + 2)*>SUMn + 2]
== (200> 4+ 138n% + 311n+229)(n+ 1)* + 6(n + 2)?(n + 3)(2n + 5)(n + 1)*S: (n)

The essential calculation steps are given in the following example.

Example 11. * Take A_3(n) = Y j;_,F.(k) with F,(k) = (1 —3(n —
2k)S1(k)) (Z)_3. We calculate a recurrence for A_3(n) in n by the techniques
described above. First, we search for a solution of (39) with d = 0 (which amounts
to telescoping). L.e., we construct the polynomial /T X*-field (Q(n)(x)(b)(h),0)
and evaluation function ev : R x N — Q(n) with R := Q) (x)[b, b~ "][h] as
in Example 4. There we take fy = (1 — 3(2n — x)h)b=3 € R such that
ev(fo) = F,(k) for all k > 0. Unfortunately, our telescoping algorithm fails
to find a ¢ € R such that 0(g) — g = fo holds. So we try to find a solution

of (39) with d = 1. Since (”2’1) = nﬁ;{"L(Z), we can rephrase F,41(k) by

fi = (1=3@2n—x)h) <"(;ﬁ)?3b—3, ie. ev(fi,k) = Fyi1(k) forall k > 0. Then
we activate the algorithm for Problem FPLDE and search for cp,c; € Q(n) (not
both zero) and g € R such that (40) holds with d = 1. Again there is no solution.

b D)3 (x40 .
We continue our search and take f> = (1 —3(2n — x)h)%b‘3 with

ev(f2,k) = F,4+2(k) and look for ¢, ¢1, ¢, € Q(n) (not all zero) and g € R such
that (40) holds with d = 2. This time our algorithm for Problem FPLDE outputs
co=m+2*n+32%c=mn+1)30+3)>?C2n+5),c=m+1)>n+2)?3
and g = (p1(n,x) + pa(n, x)h)b=3 for polynomials p;(n, x), p2(n, x) € Q[n, x].
Hence we get (39) with G(k) = ev(g, k) = (p(n, k) + pz(n,k)Sl(k))(Z)_3.
We emphasize that the correctness of (39) for the given solution for all k with
0 < k < n can be verified easily. Finally, summing (39) over k from O to n
one gets

co(n)Az(n) + ci(n)(Az(n + 1) — Fyp1(n + 1))
+ () (A3(n +2) = Fypo(n + 1) = Fypo(n +2)) = G(n + 1) — G(n);

moving the F,4;(n + j) terms to the right hand side gives the recurrence Out[8].

SFor a rigorous verification the proof certificate (co, . . ., cq, G(k)) of (41) with d = 2 is returned
with the function call CreativeTelescoping [mySum,n].
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Note that creative telescoping is only a slight extension of telescoping, in partic-
ular, all the enhanced telescoping algorithms from Sect. 4.1 carry over to creative
telescoping. In all variations, a polynomial [T X*-field (F, o) (more precisely a
depth-optimal IT X*-field [67] for efficiency reasons) is constructed in which the
summands F,4+;(k) (0 < i < d) can be expressed. Starting from there, the
following tactics are most useful to search for a solution of (40). They are activated
by using the option SimplifyByExt - >Mode where Mode is chosen as follows.

e None: The solution G(k) is searched in (F,0), i.e., only objects occurring in
F,+i (k) are used. Here a special instance of FPLDE is solved; see Example 11.

e MinDepth: The solution G(k) is searched in terms of sum extensions which
are not more nested than the objects in F,,+; (k) and which have minimal depth
among all the possible choices [74]. This is the default option.

* DepthNumber: The solution is given in terms of sum extensions which are not
more nested than ZLO F,+;(k), however, if the nesting depth is the same, the
number of the objects in the summands must be smaller than in F),4+; (k). If such a
recurrence exists, the machinery from [62] computes it. Using this refined version
for our example, one finds a recurrence of order 1 (instead of 2)

n+ 13243+ 1)+ @ +2)>°430)

n -3
=6(n+2)(n+1)3S1(n) + (In + 13)(n + 1)> + 3(n + 2)° Z(n — 21')(’;)
i=0

(42)

where the sum E(n) = Y/ _(n — 2i )(;’)_3 does not contain S (7); it turns out that
E(n) = 0 (using again our tools) and the recurrence simplifies further to

n+1)3A_3(n+1)+n+2)>A_3(n) = 6(n+2)(n+1)>S,(n)+(7Tn+13)(n+1)>.
(43)

4.3 Solving Recurrence Relations

Next, we turn to recurrence solving in terms of nested hypergeometric sum
expressions, i.e., expressions that evaluate to d’ Alembertian sequence solutions.

Example 12. Given the recurrence rec in Out[8] of A_3(n) = SUM [n], all nested
hypergeometric sum solutions are calculated with the following Sigma command:

In[9]:= recSol = SolveRecurrence[rec, SUM[n]]
ougl= {{0.—(-1)*(@ + 1)’} {0.(-D*(—s:(m)(@ + 1)’ — (@ + 1)?)},
{16+ 1)s: (@) + (-1)*(5(n +1)°S—s(m) — 6(n +1)°S—21(n)) + 1}}

The output means that we calculated two linearly independent solutions H;(n) =
—(=1)"(n + 1)* and Ha(n) = (=1)"( = Si(n)(n + 1)*> — (n + 1)?) (for n > 0)
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of the homogeneous version of the recurrence and a particular solution P(n) =
6(n + 1)S1(n) + (—1)”(5(11 + 1)385_3(n) —6(n + 1)3S_2.1(n)) + 1 (forn > 0)
of the recurrence itself; since the solutions are indefinite nested, the verification
of the correctness can be verified easily by rational function arithmetic. Note that
{ec1Hi(n) + caHx(n) + P(n)|ci,c2 € Q} produces all sequence solutions whose
entries are from Q. Since also A_3(n) is a solution of the recurrence, there is an
element in L that evaluates to A_3(n) for all n > 0. Using, e.g., the first two
initial values A_3(0) = 1 and A_3(1) = 5 the ¢y, ¢, are uniquely determined: ¢; =
¢, = 0. Thus we arrive at A_3(n) = P(n), i.e., we discovered and proved the iden-
tity (3) for n > 0 (recall that we verified that both sides satisfy the same recurrence
and that both sides agree with the first two initial values). This last step is executed
by taking recSol and mySum = A_3(n) (to get two initial values) as follows.

in[10):= FindLinearCombination[recSol, mySum, n, 2]

ouf1ol= 6(n+ 1)S:1(n) + (—1)*(5(n 4+ 1)*S—s(n) — 6(n + 1)°S—p1(n)) + 1

In general, Sigma can solve the following problem [12, 50, 62].

Problem RS: Recurrence solving. Given polynomials ay(n), ..., a,([#n) €
K(n) and a nested hypergeometric sum expression f'(n). Find the full solution
set of the mth-order linear recurrence

ao(n)G(n) + -+ an(n)G(n + m) = f(n) (44)

in terms of nested hypergeometric sum expressions. l.e., return L if there is
no particular solution. Otherwise, find A € N and nested hypergeometric sum
expressions ((1, P(n)), (0, H,(n)), ..., (0, H;(n))) where P(n) is a particu-
lar solution and H,(n),... H;(n) are solutions of the homogeneous version
of (44) for n > A; the sequences (in S(K)) produced by H;(n),... H;(n)
are linearly independent. In addition, all sequences (G (1n)),>0 € KV, that are
solutions of (44) for all » > A and that can be given by nested hypergeometric
sum expressions, can be also produced by

L={Pn)+cH@m)+...c;cH{)|c €K} (45)

starting fromn > A.

The following solution relies on [39,57,62,70,76].

Solution®. Construct a polynomial [T X*-field (F, o) as in Definition 23 with R
defined as in (6) together with an evaluation function ev : R x N — K in which
one obtains explicitly a @ € R with A’ € N such that ev(®,n) = f(n) for all
n > A’; again Footnote 4 applies. In other words, with «; := a;(x) € K(x) we can
reformulate (44) with
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a8 +a10(g) + -+ ano™(g) = @. (46)

Factorize the homogeneous recurrence (written as linear operator) as much as
possible in linear right factors using Hyper [57]. Each linear factor describes a
hypergeometric solution which is adjoined to our IT X*-field (see Problem RP);
for simplicity we exclude the possible case that (—1)" is needed for this task.
Applying Algorithm [62, Algorithm 4.5.3] to this recurrence returns the output
((1, p), (0, hy),...,(0,h;)) in a polynomial I7T X*-field (IE, o) that contains (F, o)
with the following property: p is a particular solution of (46) and the 4; are / linearly
independent solutions of the homogeneous version of (46). We omit details here
and remark only that it is crucial to solve (22) as subproblem. Then extend the
evaluation function from FF to IE (we are free to choose appropriate lower bounds and
constants of the sums/products), and let H;(n) (1 <i <) and P(n) be the nested
hypergeometric sum expressions that define the evaluations ev(h;,n) and ev(p, n),
respectively. Compute A such that the H;(n) are solutions of the homogeneous
version and P(n) is a particular solution of (44) for all n > A; see Remark 3 with
d=0, fo ;= .

Remark. 1. If one computes m = [ linearly independent solutions plus a particular
solution, the set (45) gives all solutions. If this is not the case, the completeness
of the method, i.e., that no solution in terms of nested hypergeometric sum
expressions is missed, needs further justification: it can be deduced from [62,
Corollary 4.5.2] and Remark 3; for deep insight and alternative proofs see [36]
and [58, this book].

2. The derived solutions are highly nested: For each additional solution one needs
one extra indefinite sum on top. In most examples the simplification of these
solutions (see Sect. 4.1) is the most challenging task; see, e.g., Example 14.

3. Since the solutions are indefinite nested, the shifted versions can be expressed
by the non-shifted versions. Using this property and considering the sums
and products as variables, the correctness can be verified by rational function
arithmetic.

4. Also the a;(n) in (46) can be from a [T X*-field and one can factorize the
difference operator in linear factors; this is based on work by [14,26,70].

Example 13. * We construct the polynomial IT X*-field (Q(x)(h), o) with o(x) =
x+1lando(h) =h + %H over Q and interpret the elements with the evaluation
function ev : Q(x)[h] x N — Q(x)[h] canonically defined by (29) and ev(h,n) =
S1(n). In this way, we can reformulate the recurrence Out[8] with

x+2)*x+3)2g+ @+ 1P +3)22x +5)0(g) + (x + D3 (x +2)%0%(g) =

(20 + 138x7 + 311x +229)(x + 1)? + 6(x + 2)*(x + 3)(2x + 5)(x + 1)*h.
47)
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Then we execute the recurrence solver in this I7X*-field and get as output the
difference ring (Q(x)[m][h][s][H].0) with o(m) = —m where m*> = 1, o(s) =

1

s+ o and o(H) = H + % such that const, Q(x)[m][h][H] = Q.
There it returns the linearly independent solutions 7; = m(x + 1)3 and h, =
m(h(x + 1)3 + (x + 1)) of the homogeneous version of (47) and the particular
solution p = 6(x + 1)h + m(5(x + 1)%s — 6(x + 1)*H) + 1 of (47) itself.
Note that the solutions (coming from the factorization of the recurrence) have been
simplified already using the technologies presented in Sect. 4.1. Finally, we extend
the evaluation function from Q(x)[k] to Q(x)[m][h][H] by ev(m,n) = (—1)",
ev(s,n) = S_3(n) andev(H,n) = S_,1(n). This choice yields H;(n) = ev(hy,n),
H,(n) = ev(hy,n) and P(n) = ev(p,n) as given in Out[9].

Example 14. In[21] (see also [41, this book]) recurrences are guessed with minimal
order that contain as solutions the massless Wilson coefficients to three-loop order
for individual color coefficients [48]. Afterwards the recurrences have been solved.
The largest recurrence of order 35 could be factorized completely into linear factors
in about 1 day. This yields 35 linearly independent solutions in terms of sums up to
nesting depth 34. Then their simplifications in terms of harmonic sums took 5 days.

