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Abstract

In recent three—loop calculations of massive Feynman integrals within Quantum Chromody-
namics (QCD) and, e.g., in recent combinatorial problems the so-called generalized harmonic
sums (in short S-sums) arise. They are characterized by rational (or real) numerator weights
also different from +1. In this article we explore the algorithmic and analytic properties
of these sums systematically. We work out the Mellin and inverse Mellin transform which
connects the sums under consideration with the associated Poincaré iterated integrals, also
called generalized harmonic polylogarithms. In this regard, we obtain explicit analytic contin-
uations by means of asymptotic expansions of the S-sums which started to occur frequently
in current QCD calculations. In addition, we derive algebraic and structural relations, like
differentiation w.r.t. the external summation index and different multi-argument relations, for
the compactification of S-sum expressions. Finally, we calculate algebraic relations for infinite
S-sums, or equivalently for generalized harmonic polylogarithms evaluated at special values.
The corresponding algorithms and relations are encoded in the computer algebra package
HarmonicSums.



1 Introduction

In loop calculations of Feynman Diagrams in Quantum Field Theories special classes of multiply
nested sums and iterated integrals appear both in intermediate steps and in the final results.
E.g., this applies both to the massless case and diagrams characterized by a single mass scale,
or in cases two sufficiently different mass scales appear and one may consider precise power
expansions in their ratio. We will focus in the following on single differential quantities. They
can be characterized either by a dimensional variable x with z € R, 0 < z < 1 with exponential
growth, or an integer variable N. Both representations are equivalent and are related by a Mellin
transform’

1
MIf(2)](n) = /0 +" f(z) da. (1.1)

The n-dependence may occur generically for Feynman diagrams with local operator insertions
which appear, e.g., within the light—cone expansion [133, 142, 36, 63, 18] in deep—inelastic scatter-
ing. As has been shown in Refs. [27, 29, 131] these Feynman integrals can always be represented
by multiply nested sums. However, in general the specific type of these sums is not easily pre-
dicted. It is assumed that the classes of sums do steadily extend going to higher loops and/or
allowing for more masses and external off-shellness for a growing number of legs.

Systematic analyses for a large class of single-scale processes at the 2-loop level in the mass-
less case revealed [22, 24| that the results for all processes could be expressed in terms of six
basic functions in Mellin-space only. Here one allows as well to use argument-duplication and
differential relations. The corresponding functions are multiple harmonic sums.?

For a non-negative integer n and nonzero integers a; (1 < i < k) the harmonic sums [19, 123]
are defined as

sign(ai)™  sign(ag)™
Sal,...,ak(n) = Z g ,|((11|1) U E |Elk‘k) : (1'2)
n>i1>ix>->i>1 U Uk
If a1 # 1, the limit n — oo exists and the values can be expressed in terms of multiple zeta
values, resp. Euler-Zagier values [56, 139]; for further properties and an extensive list of literature
we refer to [28]. Likewise, more general classes of sums also result into new classes of special
numbers.

In physics applications harmonic sums emerge for the first time in case of the fermion-fermion
anomalous dimension (the Mellin transform of the corresponding splitting function) [60] as the
classical harmonic sum S;(n) (also called harmonic numbers). A first non-trivial nested harmonic
sum appears at the 2-loop level with S_51(n), [67].

Harmonic sums satisfy a quasi-shuffle algebra [71] and can be formulated in terms of indefinite
nested integrals. The Mellin transform (1.1) enables one to map harmonic sums to their integral
representation in terms of weighted harmonic polylogarithms, and the inverse transform allows
one to transform these integral representations back to harmonic sums [105]. These properties
give rise to the analytic continuation [20, 13, 23, 81, 25, 26, 27] of harmonic sums. In particular,
one can calculate the asymptotic expansion of harmonic sums [26, 27]; for the special case a; > 1
see also [47]. Moreover, various relations between harmonic sums are derived which allows to
compactify harmonic sum expressions coming from QCD calculations. Here in particular the
algebraic relations [90, 21, 123] induced by the quasi-shuffle algebra and the structural relations
[27, 26] based on the differentiation of harmonic sums contribute substantially.

Harmonic sums play a prominent role, e.g., in the field of combinatorics or number theory.
Here the summation package Sigma [113] based on difference field theory [77, 110, 112, 111, 115]

"Here f : R — R can be distribution valued function, cf. [138].
2In the physics literature their use dates back to [67], see also [62, 87].



contributed to discover and prove identities such as [99, 109, 50, 114, 101]; as a special case these
algorithms contain hypergeometric summation [102]. Meanwhile these algorithms are combined
with the HarmonicSums package [6] (containing the analytic and algebraic properties summarized
above) and lead to new packages [1, 29, 31, 8] dealing with definite multi-sums.

In recent calculations based on these packages new classes of functions have been arising
in intermediate results but also in the final result of given Feynman integrals. During such
calculation but also for further considerations of the given result it is crucial that the knowledge
of these new function classes is explored to a similar advanced level as the harmonic sums. For
instance, the new class of cyclotomic harmonic sums has been analyzed in detail in [5].

In particular, the generalized harmonic sums or so-called S-sums [90] occur in higher order
calculations [125, 2, 3, 7, 9, 11].

These sums also may emerge in connection with cyclotomic index alphabets [5] and nested
binomial and inverse binomial weights, cf. [11, 12]. In the context of statistics or number theory
typical calculations can be found, e.g., in [99, 100, 98]. In case of pure harmonic weights they are
defined by

i1 i
X X
. _ 1 k
Sal,...,ak(gjl)"'alik?n) - E a1 P (13)
n>iq S>> >ip>1 L k

with positive integers a; and (usually) real numbers z; # 0 (1 < ¢ < k). Note that restricting
x; = +1 gives back the class of harmonic sums (1.2), or in case that z; € {u € Clu" = 1,n € N}
the complex representations of the cyclotomic sums [5]. There are mutual applications of these
functions in loop calculations, for a survey see e.g. [130]. Special cases of the S-sums are, cf. [90] :
the harmonic sums [123, 19] and the multiple zeta values resp. Euler-Zagier values, cf. e.g. [28],
the multiple polylogarithms [66, 35|, two-dimensional harmonic polylogarithms including the
letters {0, 1, —1,1—2, —z} [64, 65], the harmonic polylogarithms over the alphabet {0, 1, —1} [105],
the Nielsen integrals over the alphabets {0,1}, resp. {0,—1} [96, 79, 48, 80], and the classical
polylogarithms [84, 85, 48, 140]. Furthermore [90], the generalized hypergeometric functions
p+1Fp [78, 16, 120, 53, 57, 58] the Appell-functions Fj 2 and the Kampé De Fériet functions
[14, 15, 16, 120, 53, 57, 58] can be represented in terms of S-sums. Code-implementations of four
general algorithms being described in [90] are given in [128, 92, 127]. In field theoretic calculations
the e-expansion in the dimensional parameter is of importance and needs to be solved for the
S-sums and the analytic continuation in their parameters. For special classes the e-expansion
has been studied in Refs. [90, 129, 75, 76, 73, 74, 3, 29, 41].

In [90] it is heavily exploited that these sums satisfy a quasi-shuffle algebra. S—sums form a
Hopf algebra [72, 88, 121, 82, 46, 43|, as has been shown in Ref. [90], see also [52]. The quasi-shuffle
property leads to new techniques to expand certain definite nested sums over hypergeometric
terms in terms of S-sums. In addition, it has been worked out in [35] that the S-sums at infinity
can be expressed in terms of Goncharov’s multiple polylogarithms [66]; see also [35]. Moreover,
relations of infinite S-sums with z; being roots of unity have been explored in [5].

In this article we aim at extending these results further to important technologies that are
currently available for harmonic sums. First we observe that S-sums can be expressed in terms
of a variant of multiple polylogarithms involving also the parameter n; sending n to infinity
gives back the standard generalized polylogarithms. As a consequence, S-sums can be ana-
lytically continued up to countable many poles. This gives rise to introduce Poincaré iterated
integrals [103, 83, 45] which we call generalized harmonic polylogarithms and which extend the
harmonic polylogarithms from [105]. It will turn out that an extended version of the Mellin
transform applied to weighted generalized polylogarithms can be expressed in terms of S-sums.
Conversely, the inverse Mellin transform enables one to express a certain class of S-sums in terms
of weighted generalized polylogarithms. In addition, we extend the ideas of [105] to calculate the
series expansion of generalized polylogarithms where the coefficients of the expansion are given in
terms of S-sums. This enables one to transform and back-transform generalized polylogarithms



evaluated at constants in terms of infinite S-sums. In addition, we obtain algorithms to calculate
the differentiation of S-sums and calculate the asymptotic expansion of such sums. In general,
we obtain complete algorithms for S-sums (1.3) with x; € [—1,1] and x; # 0. For arising calcu-
lations in QCD we succeeded in extending the algorithms for larger ranges of x; by using, e.g,
the integral representation of S-sums. Finally, we calculate algebraic, structural and duplication
relations for S-sums, e.g., for the alphabet z; € {— %, %, 1,—2,2} to assist the compactification
of S-sum expression. This alphabet is of special importance in case of heavy flavor corrections
to deep-inelastic scattering at the 3-loop level. Results for related alphabets are obtained anal-
ogously. In addition, inspired by the work in Ref. [28] for multiple zeta values we deal with new
relations for infinite S-sums coming from the relations of finite sums, shuffle relations from the
generalized polylogarithms and duality relations based on the argument transformations of the
generalized polylogarithms.

All the underlying algorithms have been implemented in J. Ablinger’s Mathematica package
HarmonicSums. For the available commands illustrated by examples we refer to Appendix 13, see
also [6].

The outline of this article is as follows. In Section 2 we define the basic properties of S-sums
with their integral representation and the closely connected generalized polylogarithms. In Sec-
tion 3 we state important argument transformations of generalized polylogarithms that will be
used throughout this article. In Section 4 we show how one can calculate the coefficients of the
series expansion of generalized polylogarithms, and in Section 5 we use this result to derive an
algorithm that transforms in both directions generalized polylogarithms evaluated at constants
and S-sums at infinity. In Section 6 we elaborate new aspects on the analytic continuation of
S-sums and the special case of harmonic sums. In Section 7 we define an appropriate Mellin
transform for generalized polylogarithms and derive algorithms that calculate the Mellin trans-
form in terms of S-sums and that perform the inverse Mellin transform in terms of generalized
polylogarithms. In Section 8 we show how one can differentiate S-sums with the (inverse) Mellin
transform or with the integral representation. In Section 9 we explore the algebraic relations in-
duced by the quasi-shuffle algebra, the structural relations based on the differentiation of S-sums
and duplication relations. In Section 10 we consider relations of infinite S-sums. Finally, we
present techniques to calculate the asymptotic expansion of S-sums in Section 11. In conclusion
we discuss in Section 12 examples of generalized harmonic sums emerging in massless and massive
3-loop calculations and their representation in the complex n-plane. In the Appendix we sum-
marize the available commands of the HarmonicSums package which supplement the presented
algorithms.

2 Basic properties of S-Sums and generalized polylogarithms

Throughout this article let K be a field containing the rational numbers Q, let R™ be the positive
real numbers, and let N = {1,2,...} be the positive integers. For a; € N and® x; € K* we define
the class of generalized harmonic sums [90], in short they are called S-sums, by

Z1 21 i2 k-1 xik
Sal,.‘.,ak(l‘ly sy Ty M i@ o iak ) (21)
i1=1 i ia=1 2’ in=1

for a different writing see (1.3). k is called the depth and w = Z?:o a; is called the weight of the

S-sum Sg, . a,(T1, ..., TE;N).
Restricting the S-sums to the situation x; = £1 yields to the well understood class of harmonic
sums [19, 123]. For harmonic sums the limit n — oo of (2.1) exists if and only if a; # 1 or z; = —1;

see [139]. For S-sums this result extends as follows; for a detailed proof see [6].

3For a set A we define A* := A\ {0}.



Theorem 2.1. Let aj,a9,...ax € N and x1,x2,...2, € R* for k € N. The S-sum
Sa1,az,.a, (1, T2, ..., Tk n) is absolutely convergent, when n — oo, if and only if one of the
following conditions holds:

1. ’.1‘1|<1/\‘$1$2‘Sl/\.../\‘xll'g-"wMSl
2. a1 > 1A |z =1A ]z STA A |zg- x| < 1.

In addition the S-sum is conditional convergent (convergent but not absolutely convergent) if and
only if

3.a1=1ANx1==1AN |z <TA...A|zg-- x| <1

If a S-sum is finite, i.e., the limit n — oo exists, we define

Sar,ap (X1, ..., T3 00) 1= JLH;OSQI ap(T1, -, ;) .

An other crucial property is that for the product of two S-sums with the same upper summation
limit the following quasi-shuffle relation holds (see [90]): for n € N,

Sa1,...,ak($la cee s Tk TL) Sbl,...,bl (yla cees Yl 7'1,) =
Zﬁsaz,...,ak(:pQ;" y Lk )Sbl7 b (yla"',ylai)
i=1

y . .
+ Z 1 Sal, .a :L‘l, e ,xk,z) sz,...,b,(l/% oYL Z)

n
(1 -31)" . )
- Z Wsa27...,ak (‘,1:27 ceey xka Z) sz,..‘,bl (y27 e 7yl; Z) . (22)
=1

Since the right hand side consists of S-sums where at least one component of the product
has smaller depth, this formula applied iteratively leads to a linear combination of S-sums with
integer coefficients. The underlying quasi-shuffle algebra induced by this product property will
be exploited further in Section 9.

Finally, we will exploit heavily the fact that each S-sum can be written as an indefinite nested
integral. Namely, for S1(b;n) with b € R* we have

b n_1
Sivim) = [T
0

xl—l

and by induction on m > 1 we obtain

r3 1 T2
m(b;n) / / / / i dxld:ng < drg—1dTm,.
Tm—1

Now consider, e.g., the sum Sg ;(a, b;n) with a,b € R*. Due to the integral representation for
S-sums with depth 1 we obtain

Soa(a,bin) = > jﬁsl(b;j)




b
1
= /0 p— (Sa2(a z;m) — Sa(a; k)) dx
b azr Y n
= L / 1/ 1dzdydac
orz—1J, vJo 2z—1

ab T
1 1 /Y 1
:/ // dzdydzx.
0o T—aj, yJo z—-1

Looking at this example one arrives straightforwardly at the following theorem; the proof follows
by induction on k and the integral representations of S-sums with depth k = 1.

Theorem 2.2. Let m; € N, b; € R* and define

N

N

Im1,m2,...,mk (bla b2a ) bk7 Z) =

/bl...bk dl’k,mk /-’Ek,mk dwk,mk—l /-’EkS d:Uk72 /xk,Q dxk:,l
0 LTkmy JO Lkmp—1 0 TEk2 Jo TE1 — br---brp—1

/xm dxk—l,mk_l /xk1,mk_1 dxk—l,mk_l—l /%1,3 d$k—1’2 /u’vkl,z dxk—l,l
biby_y Th—Lamg_1 Jo Th—1my_1—1 0 Tp-12 Jo Tp—11 — b1 b2

/ka dl’k—Z,mk_g /mklmk—z dl’k_zmk_g—l /zkm d$k—2,2 /‘ku’2 d$k—271
biby s Th—2mpe 5 Jo Th—2mp_o—1 0 Tp—22 Jo Tp21— b1 bp_3

/“’1 dx3.m, /I?’"”S A3 ms—1 _../”‘“3’3 dx32 /‘”3’2 dxs 1
bibobs T3,mz Jo L3,m3—1 0 z32 Jo 31 — b1bo
T €T x x
/ 31 dxo m, / 2m2 d29 my—1 / 23 dxg o / 22 dwgy
bibs  T2mo Jo T2mo—1 0 22 Jo T21 — b

/%’1 da1,m, /xl’ml A1,y -1 /IL3 412 /Il’2 (@10)" —1
dz1m, dzimi—1 dxy o .
by Timi Jo T1,mi—1 0 r12 Jo r11 — 1

Then for all n € N,

Sml,mg,...,mk(bla b27 ey bk‘a TL) — Im1,m2,..,,mk (bla b27 ey bk‘a n)

Note that sending n — oo we obtain back multiple polylogarithms stated, e.g., in [66, 35, 90].

