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Kurzfassung 1I

Kurzfassung

In dieser Arbeit prisentieren wir das Computeralgebra Paket HarmonicSums und
dessen theoretischen Hintergrund fiir die Verarbeitung von harmonischen Summen und
damit verbundenen Objekten wie zum Beispiel Euler-Zagier Summen und harmonis-
che Polylogarthmen. Harmonische Summen und verallgemeinerte harmonische Sum-
men treten als Spezialfille der sogenannten d’Alembert Losungen von Rekurrenzen
auf. Wir zeigen, dass die harmonischen Summen eine quasi-shuffle Algebra bilden und
préasentieren eine Methode zum Auffinden algebraisch unabhéngiger harmonischer Sum-
men. Auflerdem definieren wir eine Differentiation auf den harmonischen Summen iiber
eine Erweiterung der Mellin Transformation. Dabei treten neue Relationen zwischen
den harmonischen Summen auf. Zusétzlich stellen wir einen Algorithmus vor, der be-
stimmte verschachtelte Summen in Ausdriicke bestehend aus harmonischen Summen
umschreibt. Durch nicht triviale Beispiele illustrieren wir, wie diese Algorithmen in
Zusammenarbeit mit dem Summationspaket Sigma die Berechnung von Feynmaninte-

gralen unterstiitzen.
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Abstract

In this work we present the computer algebra package HarmonicSums and its theoretical
background for the manipulation of harmonic sums and some related quantities as
for example Euler-Zagier sums and harmonic polylogarithms. Harmonic sums and
generalized harmonic sums emerge as special cases of so-called d’Alembertian solutions
of recurrence relations. We show that harmonic sums form a quasi-shuffle algebra
and describe a method how we can find algebraically independent harmonic sums. In
addition, we define a differentiation on harmonic sums via an extended version of the
Mellin transform. Along with that, new relations between harmonic sums will arise.
Furthermore, we present an algorithm which rewrites certain types of nested sums into
expressions in terms of harmonic sums. We illustrate by nontrivial examples how these
algorithms in cooperation with the summation package Sigma support the evaluation

of Feynman integrals.
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Notations VI

Notations

N N ={1,2,...}, natural numbers

Z integers

Q rational numbers

R real numbers

Sar,as,... (1) harmonic sum; see page 3

Zaras,...(n)  Euler-Zagier sum; see page 5

Hyn, ms,.. ()  harmonic polylogarithm; see page 29

Sp(n) the set of polynomials in the harmonic sums with integer indices; see page 14
S(n) the set of polynomials in the harmonic sums; see page 15
T, an ideal of Sp(n); see page 14

T an ideal of S(n); see page 15

L the shuffle product; see pages 8 and 18

* the quasi-shuffle product; see page 9

A* the free monoid over A; see page 7

At the set of non-empty words over A; see page 8

R(A) the set of non-commutative polynomials over R; see page 7

Lyndon(A)  the Lyndon words over A; see page 8

() {(w) gives the length of a word w
Iy the number of Lyndon words; see page 16
sign() sign(a) gives the sign of the number a

| | |w| gives the degree of a word e; |a| is the absolute value of the number a

A a A'b = sign(a)sign(b)(|a| + |b]); see page 4

w(n) the Mobius function; see 16

Cn (n is the value of the zeta-function at n

part(a) see page 61

rev(a) see page 61

1, a vector of length n where all components are 1
0n a vector of length n where all components are 0
M (f(x),n)  the Mellin transform of f(x); see page 43

M (f(x),n) the extended Mellin transform of f(x); see page 43
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Chapter 1

Introduction

Multiple harmonic sums, see e.g., [5, 41] and Nielsen-type integrals, associated to them
by a Mellin transform, emerge in perturbative calculations of massless or massive single
scale problems in quantum field theory; for more details how these sums emerge we refer,
i.e., to [8]. Due to the complexity of higher order calculations the knowledge of as many
as possible relations between the finite harmonic sums is of importance to simplify the
calculations and to obtain as compact as possible analytic results. The multiple finite

harmonic sums Sy, 4,,....a, (1) defined as

sign(a1)®  sign(ay)™
S(ll,m:ak (n) = Z .|a1| e .|ak‘ (11)
n>i>io>->i>1 U 4>

yield a very convenient description for these field theoretic quantities [6].

Harmonic sums form a quasi-shuffle algebra [19, 20, 21] and the algebraic relations of
the harmonic sums are well known [5]. The number of the respective basis elements
are counted by the Lyndon words. All further relations between the nested harmonic
sums are called structural relations. They result from the mathematical structure of
these objects beyond that given by their indices [6, 8, 7].

In physical applications [11, 4, 5, 12, 6] an analytic continuation of the nested harmonic
sums is required and eventually one has to derive the complex analysis for nested
harmonic sums. In passing, n takes values n € Q and n € R, which leads to new
relations [6]. Considering n € Q leads, e.g., to half-integer relations, while considering
n € R will allow us, e.g., to differentiate with respect to n and so new structural
relations will arise.

Multiple harmonic sums can be represented in terms of Mellin integrals [41, 11], in fact
they are the Mellin transforms of harmonic polylogarithms [33], which belong to the
Poincaré iterated integrals see [31, 24]. This fact allows us to establish a differentiation
on the harmonic sums.

The package HarmonicSums tries to combine all these features and generalizes some

aspects to Euler-Zagier sums and S-sums (see [28]). Besides basic operations such
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as multiplication and evaluation of harmonic sums, harmonic polylogarithms, Euler-
Zagier sums and S-sums it provides procedures to compute the Mellin and the inverse
Mellin transform, to differentiate harmonic sums and to find algebraic and structural
relations. Tables of these relations are provided and procedures to apply these relations
are included in the package HarmonicSums.

With the package Sigma [36] we can simplify nested sums such that the nested depth
is optimal and the degree of the denominator is minimal. This is possible due to a
refined summation theory [39, 37| of II¥-fields [22]. The package HarmonicSums finds
sum representations of such simplified nested sums in terms of harmonic sums as much
as it is possible.

The remainder of the thesis is structured as follows: In Chapter 2 harmonic sums and
similar structures are introduced. We show that harmonic sums form a quasi-shuffle
algebra and we show the connection to Lyndon words. Finally, we outline a way how
we can find algebraic relations between harmonic sums and how we can apply these
relations. While Chapter 2 only deals with algebraic relations we introduce harmonic
polylogarithms in Chapter 3, which leads to differentiation of harmonic sums via
Mellin-transform. Along with that new relations, structural relations will pop up.
Chapter 4 deals with half-integer relations between harmonic sums and in Chapter 5
we show how a certain kind of nested sums can be rewritten in terms of harmonic sums.
In the last chapter we give a nontrivial example to illustrate how these algorithms in
cooperation with the summation package Sigma support the evaluation of Feynman

integrals.

Acknowledgments. This diploma thesis was supported by the SFB grant F1305 and
the grant P20347-N18 of the Austrian FWF.

I would like to thank C. Schneider for supervising this work and his support. In
addition I would like to thank J. Bliimlein for his helpful suggestions and comments.

In particular it was an exciting experience to be invited at DESY, Zeuthen.
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Chapter 2

Algebraic Relations between

Multiple Harmonic Sums

In this section we will define harmonic sums and relate to them the Euler-Zagier sums.
In the following we will rely on the fact that harmonic sums form a quasi-shuffle algebra.
Quasi-shuffle algebras are connected to the free polynomial algebra on the Lyndon
words. It will turn out that the number of Lyndon words allows one to determine
the number of algebraically independent harmonic sums (in the context of quasi-shuffle
algebras) and gives at least an upper bound for the number of algebraically independent
harmonic sums (considered as sequences). In the end of this chapter we will present
a way how we can derive these algebraically independent harmonic sums following the

ideas from [5].

Definition and Product of Harmonic Sums

We start by defining multiple harmonic sums; see, e.g.,[5, 41].

Definition 2.1.1. For k € N, n € Z and a; € Z/{0} with 1 <i <k,

Stn) = {1, n>0

0, n <0,

sign(a i .
Sar,mar(n) = ZQSCLQ,-MC%(Z);

Jlat]
=1 L

k is called the depth and w = |a1| + - - - + |ag| is called the weight of the harmonic sum

Sar,....ar (n). Note that an equivalent definition is given in (1.1).

Notation 2.1.2. Sometimes we will write Sy, aza5.--a),(n) instead of Sa; as.as,....ax (M)-
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Figure 2.1: Sketch of the proof of the multiplication of harmonic sums (compare [28]).

As we will see later in Section 2.3 harmonic sums obey an algebra. In this algebra the
following property is crucial: a product of two harmonic sums with the same upper

summation limit can be written in terms of single harmonic sums: for n € N,

" sign(ap)® . .
Surran (1) % Sy () = 3 SEMO) g )% S (i)

Z|‘11|
=1

“~ sign(by)’ . .
+ Z W‘Salv s () * Sy, b, (1)
=1
sign(a; * b1 . .
- Z Z‘a1|+‘bl| Sag,...,ak (Z) * sz,...,bl (Z)ﬂ (21)

here * means the usual multiplication. The proof of equation (2.1) follows immediately

from

ZZ“U _Zzaw +Zzaw Za“’

i=1 j=1 =1 j=1 j=11i=1

for a graphical illustration of the proof see Figure 2.1. As a consequence, any product
of harmonic sums can be written as a linear combination of harmonic sums by iterative

application of (2.1). We give an example for the product of two harmonic sums.

Example 2.1.3. Forn > 0,

Sa1 (n) * Sb1,~~~,bl (n) = Sal,bl7~~~7bz (n) + Sb1,a1,b2,~~~7bz (n) et Sb17527~--’bl’al (n)
—SaiAbiba,enb () =+ = Sty b, a1 Abm (M) (2.2)

Here the symbol N is defined as

a N b = sign(a)sign(b)(|a| + [b]).

Using the package HarmonicSums in Mathematica we can do this automatically:

HarmonicSums session.

inf1:= S[1,4,n] S[2,-3,n]//LinearExpand
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ouf)=  S[3,—7,n] — S[1,2,—7,n] — S[1,6,—3,n] — S[2,—4,4,n] — S[2,1,—7,n] — S[3,-3,4,n] —
8[3743 —3,7’L]+S[1,2,—374,TL]+S[1,2,4, _37’”}—’_8[17472’ —3,n]+S[2,—3,1,4,n]+S[2,1,—3,4,n]—|—
S[2,1,4, —3,n]

Notation 2.1.4. As it turns out later, the following modified notation (also used in
[41]) for multiple harmonic sums will be useful. In this notation we will only allow the
indices 1, 0, and —1. An index zero which is followed by an index that is nonzero means

that 1 should be added to the absolute value of the nonzero index. So for example:

50,0,1,0,-1,0,0,0,1(n) = S3,-2,4(n)

We will refer to this modified notation as the expanded version.

Using the modified notation it is quite easy to calculate the number N (w) of multiple
harmonic sums for a given weight w. Since the length of the index set in the expanded
version is exactly the weight of the harmonic sum, we have to consider all possible index
sets of length w. Each index except the last can take the three values 1, 0, and —1.
The last index can just be 1 or -1. Hence we get the following formula, compare [41]
or [5]:

N(w) =2 31

Euler-Zagier Sums

Now we define in a similar way the so called Euler-Zagier sums, see [45, 17] or compare
[28]:

Definition 2.2.1. For k€ N, n € Z and a; € Z/{0} with 1 <i <k,

Zn) = {1, n>0

0, n <0,

n

sign(ay )’ ;
Zay,...ay, (n) = Z &Zammak (i—1).

Jlat]
-1

Again k is called the depth and w = |a1| + - - - + |ag| is called the weight of the Euler-

Zagier sum Zg, 4, (n). An equivalent definition is given by

sign(a1)®  sign(ay)™
Zay.ap(n) = Z o e (2.3)
n>ip>ip>>ip>1 1 Uk
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The product for these sums can be expanded with the formula

n

sign(ay)° . .
Za1,..-,ak (n) * Zb1,..-7bz (n) = Z Wzaz,..-,ak (Z) * th---,bz (l)
i=1
" sign(by)’
1 . .
+ Z Wzalwwak (1) * Zby,... (1)
i=1
n . ;
sign(ay * by)" . .
+ Z Wza27---yak (©) * Zby,.. 5, (1) (24)
i=1

Again we can perform this expansion using the package HarmonicSums:

HarmonicSums session.

in2:= Z[1,4,n] Z[2,-3,n]

outPl= Z[3,—-7,n] + Z[1,2,—7,n] + Z[1,6,-3,n] + Z[2,—4,4,n] + Z[2,1,-7,n] + Z[3,-3,4,n] +
703,4,—3,n] + Z[1,2,-3,4,n] + Z[1,2,4,-3,n] + Z[1,4,2,—-3,n] + Z[2,-3,1,4,n] +
2(2,1,-3,4,n] + Z[2,1,4, —3, 7]

Multiple harmonic sums and Euler-Zagier sums are closely related. In particular, we

can easily convert them from one representation to the other one, compare [28]. Namely

by using
n . c o1 —1 . ;
sign(ay)" sign(az)™ :
Sa17--~(n) = E Jaq] E, Jaz] Sag,,.,(ZQ)
i1=1 1 io=1 2

+Sa1/\a2,a3,... (n)7

we can recursively convert multiple harmonic sums to Euler-Zagier sums. Similarly one

can exploit

" sign(a1)t o~ sign(an)” .
Za17"'(n) - Z a1 Z |az] Za3""’(z2_1)
i1=1 1 io=1 2

_Zal/\a27a37--~(n)7
in order to convert Euler-Zagier sums to multiple harmonic sums.
Example 2.2.2. Forn € N,

5173,4(71) = Zg(n) + Z1,7(n) + Z474(n) + 21,374(?”0),
Zl73,4(n) = Sg(n) — 5’1,7(n) — S4,4(n) + 5173,4(n).
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The package HarmonicSums provides procedures for these conversions:

HarmonicSums session.

in@3:= ZToS[Z[1, 3, 4, n]]

outBl= S[8,n] — S[1,7,n] — S[4,4,n] + S[1, 3,4, n]

in4:= SToZ[S[1, 3, 4, n]]

outihl= Z[8,n] + Z[1,7,n] + Z[4,4,n] + Z[1, 3,4, n]

The Shuffle and the Quasi-shuffle Algebra

In Section 2.4 we present the algebra of multiple harmonic sums, but first we have to
give some basic definitions; in particular, we will introduce the shuffle and the quasi-

shuffle algebra.

Definition 2.3.1 (Graded algebra). A graded algebra over a ring! R is an R-algebra

FE that has a direct sum decomposition

E=PE=Eobhebd
i

such that for any v € E;, and y € E; we have vy € F;1j, i.e., E;E; C E;; and such
that for any r € R and x € E; we have rx € E;, i.e., RE; C E;.

Definition 2.3.2 (Non-commutative Polynomial Algebra). Let A be a totally ordered,
graded set. The degree of a € A is denoted by |a|. Let A* denote the free monoid over
A, ie.,

A* ={a1---apla; € A,n > 1} U{e}.

We extend the degree function to A* by |ajas - - an| = |a1| + |ao| + -+ + |an| for a; € A
and |e| = 0. Let R 2 Q be a commutative ring. The set of non-commutative polynomials

over R is defined as

R(A) = { Z TW

weA*

Tw € R, 74 = 0 for almost all 'w} .

Throughout this thesis we assume that all rings and fields contain Q. The ground field, denoted by
K and the ground ring, denoted by R, are always commutative.
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Addition in R (A) is defined component wise and multiplication is defined by
Zaww~ Z bpw = Z( Z ayby)w.

Remark 2.3.3. We refer to elements of A as letters and to elements of A* as words.
We call € the empty word. The length of a word w = ajas. ..ay is denoted by {(w) = k.
The set of non-empty words is denoted by A™.

Definition 2.3.4 (Shuffle algebra). On A*, the free monoid over A, we define the
shuffle product as follows. If

Uu=aay...ag and ’l):blbg...bl
N—— ——

Uy U1
then
ule = u,
uwv = ap-(wwo)+by - (uwwvy).

This product is extended to R (A) by linearity.

Remark 2.3.5. It is an easy exercise to verify that (R (A), w) is an associative, com-

mutative and graded K-algebra, which is in the following called the shuffle algebra.

Lydon words

Suppose now that the set A of letters is totally ordered by <. We extend this order to

words with the following lexicographic order:

{ u< w for v € AT and u € A*,

wiaiwe < wiasws, ifa; < ag foray,as € A and wy, we, w3 € A*.

Definition 2.3.6. For a word w = pxs with p,x,s € A*, p is called a prefiz of w if
p # € and any s is called a suffix of w if s # €. A word w is called a Lyndon word if
it is smaller than any of its suffizes. The set of all Lyndon words on A is denoted by
Lyndon(A).

Note that any word w € A* can be factorized uniquely in a lexicographically decreasing
product of Lyndon words [3, 25, 14]. Therefore it can be written as w = l’f ‘e lfc’“,
where ; € Lyndon(A) and I; > [ if i < j. The following theorem was first obtained by
Radford [32] a proof can be found in [34]:
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Theorem 2.3.7. The shuffle algebra (R (A), w) is the free polynomial algebra on the
Lyndon words, i.e., (R(A), w) ~ (R[Lyndon(A)], w).

In other words, any non-commutative polynomial in R (A), can be expressed uniquely

as a commutative polynomial on the Lyndon words.

Notation 2.3.8. For w € A* and i € N we use the abbreviation

w = wwww ... ww.
| S — . ——

i times

We can use the following lemma to rewrite each word as a commutative polynomial of
Lyndon words, see [32] or [3].
Lemma 2.3.9. Let w= lil1 e l;j be a word, where by, ..., € Lyndon(A) with l; > 1;

ifi<jandiq,..., i € N. The polynomial Q. = 1/(i1!---ik!)l'1""i1Lu Lul,';"'i’“ can be

written as w4+ Ry, where Ry, contains only words whose weights are equal to the weight

of w and which are smaller than w (with respect to our lexicographic order).

Example 2.3.10. Let w = babab, where a < b. Obuviously, w is not a Lyndon word.

Using the lemma above recursively, we get

1
w= ibLLICLbLLQ + 12aabbb + 4ababb — 2abbwiab — 2bw aabb.

The Quasi-Shuffle Algebra

We define a new multiplication * on R (A) which is a generalisation of the shuffle
product, by requiring that x distributes with the addition. We will see that this product
can be used to describe properties of harmonic sums. In [21] (see also [19, 20]) there is a

similar construction which for example gives rise to properties of Euler-Zagier sums.

Definition 2.3.11 (Quasi-shuffle product). * : R(A) x R{(A) — R(A) is called
Quasi-shuffle product, if it distributes with the addition and

exw = w+e=w, forall we A,

auxbv = a(ux*v)+bluxv)—[a,b(uxwv), forall a,b € A;u,ve A", (2.5)
where [-,] : Ax A — A, (A= AU{0}) is a function satisfying

S0. [a,0] =0 for all a € A;

S1. [a,b] = [b,a] for all a,b € A;

S2. [la,b],c] = [a,[b,c]] for all a,b,c € A; and

S3. Either [a,b] = 0 or |[a,b]| = |a| + |b| for all a,b € A.
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Note that the quasi-shuffle product gives rise to various applications by defining ex-
plicit functions [-, -] accordingly. In Section 2.4 we exploit this construction to handle

harmonic sums properties.

Theorem 2.3.12. (compare [21]) (R (A),*) is a commutative graded algebra.

Proof. 1t is enough to show that the operation * is commutative, associative and adds
degrees. For commutativity we have to show w; * we = ws *x wy for any words w;
and wy. We proceed by induction on ¢(w;) + ¢(ws). Since there is nothing to prove if
either w; or we is empty, we can assume that there are letters a, b so that w; = au and

wy = bv. Then (2.5) together with the induction hypothesis gives

wy *x wy — wo x w; = —[a,b](uxv) + [b,a](v*u),

and the right-hand side is zero by the induction hypothesis and (S1). For associativity
we have to prove (w; * wo) * w3 = wp * (we * ws) for any words wy, wy and ws.
We proceed by induction on ¢(w) + ¢(w2) + ¢(ws). Since there is nothing to prove if
O(wy) + £(we) + £(ws) < 3 or either wy, we or ws is empty, we can assume that there
are letters a, b, ¢ so that w; = av;, we = bvy and w3 = bvs. Then the following holds
by using (S2), distributivity, the induction hypothesis and (2.5):

(wi xw2) *ws = (a(vr *bvg) + blavy * v2) — [a, b](v1 * v2)) * cvs
= a((v1 * bve) * cvz) + c(a(vy * bva) * v3) — [a, c]((v1 * bve) x v3)
+b((av1 * v2) * cv3) + c(b(avi * v2) x v3) — [b, c]((av1 * v2) * v3)
—[a, b]((v1 * v2) * cvs) — c([a, b](v1 * v2) * v3) + [[a, b], c]((v1 * v2) * v3)
= a(v * (bve x cv3)) + c((av1 * bv2) x v3) — [a, c](v1 * (bvz x v3))
+b(avy * (va x cvs)) — [b, c](avy * (va * v3)) — [a, b](v1 * (v2 * cvs))
+la, [b, c]](v1 * (v2 * v3))
= a(vi * (b(ve * cv3))) + a(v1 * c(bve * v3)) — a(vr * [b, c](v2 * v3))
+c(avi * (bve * v3)) — [a, c](v1 * (bva x v3)) + blawvy * (v2 * cv3))
—[b, c](avyr * (v2 * v3)) — [a, b](v1 * (v2 * cvs3)) + [a, [b, c]](v1 * (v2 * v3))

= av; * (b(v2 * cvz) + c(bva * v3) — [b, c](v2 * v3)) = Wi * (w2 * w3).

To show that * adds degrees it suffices to show |w; * wa| = |w;| + |wa|. We apply
again induction on ¢(w;) + ¢(we). Since there is nothing to prove if either w; or ws is
empty, we can assume there are letters a,b so that w; = au and wy = bv. Recall that
lau| = |a| + |u|, see Definition 2.3.2. By (2.5) we get

|wy * wa| = |a(wx* bv) + blau x v) — [a, b](u* v)]|.