5 Simplification of Multiple Sums
with EvaluateMultiSums

In Sect. 4 we transformed the definite sum A_3(n) to a nested hypergeometric sum
expression given in (3) by calculating a recurrence and solving it. Applying this
tactic iteratively leads to a successful method to transform certain classes of definite
multiple sums to nested hypergeometric sum expressions. Consider, e.g.,

=:Fi(n.j)
n—2 J+l1 j+1 —j+ntr=2 o (—jAntr—2
— : D) ) ()
F(n) := ,;0(_’ +n—2)! ;0 Ciai ;) T

=:Fo(n,j,r)
(48)

which arose in QCD calculations needed in [4]; see also [3]. We zoom into
the sum Fy(n, j,r), a definite sum over a hypergeometric sequence. Calculating
a recurrence, solving the recurrence, and combining the solutions leads to the
simplification

1 ED"G DI =) +n 1),

Fon, j.r) = +D(—j+ntr—1)  (n—Dam+)(—j —1),2—n);
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This closed form could be also derived by hypergeometric summation [59]: the
double sum Fj(n, j) turns out to be a single sum. Next, finding a recurrence for
this sum and solving the recurrence lead to a nested hypergeometric sum expression
W.IL.t. J:

o 1L, (D)'G+2 n’ 41

1 =
a3 (n =)+ 1)!(n =i = 1)].

i=1

In other words, F'(n) can be written as a definite sum where the summand is a nested
hypergeometric sum expression. Therefore we are again in the position to apply our
technologies from Sect. 4. Computing a recurrence and solving it yields

Fln) — —n*—n—1 _(=D)"(n*+n+1) Si(n) Sp(n)  285_,(n)
(n)_nz(n+l)3 n?(n +1)3 m+12 n+l n+1 -

Summarizing, we transformed a definite nested sum from inside to outside to a
nested hypergeometric sum expression. More generally, we deal with the following

Problem EMS: EvaluateMultiSum. Given a definite multiple sum

f(m,n k)
Lo(m,n) Ll(m,n,k) Lu(m,n,k,kl ,...,k,,fl)
Fmpn)= Y > .. o fnkki.... k) (49)
k=l k=l ky=1,

with a nested hypergeometric sum expression 7 w.r.t. k,, integer parameters
nandm = (m;...,m,), and L;(...) being integer linear (see Footnote 5) or
o0. Find A € N and a nested hypergeometric sum expression F(m, z) such
that F(m,n) = F(m,n) forn > A.

Method. Apply the techniques of Sect. 4 recursively as follows [23].

1. Transform the outermost summand f(m, 7, k) to a nested hypergeometric sum
expression w.r.t. k by applying the proposed method recursively to all the arising
definite sums (i.e., the parameter vector m is replaced by (m, 7) and the role of n
is k). Note that the sums in f are simpler than F(m, n) (one definite sum less).
If the summand f is free of sums, nothing has to be done.

2. Solve Problem CT: Compute a recurrence (38) for the sum A(n) = F(m, n); if
this fails, ABORT. If successful (say it is of order 0), the right hand side might
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be again an expression in terms of definite sums, but their summands are simpler
than f (see, e.g., the recurrence (42)). Apply the method recursively to these
sums such that the right hand side is transformed to a nested hypergeometric
sum expression w.r.t. n (see, e.g., recurrence (43)).

3. Solve Problem RS: Compute all nested hypergeometric sum solutions of the
recurrence (38) and simplify the solutions using the techniques from Sect. 4.1.

4. Compute o initial values, i.e., specialize the parameter n to appropriate values
from N,sayn =1/,/ 4+ 1,...,1 + 0 —1, and apply the method recursively to the
arising sums where m; takes over the role of n and the remaining parameters are
(my,...,m;). If no parameter is left, the expression is a constant. It is usually
from @Q (if no sum is left) or it simplifies, e.g., to [22] or infinite versions of
S—sums [9] and cyclotomic sums [5].

5. Try to combine the solutions to find a nested hypergeometric sum expression
w.r.t. n of F(m, n). If this fails, ABORT. Otherwise return the solution.

Remark. 1. The existence of a recurrence in Step 2 is guaranteed in many cases (in
particular for sums coming from Feynman integrals [24]) by using arguments,
e.g., form [15, 59, 79, 80]. Here often computation issues are a bottleneck.
Usually, we succeed in finding recurrences when f consists of up to 100 nested
hypergeometric sums. If f is more complicated (or if it seems appropriate), the
sum is split into several parts and the method is applied to each sum separately.

2. Termination: The method is applied recursively to sums which are always
simpler than the original sum (less summation quantifiers, less parameters,
or less objects in the summand). Hence eventually one arrives at the base
case.

3. Success: If the method does not abort in one of the executions of step 2 or step 5,
it terminates and outputs a nested hypergeometric sum expression w.r.t. n. Note
that finding not sufficiently many solutions of a given recurrence in step 5 is the
main reason why the method might fail. For general multiple sums this failure
would happen all over. However, e.g., in the context of Feynman integrals, the
recurrence is usually completely solvable (i.e., we find m linearly independent
solutions of the homogeneous version of (38) and one particular solution of the
recurrence itself).

We emphasize that three-loop Feynman integrals with at most 1 mass [24] can
be transformed to multiple sums and that the simplification of these sums is covered
exactly by Problem EMS. The described method is implemented in the following
new package which uses the summation algorithms in Sigma:

In[11]:= << EvaluateMultiSums.m

EvaluateMultiSums by Carsten Schneider — —(© RISC

In addition it uses (some of the many) functions from J. Ablinger’s package
HarmonicSums [1,5,9,19,20,78] to transform — if possible — the arising indefinite
sums to harmonic sums, S-sums, cyclotomic sums or their infinite versions, to find



356 C. Schneider

algebraic relations among these sums, and to calculate asymptotic expansions of
these sums for limit computations (this is needed if upper bounds in (49) are co).

In[12]:= << HarmonicSums.m

HarmonicSums by Jakob Ablinger — —(© RISC

Then inserting the summand with the summation ranges of (48) and the information
that there is the extra integer parameter n with 2 < n < oo we can activate
the simplification of the sum (48) to a nested hypergeometric sum expression as
follows.

(itn=2 =) s Ehn (‘”“*"2)

In[13]:= EvaluateMultiSum[ o =D
{{s,0,—j+n+r—2},{r,0,j+1},{j, 0,n —2}}, {n}, {2}, {oc}]
g, Tmn—L GVt Andl) o si) | Sa(m)  28-.(w)
vl n?(n+ 1)° n?(n+ 1)° n+1)? n+1 n+1

Similarly, we can calculate the simplification given in identity (4):

—4
in(14}= EvaluateMultiSum[ (1 — 4(n — 2K)S; (k)) (:) , {{k, 0,n}}, {n}, {0}, {o0)]

Out[14]=

(1om+ 18 +3)@+1) D) @415 (7 (1) (-1 sl(l)
2nt3 a2 1) 2Z g

i=1

As mentioned already above, the multiple sums coming from many two-
loop and three-loop Feynman integrals fit into the input class of the package
EvaluateMultiSums. Here two extremes occurred: In [4, 25] about a million
multiple sums (mostly triple and quadruple sums) were simplified. Using the
package SumProduction [23] we merged the sums to several 100 basis sums
where each of the summands required up to 20 MB memory. The other extreme
are sums whose summands are in compact size, but the number of summations is
large; one of the most complicated input sums from [25] is, e.g., (6). In both setups
the transformed summands during the EvaluateMultiSum method became
rather large containing complicated nested hypergeometric sums. Only in the last
step these nasty sums vanished and the expected nice result popped up; note that
already for the transformation of the sum (48) this effect is visible. Summarizing,
the summation algorithms based on enhanced difference field theory, presented in
this article, were indispensable to master the challenging calculations as given, e.g.,
in [4,7,17,25].
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Potential of FORM 4.0

Jos A.M. Vermaseren

Abstract I describe the main new features of FORM version 4.0. They include
factorization, polynomial arithmetic, new special functions, systems independent.
sav files, a complete ParForm, open source code and a forum for user communica-
tion. I also mention a completely new feature for code simplification.

1 Pre-introduction: Why FORM?

One may wonder why FORM is so important when there are programs like Mathe-
matica and Maple. We were faced recently with a request for help in programming
a gravity problem occurring in Type IIb superstrings [1]. The calculation to be done
was in a 10-dimensional theory. It needed the evaluation of the Weyl tensor (W)
and a tensor (T) with six indexes. Then 20 quartic invariants of the types WWWW,
WWWT, WWTT, WTTT and TTTT had to be evaluated. People had been trying
this with the RGTENSOR package in Mathematica. Especially the last category of
invariants was very hard on Mathematica. There are 12 indexes in 10 dimensions
that needed to be contracted (summed over) as in Fig. 1.

Most of the TTTT invariants took 2—-3 days each but the last one was never
completed. The program had to be halted after a week. The whole effort with
Mathematica took the better part of a year. We took 3 days programming this from
scratch in FORM after which the whole project ran in 1 h on my laptop. With a few
extra optimizations and a few error corrections(!) it now runs in 40 min on the same
laptop.

The above shows a combination of the strengths and weaknesses of FORM.
Its strength is that it can be very flexible and very fast. Its weakness is that there
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N X X X

Fig. 1 Tensor structure of objects to be contracted. Each vertex represents a tensor and each line
represents an index that should be summed over

are few packages and people like to use packages so that they do not have to think
much. With FORM you do have to think. You have to build up expertise, which takes
a while, but after that you can do calculations that are otherwise impossible.

2 Introduction

Over the past 12 years FORM was available as version 3.0-3.3 [2, 3]. This ver-
sion was significantly more powerful than version 2, but also version 3 needed
extensions. During the past few years there were a few opportunities to hire extra
people for special contributions and development picked up speed. A number of
much needed but very labour intensive projects were undertaken and completed.
This marked a good point to clean up the whole program, make it open source and
bring it out as a new version.

On March 29 version 4.0 was released. It took much more time than anticipated
to prepare this release, because there are quite a few new features and the debugging
was a slow procedure. In addition making the source code available and easy
installable took much work.

Most work for version 4.0 has been put in by Jan Kuipers, Takahiro Ueda, Jens
Vollinga and me. Other people (and also Jens) who worked on FORM in the past
have left the field and the current team consists of Takahiro Ueda, Jan Kuipers and
me. Jan will be leaving in the autumn of 2012. This means that the speed of advances
will be slowed down until there are new opportunities to hire good people.

Jens Vollinga has added a number of very nice features to FORM, including
systems independent .sav files, checkpoints (points from which a program can be
restarted if it crashes), much documentation and the forum. He also designed much
of the open source infrastructure.

Jan Kuipers has made the factorization, polynomial libraries and more recently a
completely new method for output simplification [4,5] which will be part of a future
release.

Takahiro Ueda has been hired by Karlsruhe on DFG money with the task
to improve the parallelization of FORM. The project is to combine TFORM and
ParPARFORM to make use of clusters of multicore computers. This project is still in
its infancy, because his first task was to make ParPARFORM complete. This has
been finished now. He has also taken over the task to manage the open source
infrastructure.
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This talk will take us through a number of new features and in the end give a few

hints about what the future might bring.
The first thing the user will notice is the new header.

FORM 4.0 (Mar 29 2012) 64-bits
Run: Wed Apr 4 14:23:50 2012

The mentioning of the 64/32-bits version is for version 4, because we are in a
period that many people still use 32-bits computers or operating systems. Other
headers are

TFORM 4.0 (Mar 29 2012) 64-bits 8 workers
Run: Wed Apr 4 14:24:22 2012

or

ParFORM 4.0 (Mar 29 2012) 64-bits 8 workers
Run: Wed Apr 4 14:32:45 2012

In all the examples in the following sections we will omit this header.