For later constructions based on analytic reasoning (see also Section 6), we will use the fact
that one can transform S-sums to a particular form of integral representations, the so-called gen-
eralized harmonic polylogarithms using the inverse Mellin transform; see Section 7. Conversely,
with the Mellin transform one can express a weighted generalized harmonic polylogarithm in
terms of S-sums. In other words, the S-sums are strongly twisted with generalized harmonic
polylogarithms which can be defined as follows.

For a € R and

_Joa, ifa>0
| oo, otherwise
we introduce the auxiliary function f, : (0,q) — R by
1 .
= ifa=0
— z’
falz) = { W, otherwise.
gn(a) x
Then the generalized harmonic polylogarithms (in short generalized polylogarithm) H of the word
M, ..., My (resp. vector m = (my, ..., my)) with m; € R is defined as follows. For = € (0, q)
with ¢ := min m;,
m; >0
H(z) = 1,



H (z) = i (logz)®, if (mq,...,my) =(0,...,0)
M1,M2,...;My foat fm1 (y)Hm%,_,,mw (y) dy, otherwise.

Generalized polylogarithms are also dealt with in Refs. [39, 40, 34, 7, 10] as hyperlogarithms.
The length w of the vector m is called the weight of the generalized polylogarithm H,,(z) .

Restricting Hp, my....mo () to m; € {—1,0,1} gives the class of harmonic polyloga-
rithms [105]. Typical examples are

Hi(z) = /Ox ! dr; = —log(l — x)

1-— I

r o1

H o(x) = dr1 =log(2 4+ ) — log(2

@) = [ goadan = log(2 ) ~ log(2)
o1 L | T2 1
Hgo,l(ﬁ) = / / / 17d$3d$2d.%‘1.
ST 0o 2—x1Jo w2J0 5+a3
A generalized polylogarithm Hy,(z) = Hy,, . m, () with ¢ := min,,,~om; is an analytic

function for = € (0, q). For the limits x — 0 and x — ¢ the following holds. From the definition
we have that H,,(0) = 0 if and only if m # 0,. In addition, Hy,(¢) is finite if and only if one of
the following cases holds

° miFq
e w>2 g=m;=1and my, =0 for all v with 1 < v < w.

We define Hy,(0) := lim,_,g+ Hyp(x) and Hyp(1) := lim,_,1- Hyp(2) if the limits exist.

Note that for generalized polylogarithms of the form Hy,,,  m, 1,0..0(x) with ¢ := min,, som;

(and ¢ > 1) we can extend the definition range from = € (0,1) to x € (0,¢). These generalized

polylogarithms are analytic functions for = € (0, ¢). The limit  — ¢ exists if and only if m # c.
Summarizing, a generalized polylogarithm Hy,, ... m, () with ¢ := min,,,~om; is finite at

c € R for ¢ > 0 if one of the following cases hold:

1. ¢<q
2. c=qand m #q
3. (ma,...,my) = (mi,...,mg,1,0,...,0) with ¢’ := min{m;|m; > 0,7 <k} and ¢ < ¢'.

Throughout this article, whenever we state that Hy,, m.,,..m, (c) is finite or well defined, we assume
that one of the three conditions from above holds.
For the derivatives we have for all x € (0, min,,,~om;) that

d

%Hm(x) = fml (x)Hm%mg,...,mw (x) .

Besides that, the product of two generalized polylogarithms of the same argument can be ex-
pressed using the formula
Hy(0)Hy(z) = 3 Hya): (2.3)
r=pllq

here the shuffle operation pLig denotes all merges of p and g in which the relative orders of
the elements of p and q are preserved. Thus, similarly to S-sums, one can write any product
of generalized polylogarithms by a linear combination of generalized polylogarithms over the
integers.

As utilized in [105] for harmonic polylogarithms, we use this shuffle product to remove trailing
or leading constants in the vector of the arising generalized polylogarithms. E.g., for a € R the
shuffle product gives

Ha(2) Hiny,..moy () =Ham i (2) + Hing a,ma, i (2)



+ Hm1,m2,a,m3,...,mw(x) + -+ Hm1,...,mw,a(x) 3

or equivalently

Hml,...,mw,a(x) :Ha(l‘) Hm17~--amw (x) - Ha,ml,...,mw (:E)

- Hml’a:m27~~~»mw(x) - Hmlw-va:mw(x) .

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

1
HM17-~~7a,a(m) = 5 (Ha(x) Hm1,~~-,mw—1,a(a) - Ha,m17--~7mw—1,a($)
_Hm11a7m2,~..,mw71,a(x) - Hml,m,a,mwfl(x)) .
Applying this tactic iteratively leads to a polynomial representation in H,(z) with coefficients
in terms of generalized polylogarithms with no trailing a’s. In particular, if a generalized poly-
logarithm is analytic for (0,¢) then also the occurring generalized polylogarithms of the linear
combination are analytic for (0,¢). A typical example for a = 0 is, e.g.,

1
Hy _300(x) = §H0(9€)2H2,—3($) — Ho(x)Ho,2,—3(x) — Ho(2)Ha,0,—3(2)
+Ho,0,2,-3(2) + Ho,2,0,—3(2) + Ha,0,0,—3(x).

Note that there is one extra complication: given a generalized polylogarithm in the form
Hpy ompo1,0..0(x) with 1 < ¢ := min,,;~om; then we cannot use the strategy to extract trailing
zeroes if x > 1 since this would lead to infinities: The shuffle algebra would suggest to rewrite
Hj 1 0(x) being analytic for x € (0,2) as Ho(x) Ho 1 (z) — Ho2,1(z) — Ha0,1(2) , however for > 1
for instance Hy g 1(x) is not defined. In later considerations these difficulties have to be handled
separately.

Completely analogously, leading constants can be removed in generalized polylogarithms. In
addition, using the quasi shuffle algebra (2.2) it is possible to extract leading (or trailing) indices
of a S-sum. For example we have for a € N and b € K*

Sa21 (b3, 3:1) =Sa(b57)S2.1 (3, 5:1) + S21an (5, 5:7) + S2144a (3, 2i0)
—S2.0,1 (3,0, 531) —S2,14 (3,3, 037m) -
For S-sums Sg, . q,(b1,...,bk;n) with a; € N and b; € [—1,1] \ {0} this can be used to get a
polynomial representation in Sj(n) with coefficients in terms of convergent S-sums, like, e.g.,
St (11, 3in) =381(1)*S: (337) +81(n) (S (3:m) = S (3, 1))
+ 551 (33n) = 3522 (3, 1im) + 3522 (1, 33m)
- S3,1 (%7 17”) + S2,171 (%7 17 1a T'L) .

For general S-sums this strategy usually fails to extract the divergency, e.g., in

S1,2,1 (5>2a37 ) 81(5 n)S21(2a37 )+S22(2737 )+S31(2>37 )
—S21.1 (5,%.5n) —S211 (3,5, 3:n) ,

the sums Sq(5;n), S3.1 (%, %,n) and So1,1 (%, 5, %; n) are divergent for n — oo.

3 Identities between Multiple Polylogarithms of Related Argu-
ments

In the following we want to look at several special transforms of the argument of generalized
polylogarithms which will be useful for later considerations. In general, we start with a defined



azr+b
cx+d

x € R and derive representations in terms of generalized polylogarithms in x. Since such a
transformation holds not only for a point € R, but in a region around z, all the transformations
have the following additional property: if the input expression f(x) is analytic in a certain
region around x, also the arising generalized polylogarithms of the transformed representation
are analytic in this region.

generalized polylogarithm f(z) = Hmlmw< ) with particular chosen integers a,b, c,d and

3.1 z+b—x

Lemma 3.1. Let m; € R\ (0,
is defined. If (mq,...,my) #

and x > 0 such that the generalized polylogarithm Hy,, . m,(z + 1)

1)
(1707 )7

Hmlz“'vml (m + 1) Hml, ,mz( ) + Hml—l(x) Hm21-~-,ml(]‘) +
+oet Hm1—1,~~7mzf1—1(x) Hmz(l) + Hm1—1,~~~7mz—1(x) .

[f(ml,...,ml):(1,0,...,0),

Hpny,omg (@ +1) =Hip,.0(1) —Ho -1, —1(2).

Proof. We proceed by induction on I. For [ = 1 and my > 1 we have:
x+1 x+1 1
Hy, (z+1) = / du:Hm1(1)+/ du
0 1

m; —u
L 1
= H,,(1 —du=H,,, (1) + H,,,, - .
)+ [ oy = Hu (1) 4 @)

m; —u

For | =1 and m; < 0 we have:

x+1 1 x+1 1
H 1) = ——du=H,, (1 —
x
1
= Hn,(1 — du=Hp, (1) + Hp, ().
O+ [ ey = T (1) + 1 (0)

For | =1 and m; = 0 we have:

z+1 1 x
Ho(z +1) = Hg(1)+/ du:/
1 0

du=Hy(1) + H_y(z).

U 14w
Suppose the theorem holds for [ — 1. If m; # 0 we get
z+1 H (u)
H 1) = H 1 2l
@+ 1) = Ty (1) [ et
Hng,.om (1 + 1)

du

eomi(1) /0 |mq| — sign(mq) (u+ 1)
x 1
— Hom () [ . o

|mq| —sign(my) (u+ 1)
+Hpmy—1(2) Hms,---,mz(l) + Hmz—l,m:a—l(x) Hm4,---7mz(1) +e

+Hm2—1,~-~,m171—1(x) Hmz(l) + Hm2_17“'7ml_1(x>> du

= Hm17--~7ml(1) + Hml—l(x) ng,...,ml(l)
+Hm171,m271($) ng,...,ml(l) + -+




+Hy—1,my oy —1(2) Hiny (1) + Higy -1,y —1(2) -
If m; =0 we get

x+1 H
Homa,..m(x +1) = Ho,mz,...,ml(l)Jr/ Hong, o mi (W)
1

u
*H (u+1)
_ H 1 +/ m2,...,Mmy d'LL
0,m2,---,mz( ) 0 (1_|_u)
o1
= HO,mQ,---,mz(l) + /U m <Hm27---7ml(1) +

+Hm2—1($) Hm3,---,mz(1) + Hm2—17m3—1(x) Hm4»---»ml(1) -
+---+ Hm2—1,...,ml71_1(x) Hml(l) + Hm2_17“'7ml_1($)>du

= Homy,..im (1) + Hoy (@) Hing, . imy (1)
+H 1 my—1(2) Hingoo g (1) 4 -+ +
FH 1 —1(2) Hyy (1) + Hog g1 () -
O]
The proofs of the following three lemmas are similar to the proof of the previous one, hence
we will omit them here.
Lemma 3.2. Letb > 0, m; € R\(0,b], m; € R\(0,b) fori € {2,3,...1} such that (m;,...,my) #
(1,0,...,0) forall j € {1,...1}. If Hyyy . m,(z + D) is defined for x > 0,
Honyomy (2 +0) = Hinymg,mg (0) + Hiy —6(2) Hing oy (0)
+Hy —bmo—b() Hng, oy (0) + -+ - +
+Ho =6,y —b(2) Hi (0) + Hpy by —b(2) -

Lemma 3.3. Let (my,...,m;) = (1,0,...,0) and let x > 0 such that Hy,,
For1>b>0and1—-b>z >0,

Hpnyomy (2 + ) =Hiny o, omy (0) + Hiy —6(2) Hiny oy (b) + Hm1—b,m2—b(x) Hipg, .. (0)
o Hony gy () oy (0) 4 Hyy oy () -

m,(x 4+ D) is defined.

77777

Forxz>0andb>1,

Hiny,oomy (x +b) :Hm1,m2,..‘,ml(b) — Hypy —o() Hm2,~~~,mz(b) - Hml_b’mQ_b(x) Hm3""’ml(b)
— o = Hyny by y () Hony (0) = oy oy () -

Lemma 3.4. Let b >0, m; € R\ (0,0], m; € R\ (0,b) forie {2,3,...k} and (mp41,...,my) =
(1,0,...,0). Let © > 0 such that Hp,, . m,(x + b) is defined. For 1 —b> x>0 and1>b>0,

Huny\omy (z+0) = Hm1,m2,---,mz(b) + Hpny —p() Hmz,---,mz(b) +eet
+ Hmlfb,...,ml,lfb(x) Hml(b) + Hmlfb,...,mlfb(x) .

Forb>1,
Hm17,,_7ml (.’E + b) - Hml,m27...,ml(b) + Hml—b(x) Hm27---»ml(b) + e +
+ Hml*bw,mk*b(‘r) Hmk+1 ----- mz(b) - |:Hm1*by~~~7mk+1*b($) Hmk+27---7mz(b) +

4t Hml—b,...7mz_1—b(x) Hml(b) - Hml—b,...,mz—b(x) :

10



32 b—z—=x

In this Subsection we assume that b > 0 and we consider indices m; € R\ (0,b). The following
method transforms a defined generalized polylogarithm H,,,  m, (b — x) for some z € R in
terms of generalized polylogarithm with argument x and evaluations at constants. Proceeding
recursively on the weight w of the generalized polylogarithm we have

Hpp (b — x) = Hyp (b)) — Hp— oy () for my # b, (3.1)
Hy(b — z) = Ho(z) — Ho(b) . '
Now let us look at higher weights w > 1. We consider Hy,, mo.....m., (b — ) with m; € R\ (0,b)
and suppose that we can already apply the transformation for generalized polylogarithms of
weight < w. If m; = b, we can remove leading V's (see Section 2) and end up with generalized
polylogarithms without leading b’s and powers of Hy(b — x) . For the powers of Hy(b — ) we can
use (3.1); therefore, only the cases in which the first index m; # b are to be considered. For

b#0:

v Hiyo g (b0 — 1)
Hpymo..my (b — = Hpmimg...my(b) — 2o P dt.
1,MM2,...y w( JZ‘) 1,M2,... w( ) /(; |—m1 + b| o Sign(—ml + b)t

Since we know the transform for weights < w, we can apply it to Hy,, . m, (b —t). Linearizing
the expression with the shuffle product using the definition of the generalized polylogarithm we
finally obtain the required weight w identity. With the steps above one obtains, e.g.,

H3 92 1(2—2)=—-H_1(z)H_o 1(2) + H.1(2)H_14(x) —H_143(z) + H3 2 _1(2).

Remark 3.5. Analyzing the wunderlying algorithm we see that in the transform of
Hini mo,...;me (b — @) we find only one generalized polylogarithm of weight w and argument x,
namely H—(m1—b),—(mg—b),....—(mw—b)(x)' All other polylogarithms at argument x that appear have
lower weights. In general the indices of the generalized polylogarithms at argument x that appear
in the transformed expression are in the set {—(my —b),—(mg —b),.... — (my — b)}. Note that
if we look at the reverse transform i.e., x — b — x we can derive a similar property.

l—x

Next, we present an algorithm that performs the transformation % — x, like, e.g.,

H_271 (1 _T_ z) ZH_1(1> (—H_g(m) + H_l(.%')> + H_37_1(a;) — H_370($) + H_le(l)

— H_17_1($) + H_170(:L‘).

Here we consider indices with m; € R\ (0,1). Proceeding recursively on the weight w of the
generalized polylogarithm we have for 0 < i72 < 1, ¢4y < =1, =1 < yp < 0 and y3 > 1:

14z
i, (150) = —Ho(ou) — Hoa(o) + Holl = ) + 1 0
Ho(150) = Hoal) - Ha)
Hyz(;i) = —Hol=12) = Hoa(@) + Ho(1 = ) = Hiza (@)
HoG;i) — Hy(@)+H () (3.2)

11



HG;) — H (1) - Ho(x) + H () (3.3)

w(155) = Holon) + Horlo) = Hulyn 1) = B ().

Now let us look at higher weights w > 1. We consider Hy,; mo.....ma (i—i) with m; € R\ (0,1) and

suppose that we can already apply the transformation for generalized polylogarithms of weight
< w. lf m; =1, we can remove leading ones and end up with generalized polylogarithms without

—x
14z 14z

only the cases in which the first index m1 # 1 are to be considered. For y; < 0, y1 # —1 and
Yo > 1 we get:

leading ones and powers of Hl( . For the powers of H1< we can use (3.3); therefore,

l—z 1—t
H—l,mz,...,mw<1 —i—x) = H 1,ma,....,m /0 t mg,...,mw<1 +t> dt
1—x r 1—t
H = H dt
0,ma,...;mqy <1 +.’L‘> 0,ma,...,m /0 1 mz, e (1 +t>
* 1—1t

— 3.4
/0 1+t Himg,...om <1+t> (34)

1—=2x o1 1—1¢
Hy17m2,~~~,mw <1 + :);‘> = Hylym27--~7mw(1) _/0 mHm2,...,mw <1 + t) dt
z 1 1—1t
o ( )a
0 1+§1 Tt 1+1¢

11—z 1-—t
Hy2am27---7mw (1 4 .’1}') = Hy27m2 ----- mw(l) + /0 1 4 th27 mw (m) dt
z 1 1—1t
— ——H dt. 3.5
/0 e (1 +t> 59)
Note that the transformation (3.4) can be only applied if (mq,...,my) is not the zero vector.