By (S3) and the induction hypothesis the right-hand side is smaller or equal to |w| +
|w. O
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Similar to [21] we proceed by defining an isomorphism p(w) : R(A) — R(A), see
Theorem 2.3.15. In order to accomplish this task, we will use the following notation
which extends the operation [,-] as follows. Define inductively [S] € A for any finite
sequence S of elements of A by setting [a] = a for a € A and setting [a, S| = [a, [S]] for
any a € A and sequence S of elements of A. We get the following proposition [21]:

Proposition 2.3.13. (i) If [S] =0, [S'] = 0 whenever S is a subsequence of S’.
(i) [S] does not depend on the order of the elements of S.

(iii) For any sequences S1 and So, [S1 U Sa] = [[S1], [S2]] where S1 U Sy denotes the

concatenation of sequences S1 and Ss.

(iv) If [S] # 0, then the degree of S is the sum of the degrees of the elements of S.
Proof. (i), (i), (iii), (iv) follow from (S0), (S1), (S2), (S3) respectively. O

A composition of a positive integer n is a sequence I = (i1, 19, ..., 1)) of positive integers
such that i; +i2 + ... + i = n. We call k = ¢(I) the length of I and write C(n) for
the set of compositions of n. As in [21], compositions act on words via [-, -] as follows.

For any word w = ajas - - - a,, and composition I = (iy,i9,...,1) € C(n), set

I[w] = [ala s aail][ai1+17 s 7ai1+i2] to [ai1+“'+ik,1+1> s 7an]'

Now let p(w) : R(A) — R (A) be the linear map with ¢(e) = € and

plw) = Y

(11,..,0) €C (L(w))

(_l)é(w)fk

PR (i1 ... i) [w)] (2.6)

for any nonempty word w. There is an inverse 1 of ¢ given by

bw= Y (i) (2.7)

(itsin)eCe(w)) 1R

for any word w, and extended to R (A) by linearity; this follows by taking f(¢) =
1-&=1-37 O > # in the following Lemma. (f~1(t) = log({;) =

n=0 n! n=
Oof - )
2 n= n

Lemma 2.3.14. (see [21]) Let f(t) = a1t +ast® +ast> ... be a function analytic at the
origin, with a1 # 0 and a; € R for all i, and let f=1(t) = byt + bot?> + bst>... be the
inverse of f. Then the map Vs : R(A) — R(A) given by

Uy (w) = > iy iy - g, T[] (2.8)
I=(i1,...,i5) EC(£(w))
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for words w, and extended by linearity, has the inverse \11]71 = W1 given by

Uy (w) = > bi i, - - by, I[w]. (2.9)
I=(i1,...,ix) EC(£(w))

Theorem 2.3.15. ¢ is an isomorphism of (R (A),w) onto (R(A),*) (as graded k-
algebras).

Proof. We follow the proof of [21, Thm. 2.5]. From the Lemma 2.3.14 ¢ is invertible.
From Proposition 2.3.13(iv) and (2.6) it follows that |@(w)| < |w|. Similar, for the
inverse we have |[¢(w)| < |w| and thus |p(w)| = |w| = |¢(w)|. To show that ¢ is a
homomorphism it suffices to verify that p(vww) = ¢(v) * p(w) for any words w, v. Let
v=aj---ay and w=b; ---b,. Evidently both, ¢(vww) and ¢(v) * p(w) are sums of

rational multiples of terms generated by
[Sl (] Tl][SQ LJ TQ] ce [Sl U Tl] (210)

where the S; and T; are sequences of a1, ..., a,, and by, ..., b,, respectively, such that
1. for each 4, at most one of the S; and T; is empty; and

2. the concatenation S1S5:...95; is the sequence ai,...,a,, and T17T5...T; is the

sequence by, ..., by,.

Now the term generated by (2.10) arises in ¢(v) * o(w) in only one way. The absolute
value of the coefficient of the term given by (2.10) in ¢(v) * p(w) is

1
(length S7)!(length S5)!... (length S;)!(length T1)!(length T5)!... (length T;)!"

To determine the sign of the coefficient, let v; be the word in ¢(v) and let w; be the
word in p(w) such that (2.10) is a word in vy * w;. Let x, y be the lengths of w; and

v respectively. The sign is given by the following ingredients:
e the sign of v; in p(v) which is (—1)™"%;
e the sign of w; in ¢(w) which is (—1)"7Y;

e the sign of (2.10) in v * w; which is (—1)@+¥) L,
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Hence the coefficient of the term produced by all possibilities of (2.10) in ¢(v) * p(w)

1S:

(_1)m+n—l
(length S7)!(length S2)!. .. (length S;)!(length T1)!(length T3)!... (length T;)!"

On the other hand, the generation of a term as in (2.10) arises in p(vww) from

length S; LU T1\ (length So LI Th length S; LT\

< length S >< length S > ( length S5; > B
(length Sy UTy)!- - (length S; LU Tp)!

(length S1)!... (length S;)!(length T7)!... (length 77)!

distinct terms of the shuffle product vw w, and after application of ¢ each such term

acquires a coefficient of

(71)m+n—l
(length S UTy)!--- (length S; U Tp)!

This proves that p(vww) = p(v) * p(w). O

It follows from Theorems 2.3.7 and 2.3.15 that (R (A), ) is the free polynomial algebra

on the elements {p(w)|w is a Lyndon word}. In fact the following is true:

Theorem 2.3.16. The quasi-shuffle algebra (R (A), %) is the free polynomial algebra
on the Lyndon words, i.e., (R(A),*) ~ (R[Lyndon(A)], w).

Harmonic Sums as Quasi-Shuffle Algebra and Unique

Representations

Subsequently, we specialize the Quasi-shuffle algebra from Definition 2.3.11 in order to

model the harmonic sums accordingly. We consider the alphabet
A, ={1,2,3,4,...},

and define the degree of a letter n by |n| = n. We order the letters by n < m for all
n,m € N, with the usual order n < m and extend this order lexicographically. Now
we define [a,b] = a + b for all a,b € A and [a,0] = 0 for all a € A,. This function
obviously fulfills (S0)-(S3) and therefore (R (A,),*) with (2.5) is the free polynomial
algebra on the Lyndon words by Theorem 2.3.16. The harmonic sums defined in (2.1),

where we only consider positive integers in the index set, are completely specified by a
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word w € A and the upper summation limit. E.g., the formula for the multiplication

of harmonic sums given in (2.1) is identical to * with [a,b] = a + b:
Sav(n) * Spw(n) = Sa(vrbw) () + Sp(avww) (1) = S(ab)(veaw) (1)
Here we need the following definition.
Definition 2.4.1. Let a,b e A*. If
axb=cdi+ - +cndy,
for d; € A*,c; € R then we define

Sa*b(n) = clSdlx + -+ Cdem (n)

Summarizing, the harmonic sums with indices in the natural numbers form a quasi
shuffle algebra.

We are now considering the following set:
Sp(n) ={q(Sa;,...,5,) | forallr eN; ay,...,a, € A"; g € Rlzy,...,z,]}. (2.11)

Sp(n) forms a commutative ring with infinitely many variables. In addition, we define
the ideal Z,, on Sy(n) :

Ip = {Sav(n)sb’w(n) - Sa(v*bw) (n) + Sb(av*w) (n) - S(a/\b)(v*w) (n) |CL, beN;v,we N* } :
(2.12)
Note that
Sp(n)/Ip = R(A)

by construction. In particular, the linear expansion of a € S,(n) into harmonic sums

gives a unique representation of a+Z,. We remark that it has been shown in [27] that
R(A4) 2 Sy(n)/ ~

where a(n) ~ b(n) < Vk € Na(k) = b(k),i.e., the quasi-shuffle algebra is equivalent to

the harmonic sums considered as sequences.

We now consider the alphabet
A={-1,1,-2,2,-3,3,-4,4,...}.

We define the degree of a letter |+n| = n for all n € N, so in each degree there are two
letters. We order the letters by —n < n and n < m for all n,m € N with n <m, and
extend this order lexicographically. We define [a, b] = sign(a)sign(b)(|a| + [b]) = a A D
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for all a,b € A and [a,0] = 0 for all @ € A. This function obviously fulfills (S0)-(S3)
and therefore (R (A) , x) with (2.5) is the free polynomial algebra on the Lyndon words.
The harmonic sums defined in (2.1) (now we allow negative indices) are completely

specified by a word w € A* and the upper summation limit.

E.g., we observe that the formula for the multiplication of harmonic sums given in (2.1)
is identical to * with [a,b] = a A b:

Sa'v(n) * Sbw(n) = Sa('v*bw) (n) + Sb(av*w) (n) - S(a/\b)(v*w) (n)a

subsequently, we will write Sq(n)Sp(n) instead ofSq(n) * Sp(n) for any index sets a, b.

Summarizing, the harmonic sums with indices in Z/{0} form a quasi shuffle algebra.

We are now considering the following set:
Sn) ={q(Say,...,5,. )| foralreN; aj,...,a, € A*; ¢ € Rlxy,...,2,]}. (2.13)
Moreover, we define the ideal Z of S(n) by

1:= {Sav(n)sbw(n) - Sa(v*bw) (n) + Sb(av*w) (n) - S(a/\b)(’u*w) (n) |a7 beZ;v,we (Z/{O})*} :
(2.14)
Note that
S(n)/T = R(A)

by construction. In particular, the linear expansion of a € S(n) into harmonic sums
gives a unique representation of a +Z. To our knowledge it has not been shown so far
that

R(A)=S8(n)/ ~
where a(n) ~ b(n) < Vk € Na(k) = b(k). Nevertheless, we strongly believe in this fact;

see also Remark 2.5.1.

Example 2.4.2. Let A = S13(n)Sa(n) and B = S3(n)2S1(n) + S2(n)Ss(n) —
S2(n)S2.1(n). In S(n)/I we can test equality as follows. Using the product formula

we get

A= —8174(’&) — S&Q(TL) + 2517272(71) + 527172(77,)
B = —5174(71) — Sg,z(n) + 251,272(71) + 527172(71),

thus A is equal to B.
If we expand all products, the number of sums which are contained in the expression will

grow relatively fast. In the previous example the expanded version of the expressions

contains 4 sums, while there are just 2 in A. This tends to be even worse if we deal
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with sums of higher weight or depth. Subsequently, we will introduce another way to
handle the problem of unique representations such that the canonical representation of
the expression is as small as possible (small with respect to a certain order, which has
to be defined). We will attack this problem in Section 2.6.

The Number of Lyndon Words or Basic Sums

Subsequently, we will count the algebraic independent sums in S,(n)/Z, respectively
S(n)/Z which we also call basic sums. In the light of Theorem 2.3.16 this is connected
to the number of Lyndon words. The number of Lyndon words of length n over an
alphabet of length ¢ is given by the first Witt formula [43, 44, 34]:

= % > u(d)g', (2.15)

dn

where
1 ifn=1

un) =< 0 if n is divided by the square of a prime
(—=1)* if n is the product of s different primes.

is the Mobius function.

As we would like to count the number of basic sums for all sums of a given index set
individually, this relation cannot be used: we have to count the number of Lyndon
words belonging only to this index set. The respective number has been given in the

same paper as the second Witt formula,

ln(n, .. Z,u 1.)'(;)| n:an (2.16)

d\n (F) k=1

&\3

here n; denotes the multiplicity of the indices that appear in the index set. For more

details on these aspects we refer to [34]. In other words, by Theorem 2.3.16 and with

the number of algebraic independent sums in S,(n)/Z, or in Sy(n)/ ~ (considered as

sequences) for a given index set is

(2! g
ln(ng,.. Z,u %, n:an (2.17)

d\n 7 ( d ) k=1
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Number of
Weight || Sums | a-basic sums || Sums —={—1} | a-basic sums
1 2 2 1 1
2 6 3 3 2
3 18 8 7 4
4 54 18 17 7
) 162 48 41 16
6 486 116 99 30
7| 1458 312 239 68
8 || 4374 810 77 140

Table 2.1: Number of harmonic sums and number of sums which do not contain the
index {—1} in dependence on their weight; respectively, the numbers of basic
sums (a-basic sums) by which all sums can be expressed using the algebraic
relations; compare also [5, 8.

again n; denotes the multiplicity of the indices that appear in the index set. Moreover,

the number of algebraic independent sums in
S(n)/T = R(Z/{0})

for a given index set is

a3

ln(nl,...,nq)::lZu(d)'(.M', n=3 n (2.18)

D ) P

As pointed out, e.g., in [5, 6] the number of algebraic independent sums can be sum-

marized in Table 2.1.

Remark 2.5.1. In the difference field setting of 11X-fields one can verify algebraic
independence of sums algorithmically for a particular given finite set of sums; see [38].
We could easily verify up to weight 7 that the figures in Table 2.1 are correct, interpreting
the objects in S(n)/ ~ i.e., as sequences. Nevertheless, unless we do not have a
rigorous proof for S(n)/Z = S(n)/ ~, we can only assume that the figures in Table 2.1

give an upper bound.

Deriving of Relations between Harmonic Sums

In order to express the harmonic sums of a given depth in terms of a minimal set of

harmonic sums, we will determine all algebraic relations of the harmonic sums up to
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weight 7 following the ideas from [5]. We define the shuffle product on harmonic sums

in the obvious way:

Szw(n) ‘—USbw(n) = Sa('vLlew) (n) + Sb(a'vLLJ'w) (n)v (2'19)

for all a,b € A and v, w € A*.

As an example we state

Say a3 (n)w Sag,aq (n) = Say,a2,a3,a0 (M) + Sa1,a3,02,04 (n) + Sa1,a3,a4,a2 (n) +

as3,a4,a1,a2 (n) + Sas,a1,a4,a2 (n) + Sas,a1,a2,a4 (n).

n

We get the following relations listed up to depth 4, for further relations up to depth 6

see [5]:
Depth 2
0= Sﬂl (n) L Sa’z (n) - Sal Aag (n) - Sﬂl (n)Saz (n)
Depth 3
0= Sa1 (n) LL’SU‘210'3 (n) - Slll/\azq% (n) - Sazqal/\ll?, (n) - Sal (n)Sazv% (n)

Depth 4

0 = Sal (TL)LI_ISGQ,%,M (n) - Sal/\”'2va37”'4 (n) - Sa27ﬂ1/\a37a4 (n) - Sa27a3val/\a4 (n)

_Sal (n)Sa21a37a4 (n)
0 = Saiae, (n)'-USaath (n) + Saynag,aznay (n) — Sa1,a5 (1) Saz,04 (n) — Sainag,az,a4 (n)

—Sa1nag,aq,az (n) — Sa1,a2haz,a4 (n) — Sa1,a3,a2na4 (n) — Sag,a1Aaq,az (n)

—Saz,a1,a9Aa4 (n)

As observed in [11] and worked out in detail in [5] these relations in combination with

the Witt formula enable us to hunt systematically for all algebraic relations in S(n)/Z.

Example 2.6.1. We now consider the case of harmonic sums of depth 3 as an example.
We start with 3 different indices. There exist 6 different sums of this type:

Say,az,a3 ()5 Say az,a2 ()5 Sag.a1,a5(M)s Sagaz,a1 (M) Sas,ar,a2 (M) Sas,az.ar (1)
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Now we use the relation we obtained for sums of depth 3 and apply it for all 6 permu-
tations of the 8 indices. This leads to the following system of equations:

Sar,a0,a3 (M) + Sas,a1,a3 (M) + Sas,az,ar () = Sa1(n)Sa2,a3(n) + Saz,a1ra3(n) + Saira2,a3(n)
Say,az,as (M) + Sag.ar,a(M) + Sasan,a; (M) = Sa1(n)Sas,a2(n) + Sas,aina2(n) + Saines,q2(n)
Say,az,a3(M) + Sayaz,a0(M) + Sag,ar,a(M) = Sa2(n)Sat,a3(n) + Sat,a2ra3(n) + Saine2,e3(n)
Sas,az,a1 (M) + Sag,ar,a(M) + Saz,an,a1 (M) = Sa2(n)Sas,a1(n) + Sas,aine2(n) + Sa2ras,q1(n)
Sar,as,a3 (M) + Say,ag,a2 (M) + Saz,ar,as(n) = Sa3(n)Sa1,e2(n) + Sa1,a2/a3(n) + Sairas,a2(n)
Sas,ar,a3 (M) + Sas,az,a1 (M) + Saz,as,a () = Sa3(n)Sa2,a1(n) + Sa2,a1ra3(N) + Sazras,a1(n)

which is equivalent to:

101100 Salaa2 as (n) Sal (n)Sa2 a3 (n) + Sa2,a1Aa3 (TL) + Sa1/\a2 as (n)
0100 11 Sayaz,a2(n) Say(n)Saz,az(n) + Saz.a1haz () + Sayrag.az (1)
111000 Sﬂzval as (n) _ Saz (n)Sﬂl a3 (n) + SﬂlvazA% (n) + Sa1/\a2 as (n)
0001 11 Saz,az,a1 (n) Sa, (n)Sa% a1 (n) + Saz,a1haz (n) + Saznaz,ar (n)
110 0 1 0 Sanal az (’I‘L) Sas (n)Sal az (n) + Salva2/\a3 (n) + S‘ll ANagz,a2 (n)
001 101 Sﬂs az,;a1 (n) SaB (n)Sﬂ2 ai (n) + Sa2,a1 Nag (TL) + Saz/\GB ay (n)

Since the rank of this linear system is 4, all sums with 8 different indices can be expressed
by two chosen sums of depth 3 and sums of lower depth. To be more precise, solving
this system leads to

n) + (n) = Say (n)Sasz,a2 (1) + Sag,a2,a1 (1),
1) + Sag,a1raz (1) + Say ( (n) — Sag,a1,a2 (M) — Sag,a2,a1 (1),
) — Saynas,as (1) — Sas(1)Say as () + Say (1)Sa; a5 () + Sas,aq,a0 (1),
) — Sas ( (n) + Sas.a1ra5 (M) + Say (1) Saz,as(n)

+Sag,a1 Az (n) + Sa, (n)Sa3,a2 (n) — Sag,a1,a2 (n) — Sag,az,a1 (n)

- al az/Nag as( ) at, az(n) SaS ayAaz

(n) (
(n) = Sainazas( 1) Sag,05 (1
Suzaras(n) = Sainazes(n
(n) (

as n) a1,a3\M

n a1 ag/\a3 )

- a1/\a3 ag

For two different indices we get the following system of equations:

210 Salvalaa2 (n) Sal (n)Sal,az (n) + Sal,al/\az (n) + Sal/\alvaﬂ(n)
0 1 2 : Sa1,a9,a1 (1) = Sa1(n)Saz,a1 (1) + Sas,a1nar (M) + Saynaz,ar (M)
111 Sa27alva1 (n) S'lz (n)Salﬂll (n) + Salﬂll/\az(n) + SalAﬂ2va1 (n)

Since the rank of this linear system is 2, all sums with 2 different indices of depth 3
can be expressed by one chosen sum of depth 3 and sums of lower depth:

1
g[SalAG«l,CQ (n) = Sa1nas,a1 (1) + Say a1 Aas (1) + Say () Say a0 (1)

—Saz,a1nar () = Say () Saz,a1 () + Saza1,01 ()] + Saz,a1,a1 (M),
Sa1,a27a1 (n) = Sal/\U'Zaal (n) + Sa2,a1/\a1 (TL) + Sa1 (n)sazym (n) - 2Sa27ﬂ1,al (n) (2'20)

Sar,a1,a2(n) =

)
(

For a sum of depth three with 8 equal indices we obtain:

1
Sa1,a1,a1 (n) = g[sal/\alval (n) + Sa1,a1 801 (n) + Sa, (n)Salaal (n)}

Remark 2.6.2. A different method which can be used for equal indices and is described
in [5] leads to:

1
Sarja1,a1(n) = 6[521 (n) + 3Sa; * Saynar (M) + 2 % Say naynaq (1))
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Applying the second Witt formula (2.16), i.e.,

Io(1,1,1)
1n(2,1)
In(3)

2
1
0

we can see that we found the maximal number of algebraic independent sums. In other

words, this strateqy solved the problem of weight 8 completely.

Using HarmonicSums, these relations can be computed as follows:

HarmonicSums session.

ins}:= GetDependentSSums[{1, 1, 1}]
sums: 6

dependent sums: 4

outs=  {S[al_,a2_,a3_,n.] — S[a3,n]S[al,a2,n] + S[al,SP[a2,a3],n] — S[al,n|S[a3,a2,n]
S[a3,SP[al, a2],n] + S[a3, a2, al, n]/; MyMemberQlal, a2, a3, al, a2, a3]&&al # a2 # a3,
Slal_,a3_,a2_,n] —  Slal,n]S[a3,a2,n] + S[a3,SP[al,a2],n] + S[SP[al,a3],a2,n]
Sla3,al,a2,n] — S[a3, a2, al, n|/; MyMemberQ|al, a2, a3, al, a2, a3]&&al # a2 # a3,
Sla2_,al_,a3_,n ] — —=S[a3,n|S[al,a2,n] + S[a2,n|S[al,a3,n] + S[SP[al,a2],a3,n] —
S[SP[al,a3],a2,n] + S[a3, al, a2,n]/; MyMemberQlal, a2, a3, al, a2, a3]|&&al # a2 # a3,
Sla2_,a3_,al,n] — —S[a2,n)S[al,a3,n] — S[al,SPla2,a3],n] + S[al,n]S[a2,a3,n] +
S[a2,SP[al,a3],n] + S[al,n]S[a3,a2,n] 4+ S[a3,SP[al,a2],n] + S[SPlal,a3],a2,n] -
S[a3,al,a2,n] — S[a3,a2,al,n]/; MyMemberQ[al, a2, a3, al,a2,a3l&&al # a2 # a3}

infe]:= GetDependentSSums[{2, 1}]
sums: 3

dependent sums: 2

outl}=  {S[al_,al_,a2_,n] — %S[al,n]S[al,aZ,n] + %S[al,SP[al,aQ],n] - %S[al,n]S[aZal,n] -
%S[aQ,SP[al,al],n] + %S[SP[al,alLaZn] - %S[SP[al,aﬂ,aLn] + S[a2,al,al,n]/;al # a2,
Slal_,a2_,al_,n] —  Slal,n]S[a2,al,n] + S[a2,SPlal,al],n] + S[SP[al,a2],al,n] —
2S[a2,al,al,n]/;al # a2}
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Application of the Relations and Algebraic

Simplification

There are now basically three ways to use the strategy presented in the last section.