3 Factorization

The first feature we are going to look at is one that many people have asked for in
the past.

It should be realized that factorization is a subject that many mathematicians have
paid attention to. In addition big commercial programs have spent much effort on
making good packages for this. Hence one should not expect to outperform other
packages. The best model would be to look whether there are packages under the
GNU license that have been created and are maintained by good mathematicians.
Unfortunately we could not find any that deal with more than a single variable.
The better packages are all closed source and part of a commercial system.
This means we had to make our own. But then we could optimize it for what WE
anticipate that the use will be (which is not artificial benchmarking).

Symbols x,v,2z;

CFunction f;

Off Statistics;

Format nospaces;

Local F = f((X+Y) *x (Xxy+4%2"2+3%y*x2"4-TxX"2*y) * (X+2) ) ;
Print;

.sort

F=
F(4xy*z2"3+43%y 252" 544 %X*2 " 3+4%X*Y*Z 2+3*xX*y* 2 5+X*xy 2% Z+
3xxXxy 2%2 4 +4%X 242 24X 2%y *Z+3 %X 2%y *Z2 4 +X " 2%y " 2-TxxX " 2%
YV 2%Z4+X 3%y -T*X " 3xy*xZ2-TxX 3%y 2-T*xx"4xy) ;
FactArg, £;
Print;
.end
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F=
f(y+x, 24X, 4%272+43%y*2 4 +X*xy-T*X"2xY) ;

The first example shows the factorization of function arguments. This is probably
the most important use in complicated calculations. The FactArg statement is

natural for this.
Factorization of expressions is a bit more complicated. How to (re)present the
results?

#define MAX "5"

#define TERMS "6"
#define POW "3"

Symbols al,...,a'‘MAX’,3j;
Off Statistics;

Format NoSpaces;

#do 1 = 1, ‘MAX’

Local F'i’ = sum_(j,1, ‘TERMS’,random (‘'TERMS’)
<al”random (‘POW’)/al>*...*
<a'‘MAX' “random_ (‘POW’)/a‘MAX’>);
#enddo
Print;
.sort
Fl=

S5xa2xad+3*xa2xa3"2+xad”"2+xa5+6*xal*xa2+«a5"2+5xalxa2+«a3"2+xad "2+
6xalxa2”2xal3*ad4”"2+al”2xad4"2xa5;

F2=
2%xa3”2%ad"2+xa5+2+«alxab+2xal”2xa3"2xad4"2+2xal”"2xa2"2xa5" 2+
4xal”2xa2"2xal3*ad " 2«a5"2+al"2+xa2"2«a3"2xa4«a5"2;

F3=
6xa3"2*xad4*xa5 " 2+5+a2+a3+ad"2+al*xa2+a3”"2+xa5+al”2*xa3"2+ad "2«
aS5+4xal”2xa2«al3xad4"2+al”2xa2”"2«xa3"2%xad"2;

F4=
6xa2"2xad"2+xab5+4*a2"2xa3 " 2xad+a5 " 2+4xalxa2xa3"2xa4"2+al”2
xa2xal3+6xal”2xa2+a3”2«a5"2+al"2+xa2"2«a5"2;

F5=
S5xa2xa3 " 2xa4"2xa5+3xalxa3"2xad4 " 2+2xalxa2xal3xad”"2+xa5+al” 2«
a3+5%xal”2%a2”"2%a3"2«ad4xab+al"2xa2"2+«a3 " 2«a4*a5"2;

On Statistics;

Drop;
Local F = Flx...xF'MAX';
.sort
Time = 0.02 sec Generated terms = 7776
F Terms in output = 5540
Bytes used = 158532
Factorize;
Print;

.end
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Time = 0.02 sec Generated terms = 5540
F Terms in output = 5540
Bytes used = 158532
Time = 1.65 sec Generated terms = 33
F Terms in output = 33
factorize Bytes used = 1684
F=
(a3)
*(a3)

* (6xa3xadxa5"2+5%a2+ad4 " 2+alxa2xa3xa5+al " 2*xa3+«ad " 2xa5+4x*
al”2*a2*a4"2+al”2+xa2"2xal3xa4"2)

* (2xa3"2xad4 " 2xa5+2xalxa5+2xal”2+xa3”"2«a4 " 2+2«al"2xa2" 2«
a572+4+xal”2+a2"2xa3+xa4"2*xa5"2+al”"2xa2"2*a3"2xa4xa5"2)

*(a2)

* (5xa2+ad4+3+a2+«a3 " 2«a4 " 2xab+6xalxa2«a5 2+5xalxa2+«al3 "2«
a4"2+6+«alxa2”"2«a3«ad4”"2+al”2xa4"2*ab)

* (6xa2+ad4 " 2+xa5+4+a2+«a3 " 2xas4xab " 2+4+al«a3 " 2xa4"2+al”2%a3+
6xal”2%xa3"2+xa5"2+al"2xa2xa5"2)

* (5xa2+«al3*ad4 " 2«a5+3«alxa3xad " 2+2+xalxa2+«ad4” " 2xa5+al”2+5%*
al”2xa2”"2xa3+xad4xa5+al"2xa2”"2«xa3xa4*xa5"2) ;

Factorization is considered a ‘state’ in which the expression exists. It is either
factorized or unfactorized. Conversion takes place at the end of the module after
the expression has been processed and sorted. Hence we have two output statistics.
The second one refers to the factorization procedure. To store the factorized
expression we use the FORM bracket system with the built in symbol factor..
This allows also a way to refer to the brackets.

The execution time depends critically on how complicated the expression is.
If we raise the powers of the variables we can see the effect:

#define MAX "5"

#define TERMS "é6"
#define POW "4"

Symbols al,...,a‘MAX’,J;
Off Statistics;

Format NoSpaces;

#do i = 1, ‘MAX’

Local F'i’ = sum_(j,1, ‘TERMS’,random (‘'TERMS’)
<al”random (‘POW’)/al>*...%
<a'‘MAX' “random_ (‘POW’)/a‘MAX’>) ;
#enddo
Print;
.sort
Fl=

6xal”2*xa2*xa3 " 2+a5+6+xal”2+xa2+xa3 " 3xad"2xa5+3*al”2xa2"2%a3"3
x*a5”2+al”2%a2"3xa3xa4"3%xa5"3+5%xal"3xa2"3xa3«a4 " 3xa5+5%
al”3xa2”3xal3"2xa4xa5"2;

F2=
a4”2xa5+2+alxa2”3+xa3"3xa5+4+xal”"2xa2xa3xa5"2+2xal"2%a2«*
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al3”3xad4"3xab"3+2xal"2%a2 " 2«a4xab+2xal"3*xa2"2«xa3xa4 " 3xa5;

F3=
Sxa2+6%xa2”3xad4*xa5 " 3+4xalxa3*ad4 " 3xab+alxa2"2xas4*a5+alxa2”3
*a3"3*xa4"3+xab+al"3xa3"3xa4"3;

F4=
6xa2xal3 " 2xad4"2xa5"2+a2"3«a3 " 3xa4 " 3xab+4+«alxa2xa3 " 3xad "2«
a572+4+xal+*a2”2+xa3”"3xa4 " 3+ab+al"2xa2"2*a3*a5"2+6%xal"3xa2"2
*al3*xab;

F5=
3xalxa2”3xa3 " 3xa4”"2+al”2*xal3xad4"2xa5"3+2«al"2xa2«ad+al” 2«
a2«al3xad4* ab"2+5%xal”"2%xa2"2xa4 " 2+5+xal"3*xa3"2«a4"3;

On Statistics;

Drop;
Local F = Flx...xF'MAX';
.sort
Time = 0.01 sec Generated terms = 7776
F Terms in output = 7125
Bytes used = 213980
Factorize;
Print;
.end
Time = 0.01 sec Generated terms = 7125
F Terms in output = 7125
Bytes used = 213980
Time = 77.67 sec Generated terms = 41
F Terms in output = 41
factorize Bytes used = 2116
F=
(a5)
* (ab)
* (a5)
* (a4)
* (a4"2+42%al*a2”3*a3"3+4+al”2xa2+al3*a5+2+al”2xa2+*al3"3*a4"3

(6xa3+6xa3 " 2xad4 " 2+3xa2«a3 " 2xa5+a2"2+xa4 " 3xa5"2+5%xalxa2" 2«

a4”"3+5xalxa2”"2xa3xa4*ab)

* (6xa3%ad4 " 2+xa5+a2"2«a3"2xa4 " 3+4xal*a3 " 2xad " 2xab+4xalxal«*
a3"2xa4"3+al"2xa2+«a5+6xal”3*a2)

* (a2)

*(a2)

* (5%a2+6%a2" 3%xa4+a5"3+4xalxal3xad " 3xaS5+alxa2”2xad*a5+alx
a2”"3%xa3"3+xa4 " 3xa5+al”"3xa3"3%a4"3)

* (3xa2"3%xa3 " 3xad4+ala3xasdxab " 3+2+xalxa2+alxa2xal3*a5"2+5*al
xa2”"2%a4+5%al”2%xa3”"2%ad4"2)

*(al)
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*(al)
x(al);

It is also possible to put expressions in the input in factorized form:

Symbols x,v,z;

LocalFactor F = (x+1)* (X+y)x (2+2) "2 ((x+2) % (y+2)) ;
Print;
.sort
Time = 0.00 sec Generated terms = 12
F Terms in output = 12
Bytes used = 448
F =
(1 +x)
* (v + x)
* (2 + z )
* (2 + 2z )
* (4 4+ 2%y + 2*%X + X*y );

id x = -y;
Print;
.sort
Time = 0.00 sec Generated terms = 12
F Terms in output = 8
Bytes used = 300
F =
(1 -y)
* (0)
* (2 + 2z )
*x (2 + z )
* (4 - y"2);

UnFactorize F;

Print;
.end

Time = 0.00 sec Generated terms = 8
F Terms in output = 8
Bytes used = 300
Time = 0.00 sec Generated terms = 2
F Terms in output = 2
unfactorize Bytes used = 84
Time = 0.00 sec Generated terms = 0
F Terms in output = 0
unfactorize Bytes used = 4
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This example shows also that if during further processing a factor becomes
zero, we still keep the expression and the other factors. If, on the other hand, we
unfactorize the expression, we end up with zero of course.

Factorization of $-expressions is yet another case. Here we do not have the
bracket system. Neither do we have the possibility to store the factors as arguments.
On the other hand, we are not limited by the maximum size of terms.

#define MAX "5"

#define TERMS "é6"

#define POW "3"

Symbols al,...,a‘MAX’,Jj;

Off Statistics;

Format NoSpaces;

#do i = 1, ‘MAX’

#$v'i’ = sum (j,1, ‘TERMS’,random_(‘'TERMS’)*\
<al”random (‘POW’)/als>x...*\
<a'‘MAX' “random_ (‘POW’)/a‘MAX’>) ;

#enddo

#SV = <Svl>x...*<SV'MAX’'>;

.sort

#factdollar SV

#write <> "Factors in $V: ‘S$V[0]’'";

Factors in $V: 8
#do 1 = 1,'$Vv[0]”

#write <> " Factor ‘i’: %$",$VI[‘'i’];
Factor 1: a3
#enddo

Factor 2: a3

Factor 3: 6xa3xa4xa5”2+5*a2+ad4”2+alral2+al3+xa5+al”2*a3*ad4 " 2xa5+
4xal”2+«a2+ad4"2+al”"2xa2"2%a3*a4"2

Factor 4: 2xa3”2xad4”2xab5+2*xalxa5+2xal”2+xa3 " 2xad4”2+2%xal”2%a2”
2%xa572+4+xal"2xa2"2xa3xa4"2*xa5"2+al"2*xa2"2«xa3"2xa4%xa5"2

Factor 5: a2

Factor 6: 5xal2xa4+3xa2xa3”2xa4”2+xab+6xalxa2xa5 " 2+5xalxa2xal3”
2%xad4”"2+6xalxa2”2+xa3*xad"2+al"2xa4"2xab

Factor 7: 6xal2xa4”2xaS+4xa2xa3”2+xadxa5"2+4*alxa3”"2xad4”2+al"2x
a3+6xal”2xa3”"2xa5"2+al"2xa2*a5"2

Factor 8: 5xal2xal3xad”2xaS+3xalxa3xad4”2+2xalxa2xad”2+a5+al” 2+
S5xal”2%a2”2+a3*a4*xa5+al”2+a2"2+xa3*a4*xa5"2

.end
3.25 sec out of 3.25 sec

We refer to the factors as if they are array elements. The zero element tells the
number of factors.