11—z

However, by definition the arising special case Hy .. o (ﬁ) reduces to Hg ( 1=z ) which we handled
n (3.2).

Since we know the transform for weights < w, we can apply it to Hy,, . m,, 1=

1+t
the arising products of generalized polylogarithms with the shuffle product and using the definition

of the generalized polylogarithms we obtain the required weight w identity.

. Linearizing

3.4 kxr—=x

Lemma 3.6. If m; € R,m; # 0,2 € RY and k € R" such that the generalized polylogarithm

Hp, .m, (k- ) is defined then we have

Hm1,---,mz<k ‘r) = H% my (). (3.6)

Proof. We proceed by induction on [. For [ = 1 we have:

kx T
1 k
H, (k-x)= . du = - du=Hm (z).
3 ) /0 [ma| — sign(mi) u /0 |mq| — sign(mq) ku kl( )

12



Suppose the lemma holds for I. For m; # 0 we get

q hoa) - /kw Hm27...,ml+1(u) du:/w Hm2,.‘.,ml+1(k‘u)
e o Jmal =sign(m)u®™ " Jo Jm] —sign(my) ku

e Hmg mipy (w)
= / koK du=Hm; m(z).
0 k

kdu

|";€1| — sign(my) u ko

For m; = 0 we get

kx H z H k
Homs,oomp (k- @) = / a8 g, mayemi (K)o
0

U 0 ku
v Hmy  migs (u)
— / —ETE . Ty =Hy omy miga (7).
0 u k> kY k

O

The proof of the following lemma is straightforward (compare [105], where it is stated for harmonic
polylogarithms).

Lemma 3.7. Ifm; € R,m; # 0 and x € R™ such that the generalized polylogarithm Hy,, . m,(—x)
is defined then we have

Hp,.., mz(_x) = (_1)likH—m17---7—ml (x)v (37)

here k denotes the number of m; which equal zero.

35 1y

Here we assume that 0 < x < 1. First, we consider only indices with m; < 0. Proceeding
recursively on the weight w of the generalized polylogarithm we have for y < 0 that

1

Hy(1> = H.(2) — Ho(x) — Ho(—y)  and Ho(x

i Y

> = —Ho(z).

Now let us look at higher weights w > 1. We consider Hml’mz,‘_”mw(i) with m; < 0 and suppose

that we can already apply the transformation for generalized polylogarithms of weight < w. For
my < 0 we get (compare [105]):

1 ! 1 1
Hml,m27...,mw (1:) = Hml,mz,...,mw(l) +/x mHm27...7mw <t> dt
11 1
= Hm17m21"'7mw(1) + EHmz,...,mw E dt

T

1
: (1)
— ——H — ) dt
1 ma,...,My
/x -+ t

1 1 1 1
H07m27"'7mw ($> = H07m27-~-7mw(1) + /x mHm27-.-,mw <t> dt
1 1 1
e H[),mz,-..,mw(].) + ZHmQ""’mw ; dt

xT

Since we know the transform for weights < w, we can apply it to HQOw(%) and finally we

obtain the required weight w identity by using the definition of the generalized polylogarithms.

13



We can extend this transformation by the following observations. An index m > 0 in the
index set leads to a branch point at m and a branch cut discontinuity in the complex plane for
x € (m, o). * This corresponds to the branch point at 2 = m and the branch cut discontinuity
in the complex plane for z € (m,o0) of log(m — =) = log(m) — Hy,(z) . However, the analytic
properties of the logarithm are well known and we can set for 0 < x < 1 for instance

Hm@) — H. (@) + Ho(m) + Ho(x) — i, (3.8)

1
m

by approaching the argument % form the lower half complex plane. We can now consider an
alphabet with at most one letter m > 1 (Note that we could as well assume m > 0. However, for
simplicity we restrict to m > 1). For such an alphabet the strategy is as follows: if a generalized
polylogarithm has leading m’s, we remove them and end up with generalized polylogarithms
without leading m’s and powers of Hm(i) . To deal with the generalized polylogarithms without
leading m, we can slightly modify the previous part of this Section and for the powers of Hm(%)
we can use (3.8). Following this tactic, we arrive, e.g., at the identity

Hooa (3 ) = = im (SHL (1) 4y () ~ Ho(o)) + Hoaa(1) — F_y (1) + H_y (o)

—H_: 1(1) + H_%Vl(x) — H070(x) + Hojl(l) — H071(x).

4 Power Series Expansion of Multiple Polylogarithms

An algorithm to calculate series expansions for harmonic polylogarithms Hy,, ms.....m., (z) with
m; € {—1,0,1} has been presented in [105]. Subsequently, we generalize these steps for gener-
alized polylogarithms, i.e., m; € R. In general, Hy,, m,, . m,(z) does not have a Taylor series
expansion if trailing zeroes occur, i.e., the expansion consists of a log(z)-part and a part free of
log(z). The separation into these two parts can be easily accomplished by removing trailing zeroes
as described in Section 2. In other words, one gets a polynomial expression in Hy(z) = log(x)
with coefficients in terms of generalized polylogarithms that have no trailing 0’s. For each of
these coefficients we are now in the position to calculate a Taylor series expansion as follows.
For polylogarithms of weight 1 with j € R and x € (0,]|j|) we have
g T )

(2

Hj(z) = o
Yooy L, if j > 0.
Let m = (m1,...,my) be a non-zero vector and ¢ = min,,, o |m;|. Assuming that for z € (0, q)
> otat
Hp(2) = o Sn(b31)
i=1

one can write the relations for j > 0 and z € (0, min(j, q))

i~ O'iﬂfi ‘
Hom(z) = Z atl Sn(b;1)

=1

- xi . .
H]”m(ﬂj) = Z ﬁsa,n(o-]a b;i — 1)

1w

(2

“For a definition of single-valued polylogarithms see [38, 51, 49, 44].
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z’ o o'z )
— Zﬁsa,n(a;, bii)— > s Sn(bid)

=1 i=1
H_jm(z) = —ZWS n(—03j,b;i —1)

= Zz San(—0j, b;i) —I—Z a+1 n(b;i).

=1 =1

Proof. We just prove the case that j > 0. The other cases follow analogously.

Tl KXo )
Hjm(z) = /O_Z Z‘Z’/ Sn(b;i)dy

1 /x > 1 (y)l_k Uk+1yk+1
= - = ———Su(b;k+ 1)dy
JJo Z J (k+1)e ( )

X
= E : a,n .7b;'
00 :L‘i
= ~San ‘7b7‘_1'
> L Sunlobii = 1)

i=1
0

Separating the log(z) = Hy(z) part from the log-free part and applying the formulas from
above we get, e.g.,

Hogo(z) = Z Tlig_x)l — Ho() Z 2_Z(Z_m)l
=1 i=1

Summarizing, given Hy,, 1y, m, () with m,, # 0 and ¢ = min,,, o |m;|, one can calculate
a Taylor series expansion which holds for = € [0,q) and where the coefficients of the Taylor
expansion are given explicitly in terms of S-sums.
Inverse construction. In addition, since the formulas from above can be reversed, also the
other direction is possible: given a sum of the form Z?(cx)lw with £ € NU{0} and ¢ € R*,
one can compute a linear combination of (possibly weighted) generalized polylogarithms h(x)
such that for z € (0,7) with j > 0 small enough Zfo(cx)’w = h(z).

E.g., for z € (0, %) we have

>, 202°S1 1 (3, 351)

. 1 1 111
7 ™3 673 2'3 2'6°3

=1

Asymptotic behavior. Moreover, one can determine the asymptotic behavior of a generalized
polylogarithms H,,(z): Define y := % Using Section 3.5 on Hm<%> = Hp(x) we can rewrite
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Hpn(x) in terms of generalized polylogarithms at argument y together with some constants. Now
we obtain the power series expansion of the generalized polylogarithms at argument y around 0
easily using the previous part of this Section. Since sending x to infinity corresponds to sending
y to zero, we get the asymptotic behavior of Hy,(z) .

E.g., performing these steps yields

Hopo(2) =H_20(1) + H_1 (1) —H_1 4 <1> n H070<1>

5 Values of Multiple Polylogarithms Expressed by S-Sums at
Infinity

Consider the generalized polylogarithm Hy,, 1, m,, (z) with ¢ := min,, ,som; and c € R, ¢ >0
such that Hy,, mo.....m. (c) is finite. To be more precise, one of the following cases holds:

1. ¢c<q
2. c=qand my #q
3. (ma,...,my) = (mi,...,mg,1,0,...,0) with ¢’ := min{m;|m; > 0,7 < k} and ¢ < ¢'.

If the generalized polylogarithm H,y,(c) has trailing zeroes, we first extract them. If 0 < ¢ < 1,
we end up in an expression of generalized polylogarithms without trailing zeroes and powers of
Ho(c). Otherwise, if ¢ > 1, we cannot handle polylogarithms of the form Hy,, s, my.1.0,...0(¢)
(see Section 2) and keep them untouched. Note that by the shuffle product no extra indices are
introduced and the first non-zero index is again m,. Thus the arising polylogarithms are again
finite at the evaluation point c.

To rewrite powers powers of Hy(c) for ¢ > 0 we note that we have

0<ec<1l: Hyle)=—-S1(1—c;00)
c=1: Hyle)

l<e<2: Hple)=-Si1(1—-¢00)
2<c:  Hole)

To rewrite generalized polylogarithms of the form Hy,, ms... m,(c) where m,, # 0 and
min,,, o |m;| > ¢, we use the power series expansion of Hy,, m,,....m, («) and send z — c. E.g., for
one of the arising sums we obtain

o i

o' ‘
> - Sn(bii) = San(co, b500).
i=1

What remains open are the situations of the type Hpyymo....my10,..0(c) with ¢ > 1 and
polylogarithms Hyp, ms.... m., (¢) With my, # 0, max,,,<om; > —c, ming,,;~om; > ¢ and m; # c.

As shortcut, one can rewrite Hyy, mo... m,, (¢) with (m1,ma,...,my) = (1,0,...,0) and ¢ > 1
by using the following lemma iteratively.

Lemma 5.1. Forc > 1 and (m1,ma,...,my) = (1,0,...,0) we have

Hm17m27---,mw (C) = (_1)w+15w(1; OO) - HO,ml—L---7mw—1(c - 1) .
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To rewrite generalized polylogarithms of the form Hyy, m,,. m,(c) where m; € R\ (0,c],
my # 0, ming,,;~om; > ¢ and s := max,,,<om; > —c we use Lemma 3.2 and afterwards send
r — c+ s, ie., we get

Hony,...oms (c) :Hml,mz,...,mw(_s) + Hm1+S(C +5) Hmz,...,mw(_s)
+ Hm1+5,m2+8(c + 5) Hm37--~7mw(_5) + et
+ Hm1+57~--,mk71+5(c + ) Hmz(_s) + Hm1+8,...,mw+8(c +5).

Note that —s < ¢ and ¢ + s < ¢. To rewrite generalized polylogarithms of the form
Hini mo,....me.1,0,....0(¢) where ¢ > 1 we can proceed similar to the previous case: we use Lemma 3.4
to rewrite Hyy, o, . m. (€ + 1) and afterwards send # — ¢ — 1. Observe that both cases reduce
the problem to a simpler situation: We can either handle all arising polylogarithms by the recipes
given above. If not, observe that the remaining polylogarithms are of the form H,, ., (u) with
¢ = miny, 4o [n;| and u < c. Note that the evaluation point gets smaller. In addition, the index
vector (ni,...,n) is given by a subset of (my,...,m,) up to the possible addition of s < 0 where
s is the maximum of the arising negative indices of (mj,...,m,). Thus applying this reduction
iteratively (to the polylogarithms that cannot be handled by the cases from above) decreases step
by step the positive evaluation point and in the same time decreases the negative indices and
thus enlarges the absolute value of s superlinearly. Consequently, from a certain point on ¢’ gets
larger than ¢ and the difference between these values increases in each iteration. This guarantees
that eventually v < ¢/, i.e., the arising polylogarithms can be transformed to S-sums by using
the series expansion representation and the evaluation at x = u as described above.

Summarizing, we can rewrite all finite generalized polylogarithms Hyy,, ... m, (¢) in terms of
S-sums at infinity, like, e.g.,

H4,1,0(3) = — S-3(00) + 283(00) + S_9(00) S1 (33 00) — Sa(00) S1(3; 00)
— S3(—2;00) 4+ S_1(00) (S—2(c0) — S1,1(3, —2;0))
812(4,4 OO)—i—Slg(% —3; oo)+812( —1; oo)
+821(=1, 3500) — S2.(3,4:00) = S11.(3, 2, 35%0) -

Note that this process can be reversed: given a finite S-sum at infinity we can rewrite it, e.g., in
terms of generalized polylogarithms at one:

S231(—3%,%,2;00) = — Ho,—2,0,0,—6,-3(1) + Ho,—2,0,0,0,—3(1) + Ho,0,0,0,—6,-3(1)
—Ho,0,000-3(1) -

For a complete algorithm for the reverse direction we refer to [6, Algorithm 1].

We note that if we consider the generalized polylogarithm Hy,, s, m. () and c € R, ¢ <0
such that Hy,, ... m. (¢) is finite then we can use Lemma 3.7 to transform Hy,, .. m, (Z) to an
expression in terms of generalized polylogarithms at argument —c. Hence we can again use the
strategy presented above to rewrite this generalized polylogarithm in terms of S-sums at infinity.

6 Analytic Continuation of S-sums

It has been remarked in [137] that Carlson’s theorem [42, 122]° can be used to perform the
analytic continuation of harmonic sums: the evaluation of the harmonic sums at integer points
determines uniquely (among a certain class of analytic functions with exponential growth) the
analytic continuation in the complex plane. We will elaborate this property in further details for
harmonic sums and more generally for S-sums.

A function f: M — C for a region M C C is of Carlson-type (C-type) if

5The original theorem needs to be extended to be even applicable in case of the harmonic sums.
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e it is analytic in the right half plane,

e it is of exponential type in the half plane, i.e., there exist ¢, C € RT such that for all z € C
with Im(z) > 0 we have that
F(2)] < Cet,

e and there exist ¢, C € RT with ¢ < 7 such that for all y € R we have that
|f(iy)| < Cecv,

For such functions the following theorem holds; for a detailed proof (together with even more
general statements) we refer to [33, Sec. 9.2].

Theorem 6.1 (Carlson). Let h(z) be a function of C-type. If h(n) =0 for alln € N then h = 0.

Throughout the remaining article we rely on the following consequence: Let f(z) and g(z) be
functions of C-type. If f(n) = g(n) for all n € N, then f = g in the domain where both functions
are defined.

The following simple closure properties will be used later. The proofs are immediate.

Lemma 6.2. Let f(z) and g(z) be functions of C-type and let a € R*. Then f(2) + g(2),
a® = ™) gnd a®f(z) are of C-type.

Proposition 6.3. For m; € N, by € R" and 2 € C consider the integral f(z) =
Iy mo,..omi (b1, b2, ..., by 2) from Theorem 2.2. Then f(z) is of C-type.