First Strategy: Fixed Tables

We can fix basic sums and compute tables up to a certain weight. Then we can use
these tables to reduce expressions in harmonic sums to expressions where only the
chosen basic sums appear. Tables up to weight 6 are produced in [5] whose basic sums
are of particular interest in particle physics. For the package HarmonicSums these

relations were recomputed and can now be used in the following way.

HarmonicSums session.

Relations up to weight 6 are included in the package.

7= expr = S[1, 2, -2, n] + S[-1, 2, 1, n] + S[-1, 2, -2, n] + S[-2, 2, 1, n] + S[-2, 1, 2, n]
+ S[1, -2, -1, n] + S[-1, 2, 1, n] + S[2, -1, 2, n] + S[-1, 2, 2, nJ;

injgl:= ReduceToBasis[expr]

ouel~ S5, n] + £ S[-2,n| + S|4, n|S[~1, n]+S[~4, nlS[1, n]+S[~2,nlS[1, n]S[2, n] +8[~2, n]S[3, n] +
%S[4,n] + S[=1,n)[S[2, n]? + S[4, n]] — S[—4, —1,n] — S[—4, 1,n] + S[—3,~2,n] + S[~3, —1,n] +
25[=3,2,1] + S[L,nIS[=2,—1,n] + S[2,n]S[=2,1,n] — S[—1,n)[S[~4,n] + S[~2,n|S[2,n] —
S2,-2,n]] — S[LAlS[-4,n] + S[-2,mS[2,n] — S2,-2n]] + S[-2nS[~1,n)S[2n] -
S[2, —1, )] - S[2,JS[2, —1,n] — 252, nIS[2, 1, ] —S[4, ~1,n] —S[=2, —1, 1, 0] = S[~2, 1, 1, n] +
S[-2,2,~1,n] + 28[-2,2,1,n] — S[-1,2,2,n] + S[2,1,-2,n] + 2[S[-3,1,n] + S[2,~2,n] +
S[—1,n)S[2,1,n] — S[2,~1,1,7] — S[2,1, 1, n]]

The disadvantage is however, that for certain applications it might be more reasonable

to chose other basic sums. In this case we cannot use this strategy.

Second Strategy: Partly Fixed Tables

We can compute tables for all possible index sets up to a certain depth, which is done
in [5] up to depth 6. These tables have been extended up to depth 7 during the work on
this thesis. The computation of these tables took about one and a half week CPU time
on a 2.3 GHz machine, and ended in a file with about 300 Mbytes. We can use these
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tables to reduce expressions in harmonic sums to expressions where for each depth and

index set at most that many sums appear as is given by the second Witt formula.

HarmonicSums session.

First we have to load the table where the relations are stored:

info]:= DefineRelationTable[”RelTab.m”]

in[10}:= expr = S[1, 2, -2, n] + S[-1, 2, 1, n] 4+ S[-1, 2, -2, n] + S[-2, 2, 1, n] 4+ S[-2, 1, 2, n]
+ S[l, '2’ '13 n] + S['la 27 1’ Il] + S[z’ '1’ 23 1’1] + S[']-’ 2’ 2’ n];

in[11:= ReduceToBasis[expr, Dynamic — Partly]
outil]=  S[—5,n] + S[-3,n]S[2,n] + %S[—l,n][S[Q,n]2 + S[4,n]] — S[—-4,1,n] + S[1,n]S[2,—2,n] —

S[~2,n]S[2,1,7] + S[3, —2,n] + S[~2,1,2,n] + 28[~2,2,1,n] + S[~1,2, —2,7] + 2S[~1,2, 1, 7] +
S[1,—-2,—1,n] — S[2,2,-1,n]

However there is the disadvantage that although for each depth and index set the
relations can be calculated quite generally, we have to fix in advance certain sums
which have to be in the basis. We can easily see this in the following example:

We again consider sums of depth 3 with 2 different indices, so we look at the sums
Sar,a1,as(M), Say.asar (M), Sag.ar.a; (7). According to the Witt formula there should be
just one of the sums in the basis. In (2.20) we took Sg, q,,4, (1) to express the other
sums. Therefore for example the sum S 1 2(n) will always be replaced by S21.1(n) and
sums of lower depth. Sometimes however it could be more convenient to take Sz 1(n)

as a basis element.

Third Strategy: Dynamic Reduction

If we look at an expression consisting out of several different harmonic sums, we could
first look at all the different index sets of harmonic sums that appear in the expression.
For each index set J we can use the Witt formula to get the number n ; of basis elements,
i.e., the basic sums. Then for each index set we can use our method to set up a system
of equations where we choose exactly n of the permutations (and therefore n harmonic
sums) to be in the basis. Here we will try, as far as possible to choose sums which are
already in the expression, since we do not want to introduce new sums. Sometimes
however we will have to choose also sums which are not in the expression. By solving
the equation system the rest of the sums can be expressed by harmonic sums out of the
basis and sums of lower depth. So we end up with an expression, where for each index
set J at most n; different multiple harmonic sums appear. Again we can illustrate this

by an example.
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Example 2.7.1. Consider an expression where the sums Sq, a1,a,(1n) and Sg, a9,a, (1)
appear. We will use one of the sums to express the other. Since the Witt formula gives
1, this is possible. In the reduced expression there will be either the first, the second
sum or no sum with this index set. Using, e.g., the second strategy we would use (as

defined in Example 2.6.1) Sqy a,.a, (1), that is not in the original expression.

HarmonicSums session.

Of course, now we do not have to load any tables, since they are computed online.

in[12:= expr = S[1, 2, -2, n] + S[-1, 2, 1, n] + S[-1, 2, -2, n] + S[-2, 2, 1, n] + S[-2, 1, 2, n]
+ S[l’ '27 '1’ Il] + S['la 27 1’ Il] + S[z’ '19 23 l’l] + S[']-’ 2’ 2’ n];

in13:= ReduceToBasis[expr, n, Dynamic — True]
out[13]= S[—5,n]+S[—3,n]S[Q,n]—i—%S[—l,n][S[Z,n}Z—l—S[él,n]]—i—S[l,n]S[—Q,2,n}+S[—2,3,n]—S[1,—4,n}—

S[—2,nJS[1, 2, n]— %S[Q, _3, n]—%S[Z nIS[2, —1,7] —%8[47 —1,n]4+S[=2,1,2,n]+8[—1,2, -2, n]+

28[-1,2,1,n] + S[1, -2, —1,n] + 2S[1,2, -2, n] + %S[Q, ~1,2,n]

This strategy works quite fine (which means fast) for index sets where the number of
permutations is not too high. For example there are 60 permutations of an index set
of the type {a1,a1,a2,as,a4} in such a situation the strategy works really fast. But
if we consider the case of an index set of the type {a1,a1,a2,as,as,as,a6}, there are
2520 permutations. If we have to set up and solve the system of equations in this case,
this will take hours.

Algebraic Simplification

We use the notions of [13] concerning canonical algebraic simplification. Especially
the first strategy can be used to obtain equivalent but simpler objects and to compute
unique representations for equivalent objects in S(n)/Z; here I is again the ideal in
(2.14). For s,t € S(n), we say s < t if the number of multiple harmonic sums in s
which are not basic sums is smaller or equal than the number of non basic sums in .

Now consider the following problem:

Given: s € S(n).
Find: t € S(n) such that s+ = t+ I and such that for all a € S(n) with a+1 =t+1:
t<a.
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Now let T' be the procedure which uses the first strategy. 7" maps S(n) to S(n). For
all s,t € S(n) with s +Z = t + Z we have the equality T(s) = T(t) in S(n) by
construction; T'(s) # T'(t) would mean that algebraic relations are missing. Hence we
can check equivalence easily.

Additionally, the number of non basic harmonic sums in 7'(s) is zero; hence the above

problem of simplification is solved completely.

Relations between Similar Structures

In the same way one can find relations for Euler-Zagier sums, here the product (2.4) is

the quasi shuffle product discussed in [21]:

exw = w+e=w, forall we A*

auxbv = a(u*v)+b(ux*v)+ [a,bl(ux*xwv), for all a,b € A;u,ve A*

with [a,b] = a A b for all a,b € Z.

Again the number of Lyndon words gives the number of algebraically independent
Euler-Zagier sums viewed as elements in a ring similarly as S(n)/Z for harmonic sums
and it gives at least an upper bound for the number of algebraic independent Euler-
Zagier sums viewed as sequences. In the case of just positive indices it was proven
in [27] that the number of Lyndon words is not only an upper bound for the number
of algebraically independent Euler-Zagier sums viewed as sequences, it is in fact the
number of algebraically independent Euler-Zagier sums viewed as sequences. It is likely
that the same holds for index sets where we also allow negative indices. Like for har-
monic sums the package HarmonicSums provides a procedure to calculate the relations

automatically:

HarmonicSums session.

in[14:= GetDependentZSumsl1, 1, 1]
sums: 6

dependent sums: 4

outfie}=  {Z[al_,a2_,a3_,n] — Z[a3,n]Z[al,a2,n] — Z[al,SP[a2,a3],n] — Z[al,n]Z[a3,a2,n]
Z[a3,SP[al, a2],n] + Z[a3, a2, al,n]/; MyMemberQal, a2, a3, al, a2, a3]&&al # a2 # a3,
Zlal_,a3_,a2_,n] —  Zlal,n]Z[a3,a2,n] — Z[a3,SP[al,a2],n] — Z[SPlal,a3],a2,n] —
Z[a3,al,a2,n] — Z[a3, a2, al, n]/; MyMemberQal, a2, a3, al, a2, a3]&&al # a2 # a3,
Zla2_,al_,a3_,n.] — —Z[a3,n|Z[al,a2,n] + Z[a2,n]Z[al,ad,n] — Z[SP[al,a2],a3,n] +
Z[SP[al,a3],a2,n] + Z[a3, al, a2,n]/; MyMemberQ[al, a2, a3, al, a2, a3]&&al # a2 # a3,
Zla2-,a3_,al_,n] — —Z[a2,n]Z[al,a3,n] + Z[al,SPla2,a3],n] + Z[al,n]Z[a2,a3,n]
Z[a2,SP[al,a3],n] + Z[al,n]Z[a3,a2,n] — Z[a3,SPlal,a2],n] — Z[SP[al,a3],a2,n] —

_|_
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Z[a3,al,a2,n] — Z[a3,a2,al,n]/; MyMemberQlal,a2,a3,al,a2,a3l&&al # a2 # a3}

We can generalize the harmonic sums to S-sums [28]. For a; € Z and z; € R we define

i1 i
X xT

_ 1 k

Sar,..apw ez (n) = § g

n>iy >ip>e>ip>1 1

h (2.21)
3*

The product of two S-sums yields:

n

o | |
Sat,agizs,...zp (1) * S oo By Lot (n) = Z gar 0022, Tk (4) * Sb oo by Lot (4)
i=1
+ Z msah...,ak;wl,.-.,xk () % Sb,... by, (0)
=1

(a1 % by)’ , .
Tjaitby D020k, Tk () * Sba,...bysyo .oyt (2).

NE

i=1
(2.22)

Again recursive application of (2.22) leads to a linear combination of single S-sums.
As showed in [28], ideas from the previous sections can be carried over as follows. We
consider an alphabet A, where pairs (m,x) form the letters. Moreover, we define the

addition and the multiplication of words by
[(m1, 1), (M2, 22)] = (M1 + ma, 21 * T2)

and by

(my,x1)wy * (Mo, x2)wy = (my,z1) (w1 * (Me, z2)ws) + (Mg, x2) (w1 * (Mg, x2)ws)

—[(m1,x1), (Mg, x2)](wy * ws).

Note that this multiplication is identical to the multiplication of S-sums (2.22). The
degree of a letter is |(m,z)| = m. Since (S0)-(S3) hold for [-,-], the S-sums form a
quasi-shuffle algebra. Finally, we emphasize that we implemented algorithms to find

algebraic relations between S-sums following the ideas presented in Section 2.6.

HarmonicSums session.

in[1s]:= GetDependentGeneralizedSSums|2, 1]
sums: 3

dependent sums: 2

1
Out[15]= {Slal,al_,a2_ zl_,x1_ 22_,n| — %S[al,xl,n]S[aLaQ,ml,xQ,n] —+ iS[aLal —+

1 1 1
a2, x1, x1z2, n]—i—iS[Qal, a2, 1%, 22, n}—§S[a1, z1,n]S[a2,al, 22, 21, n]—§S[a2, 2al, 22, 12, n]—
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1

58[(11 + a2,al,z122,x1,n] 4+ S[a2, al,al, 22, z1, 21, n|,

Slal,a2_,al ;zl1_ 22zl ,n| — Slal,z1,n|S[a2,al,z2,21,n] + S[a2,2a1,m2,m12,n] + S[al +
a2,al,zlz2,z1,n] — 2S[a2,al, al, 22,21, 21,n]}

In a similar way we can generalize Euler-Zagier sums to Z-sums [28]:

i1 ik
X X

_ 1 “k
Zayoariwr ey, (M) = § o ek (2.23)

n>i1>ig> e >ig>0 1 k

The product of two Z-sums yields:
Zal"'~7ak;$11'“’$k (n> * Zbl""vbl;ylw'wyl (n) = : : ZmTlZaQ:“'vak;:EZr“:xk (Z) * Zbl:"wbl;ylv"':yl (7/ -
=1

+ E : \b1 st (8) % Ly bpsyn,eey (8 —

Z a1 * b1 . .
+ ja1+b1 a27~--,ak;9€27--~7$k (Z) * Zb27---7bz;y27---7yl (Z -

Similar as for harmonic sums and Euler-Zagier sums we can convert between S-sums

and Z-sums [28].

1)

)

HarmonicSums session.

in[16]:= ZToS[Z[1, 3, 4, {2, 1, 1}, n]]
outfrel= S[8,{2},n] — S[1,7,{2,1},n] — S[4,4,{2,1},n] + S[1,3,4,{2,1,1},n]

in171:= SToZ[S[1, 3, 4, {2, 1, 1}, n]]

oupr= Z[8, {2}, n] + Z[1,7,{2,1},n] + Z[4,4,{2,1},n] + Z[1,3,4,{2,1,1}, 7]

1).
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Chapter 3

Harmonic Polylogarithms and the
Differentiation of Harmonic Sums

The bigger part of this chapter will deal with harmonic polylogarithms. Harmonic poly-
logarithms were first introduced in [33] and are covered by Poincaré iterated integrals
[31, 24]. For the definition and basic properties of the harmonic polylogarithms we will
follow more or less [33], however sometimes we will go more into detail (for example we
will provide detailed proofs), and we will skip aspects which are not important for our
considerations.

We discuss harmonic polylogarithms since it will turn out that they are connected to
multiple harmonic sums via a special extension of the Mellin transform, which is fre-
quently used in particle physics. The Mellin transforms of harmonic polylogarithms are
expressions in multiple harmonic sums, while the inverse Mellin transforms of multi-
ple harmonic sums are expressions in harmonic polylogarithms. Hence we can use the
Mellin transform to convert between multiple harmonic sums and harmonic polyloga-
rithms. As a direct consequence we can use the inverse Mellin transform to construct
analytic continuations of multiple harmonic sums. An algorithm to compute the Mellin
transform of harmonic polylogarithms is given in [33]; we will analyze this algorithm
in detail and will verify its correctness. Similarly, an algorithm for the computation
of the inverse Mellin transform of multiple harmonic sums is given in [33]; again we
will work out the correctness of this algorithm and give additional insight from a more
computer algebra point of view. In order to execute these algorithms, we will also need
to consider harmonic sums at infinity and harmonic polylogarithms at one. Both do
not have to be finite, but it will turn out that they are connected via power series
expansions.

These algorithms are originally implemented in Vermaseren’s package harmpol in the
computer algebra system form [33]. Harmpol also provides procedures to manipulate
with harmonic polylogarithms. In addition, there is the Mathematica-package hpl [26],

in which basic procedures for manipulating harmonic polylogarithms are available.
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Figure 3.1: Connection between harmonic sums and harmonic polylogarithms.
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Since we can use the inverse Mellin transform to compute analytic continuations of

multiple harmonic sums, we can define a differentiation on multiple harmonic sums as

done in [6, 8, 7.

In the last part of this chapter we give an algorithm to do this differentiation auto-

matically. In the package HarmonicSums the Mellin-transform and the inverse Mellin-

transform together with procedures for harmonic polylogarithms which are also needed

are implemented. In addition, the differentiation of multiple harmonic sums is imple-

mented. Along with this differentiation new relations between multiple harmonic sums

are going to emerge, and these relations will reduce the algebraic basis computed in the

previous chapter.

Definition of Harmonic Polylogarithms

In order to define harmonic polylogarithms as introduced in [33], we first define the

function f: {0,1,—1} x (0,1) — R by

1
f(o’x) = Ea
fa) =
f(—l,.%‘) = !
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Harmonic polylogarithms are functions in C°*°((0,1)) and are defined inductively: Let
m = (My, My—1,...,m1), m; € {0,1,—1} be a vector of length w € N and let 0, be
the vector of length w whose w components are all equal 0. For x € (0,1) we define

the harmonic polylogarithm H(m, z) :

H(O.2) = 1
H(0w0) = - (loga)"

H(m,z) = /0$ FOmyw, y)H((my—1, My—2,...,m1),y)dy if m # 0,.

The length of the vector m is called the weight of the polylogarithm H(m, x).

Examples are

H(1),2) = Oxf%y:—bgﬂ—x)
_ [T dy
H((-1)2) = | 7, =los(l+a),
H((_lvl)ax) = /Olfl—iyy)dy_/o logl(l_i_;y)dy-

Remark 3.1.1. (compare [33]) It follows from the definition that if m # 0, H(m,0) =
0. If my # 1 or if my, =1 and my, = 0 for all v with v < w then H(m, 1) is finite. In
the remaining, cases, i.e., My, =1 and my, # 0 for some v with v < w, lim,_,;- H(m, x)
behaves as a combination of powers of log(l — x) as we will see later in more detail.
We define H(m,0) := lim,_,g+ H(m,x) and H(m, 1) := lim,_,;- H(m, x) if the limits

exist.

Notation 3.1.2. From now on we will write Hpyme 1,..mi(x)  for

H((muw, my—1,...,m1),z).
Remark 3.1.3. For the derivatives we have for all x € (0,1) that

d

@Hm(x) = f(mwa$)Hmw71,mw72,...,m1($)-

Subsequently, we present some identities between harmonic polylogarithms of the same
argument. These identities will lead to a formula, which we can use to rewrite the

product of harmonic polylogarithms to a sum of single harmonic polylogarithms.

Lemma 3.1.4. For z € (0,1), ¢ € N and m; € {0,1,—1},

Hml,...,mq (ﬂf) = Hml (':E)Hmeuvmq ($)
Hing i (2)Hing,...om, (%)
H

m3,ma,mi (x)Hmz;,-..,mq (z)

. (_1)quq,.--,m1 (z). (3.1)
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Proof. Case 1, (m1,...,mq) = 0,
From the definition we get
Hiny,omg () = = log x4
and the right hand side of (3.1) yields
log = log? 'z — L log? ogd™ 2y
(71! TR PR]
1
~ log® q=3 . _ —(—1)71= 1o0?
—1—3' log x(q 31 og!™’x (—1)7=log? x
q
(=1
— 104 — q_
= log xz g =i log x ‘
=1
Case 2, (m1,...,mq) # Oy
Using the definition and partial integration we get
Hos om0 = [ £0m1.0) s, (1)
= Hp, (55) ma,...,m / f ma,y ms, m (y)dy
Continuing by partial integration we finally get the right hand side. O
We can use this lemma to get the following identity.
Lemma 3.1.5. Forz € (0,1), a € {0,1,—1}, g € N and m; € {0,1, -1
Ha (x)qu7---7m1 (x) = Ha7mq7mq—17---7m1 (x)
+ quva/?mq—lv"'vml (x)
+ qu,mqfha,mq,g,...,ml (.’L’)
+
+ qu,mqq,---,mua(x)- (3.2)

Proof. Let ¢ =1: By (3.1) we get Hy(2)Hyy,, () = Hgm, (x). Assume (3.2) holds for ¢ :

Ha(x)quv"wml (l‘) = Havmqqu—lrwml (x)
mq,a,Mqg—1,...,M1 (:C)

Mq,Mg—1,a,MMg—2,...,7M1 ($)

+ o+ o+ o+

qu,mqfh---,mha(x)-
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Multiply both sides by f(mq+1,y) and integrate:

T
/ F (g ) Ha (@) Hom, .o (9)dy
0
T
:/ f(mq+17y)Ha,mq,mrh.-quy)dy
0
xr
+/ f(mq+17y)qu,a,mqfl,.-wml(y)dy
0
T
T /0 F (g1 )y a2 (1)

x
+- 4 / f(qurb y)qu:mq*h“"ml’a(y)dy'
0

By partial integration on the left hand side and the definition of harmonic polyloga-

rithms we get:

Ho(2) . () — /0 IO —

- qu+1 s@y Mgy (x) + qu+17mq7flamq71:-~~7m1 (.’L‘)

+qu+1,mq7mq71,a,mq72,m,M1(33) +eet qu+1,~~-,M17a(x)-

Hence (3.2) holds for g + 1. O

Similar to multiple harmonic sums, the shuffle product on words is extended to harmonic

polylogarithms.

Definition 3.1.6. Let a,b € A*. If
aub=cid+ - +cpd,
for d; € A*,c; € R then we define

Howp(z) := c1Hg, () + - - + ¢y Ha, (z).

Definition 3.1.7. Let x € (0,1), a = (a1,a2,...,ap) and b = (b1, ba,...,by), where
a;,b; € {0,1,—-1}, p,q € N. Let us interpret a and b as words, so a = ajaz---ap and

b=0biba---by. We define the shuffle product of two harmonic polylogarithms by

Ha(x)LUHb<m) = Hal(az--AapLLIb)(x) + Hbl(aLLIbQ--Abq)<$)

where He, ey, () := He, en,.0n(x) for ¢; € {0,1,—1} and where w is defined as in
Definition 2.3.4.
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Example 3.1.8. For z € (0,1),

Hy0,—1(z) wHp 1 () Ho,1,0,-1,1() +Ho1,0,1,-1()
2Ho,1,1,0,-1(z) + Hi0,-1,0,1(7)
2H10,0,-11(%) + 2H10,01,-1,2(7)

Hi,0,1,0-1(2).