Of course $-variables can be used in two ways: during compilation as shown
above, and during execution:

Symbols x,v,z;

CFunction f;

Off Statistics;

Format nospaces;

Local F = £ ((x+y) % (X*y+4%2"2+43%xy*2"4-T*X"2%y) * (X+2)) ;
Print;
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.sort

F=
F(4xy*2"3+43%y 242 544 %X*Z2 " 3+4%X*Y*Z 2+3xX*xyY* 2 5+Xxy 2%2Z
+3%X*Y 2%Z2 4 +4 %X 2% 27 2+X 2%y *Z+3xX " 2xy* 2 4 +X " 2%y "2 -7 X" 2%
YV 2%Z4X 3%y -T*X " 3xy*xZ2-T*X 3%y 2-T*xxX"4xy) ;
id £f£(x?$v) = 1;
FactDollar, Sv;
do $i = 1,s8v[0];

Print " Factor %$$ in $v = %3$",$i,$vI[S$i];

St = nterms_($vI[s$i]);

Print " There are %$ terms in factor %s$",sSt,s$i;
enddo;
.end

Factor 1 in $Sv = z+X
There are 2 terms in factor 1

Factor 2 in SV = 4%27243xy*2 4+Xxy-T*X 2%y
There are 4 terms in factor 2

Factor 3 in $v = y+x
There are 2 terms in factor 3

Here we need an extra supporting facility: the do loop during execution. Its
variable is a $-variable.

Internally the factorization algorithms work only with symbols and numbers.
Yet we may use other objects as well. FORM will replace them temporarily by an
internal set of symbols, called the “extra symbols”. Then, after factorization these
are replaced back. Hence the following example works properly.

Symbols x,v,z;

CFunction f,g;

Off Statistics;

Format nospaces;

Local F = f£((x+y)* (x+g(2)) * (X*xy+4*2"2+3xg(y) *2"4-7*X"2%y) ) ;
Print;

.sort

F=
F(4xxXxy*Z 2+44%X 2% 2" 24X 24y 24X 3xy-T*X " 3%y " 2-TxX " 4*y+
3xg(y) *xX*xy*2"4+3xg (y) *X 2%2"4+3%g (y) *g (2z) *y*z2"4+3xg (y) *
g(z) *x*x2"4+4%g(2) *y*2"2+4%g (2) *x*2"2+g(2) *X*y"2+g (2) *x"2
*Y-T7xg(2) *x 2%y 2-7%g(2) *x"3*Yy) ;

id f£(x?s$v) = 1;
FactDollar, Sv;
do $i = 1,%vI[0];

Print " Factor %$ in $v = %3$",8$i,$vI[S$i];

St = nterms_($vI[s$i]);

Print " There are %$ terms in factor %s$",sSt,sSi;
enddo;
.end

Factor 1 in $v = 4%z 2+xX*y-7+X " 2xy+3*g(y) *xz"4
There are 4 terms in factor 1
Factor 2 in $v = y+x
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There are 2 terms in factor 2
Factor 3 in $v = x+g(z)
There are 2 terms in factor 3

There are more things that can be said about the factorization, but the talks is
supposed to be finite in time.

4 Rational Polynomials

Another important thing that was missing, was the capability to deal with rational
polynomials. This has even led to the introduction of the external channels to use
other programs like FERMAT [6] for this purpose. It would have been nice to
have FERMAT in the form of a library, like zlib (compression) or the GMP [7]
(for multiprecision calculations), but that was not to be. Now we have our own
capabilities.

Symbols x,vy,z,a,b;

CFunction rat;

Format Nospaces;

Local F = asxrat(x+l,y+1l)+axrat (x+z,y+z)+axrat(y+z,y-2);

Print;
.sort
Time = 0.00 sec Generated terms = 3
F Terms in output = 3
Bytes used = 476
F=
rat (1+x,1+y) *a+rat (z+y, -z+y) xa+rat (z+x, z+y) *a;
PolyRatFun rat;
Print;
.end
Time = 0.00 sec Generated terms = 3
F Terms in output = 1
Bytes used = 584
F=

axrat (2xX*y 2-X*xY*Z+X*y-X*2 2-X*Z+Y 3+3%yY 2% 2+2+y " 2+3*y*2
-272,y"3+y"2-yx2"2-2"2) ;

Like many things in FORM this is of course limited to the maximum size of the
terms. If this turns out to be a limitation, there are usually other ways to attack the
problem. In that case the numerators and denominators are very big expressions and
it is better to store them in separate expressions or $-variables. These then can be

used in the new functions gcd_, div_, rem_ to obtain results.

The first application of the rational polynomials was to make a new version of
the Mincer [8] library. This version works exact. This means that it does not use
expansions in €. All e dependence is put inside the rational polynomial. The example
shown is as in Fig. 2.
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Fig. 2 A typical diagram of type BE

<o O O @ X

Fig. 3 The diagrams corresponding to the various master integrals

#include- minceex.h

Off Statistics;

Format nospaces;

.global

L F = Q.072/pl.pl/p2.p2/p3.p3/p4.p4/p5.p5/p6.p6/p7.p7
/p8.p8;

#call integral (be, 0)

Print +f +s;

.sort

F=
+GschemeConstants (0, 0) *xBasicTlIntegralx*
rat (6xep”3-3xep”2,2xep+1)
+GschemeConstants (0, 0) "2+xGschemeConstants (1, 0) %
rat (18xep”2-15+ep+3, 2+xep”2+ep)
+GschemeConstants (0, 0) "2xGschemeConstants (2, 0) %
rat (-128+ep”2+96+ep-16,6xep”2+3*xep)
+GschemeConstants (0, 0) xGschemeConstants (1,0) %
GschemeConstants (2,0)
rat (84xep”2-49xep+7,6*ep”2+3xep)

#call subvalues
“““Answer in the Gscheme
#call expansion (1)
Answer in the Gscheme
Print +f;

.end

F=
-2%ep”-1%x23-3%24+12%x23+46%xep*25+18%ep*z4-32+ep*23;

As is shown above, there are some constants, which are basic one loop integrals
with zero, one or two insertions and there is a two loop integral of type T1 with
one insertion as shown in Fig.3. There is one more constant which is the basic
non-planar integral in three loops.
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The first three integrals are known in terms of I"-functions and can be expanded
as far as wanted/needed.

The T1 integral can be expanded to any precision but that takes more and more
time and runs eventually into the limitation that there are relations between the
Multiple Zeta Values and these are known only to a certain weight [9]. Enough
precision is built in for any practical calculations.

The fifth(NO) integral is more of a problem, but is known to sufficient precision
for even four loop calculations.

The above program shows that this exact treatment is quite good because we do
not have to worry about cancellations of powers of €.

L F1l = GschemeConstants (0,0) "2xGschemeConstants (1,0) %
rat (18+xep”2-15%ep+3,2xep”2+ep) ;

L F2 = GschemeConstants (0,0) "2xGschemeConstants (2,0) %
rat (-128xep”2+96xep-16, 6xep”2+3*ep) ;

L F3 = GschemeConstants (0, 0) xGschemeConstants (1,0) *

GschemeConstants (2,0) *
rat (84+ep”2-49+ep+7,6xep”2+3x€ep) ;

L F4 = GschemeConstants (0,0)*BasicTlIntegralx*
rat (6xep”3-3xep”2,2xep+1) ;

#call subvalues
Answer in the Gscheme
#call expansion (1)
Answer in the Gscheme
Print +f;

.end

F=
-2%ep " -1%x23-3%24+12%x23+46%xep*25+18+ep*2z24-32+ep*23;

Fl=
192+3+ep”-4-18+ep”-3+48+ep”-2-96+ep”-1-18xep” -1x23-27x2z4+
108%z3-384%ep-126+xep*z5+162xep*xz24-288xep*z3;

F2=
-1024/3-16/3%ep”-4+32%ep”-3-256/3xep”-2+512/3xep”-1+256/3
xep”-1x23+128%24-512%23+2048/3xep+1024xep*z5-768xep*z4+
4096/3%ep%z3;

F3=
448/3+7/3xep”-4-14xep”-3+112/3%xep”-2-224/3xep”-1-154/3%
ep”-1%z3-77+24+308%23-896/3xep-546*xep*xz5+462+epxz4-2464/3
*ep*z3;

F4=
-18%ep”-1%2z3-27%24+108%23-306+ep*2z5+162xep*2z24-288xep*2z3;

As one can see, there are quite a few terms cancelling between the terms with
only one loop constants.
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#include- minceex.h

Off Statistics;

Format nospaces;

.global

L F = Q.Q073xQ.p272/pl.pl172/p2.p2"2/p3.p372/p4.p4/p5.p5/

p6.p6/p7.p7/p8.p8;

#call integral (be, 0)

Print +f +s;

.sort

F=

+GschemeConstants (0,0) *BasicTlIntegral+rat (162xep”8+729%
ep”7+1008xep”6+405xep”5-60xep”~4-72xep”3-12+xep” 2, 8xep”4+44
*ep " 3+88%ep 2+76%xep+24)
+GschemeConstants (0, 0) "2+xGschemeConstants (1, 0) xrat (144«
ep”9+960%xep”~8+2418xep”7+3051xep”6+1620xep”5-450xep”4-690*
ep”3-99xep”2+54xep+12,4xep” 7+34xep " 6+118xep 5+214xep 4+
214%ep”3+112xep”2+24%ep)
+GschemeConstants (0, 0) "2«GschemeConstants (2, 0) xrat (-288%
ep”~9-2640xep”8-7486+ep”7-9899+xep”6-5723xep 5+821+ep 4+
2179+ep”3+500%ep”2-112%ep-32,6*ep” 7+51xep " 6+177xep 5+321+«
ep”4+321xep”3+168+ep”2+36xep)
+GschemeConstants (0, 0) xGschemeConstants (1,0) %
GschemeConstants (2,0) xrat (-1296xep”~10+16308*xep”~9+47592*
ep”~8+43275+%ep”~7+2601xep”~6-20189+xep”5-9321xep”4+2300xep” 3+
1490xep”2-84+xep-56,96xep”8+720+xep”7+2088+ep”6+2844xep” 5+
1584+ep”4-180%xep”3-528%ep”2-144+*ep)

7

#call subvalues
“~~“Answer in the Gscheme

#call expansion (1)
“~~“Answer in the Gscheme

Print +f;

.end

F=
-2903/1296-1/18%ep”-2+125/216xep -1-1/3+xep”-1%z3-1/2xz4
-5/18%23+28541/7776xep+23/3xep*xz5-5/12xepxz4+467/108*epxz3;
0.41 sec out of 0.44 sec

The “Mincer Exact” package has been added to the FORM distribution.

5 New Functions

FORM has obtained many new functions. We name them here. Some names are
selfevident:

Random- RanPerm_ Div_ Rem_
Ged_ Inverse._ FirstTerm_ Prime_
ExtEuclidean- MakeRational_ NumFactors._ Content._

ExtraSymbol._
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A number of these functions are designed for use in future packages, like a
package for Grobner bases. Such bases can often be calculated faster when calculus
is over a prime number and in the end the results over several prime number
calculations are combined into a result modulus the product of these numbers.