Proof. We note that f(z) is analytic for Re (z) > 0. Next we show that f(z) is of exponential
type. For 1 > |z| > 0 with Re(z) > 0 we can bound |f(z)| by a constant. For |z| > 1 and
d := max(b1, biba, ..., biba---br) > 0 we have

1f(2)| =
0 " 0 Tp—biobe b 1 o r-1 (6.1)
bubie g 7 dx}, T3 dz" g7 — 1
< i Y : = | de.
0 |2 | o |@h—b1-- br_q| b |21 0o | T

Now we show that there is a ¢ € RT such that
fora €¢ RT,b € R. If d < 1, we have

%’ < c(d+1)‘z| for0<z<dandall z=a+bi

¥ -1 4 +1
< < d+ 1)kl
x—lw-l—d—l—d(+)
Finally, let d > 1. Since lim,_,; ’—‘ =z < (d+ 1)|Z‘ there are ¢ > 0 and ¢ > 0 such that

61(0 l—e)U(l+e,d):

—1
@7‘<cd+n

1‘ < ¢(d + 1) for

¥ -1 z*+1 1
< ~(d+ 1)k

z—1 ) 5( D"
In summary, we can choose ¢ € Rt (independent of the choice of z) with ‘—‘ < ¢(d+ 1) for
0 <z < d and using (6.1) it follows that

b m 2 1 1 m 2

f(Z) < c- 6log(d-ﬁ-l\ |/ * Cl.%' " /mk # . /932 dxﬂllll ../xl ldx
0 :Ek_bl"'bk‘—l b1 113‘1 0

€R*, constant
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< - 6log(d+1)\z|

for some ¢ € RT (again independent of the choice of z). To conclude that f(z) is of C-type, we
have to show that we can choose a ¢ € RT such that for all b € R we have

|f(bi, b1, ... b)| =

bi---b mg x2 1 x} mi z? _bi

/1 b dz) /dﬂfk /del /w L
™m m

0 xk’“ 0 .’L'llc—bl"'bk,1 b1 IEll 0 r—1

L__l’ < cell for 0 < 2 S d and all b € RT: If

bl

<c-e

We show that there is a ¢ € Rt such that

d <1 we have ‘ |b| < el there

z _1‘ <15 < id el’l. Finally let d > 1. Since lim,_,; |Z
are ¢ > 0 and ¢ > 0 such that |-

‘ < cel®l for 1 — ¢ < x <1+ e. It remains to show that

“”bl_l‘ < cell for z € (0,1 —¢)U (1 +e,d): ‘ 1‘ <2< e|b| As for the proof part concerning

the exponential growth the integral can be bounded as desured. O

As a consequence the analytic continuation of S-sums Sy, mo,...m, (01,02, ..., bg;n) with m; €
N and b; € RT within the class of C-type functions is uniquely determined by the integral

Irrnmw,...,m;c (b17 bg, ceey bk; Z)-
If not all b; € R, we can split the integral at 0 whenever the integration interval contains 0.
For example let us consider the integral representation of 817272(—1, 2, —%; n):

—1 4+ 2"
S 1,2, — L dx1dzodrsdrsdes.
1’272< > / / / / /1 xTs5 2+1’4 I3 (1+$2) (—1+x1) T1aT24L3AT10Ts

Splitting at zero yields

—1 —1)"(— n
/ / dx4dx5 / / / + (=" (=21) iy doaday
xIs 2+x4 x3 —|—x2) (_1_1_1,1)
0 _ 1\( n
/ / / / dxodrsdrsdrs / 1+ (=1)"(=z1)
5(2 4+ xy4) 1:3(1+m2) B Ttz
-1+ 7
day dradrsdryds.
/ / / / / 2+:L“4 $3(1+x2)(*1+x1) T10L2aT3AT4ATs

An analytic continuation of ( 1)™ does not exist (in particular, it is not of C-type), hence we
cannot continue 81’272( 1,2, — , ) analytically. However we can continue the functions

1
fe(n) = Si22 <—17 2, —g; 2”)

_1 _ 2n
/ / d$4d$5 / / / A s dridrodxs
T5 2+x4 o5 (1 +a2) (—1 +a1)
0 —1 _ 2n
/ / / / dxgdxgdx4dx5 / M dxy
5(2+ x4) :C3(1+x2) . 1t
-1 _|_$2n
dridxodrsdrad
/ / / / / 2+$4 x3 (1+:E2) (_1+x1) r104x2ax3AT40Ts

and

1
fo(n) = 81,272<—1,2,—3;2n+1>
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Figure 1: S122(—1,2,—%;n) for n € {0,1,...,11}, and f. (%), fo (%) for n € (—3,11).

/ / dx e / / / - Ca) dxidxedx
x5 ( 2+ 405 ” 3 ( +x2)(—1+x1) 14T20T3
0 1 — (—(Ifl)2n+1
dxedxsdzad d
</ / / / 5(2+ 24) m3(1+a:2) T20L3AT x5>/_1 11 1
_1+x2n+1
dz1dzodrsdzad
/ / / / / 52+ x4) 23 (1+22) (=1 +21) T1dxodrzdrsdas

analytically since (—1)" = 1 for n even and (—1)" = —1 for n odd. For a graphical illustration
we refer to Figure 1. More generally, there is the following result.

Proposition 6.4. For m; € N, by € R* and z € C consider the integral f(z) =
Iy mo,...omi (b1, b2, ..., b; 2) from Theorem 2.2. Then f(2z) and f(2z + 1) are of C-type.

The proof is analogous to Proposition 6.3. Consequently the analytic continuation of even and
odd S-sums Sy; mo,....mi (01,02, ..., bk;2n) and Sy, ma,..my (01,02, ..., bk;2n 4+ 1) with m; € N
and b; € R* within the class of C-type functions are uniquely determined with the integral
representations L, mo, ..m, (b1,b2,. .., bg;22) and L, mo,..m, (b1, b2, ..., bg; 22 4 1), respectively.

We remark that in physics applications due to the definiteness of the crossing relations in case
of the respective process using the light—cone expansion [133, 142, 36, 63, 18] n is either even or
odd and the analytic continuation is carried out from the respective subset.

7 The Mellin Transform and Inverse Mellin Transform Between
Multiple Polylogarithms and S-sums

For a harmonic polylogarithm h(x), i.e., a generalized polylogarithm with the index set {—1,0,1},

the Mellin transform (1.1) can be expressed in terms harmonic sums and constants (written

in terms of harmonic polylogarithms at 1 or equivalently in terms of generalized zeta values).
Extending the Mellin transform to

M*(h(z),n) := M(h(z), n) = /0 1 2" h(z)dz
(1) (1) = [
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(f) - [ 2

gives a 1-1 correspondence between the harmonic polylogarithms and the harmonic sums via the
extended Mellin transform and its inverse transform.

In this Section we generalize this construction and look at the Mellin-transform of generalized
polylogarithms with indices in R\ (0, 1). It will turn out that these transforms can be expressed
using a subclass of the S-sums (containing the harmonic sums) together with constants (written
in terms of generalized polylogarithms evaluated at certain points or equivalently in terms of
infinite S-sums; see Section 5). In particular, using the inverse Mellin transform, the S-sums can
be expressed in terms of the Mellin transform of generalized polylogarithms.

In order to establish this connection, we have to deal with functions like f(z) = 1/(a — x)
with a € (0,1). However, already for this simple case, the Mellin transform is not defined since
the integral fol % does not converge. Hence we modify the definition of the Mellin transform
to include these cases, like 1/(a — x), as follows.

Let h(x) be a generalized polylogarithm with indices in R\ (0,1) or h(z) =1 for = € [0, 1]; let
a € (0,00), aj € (1,00), az € (0,1]. Then we define the extended and modified Mellin-transform
as follows:

M*(h(z),n): = M(h(z),n) = /0 lx”h(x)da:,
(5. - (1) [ 280

M*( h(z) 7n> o /Oalz (a" — Dh(az z) | _ /01 ()" — 1)h(93)dx' (71)

as —x 1—=x as —

In (7.1) both extensions fol/ “2=Lh(agz)dx and fol %h(w)d:v are equivalent, which can
be seen using a simple substitution. Since from an algorithmic point of view it is easier to handle
the second integral, we prefer this representation. From now on we will call the extended and
modified Mellin transform M ™ just Mellin transform and we will write M instead of M.

For later considerations the following property (see Section 6) will be helpful.

Lemma 7.1. Let m; € R\ (0,1), a € R* and m € {0,1} and define f(z) = M(M,z>
Then f(z), f(2z2) and f(2z+ 1) are of C-type.

7.1 Calculating the Mellin Transform in terms of S-sums

Subsequently, we solve the following problem:
Given m = (my,...,my) with m; € R\ (0,1), a € R* and m € {0,1}.
Find an expression F'(n) given as a linear combination of S-sums such that for all n € N we have

M<mn> = F(n). (7.2)

Note that this construction represents the Mellin transform of weighted generalized polyloga-
rithms only for positive integer points. However, the uniquely determined analytic continuation
(among all the C-type functions) for even and odd S-sums describes the Mellin transform in the
complex plane; further details are given below of (7.5).

In order to solve the specified problem, we enhance the ideas of [105] for analytic aspects from
the class of harmonic polylogarithms to the class of generalized polylogarithms.
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Namely, due to the following Lemma we are able to reduce the calculation of the Mellin
transform of generalized polylogarithms with indices in R\ (0, 1) weighted by 1/(a+z) or 1/(a—=)
to the calculation of the Mellin transform of generalized polylogarithms with indices in R\ (0, 1)
which are not weighted, i.e., to the calculation of expressions of the form M(H,,(z),n).

Lemma 7.2. Forn e N,m = (my,m) = (mi,ma,...,mg) withm; € R\(0,1) and a € (0,0),
a1 € (1,00), a2 € (0,1), we have

M( 1 n) _ {(—a)n(sl(—;;n)+Ha(1)), if0<a<l

otz (=a)" (Si(=3in) = Si(=gi0)), if1>a
M<aix”> = {;"Sé(}ls;fz)i;n)wLSl(i;oo)), i
M(Ij"j‘? , n> = —nMH_qm@),n — 1)+ H_gm(l),
M<}11"i(z)n> o M(Hpp(a),n— 1),
M<flm_(”2n> = —n M(Hy, m(z) ,n — 1) + Hgp (1),

1 m(®) .
—Hml,m(l)&(é;n) _ <a12> (\m1\+z )7 if my <0

— ) M K .
M<Hm1,m($) ’ n) _ —Hom(1) Sl(% n) +2 Mﬂ if my =0
s o ()

=1 I3 ) if mi = 17

ERRVIE- G
—Hml,m(l)&(é;N) +3 M iy > 1,
where the arising constants on the right hand side are finite.

Proof. For a > 0 we get

1 n 1 n __ (__ n 1 _ n
M( ! ,n) = / L dx—/ r vy (=a) d:c+/ (=a) dx
a+x 0o a+x 0 a+x 0o atzx

1 n—1 i
= a)* ! x+ (—a)"H_,
- [ D e + (Bl
7171—1 1
- ( a) ; (—a)’(z—i— 1) + (_a> H—a<1)

If @ > 1 this is equal to (— )”81(—* n) — Sl(_%yoo) .
For 0 < a <1 we get

1 1 1 .n_ . n 1 1 n—1 i
M ) = — [ TZ@ d:n:—/ a1y (f) dz
a—x a Jo a—x a” Jo o \a
1n711 1 : 1n71 1
= —= - der = —=
aZga’ var a;al(l—l-z)
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For a > 1 we get

1 1 n 1 n_ . n 1 1
M< ,n> = / * da::/ r-a d:c+a"/ dx
a—x 0 a— 0o a—z 0 a—1T
1

Hence we get

H,.(x
M<aj;ﬂH]> = —(n+ DMH_qm(x),n) +H_gm(1).
Similarly we get
! 1 €gntl 1
/0 Hip()de = — < lim (€n+1HLm(e) - /0 () do + HLm(e))

- o ) T

- (3R ).
And hence

M(TH 1) = e DM (o) ). (73)

For a; € (1,00) we get
H (1) 1 gzt
"H do = —P / H d
/0 2"Hay m(z) dz T ntl )y (a—2) m(x) dx

Hal,m(l)_ 1 M Hm(x),n—l—l ‘
n+1 n+1 al — T

Hence we get

M<Hm£x) ,n A+ 1> = —(n+ 1)M(Hg, m(x),n) +Hq, m(1).
al X

For as € (0,1) and m; < 0 we get

u(fele) ) L[ nle),

az —T ay as — T

i 11

- oL e S

=1

0

1) .
1 ’l<@) Uzt H ()
= —Hpmym(l)S1{ —; + - / d
vml1) 1<a2 n) ; ? o |mi|+z o
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and

g ag — I
T 1 K3
“ (2) ], [ el o ()
= —Hpm(2) j —l—/ x($> j dx
=1 0 =1
O .
1 K
1 = <¢T> ' Hp(z)
= —Hoym(1)S1 a2;n>+z j /0 . dx

i Lim ‘ (wn GQ)Hmlym(x) dx
CL2 e—1 0 ag — I
( . )7, € i
n - € n ==
Hor) - (32)
lim | —Hi m(x) z / m(?) 2/ dx
el ’ 7 o 1—x 7
i=1 i=1
0
(%)
n (L1 A
) € a2> 'Hp(x)
lgri —Hi m(e) S1 <a2, n) + ZZ; ; /0 T dx

3~ () 1t

=1

For as € (0,1) and m; > 0 we get

v

Hmhm(w)

as — T

)

_ i ! (xn — a’g)Hml,m(x) dr
ag — I




To calculate a non-weighted Mellin transform M(H,,(x),

O

n) we proceed by recursion. First let

us state the base cases, i.e., the Mellin transforms of generalized polylogarithms with depth 1.

Lemma 7.3. Forn €N, a € R\ (0,1) we have

Gz (L+ e (n+1)Si(5in)
(@™ = 1)(n+1)S1(%;00)), ifa< -1
(n+1) (1 + a”H n + 1 1(%,71)
+(a™ — )(”+1)Ha(1)), if —1<a<0
M{Halz),m) = ﬁv ifa=0
(n+1) (1+ (n+1)Si(n)), ifa=1
e (L+a™ (n+1)S1(g5n)
—(@ = 1)(n+1)S1(L;00)), ifa>1
where the arising constants are finite.
Proof. First let a < —1. By integration by parts we get:
! $n+1 : 1 x”H—l 1
M(Ha(iﬂ) ,n) = / ana(x) dr = Ha(l‘) _/ B
0 n+1 0 o n+1llal+x
1, n+l _ ntl 1
Py
ntl n+l ’a|+5¢ o lal+ =z
Ha(1)
— A\ gt
n+1 ( ") - n+1 / Z d;v
Ha(1)
— a 1— n+l
n+1 ( n +1 g (i+1)
—S1(3300) a™tt 1
n+1 ( )~ n+1 1< n+>
= <n+ 1 +an+181<a;n> — (a”“ - 1)S; <a;oo>) .

1

M(Hq() , ) Ha ()

0 7'L+1

_ Ha(l)_ 1 /1 xn+1_an+1dx+an+1/l
n+1l n+1 la] + x 0
Ho(1)

= 1—qntt d
o L Gl n+1/ Z o

_ Ha(l) (1 B anJrl) B a™ Zn: 1
n+1 n+1i:0ai(i+1)

H,(1) antl 1
= 1—a™th) — Si| —;n+1
n—l—l( ™) n+1t a’n+
— 1
— n+1 .. n+l
RRCESE (1+a ( +1)Sl<a, >+(a
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1 ,.n+1
_/x dr
0 o n+1llal+z

1
d:z:>
la] + x

1Xn+DHAD>.