+ 4+ +

HarmonicSums provides a procedure to carry out this product:

HarmonicSums session.

in[18]:= ProductH[H[1,0,-1,x],H[0,1,x]]

oupel= H[0, 1,0, -1, 1,x] + H[0, 1,0, 1, -1, x] + 2 H[0, 1, 1, 0, -1, x] 4+ H[1, 0, -1, 0, 1, x|
+2H[1,0,0,-1,1,x] + 2 H[1,0,0, 1, -1, x] + H[1, 0, 1, 0, -1, x]

Theorem 3.1.9. Let x € (0,1), a = (ap, ap—1,...,a1) and b = (by,bg—1,...,b1), where
ai, b € {0,1,—1}, p,q € N. For the product of two harmonic polylogarithms we get

Hy(2)Hp(x) = Ho(z) wHp(z). (3.3)

Proof. We already showed the case for p = 1. Now assume (3.3) holds for p > 1:

Hap,ap_l,...,al (x)Hbq,bqfl,...,bl (37) = Hap,ap_l,...,al (ZE) '—'—'Hbq,bq,h...,bl (l’)

Multiply both sides by f(ap+1,x) and integrate:

Af(ap+17y)Hap,ap1 ----- al(y)Hbq,bqflz-nybl(y)dy

T
= /0 f(ap-f-la y) (Hap,ap71,...,a1 (y) ‘-UHbq,bq_l,...,b1 (y)) dy

Partial integration of the left hand side gives

ap+17ap ( )Hbqu 1y abl( )

/ f qa ap+1,ap,...,a1 (y)l—l—leqfl,bqu,...,ln (y)) dy
Let us abbreviate a = apy1ay - - - a1, hence we may write
Ha(z) wHy(z) = Hapy 10,000 (2) WHp, by by (@)

Expanding the first shuffle product, using the definition of the harmonic polylogarithms

and moving it to the right hand side gives a sum of all those harmonic polylogarithms
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which appear in Hg(z) wHy(x) and start with by, while expanding the second shuffle
product gives a sum of all those harmonic polylogarithms which appear in Hz (z) wHy(z)
and start with a,;;. Since all harmonic polylogarithms in Hg(x)wHy(z) either start

with by or a,41 we completed the proof. ]

The following remarks are in place.

Remark 3.1.10. For harmonic polylogarithms which are finite at x = 0 and x = 1,
(3.3) can be extended to x € [0,1]; however if one of the harmonic polylogarithms is
not finite, (3.3) does not hold (compare [33]).

Remark 3.1.11. The product of two harmonic polylogarithms of weights w1 and wo
can be expressed as a linear combination of (w1 +w3)!/(w1lws!) polylogarithms of weight

w = wi + wsy.

Remark 3.1.12. We say that a harmonic polylogarithm H, a,.... a, () has trailing zeros
if there is an i € {1,2,...,p} such that for all j € N with i < j < p, aj = 0.

Likewise, we say that a harmonic polylogarithm Ha, a,,....a, (%) has leading ones if there
isani € {1,2,...,p} such that for all j € N with 1 < j <4, a; = 1.

We can use (3.2) now to single out terms of log x from harmonic polylogarithms whose
indices have trailing zeros. Let a = 0in (3.2); then after using the definition of harmonic

polylogarithms we get:

log(x)qu,~~~,m1 (JJ) = HO:mq:--~7m1 (l‘) + quzoamq—la-~~7m1 (m)
+qu:mq—1707mq—27-”7m1 (l‘) +oot qu7~~~:m170($)7

or equivalently:

Hing,...omi,0(2) = 1og(@) * Hing,.my () = Homg,....ma (2)

_quaoquflv---vml (x) - qu,...70,m1 (x)

If my is 0 as well, we can move the last term to the left and can divide by two. This

leads to
1
Hong,...00(2) = 5 (l0g(2)  Hyn, .o 0(&) = Hom,...m2.0()
_HmQ707mq*17“-’m2,0(l’) - HmQ7""07m2 (:U)) .

Now we can use (3.2) for all the other terms, and we get an identity which extracts
the logarithmic singularities due to two trailing zeros. We can repeat this strategy as
often as needed in order to extract all the powers of log(z) or equivalently Hy(z) from

a harmonic polylogarithm.
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Example 3.1.13. For z € (0,1),

1
Hi-100(x) = QHO(J«“)QHLA(%)*Ho(fﬂ)Ho,l,fl(I)
— Ho(x)H10,-1(z) + Ho0,1,-1(z) + Ho1,0,-1(z)
+ H170707_1($)

1
= 5 log*(2)Hy1(w) — log()Ho,1 -1(x)
— log(x)HLo,_l(a:) + H070717_1(IL’) + H071707_1(.73)
+ H170,07_1(:C).

This can be done with HarmonicSums as follows.

HarmonicSums session.
in19:= RemoveTrailing0[H[1, -1, 0, 0, x]]
2
H[0, 2] };[1’ Lzl H[0, 2] H[0,1,—1,2] — H[0,z]H[1,0,—1,2] + H[0,0,1,—1,z] +
H[0,1,0,—1,2] + H[1,0,0, —1, 2]

Out[19]=

Remark 3.1.14. In our implementation we prefer to use H[0,x] instead of Log[x].

Remark 3.1.15. We can decompose a harmonic polylogarithm Hy, m,_;....mi () in a
univariate polynomial in Ho(x) with coefficients in the harmonic polylogarithms without
trailing zeros. If the harmonic polylogarithm has exactly r trailing zeros, the highest

power of Hy(x), which will appear, is r.

Similarly, we can use (3.2) to extract powers of log(1 — z), or equivalently H;(z) from
harmonic polylogarithms whose indices have leading ones and hence are singular around
x = 1. Let a =1 in (3.2); then after using the definition of harmonic polylogarithms

we get:

log(l - x) * quv'”vml (:E) = Hl,mq,~~~,m1 (l‘) + qu,lqu—l,m,ml (93)
+qu7mq—1717mq—2v"7ml (l‘) +oet qu7--~7m1,1(x)v

or equivalently:

Himng,..omi (#) = log (1 =) % Hiny o () = Hing 1,mg 1,000 (2)

_qu,mq71,1,...,m1 (JJ) — qu,...,ml,l(x)' (34)
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If mg is 1 as well, we can move the second term to the left, and divide by two. This

leads to

1
H171a~~-7m1 (x) - 5 (log (1 - x) *® Hl,mq—17~~7m1 (x) - Hlqufl’lvn’ml (x>

— s — Hl,mq—17---7m171($)) :

Now we can use (3.2) for all the other terms and we get an identity which extracts the
singularities due to two leading ones. We can repeat this strategy as often as needed
in order to extract all the powers of log(z — 1) or equivalently H;(z) from a harmonic

polylogarithm.
Example 3.1.16. For xz € (0,1),

Hiio-1(z) = —Ho—1(2x)Hy1(x) — Hi(x)Ho —11(z)
— Hi(x)Ho1,-1(z) +Ho,—1,1,1(2)
+ Hoi-11(x)+Hp11,-1(x)

IR ]

_ _% * Ho _1(2)(—log(x — 1)) + log(z — 1)Hg 1 1(x)

log(m — 1)H071771(5L‘) + H07717171($)

_I_
+ Hoi—11(x) +Ho11,-1(x).

HarmonicSums session.

in20:= RemoveLeadingl1[H[1, 1, 0, -1, x]]

outpol=  H[0,—1,2z]H[1,1,2] — H[1,z]H[0,—-1,1,2] — H[1,z]H[0,1,-1,2] + H[0,—-1,1,1,z2] +
H[0,1,-1,1,2] + H[0,1,1, ~1, ]

Remark 3.1.17. As before we prefer to use H[1,x] instead of Log[l-x| in our imple-

mentation.

Remark 3.1.18. We can decompose a harmonic polylogarithm Hy,, m,_1,...m; () in a
univariate polynomial in Hy(x) with coefficients in the harmonic polylogarithms without
leading ones. If the harmonic polylogarithm has exactly r leading ones, the highest
power of Hy(x), which will appear, is r. So all divergences of harmonic polylogarithms

for x — 1 can be traced back to the basic divergence of Hi(z) = —log(1l —x) for x — 1.

Remark 3.1.19. We can combine these two strategies to extract both, leading ones and
trialling zeros. Hence, it is always possible to express a harmonic polylogarithm in a
bivariate polynomial in Ho(x) = log(z) and Hyi(x) = log(1 — x) with coefficients in the
harmonic polylogarithms without leading ones or trailing zeros, which are continuous
on [0,1] and finite at x =0 and = = 1.
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Example 3.1.20. For z € (0,1),

Hi10(x) = —Ho(z)H-11(z) + Hi(z)(H- (2)Ho(2)
— Ho—1(z)) +Hop,—1,1(z)
= —log(z)H_1,1(z) + log(1l — z)(H_1(x) log(z)
— Ho1(2)) + Ho,—1,1(w)

With HarmonicSums this can be handled as follows.

HarmonicSums session.

in221:= RemoveLeadingl[RemoveTrailing0[H[1, -1, 0, x]]]

outr]= HI0, z](H[—1,z]H[1, 2] — H[-1,1,2]) — H[1, 2] H[0, -1, =] + H[0, —1, 1, 2]

Multiple Harmonic Sums at Infinity

Later we will use the fact that the values of harmonic polylogarithms at x = 1 are
related to the values of multiple harmonic sums at infinity. In order to make this more
precise, we first take a closer look at harmonic sums at infinity.

Of course, not all multiple harmonic sums are finite at infinity, since for example

lim,, .~ S1(n) does not exist. In fact, we have the following lemma, compare [27]:

Lemma 3.2.1. Let ay,a2,...a, € Z/{0} for p € N. The multiple harmonic sum

Sar,as,....a,(N) 18 convergent, when n — oo, if and only if a1 # 1.

Similar as for harmonic polylogarithms we say that a harmonic sum Sg, q,,....q,(n) has
leading ones if there is an i € {1,2,...,p} such that for all j € N with 1 < j < 4,
a; = 1. In a similar way as for harmonic polylogarithms we can use (2.1) to extract

leading ones; for the next example compare [5, Equ. 3.23].

Example 3.2.2. Forn € N,

S112(n) = Si11(n)Sz2(n) + %54(70 +51(n)(S3(n) — S21(n)) — Ss,1(n)

1
+Sg71,1(n) + 55’4(71) — 5272(71)

Again this can be handled with HarmonicSums:




Harmonic Polylogarithms and the Differentiation of Harmonic Sums 37

HarmonicSums session.
in22):= SRemoveLeading1[S[1, 1, 2, n]]

S[1,7n)? S[2, n]
2

S[4,n]

out[22]= + S[1,n]S[3,n] + 5 S[1,n]S[2,1,n] — S[3,1,n] + S[2,1,1,n]

We will always be able to express a multiple harmonic sum as an expression consisting
only of sums without leading ones and sums of the type Sy, (n) with w € N. Since sums
without leading ones are convergent, they do not produce any problems. For sums of
the type Syz,(n) we have the following proposition which is a direct consequence of
Corollary 3 of [16] and Proposition 2.1 of [23].

Proposition 3.2.3. For w > 1 and n € N, we have

51,0 = 17 () 55 =~ Yol G- VIS ).,

. 1
=1

where Yy (..., x4, ...) are the Bell polynomials.

Note that the explicit formulas were found empirically in [11]; for a determinant eval-
uation formula we refer to [11, 15, 2]. Using this proposition we can express each sum
of the type Sy, (n) by sums of the form S;(n), where ¢ € Z. Hence we can decompose
each multiple harmonic sum Sg, 4,.....a,(7) in a univariate polynomial in Si(n) with
coeflicients in the convergent harmonic sums. So all divergences can be traced back to

the basic divergence of Sj(n) when n — oo.

Notation 3.2.4. We will define the symbol S1(c0) := lim, o S1(n), and every time
it is present, we are in fact dealing with limit processes. For k € N with k > 1 the

harmonic sums Sk(c0) turn into zeta-values and we will sometimes write (y, for Si(00).

Example 3.2.5.

nh—{go 5’1,172(71) = nlggo {;Sl (n)252(n) + Sl(n)(S3(n) - SQ,l(“))
— S31(n) + 354(7%) + 52,1,1(n)}

2
= 51(00)2% — S1(00)(3 + %

For the computation of the actual values of the harmonic sums at infinity see [41].
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Values at One and Power Series Expansion of Harmonic

Polylogarithms

Due to trailing zeros in the index, harmonic polylogarithms in general do not have
regular Taylor series expansions. To be more precise, the expansion is separated into
two parts, one in x and one in log(x). E.g., it can be seen easily that trailing zeros are

responsible for powers of log(z) in the expansion since [33]:

1 _ )P log'(x)
Hgk(ac):k!/ 2" logh(z) = z Z T G )T
Subsequently, we only consider the case without trailing zeros in more detail. For
weight one we get following the well known expansions.

Lemma 3.3.1. Forz € [0,1),

=zt
Hi(x) = —log(l—2xz)= 7

~.

H_i(z) = log(l+x) Z

=1

For higher weights we proceed inductively. If we assume that m has no trailing zeros
and that for z € [0, 1] we have

- i U;fi Sn(i)

i=1
then for 2 € [0, 1) the following theorem holds.

Theorem 3.3.2. Forx €0, 1),

= otat
Hom(z) = ZWS"(Z)’

i=1

In order to prove this theorem, we need the following lemmas:
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Lemma 3.3.3. Let a € N,o € {—1,1} and n be a vector with integer entries. Then

=1,

n
3

i+1)
on

and the power series

is uniformly convergent for x € (0,1).

Proof. If m does not have a leading one then lim;_,~,Sp(i) exists, so it is clear that the
first statement holds. On the other hand if n has leading ones, we can first extract

them, and we are only left to show the statement for n = (1) :

1 .
—= 4+ 51(4 1
= lim &1 ,1():lim7+1:1.

I (Mt
o imoo  51(1) imoo (1+14)51 (1)

1—00

Si(i+1) '
S1(7)

In order to prove the second statement we apply the ratio test [18, p. 205]:

2ot G, (i+1)

(Z'+1)a o Z’Sn(l —+ 1)7;0' — ia Sn(Z + 1) 1—00
20" S (1) (i + 1)2S,(i) (i+1)* | Sn(i)
B ——
o0 iz

Hence using the criterion of Weierstrass [18, p. 555] the power series converges uniformly
for x € (0,1). O

Now we can give the proof of Theorem 3.3.2.

Proof. From the definition of harmonic polylogarithms and the theorem of dominated
convergence of Lebesgue (see e.g. [40]), which we can apply due to Lemma 3.3.3 and

which will allow us the exchanges of sum and integral, we get:
z 1 oo O.i 7 -
Hom(z) = / =3 T Si)dy
0 ¥Yim *
- ¥ (Tasn(i)/ v ldy
=1 0

s O'iflfi
= D st Snld),

i=1
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ol y oyt
i) = [ 5 st~ / () (35 50 a
=1
= s n(k 4+ 1)dy
[ S S s o
= [ St = / > SVl
=1
x' .zt
:E:HJ&”@:X%+ﬁWW)
=1 1=0
= Z fSaa,n(i - 1)'
im1 "
The third part follows analogously to the second part. O

Example 3.3.4. For z € [0,1],

S T

i=1 i=1

With HarmonicSums this job can be done as follows.

HarmonicSums session.

in23= HToS[H[-1, 1, x]]
owpsie Hoga(x) =Y % -y 2P SELI
In[24]:= HTOS[H[-]_, ]_, O, ]_’ x]]

core —(512) 5 AR, 28005 crsvng

1=1

If we want to analyse the values of harmonic polylogarithms at © = 1, we can first

extract trailing zeros. According to Remark 3.1.15 we get a polynomial in log(z) with

coefficients in the harmonic polylogarithms without trailing zeros. If we send = to one

and if the coefficients are continuous for z € [0,1] then only the constant term (the

term without a power of log(z)) will remain, since log(1) = 0. Note that he coefficients

may not be continuous for x € [0, 1] since they can contain harmonic polylogarithms

with leading ones. However, according to the following lemma even the terms with

coeflicients which contain harmonic polylogarithms with leading ones will vanish if

they contain a power of log(x) and if we send x to one. Hence we only have to look at

those functions without trailing zeros.
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Lemma 3.3.5. Forp,q € N,

lim1 log?(z)log?(1 —2) =0
Proof. The proof follows by de 'Hospital’s rule (see e.g. [18, p. 287]) and induction. [J

As worked out earlier, the expansion of the harmonic polylogarithms without trailing

zeros is a combination of sums of the form:

ina fg(z), oce{-1,1}, ae N.

=1

For x — 1 these sums turn into harmonic sums at infinity if oa # 1:

inin(z) — Sea,n(00).

70
=1

If ca = 1, these sums turn into

Sending x to one gives:

lim T = o
r—1 2
i=1
We see that these limits do not exist: this corresponds to the infiniteness of the harmonic
sums with leading ones: limy_ o, S1 n(k) = 00; see Lemma 3.2.1. Hence the values of
harmonic polylogarithms at one are related to the values of the multiple harmonic sums

at infinity.

Example 3.3.6.

H_17170(1) = —253(00) + 5_1,_2(00) + 5_27_1(00)

Using HarmonicSums we can carry out this evaluation at 1 automatically.

HarmonicSums session.

inl25:= RemoveTrailing0[H[-1, 1, 0, x]]

outs)= H[0,z] H[-1,1,2] — H[-1,0,1,z] — H[0, —1, 1, 2]

in26]:= % /. H[0, x]— 0

oups= —H[—1,0,1,z] — H[0, 1,1, 2]
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7= % // HToS

out7]= —2 <§: 5;;) + i (—=x)* j[—?,i] _’_i (—:E)ZZ'SQ[—Li]

1=1 i=1 i=1

We send x to 1. Afterwards we rewrite the output in terms of harmonic sums, this is done by

using the function TransformToSSums.

inpgl= % /. x — 1 // TransformToSSums
out28]= —2S[3, 00] + S[—2, —1, c0] 4+ S[—1, —2, 0]

We give a slightly bigger example:

9= HToS[H[-1, 0, 1, 0, 0, 1, x]] /. x — 1 // TransformToSSums

out2g9]= —S[6, 0] + S[—1, =5, 0] + S[3, 3, 00] — S[—1, =2, 3, 9]

Remark 3.3.7. Details on the procedure TransformToSSums can be found in Chap-
ter 5.

There is one additional aspect, which causes difficulties when values at x = 1 are
considered. As mentioned earlier (see Remark 3.1.10) the product formula for harmonic
polylogarithms (3.3) does not hold if one of the objects is divergent. So we have to be
careful when we work with polylogarithms at © = 1 which are divergent. We state the
same example as in [33] to illustrate this problem (the subleading terms will be wrong):

From Lemma 3.3.1 we have

o0

7
H = —
1(2) Z -
=1
using (3.3) (here we require that < 1) and Theorem 3.3.2 we get

Si1(i) 1> ‘

? i2

(Hy(2))? = 2H1,1(m):2zxi<
=1

Sending x to one we get

We see that
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We can however use multiple harmonic sums to solve this problem, since there the
product also holds for sums at infinity. Namely, we can replace a sum at infinity by
a sum with upper bound N where N is large but finite. Then we can use the shuffle
algebra to cancel possible divergencies and afterwards we send N to infinity. Following
this approach we get

(lim Hy())? = (S1(00))? = 251 1(00) — Sa(00) = 2 lim Hy y (7) + lim Ha(z).

r—1

This way is consistent and it will allow us to define the Mellin transform properly
in the next section. Summarizing, we can again express all divergencies by the basic

divergency S1(00), which is equal to lim,_,; H;(x).

The Mellin-Transform of Harmonic Polylogarithms

In order to accomplish differentiation of harmonic sums, we look at the so called Mellin-

transform of harmonic polylogarithms; compare [30].

Definition 3.4.1 (Mellin-Transform). Let f(x) be a locally integrable function on (0, 1)
and n € R. Then the Mellin transform is defined by:

1
M (f(z),n) = / 2" f(z)dz, when the integral converges.
0

Remark 3.4.2. A locally integrable function on (0, 1) is one that is absolutely integrable

on all closed subintervals of (0,1).

For f(z) = 1/(1 — ) the Mellin transform is not defined since the integral fol 2~ does

T
1-x
not converge. Like in [33] we extend the definition of the Mellin transform to include

functions like 1/(1 — x) as follows

Definition 3.4.3. Let f(x) be a locally integrable function on (0,1) and let g(x) be a
harmonic polylogarithm which is finite at x = 1, and let p € N. Then we define

M*T (f(z),n) = M(f(z:),n):/olx"f(a:)dx,
e (20, < [y,
0

1—2’ 1—z

o (ool )y [ e oo =),
0

1—=z l1—=z

when the integrals converge. The function f is supposed to be a harmonic polylogarithm

without leading ones when the factor 1/(1 — x) is present.
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According to the definition, if we want to compute the Mellin-transform of harmonic
polylogarithms, we have to take care of harmonic polylogarithms which are not finite
at £ = 1. As mentioned in Remark 3.1.1 only harmonic polylogarithms with a leading
one (and not followed only by zeros) are not finite at x = 1. By using equation
(3.4) we can extract all the powers of log(1 — z) which cause the infiniteness at © =
1. After this extraction the remaining harmonic polylogarithms are finite at x = 1.
The following lemma will guarantee the existence of the Mellin transform of harmonic

polylogarithms.

Lemma 3.4.4. For a harmonic polylogarithm Hy,(z) the integrals

1 1 nHm
/ 2"Hp(z)dz and / 2" Hum(w)de
0 0 1 +x

converge for x € [0,1] and n € R. If Hp,(z) does not have leading ones and p € N then

1—z l1—=z

/1 anm(‘T) - Hm(l) dz and /1 (anm(‘r) — Hm(l)) logp(l — '75) dx
0 0

converge for x € [0,1] and n € R.

Proof. Let n € R and consider fol 2"Hp,(z)dz. After extracting trailing zeros and lead-

ing ones we get a combination of integrals of the form:

1
/ 2" log®(x)Hm(z) log®(1 — x)dz, a,b € Ny,
0

where Hy(x) is continuous on [0,1]. It suffices to prove, that these integrals converge.

|Hwm ()| is continuous on [0, 1] and hence has a maximum C on [0, 1]. Thus

< [ gl ) log’ (1~ )| da

C’/ " llog®(x ‘log 1—$)’dac

1
/0 2" log® () Hm(z) log®(1 — z)dx

IN

_ b1 —
= lgr(l)C E z" |log® x)\‘log (1 ac)‘dx
<1 —_—
|b=:Cl
1—¢
—1—221(1)(] . |log®(z ’log 1—x)’dac

2 =1 g‘logil =:C?