Making a decent Grobner basis package is a major undertaking. Again the better
packages are not available for inclusion as a library and are part of a commercial
product. There is much heuristics involved to take shortcuts and all of that is kept
secret. This means that one has to develop ones own heuristics. For this reason we
have only been experimenting a little bit with Grobner bases.

Ho
#include- groebner.h

Off Statistics;

ON HighFirst;

.global

Local Polyl = x172 + x2*x3 - 2;

Local Poly2 x172%x3 + X273 - 3;
Local Poly3 = x1%x2 + x372 - 5;

#5n = 3;

#write <> "The input polynomials are:"
Print +f;

.sort

#call groebner (Poly,n)

#write <> "The Groebner basis is:"
Print +f;

.end

The above shows what this should look like from the users perspective. The
output of this program is:

#-

The input polynomials are:

Polyl =
x172 + x2%xx3 - 2;

Poly2 =
x172%x3 + X273 - 3;

Poly3 =
x1xx2 + x372 - 5;

The Groebner basis is:

Polyl =
4093136817253+x1 - 999056107380%xx379 + 3162784725684*x378 +
15617604960159%x3"7 - 52374677099676%x3"6 - 78004955176188%*
X375 + 303405612909504%x374 + 117232980911431%x3"3 -
685255923260685%¥x3"2 - 3397254300818%x3 + 498469518662424;

Poly2 =
30%x3710 - 9%x379 - 570%x378 + 222xx3"7 + 4173%xx376
- 1782%x3"5 - 14569%x374 + 5523%xx373 + 24357xx372
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- 5721%x3 - 15553;

Poly3 =

372103347023%x2 + 159558175470%x379 - 307637902881%x3"8

- 2539999354128%x3"7 + 5261771049639xx376 + 13722480161265%*
X375 - 31064912209032%x3"4 - 27045529790992xx3"3 +
69969321110925%x372 + 14416898137155%X3 - 48858412479378;

0.10 sec out of 0.11 sec

One can see here that this can run out of hand rather quickly. Of course the secret

is in what is in the library groebner.h. It uses a large number of the new functions.
This is for example a routine that defines an S-polynomial:

#procedure Spoly(A,B,S);

*
* Procedure defines the S-polynomial of the two polynomials
* A and B. We work with $’s for the intermediate variables
* because that is faster and that way we have to compute the
* gcd only once and do the divisions only once.
*
#SfirstA = firstterm (‘A’);
#S$firstB = firstterm ('B’);
#Sgcdfirst = gecd ($firstA, $firstB);
#if ( isnumerical ($gcdfirst) )
Local ‘S’ = 0;
#else
#SnfirstA = $firstA/sSgcdfirst;
#SnfirstB = $firstB/sgcdfirst;
Skip;
Local 'S’ = ‘A’xsSnfirstB - '‘B’'xSnfirsta;
#endif
.sort
#endprocedure

Note the use of the functions firstterm. and gcd-. Also the new option
isnumerical in the preprocessor ‘if statement’ is being used. Another routine:

#procedure MakeInteger (IN,OUT)

*

*
*
*

*

Defines the polynomial ‘OUT’ as a multiple of ‘IN’ so that
all its coefficients are integer.

#SMkI = content ('IN’);
#inside S$SMkI

$cMkI = coeff ;
#endinside
Skip;
Drop ‘IN’;
Local ‘OUT’ = ‘IN’/(‘$cMkI’);
.sort

#endprocedure
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Here we use the function content._ to eventually obtain the GCD of the
numerators and the LCM of the denominators.
Now we hope for volunteers to make a good package.

6 Miscellaneous

The parallel versions TFORM and ParPARFORM are both fully functional now. Till
about a year ago ParPARFORM was still missing much of the functionality and was
also not very portable. This has all been rectified. It is part of the open source
distribution. It does however need a proper MPI installation.

One of the complaints in the past was that .sav files of different executables of
FORM were incompatible. This meant that a .sav file generated on one computer
might not be usable on another. Also new versions would often need extra variables
in the .sav file and hence the old files would be useless. Starting with version 4.0
we have made an attempt to solve these problems. The files should now be uniform,
even between 32- and 64-bits versions. In addition we have left much spare space in
the headers to allow for future extensions that would otherwise invalidate old files.

Of course, some files cannot be carried from a 64-bits computer to a 32-bits
computer. If we use x'?**¢, the power is more than the maximum power allowed
for symbols on 32-bits systems (which is 10000). Similarly one can exceed the total
number of different objects used in all expressions together. But those are rather
natural limitations and they would be encountered very rarely.

Checkpoints are selected points in a FORM program from which the program can
be restarted. One can define many such checkpoints but the program will remember
only the last one it has encountered. This facility allows the user to restart the
program when external causes have halted execution, like a power outage. The user
has to define these checkpoints. It is not done automatically.

There is now a forum for FORM users to communicate with each other. To post
on the forum one needs to register. This involves answering an easy question and
then waiting till one of the moderators approves of the registration. This procedure
is needed because of SPAM attacks and organizations having automatic programs
for trying to register on forums like this.

The forum is the proper way to report bugs, to ask questions about installation
and versions, or to ask help with certain features or techniques.

For all features in FORM , TFORM and ParPARFORM holds that we have tried
our best to make them running flawlessly on systems that are available to us. Yet it
is not excluded that on other systems strange things happen. This may be due to
errors in the other systems, unanticipated behaviour, or just insufficiently careful
programming on our side. Whenever such a thing occurs we ask the user to report
the problems by means of the forum.
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7 What Brings the Future?

The one line answer to this question: “Hopefully something spectacular.”

At the moment I have an ERC grantrequest' for a project in which I want
to use game theoretical concepts to solve the systems of recursion relations that
are encountered in multi-loop calculations of all Mellin moments in either DIS or
Drell Yan processes. The idea is to use something called Monte Carlo Tree Search
(MCTS) to work ones way through the enormous number of possibilities to combine
equations in order to find either an acceptable solution, or to find the best among a
large number of solutions.

Indications are that the chance of success for this method is quite good.

The automatic derivation of the formulas would eliminate the most time consum-
ing part of this kind of calculations, even if the derivation by means of MCTS costs
a significant amount of CPU time.

If one can derive solutions automatically and if there is more than one solution
and if the derivation is reasonably fast, one can envision to make solutions that are
optimal for a given diagram. This would make the application of the solution much
faster.

Currently we (mainly Jan) are trying to make a system for rewriting outputs
for numerical programs in a way that takes as few operations as possible. This is
called simplification. At the highest level of optimization this system uses MCTS
to determine a good ordering of the variables in a multivariate Horner scheme. At
the moment we are obtaining exciting results [4, 5] that are considerably better than
with existing systems [10-12]. Applied to the GRACE system for automatic one
loop calculations [13, 14] it gives expressions that are much shorter than what was
available in previous versions. The code will become available in version 4.1 of
FORM, but here is already a small example:

Symbols x,v,2z;

Off Statistics;

Local F = 6%xy*2"2+43%y " 3-3%X*Z2 2+6*%Xxy*Z-3%xX 2*Z2+6*X" 2%y ;
Format O1,stats=on;

Print;

.end
Z1 =y*z;
Z2_= - zZ + 2%Y;
22 _=X%*72_;
Z3_=ZA2 ;
Z1l =22 - Z3_ + 2%Z1_;
Z1_=x%21 ;
Z2_=y"2;
722 =2%7Z3_ + Z2_;
722 _=y*Z2_;

21 =22 + Z1_;

!By now (publication of these proceedings) this request has been approved and the project will
start in July 2013.
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F=3%2Z1_;
**%x STATS: original 1P 16M 5A : 23
**x STATS: optimized OP 10M 5A : 15

The statistics show that we started with 23 operations (one power which counted
double because it was a third power, 16 multiplications and 5 additions) and that we
are left with 15 operations. Note that squares are counted like a single multiplication.
If we run this program with the option O2 we obtain

Z1_=ZA2;
Z2_=2%Y;

723 _=z%722_;

Z2 = - z + Z2_;
72 _=X*72_;
Z2_=722_ - Z1_ + Z3_;
72 _=X*72_;
Z3_=y"2;

Z1 =2%Z1_ + Z3_;
Z1 =y*Z1 ;

Z1 =721 + Z22_;
F=3%2Z1_;

*x% STATS: original 1P 16M 5A : 23
*x% STATS: optimized OP 9M 5A : 14

and with O3 (MCTS) we have

Z1l =X + z;

Z2_=2%Y;

Z3 =722 - X;
Z1_=z%Z3_*Z1_;
Z3_=y~3;

Z2 =x"2%Z2 ;

Z1l =21 + Z3_ + Z2_;
F=3xZ1_;

*x% STATS: original 1P 16M 5A : 23
*x% STATS: optimized 1P 6M 4A : 12

It is possible to obtain an even better decomposition, but this requires simplifi-
cations of the type x> + xz + z2 — (x + z)* — xz which is not within the scope of
the simplifications we apply. Similarly x> + 2xz + z> would not be seen as a square.
Such simplifications require entirely different algorithms which should be executed
before the FORM algorithms are applied.
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Feynman Graphs

Stefan Weinzierl

Abstract In these lectures I discuss Feynman graphs and the associated Feynman
integrals. Of particular interest are the classes functions, which appear in the
evaluation of Feynman integrals. The most prominent class of functions is given
by multiple polylogarithms. The algebraic properties of multiple polylogarithms are
reviewed in the second part of these lectures. The final part of these lectures is
devoted to Feynman integrals, which cannot be expressed in terms of multiple poly-
logarithms. Methods from algebraic geometry provide tools to tackle these integrals.

1 Feynman Graph Polynomials

The first part of these lectures is centred around two graph polynomials. We will
give four different definitions of these two polynomials, each definition will shed a
different light on the nature of these polynomials. The presentation in this section
follows [8].

1.1 Graphs

Let us start with a few basic definitions: A graph consists of edges and vertices. We
will mainly consider connected graphs. The valency of a vertex is the number of
edges attached to it. Vertices of valency 0, 1 and 2 are special. A vertex of valency 0
is necessarily disconnected from the rest of graph and therefore not relevant for
connected graphs. A vertex of valency 1 has exactly one edge attached to it. This
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edge is called an external edge. All other edges are called internal edges. In the
physics community it is common practice not to draw a vertex of valency 1, but just
the external edge. A vertex of valency 2 is called a mass insertion and is usually
not considered. Therefore in physics it is usually implied that a genuine vertex has
a valency of three or greater.

An edge in a Feynman graph represents a propagating particle. The edges are
drawn in a way as to represent the different types of particles. For example, one uses
lines with an arrow for fermions, wavy lines for photons or curly lines for gluons.
A simple line without decorations is used for scalar particles. To each (orientated)
edge we associate a D-dimensional vector g and a number m, describing the
momentum and the mass of the particle. D is the dimensions of space-time.

Vertices of valency n >3 represent interactions of n particles. At each vertex
we have momentum conservation: The sum of all momenta flowing into the vertex
equals the sum of all momenta flowing out of the vertex.

To each Feynman graph we can associate a new graph, obtained by replacing
each propagator of the original graph by a scalar propagator. This new graph is
called the underlying topology. This new graph does no longer carry the information
on the type of the particles propagating along the edges. We will later associate to
each Feynman graph an integral, called the Feynman integral of this graph. It turns
out, that the Feynman integral corresponding to an arbitrary Feynman graph can
always be expressed as a linear combination of Feynman integrals corresponding
to Feynman graphs with scalar propagators. Therefore it is sufficient to restrict
ourselves to the underlying topology and to restrict our study to Feynman graphs
with scalar propagators.