For a = 0 it follows that

M(Ho(z) , )

For a =1 we get:

1
/ x"Hy(x) dx
0

1 n+1 1 L pntl q
= /m”Ho(az)dx: ’ Hy(x) —/ T Cds
0 n—l—l 0 0 n+1lL‘
_ /1 " _ xn—&—l 1 _ 1
a o n+1 (n+1) (n+1)2%
€
= lim [ z"Hi(z)dx
e—1 0
n+1 € € n+1
= lim v Hi(x) —/ x—dx
e—»1\n+1 o Jo m+1)(1—-2x)
€

1
= lim (e”+1H1(6) -
1
= (hm( nl
n+1\esl

1 LI
= i
n—|—1<0+/0 lzgz: CC)

- 1

n+1 _ 1
zixxdx - H1(6)>

0 1
e N ]
Zw%x)
0 =0

1)Hi(e) + lim

e—1

Finally for a > 1 we conclude that

M(Hy(z),n) =

The higher depth results for M(H

H,(1) 1 LN
1— n+1 - n “d
n+1( “ )+n+1/0aiz;alx

H, (1) a” Z”: 1

n+1 n+1i:0ai(i+1)
+1
1

(1 _ an—i—l) +

1.
Sl(a’oo) (1_an+1)+ a” 1 }.n+1
n-+ a’

n—+1 5
n+1 1 n+1 1
+a" S —n) —(a —1Si|{ =500 ) -
a a

n) can now be obtained by recursion:

1
n+1 (n—l—l

m()

Lemma 7.4. Forn €N, a € R\ (0,1) and m (R\ (0,1))*,

M(Hg m(z),n) =

(1—a™tHHg, n(1)

n+1 - +1 Zz 0 MHZ{;C )7 ifa<O
H 1 .
%1(1) - T M(Hp(2) ,n) }f a=0
n+1 Z+li:0 M( ( )7”)7 ifa=1
1—a" T )Ha (1) Hpfz),i .
% n+1zz OMZ(z ), ifa>1

where the arising constants are finite.
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Proof. We get the following results by integration by parts. For a < 0 we get:

1 ntl 1 1 n+1
x 2" Hpy(z) 1
M(H = "H dr = H - = d
(Ha,m(x) ,n) /0 2" Ha,m(z) dz n+1 am(®) 0 /0 n+1l laf+z v
H 1 1 1 ,n+1 _ . n+l I'H
_ a,m( ) _ </ xiaHm(x) dr + "t / de
n+l n+1 \a|+x o lal+2
_ Ha,m(l) (1 o an+1) /1 an . ZL‘
n+1 n —+ n+1 0 izo
_ Ha,m(l) (1 N n+1 a" i l )
n+1 n+1l0m
For a = 0 we get:
1 l’n+1 1 1 b
"H dr = H — d
/0 z"Ho m(x) dz 1 0,m(x) . /0 n1 m(z) dx
Ho.m(1) 1
_ ; _ H
o) M(Hn(e) 1)

For a = 1 we it follows that

1
/a:”HLm(x)dx = lim [ 2"Hj p(z)dx
0

xn+1 € € xn+1
= 1 m — H,.(x)d
Efi<n+1 L (‘””)0 /0 ) ) x)
= Dt (e - [T ) e — Hy (o
N n—l—lsgl} ¢ Lm\€ o l—=z m\¥) 6% Lml€
1 €
_ n+1 . i
= — (151% € l)Hl,m(e)Jrlgr% ; ZZ;:U Hm(a?)dCC)
1 T
— H,,
i 0+/0 ;x (x)dz
=L S M) )
a n+1i:0 mA

For a > 1 we conclude that

1 n+1 1 1, .n+1
L " Hp(x) 1
MiHeym(z) ) = /0 7" Ham(@) dv = n—+ 1Havm(u’f) 0 B /0 n —I—WIL( ) a— xdx

= =% 4 _ (/ r o-e Hin(2) dera"'H/ (x)dx)
0

n+1 n+1 a—z 0 a—
_ Ha,m(l) (1 _ an+1) n 1 /1 " n xZHm(JI) du
n+1 n+tl/)y = a’
Ha m(l) a” " 1
— P 1 n+1 -
n+1 (1-a )+n+1;al (Hum(z),9)

O

Summarizing, using Lemma 7.2 together with Lemma 7.3 and Lemma 7.4 we are able to
calculate the Mellin transform of generalized polylogarithms with indices in R\ (0, 1). In addition,
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the polylogarithms can be weighted by 1/(a+z) or 1/(a — ) for a € R. These Mellin transforms
can be expressed using S-sums.
As an example we compute the Mellin transform of

Ho, —2(z)
r+2
Using Lemma 7.2 we can write

e

12 1) = < MUy afe) o0 1) + Hoz (1),

Now we apply Lemma 7.4 which leads to

1—(=2)" =1 T M(Hy _o(2) i
M(H_g0_o(z),n—1) = LHfz,oﬁz(l) _(=2) (Ho,—2(2) ,9)
" =0 (_2)Z
Again using Lemma 7.4 we find
M(Ho, () ,) = ——Ho (1) — —— nM(H())
_o(x) i) = _ — _o(x) i
0,—2(Z), P02 i1 2(T),

Finally applying Lemma 7.3 we get

—9)i+1(; _l.i_ _oVi+l i —l'OO
M(H_y(z) i) = LF T+ DS )(i+((1)22)+ D(i+1)81(=55%0))

Putting this together yields

M(Wa") =(=2)"H_2,0,-2(1)

n—1
e _9y—i 14+(=2)1(144)S1 (= 250) = (=14+(=2) ) (144)S1 (= 200
+(-2) 12:(13_)1 (H07,2(1)+ HEDT DS (-5 )(1(+i);_( )+ (= )>
=0

To this end, transforming this expression to S-sums we arrive at

M<W’n) =—(=1D"(2)" [H72,0,72(1) + Ho,—2(1)S1 (—3; 1) — S2(n)S1 (—3;00)

(7.4)
+ 81 (=5:00) S2 (—4im) + 820 (1, —Fim) |.

Looking at the presented algorithm the representation F'(n) in (7.2) will be of the form

F(n) = (=1)" [roaf fo(n) + -+ raai fa0) | + [ras1aiya fasa (n) + -+ real fo(n)| - (7.5)

with d <e, r; € R, a; € RT and where each f;(n) stands for a S-sum.

Consider the C-type function f(z) := M(gfggm,z), see Lemma 7.1. We remark that the

right hand side of (7.2) for even and odd n has also an analytic continuation by replacing the S-
sums with the integral representation of Theorem 2.2. In particular the function is of C-type due
to Proposition 6.4 and Lemma 6.2. Because of Carlson’s Theorem it follows that the constructed
function agrees with f(z). In other words, the representation of the Mellin transform with S-sums
for integer values gives the representation in the complex plane.
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7.2 Calculating the Inverse Mellin Transform in terms of generalized polylog-
arithms

Subsequently, we consider a subset of the generalized harmonic polylogarithms, namely the set

_ m;, .
H:= {HmlQOk(x) m; € R, <1 and ‘ﬁ <1 for 2 <i <k where
my, My, 1
{mj,,mj,,...,mj,} is the set of nonzero indices, and j, < j, if u < U}

and call the elements H-polylogarithms; note that m; € R\ (—1, 1) with m; # 0. For this subclass,
it turns out that the Mellin transform of properly weighted generalized polylogarithms can be
expressed using the S-sums from the set

S = {Sah@,m’ak(bl,bg,...,bk;n) a; € Z* for 1 <13 < k;b; € R*;
bi € [-1,1]\ {0} for 2 <i < k};

the elements of this set are also called S-sums.
Restricting to this class, we solve the following problem:
Given an S-sum S,,(b;n).
Find a linear combination F'(n) of Mellin transforms of weighted generalized polylogarithms from
H such that for all n € N we have
Sm(b;n) = F(n). (7.7)

In other words, there is a certain bijection between the set of properly weighted H —polylogarithms
and S-sums via the Mellin-transform and its inverse Mellin transform.

In order to present the algorithm for the inverse Mellin transform, we define the following
order on S-sums. Let Sy, (b1;n) and Sy, (b2;n) be S-sums with weights wq, wy and depths d;
and do, respectively. Then

Smy (b1;1) < Sy (b)), if wy < wge, or (w; =wsy and di < da).

We say that a S-sum s; is more complicated than a S-sum sg if s9 < s1. For a set of S-sums we
call a S-sum most complicated if it is a largest element with respect to <.
Then the inverse Mellin transform from S to H relies on the following main properties:

Lemma 7.5.

1. In the Mellin transform of a generalized polylogarithm Hp,(z) € H with m =
(m1,ma,...,my) weighted by 1/(c —x) or 1/(c+ x) (c € R*) there is only one most com-
plicated S-sum Sq(b;n) € S with a = (ay,...,a;) and b= (by,...,b) ,i.e.,

M(fi’l(?n) - Salbin) + ¢ (7.8)

where p € R* and t consists of a linear combination of S-sums over R that are smaller than
Sa(b;n). Note that if Hy(x) is of weight w, then Sa(b;n) is of weight w + 1. In particular,
if mi # 1 then a; # 1 or by # 1; these properties will be used later in Section 11.

2. Given Sg(b;n) € S with a= (a1,...,a;) and b= (by,...,b), there is an algorithm (see [6,
Algorithms 3]) that computes an Hy,(z) € H with m = (my,ma,...,my), d € {—1,1}, and
¢ € R* such that Sg(b;n) is the most complicated S-sum that occurs in M(H"(x) n) Note

ct+dz?
that if Sa(b;n) is of weight w, then Hy(x) is of weight w — 1. In particular, if aj # 1 or
by # 1 then my, # 1. Moreover, if b; € [—1,1] with b; # 0 for all i then ¢ > 1; again these
properties will be used later in Section 11.
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Note that parts of these properties have been exploited already in [105] to construct the
inverse Mellin transform between harmonic sums and harmonic polylogarithms. The rigorous
proofs for this special case given in [4] carry over to this more general case and are omitted here.

The computation of the inverse Mellin transform of a linear combination of S-sums now is
straightforward (compare [4, 105]):

e Locate the most complicated S-sum.

e Exploit property (2) from above and compute an H -polylogarithm weighted by 1 /(c—x)
or 1/(c+ z) such that the S-sum is the most complicated S-sum in the Mellin transform of
this weighted generalized polylogarithm.

e Add it and subtract it with an appropriate factor (see the next step).

e Perform the Mellin transform to the subtracted version. This will cancel the original S-sum
(by choosing the appropriate factor).

e Repeat the above steps until there are no more S-sums.

e Let ¢ be the remaining constant term; replace it by M~!(c), or equivalently, multiply ¢ by
0(1 — x) where d(x) stands for the Dirac-d-distribution [138].

In the following we will illustrate the computation of the inverse Mellin transformation by

means of an example. We consider the sum Sp ; (1, —%; n) It is the most complicated S-sum in

Ho,,z(m)

the Mellin transformation of
x+2

step we get
Saa (L —4im) = Saa (L =) = (-3)"M(%55%n) + (-5)"M("55%m).

Calculating the first of the two Mellin transforms (see (7.4)) we get

which can be computed by Algorithm 3 in [6]. So in a first

S (1) = (=) M2 1) 48081 (~hioo) = 82 (~hin) 1 (~hioo)

+81(=3n) 82 (=3300) + 85 (=3590) = S12 (=3, 1590)

In the right hand side of this expression we find a linear combination of the three S-sums
Sa (—%; n) ,S2(n) and Sp (—%; n), which we want to express using the Mellin transformation of

generalized polylogarithms. The most complicated S-sums from these three is Sy (—%; n) In par-
Ho(x)
42

ticular, it is the most complicated S-sum in the Mellin transformation of . Hence following

the above method we rewrite S ; (1, —%; n) to the expression

(s G - () £ (D) )8 (ki)

* (_%)HM<H§:+2(;)’TL> + S2(n)S1 (—3;00) 4+ S1 (—3;n) Sz (—§;00)

+ 83 (=3300) = S12 (3, Li00) .

Performing the first of these occurring Mellin transformations yields

(—%)nM<HO’+2(;),n) +(=3)"S1 (—3;0) M<I£;Io4(_x2),n) + Sa(n)S1 (—3;00)

x
1. 1. 1. 1. 1. 1.

W1, T o 9 9 - 9 9 9 .

Sl?( 1OO)+81< 2”)82( 200) Sl( 200)82( 2OO)+S3( 200)
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Continuing this process for the remaining S-sums we arrive at

S21 (1, ~3in) = $1 (~}:) M<H0<x>

11—z
(=1 (3)" [81 (<L o0) M(Sﬁ?”) 1 8s (~Li00) M<xl+2n> +M<H;f<;)n> ]
(7.9)

) 481 (~4i00) =12 (- 1i00)

We remark that there is a second way to compute the inverse Mellin transform of an S-sum by
using the integral representation of Theorem 2.2: Repeated suitable integration by parts of the
given integral representation provides the inverse Mellin transform in terms of integrals that can
be expressed in terms of generalized polylogarithms.

Looking at the presented algorithm the representation F'(n) in (7.7) will be of the form
F(n) = (~1)" [roaf fo(n) + -+ raa fu(m)| + [ras1ahia fasa(n) + -+ real f(m)| - (7.10)

with d < e, r; € R, a; € RT and where each f;(n) stands for a Mellin transform of weighted
harmonic polylogarithm from H.

We remark that the right hand side of (7.7) for even and odd n gives rise to an analytic
continuation. In particular the function is of C-type due to Lemma 7.1 and Lemma 6.2. Because
of the generalized Carlson Theorem it follows that the obtained function agrees with the integral
representation of the even, resp., odd S-sum given in Theorem 2.2.

In many QCD applications one starts with a complicated function f(z) in z-space where
one knows that it can be expressed in terms of a linear combination of weighted generalized
polylogarithms (or related classes of them) over real numbers. It is possible to choose either
n as an even or odd positive integer, depending on the physics problem. In some cases the
corresponding other choice may even yield a vanishing result due to a symmetry inherent in the
process. Then one tactic is to perform the simplification on M(f(z),n) (e.g., with the symbolic
summation packages [1, 29, 31, 8]) and to express it in terms of S-sums. Note that by Lemma 7.1
M(f(x),n) is of C-type. Finally, applying the inverse Mellin transform to each of these S-sums
and combining these calculations, one obtains an expression F'(n) in the format (7.7). Usually, the
alternating sign and the powers a' vanish. Since also the output function F'(n) can be analytically
continued, the continuation is of C-type and M(f(z),n) = F(n) for almost all integer n, their
analytic continuations agree by Carlson’s Theorem. Now drop the Mellin operator from F'(n)
which gives a linear combination h(z) of generalized polylogarithms such that M(h(x),n) = F(n).
This finally yields that f(z) = h(x).

8 Differentiation of S-Sums

As worked out in Section 6 the even and odd S-sums can be uniquely analytically continued
within the class of C-type functions. This allows one to consider differentiation with respect to n.
As it turns out the obtained expressions are again integral representations of S-sum expressions.
This will make it possible to define the differentiation of S-sums in an analytically consistent way.

We present two strategies to compute the differentiation of S-sums. The first approach follows
the ideas from [27, 26] for harmonic sums: compute the Mellin transform, differentiate the arising
integrals (which can be analytically continued in n), and apply afterwards the inverse Mellin
transform to bring these expressions back to S-sums. This method is restricted to S-sums (for
a definition see (7.6)) using our current technologies. Finally, we will present a second approach
using directly the integral representation of S-sums that will work in general.

In both approaches one can start with an even S-sum Sq(b;2n) or odd S-sum Sq(b;2n + 1)
(where the uniqueness property of the analytic continuation is given). For convenience, one can
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also work with the usual S-sum and obtains an output of the form
Sa(b;n) = (=1)"F(n) + G(n),
which encodes both cases: Setting n — 2n, resp. n — 2n + 1, yields the differentiation (uniquely
determined among the C-type functions) for the even resp. odd case.
8.1 Differentiation by means of the Mellin transform and its inverse

Using the inverse Mellin transform we express an S-sum to the form (7.10) where the f;(n) stands

for an expression of the form M(i’i? , n) with H,,(z) € H. Note that from now on the possibly

occurring (—1)™ in (7.10) remains untouched and we deal only with the remaining objects which
can be analytically continued. Next we differentiate these summands. For “+” and k € R™ this
leads to:

KAy (Hm(:c) n) d /01 2"Hp(@) /01 2" Ho(x) Hmn(z) |

an \k+z’') dn k+ k+
_ /1 xn<H0,m1 ..... ml(x) + Hm1,07m2...,ml($) R Hm1,...,ml,0(x))dx
0 ]{7 +x
(Mm@ y(Hmo@) Y
k+x k+x
For “—” and k € (1,00) this leads to:
Ay Hm(@) ) = d /1 2" Hp(7) L a"Ho(z) Hpp(z) "
dn k—x dn Jo k—=x 0 k—x
_ /1 anO,m1,~~~7mz(x) + Hml,O,mzm,mz(x) + et Hmlw,mz,ﬂ(x) dx
0 k — X
-M HO,mL...,mz (fL‘) ) +M Hml,...,mz,O(x) n.
k—=x k—=x

Finally, for “—” and k € (0, 1] this leads to:

d (Hu@) \ _ d [*(E-DHa@) i Ho) - Ho(k)) Hm()
an<k:—x’n> B dn/o : k—x dac—/o : k—x d
_ /1 (in—l)kHo@)Hm(:c) de — Ho(k) /1 (%= - 1) ()
0 —x 0 —x
1 Ho(z) Hm(az)
+ [ ®.1)

In the following lemmas we will see that fol Wcﬂx is finite and in other words, the last

integral in (8.1) is well defined. Moreover, we will see how we can evaluate this constant in terms
of generalized polylogarithms. Hence in all three cases we eventually arrive at Mellin transforms
of generalized polylogarithms. To this end, we perform the Mellin transform of these expressions
and arrive at a final expression in terms of S-sums together with infinite S-sums.