IN

1
cCy lin%/2 [log®(z)| dx

logh(1 — $)‘ dzx.
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Since the last two integrals converge, we finished this part of the proof.
The convergence of the second integral fol %
now on we assume that H,,(x) does not have leading ones, hence H,,(1) is finite. If we

find z; € R with 0 < z; < 1 such that for all = € (x1,1) we have

can be proved analogously. From

2"Hp(z) — Hip(1)
1—2

<(1-a)73, (3.5)

the convergience of fol w
fol (1 —z)"2 converges. Since x"Hpy(x) — Hyp,(1) is continuous on [0, 1], there is x9
with 0 < z2 < 1 such that 2"Hp(x) — Hp(1) is either < 0 or > 0 on [x2, 1]. We will

prove the > 0 case, the other case follows analogously. For x € (z2,1) we want to show

dx is proved; this follows since the integral

(3.5) or equivalently:
2"Hp(z) — Hp(1)

(1-2)7

<1

Let m = (m1, ma,...) with my € {0, —1} by assumption. With de ’'Hospital’s rule, see
e.g. [18, p. 287], we get:

lim anm<w) — Hm(l) — lim n:n”_le(aj) - 1f;1 Hm27m37 ({L‘)
—1 1 a1 1 -1
z (1—-2)2 —5(1—xz) 2
= }Cl_)ml (—an”_l(l - l‘)%Hm(iL‘)>
: z" 1
i (205 (1= ) . 0))

Since Hy, (1) is finite, the first limit exists and is zero. If mg # 1 then Hy,,, 1, (1) exists
and so the second limit is finite and equals zero. If me = 1, we can extract leading ones

and split the limit. We will get limits of the form

. z" 1 k
1 2 1-— log (1 —x)"Hgq
tny (227 (- ) g (1 0 H (1))
where Hy, . () is finite at 1 and k € N. Since lim,_,1(1 — x)% log (1 —z)* = 0, all these
limits vanish. Hence there is x; € [z9, 1] such that (3.5) holds and so fol w&p
converges.

For the last integral we want to find again z; such that

(z"Hp(x) — Hm(l)l) logP(1 — x)
(1—2x)2

<1 (3.6)

holds for all x with 21 < z < 1. Again we can find x9, with 0 < 29 < 1 such that
(2"Hpm(z) — Hip(1)) logP(1 — ) is either < 0 or > 0 on (x2,1).
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We will prove the > 0 case, the other case follows analogously. Using again de

I’Hospital’s rule we get

(2"Hp(z) — Hpn(1)) logP (1 —z)

| B () — Hon(1) log? (1 — )
iLml <2(1—x)2 1—2 >

x—)l

~ lim (2(1 — )2 logh (1 — 2) (nx”_le(x) R Hmmg,_,,(x)» .

For the second limit we can use the same arguments as we used in the proof of the

convergence of the third integral to show that its limit is zero. For the first limit we

can use induction on p to see that the limit is zero too. Hence there is 21 € [z, 1] such

that (3.6) holds and so fol (2" Hom(@)—Hm(1)) 108"(1=2) 72 converges.

1—x

O]

Remark 3.4.5. From now on we will call the extended Mellin transform M™ just

Mellin transform and we will write M instead of M.

Example 3.4.6. For z € [0,1] and n € R

1
M (Hip(z),n) = /Ox"HLo(x)da:,

M(HO’l(x),n) _ /01 a:"Ho,1(x)—Ho,1(1)dx7

11—z 11—z
M Hl’o(aj‘)’n - M Ho(%‘)Hl(aJ) _ H()J(.Z’)’n 7
< o ) MEHO(Z‘)HZ@ n>1]\j (H>0,1(95) n)
11—z 1—2 )’

l1—=z 1—z

_ /1 (m”HOJ(x) - H071(1)) log (1 - l‘) do — /1 an071(x) - H071(1)
0 0

compare also [11].

dx;

Now we want to study how we can actually calculate the Mellin transform of harmonic

polylogarithms. We will proceed recursively. It is quite easy to get the Mellin transforms

of harmonic polylogarithms with weight one [33]; see also [11].

Lemma 3.4.7. Forn € N we have

M (Hofa)n) =~
M () = 2L
MH()n) = (2@t Bl gy

n—+1 n—+1
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Proof. We just give a proof of the first identity. By using partial integration we get for

neN:
1 2+l 1 1 nt+l q
(Ho(w)m) = [ amBofe)de = = Ho(w)| [ L
/1 " J xn+1 1 1
pry — xr = ——- = -
o n+1 (n+1)2], (n+1)2
O
The higher weight results can now be obtained by recursion; see [33, 11].
Lemma 3.4.8. Forn € N and m € {0, —1,1}F,
Ho (1 1!
M (Hopa)n) = 202 [t @),
Hy (1 1 ! bogn
H_1.,(1) 1 /1 /1 "
M (H_ = : — "H dr — H dr ) .
o)) = =t oo ([ e He)de — [ Ha@)de
Proof. We get the following results by partial integration:
1 L+l 1 1 n
"H dr = ——H — —H d
o = S Hom@)| [
Ho,m(1) 1 /1 "
= : — H d
ntl  nadl ), ¥ Hm(@)d,
1 €
/ 2"Hym(z)de = lim [ 2"Hj p(x)d
0 «~1.Jo
wn+1 € € xn+1
= 1 —H — ———H d
eliri<n+1 1m(@)| /0 Do) @ x>
Hy (1) 1 /1 . 1
= : — —-1+—)H d
n+l n+1 O:U( +1—:c) m(®)de,
1 pntl 1 1 2t
2"H_ 1 p(x)dr = H 1 m(z)| — ——— H,(2)dz
| et = o) - [
H_q m(1 I 1
_ B / 2(1 = — - H,(w)da
n+1 n+1Jg 14+=x
O

Remark 3.4.9. We want to point out again that Hy y,(1) := lim,_,1 Hy m(z) and hence

we are dealing with limit processes.
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As we could see in the previous lemma, we will need the results for harmonic polylog-
arithms weighted by 1/(1 4 z) or 1/(1 — x). We start with harmonic polylogarithms
with weight one; see [33, 11].

Lemma 3.4.10. Forn € N and z € (0,1),

M(Ho(x),n> = S2(n) — (2,

Proof. We use again partial integration and Lemma 3.4.7. In addition we use tables by
Vermaseren (see [41] and [33]) where we can find values of multiple harmonic sums at
infinity and harmonic polylogarithms at one. To verify the exchange of integrals and

summations we used the theorem of dominated convergence of Lebesgue (see e.g. [40]):

M(I;I()_(x;,n) = /0 Z}E)x /leHo

oo 1 ; _ 1
- ;L/O ng(x)da:——;(H_l)z
- _ Z %:Sg(n) — Sa(00),
1=n-+1
1 " 1 e )
S [ e — (1S G
- Z/O (o) Hafo)de = (<13 oy
. (_Z;) — (1) (S_(00) — S_2(n)),
i=n+1
H_ ) (2) PatHoy(x) — Hog (1)
M(lix,n> _/0 11_$ LA
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Z /0 (¢'H_1(z) — 2" "H_,(1))dx

i </01 r'Hoy(2)dr — /01 xi‘”H_l(l)dx>

_. N (Sl D=1+ H)(—1) + 1) Ho (1)

]\}gnoo2< : z+11 _i—7”1L+1>
NS+ 1)(-1) +H(D(-D) +1) X=H_i(1)

]\}Enoo <Zr:z 1+ 1 1 B ZZ; 1

~1,-1(n) + Ho1(1)(S-1(n) — S1(n)) — S—1,-1(N +1)
( )(S- (N+ 1) = S1(N +1)) =H_1(1)S1(N —n))

S—1,-1(n) + H.1(1)(S-1(n) — Si(n)) — S-1,-1(00) — H-1(1)5-1(c0)

log*(2) — C2
2

1 et (l‘) — ! n 7
/0 1+1x dm_/o (=1) Z(—x) H_i(z)dx

e

1y Z Sa(i+1)+ 1;1+ 1(1)((-1)@ +1)

(=1)" lim (S1,-1(N) + H_1(1)(S1(N) = 5-2(N)) = 51,-1(n)
HLL(1)(S1(n) — S-2(n)
1 (22 10g(2) (51 (0) = 51(m) — 514)).

YemHi(r) —Hi(z) o~ 1 i—n
/0 11_m 1 dx_iz;/ox(ﬂl(x)—x H,(z))dx

- ZN: <51(¢+1) - Sl(i—n+1)>

+1og(2)(5-1(n) = S1(n)) + S—1,-1(n),

N—co 1+ 1 t—n+1
A}Eﬂ (51 1(N + 1) 5171(n) — 51’1(]\7 —n—+ 1))
—S11(n )
1
/0 1+:z: Z/
i=n i=n-+1

—(=1)"(S-1,1(c0) = S—1,1(n)

)
-1 (Soaatm + 255,
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The higher weight results can be again obtained by recursion, however we will first

show uniform convergence for a series which will pop up.

Remark 3.4.11. In the following recursions we will use the following definitions: For
n €N and xz € (0,1),

Lemma 3.4.12. Let m be a vector with components in {0,1,—1}, p be the empty vector

or a vector with components in the non zero integers and let k € N U {0}. Then the

i Z+1
ZmH 1)k)

converges uniformly for x € (0,1).

series

Proof. We apply the ratio test [18, p. 205] and use Lemma 3.3.3:

i Sp(i+2
i | Ho(2) (?iz)k) — i |52 2) 1)k
i—oo | giH,,( )5(};(::3}@) i—oo | Sp(i+1) (i +2)k
= gz lim ‘Sp(z.—l—Q) i (Z.—I_l)
1—00 Sp(l + 1) 1—00 (Z + 2)
= 7.

Hence using the criterion of Weierstrass [18, p. 555] the series converges uniformly for
€ (0,1). O

In the following three lemmas we will present the recursion (compare [33]), which we

will use to compute the Mellin-transform of general harmonic polylogarithms.

Lemma 3.4.13. For z € (0,1), n € N, k € NU {0}, m a vector with components in

{0,1, =1} or m = () and p a vector with entries in N or p = () we have:
Sp(i+1
/ o) Hom() P e = By m(1)( k1 p(00) = S 41,()

(i + 1)k
1S , Sp(i+1
_/0 ;(—x)le(x)de,
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1 i
| Y o am@) B e = (D5 -1p(00) — S p(0)

/ Z 2'Hp, —1)"Spy1p(i + 1)

+<—1>im ¥ <—1>"Sk+1,p<n>)dx.

Proof. We give a proof of the first identity. The second follows similarly. By Lemma
3.4.8:

1 ©© i i ; A
/ ;—x)z‘ﬁo,m(x)de _ ZH&SM /0 Sy (o)

_|_
- (=1)%Sp(i +1) (Hom(1)
N Z (z+p1) < i+1

1 L
. x’Hm(x)da:>
1+ 1 0

= _Ho,m(l)(S_k_l,p(oo) — S—k—l,p(”))
1 2o ; Sp(i+1)
—/0 ;(—w) Hm(x)wd

O]

Lemma 3.4.14. Forn € N, k € NU{0}, m a vector with components in {0,1,—1} or
m = () and p a vector with entries in N or p = () we have in the ring of formal power

/ S (o) (@) 2O D g (1)(S s p(00) — S_p ()

(i+ 1)k
/ ZxZH (~Sicrpli+1)

S p(i+1)

i=n

—(~1)! + S k1) )da.

Lemma 3.4.15. Forn € N, k € NU{0}, m a vector with components in {0,1,—1} or
m = () and p a vector with entries in N or p = () we have in the ring of formal power

series:

/ Z 2" Ho,m( St 1)d93 = Hom(1)(Sk+1,p(00) = Skt1,p(n))

(i+ 1)k
1l Sp(i+1

i=n
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1 00 i
/0 inHl,m@)md‘T = Him(1)(Sk+1,p(00) = Sk41,p(n))

/ leH Sk+1 pli+1)

S (2 + 1)
N (z‘p+ 1+ S"““”’(”))d“’”

1 o© 7
/OZ:::"HLm(x)'Sde = H_1m(1)(Skt1,p(00) = Skr1,p(n))

(1 + 1)k
/ leH S b 1p(Z—|—1)

+m - (—1)i5_,§_1,p(n))dx.

i=n

(3.7)
Proof. We only show the third identity. It is implied by
; Sp(i+1) N Sp(i+1) 1
/ Zl’ H_ 1 m Z T 1) ———dx = ; (’L—i—l)k/(; x H_Lm(af)dx
_ i Sp(i+1) (Hoym(l) /1 2 Hyp(2) i
i+ 1)F it o i+1
1 Loyt
T /0 1 +me(x)dx>
= H- lm( )(SkH p( )_ Sk+1 p( ))
p(i+1)
/ Z 2 Hin + 1)k+1 S
z +1) 4 > .
“ X G T L e e
=0
= Hom )(Sk—H (00 ) Sk+1,p(n))
/ Z%'ZH 1)"S_p_1,p(i + 1)
SP(Z + 1) i )
+ e — () s_k_l,,,(n))dx,
in the last equation we used:
- ( 7 - — X SP(.] + 1) J ]
Z % 1“7 > (= = > 1 (—2) Hp(2)
= ( 1 i 7=0 =0 j=0 (‘] t 1)
NS i : Sp(j + 1)
- Z( )'z Hp () (-1) (j + 1)k+1
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o0 i+1 S (i
- Z )’z Hip )Z_(_l)] (j];lgr)l

j=1

~.

i=0
= > (D Ha(@)S (i + ).
=0

Remark 3.4.16. In Lemma 3.4.13 the left sides and the right sides converge and
hence the equalities hold analytically. In Lemma 3.4.14 the left side converges, while
the convergence of the right hand side is not obvious since Hy (1) is present. In Lemma
3.4.15 the left sides do not converge and so do the right hand sides.

The left hand sides of 3.4.13 - 3.4.15 can appear in the computation of the Mellin-
transform and hence we use the equalities formally. It turns out that the divergencies
cancel in the end and all divergent parts disappear. At this point one would have to
prove that the Mellin-transforms and the results from these recursions are equal in an

analytic point of view, however this is omitted here.

We are now able to compute Mellin transforms of all harmonic polylogarithms. We can

use the previous lemma even if neither 1/(1 4 x) nor 1/(1 — ) is present, since

_1+a:
14z 14z

Hence we do not need Lemma 3.4.8 to compute the Mellin transform of harmonic
polylogarithms (but we used it to establish the Lemmas 3.4.13 - 3.4.15). In the base
case one has to evaluate harmonic polylogarithms at £ = 1 and harmonic sums at
infinity; for this task we use tables from [33] which contain expressions up to weight 9.
The results of the Mellin transforms should be finite, hence the divergencies introduced
in the Lemmas 3.4.13-3.4.15 should cancel. The result of the Mellin transform is an
expression with multiple harmonic sums in the argument n. The algorithm can be
summarized in Algorithm 3.4. We illustrate the usage of the previous lemmas on two

examples:

Example 3.4.17. For n € N, we perform the following formal calculus.

x 1 > ' 1 o ’ i
M(ﬁliz’n) - (_1)n/0 ;(—x)’Hl(w)dx:(—l)"/ Z(—x)ZHl(x)mdx

()P (1) (00) — S (n / i+ D)
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1
(i+ 1)t

(=) + S_l(n)>dx

o0

1
(= 1)"H (1)(S_1(00) — S_1(n)) — (—1)n/0 S —aiS (i 4+ 1)da

=n

/ z—i-:rld = S-a(n)(=1)" /Olixidm

= (=1)"( ( )(S— (00) =51 (n))+51—1(00) —qu,—l(n) — S_2(c0)
+S_2(n) + S-1(n)(S1(c0 ) 51

M<H—11,0,1($)’n> — /lan_l’O’l() Ho101( / (z"H_10,1(x)
—r 0 11—z

—H_17071(1)) dx

= / <Z z'H_101(x) —H_10,:1(1) le) dx
1 > ,
= / Zx H_ 101 d.%' — / H—l,O,l(l)ZlﬂdZ’
0 =0

= / leH 1()1 dl‘—H 101(1)H1(x)

2
= (-1 (Sm(n) + W) :

see Lemma 8.4.10. Now we can apply the Lemmas 3.4.13, 3.4.14 and 3.4.15 on the

integral and we will finally arrive at the result

3M(DJM”—MW%—”@ + (o621~ %) s24(m)

8 4 40

+ (— (log( )(2) + 8CB> Sl(n) + CQ S—l, —1(n) — S_ly_gyl(’rl).

Finally let us look at the result for a bigger example:

Example 3.4.18.

H_o110-1(z)\ _ 63¢3 log(2) | log(2)° N
M(l—;p) = 220 + 5y +3log(2)Liy (2>
2 2
+ 11Lis (;) +334225;—1(n) L 3G log(i) S_1(n)
S0, (1

33¢2Si(n) 3¢ log(2)? Si(n)
20 4
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Algorithm 1 Mellin Transform

input: f(z) =Hpm(x), f(x) = 7 or f(x) = Hi
procedure MELLIN(f(x),n)

r=20

if f(z) = Hp(x) then
s = MELLIN(%
else if f(z) = Hn(@) then

n) + MELLIN(%,?@ +1)

5= fol > H—z ’Hm(x)i(fl_)lgdx
else if f(z ) H"‘( ) and m[l] # 1 then
s = fo Hon(7) iyt d
fo >, o H( )k(gz(:lr)lo)dx

else if f( ) Hl"’(x) and m[1l] = 1 then

§= fO i:n m( ) (Z(i—il_)lo) dx

r = REMOVELEADING 1 (Hy,(2))
nsum =number of summands in r
modify r in the following way:

for i = 1 to nsum do

if the ith summand of r equals c¢x Hy 1 1(z

add 1 to the index set and set x =1
else if it equals ¢ * Hy(z)H;
add 1 to the index of Hy 7 ..
else if it equals cx Hy(z), y# (1,1,...,1

multiply H;(1) to the summand and set z =1

end if
end for
end if
s=s—r

transform all Hy(1) in s to Sy(o0).
expand all products in s
return s

end procedure

sdye ’(x)’y#(]‘?]‘?""
1(z) and set x =1

> Use 3.4.13-3.4.15
> first index # 1
> Use 3.4.13-3.4.15
> Use 3.4.13-3.4.15
> first index = 1
> Use 3.4.13-3.4.15

>ceR

1) then

> Use Theorem 3.3.2

> Use (2.1)
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4
10g(2) Sl(n) +4Liy (1> Sl(n)
6 2
+ log(2)S_1,-1,—2(n) + G2 5-1.-11(1) 5_1’2_1’1(“)
3¢2¢3
— log(2) S—1,-1,2(n) + S—1,-1,—2,-1(n) + 1
13 1og(2)*¢s 13 log(2) S-1(n) G5
8 4
13 log(2) S1(n) ¢ 845¢s
4 64

The Mellin transform of harmonic polylogarithms is implemented in HarmonicSums:

HarmonicSums session.

inpo:= Mellin[H[-1, 1, 0, x]/(1 + x), x, n]

ousol= (—1)" (H[-1,-1,1,0,1] + H[—1,1,0,1] S[-1,n] — H[—1,1,0,1] S[L, n] + S[1, —1,2,n])

3= % // ReplaceByKnownFunctions

In2* 1n2272 722® 13In223 In222S[—1,n)
wil (—1 "(21'411 1o - 2
out3l]= (—1) i4half+ 15 1 3 3 + 5

23S[1,n] + S[1,71,2,n])

In2 22 S[1, n|
e My

—z3S[—1,n] 5

inp32:= Mellin[H[-1, 1, 0, -1, x]/(1 - %), x, n] // ReplaceByKnownFunctions // Expand

In2°  63In222> 13In2°23 32223 84525

out32]= 11li5half + 3li4halfIn2 + 30 + 20 3 + 1 o1 —4lidhalf S[-1,n] —
4qr_ 2 - 2q[_ _
In2 Sé 1,n] " 31n2° 22 S[—1,n] 3322 280[ 1,n] _ 1311122348[ 1,n] + 4lidhalfS[1,n] +
4 2 2
In2°S[1,n]  3In2 sz[l,n] _ 332223[1,71} n 131n2zi)S[1,n} b m2S[-1,-1,-2,n] +

6
z2S[-1,-1,1,n]

5 —In28[~1,-1,2,n] +S[-1,—1,-2, —1,n]

Remark 3.4.19. The procedure ReplaceByKnownFunctions uses tables by Vermaseren
to replace harmonic sums at infinity and harmonic polylogarithms in one by known
functions. For these known functions we use the notation used by Vermaseren. The

tables can be found at www.nikhef.nl/~form.

The Inverse Mellin Transform of Multiple Harmonic

Sums

We already saw that the Mellin transform of harmonic polylogarithms can be expressed

in terms of multiple harmonic sums. Now we want to go the other way round.
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In order to get the inverse Mellin transform of multiple harmonic sums, we have to con-
sider distributions. In fact we will consider distributions which are either differentiable
functions in the class of C*°((0,1)) or are Dirac-d-distributions 6(1 — z) € D’[0,1]. We
want to point out that the inverse Mellin transform of constants is 6(x — 1) where d(x)
is the Dirac-d-distribution and that §(z — 1) will only appear as the inverse Mellin
transform of constants. Since we are mainly interested in the differentiation of multiple
harmonics sums and since a constant vanishes if it is differentiated, we will skip further
details on the inverse Mellin transform of constants. Subsequently, we will write M~ (c)
for the inverse Mellin transform of a constant c.

To prepare the stage we give some properties of the shuffle product of harmonic sums;
here the product among harmonic sums is defined as for harmonic polylogarithms in
Definition 3.1.6.

3.5.1 Properties of the Shuffle Product

Definition 3.5.1. For ay € Z/{0} with 1 <k <1 and c € Z/{0}, we define

S

a1,aQ,...,ak_1,<ak,c>,ak+1,...,al (n) T Sa17a‘27"'7ak717akvczak+17"~7al (n)
801,02,k 1,011 1,00k 1 210001 ()
+ o+ Sapaza-z,a1,ea (1)

+Sa1,a2,---,a1—1,a170(”)?

similarly, we define

(a1,a2,...,a5_1,{ak, ), aks1,...,a;) = {(a1,a9,...,ap_1,0k, ¢, af11,...,aq7),
(a1,a2,...,05—1,0k, Qf+1, C, Aft2, - - -, A7)
oo (an,ag, a0, a0, ¢, ap),
(a1,a9,...,a;-1,a;,¢)}.