Let us now consider a graph G with n edges and r vertices. Assume that the
graph has k connected components. The loop number / is defined by

l=n—r+k. (D)

If the graph is connected we have [ = n — r + 1. The loop number / is also called
the first Betti number of the graph or the cyclomatic number. In the physics context
it has the following interpretation: If we fix all momenta of the external lines and if
we impose momentum conservation at each vertex, then the loop number is equal
to the number of independent momentum vectors not constrained by momentum
conservation.

A connected graph of loop number 0 is called a tree. A graph of loop number 0,
connected or not, is called a forest. If the forest hast k connected components, it is
called a k-forest. A tree is a 1-forest.

1.2 Spanning Forests

Given an arbitrary connected graph G, a spanning tree of G is a subgraph, which
contains all the vertices of G and which is a tree. In a similar way, given an arbitrary
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D
D

Fig. 1 An example of a Feynman graph and the associated set of spanning trees

connected graph G, a spanning k-forest of G is a subgraph, which contains all the
vertices of G and which is a k-forest.

We have already associated to each edge a momentum vector and a mass. In
addition we associate now to each internal edge e; a real (or complex) variable x;.
The variables x; are called Feynman parameters. For each graph we can define two
polynomials % and . in the variables x; as follows: Let G be a connected graph
and 7] the set of its spanning trees. The first graph polynomial is defined by

7 =3 T]x- @)

This is best illustrated with an example. Figure 1 shows a Feynman graph decorated
with the Feynman parameters x; to xs, as well as the associated set .77 of spanning
trees. For each spanning tree we take the Feynman parameters associated to the
edges not belonging to this spanning tree. Summing over all spanning trees we
obtain for this example

U = X1X2 + X3X4 + X1X3 + X2X4 + X2X5 + X1X5 + X4X5 + X3X5. 3)

% is also called the first Symanzik polynomial of the graph G. In mathematics, the
Kirchhoff polynomial of a graph is better known. It is defined by

a=Y T]x- 4)

The difference between the two definitions is given by the fact that in the case of
 we consider all edges belonging to the spanning tree 7', while in the case of %
we consider all edges not belonging to 7. There is a simple relation between the
Kirchhoff polynomial . and the first Symanzik polynomial % :

%(xl,...,xn)=x1...xn%(i,...,l). (5)

X1 Xn
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Fig. 2 An example of a Feynman graph and the associated set of spanning 2-forests

We now turn to the definition of .%. Let G be a connected graph and % the set of its
spanning 2-forests. An element of .7 is denoted as (77, 7). Let us further denote
by Pz, the set of external momenta of G attached to 7;. We first define a polynomial
eg.o by

7= 3 | T« X X 257 ©)

(1, 7)) €T \ei ¢(T1.T) Pj€Pr; pr€Pr,y

Here, p; - pi is the Minkowski scalar product of two momenta vectors. j is an
arbitrary scale introduced to make the expression dimensionless. .% is defined by

n 2
F=Fo+UY L %)
m

i=1

m; denotes the mass of the i-th internal line. If all internal masses are zero, we have
F = Fy. F is called the second Symanzik polynomial. Again, let us illustrate
the definition of .% with an example. Figure 2 shows a Feynman graph and the
associated set 75 of 2-forests. For simplicity we assume that all internal masses are
zero, therefore we have .# = .%;. In Fig.2 we have labelled the internal edges
with the Feynman parameters x; to x4. The external edges have been labelled with
the external momenta p; to ps. We orientate these edges such that p; to p4 are all
flowing outwards. With this choice momentum conservation reads

p1+p2+p3s+ pis=0. (8)

The Mandelstam variables s and ¢ are defined by

s=(pi+p)’ . t=(p2+p3). )
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From the definition in Eq. (6) we find for the polynomial .% for this example

— —t _pn2 _n2 _n2
F = xzm—(’ui) + x1X3 _(,uz) + X1X4( ’ul:l + XIXZ( ’ul?) + xzxs( If?
)
+X3X4 ( MIZ‘J .

A few remarks on the two Symanzik polynomials are in order: Both polynomials
are homogeneous in the Feynman parameters, % is of degree [, .% is of degree
[ + 1. The polynomial 7/ is linear in each Feynman parameter. If all internal masses
are zero, then also .% is linear in each Feynman parameter. In expanded form each
monomial of % has coefficient +1.

1.3 Feynman Integrals

Feynman graphs have been invented as a pictorial notation for mathematical

expressions arising in the context of perturbative quantum field theory. Each part

in a Feynman graph corresponds to a specific expression and the full Feynman

graph corresponds to the product of these expressions. For scalar theories the

correspondence is as follows: An internal edge corresponds to a propagator
i

7 —m” 1o

an external edge to the factor 1. A vertex corresponds in scalar theories also to
the factor 1. In addition, there is for each internal momentum not constrained by
momentum conservation an integration

dPk
@m)P

(1)

Let us now consider a Feynman graph G with m external edges, n internal edges
and / loops. To each internal edge we associate apart from its momentum and its
mass a positive integer number v, giving the power to which the propagator occurs.
(We can think of v as the relict of neglecting vertices of valency 2. A number v > 1
corresponds to v — 1 mass insertions on this edge). The momenta flowing through
the internal lines can be expressed through the independent loop momenta k1, . . .,
k; and the external momenta py, ..., p,; as

I m

j=1 j=1
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We define the Feynman integral by

]_[lF(vj) 1D/2 : .
p— ]= V
IG——F(U_ZD/Z) /]:[ % 1:[( q}+m2)w, (13)

with v = v; +...+v,. The prefactor in front of the integral is the convention used in
this article. This choice is motivated by the fact that after Feynman parametrisation
we obtain a simple formula. Feynman parametrisation makes use of the identity

-V

o I (v) ( Vl_l)
= — | @ X , (14)
jE[l P; [17 (v)) A/ zljll Z !

i=1

where o is a differential (n — 1)-form given by
" . —_—
w:X:(—l)f_1 Xjdxi Ao ANdxj AL A dXy. (15)

The hat indicates that the corresponding term is omitted. The integration is over
A={x;:x2:...ix] €ePx; =0, 1 <i <n}. (16)

We use Eq. (14) with P; = —¢7 + m?. We can write

Zx,( q; +m?) ZZ" M, sk, +22k 0,—J, 17

j=1 r=1s=1 r=1

where M is al x [ matrix with scalar entries and Q is a [-vector with D-vectors as
entries. After Feynman parametrisation the integrals over the loop momenta ki, . . .,
k; can be done and we obtain

n —
o1\ wv-u+op/2
IG = /C() l—[xj’ W (18)
A J=l1
The functions % and .% are given by

U =de(M), F =det(M)(—J + QM ' Q) /u’. (19)

It can be shown that Eq.(19) agrees with the definition of % and .# given in
Sect. 1.2 in terms of spanning trees and spanning forests. Thus, Eq. (19) provides a
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second definition of the two graph polynomials. Equation (18) defines the Feynman
integral of a graph G in terms of the two graph polynomials %/ and .%. A few
remarks are in order: The integral over the Feynman parameters is a (n — 1)-
dimensional integral in projective space P"~!, where n is the number of internal
edges of the graph. Singularities may arise if the zero sets of %7 and .% intersect the
region of integration. The dimension D of space-time enters only in the exponents
of the integrand and the exponents act as a regularisation.

1.4 The Laplacian of a Graph

For a graph G with n edges and r vertices define the Laplacian L [38,42] as a
r X r-matrix with

L > xx ifi = j and edge ey is attached to v; and is not a self-loop,
R - > xi ifi # j and edge e, connects v; and v;.

We speak of a self-loop (or tadpole) if an edge starts and ends at the same vertex.
In the sequel we will need minors of the matrix L and it is convenient to introduce
the following notation: For a r x r matrix A we denote by Ali1, ..., ik; ji,-- -, jk]
the (r — k) x (r — k) matrix, which is obtained from A by deleting the rows
i1, ..., ix and the columns ji, ..., jx. For A[iy, ..., ix;i1,...,ix] we will simply
write A[iy, ...,Ir]. The matrix-tree theorem relates the Laplacian of a graph to its
Kirchhoff polynomial:

# = det L[i]. (20)

A generalisation by the all-minor matrix tree theorem [13, 14, 31] leads to the
following expressions for the graph polynomials % and .%,: Starting from a graph

G with n internal edges, r internal vertices (v, . .., v,) and m external legs, we first
attach m additional vertices (Vy+1, ..., Uy4m) to the ends of the external legs and
then associate the parameters z;, ..., 2, with the external edges. This defines a new

graph G. We now consider the Laplacian L of G and the polynomial
WXty oo X020y, 2m) = det I:[r +1,...,r +m]. 21)
We then expand % in polynomials homogeneous in the variables z;

W =04y
r® = N X)) 2z (22)

(15 Jk
1<ji<.<jk<m
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Fig. 3 Examples of graphs
containing a self-loop (left) or
a bridge (right)

self-loop bridge

We then have

027/(0)’
1 1
%le...xn%(}))(—,...,—) for any j,
D \x Xn
3%=x1...x,,Z(pJ—2m)-W((?,){)(—,...,—). (23)
G~ M M n

This provides a third definition of the Feynman graph polynomials % and .%. This
formulation is particularly well suited for computer algebra.

1.5 Deletion and Contraction Properties

Let us now consider a recursive definition of the two graph polynomials based on
deletion and contraction properties. We first define a regular edge to be an edge,
which is neither a self-loop nor a bridge. In graph theory an edge is called a bridge,
if the deletion of the edge increases the number of connected components. Examples
for graphs containing either a self-loop or a bridge are shown in Fig. 3. For a graph
G and a regular edge e we define

G/e tobe the graph obtained from G by contracting the regular edge e,
G — e to be the graph obtained from G by deleting the regular edge e.  (24)
The operations of deletion and contraction are illustrated in Fig. 4. For any regular
edge e, we have
U(G) = U(Glex) + xi% (G — ex),
Fo(G) = Fo(G/ex) + xk Fo(G — ex). (25)
The recursion terminates when all edges are either bridges or self-loops. These
graphs are called terminal forms. If a terminal form has r vertices and / (self-) loops,
then there are (r — 1) “tree-like” propagators, where the momenta flowing through
these propagators are linear combinations of the external momenta p; alone and

independent of the independent loop momenta k ;. The momenta of the remaining /
propagators are on the other hand independent of the external momenta and can be
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Fig. 4 A graph G, together with the graph G —e, where the edge e has been deleted and the graph
G /e, where the edge e has been contracted

taken as the independent loop momentak;, j = 1,...,[. Let us agree that we label
the (r — 1) “tree-like” edges from 1 to r — 1, and the remaining / edges by r, ...,
n withn = r + [ — 1. We further denote the momentum squared flowing through
edge j by qu-. For a terminal form we have

r—1 2

U = Xp...Xn, ﬂozx,....anxj (—2]) (26)
. M
=1

Equation (25) together with Eq.(26) provides a fourth definition of the graph
polynomials %/ and .%.

Let e, and ej, be two regular edges, which share a common vertex. We have the
following factorisation theorems:

2
U (G/ea—ey) U (Gfey —ea) = U (G —ea = ey) U (Gleafer) = (xA;b) ,

U (G/ea —en) Fo (Glep — ea) — U (G — ea — ep) Fo (G/ea/en)
+F0(G/ea —en) U (G/ep — ea) — Fo (G —ea —ep) U (G/ea/er) =

2( : ) ( : )
. 27
XqXp XaXp

A; and A, are polynomials in the Feynman parameters and can be expressed as
sums over 2-forests and sums over 3-forests, respectively [8]. If for all external
momenta one has

(i, - Pin) - (Pis - piy) = (Piy - Pis) - (Piy * Piy) » (28)

then

A 2
T (G/ea — ) Fo (GJey — ea) = Fo (G — ea — ey) Fo (GJea)y) = (x ;b) '

The factorisation theorems follow from Dodgson’s identity [15, 48], which states
that for any n x n matrix A one has

det (A) det (A[i, j]) = det (A[i]) det (A[j]) — det (A[i: j]) det (A[j:i]). (29
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We recall that

Ali] is obtained from A by deleting the i -th row and column,
Ali; j] is obtained from A by deleting the i-th row and the j-th column,

Ali, j] is obtained from A by deleting the rows and columns i and ;.