Lemma 8.1. For a generalized polylogarithm Hy,(z) with m = (my,ma,...,m;), m; € R\ (0,1]
and i € N the integral

1—=x

[ Ho(e)' Hin(z)
0
exists and can be expressed in terms of generalized polylogarithms.
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Proof. Using integration by parts we get

/IHO(:U)iHm(:U)dm = lim lim bw
0

1—2 b—1- a—0% J, 1—2

dz

_z. /b Ho(2)'™" Hy,m() dm)

b

b—1— a—0t a x

= lim lim <H0($)iH1’m(l‘)

L[ ),
0

T

After expanding the product Ho(x)i*1 H1,m(x) and applying the integral we end up in generalized
polylogarithms at one with leading zero. Hence the integral is finite. O

Lemma 8.2. For k € (0,1) and a = (a1,as,...,a;), m; € R\ (0,1] we have that

! Ho(3) Ha(@)
/0 i dx

is finite and can be expressed in terms of generalized polylogarithms.

Proof. If Hg(x) has trailing zeroes, i.e., a; = 0, we first extract them and get a linear combination
of expressions of the form

dx

/1 Ho(%) Ho(.%')w Hm(x)
0 k—x

with w € N. Now let us look at such an expression:

[ ) o) B, _ /i Ho(w) Ho(ke)" Hm(ke)
0 0

k—x k—kx
% Ho(z) (Ho(x) + Ho(k))wﬂ%,,,_,%(x)d
N /0 11—z v
[ Hp (@) B () Ho(@) Ho(k)"
N /0 1—2 .
S (w ooy [* Hm (@) Ho(z)™!
=0 2 0 — T
A
1Hmy,  my () Ho(z)"H! L Hmy oy (z) Ho(x) ™
A:/ kK dr + h Ok dx
0 1—2x 1 1—=x
1 H%’7%(x) Ho(IE)Hl J w1 H%,,%(ﬂf + 1) Ho(z + 1)”1 p
- /0 - - /0 - .

N~

B C

The integral B is finite and expressible in terms of generalized polylogarithms due to the previous
lemma. After expanding the product H% %(;1: + 1) Ho(z + 1)“’1, applying Lemma 3.1 and

applying the integral we end up in generalized polylogarithms at one and at % — 1 which are all
finite. Hence C is finite. Summarizing

! Ho(%) Ha(z)
/0 R dx

is finite, since we can write it as a sum of finite integrals. O
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We demonstrate this strategy by differentiating So(2;n). After calculating

Sa(25m) = M(?O($;n> = /01 22" ~ DHo(z)

2 72—

we differentiate with respect to n and obtain

o[ V), 28" Cle) + K2 Fle),
0 [

dn J, %—x

L(2mem —1)H 12”n— H
:2/( : )xO’O( dz + Ho(2 /0 0( ?) 4a

0 5—
' Ho(2z) Ho(x) .
+ /O Ho22) (@) ,

i-2
_ 2M<HO o() n) +Ho(2)M<I;IO(x),n> +/1 Ho(21:v) Ho(2) .
2% 27 0 2%
= —283(2;n) + Ho(2) S2(2;n) + Hoo,—1(1) + 2Ho0,1(1) + Ho1,-1(1) -

8.2 Differentiation based on the nested integral representation

Using the integral representation from Theorem 2.2 the differentiation can be extended from S-
sums to S-sums. We demonstrate the underlying ideas by the differentiation of 81,271(%, 2, %; n)
We start with the iterated integral representation

-1
S121(3,2 %51 / - 1/ / / dwdzdydzx
0 Z*i = -1
"—1
:/ /—f/ T /w dwdzdydx
o z—1J, yJo 5—2 % w—1

given by Theorem 2.2. Differentiation with respect to n yields

so1 Y1 Y1 [furH
/3 / 77/ T / v O(w)dwdzdydx =: A.
0 x_l z Yy 0 E_Z % w—l

We want to rewrite A in terms of S-sums at n and finite S-sums at oo (or finite generalized
polylogarithms). Therefore we first rewrite A in the following form:

1
3 1 1 1 Y 1 Z " 1
4= / x—l/ _7/ 1_ /1w_1HO(w)dUszdyda:—|-
0 T Y Jo 3 z 5 w
B:=
3 1 Y z
/3 1 /_1/ : /dedzdydx
o v=1/, ylo 5-2 i w—1 :

C:=

Let us first consider B: we split the integral at the zeroes of the denominators and get
51 [T o1 (Y o1 [z w1
B = —= — Ho(w)dwdzdyd

/0 x—l/x y/o Z_é/z p— o(w)dwdzdydx +
501 (Y 1ro1 frowh—1

/0 p— /l —f/ . / v Ho(w)dwdzdydx +

/ / ”/ / W Ly (w)dwdzdyda

o T — 1 1~ — % w—1 0 y
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= Bi+ By + Bs.

Starting from the inner integral and integrating integral by integral leads to

31 31 Y1

+S2(3;n) — Sa(z; n)) dzdydx

= —H;3(1)Ho,1,0(1)S1 (3;n) + Ho(2)H

—H030 3(1)S1 (3;n) —2H

30,2 (181 (3:m) = Ho@H, , 5(1)81 (3:m)

3,0,0,3 ;n) —Ho(2)Hs(1)S1,2(5, 1;n)

+Ho(3)H3(1)S1,2( 2; Tl) + Ho3(1)S1,2 (5.1;n)
+2H3(1)S1,3(5,2;n) — Hs(1)S2,2(5, 1;n) + H3(1)S2,2(5. 2 n)
7H0(3)Sl,2,1(%727%1 ) 8122(% %,n) 72817371(%,2,%;71)
—S22.1(5,2, 351) -
Applying the same strategy to By and Bj leads to
B = —Hg(l)H071’0(2)Sl (%,n) + Ho(2)1‘13707 (1)81 (%771) — H0(3)H3 0 ( )Sl ( )

_1{07370%(1)81 (3im) = 2H, | 3(1)S

)
+Ho,3(1)S1,2(3,2;n) — Ho(3)S1,2,1(3,
_28131(2327§a ) SZ,Q,l(%aza%an)'

Let us now consider C: again we split the integral at the zeroes of the denominators and get:
1 1 1
i1 [T 1 (Y 1 [T H
/ x—1 / Ty / ; / - 0(_“’1) dwdzdydz +
0 T YJo z2— 2 Jz w
1 1 1
EX Y S Y A | : H
/ — /1 —— / —T / — Oﬁw) dwdzdydx +
0o z—1 5 Yo z—35: w—1
/é 1 /1 1 /y ! /Z Ho(w)dwdzdydx
— _1 _
0o r—1 % Y % z2— 3 % w—1

= C1+Cy+Cs.

%5”) - SL2,2(%727 %,n)

c

Starting from the inner integral and integrating integral by integral leads to

YH
c, = / / / L 0 T 10(2) dzdydzx
0o z—1 275

3 3 —Hi(y)Hio(d)+H: (y
_ / / 2( )Hio(3) 2,1,0( )dydac
0 z—1 T Yy

sHa(3) (1,0 (3) < Hya () < By u, () 41,1 )
-

= Ho(2)H2(1)H3(1)Ho,1(1) + Hz(1)Ho2(1)Ho,1(1) — Ho(2)Hs(1)Ho,1,2(1)
3

—Ho(2)Hz(1)H, 0.3 3(1) = Ho2(DH, a1 ) = 2H3(1)Ho 0,1,2(1) — H3(1)Ho1,0.2(1)
+Ho(3)H, 03,3 ( )+H030,2, (1 )+2H30,0,%,3(1)+H3,0,%,0,3(1)'

Applying the same strategy to Co and C3 leads to

C = H;3(1)Ho(2)*Ho,—1(1) + Ha(1)Hz(1)Ho(2)Ho,1 (1) + Hz(1)Ho(2)H_1,0,1(1)
+H3(1)Ho(2)Ho,—1,1(1) — H3(1)Ho(2)Ho1,2(1) — Ha(1)Ho(
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+H3(1)Ho,1 (1)Ho2(1) — Ho2(DH, 2( ) = H3(1)H_1,0,1,-1(1) — 2H3(1)Ho 0,1,2(1)

—Hs(1)Ho1,02(1) + H0(3)H3,0%,3( )+ H0,3,0,g,3(1) + 2HB,O,O,%,?,U) + H3,0,%,0,3(1)'
Adding B and C leads to the final result:
881,2,1(%3 27 %7”) _
on B
Ho(2)H, | 3 ( )S1 (3;n) — H3(1)Ho,1,0(2)S1 (33n) — )H3 0. 2( )S1 (3;n)
—Hy ;3 ()Sl( n) —2H 3,00.3 S1(3;n) +Ho(3)Hs(1)S12(3,25n)

+ H0,3(1)SL2(§7 2; n) ( )Sl 2 1(2727 %7”) - 817212(57 27 35 ’I’L)

—25131(3,2,%5n) — S22.1(3,2, §5n) + Hs(1)Ho(2)*Ho,—1(1)

+ Ha(1)Hs(1)Ho(2)Ho,1(1) + Hz(1)Ho(2)H_1,0,1(1) + H3(1)Ho(2)Ho,—1,1(1)

— H3(1)Ho(2)Ho1 A1) — (1)H0(2)H3707g(1) + H3(1)Ho,1(1)Ho A1) — Ho,z(l)H&O%(l)

—H3(1)H_1 01 _1(1) — 2H3(1)H0,07172(1) — H3(1)H071,072(1)
(3)

0,
+Ho(3)H 3, (1) +H 3,0,%,3(1) + 2H3,0,0,%,3(1) + Hs,o,%,o,:s(l)'

(8.2)

3,0,

As worked out in [6] the proposed strategy works in general for S-sums.

9 Relations between S-Sums

S-sums obey stuffle relations due to their quasi-shuffle algebra, differentiation relations, and
generalized argument relations. Subsequently, the available ideas for harmonic sums [21, 27, 26]
and cyclotomic harmonic sums [5] are extended and explored for S-sums.

9.1 Quasi-Shuffle or Stuffle Relations
Based on [71] it has been worked out in [90] that Z-sums

11 i
x xr
. — E 1 k
Zal,...,ak (xly sy Ty n) - 401 e 'iak (91)
n>i1 >t > >0 >1 1 k

with their quasi-shuffle product form a quasi-shuffle algebra. Since S-sums and Z-sums can be
transformed into each other, a quasi-shuffle algebra can be carried over to S-sums.

We remark that the quasi-shuffle algebra can be derived directly (without using the notion of
Z-sums) as follows. Consider an alphabet A, where pairs (m,z) with m € N and z € R* form
the letters, i.e., we identify a S-sum

Sml,mg,...,mk(ajb L2y .-y T n)

with the word (mq,z1)(me,x2)... (Mg, xx). We define the degree of a letter (m,z) € A as
|(m,x)] = m and we order the letters for mi, mo € N and z1,29 € R* by

(ml,:cl) =< (mQ,xg) if mi < mso
(ml,xl) < (ml,l‘g) if ]x1| < |:L’2‘
(ml, —:El) =< (ml,xl) if x1 > 0.

We extend this order lexicographically to words. Using this order, it can be shown analogously
as in [4] (compare [71]) that the S-sums form a quasi shuffle algebra which is the free polynomial
algebra on the Lyndon words with alphabet A, see also [104].
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As a consequence the number of algebraic independent sums in this algebra can be counted
by counting the number of Lyndon words. If we consider for example an alphabet with n letters
and we look for the number of basis sums with depth d, we can use the first Witt formula [135,
136, 106]: The number of Lyndon words of length d over an alphabet of length n is given by

133 ()

qld
where
1 ifn=1
un) =14 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 [93, 69]. In the following we call the relations from the quasi-shuffle algebra
also stuffle relations; cf. [28].

In the subsequent example we look at S-sums of depth 2 on alphabets of 4 letters. Hence
we obtain 3 5 un ,u( )4q = 6 basis sums. We can use an analogous method of the method
presented in [21, 4] for harmonic sums to find the basis S-sums together with the relations for
the dependent S-sums.

1

For example, consider the letters (1,3),(1,—1),(3,3),(3,—3). At depth d = 2 we obtain 16
sums with these letters. Using the relations

S13(3:35m) = —S31(3,3:m) +51(3:7) S3 (3:n) +Sa(3:n)
S13(=3:—3n) = —S31(—3,—%:1) +51(=3;n)S3(—3:n) + 54 (§;n)
S13(3:—3:1m) = —S31(=35,5:n) +S1(5:n)S3(=5:n) +Sa(—1n)
S13(=33:m) = —S31(3,—5:n) +S1(=3:n)S3(5:n) +Sa (—1:n)

2
Sii(-3—-3n) = 351 (—3:n)" + 55 (4;n)
Sta (L 5m) = 181(4in)*+ 182 (din)
S1a1(3:—3:n) = —Su1(=3,3m) +S1(=3:n)S1 (3in) +S2 (—1;n)
1 2
S33(=3.—zim) = 3Ss(=3m) + 35 (3in)
S33 (L, 4m) = 183(4in)*+ 186 (din)
S33(5:—3:m) = —S33(—3,3:m) +S3(—3:n)S3(3:n) + S (—1;n)

we find the 6 basis sums

S31(3,3:n),S31 (=3, 3:n),S31 (3. —3:m),S51 (=3, —3:n)
Sll( 27%, ) 833( %%7”)7

in which all the other 10 sums of depth 2 can be expressed.

9.2 Differential Relations

In Section 8 we described the differentiation of S-sums with respect to the upper summation limit.
Similarly to the application of differentiation to harmonic sums, cf. [27, 26], and cyclotomic sums,
cf. [5], the differentiation leads to new relations in the class of S-sums. For instance we find

d
782(2; n) = —83(2; TL) + HO(Q) 82(2; n) + HO,O,—l(l) + 2H0’0,1(1) + H071’_1(1) .

dn
Subsequently, we collect the derivatives with respect to n :
iy _ [
Sar,ap (b1, ... b n) = {w8a17,,,7ak(b1,...,bk;n);N € N} ) (9.2)
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Continuing the example from above we get the additional relations:

So1(3 3:1) = g5 S5(3im) — 5 o San (. 3im) — L Hio(4) Sa(4in)

+Ho(4) 21 (4 3in) = 51 () Hoao(3) + 15H010(4)
3l () = Ho(h) Sa(hin) - Sa(kin)?

Saa(~4~hin) =g 5uSa(kim) 5 5Saa(h—din) + 3H 1 (1) Sa(~hin)
+ pHo(3) Saa(—4 —kim) - 3H_1 (4) Hor0(3)
= 5110 () + sHona(d) - 5H_1 (3 Ho(3) Sa(~4im)
~ (1) Ss(kin) — 1Sa(~3im)’

Sua(~4, bin) =g -Sa(—4in) = 3 -Saa(~4 him) = § -Sea (3 ~kin)

- SHao(3) Sa(-4im) + 5y (§)Sa(in)
+Ho(4) Sa1(—4 bim) + 3H0() Saa (3. ~hen)
=S (3—4en) + 3, (4) Hoo10(3) + 53 (4) Hoso(3)
+3H 1, () = §Hooa(}) — 3H0(H) Ha(3) Sa(4inm)
=511, ()~ GH(3) Sa(—Ein) = 38a(5Hm) Sa(dim)

Using all the relations we can reduce the number of basis sums at depth d = 2 to 3 by introducing
differentiation. In our case the basis sums are:

S31(3,—3:m),S11(—3,3:n),S33(—3,3:n) - (9-3)

Note that we introduced the letters (2, i%) and (3, :I:%), however these letters appear just in sums
of depth 2 with weight 3 and are only used to express sums of weight 4.

9.3 Duplication Relations

As for harmonic sums and cyclotomic sums, cf. [123, 27, 26, 28, 5], we have a duplication relation,
see also [129] :

Theorem 9.1 (Duplication Relation). For a; € N, b; € Rt and n € N we have

1
Zsam ..... al(ibm)"'7ibl;2n) — misam ..... a1(b12fn7"')b%;n)

2 i=1 i —m
where we sum on the left hand side over the 2™ possible combinations concerning =+.
Proof. We proceed by induction on m. For m = 1 we get

20 gNi 2i 2i—1 n 2i—1
Sa(=b,2n) = Z(if) :Z<(b, _ b >:lsa(b2;n)—z b

n
< e\ (20 (2i-1)0) 20 (20— 1)
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B 1 2. n b2i b?i—l b2i
= gaSa(tn) - Z; <(2¢)a il (2i)a>
- %sa(b% n) — Sa(b: 2n) + %Sa(bQ; n)
1
= Fsa(bQ, n) — Sa(b7 2”) .