Example 3.5.2.

Stedas(n) = Sizzas(n)+S12435(n) + S12,453(n).
Lemma 3.5.3. Let a;,b; € Z/{0}, for1 <i <k and1 < j <1 and consider the shuffle
product Sq, as,....a, (1) WSh, by,..5, (). Let P be the representation of

Sa17a2,---,ak (n) LL’Sbl,b27~~~7bl (n)
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1

such that it is linear in the harmonic sums *. If we replace every occurrence of by in

P by (b;,bi1) and call the result P, then we get (using Definition 3.5.1) that P is a

representation of

Say,az,... ax (n)w Sb1,b27-~7bz7bz+1 (n)

We give an example which illustrates this lemma.

Example 3.5.4. Consider

Sa1,a2(n) WSy, = Say,a2,b1 (n) + Say b1 az (n) + Sby,a1,a2 (n).

If we replace by by (b, bs) we get:

501’027<b17b2>(n) + Say,(b1,b2),a0 (n) + S(b1,b2),a1,a2 (n) = Sa1,a2,b1,62 (1) + Say by b2 .00 (1)
+S¢l1,bl7a2,bz (n) + Sb1,b2,a1,a2 n)
+Sb1,a17b2,a2 (n) + Sbl,a1,ll2,b2 n)

= Sa1,a2 (n) L Sbhbz‘

(
(

Remark 3.5.5. If we define a U b for two vectors a = (ai,as9,...,a) and b =
(b1,ba,...,b;) as the set of all mergings of a and b in which the relative orders of
the a; and b; are preserved (for example (a1, a2,b1,b2,...,b;,a3,a4,...,a;) € aU b but

(ag,a1,b1,ba,...,b;,a3,a4,...,ar) ¢ aU b) then the shuffle product is nothing else but

Sa(n)wSy(n) = > Se(n).

cealb

We give a proof of Lemma 3.5.3:

Proof. Let a= (ay,as,...,a;) and b= (by,bs,...,b), let A be the set aU b, however
replace each by in A by (b, b;11) and let B = (ay,az,...,a) U (b1,ba,... b, by1). Let
A be the union of the sets which arise after using Definition 3.5.1 for all elements in A.
It remains to show that A = B.

We start by showing A C B : Take an element & € A. The relative order of the a; and
b; in aU b is preserved and the exchange of b; by (b, b;+1) does not change the order
of a; and bj. Due to Definition 3.5.1 b; is left to b1 for all harmonic sums in A. Hence
x has to be in B.

Now we show B C A : Obviously it is always possible to find for a given

r € B an element y € A such that after using Definition 3.5.1 z occurs

'Note that this is always possible by using (2.19)
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in y (for example let * = (a1,b1,bo,...,b1_1,b;,a2,...,ak,b4+1) then take y =
(a1,b1,bay ... b1, (by,by11) ,az,...,ax)). Hence x € A. This completes the proof. [

The Most Complicated Harmonic Sum

In order to get the inverse Mellin transform of multiple harmonic sums, we exploit the

following order on the set of harmonic sums.

Definition 3.5.6 (Order on harmonic sums). Let Sp,(n) and Sm,(n) be harmonic

sums with weights w1, we and depths di and ds, respectively. Then

Smy (), if wy < we,

e
z

S =<
S < Smy(n), if wy =wq and d; < da.

E
z

For a set of harmonic sums we call a harmonic sum most complicated if it is a largest

function with respect to <.

Example 3.5.7. We have
51’1(71) < Slyg(n) =< 5171’1(71) < 527171(n).

If we consider the set of these 4 sums then Sa11(n) is most complicated. Note that <

is not a linear ordering, e.g.,

S123(n) A S213(n) and Sz 13(n) A S123(n).

If we consider the set of these 2 sums then Sy 23(n) and Sa 1 3(n) are most complicated.

In the following we show that in the Mellin transform of a harmonic polylogarithm

there is only one most complicated harmonic sum.

Proposition 3.5.8. In the Mellin transform of a harmonic polylogarithm Hp,(z)
weighted by 1/(1 — x) or 1/(1 + x) there is only one most complicated harmonic sum
Sm(n),i.e.,

M (?’Z’é?n) = Sm(n) +t

where all harmonic sums in t occur linearly and are smaller then Swm(n).

Let us consider the Mellin transform of the polylogarithm H,,, m(x) weighted by ﬁ
or H% and let w be the weight of H,,, m(z). By looking at the recursions in the Lem-
mas 3.4.13, 3.4.14 and 3.4.15 we can see that the multiple harmonic sums appearing in

the Mellin transform have weight less or equal w + 1. We consider now those harmonic



Harmonic Polylogarithms and the Differentiation of Harmonic Sums 60

sums in the Mellin transform which have weight w + 1 and which have the maximal

depth and so are most complicated.

Where do these sums emerge from? Again looking at the recursions in the Lem-
mas 3.4.13, 3.4.14 and 3.4.15 we see that if m; = 1 then we will have to do either
(depending if there is a factor (—1)¢ present) the following 3 integrals

/ZJCZH ) Sp41,p(i + 1)du,
+1

/Z rHum, )k+)1d

/ ZxH x)Sk41,p(n)dx,

or these 3 integrals
/ ZOC’H ) S_p—1,p(t + 1)dz,
% SP(Z + 1)
/ ZﬂH x)S_p—1,p(n)dx

in the next step. Likewise, we have to do three similar integrals if m; = —1. In this
situation (my = 1 or my = —1) the most complicated harmonic sums can only emerge
from the first or the third integral; there the weight of the polylogarithm is reduced
by one and the depth of the harmonic sum is raised by one; in the second integral
however the weight of the harmonic polylogarithm is reduced by one, but the depth
of the harmonic sum is not raised. In the situation m; = 0 there is just one integral
and the depth of the harmonic sum is not changed. So these sums emerge from those
recursion branches where in each step either a first or a third integral is used, whenever

the entry in mis 1 or —1.

How do these sums look like? Let us start with an example.

Example 3.5.9. Consider the Mellin transform of HO’%OI’I(I). If we take the branch
where always the first integral is used, we get the sum S123(n). If we take the branch
where always the third integral is used, we get Si(n) * Sa(n) x Ss(n). This product will
produce sums of highest depth:

S1 (n) * Sz(n) * Sg(n) = 517273(71) + 51,372(71) + 52,173(71) + 527371(71)
+537172(n) + 537271(71) +t.
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Here t is a linear expression in sums of weight 6 with depth less then 3.

Notation 3.5.10. Let a = (ay,a2,...,a;) and b = (by,ba,...,b). We denote the

concatenation product by a-b. Hence a- b= (a1, as,...,ar,b1,ba, ... 0).

Definition 3.5.11. Let a = (a1, az,...,ax) be a vector of length k, a; € Z\ {0} and let
d,n € N. We define

rev(a) = Sakﬂk—h---ﬂl (n)

and

part(a) := {Sy, (n) - Sp,(n) -+ Sp,(n) | (b1 -ba-... - bg) = a}.

Let x = Sp,(n) - Sp,(n) - - - Sp,(n) be an element of part(a). We call d the length of x.

Example 3.5.12. For a= (1,2,3),

part(a) = {517273(77,), 5172(77,)53(71), S1 (n)ngg(n), Sl (n)Sg(n)Sg(n)} .

In order to get all most complicated harmonic sums, we first look at the branch where
we only use the first integral and look at the index set a of this multiple harmonic sum
(let o be the sign of this sum). All most complicated harmonic sums have weight and
depth equal to the weight and depth of S4(n). Each element in part(a) corresponds
to exactly one branch where we use in each step either the first or the third integral.
The sign of each element depends on ¢ and the length of the element. If the length of
the element is d then the sign is —o (—1)?. Combining all possible branches we get the

Z (_1)Length(a¢)x‘

zE€part(a)

following sum

If we work out the sum and linearize the harmonic sums, a lot of cancellation will take

place, in fact we have the following lemma.

Lemma 3.5.13. Let a = (a1, az,...,ax) be a vector of length k, a; € Z\ {0}, then

> (~ntenethlg = (—1)Frev(a) + ¢,

z€part(a)

where t is a linear combination of sums of depth less than k.

Remark 3.5.14. If we know the set

part(a) = {Sp, (n) - Spy(n) - Sp,(n) | (b1 - by - ... by) = a}
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for a=(ay,...,ax), we can get the set part(a) for a= (a1,...,ar, axi1):
part(@) = {Sp,(n)- Se,(n)---Sp,(n) - Say,,(n)| (b1 -by-... by) =a}
part, (@):=

U {Sb.(n) - Spy(n) -+ Sppapsy (n) | (b1 by- ... bg) = a}.  (3.8)

party(@):=

Now we can give the proof of Lemma 3.5.13.

Proof. We proceed by induction on the length k of @ = (a1,a2,...,ar). If kK =1, then
part(a) = {Sq,(n)} and

S (R = S, () = (1) Sy g (1)
xepart(a) S~——

Thus Lemma 3.5.13 is true for k¥ = 1. Let us assume that the lemma holds for k£ and

let @ = (a1,a2,...,ar+1). With the notation given in Remark 3.5.14,
Z (_1)Length(x)x _ Z (_1)Length(x)x + Z (_1)Length(x)x )
z€part(a) z€part, (a) zEpart, (@)
t B:=

Let us first look at A:

A= Sy (n) Y, (=1t

z€part(a)

According to the induction hypothesis we get

> (—ptensh@)y = (—1)krev(a) +t

zepart(a)

where t is a linear combination of sums of depth less than k. Therefore the sums of

highest depth in A are emerging from Sg, ,,(17)Sa, a_1,...a (7). By using (2.1) we get

k1
k
A=—(-1) (Sak+17ak,~-~,a1 (n) + Sak,ak+1,~~-7a1 (n) +--+ Sak7-~-7a17ak+1 (n)) +ta

where t4 is a linear combination of sums of depth less than &k + 1.

Let us now look at B. The sums of highest depth in B have depth £+ 1 and result from
the first and second sum in (2.1) since in the third sum the depth is reduced. Hence
we can neglect the third sum and just look at the first 2 sums. This implies that it
suffices to look at the shuffle product and not at the quasi-shuffle product to detect
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the sums of highest depth. By the induction assumption, the only harmonic sum in
> zepart(a) (—1)Leneth(@) g of highest depth is S, a;_,...a; (). Using Lemma 3.5.3 and
(3.8) we get that the sums of highest depth in B originate from S, 4,105 1,....a0 ()
We obtain

k k
B = (_1) S(ak7ak+1>7ak—17---7a1 (n) = (_1) (Sak’akJrlrn:al (n) + Sak»akfl’akqtl’akf}w(ll (n)
+oeet+ Sakw-,al»akJrl (n)) +1iB

where tp is a linear combination of sums of depth less than k4 1. Summarizing we get

Z (*1)Length(m)x = A+B= 7(*1)ksak+1»ak,~-‘,a1 (n) +ita+ip
z€part(a)

= (_1)k+1sak+1,ak,...,a1 (n) +ta+1p.
This completes the proof of Lemma 3.5.13. O

Example 3.5.15. For a = (1,2,3),

> (D@ = =8 p5(n) + S1.2(n)Ss(n) + S1(n)Sz3(n) — S1(n)Sa(n)Ss(n)
z€part(a)

= —S32.1(n)+ Ss51(n) + S33(n) — Se(n).

Using the considerations above we get that Proposition 3.5.8 holds with Sw(n) = rev(a).
The harmonic sum Sw(n) originates from the branch of the recursion where always the
third integral is used.

We emphasize once more that we are mainly interested in the computation of a harmonic
polylogarithm for which a given harmonic sum is the most complicated harmonic sum
in the Mellin transform. But first we go the other way round. We have to determine

rev(a).

3.5.2.1 Finding the Most Complicated Harmonic Sum

Given: a harmonic polylogarithm H,,(n).

Find: the most complicated harmonic sum Sg(n) and its sign o in M (Hlmi(;) ) n) .

Of course, we could just compute the Mellin transform and look for the most compli-
cated sum in the result. However, in our considerations it is crucial that this job can
be attacked directly. In general, this is possible by applying the Lemmas 3.4.13, 3.4.14
and 3.4.15 recursively. The most complicated harmonic sum originates from the branch
of the recursion where always the third integral is used. Looking at the recursions in
the Lemmas 3.4.13, 3.4.14 and 3.4.15 we see that there are basically two parts of the
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recursions: the first does not contain the factor (—1)?, and the second contains this
factor. If the harmonic polylogarithm is weighted by 1/(1 — ), then we are in the first
part, otherwise if there is the factor 1/(1 + z), we are in the second part. We start
with the following observation: If we start at the first index and go right, we see that
after an index —1 we are always in the second part, while we are always in the first

part after an index 1. An index zero has no effect.

First we determine the sign o of the most complicated harmonic sum in M (Hlnjc(gf) , n) .

Given: a harmonic polylogarithm H,,(n).

Find: the sign o of the most complicated harmonic sum Sg(n) in M (Hl"i(f) , n) .

We start with o := —1 since there is a minus in front of all integrals in the recursions.

It depends on which part of the recursion we are how the sign is changed:

Part 1 ((—1)* is present) Part 2 ((—1)* is not present)
1 0 -1 1 0 -1
| | | | | |
o—0 o— —0 o—0 oc——0 o0——0 00— —0
stay stay goto part 2 goto part 1 stay stay

Analyzing these diagrams we notice that a zero always changes the sign, an other index
just changes the sign, if the next nonzero index to the left of it is —1. In addition, the
first nonzero index changes the sign if the factor 1/(1 + x) is present, otherwise if the
factor 1/(1 — x) is present, the sign remains unchanged. Summarizing, it is enough to
count the indices less or equal zero. If there are k indices less or equal zero then the

sign is:

. — { —(=1)%, if 1/(1-x) is present (3.9)

(—1)*, if 1/(14x) is present.

Now we determine the index set of the most complicated sum:

Given: a harmonic polylogarithm H,,(n).

Find: the index set a of the most complicated harmonic sum S, (n) in M (Hﬂ(f) , n) .

Note that the index set of the harmonic polylogarithm and its most complicated har-
monic sum are closely related if we use the modified notation (Notation 2.1.4) of har-
monic sums as follows. From the recursions in the Lemmas 3.4.13, 3.4.14 and 3.4.15
we get that the index set of the harmonic polylogarithm and the index set of the most
complicated harmonic sum in the Mellin transform of the polylogarithm are almost

equal. However, some signs may change and there is an extra index. This extra index
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arises since the recursions result in a harmonic sum of the form Si(n), k¥ = £1 in the
base case (just 1/(1 —x) or 1/(1 + z) and no harmonic polylogarithm is present). So
we append the index 1 to the index set. How are the signs going to change? This
depends again on the part of recursion we have to consider. If we are in the first part
(of the diagram above) the sign is not changed, if we are in the second part, the sign is
changed.

So we can proceed as follows: We go from right to the left in m. If the next nonzero
index to the left is 1, then the actual sign of the index stays the same, otherwise if
it is —1, the sign changes. The leftmost nonzero index keeps its sign if the factor is
1/(1 — z), otherwise if the factor 1/(1 + z) is present, the sign is changed. After this

we switch the usual notation of harmonic sums.

Algorithm 2 Computation of the Most Complicated Harmonic Sum in the Mellin
Transform of a Weighted Harmonic Polylogarithm

procedure MOSTCOMPLICATED(SZSQ) >w==+1
a=m
Append the index 1 to a
for i = Length(a) to 1 do

if afi] # 0 then

J=i-1

while j > 0 and a[j] =0 do
J=i-1

end while

if j > 0 and a[j] < 0 then
ali] = —ali]

end if

if j =0 and w =1 then
ali] = —ali]

end if

end if
end for

k =number of indices < 0 in m
return w(—1)*S,(n)
end procedure

Example 3.5.16. Consider Hy _1010,-1(x)/(1 — ). There are 4 indices less or equal
1, so the overall sign is —1 by (3.9). Start with {1,—1,0,1,0,—1,1} as the index set
for the harmonic sum; we added the extra index 1. Looking at the signs of the indices
we arrive at {1,—1,0,—1,0,—1,—1}. So the most complicated harmonic sum in the
Mellin transform of Hi—101,0-1(x)/(1 — ) is =S1,-1,—2,—2,—1(n).

Summarizing, we end up at Algorithm 3.5.2.1 to find the most complicated harmonic

sum and its sign in M (Hl"i(;:) , n) )
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Remark 3.5.17. Due to our considerations we notice that the mapping which maps a
weighted polylogarithm onto the most complicated harmonic sum in its Mellin transform

18 injective.

The Reverse Direction

We are now able to compute the most complicated harmonic sum in the Mellin transform

of a harmonic polylogarithm. Now we are ready to consider the following problem.

Given: a harmonic sum Sg(n).

Find: a harmonic polylogarithm Hy,(z) such that S,(n) is the most complicated har-
Hp(z) >
n).

monic sum in M < Tis

Analyzing Algorithm 3.5.2.1, we notice that the number of negative indices of the most
complicated harmonic sum in the Mellin transform of Hy,(x)/(1 — x) is even no matter
how m looks like. On the other hand, this number is odd if we consider the Mellin
transform of Hy,(z)/(1 4+ ), again it does not matter how m looks like. So we can
decide how the polylogarithm has to be weighted in order to get a special harmonic
sum, say Sq(n), to be the most complicated one in the Mellin transform of the weighted
polylogarithm. Knowing this, we look at S4(n) in the expanded notation and do the
reverse of Algorithm 3.5.2.1: First we drop the last index, then we go from left to
right; the first nonzero index changes its sign if the logarithm is weighted by 1/(1 + x),
otherwise if it is weighted by 1/(1 — z), the first nonzero index holds its sign. The
second nonzero index changes its sign if the first nonzero index is negative in the
current configuration, otherwise it holds its sign. Proceeding in this manner to the last
nonzero index we will get the index set m, such that Sg(n) is the most complicated
harmonic sum in the Mellin transform of H,,(x) weighted by the already known factor.
It remains to decide about the sign of the polylogarithm. In order to do that, we can

use (3.9) where k is the number of indices less or equal zero in m.

Let us summarize our considerations; compare [33]: Given a multiple harmonic sum
Sa(n), we want to compute a polylogarithm Hy,(z)/(1 £ x) such that Se(n) is the most
complicated harmonic sum in the Mellin transform of Hy,(z)/(1 £ x). Let us look at

the expanded index set of the harmonic sum:

e [f the number of negative indices is even, set ¢ = —1, and there will be a factor
f=1/(1 — z); otherwise set 0 = 1, there will be the factor f = 1/(1 + x).

e Drop the last index. Take the remaining indices as the indices of the polyloga-

rithm.
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e The first (leftmost) nonzero index changes its sign if f = 1/(1 4+ ), otherwise if
f=1/(1 —z), the first index holds its sign.

e Working from the second nonzero index to the right, each nonzero index will
change its sign if the nonzero index to the left is negative, otherwise it holds its

sign.

e Multiply the term by o(—1)¥ where k is the number of indices which are less or

equal zero in the current configuration.

Remark 3.5.18. Due to our considerations we notice that the mapping, which maps a
harmonic sum Sq(n) onto a weighted harmonic polylogarithm Hy,(z)/(1 + x) such that
Sa(n) is the most complicated harmonic sum in the Mellin transform of this Hpy(x) /(14
x), is injective. Hence, using Remark 3.5.17, it follows that the mapping which maps a
weighted polylogarithm onto the most complicated harmonic sum in its Mellin transform

1s bijective.

3.5.3 Computation of the Inverse Mellin Transform

The computation of the inverse Mellin transform of a harmonic sum now is straight-
forward [33]:

e Locate the most complicated harmonic sum.
e Construct the corresponding harmonic polylogarithm.
e Add it and subtract it.

e Perform the Mellin transform to the subtracted version. This will cancel the

original harmonic sum.
e Repeat the above steps until there are no more harmonic sums.

e Let ¢ be the remaining constant term and replace it by M~!(c), or equivalently,

multiply ¢ by (1 — ) (see the beginning of this section).

A detailed description is given in Algorithm 3.5.3.

Example 3.5.19. Consider the sum S1121(n), which is S11,0.1,1(n) in the expanded

indez set notation (see Notation 2.1.4). This sum is the most complicated harmonic sum
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Algorithm 3 Inverse Mellin Transform
procedure INVMELLIN(S,(n), x) > z is argument of output function
b=a
1 =number of negative indices in b
if ¢ is even then
f=1/(1-q)
oc=-1
else
f=1/(1+a)
o=1
b[1] = —b[1] > first index of b changes sign
end if
for i = 2 to Length(b) do
if b[i — 1] < 0 then

bli] = —bli]
end if
end for
transform Sp(n) to its expanded notation > See 2.1.4

drop the last index of b

k =number of indices < 0 in a

m = Sa(n) — o(—=1)*MELLIN(fHg(x), n)

while M contains a harmonic sum do
s =most complicated harmonic sum in M > Use 3.5.6
M = M — INVMELLIN(s, z)

end while

multiply the constant term in M by §(1 — z)

return M

end procedure




Harmonic Polylogarithms and the Differentiation of Harmonic Sums 69

in the Mellin transform of Hy 10,1(x)/(1—x). The Mellin transform of Hy 10,1 (z)/(1—x)
yields:
—4Gs — 251,1,1(n) + S1,1,21(n).

Therefore after adding and subtracting we arrive at:

Hi1,0,1(2)

- +4C + (251,1,1(n).

Now we have to consider Sy 11(n). This sum is the most complicated harmonic sum in
the Mellin transform of —Hi 1(x)/(1 —x). The Mellin transform of —Hy 1(z)/(1 —x) is
S1,1,1(n). We get:

Hii(x
TG — D),

Hi1,01(2)
x l1—=x

1—
There is no harmonic sum left. So we multiply the constant term by (1 —x) and arrive

at the inverse Mellin transform of S1121(n) :

IR Et]

Hyi(2)

Hi10.1(2) T
1—=x

1—=x

-G +4¢0(1 — ).