The first formula of Eq. (27) is at the heart of the reduction algorithm of [11, 12].

2 Multiple Polylogarithms

Let us come back to the Feynman integrals defined in Eq. (18). A Feynman integral
has an expansion as a Laurent series in the parameter ¢ = (4 — D)/2 of dimensional
regularisation:

00
Ig = Z Cjé‘j. (30)

j==2

The Laurent series of an /-loop integral can have poles in ¢ up to the order (2/).
The poles in ¢ correspond to ultraviolet or infrared divergences. The coefficients c;
are functions of the scalar products p; - px, the masses m; and (in a trivial way)
of the arbitrary scale p. An interesting question is, which functions do occur in the
coefficients ¢;.

2.1 One-Loop Integrals

The question, which functions occur in the coefficients ¢; has a satisfactory answer
for one-loop integrals. If we restrict our attention to the coefficients ¢; with j <
0 (i.e. to c—», c—1 and cyp), then these coefficients can be expressed as a sum of
algebraic functions of the scalar products and the masses times two transcendental
functions, whose arguments are again algebraic functions of the scalar products and
the masses.

The two transcendental functions are the logarithm and the dilogarithm:

L) =Y % — —In(1 —x),
n=1

X n

Lixx) = i_z G1)

n=1
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2.2 The Sum Representation of Multiple Polylogarithms

Beyond one-loop an answer to the above question is not yet known. We know
however that the following generalisations occur: From Eq. (31) it is not too hard
to imagine that the generalisation includes the classical polylogarithms defined by

Lin(x) = Y ’f—m (32)
n=1

However, explicit calculations at two-loops and beyond show that a wider generali-
sation towards functions of several variables is needed and one arrives at the multiple
polylogarithms defined by Goncharov [22,23] and Borwein et al. [9]

oo xnl xnk
Li Xox) =y LS
ml,...,mk( 1 xk) }’llml }’lkmk (33)

ny>ny>..>nE>0

Methods for the numerical evaluation of multiple polylogarithms can be found in
[44]. The values of the multiple polylogarithms at x; = ...x;x = 1 are called
multiple ¢-values [6,9]:

o0

. 1 1
Empoeme = Ly (L1 D) = > e e (34)
n ny

ny>ny>..>np>0

Important specialisations of multiple polylogarithms are the harmonic polyloga-
rithms [21, 36]

Hypom (x) =Lip, o (x,1,...,1), (35)
N —

k—1

Further specialisations leads to Nielsen’s generalised polylogarithms [34]

Spp(x) =Liygr,. (e, 1,...,1). (36)
——

p—1

2.3 The Integral Representation of Multiple Polylogarithms

In Eq. (33) we have defined multiple polylogarithms through the sum representation.
In addition, multiple polylogarithms have an integral representation. To discuss
the integral representation it is convenient to introduce for zx # 0 the following
functions
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y tk—1
dt dt dt
G(zl,...,zk;y)zf ! / 2 / k. (37)
h—zu h—2 te — 2k
0 0 0

In this definition one variable is redundant due to the following scaling relation:

Gz, ..oz y) = G(xzr, ... X2k xy) (38)
If one further defines g(z; y) = 1/(y — z), then one has
d
EG(Z],...,Zk;y) = g(z1;9)G(z2, ..., 23 Y) (39)

and
y
Gletzn. 2t y) = /dr 2@ )G (o 21 1). (40)
0

One can slightly enlarge the set and define G(0,...,0; y) with k zeros for z; to
Zr to be

1
G(,...,0;y) = o (In y)*. (41)

This permits us to allow trailing zeros in the sequence (zi,...,zx) by defining
the function G with trailing zeros via Egs. (40) and (41). To relate the multiple
polylogarithms to the functions G it is convenient to introduce the following short-
hand notation:

Guyoom 1y 23Y) = G(0,...,0,z1, .., 2k—1,0...,0,2¢5 ) (42)
—— ———
mp—1 myg—1
Here, all z; for j = 1,..., k are assumed to be non-zero. One then finds
. 1 1 1
lel ..... mk(-xls---s-xk) - (_l)kal ..... mj (_s LI 71) (4’3)
X1 X1X2 X1 ... Xk

. Z Zk—
G @112 ) = (=DF Ly, (1, —1—‘) NCEY
2 2 Zk
Equation (43) together with Egs. (42) and (37) defines an integral representation for
the multiple polylogarithms. As an example, we obtain from Egs. (43) and (38) the
integral representation of harmonic polylogarithms:
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Hpp oo (X) = (=D Gy (1, 11 %) . (45)
The function Gy, m, (1, ..., 1; x) is an iterated integral in which only the two one-
forms
dt dt
= —, = — 46
W= @1 = (46)

corresponding to z = 0 and z = 1 appear. If one restricts the possible values of z
to zero and the n-th roots of unity one arrives at the class of cyclomatic harmonic
polylogarithms [1].

2.4 Shuffle and Quasi-shuffle Algebras

Multiple polylogarithms have a rich algebraic structure. The representations as
iterated integrals and nested sums induce a shuffle algebra and a quasi-shuffle
algebra, respectively. Shuffle and quasi-shuffle algebras are Hopf algebras. Note
that the shuffle algebra of multiple polylogarithms is distinct from the quasi-shuffle
algebra of multiple polylogarithms.

Consider a set of letters A. The set A is called the alphabet. A word is an ordered
sequence of letters:

W:lllz...lk. (47)

The word of length zero is denoted by e. Let K be a field and consider the vector
space of words over K. A shuffle algebra .o/ on the vector space of words is
defined by

(hlyo o l) - k-2 L) = Z lotylo@) -+ oy (48)
shuffles O

where the sum runs over all permutations o, which preserve the relative order of
1,2,...,kandof k +1,...,r. The name “shuffle algebra” is related to the analogy
of shuffling cards: If a deck of cards is split into two parts and then shuffled, the
relative order within the two individual parts is conserved. A shuffle algebra is also
known under the name “mould symmetral” [16]. The empty word e is the unit in
this algebra:

e-w=w-e=w. (49)
A recursive definition of the shuffle product is given by

(Wl b)) ksr - L) = L[ D) - (leer -2 1))
Fhrr [Qily oo ) - (kg -2 1)) (50)
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It is a well known fact that the shuffle algebra is actually a (non-cocommutative)
Hopf algebra [37]. In a Hopf algebra we have in addition to the multiplication and
the unit a counit, a comultiplication and a antipode. The unit in an algebra can
be viewed as a map from K to A and multiplication in an algebra can be viewed
as a map from the tensor product A ® A to A (e.g. one takes two elements from
A, multiplies them and gets one element out). The counit is a map from A4 to K,
whereas comultiplication is a map from 4 to A ® A. We will always assume that
the comultiplication is coassociative. The general form of the coproduct is

Aa) =Y a" ®a?, (51)
i

where afl) denotes an element of A appearing in the first slot of 4 ® A and afz)
correspondingly denotes an element of A appearing in the second slot. Sweedler’s
notation [39] consists in dropping the dummy index i and the summation symbol:

Afa) = aW @ a® (52)

The sum is implicitly understood. This is similar to Einstein’s summation conven-
tion, except that the dummy summation index i is also dropped. The superscripts (!
and ? indicate that a sum is involved. Using Sweedler’s notation, the compatibility
between the multiplication and comultiplication is expressed as

Aa-b) = (aV-pV)® (a? - b?). (53)
The antipode S is map from A to A, which fulfils
aV - S (a?) =58 (aV)-a® =e-é(a). (54)

With this background at hand we can now state the coproduct, the counit and the
antipode for the shuffle algebra: The counit e is given by:

ée)=1, eb...1,) =0. (55)

The coproduct A is given by:

=~

Ahl .. 1) =Y (i1 k)@ (h...1;). (56)

j=0
The antipode S is given by:
Shb...I) = (=D Lli—y ... L. (57)

The shuffle algebra is generated by the Lyndon words. If one introduces a
lexicographic ordering on the letters of the alphabet A, a Lyndon word is defined
by the property w < v for any sub-words u# and v such that w = uv.
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tq t t1

to

Fig. 5 A shuffle algebra follows from replacing the integral over the square by an integral over
the lower triangle and an integral over the upper triangle

An important example for a shuffle algebra are iterated integrals. Let [a, b] be a
segment of the real line and fj, f,...functions on this interval. Let us define the
following iterated integrals:

b 1 T—1
I oo friab) = / dt, fi () / di filts) ... / dic /i) (58)

For fixed @ and b we have a shuffle algebra:

I(fi, fos s fisa,b) - I(fitas. .., fria,b) = Z I(frr(l)afo(2)a---afrr(r);a,b),

shuffles 0

(59)

where the sum runs over all permutations o, which preserve the relative order of
1,2,...,kandof k + 1,...,r. The proof is sketched in Fig. 5. The two outermost
integrations are recursively replaced by integrations over the upper and lower
triangle. The definition of multiple polylogarithms in Eq.(37) is of the form of
iterated integrals as in Eq. (58). Therefore it follows that multiple polylogarithms
obey a shuffle algebra. An example for the multiplication is given by

G(z1:9)G(z2:y) = G(z1,22:¥) + G(z2, 215 ¥)- (60)

Let us now turn to quasi-shuffle algebras. Assume that for the set of letters we have
an additional operation

(L) A®A— A,
L®lh— (1), (61)

which is commutative and associative. Then we can define a new product of words
recursively through

(1112 . Zk) % (Zk+1 .. .lr)
=0l D) * Uggr oo A+ e [Gila e D) * (kg2 -2 )]
+( e+ ) [ L) * (lka . 1)) (62)
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This product is a generalisation of the shuffle product and differs from the recursive
definition of the shuffle product in Eq. (50) through the extra term in the last line.
This modified product is known under the names quasi-shuffle product [25], mixable
shuffle product [24], stuffle product [9] or mould symmetrel [16]. Quasi-shuffle
algebras are Hopf algebras. Comultiplication and counit are defined as for the shuffle
algebras. The counit e is given by:

ée)=1, ehb...1,) =0. (63)

The coproduct A is given by:

k
Ahly .. 1) =Y (i1 k)@ (h...1;). (64)

Jj=0

The antipode S is recursively defined through
k—1
Shhy...k)y=—=hly..lk =Y S (1. L) = (L...1;). S(e)=e. (65
j=1

An example for a quasi-shuffle algebra are nested sums. Let n, and nj; be integers
with n, < ny and let f1, f5,...be functions defined on the integers. We consider the
following nested sums:

i1—1 Ir—1—1

S foreoos snamy) = D filin) Y i) ... Y filin).  (66)

i1=nq ir=ng ik=nq

(The letter S denotes here a function, and not the antipode.) For fixed n, and n; we
have a quasi-shuffle algebra:

S(flvav"'vfk;nasnb) * S(fk-‘rlv"'v_fr;navnb) =
Y AG) S(fu- fiinaiv =D % S(fipro... fring.it — 1)

i1=ngy

+ Y KD S fooeeos frinas i = 1) % S(fiwas s frina, ji— 1)

J1=nq

+ Zﬁ(l)fk(l) S(fz,...,fk;l’la,i_1)*S(fk+2,...,ﬁ;na,i_l)

i=ng,

(67)



Feynman Graphs 397

Fig. 6 A quasi-shuffle algebra follows from replacing the sum over the square by a sum over the
lower triangle, a sum over the upper triangle and a sum over the diagonal

Note that the product of two letters corresponds to the point-wise product of the two
functions:

(fir 13) (n) = fi(n) f; (n). (68)