Supposing that the theorem holds for m > 1, we obtain

> Sapirrar (Ebmit, .., Eb1;2n) =

() |
N z; <(22)am+1 Z Sam,...,a1 (ibm, ey :I:bl; 2 ’L)
j:bZi—l
+¢ Z Sam,v..,m(ibm, e, 013210+ 1))

(27 — 1)am+1
n
n

Z

- Z 22 Am+1 Zsam,...,al(:l:bm, oo, 1013 29)
)’ 1
= Z (29) am+1 O ag—m "m0l (b?m_, b%, )
1

(:tbm_H, :]:bm, ceey :|:b1; n) .

T O w (g ) Do

Considering again the example from above, the duplication relations are

8373(%’ %’ 2”) :ES&S(%’ i’n) - S373(%1’ %1’2”) - ngg(%l’ %’ 2”) - S3v3(%’ %1’ 2”)
S11(%,3:2n) =S11 (3, §5n) = S11(5H 5552n) — S11(5H 352n) — S1a (3, 53 2n)
S3’1(%’ %’ 2n) _is?’vl(%’ %’n) - 8371(_71’ _71’ 2”) - 8371(_71’ %’ 2”) - 8371(%7 _71’ 2”)
Sualh$20) =151k i) —S15(Z 220) S5 320) ~Sualh ).

Note that from duplication we do not get a further reduction in this particular example. We
would have to introduce new sums of the same depth and weight to express the basis sums (9.3).

9.4 Examples for Specific Index Sets

In this Subsection we want to present the numbers of basis sums for specific index sets at special
depths or weights. In the Tables 1, 2 and 3 we summarize the number of algebraic basis sums
at the possible index sets at depths 2, 3,4 respectively. To illustrate how these tables are to be
understood we take a closer look at the depth d = 3 example with the index sets {a1,a1,as} and
{1, 29, x3)}; these sets stand for multi-sets and each element is allowed to be taken once to build
all the possible S-sums. There we obtain the 18 sums:

01,01412(1'1a T2,T3;M

al,a2,ay .fL' x27x37n
ai,az,a

(

ar (%2

a2,a1,a1 (lL’ T2,T3;M),
(

U U0 U0 U0 U0 »n»

az,a,a1\ T2, T3, L1; M
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Index set sums | basis sums | dependent sums
{al,al},{xl,xl} 1 0 1
{a1,a1},{x1,z2} 2 1 1
{a1,a2},{x1, 21} 2 1 1
{al,ag},{xl,xg} 4 2 2

Table 1: Number of basis sums for different index sets at depth 2.

Index set sums | basis sums | dependent sums
{al,al,al},{xl,x1,$1} 1 0 1
{al,al,al},{xl,xl,xg} 3 1 2
{al,al,al},{xl,xg,xg} 6 2 4
{al,al,ag},{ml,zl,m} 3 1 2
{al,al,ag},{xl,xl,xg} 9 3 6
{al,al,ag},{l‘l,sz,Zﬂg} 18 6 12
{al,ag,ag},{xl,zl,xl} 6 2 4
{al,aQ,ag},{xl,xl,xg} 18 6 12
{al,ag,ag},{$1,$2,$3} 36 12 24

Table 2: Number of basis sums for different index sets at depth 3.

Using all applicable algebraic relations (provided by the quasi-shuffle algebra) like, e.g.,

Sar,a1,a2(Z1, T2, x331) = Sa, (23;1) Say 0y (1, T23 1) + Say a1 +as (T1, Taxz; 1)
—Sa, (2157) Say,a: (X3, 25 1) — Sa,.2a: (X3, 21225 1) + Say.a1,a, (T3, T2, 213 1)

we can express all these 18 sums using the following 6 basis sums (with the price of introducing
additional S-sums of lower depth subject to the relations given by the quasi shuffle algebra):

S(lz,a1,a1 (xla T2,T3; n) y Sag,al,al (xla T3, T2; ’I’L) , Sag,al,al (an T1,T3;3 ’I’L) y
Sag,ahal ('fL‘Qa x37 :I:l; n) ) Sag,ahal ('flf‘?)) xl’ '/1;2; n) ) Saz,ahal (xS) ‘T27 xl; n) .

In Table 4 we summarize the number of algebraic basis sums at specified weights for arbitrary
indices in the x;, while in Table 5 we summarize the number of algebraic and differential bases
sums for z; € {1,—1,1/2,-1/2,2, -2} and where each of the indices {1/2, —1/2,2, —2} is allowed
to appear just once in each sum. To illustrate how these tables are to be understood, we take

a closer look at two examples. At weight w = 3 with index set {x1, z2,z3}, we consider the 19
sums:

Ss(x1x2x3; 1), S1,2(x1, T23;n) , S1 2(x2, T123; 1) , S1.2(X122, T35 1) , S1,2(T3, T1T2; M) |
S12(x123, x2;1) , S1 2(X2w3, T1; M), S2,1(21, Taxz; 1), So1(x2, T12351) , So 1 (X122, T3;1)
So,1(x3, T122; 1) , S (2123, 25 1) , S2.1(z223, 213 1), S1,1,1(21, 22, 2351) , S1,1,1(21, 3, T25 M),

Si1,1(w2, w1, x33n) ,S1,1,1(22, 3, 0157) , S1,1,1(23, 1, 225 1) , S1,1,1(23, X2, 213 1)
Using all applicable algebraic relations (provided by the quasi-shuffle algebra) like, e.g.,

Sia(zozs, x15n) = Si(zoxs;n) Sa(zi;n) + Sz(z1x223;1) — So.1(21, 223310,
S11,1(1, 22, 233n) = —Si(xs;n)Si (22, z1;n) + Si(z1;n) S1,1(z2, 233 1)

+S2,1(z172, x3;1) — S 1(2273, ¥151) + S1.1,1(73, T2, 713 N)
we can express all these 19 sums using the following 9 basis sums:

53(551502%3;”) ,32,1(%, T2T3; TL) 732,1($2»$1$3; n) , 32,1(5513527963;”) s 52,1(5837551162;71) ,

Soi(x1x3, T2;m), S 1(xes, x15 1), S1,1.1(x3, 1, T2;m) , S1.1,1(x3, T2, 13 1)
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Index set sums | basis sums | dependent sums
{al,al,al,al},{.%'1,.%'1,.7}1,.2?1} 1 0 1
{a1,a1,a1,a1},{x1, 21,21, 22} 4 1 3
{al,al,al,al},{xl,xl,xg,xg} 6 1 5
{al,al,al,al},{1?1,561,.%2,%3} 12 3 9
{a1,a1,a1,a1},{x1, 2, 23, 24} 24 6 18
{al,al,al,ag},{xl,xl,xl,xl} 4 1 3
{a1,a1,a1,a2},{x1, 21,21, 22} 16 4 12
{al,al,al,ag},{:L‘l,xl,xg,:z:g} 24 6 18
{al,al,al,ag},{:z:l,:cl,xg,xg} 48 12 36
{a1,a1,a1,a2},{x1, 2, 23, 24} 96 24 72
{al,al,ag,ag},{xl,xl,xl,xl} 6 1 5
{al,al,ag,ag},{ml,xl,xl,xg} 24 6 18
{al,al,az,ﬁg},{$1,131,(L‘2,:E2} 36 8 28
{al,al,ag,ag},{xl,xl,xg,a:g} 72 18 54
{a1,a1,a2,a2},{x1, 2, 23,24} 144 36 108
{al,al,ag,ag},{:L‘l,xl,xl,xl} 12 3 9
{al,al,aQ,ag},{xl,xl,xl,m} 48 12 36
{al,al,ag,ag},{xl,x1,$2,x2} 72 18 54
{al,al,ag,ag},{%1,x1,$2,$3} 144 36 108
{a1,a1,a2,a3},{x1, 2, 23,24} 288 72 216
{a1,a9,a3,a4},{x1, 21,21, 21} 24 6 18
{al,ag,ag,a4},{.%1,331,331,.%2} 96 24 72
{a1,a9,as3,a4},{x1, 21,22, 22} 144 36 108
{al,ag,ag,a4},{xl,xl,xg,xg} 288 72 216
{a1,a9,a3,a4},{x1, 22, 23, 24} 576 144 432

Table 3: Number of basis sums for different index sets at depth 4.

At weight w = 2 where each of the indices from the index stet {1/2,—1/2,2,—2} is allowed to
appear just once, we consider the 38 sums:
S_g(n),Sz(n),S_L_l(n),S_Ll(n),Sl,_l(n),Sl,l(n),Sg(f' n),Sa(—1;n),
Sg(%;n),82(2;71),Sm(—27—1;n)781,1(—2,—l' ) Sq 1( ,2, ) S11(—2,1;n),
S1,1(—2, 2'71),8171(71,7' ) S11(=1,—3;n),S11(—1 ,2, n),S1,1(—1,2;n),
Su( 2in),S11(=3=1in) ,S1a(=3, 3i1) St (=5, 1im) . Sta(=3,2n),
(%’ ) S11(3:— 1") 81,1(2’_ n),S11 ( 1;in),811(5,2in),
81 1(1,— ),Sl,l( ,—5;71),8171( ' 55 ) S11(1,2;n),81.1(2,-2;n),51.1(2,—1;n),
S11(2,-%:1),581,1(2,3;n) ,S1,1(2,1;n) .

Using all algebraic and differential relations like, e.g.,

0

Sl,l( 2,2,%) :—%S_l(n)+H_1,o(1)+S1(—%;n) 81(2;77,) S1 1( 2,”)
0
Sia(—3,—2n) =— %Sl(n) —Hio(1) +81(=2sn) S1(=35n) = S11(=2,—33n)
we can express all these 38 sums using the following 17 basis sums:
817_1(71),8171(—2,—%; ) Sl 1( a27 ) S1 1( 27”) S 1( 1,-2 n)v
Sl,1<_1:_%;n)7sl,1( 727 ) Sl 1( ]- 2; n) Sll _% % ) Sl 1(27 % 'I'L)
81,1(1,—2;”),51,1(1, 27 )781,1( 523 ) S1 1(172771) S ( )
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weight index set sums | basis sums | dependent sums
2 {1'1, .’L'l} 2 1 1
{1,722} 3 3 1

3 {Il, 1,‘1,1,‘1} 6 3 3
{1'1, x1, .%'2} 12 6 6

{z1, 22,23} 19 9 10

4 {.’El,l‘l,l‘l,l‘l} 20 8 12
{xl,wl,xl,xg} 50 20 30

{z1, 21,22, 22} 64 24 40
{xl,xl,xg,xg} 106 40 66

{z1, 22, 23,24} 175 64 111

) {$1,{L‘1,l‘1,$1,x1} 70 25 45
{xl,xl,xl,xl,xg} 210 70 140

{z1, 21,21, 22, 22} 325 105 220
{33‘1,33‘1,]]1,.7}2,.7)3} 555 175 380
{:L’l,ilil,wg,.fcg,xg} 725 225 500

{z1, 21, 22, 73, 24} 1235 375 860
{.%'1,.%2,.%3,334,335} 2101 625 1476

6 {z1,21,21, 21,21, 21} 252 75 177
{1‘1,1‘1,1‘1,:131,1‘1,:1)2} 882 252 630
{xl,xl,xl,xl,xg,xg} 1596 438 1158
{xl,xl,xl,xg,:vg,xg} 1911 522 1389
{.%'1,.%'1,.%1,.%1,(132,.%3} 2786 756 2030
{fEl,IEl,:El,IQ,CEQ,CC;g} 4431 1176 3255
{xl,xl,xg,xg,xg,wg} 5886 1539 4347

{z1, 21,21, 20, 23,24} | 7721 2016 5705
{:cl,xl,xg,xg,xg,x4} 10251 2646 7605

{z1, 21,22, 23, 24,25} | 17841 4536 13305
{331,%‘2,%3,314,.7}5,.1‘6} 31031 7776 23255

Table 4: Number of basis sums for different index sets up to weight 6.

S1,1(2,—35n),51.1(2, 35n) -

We remark that the found relations are induced by the quasi-shuffle algebra. Using the
summation package Sigma [113] and the underlying difference field theory [77, 118, 116, 117] we
could verify that the found basis sums are also algebraic independent in the ring as sequences;
for related work see also [68]. To be more precise, the given S-sums evaluated as sequences form
a polynomial ring which is a subring of the ring of sequences.

In general, we obtain the following relations

Np(w) = Ng(w)— Ng(w —1)
Nap(w) = Ny(w)— Ny(w—1)

where Ng(w), Np(w) and Nap(w) are the number of sums, the number algebraic basis sums and
the number of basis sums using algebraic and differential relations at weight w respectively.

10 Relations between S-Sums at Infinity

In this Section we will state several types of relations between the values of S-sums at infinity

Sy eemp (L1, - -5 Tp3 00) (10.1)
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weight | sums | a-basis sums | d-basis sums | ad-basis sums
1 6 6 6 6
2 38 23 32 17
3 222 120 184 97
4| 1206 654 984 543
5| 6150 3536 4944 2882
6 | 29718 18280 23568 14744

Table 5: Number of basis sums up to weight 6 with index set {1,—1,1/2,—1/2,2, —2}. Each of
the indices {1/2,—1/2,2,—2} is allowed to appear just once in each sum.

(or equivalently between the values of generalized polylogarithms) that extend various relations
for infinite harmonic sums given in [28]. This enables one to reduce the expressions that arise
during the calculations of, e.g., the (inverse) Mellin transform, of the differentiation of S-sums,
or of asymptotic expansions given below. We remark that the relations of S-sums with z; being
roots of unity have been considered in [141, 5] already.

Stuffle relations: The first type of relations originates from the algebraic relations of S-sums,
see Section 9.1. Those relations which contain only convergent S-sums remain valid when
we consider them at infinity®. We will refer to these relations as the quasi shuffle or stuffle
relations.

Duplication relations: The duplication relations from Section 9.3 remain valid if we consider
sums which are finite at infinity, since the limits n resp. 2n — oo agree.

Shuffle relations: We can generalize the shuffle relations form [123] for harmonic sums to S-
sums. For convergent sums we have:

S yemp (T15 -+ Tp; 00) Sky kg (Y1, -+ 5 Yp; 00) =
hm Z yllsmh...,mp(xl) cety xp; n— 7’) Skg,...,kq(y27 e 7yp; /L)
n—00 4 i ik ’
1=
Using
lim Z y'jSmh._,,mP(azl, CeXpyn — 1) Skz’m,kq(yg, e Ypsd) _
n—o0 ik1 -
i=1
k .
Zl(kl—l-ml—l—a)i x§
_ im1+ki1—a
a—1 my — 1 iz’
Y L .
) Shamy (T2, TpiE = §) Sky, kg (Y25 -+ Ypi )
Y a,
i=1 J
mi n ;
. kik+mi—1—a Z Yy
my — 1 jmitki—a
a=1 =1

. J . .
v (%) Skz,...,kq(y27 ey Ypyt — j) sz,...,mp(x27 e 7:1:17;])

a
— J

<

In general, relations containing sums of logarithmic growth such as S;(n) can be also formally utilized in
asymptotic expansions. However, in the following only convergent sums are considered.
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we can rewrite the right hand side in terms of S-sums. We will refer to these relations as
the shuffle relations since one could also obtain them from the shuffle algebra of generalized
polylogarithms.

Duality relations: We can use duality relations of generalized polylogarithms; compare [28]
where these relations are considered for harmonic sums.

1 — 2 — x: For a generalized polylogarithm Hy, 4,4, ;.a,(1) With a; # 0 this leads to the
relation:

Hahaz,...,ak_l,ak(l) = Hl—ak,l—ak_l,...,1—a2,1—a1(1) .
E.g., we get Ha(1) = H_1(1) which gives in S-sum notation the new relation
S1(3;00) = —S_1(00).

1€ _, 2: This transform leads, e.g., to the relation Hy(1) = —H_;(1)+H_

in S-sum notation again the relation

(1) which gives

1
3

Sl(%; OO) = —S_l(OO) .

fijri — x: For ¢,d € R, d # —1 this transform can be calculated similarly as described in
Section 3.3. The transform ﬁ—i — x produces, e.g., the relation H_»(1) = %(H,g(l) +

H 1(1)) which gives in S-sum notation the new relation
~2

Sl(—%; OO) = —S_l(OO) + Sl(—%; OO) .