With HarmonicSums this can be carried out as follows:

HarmonicSums session.
inp33:= InvMellin[S[1, 1, 2, 1, n], x]

z2H[1,1, z] B H[1,1,0,1, ]
-1+ —14+x

out[33]= 4z5 Deltalx +

in34:= % // ReplaceByKnownFunctions

z2H[1,1, z] _ H[1,1,0,1, z]
-1+ —1+z

out34]= 4 Deltalxzb +

inBs:= InvMellin[S[2, -1, -1, n], X]

(—=1)"H[-1,1)2H[0, z] + (-1)"H[-1,1]JH[0, —1,1] — (=1)"H[-1, 1]H[0, —1, x]

Out[35]= Ttz +
ﬁ(H[—l, 1]*H[0, z] — H[—1,1]H[0, 1, 1] + H[-1,1]H[0, 1, 2] + H[0,1, —1,1] — H[0,1, -1, z]) +
Deltalx(—H[-1,1]°H[-1,0,1] — H[-1,1]*H[0,-1,1] +  H[-1,1]H[1,1]H[0,1,1] —
H[-1,1]°H[1,0,1] + H[-1,1]H[-1,0,—1,1] — H[1,1]JH[0,1,—1,1] — H[-1,1]H[1,0,1,1] +
H[1,0,1,-1,1])

inpe]:= % // ReplaceByKnownFunctions

DeltalxIn2*  5DeltalxIn2?z2  In22z2  (—1)"1n222  Deltalxz2?
uti3s]= Deltalx li4half
oulsel= Deltalxlidhall + === = + 4 2-2z ' 2(l+a) 40

23 o[ 1 (1" (—1)"In2H[0, —1,2] = In2H[0,1,2] = H[0,1,1,]
In2 P H —
—1+x+n (1—1;+1+m [0, ] 142 + 1—2x —1+=z
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Differentiation of Multiple Harmonic Sums

We are now able to calculate the inverse Mellin transform of harmonic sums. It turned
out that they are usually linear combinations of harmonic polylogarithms weighted by
the factors 1/(1 + x) and they can be distribution-valued. By computing the Mellin
transform of a harmonic sum we find in fact an analytic continuation of the sum to
n € R. For explicitly given analytic continuations see [11, 4, 5, 12, 6]. The differentiation
of harmonic sums in the physic literature has been considered the first time in [11].
Worked out in [6, 8, 7] this allows us to consider differentiation with respect to n, since
we can differentiate the analytic continuation. Afterwards we may transform back to
harmonic sums with the Mellin transform. Differentiation turns out to be relatively easy
if we represent the harmonic sum using its inverse Mellin transform as the following

example suggests (see [30, p.81]):
Example 3.6.1.
d 1

1 1 1
— ;E”Hl(az)d:n:/ x”log(m)Hl(:ﬁ)dm:/ m”H170(1:)dx+/ z"Hp,—1(z)dx.
dn Jo 0 0 0

Based on this example, if we want to differentiate S4(n) with respect to n we can

proceed as follows:
e Calculate the inverse Mellin transform of S, (n).

e Set the constants to zero and multiply the remaining terms of the inverse Mellin

transform by Ho(z). This is in fact differentiation with respect to n.

e Calculate the Mellin transform of the multiplied inverse Mellin transform of Sg(n).

Example 3.6.2. Let us differentiate So1(n). The inverse Mellin transform is:

Hoa(z) — G ~1
— "+ M (2(3).
1—- (2¢3)
Hence we have:
1 H _ 1
Sa.1(n) = / w"de—i—/ "M 1(2¢3)dx
0 - 0
= ' 2"H —Ho (1 Lgngy — 1
Ho,1(1)=C2 / 2" Ho 1 () — Ho1( )der/ "y C2d$+/ M (2 d
0 ]. — X 0 1 — X 0

= M(H‘”(x),n>—M< G2 ,n>+2C3.

1—=x 1—=x
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Differentiating the right hand side with respect to n yields:

/1 x" log (x>7H0,1($) — G dx = /1 x”Ho(x)iHo’l(aj) — G dx
0 0

1—2 1—2

' H H H

_ / ggnitoo1(®) nHouo(@) Gy o(@) ;.
0 1—2 1—2 1—2

' H —Hop1(1 H —Hp10(1 Hy(z) — Ho(1

_ / 0211001 (®) = Hooa(1) | nHoro(@) —Horo() . »Ho(®) = Ho(l)
0 1-2z 1-2z 1—2x
LanH — Ho (1 LanH —Ho10(1

_ 2/ x"Hop,1(2) — Hoo,1( )d:c n / x"Ho 1,0(2) — Ho1,0( )dac

0 1—=x 0 1—=x

L anHo(x) — Ho(1
_C2/ 2" Ho(x) o )dw
0 1—z
H H H
=2M <0’0’1($),n> + M (0’1’0($),n> — C2M< 0<x),n>
1—2z 11—z 1—z
¢
= ﬁ + CQSQ(TL) — 52’2(71) — 25’3’1(n).
Algorithm 4 Differentiation of harmonic sums
procedure DIFFERENTIATEHARMONICSUM(S4(n))

h = INVMELLIN(S4(n), x)
replace 6(1 —z) in h by 0
expand all products in h > Use (3.3)

nsum =number of summands in A
for i =1 to nsum do
replace ith summand of A by MELLIN(ith summand, n)
return h
end for
end procedure

The package HarmonicSums provides a tool to differentiate harmonic sums:

HarmonicSums session.

in37):= DifferentiateSSum[S[2, 1, n], n] // ReplaceByKnownFunctions

2
725 +228[2,n] — S[2,2,n] — 2S[3,1,7]

Out[37]=

ini38:= DifferentiateSSum|[S[5, n], n] // ReplaceByKnownFunctions

3
2 58516, n)

Out[38]=

in39]:= DifferentiateSSum[S[2, -1, 2, n], n] // ReplaceByKnownFunctions // Expand
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3 2 4
mo?ge? — 121220 WZT s, n) — 25120 ?2’”]

+2238[2,—1,n] — S[2,-2,2,n] — 2S[2,—1,3,n] — 2S[3, 1,2, n]

4
ousol= 456 + 4lidhalfz2 + ln26 22

13222 S[2, n]
40

_|_

In2° 2282, n] +

Application of Differentiation

As shown in [6, 8, 7] new relations between multiple harmonic sums arise if we introduce
differentiation on harmonic sums. We can now use these relations to reduce the number
of basic sums we computed in the first strategy of Section 2.7 by allowing relations due
to differentiation. Unfortunately we cannot adopt the second strategy since we have to
know the actual values of the indices of a harmonic sum in order to differentiate it. Let

us look at an example.

Example 3.6.3. Using only algebraic relations we have to take Si(n) and S2(n) into

the basis, but using in addition the differential operator % we get the following relation:

L 51n) = G2~ Saln).

So we can express Sa(n) with the help of S1(n) and we can eliminate Sa(n) from the

basis. In general we can express all sums of depth one by dd—;iSil(n) with i > 0; see [6].

As indicated in the previous example for Se(n) we proceed as follows. First we fix
an algebraic basis in which we can represent our expression (see the first strategy in
Section 2.7). For each multiple harmonic sum Sq4(n) in the algebraic basis we try to
find another multiple harmonic sum Sp(n) such that Sy(n) is less complicated than
Sa(n) and such that Sq(n) is a most complicated harmonic sum in %Sb(n). We can
do this by computing the inverse Mellin transform of Sq(n) = Sg, 4s.....ap (7). There
we look for the most complicated harmonic polylogarithm. We call a harmonic poly-
logarithm most complicated if it is the polylogarithm with the largest weight or in the
case of identical weights it has the largest number of nonzero indices [33]. If at least
one of the indices of the most complicated harmonic polylogarithm Hy,(x) is zero (so if
Hp(z) = Hip, 0,mo (7)), then we can find a harmonic sum Sp(n) with the desired prop-
erty, since we differentiate by multiplying Ho(x). The harmonic sum Sy(n) is just the
most complicated one in the Mellin transform of Hy,, m, () weighted by the same factor
as Hy,(x) in the inverse Mellin transform of S4(n). Hence, due to the consideration in
Section 3.5 it is clear that the found harmonic sum satisfies the desired property. In

fact, if there is an index a; of S4(n) which is not equal to £1, we will find Sy(n) with

b= (a,...,,a_1,sign(a;)(Ja;| — 1), ar41,-..,ax).
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Number of
Weight || Sums | a-basic sums | d-basic sums
1 2 2 2
2 6 3 1
3 18 8 5
4 54 18 10
5 162 48 30
6 486 116 68

Table 3.1: Number of harmonic sums, and the respective numbers of basic sums by
which all sums can be expressed using the algebraic (a-basic) or algebraic and
differential relations (d-basic) in dependence on their weight; see [5, 6, 8, 7].

Example 3.6.4. We consider the sum Sy2(n). We can use both Ss2(n) or Syi1(n) to

get relations for Sia(n):

d

S-Ssa(n) = 203 + 2¢355(n) — 25931 (n) — 3S42(n)

d 118¢3

%54,1(71) = 10? — (3 + (254(n) — Sa2(n) — 4551(n)

We use all these new relations to reduce the number of sums in the basis as far as pos-
sible. Summarizing, Sp(n) is less complicated than S4(n) (which we want to eliminate)
and all additionally introduced sums are not more complicated than Sg(n). In this way
we can successively eliminate the original given algebraic basis to a basis whose sums
are algebraically independent and where as much sums as possible can be eliminated
by the differential operator. In Table 3.1 we can see how the number of basic sums
reduces in comparison to the use of algebraic relations only; compare [8, 7]. For the

package HarmonicSums tables up to weight 6 are available.

HarmonicSums session.
infa0):= ReduceToBasis[S[1, 2, -2, n], UseDifferentiation — True]

72223 525 222Diff[S[—1,n]7n,2]_Diff[S[—l,n]7n,4]+Diff[S[—1,n],n,2]Diff[S[17n},n71]

24 3 72 3
z2 Diff[S[1, n], n, 2] _ Diff[S[—1, n], n, 1] Diff[S[1, n], n, 2] _ Diff[S[-2,1,n],n, 2]

6
+Diff[S[-1, n],n, 1] S[2, 1, n]+

Out[40]=

12
Diff[S[2, —2,n],n,1] 4S[-3,2,n]
+
3 3
S[—2,2,1,n]

+S[1,n| S[2,—2,n}+w

Here Diff[f(x),z,i] := %-
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Chapter 4

Half-Integer Relations

In this chapter we allow besides the upper index n, the index § (or equivalently the index
2n) in the multiple harmonic sums. As it turns out, this leads to additional relations
by using the operator Half[f(z),z] = f(5). Such relations have been determined in
[6, 8, 7, 11] by exploiting properties of the Mellin transform. Here we follow a different

approach. We start with the following lemma, it has already been used in [11].

Lemma 4.1.1. Let n,m,a € N. Then the following relation holds:

Su(2n) — S_a(2n) = %Sa(n). (4.1)

Proof. For n € N,

2n 1 n
(- 1 Loy ! !
Salt) = 2 1<<2¢>a‘<2¢1)@)‘2&5“(”>_Z<%1>“

i=1 = .
1 n 1 1 1
= gl ; <(2i)a (2i-1 (w)
= %Sa(n) — Sa(2n) + %Sa(n)
1
= FSG(TL) - Sa(2n)

O]

Theorem 4.1.2. (see [41]) Let n,m € N and a; € N for i € N. Then we have the

following relation:

1
Zsiam,iam_l,---7ia1(2”) = msam,am_l,--.,al (n) (4.2)

where we sum on the left hand side over the 2™ possible combinations concerning =+.
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Proof. We proceed by induction on the depth m of the multiple harmonic sums. In

Lemma 4.1.1 we have already proven the case m = 1. Let’s assume (4.2) holds for m:

n
1
Z Sttt tam,.ta (2n) = Z <(22)an+1 Z Stam, tam-1,...,+ai(2n)

=1
1
G 2 Stmton 1. (20))

n 1\2i
—|—Z< (1) ZS:I:am,:I:am_l,...,:l:al(Qn)
i=1

+

(2¢)an+1
(—1)2+!
+m Y Stamtam-1tar (20)

n

1
B 221 (24)an+1 > SEam, Fam-1,..., +a1(2n)

1=
n

1 1
N 22 @it 25 e o an—tvenar (1)
1=

1 1

ST g Sons (1)

1
msflm+1,am,...,al (n).

Hence (4.2) holds for m + 1. O

Example 4.1.3. Forn € N,

1
gS&g(ﬂ) = 5273(271) + SQ,_g(Qn) + 5_273(271) + 5_27_3(271).

Similar to Section 3.6.1 we use all these new relations to reduce the number of sums in
the basis as far as possible. In the Tables 4.1 and 4.2 we can see how the number of basic
sums reduces if we use algebraic relations and half-integer relations in comparison to the
use of algebraic relations only. If we use all three types of relations, namely algebraic,
differential and half-integer relations, the number of basic sums reduces further as we
can see in the Tables 4.1 and 4.2.

Example 4.1.4. From Example 3.6.3 we know that all harmonic sums of depth one
can be expressed by the two sums Si(n) and S_i(n) by using differentiation. From
Theorem 4.2 we get:

S_1(2n) = S1(2n) — Si(n).

Hence we can express S_1(n) by Si(n) and S1(n/2), and we can represent all harmonic

sums of depth one by S1(n) using differentiation and half-integer relations.

For the package HarmonicSums tables using algebraic and half-integer relations up to

weight 6 are available. We remark that all sums (d-, h-, dh-basic sums) in the Tables
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Number of
Weight || Sums | a-basic sums | d-basic sums | h-basic sums | dh-basic sums
1 2 2 2 1 1
2 6 3 1 2 1
3 18 8 5 6 4
4 54 18 10 15 9
5 162 48 30 42 27
6 486 116 68 107 65

Table 4.1: Number of harmonic sums, and the respective numbers of basic sums by
which all sums can be expressed using algebraic (a-basic sums), differential
(d-basic sums) and/or half-integer relations (h-basic/ dh-sums); see [5, 6, 8,

7].
Number of
Weight || Sums = {—1} | a-basic sums | d-basic sums | dh-basic sums
1 1 1 1 1
2 3 2 1 0
3 7 4 2 2
4 17 7 3 3
5 41 16 10 9
6 99 30 17 17

Table 4.2: Number of sums, which do not contain the index {—1} and the respective
numbers of basic sums by which all sums can be expressed; see [5, 6, 8, 7.

4.1 and 4.2 are algebraically independent by construction. In [8] the representations of

the dh-basic sums (up to weight 5) have been established with a different approach.

HarmonicSums session.

in41]:= ReduceToBasis[S[1, 2, -2, n], UseHalfInteger — True]

Out[41]=

S[1,m] (
(Half[S[ZQ, n), ]

S[1,n]

Half[S[2, n], n]

2

—S[Q,n]) S[2,n] + S[1,7] (

Half[S[4, n], n| "

Half[S[2, n], n]
(%55

8

—S[2, n]) S[2,1,n] + S[3, —2,n] + S[-2,2,1,n]

Half[S[4,n],n]

s[4, n]) — S[-4,1,n] —

—S[2, n]> S[2,n] — S[4,n] — S[2, -2, n])

Moreover tables using all three types of relations up to weight 6 are available.

HarmonicSums session.

in@42]:= ReduceToBasis[S[1, 2, -2, n], UseDifferentiation — True, UseHalfInteger — True]

72223

Out[42]=

525

222 Diff[Half[S[1, n], n] — S[1,n],n,2]  Diff[Half[S[1, n], n] — S[1,n],n, 4) n

24 3
Diff[Half[S[1, n], n] — S[1, n], n, 2] Diff[S[1, n], n, 1] 22 Diff[S[1, n], n, 2] _

72

3 12
Diff[Half[S[1, n], n] — S[1, n], n, 1] Diff[S[1, n],n, 2] Diff[S[-2,1,n],n,2] Diff[S[2, -2, n], n, 1] i

6

6

3
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w + S[L,n]S[2,~2,n] + w + Diff[Half[S[L, n],n] — S[L,n],n, 1]S[2, 1,n] +
S[-2,2,1,7]

Further investigations in this direction in connection with Chapter 6 are in

progress [1].
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Chapter 5

Summation of Multiple Harmonic

Sums

With the package Sigma [36] we can simplify nested sums such that the nested depth
is optimal and the degree of the denominator is minimal. This is possible due to a
refined summation theory [39, 37] of II¥-fields [22]. In the following we want to find
sum representations of such simplified nested sums in terms of harmonic sums as much
as it is possible. Inspired by [35] for harmonic numbers and [28, 41] we consider sums

of the form

> sr(i) (5.1)
=1

where s € S(i) or s € S(i)[(—1)!] and (i) is a rational function in i. We can use the
quasi-shuffle algebra property of the multiple harmonic sums to split such sums into

sums of the form

Z r(i)Sa(i) (5:2)

or

Z (—1)"r(4)Sa(i) (5.3)

where 7(i) is a rational function in 1.

In this chapter we will present new formulas to rewrite sums of the form (5.2) and (5.3)
and we will show how we can use these formulas in combination with Sigma. In the
following we consider the problem:
Given: a sum o of the form (5.1).

Find: as much as possible a representation of ¢ in terms of harmonic sums.
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Polynomials in the Summand

First we consider the case that r(i) is a polynomial in Z[i], i.e., (i) = ppi™+. . .+p1i+po
with pi € Z. Here we generalize the harmonic sum case from depth 1 [35] to arbitrary
depth. If we are able to work out the sum for any power of ¢ times a multiple harmonic
sum (i.e., Y i i™Sq(i) or Y i, (—1)%"™S,(i), m € N), we can work out the sum for

each polynomial (7). Let us start with m = 0 where the factor (—1)’ is present.

Theorem 5.1.1. Let n € N and ay, € Z/{0}. Then

n

1

S ) St (1) = 5 (S-ay s () F (1) S () (5.4)
=1
Proof. For n € N
; (_1)iSa1,a2,...(i) = ; (_1)i Jz::l Wsamasm(j)
DI ) )
i=1 i=j
" sign(a;)’ (=1 4 (<1
= ; jTﬁSaz,asm(J)f
= 5 (S (1) 4 (1) Sy, (1)

When m = 0 and the factor (—1)" is not present we have to distinguish between several
cases. In order to find this identities C. Schneider’s Sigma package played a decisive

role.

Theorem 5.1.2. Let k,n,l € N and a; € Z/{0}. Then Y ;" | Sa;.as,..a, (i) can be

simplified as follows.

]al\ >2:

n

Z Sa1,a2,.--,az (Z) = (n + 1)5(11,612,..-,(11 (’I’L) - Ssign(al)(\a1|—1),a2 ..... a (n)a
i=1

a1:—1:
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a;j =1, 1<j7<1:

ZSm A = (4D (Sn1 () = Sua () 4o (CD)Si ) + (1))
~——— ——
l times I times 1—1 times
(=)
aj=1, 1<j<lag =—1:
ZSLL...,LA i) = (n+1)(51,1,...,1,71(n)*51,1,...,1,71(n)+“'+(*1)l571(n)>
N—— N——
l times I times 1—1 times

(=1’

(1=(=D");

2
aj:1, 1<i<aq41=-1:
Z 51,1,...,1,—1 e, (1) = (n+1) (51,1,...,1,—1,al+2,...(n) = S1,1,... 1~ Lagsa,...(N)
N—— N——
l times ! times l—1 times
oot () Sy, ()
(_1)1—1—1
+ 9 (S—al+2,al+3,m(n) + (_1)n5tlz+27az+37m(n)>?
a;j =1, 1 <j <l a1 >2:
251,1,~~,17a1+17az+27 ( ) = (n + 1) (Sla17~~-»1nal+1:al+2;-~~(n) - Sl:17-~~717al+1aal+2»~~-(n)
—_——— ———
l times ! times l—1 times

+ee (_1)l5,az+1,az+2,~-~(n))

+1
+(_]‘) * Ssign(al+1)(|al+1|—1),al+2,...(n)'

Proof. We give a proof of the first and the third identity all the other identities follow
similarly. First let |a;| > 2:

n

sign(ay )’ ,
Z Sa1,a2, Z Z Z j|a1| ag,a;;...(.])
=1

=1 j=1
B sign(ay )’
SO L ERE) 3F

j=1

n .

sign(ay )’ , ,

= > W‘Sama&..(])(n +1-7)

j=1

= (n + 1)Sa1,a2,...(n) - Ssign(al)(|a1|71),a2,...<n)'
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Consider the third identity, i.e., a; = 1, 1 < j < I: We proceed by induction on the
depth I. For [ = 1, the right hand side is (n 4 1)S1(n) — n and the left hand side gives:

D Si(i) = ZZ Z 21_2 (n+1—j)=(n+1)8(n 21

=1 =1 j= 1 j= 1
= (n+1)S1(n )—n.

Now assume that the third identity holds for depth <[ — 1. Then

2511 (i) = ZZ 511 ..... Z Sll ..... Zl

11]1

l 1 times l 1 times

= Z 51,1,..., Jn+1—37)=(mn+1)S1,1,...1 251,1,...,1 i)
‘,_/

l 1 times ! times l 1 times

l times

- <n+1>51,1,...,1(n>—(n+1)(sl,17.._,1(n>—Sl,l,...71<n>+-~
N—r N—— N——

! times 1—1 times 1—2 times

H=1)281 () + (1)) = (-1
= (n+ 1)(51,1,...,1(7’L) —S11,. 1)+ (=111 (n) + (—1)l)

I times 1—1 times

+(=1)H1L,

Therefore the identity holds for [ and we finished the proof of the third identity. O

In general, for m > 1 we can use the following theorem.

Theorem 5.1.3. Let k, n € N and a; € Z/{0}. Then

" | ks sign(@1)7 Suy s, (1) T
> #8005 (i) = Saras..(n)Y_iF =Y e
i—= i=1 j=1 gl i=1
g ik . = i-k - Sa27a3,---(i) = i-k
> (=180, 05, (1)) = Saras..(n) Y (—1) —Zijal > (-1t
i=1 i=1 j=1 i=1

Proof. We just give a proof for the first equality. The second follows analogously.

n
. . sign(aq)’ ,a3,. (4)
S
i=1 J
_ Slgn(al) Sa27a37~--(i) -k
= Z Jlatl Zl

i=1 i=j
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. 7 y ‘71
— Zn: sign(ai)? Say.as,... (1) ( 3 ik —j zk>
= jlaal i
]—l

_ } : 2 :Slgn( a27a3, Zk
a17a27 ]|CL1|

=1

Since the sums > 1, (—1)%* and Y"1 i* can be expressed as a polynomial in n, to-
gether with a factor (—1)", we can apply Theorem 5.1.3 recursively and we end up
at sums over harmonic sums that can be handled in Theorem 5.1.1 or Theorem 5.1.2.
Summarizing, we can always work out the sums >« | 7(i)S4(i) and > 1, (—1)'r(i)Sa(i)
where 7(i) is a polynomial; the result will be a combination of multiple harmonic sums

in the upper summation index n, rational functions in n and the factor (—1)".