The proof that nested sums obey the quasi-shuffle algebra is sketched in Fig. 6. The
outermost sums of the nested sums on the .h.s of (67) are split into the three regions
indicated in Fig. 6. The definition of multiple polylogarithms in Eq.(33) is of the
form of nested sums as in Eq. (66). Therefore it follows that multiple polylogarithms
obey also a quasi-shuffle algebra. An example for the quasi-shuffle multiplication is
given by

Liml (xl)Limz (xz) = Liml,mz (-xl l} x2) + Limz,ml (-x29 xl) + Lim1+m2 (xlxz)* (69)

2.5 Mellin-Barnes Transformation

In Sect. 1.3 we saw that the Feynman parameter integrals depend on two graph poly-
nomials % and .%, which are homogeneous functions of the Feynman parameters.
In this section we will continue the discussion how these integrals can be performed
and exchanged against a (multiple) sum over residues. The case, where the two
polynomials are absent is particular simple:

n 1)
vi—l _ J=
/a) jljlxj ST . ) 70

A

With the help of the Mellin-Barnes transformation we now reduce the general case
to Eq. (70). The Mellin-Barnes transformation reads

1 1 100 100
A+ Ay +...+A4,)° = —_— doi ... do,—
(A1 + A2+ ...+ Ay) F(c)(zm‘)”_l_/ 0l / On—1
—100

—i00
xI'(=01)...T(=0y—1)T (01 + ... + 0y +¢) AT . AT A O 7017
(71)
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Each contour is such that the poles of I"(—0o) are to the right and the poles of I"(c +
c) are to the left. This transformation can be used to convert the sum of monomials of
the polynomials % and .% into a product, such that all Feynman parameter integrals
are of the form of Eq. (70). As this transformation converts sums into products it is
the “inverse” of Feynman parametrisation. With the help of Eq. (70) we may perform
the integration over the Feynman parameters. A single contour integral is then of the
form
+ioo
1 / GF(o+a1)...F(o+am)F(—o+b1)...F(—o+bn)x
'o+c)..I'(c+cp) I'(—0+dy)...I'(—o +d,)

—0

(72)

The contour is such that the poles of I'(o + a1), ..., I'(0 + a,,) are to the right of
the contour, whereas the poles of I"(—o + by), ..., I'(—o + by,) are to the left of the
contour. We define

a=m+n—-p—q, pf=m-n—p+gq,

m n » q
A =Re Zaj—i-ij—ch—Zdj —%(m—i—n—p—q). (73)
j=1 =1

J=1 J=1

Then the integral Eq.(72) converges absolutely for « > 0 [17] and defines an
analytic function in

|arg x| < min (71, (x%) . (74)

The integral Eq. (72) is most conveniently evaluated with the help of the residuum
theorem by closing the contour to the left or to the right. Therefore we need to know
under which conditions the semi-circle at infinity used to close the contour gives a
vanishing contribution. This is obviously the case for |x| < 1 if we close the contour
to the left, and for |x| > 1, if we close the contour to the right. The case |x| = 1
deserves some special attention. One can show that in the case 8 = 0 the semi-circle
gives a vanishing contribution, provided A < —1. To sum up all residues which lie
inside the contour it is useful to know the residues of the Gamma function:
1 )n (_ l)ll

res (I'(0 +a),0 =—a—n) = (_—‘, res (I'(—o +a),0 =a+n)=— T
n! n!

In the general case, the multiple integrals in Eq.(71) lead to multiple sums over
residues.
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2.6 Z-Sums

The multiple sums over the residues can be expanded as a Laurent series in the
dimensional regularisation parameter €. For particular integrals the coefficients of
the Laurent series can be expressed in terms of multiple polylogarithms. To see this,
we first introduce a special form of nested sums, called Z-sums [29, 30,45, 46]:

n

Z(n;my,...,ME; X1, ..., Xk) = Z

i1>ip>...>0; >0

i iy
X1 X
—,lml .

(75)

i

k is called the depth of the Z-sum and w = m; + ... 4+ my is called the weight. If
the sums go to infinity (n = 00) the Z-sums are multiple polylogarithms:

Z(ocosmy, ... ,mi; X1, ..., Xk) = Lip . m (X1, ..., Xk). (76)
For x; = ... = x; =1 the definition reduces to the Euler-Zagier sums [5,7, 18,43,
47]:
Znymy,....m;1,...,1) = Zy, . m, (). )
Forn = oo and x; = ... = x; = 1 the sum is a multiple {-value:
Zocosmy,...,mi; 1, .00 1) = Cuyomy - (78)

The Z-sums are of the form as in Eq. (66) and form therefore a quasi-shuffle algebra.
The usefulness of the Z-sums lies in the fact, that they interpolate between multiple
polylogarithms and Euler-Zagier sums. Euler-Zagier sums appear in the expansion
of the Gamma-function:

I'n+¢e)=T1+¢el(n)
X[l +€Zl(}1 — 1) +€2211(H — 1) +83Z“1(H — 1) + ... +€"_1211m1(n — 1)] .
(79)
The quasi-shuffle product can be used to reduce any product
Z(nsmy,...;x1,...) - Z(msml,.ooxy, ) (80)
of Z-sums with the same upper summation index n to a linear combination of

single Z-sums. The Hopf algebra of Z-sums has additional structures if we allow
expressions of the form [30]

xg
anZ(n;ml,...,mk;xl,...,xk), (81)
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e.g. Z-sums multiplied by a letter. Then the following convolution product

n=l_; n—i

N I Zi-1) A Zn—i— 1) (82)
im (n—1i)ym

i=1

can again be expressed in terms of expressions of the form (81). In addition there is
a conjugation, e.g. sums of the form

_Z(’;)(—nf f—;za;...) (83)
i=1

can also be reduced to terms of the form (81). The name conjugation stems from
the following fact: To any function f(n) of an integer variable n one can define a
conjugated function C o f(n) as the following sum

C = -1 f(@@).

o f(n) Z(i )( D' £(Q) (84)
i=1

Then conjugation satisfies the following two properties:

Col=1,
CoCo f(n) = f(n). (85)

Finally there is the combination of conjugation and convolution, e.g. sums of the
form

n—1 i
—Z(’;)(—l)i f—mza;...) o A=) (86)
i=1

can also be reduced to terms of the form (81).
With the help of these algorithms it is possible to prove that the Laurent series in
¢ of specific Feynman integrals contains only multiple polylogarithms [3].

3 Beyond Multiple Polylogarithms

Although multiple polylogarithms form an important class of functions, which
appear in the evaluation of Feynman integrals, it is known from explicit calculations
that starting from two-loop integrals with massive particles one encounters functions
beyond the class of multiple polylogarithms. The simplest example is given by
the two-loop sunset diagram with non-zero masses, where elliptic integrals make
their appearance [28]. Differential equations provide a tool to get a handle on these
integrals [2,19-21,26,27,33,35].
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3.1 The Two-Loop Sunset Integral with Non-zero Masses

In this subsection we review how ideas of algebraic geometry can be used to
obtain a differential equation for the Feynman integral [32]. We first focus on the
example of the two-loop sunrise integral. The two-loop sunrise integral is given in
D-dimensional Minkowski space by

de1 dez 1
F(3—D) in? in? k%—i—m%)(—k%—}—m%)(—k%—}-m%)’
(87)

S(D.p?) =

with k3 = p — k; — k,. Here we suppressed on the 1.h.s. the dependence on the
internal masses mj, m, and m3 and on the arbitrary scale w. It is convenient to
denote the momentum squared by ¢ = p?. In terms of Feynman parameters the
integral reads

3-3D
S(D.1) = /w%— (89)

F3-D ’
A

where the two Feynman graph polynomials are given by
F = [—xixox3t + (xim] + xom3 + x3m3) U | W2, U = X130 + X2X3 + X3

It is simpler to consider this integral first in D = 2 dimensions and to obtain
the result in D = 4 — 2¢ dimensions with the help of dimensional recurrence
relations [40, 41]. In two dimensions this integral is finite, depends only on the
second Symanzik polynomial .%# and is given by

SQ.1) = / % (89)
A

From the point of view of algebraic geometry there are two objects of interest in
Eq. (89): On the one hand the domain of integration A and on the other hand the
algebraic variety X defined by the zero set of .# = 0. The two objects X and A
intersect at the three points [1 : 0 : 0], [0 : 1 : 0] and [0 : O : 1] of the projective
space IP2. This is shown in Fig.7 on the left. We blow-up P? in these three points
and we denote the blow-up by P. We further denote the strict transform of X by
Y and the total transform of the set {x;x,x3 = 0} by B. With these notations we
can now consider the mixed Hodge structure (or the motive) given by the relative
cohomology group [4]

H?>(P\Y,B\BNY). (90)
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Fig. 7 The intersection of y
the domain of integration A
with the zero set X of the
second Symanzik polynomial
(left) and the elliptic curve
y2 =x3—x + 1 (right)

In the case of the two-loop sunrise integral considered here essential information on
H?(P\Y, B\BNY)is already given by H'(X). We recall that the algebraic variety
X is defined by the second Symanzik polynomial:

—X1X2X3t + (xlm% + xzmg + xgmg) (x1x2 4+ x2x3 + x3x1) = 0. (29

This defines for generic values of the parameters ¢, m, m, and m3 an elliptic
curve. The elliptic curve varies smoothly with the parameters ¢, m, m, and ms.
By a birational change of coordinates this equation can brought into the Weierstrass
normal form

22— x> —ar()xz? —asz(t)2 = 0. (92)

The dependence of a, and as on the masses is not written explicitly. In the chart
z = 1 this reduces to

y?2—x* —ar(t)x —asz(t) = 0. (93)

The curve varies with the parameter . An example of an elliptic curve is shown
in Fig.7 on the right. It is well-known that in the coordinates of Eq.(93) the
cohomology group H'(X) is generated by

dx d
= —and = —1. 94
n y =" 94)
Since H'(X) is two-dimensional it follows that ij = j—;n must be a linear

combination of 7 and 7. In other words we must have a relation of the form

po@)i] + pi(t)n + p2(t)n = 0. 95)
The coefficients po(t), p1(t) and p,(¢) define the Picard-Fuchs operator

d2

L® = 1) —
po( )dtz

d
+ Pl(I)E + pa2(t). (96)
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Applying the Picard-Fuchs operator to our integrand gives an exact form:

Lo (%) — dg. 97)

The integration over A yields

s = [ap= [ (9%8)
A A
The integration of § over dA is elementary and we arrive at

d? d
[po(t)ﬁ @+ pz(t)} S (2,1) = ps(0). (99)

This is the sought-after second-order differential equation. The coefficients are given
in the equal mass case by Laporta and Remiddi [28] and Broadhurst et al. [10]

po(t) =1t (t —m?) (t —9m?) pa(t) =t —3m?,
pi(t) = 312 —20tm> + 9m*, p3(t) = —6u>. (100)

The coefficients for the unequal mass case can be found in [32].

3.2 Differential Equations

The ideas of the previous subsection can be generalised to arbitrary Feynman
integrals. For a given Feynman integral let us pick one variable ¢ from the set of
the Lorentz invariant quantities (p; + pi)? and the internal masses squared ml2 Let
us write

n gyv—U+1D/2

vi—1
j=1

The subscript ¢ indicates that @, depends on ¢ through .%. The Feynman integral is
then simply

Ig = /a)t (102)

A
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We seek an ordinary linear differential equation with respect to the variable ¢ for the
Feynman integral /5. We start to look for a differential equation of the form

LPw, = dB, (103)
where
) - ,d J
LY = E pi | W — 104
= J ( dt) (104)

is a Picard-Fuchs operator of order r. Suppose an equation of the form as in
Eq. (103) exists. Following the same steps as in Sect. 3.1 we arrive at

LG = //3. (105)
A

The right-hand side corresponds to simpler Feynman integrals, where one propa-
gator has been contracted. The coefficients of the Picard-Fuchs operator and the
coefficients of the form  can be found by solving a linear system of equations [33].
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