Example 5.1.4. Forn € N

o . —Tn+n*  (3+2n-n?%) S(n) Spi(n)
2 o 3
D7 Sali) = 2 6 -6
n (1+n) (1+2n) Sh1(n)
. :

Our method is built in inHarmonicSums with th function call TransformToSSums.

HarmonicSums session.

In[43]:= ’I‘ransformToSSums[Zi4 S[2,1,1]]

i=1

in(l +

1
—S[1,1
S[1,1m) + 5

1 1
——(—44n + 81n* — 46n° + 9n") + 60(75n+2n3+4n373n4)S[1,n]+30

720
n)(1 4 2n)(—=1+ 3n + 3n%)S[2,1, n]

Out[43]=

Special Rational Functions in the Summand

Next we consider the case r(i) = 1/(i + ¢)?, where ¢ € N is a fixed number. First we

look at sums of the form Sg(n + ¢), compare [28].
Lemma 5.2.1. Let ¢,n,k € N, aj € Z/{0} for j € {1,2,...,k}. Then forn >0

c . j—‘r?’l
sign(aq
Suvasan(+¢) = Sarapa(n) + 3 2

U+l Senar® 9, (55)
j=1
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andn > c,
sign(aq )/ T°

S, n—c) = S, E
04170«2:-~~7ak( ) a1,02;...,4 (G+n-— \m\

=1

Sag,...,ak (n —c+ .]) (56)

Proof. We only proof the first identity:

n+-c

sign(a1)’ .
Saraz,..ap(n+¢) = ZTSMW,%(])
=1 7
T ign(ar)
= Sa1,a27 ) k(n)+ AZI j‘all az, ,k(])
j=n+
sign(a,)*"
Sayas k(n) Z (j+7l)‘a1‘ az 7ak(n+.7)
j=1

Since the multiple harmonic sum on the right sides of (5.5) and (5.6) have reduced
depth, we can relate a sum of the form S,(n=+c) to sums of the form S,(n) by recursive

application of (5.5) or (5.6). Namely, we can use this lemma to work out sums of the

- i Sali)
z—i—c Z(_l) (i4+c)m

=1 =1

form

We shift the summation index:

n-+c n—+c

> e 3

1=c+1 i=c+1

z—c).

and afterwards we use (5.6) to relate the sum S,(i — ¢) to Sg(7). Similarly we can work

out sums with ‘ — ¢ in the denominator i.e.,
n . n .
Sa(?) - Sali)
—_— 1) —.
Z (i—om Z ( )(Z‘_C)m
i=1+c i=14c

Example 5.2.2. For € inN,

- S5.3(4) 1 Sas(i—1) B0 G 5(0)
—1 ’ — —1 B e -1 7 )
;( ) 1 ZZ;( ) ; zz?( ) .
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B i (—1)'S3(0) i (—1)" Sy 3(i)
N i3 i
=2 =2
= 5_3,3(n +1)+1-— S_37273(n +1)—1

= S_33(n)+ W — S_123(n).

5.3 General Rational Functions in the Summand

If we want to work out sums of the form (5.2) or (5.3) for a general rational function
r(n) = %, where p(n) and g(n) are polynomials, we can combine these strategies.

We start as follows:

If the degree of p is greater than the degree of ¢ we compute polynomials 7(n) and p(n)

such that r(n) =7(n) + pE 3 and the degree of p(n) is smaller than the degree of q. We

split the sum into two parts, 7.e., into

S r(@)Sal) = 3 S0 + 3" 2 5,00)

i=1 =1 =1 q(Z)
S @S0 = 3o (Sl + 3 1B 5
=1 =1

The first sum can be done using Theorems 5.1.1, 5.1.2 and 5.1.3. For the second sum

we proceed as follows:
1. Factorize the denominator g(n) over Q.

2. Let A be the product of all factors of the form (i + ¢)™ with m € N and ¢ € Z,
and let B be the product of all remaining factors such that A(n)B(n) = q(n).

3. For example with the extended Euclidean algorithm (see Remark 5.3.2) we com-
pute polynomials s(n) and ¢(n) such that s(n)A(n) + t(n)B(n) = p(n). This is

always possible since A and B are relatively prime. Hence we get

_t+s
A B’

ISR
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4. Split the sum into two sums, each sum over one fraction, i.e.,

n

(i), . B - to E
;q(i)sa(l) = ; Asa(l) +Z BSa(l)

i=1
> (—1)22’850(2) =y (—1)1%5,1(@) +) (—1)%&(1)
i=1 =1 =1

5. The sum with the denominator B remains untouched (for details see Remark
5.3.1). We can now do a complete partial fraction decomposition to the first

summand and split the sum such that we sum over each fraction separately.

6. Each of these new sums can be expressed in terms of harmonic sums following
Subsection 5.1.

7. We end up in a combination of rational functions in n, harmonic sums with upper
index n, the factor (—1)" and perhaps a sum over the fraction with denominator
B.

Remark 5.3.1. In our implementation the sum Y1 | £S4(i) is passed further to
Schneider’s Sigma package. The underlying difference field and difference ring algo-
rithms [39, 38, 37] can simplify those sums further to sum expressions where the de-
nominator has minimal degree. The result of Sigma is again passed to the package

HarmonicSums. If possible, it finds a closed form in terms of harmonic sums.

Remark 5.3.2. In our implementation we do not use the extended Fuclidean algorithm
since it turned out that it is faster to construct a partial fraction decomposition with
unknown coefficients. After clearing the denominators we have to solve the linear system

of equations which we get by coefficient comparison.

Example 5.3.3. Let us give several examples using the package HarmontcSums; the

first sum is without a ‘bad‘ part:

HarmonicSums session.

In[44]:= ’I‘ransformToSSums[; %]
3n 38[2,n] (-11=n+3n?) S[3,n] 7S[4,n] (-19n—20n"—5n°) S[2,3,n]
A Y R S i(1+n) (2+n) 1 2(1+n) 2+n) B+n)
S[3,3,n] + S[1,2,3,n]
iS[2, 3, i

ini4s5):= TransformToSSums [Z

i=1

3+5i+2i2]
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(Zﬁizl ﬁ) S[3, 1] (4+4n) (Z?lzl gfﬂ) —281,3,n] — 2nS[1,3,n]

outil= =3 ), in? " 3(1+n) i
Q1=
3nS[2,3,n] +< - ﬁ) (9S[2,3,n] + 91S[2,3,n]) + 3S[3,3,n] + 31S[3, 3,7]
3(1+n) B

3S[1,2,3,n] +3nS[1,2,3,7]
3(1+n)

Of course we can also work out more difficult nested sums:

gy sk
n ”'_ ,7 k=1 : ‘2k,
infa6]:= TransformToSSums| E i=1 Gt i;—; ]
(2

=1

451 + 67n% + 661> +48n* +19n° + 3n° N 3 (1+6n+4n®+n?) S[1,n]

oute — 28[2,n] +
t[46] 4(1+4n)° (2+n) 2(1+4n)" (2, 7]
(-1=6n—4n®—n") S[LLn]  (-T+3n+1ln’+50") SR 1n)  9S[3,1,n]
(1+n)* 2(1+n)? 2
2 (3+3 %) 8[1,1,1,
(3+ n(Jlr: ))3[ n] — 38[2,1,1,n] — 2S[2,2,1,n] — 3S[3,1,1,n] — 28S[3,2,1,n] +
n

28[2,1,1,1,n] +28[3,1,1,1,n]

We can also work out S-sums:

n git2yi 20
In[47]:= ’I‘ransformToSSums[Z 7J2=;J]
= @+2)

-3 (2-2"""3"+4n—6"n+2n? N 37" (74+10n+4n%) S[1,{2},n]  5S[1,{6},7] N
(1+mn)? (2 +3n+n2)? 2
S[2, {6}, 1]

2o R 83, {6} ] + S12,1,{3,2}, ]

Out[47]=

Of course not all sums can be rewritten in terms of harmonic sums:
i 1
Zj:l j¥1 ]

In[48]:= ’I‘ransformToSSums[Z ial

=1

= 1 S[1, 4]
Out[48]= Z (—m+ ili )

i=1
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Chapter 6

An Example from Particle Physics

Single scale quantities as anomalous dimensions and hard scattering cross section in
renormalizable quantum field theories are found to obey difference equations of finite
order in Mellin space. In [9, 10] a formalism is established to construct general solutions
for these quantities from a sufficiently large number of fixed moments. From the given
moments a recurrence relation is established and solved in terms of the Mellin parameter
N, finite harmonic sums and their generalizations at finite values of N and in the limit
N — oo. In these computation our package HarmonicSums contributed as follows.
E.g., for the C4CpNp-term of the 3-loop non-singlet splitting function Py ,, see [9],
Sigma solved a recurrence of order 7 and found the following closed form evaluation [9,
Exp. 5].

P=Pygscucpny =

2 (1086N7 + 3258 N + 2129N® — 288N* — 67TN® — 206N? — 156N + 144)

2TN4(N +1)3

32 (8N* + 33N3 + 53N? +25N+3) EN: 132 Z (—1)i
IN(N + 1) > T

16 (10N? + 10N +3) o (—1)F 1336w~ 1 64 (SN2
_ 3 n Z 5=

+
'3
ON(N +1) ~ i 271 ~ IN(N +1) —

16 (4N6 + 88N® + 314N + 412N3 + 201N? + 16N — 12) ZN: (1)
IN2(N +1)2(N + 2)2

. . _1)d
L[ 804N 14N 1 3) 16%1 ZN:1+642N:Z§-1J-13+32§: o Y
SN(N + 1) 3 £ B3 5 (i +2)2

=1 =1 =1 =1

32 (22N2 + 22N — 3) EN: S, S . i1 32 (2N2 +4N +1) 1)
IN(N + 1) i+ 2 i 3(N +1)3



An Example from Particle Physics 88

4 (65N° 4+ 195N° +- 195N + 137TN® + 36N + 36N + 18) L 32 i (—1)°
27TN3(N + 1)3 3 & P
128 i | 82(2N° + 2N 3N —2) i (-1)' 64 S Y, &
3 = 3N(N +1)(N +2) pat i? 3 & it2
)i i i (=1 N 1
256 ZN: Z] 1 N 128% (Zj:l 72 ) (Zi:l ;) 61)
3 3 i+2 ' '

=1 =1

Given such sum representations, the package HarmonicSums provides several sophisti-
cated functions to simplify such expressions. First we rewrite (6.1) into an expression
in terms of harmonic sums (harmonic sums are defined in Chapter 2) by using the

function call S :=TransformToSSums[P] (for details on this function see Chapter 5):

S =PNsoc,cpNg =

-2 (144 — 12n — 362n? — 41703 — 1603 n* — 96 (—1)" n* — 1855n° — 384 (—1)" n?)

270t (14 n)*
—2 (34705 +1080n" 4+ 270n%)  64S_4(n)
2704 (1 +n)* T3
+16 S_3(n) (—18 — 13n + 54n? + 34n® + 361 S1(n) + 54n? Sy (n) + 181 Sy (n))
9n (1+n) (24 n)
16 S_o(n) (—6 +17n+42n* + 16 n3 — 12n.S1(n) — 42n? S1(n) — 613 S1(n) + 4)

" 9n2 (14 n)* (2+n)

+16 S_o(n) (48n* S1(n) +24n° S1(n)) N 1336 Sa(n) 8 (3+ 14n+14n?) S3(n)

912 (14+n)* (2+n) 27 3n (1+4n)
+16 Si(n) 1285 31(n) 128 (~14+n+n?) Soi(n) 1285 3(n)
3 3 3(1+n) (2+n) 3
32 (—6+5n+42n%+22n3) S _(n)  45i(n) (18 + 361 + 36 n* + 281 n?)
B 9n (1+n) (2+n) - 2713 (1 +n)?
451(n) (72(=1)"n® + 627 n* + 627n° + 209n° + 36 n® S5(n) + 108 n* S3(n))
- 2713 (14 n)?
4.51(n) (108n° S3(n) + 361° S5(n) + 14413 Sy _o(n) + 432n* 51, _2(n))
B 2713 (1 4+ n)®
4S51(n) (4321° S1,—a(n) + 14400 S1 _5(n)) L 64 S13(n) 3255 5(n)
2713 (14 n)? 3 3
n 128 5’1,3271(71) n 128 Slg,g(n) '

In (6.2) 15 different harmonic sums appear:

5_4(71), 5_3(n), S_Q(n), Si (n), So (n), Sg(n), 54(71), S_371(n), S_271(n), 517_3(77,),
S1,—2(n), S1,3(n), S2,—2(n), S1,—2,1(n), S1,1,—2(n).



An Example from Particle Physics 89

We can use the algebraic relations between harmonic sums derived in Chapter 2 to
reduce the number of different harmonic sums appearing in (6.2). Namely, activating
the call ReduceToBasis[S] we get:

PNS,2,CACFNF =

2
——— (144 +12n+ 362n* + 4170 + 1603 n" 4 96 (—1)" n' + 1855 n°
27n4 (1+n)

+384 (—1)" n® — 347n® — 1080n" — 270 0% + (288 n* + 11527 + 1728 n® + 115277
+288n%) S_4(n) + S_3(n) (=721 — 456 n* — 1176 n° — 1512n° — 960n" — 240n®

+ (144 n* + 576 n° + 864 n° + 576 n” + 144n®) Sy(n)) + (668 n* + 2672n°

+4008 n® 4267217 + 668 n®) Sa(n) + S_a(n) (—72n% + 96n° + 792n* + 1008 n°
+384n° + (—480n* — 1920n° — 288071° — 192017 — 4801°) S1(n) + (288n* + 1152n°
+1728n° + 1152n" + 2881°) Sa(n)) + (—108n° — 828 n* — 2340n° — 3132n° — 2016 1"
—50471%) S3(n) + (360 n* 4+ 1440 n° + 2160 n° + 1440n” + 3601°) Sy(n)

+ (1447 + 48 n* + 1488 n° + 2736 n°® + 1920n" + 4801°%) S_o1(n) + Si(n) (—36n
—108 1% — 144n® — 634n? — 144 (—1)" n* — 1816 n° — 144 (—1)" n® — 2508 n°

—1672n" — 418 n% + (216 n" + 8641 + 1296 n® + 8641 + 216 n%) S3(n) + (288 n*
+1152n° + 1728 n 4+ 1152n" + 288n%) S_51(n)) + (—144n* — 576 n° — 864 n°
—576n" — 144n°) So _o(n) + (—288n" — 1152n° — 1728 n® — 1152n" — 288n®) Sy (n)
+ (=576 n* — 2304 n° — 3456 n° — 2304 n" — 576 n®) S_51,1(n)) (6.3)

In (6.3) only the following 11 different harmonic sums appear:
S_4(n),S-3(n), S—2(n), S1(n), S2(n), S3(n), S4(n), S—21(n), S2,—2(n), S3.1(n), S—2,1.1(n).

We want to emphasize that these sums are algebraic independent. Exactly these repre-
sentations were used in [9] to establish compactified representations originally computed
by [29] and [42]. Using relations originating from differentiation (for details see Chap-
ter 3) we can go further. We use the function call ReduceToBasis[S, UseDifferentiation

— True]:

PNS,2,CACFNF =
2

13504 (1 +n)*
—1920 (—1)" n® 4+ 173515 + 5400 n” 4 1350 n® — 18002 (o + 240 1> ¢ — 13600t G

(720 — 60n — 18107m* — 2085 n® — 8015 n* — 480 (—1)" n* — 9275 n°
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—108401° ¢a — 19080 1% ¢o — 1336017 (o — 334018 (o + 1224 n* (2 + 4896 n® (2
+7344 15 52 + 4896 n” (5% 4 1224 n® (2 + 27013 G5 + 24301 3 + 729015 (3
+99901° ¢34 64807 ¢3 + 1620 0% ¢G5 + (1807 + 1140 n* + 2940 n® + 3780 n° + 2400 n”
+ (3340 n* + 13360 n° + 20040 nS + 1336017 + 33401° — 720n* (» — 28801° » — 432005 ¢,
—2880n" ¢ — 7201° () D[S1(n),n, 1] + (—360n* — 1440n° — 2160 n°

~1440n" — 3607n%) D[S1(n),n,1)* + D[S_1(n),n,1] (—360n? + 480 1> + 3960 n*
+5040n° 4 192018 + 1440 n* ¢y + 5760 n° (o + 864015 ¢y + 5760 n” (o + 144018 ¢,

+ (—1440n* = 5760 n° — 8640 n° — 5760 n" — 1440n®) D[S;(n),n, 1]) + (270 7>

+2070n* 4 5850 n° + 7830n° + 5040 1" + 12601°) D[Si(n),n,2] + (360 n* + 1440 n°
+21607° + 1440 n” + 3601%) D[S1(n), n, 3] + (=720 n* — 2880 0> — 43201° — 2880 n”
—720m%) D[S2,1(n),n, 1] + (720n* — 240n* — 7440n° — 13680 n° — 9600 " — 2400 n®)
S_21(n) + S1(n) (180n + 540n* + 7200 + 3170n* + 720 (—1)" n* + 9080 n°

+720 (—1)" n® + 1254028 + 8360 1" + 2090 n® — 1200 n* ¢; — 480015 & — 7200 1° ¢,
—4800n7 ¢ — 1200718 ¢o — 540 n* (5 — 216015 ¢3 — 324015 (5 — 216017 (3

—540n° ¢35 + (—2400 n* — 9600 n° — 14400 n° — 9600 n" — 24007n°) D[S_;(n),n, 1]

+ (—360n" — 1440 n® — 2160 n° — 1440n" — 360n®) D[S_1(n),n,2] + (—540n"* — 2160n°
—3240n° — 2160 n" —5407n°%) D[S (n),n,2] + (—1440n" — 5760 n° — 8640 n° — 5760n"
—14401%) S_91(n)) + (720 n* + 2880 n° + 4320 n° + 28807 + 7201%) Sh _s(n)

+ (2880 n* + 11520 m° + 1728005 4 1152017 + 288071°%) S_21.1(n)) (6.4)

Note that we reduced the number of different harmonic sums to 6:
S_1(n),S1(n), S—21(n), S2,—2(n), S2.1(n), S—2.1,1(n)

by using in addition the differential operator D = %. Finally we can apply half-integer
relation (see Chapter 4) with the function call ReduceToBasis[S, UseDifferentiation —

True, UseHalfInteger — True]:

PNS,2,CACFNF =
-2

13504 (1 +n)*
—1920 (—=1)"n® 4+ 1735n° + 5400 " + 1350 0% — 18012 ¢ + 240713 (& — 13601 ¢,

—10840 n® (o — 19080 1% (5 — 1336017 ¢o — 3340 n® ¢y + 1224 n* (5% + 4896 n® (2
+7344n5 (52 + 4896 n” (5% 4 1224 n® (2 + 27013 G5 + 24301 (3 + 729015 (3

+9990 8 {3 + 648007 ¢3 + 1620n° G5 + (1807n® + 11401 + 2940 n° + 3780 n° + 2400 n”
+6007n%) D[Half[S1(n),n] — Si(n),n,2] + (240 n* + 960 n> + 1440 n° + 960 n”

+2407n%) D[Half[S1(n),n] — Si(n),n, 3] + (3340 n* + 13360 n° + 20040 n°

(720 — 60n — 18107n% — 2085 n® — 8015 n* — 480 (—1)" n* — 9275 n°
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+13360n" + 3340n° — 720 n* (» — 2880n° (, — 4320n° ¢ — 288017 (o — 7201° (o)
D[S1(n),n,1] + (—360n* — 14407° — 21607° — 1440n" — 3607°%) D[S (n),n, 1]?

+D[Half[S(n),n] — S1(n),n,1] (—360n% + 4801 + 3960 n* + 5040 n® + 1920 n® + 1440n" ¢,

+576071° (o + 8640n° (o + 576017 ¢ + 1440n® ( + (—1440n* — 5760 n° — 8640 n°
—5760n" — 1440n®) D[S1(n),n,1]) + (270n® + 2070 n* + 5850 n° + 7830 n°
+5040n" 4 1260 n®) D[S1(n),n,2] + (360 n* + 1440 n® + 2160 n° + 1440n" + 360 n®)
D[S1(n),n, 3] + (=720 n* — 28807n° — 43201° — 288017 — 7201°%) D[S,1(n),n, 1]

+ (720n® — 240n* — 7440n° — 13680 1° — 9600n" — 24007*) S_s1(n) + S1(n) (180n
+540 % 4 720 % + 3170 n* + 720 (—=1)" n* + 9080 n° + 720 (—1)™ n® + 12540 n®
+8360n7 4 2090 n® — 1200 n* ¢y — 4800 1> (o — 720015 ¢y — 4800 " (o — 120018 ¢y
—540n* (3 — 21601° (3 — 32401° (3 — 2160 1" (3 — 54005 ¢G5 + (—2400n* — 9600 n°
—14400n° — 9600 n” — 2400 n*) D[Half[S1(n), n] — S1(n),n, 1] + (—360n* — 1440 n®
—21607n° — 1440n” — 360 n%) D[Half[Si(n),n] — Si(n),n,2] + (—540n* — 2160 n°
—3240n° — 2160n" — 540n%) D[S1(n), n, 2] + (—1440n* — 5760 n° — 8640n° — 5760 n"
—1440n%) S_51(n)) + (720" + 2880 n° + 4320 n° + 2880 n" + 720n%) Ss,_a(n)

+ (2880 n" + 11520 n° + 17280 n® + 11520 n" + 288071°) S_511(n))

In this way only the 5 multiple harmonic sums
S1(n), S—2,1(n), S2,-2(n), S2.1(n) and S_s1.1(n)

together with D and the half-integer function Half remain. Hence we were able to

reduce the number of contributing sums from 15 in (6.2) to 5 in (6.5).
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