If one considers a certain class of infinite S-sums (10.1) (with finite values) with given weight
and a finite index set from which the z; can be chosen, one can try to determine all relations
from above that stay within the specified class. In general, we first have to extend the alphabet
generated by the relations used. Then one exploits all relevant relations that lead back (after
several applications) to the original alphabet.

In the following Subsections we apply this tactic to a series of alphabets. We summarize in
Table 3 how all the so far calculated relations for the particular alphabets contribute in reducing
the number of infinite S-sums to a smaller set of sums. For the found constants we searched
for new relations using PSLQ [59] using representations of up to 2000 digits. No further relations
were found. These constants, which we also call basis constants, enlarge the number of constants
generated by the multiple zeta values [28]. They are further extended by other special numbers
related to cyclotomic harmonic sums and their generalization at infinity, cf. e.g. [37, 5].

Subsequently, the found basis constants for the concrete alphabets are given. In the simpler
cases also the relations between the dependent sums are printed explicitly 7. Given an expres-
sion with the corresponding weight and alphabet and given these relations, one can bring the
expression to its reduced form, i.e., in terms of the basis constants. Here one needs to replace
the S-sum on the left hand side of a given relation by its right hand side.

10.1 Alphabet {1,3}:
w=1:

Basis constant: Sy (3;00) = log(2)
Relation: —

"In http://www.risc.jku.at/research/combinat/software/HarmonicSums/ all relations are available up to
weight four. The most involved calculation is the alphabet x; € {1, —1,1/2, —1/2,2, —2}; the relations are obtained
executing ComputeSSumInfBasis [4,{1,—1,1/2,—1/2,2, —2} ExtendAlphabet — True] in about 36 hours.
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Table 6: Number of basis constants (convergent infinite S-sums) for different alphabets up to

weight 4.

alphabet weight | finite sums | dependent sums | basis sums
1 1 0 1

{1,-1} 2 4 3 1
3 12 11 1

4 36 35 1

1 1 0 1

{1,413 2 2 2

3 12 8 4

4 36 24 12

1 1 0 1

{1,3,2} 2 5 3 2
3 18 14 4

4 66 53 13

1 2 1 1

{1,-1,3% 2 9 2
3 36 29 7

4 144 113 31

1 3 1 2

{1,-1,3,-1} 2 16 12 4
3 80 63 17

4 400 301 99

1 3 1 2

{1,-1,4,-3,2,-2} 2 20 16 4
3 124 107 17

4 788 678 110
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w=2:
Basis constants: Sa(c0) = (2,511 (%, %; OO)

Relations:
(i) - &
1 2
= —Zlog?(2) + 2=
< > 5 10g7(2) + 5
w=3:
Basis constants: S3(00) = (3,512 (% % oo) ,S111 (%, %, %; oo) ,S111 (%, %, 1; oo)
Relations:
1 log®(2) 1 73
. _ ) 150
50 (i) = 52 - s+
11 o log?2) 1 (3 11
S2.1 (2, 5 OO> G + 510g(2)ﬁ 5 +351,2 33>
1 1
Saa (o1i00) = 305200 + &
1 _ log’(2) 1 Gs
S2.1 (1, 3 OO> = 5 + B log(2)¢2 + "
So1(00) = 23
1 5
51,2 (27 17 OO) = %
1.1 1 5¢(3) 11
S = log(2)¢ — > S
Sl,l,l <2a ,2,OO> 92 Og( )4'2 12 +Sl,2 (27 2700)
1 ' 33
Sl,l,l (271717OO> - 4
10.2 Alphabet {1,1,2}:
w=1:
Basis constant: Sy (%, 00) = log(2)
Relation: —
w=2:
Basis constants: S(00) = (2,511 (% % oo)
Relations:
1 1 &
Z. = —Zlog2(2) + 2=
Sg<2,oo> 20g()+2
1
S11 <271;00> = %
1, 3G
Sl,l (2727OO> - 92
w=3:
Basis constants: 53( ) Cg, Sl ,2 (% % OO) ,8171,1 (%, %, %; OO) 751’171 (%, %, 1; OO)
Relations:

1 1
S3<2,OO> = —§C210g(2)+ 6 T’



11 1 log®(2) 11 (3
Sa1 <272,OO> = §C21 g(2) + 5 +3S12 | 5, 5500 ) — e
1 1
Sa.1 (27 L; OO) = —§C2 log(2) + (3
1 1 21¢(3
52,1 <2,2a OO> = 5(73)C2 IOg(2) + Cé( )
1 1 log®(2) | G
Sa1 <172,00> = 5(2 log(2) + 6 + 1
So1(00) = 2@3
1 _5¢(3)
51,2 <2, 1a OO> - ]
1 3
51,2 (27 27 OO) - §C2 10g(2)
11 1 log®(2) 11 11
S11,1 <2> > 2; OO> = —§C2 log(2) + 6 +1og(2)S1 1 509> + 2512 5091
11 _ 1 11\ 5G
Sl,l,l <271,2,OO> — 2C2 10g(2)+S172 <27 27OO> 12
1 33
Z1.1: -
Si11 (27 ; ;OO> 1
L o T(3)
Si1,1 <2, 172,00> = 1
1,1 _ 3 ]
Sl,l,l <27 2) 5) OO> — 2<2 10g(2) 4
1 3 7
S111 <7 2,1; OO) = —(2log(2) + LS
2 4
10.3 Alphabet {1,—1,3}:
w=1:
Basis constant: S_;(00) = —log(2)
Relation:
1
S (2;oo> =—-5_1(o0)
w=2:
Basis constants: Sa(00) = (2,511 (%, %; oo)
Relations:
S_Q (OO) = —%
1 G log’(2)
52 <2’°°> = 5 3
log?(2
571,71(00) = %‘F g2( )
1 G log?(2) 11
1. = — > 9 oo
Sl,l( ,2700> 5 5 + 2511 573>
G log?(2)
S_171(OO) = 9 + 5
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S11 (

Si1

S11

)

w=3:

Basis constants: S3(o00) =

1
2
S (3.-1,300),5111 (3,3, —1;00), 8111 (3,3, 3;00)

Relations:

1
25

(2
(

1, 11
—1,oo> = _Qlog (2) = S11 (2, 2700>
1 o) = ¢
2’ 2
1 3¢2
Z 9. — he
27 7OO> 2

(3,512 (—1,3;00) ,S1,1,1 (-1, 3, 3;00) , S11,1 (=1, 3, 1;00)

1

= —1(3C3)

_log(2)®  log(2)¢a n G

- 6 2 8

_ 365G

a 2 8

_log(2)? log(2)Ge | T¢3 1 L

S T + = = +*512 (1,2a00>
1

= —§(5C3)

_ 4log(2)®  log(2)¢x 4G 2 1

— o -y T g 551,2 <—1> 5 OO>

= —%(bg(?)@) + 3+ 51,2 <—1, %; OO)
= 502G + Gy

= 5 Bloa(2)e) +
3
oe(2)" | o2l G

2 4
= 23
_ 3G3
= —log(2 )42+7

1
_ og(22)C2 e

1

- —ﬂ<13<-3)
_ o log(2)*  log(2)¢e | 13¢3 1 1
= ——1g 3 + 13 +§S1,2 <1,2700>
_ 5
-8
o log(2)®  log(2)e2 G
o 6 2 4

171og(2)3  13log(2 61 11
- LR T 08 —stogpsi (5 5)

8 1
__ —1.—:
3S1,2 < ,2,OO>
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o2 log(2)Ge | TG

S_1,-1,1(00) = 5 5 1
1 1 11
Si11 <—1, 5 —1;oo> = 3 (2 log(2)3) — 3log(2)¢2 + ﬁ +41og(2)S11 <2, 2;00)
1
+451 2 (-1, 2;OO>
log(2)3 log(2)(a (3
S - _ 53
11,-1(%0) 6 2 8
1 ~ 5log(2)® 5log(2)G | 61G 4 1
Sl,l,l< 151527OO> - 18 6 + 79 +§Sl,2 1)5500
log(2)* | log(2)¢2a  7¢3
S-aa(00) = — e o
1 _ _ Tlog(2)?  4log(2)¢>  35(s 11
S1,171 (2) 17 1700> — 18 + 3 36 log(Q)Sl,l 57 5700
4 1
_Z S
351,2 ( 72700)
2log(2)®  log(2)¢z 155¢; 1 1
1,1 = - 1, =
5111<2 , ,OO> 9 3 a4 351,2 ) 5300
1 1
—551 1,1 (-1, 2717OO>
Siir (2L 100) = L@ TR | 276 @50 (£ Lo
1,1,1 579 = 18 6 144 g 1,1 979
2 1 1 1
+§Sl,2 <_17 2,OO> + 551,1,1 <_17 57 ]-700>
1 1 5log(2)C;  11¢5 1 1
S —.1,-1; = —=(21og(2)?) — —Sio | —1,=;
1,11 (2, ; 7OO> 9( og()) 6 + 36 +3 1,2 1510
1.1 log(2)?  log(2)¢x . 11(3 1
-1, = - _ z.
51*171(2’ ’2’”) 8 6 36 T S —hgiee
1 3C3
S1,1,1<2, ; 7OO> 1

10.4 Alphabet {1,-1, 3

N[ =
——

w=1:
Basis constant: S_1(c0) = —log(2), S1 (—3;00)

w=2:
Basis constants: Sa(00) = (2, 51,1 (—3,3;00), 811 (3, —3;00) , 51,1 (3, 3;0)

w=3:
Basis constants: S3(oc0) = (3,53 <—; oo) , 51,2 < ;, ;,OO) ;51,2 <—;, ;OO) )
Si2 (;,—;;OO> ;521 <—;,;;OO> ,S111 <—1,—;—;;OO> ,S111 (-17—;, ;;OO> )
S111 <—17 ;-;;OO) ,S11,1 (-;7— ,—;;OO> ,S11,1 (-;7—;,;;@7) )
1,1,1 <—; %7 ;,OO> 51,11 (—;,;,;;OO> S1,1,1 ( ;7 ;LOO) ,
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1 1 1 1 11 1 1
Sian (== =00 ) St (20— 2i00 ), Suaa (= — 201,
1,1,1 <2) 27 2700) y 01,11 (25 27 2,OO> y 901,101 <27 27 ,OO>

10.5 Alphabet {1,-1,1,—1,2, -2} :

w=1:
Basis constant: S_j(0c0) = —log(2), 51 (—%2 OO)

w=2:
11 11 1 1
Basi tants: = —, = ——, = -, — =
asis constants: S(00) = (2,511 (2, 2,00) ,S11 < 5 2,00) ,S11 <2, 2,00)
w=3:
. 1 1 11
Basis constants: S3(00) = (3,53 —5300 ,S1,2 —5,—2;00 , 51,2 —515% )
1 1 11 1 1 11
S — ——:00],58 0 |,S -1 ——:00),8 -1, ——, =:0
1,2 (27 27 )7 21( 2727 >7 1,1,1( ) 27 27 >7 1,1,1( P 2727 >7
1 1 1 1 1 11
-1, =, —=:00 —— -1, —=:00 - —— —:00
Sl,l,l < 727 27 )751,1,1 < 27 ’ 27 )751,1,1 < 27 2727 >>
11 1 111 11
. . . 1.
Sl,l,l( 2727 2,00),517171( 2,2,2,OO>,517171< 2727 ,OO>,
1 1 1 1 11 1 1
S S = S - Lo
S111 <2, X 2700>751,1,1 (2, 272700>751,1,1 (2, x a00>

11 Asymptotic Expansion of S-Sums

In this Section we seek expansions® of S-sums generalizing ideas for harmonic sums given in [26].
We say that a function f: R — R is expanded in an asymptotic series [132]

o0

@)~ Y2 & oo,

n=1

where a,, are constants from R, if for all N >0

g(x)

note that for a function g(z) we use the notion g(z) € o(G(z)) & lim ‘G(m) = 0. When
T—>00

only the first coefficients of such an expansion are given (calculated), we often write f(z) ~
ag + a1z + asx® + - -+ + apz™ and cut off the remainder term.

We remark that the subsequent Sections provide algorithms to expand S-sums which come
close to the class of S-sums (for a definition see (7.6)). For the general class of S-sums the
expansion problem is not handled completely. However, for current calculations in QCD (see,
e.g., Section 12) the presented methods are completely sufficient.

8For further computer algebra aspects concerning the calculation of expansions we refer, e.g., to [134, 108, 70, 61]
and references therein.
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11.1 Asymptotic Expansions of Harmonic Sums Si(¢;n) with ¢ > 1

Version 1: The asymptotic representation of the harmonic numbers S;(n) is given by [94]

1 . B
S ~ 1 —_—— _— 11.1
1(n) ~v+ og(n)—|—2n ]; :2kn2’“ ) (11.1)

where ~ is the Euler-Mascheroni constant and B, are the Bernoulli numbers [17, 107, 97],

n

n
= Z <k>Bk, By =1.
k=0

To compute the asymptotic expansion of Si(c;n) with ¢ > 1 one may represent it using the
Euler-Maclaurin formula [54, 86]:

Si(;n) = Si(e;n) +Si(n)

where

i=1
1 At
= -1 [log(c) + n—i—l] — 7 — log(log(c)) — log(n + 1)
m B d2j_1 i 1 n+1
+Ei(log(c)(n+ 1) +Z 2] [d'Zjl (C . )} + Ri(c,n) .
=  ( i i 0

Here Ei(z) is the exponential integral [55, 95],

/ox : t_ Lt = Ei(x log(c)) — 7 — log() — log(log(c)),

and Ry(c,n) stand for the rest term. The derivatives are given in closed form by

(-1 log/ *(c), .\ T(G+1) iPG+1)
it \ i 272 R R A
k=0 J !
o <ci—1) log/*1(c)
lim — - = —.
i—0 diJ 1 j+1

The asymptotic representation for Si(¢;n) with ¢ > 1 can now be derived using
(o)
I( k
~ eXp Z tk
k=1
Version 2: A more suitable approach to compute the expansion of Si(c;n) with ¢ > 1, and

which is implemented in the HarmonicSums package, is as follows. Differentiating the integral
representation

with respect to n we get

0 Si(gn) /1 2"Ho(x) + zeHo(e) ,
0

on ¢




1,n Lgn L
_ / 2" (Ho(x) +1H0(c))dx o )/ x fn da
0 r— < 0o T
Hence
1 .n H H : ;
/ 7"(Ho@) +Ho(c)) o, 0 SBilein) |y Silein) (11.2)
0 z—1 on " "

We can now compute the asymptotic expansion of the integral using integration by parts. Let

/1 2" (Ho(z) + Ho(c)) , o Ui
T Lo i
0 L im0 "
with a; € R be this expansion and let )7, % with b; € R be the asymptotic expansion of w
We note that the differentiation of this expansion yields > 7, _(Z+Z)b"l ie.,
0 81 (¢;n) i 7 — 1
on P

Plugging these expansions into equation (11.2) and comparing coefficients yields the recurrence
relation

ap (n—1)
by, = Ho(c) + Ho(c) b

with the initial values by = H‘&Oc) and by = g dC) Hence we get for example

n—1 for n > 2

3 (2: o (14174522 1091670 94586 9366 1082 150 26 6 2 2
1(2an) ~ 2 10 + 9 + S + o + oG +F+ﬁ+$+ﬁ+ﬁ

566733 17295 38001 1491 273 15 33 3 3 3>

Si(3;n) ~ 3 s T Tt T2 o,
1(3;n) <4n10 t— st s Tt e T s teaTost 1 T o

11.2 Computation of Asymptotic Expansions by repeated partial Integration

Next, we deal with generalized polylogarithms of the form

Hoy o Hp, b, b (1 —
M( 1,M2,..., k(x),TL) and M< b1,b2, 7bk( :L’)’n> (113)

ctzx ctzx

with |¢| > 1 where m; € R \ (0,1 orb € R \ (—1,0) U (0,1)) with b; # 0 using repeated
integration by parts. The first two lemmas show that the arguments of the Mellin transform
under consideration are analytic. Thus iterated integration by parts is possible for ¢ > 1 using
the already known integral representation. The third lemma gives an integral representation for
the special case ¢ = 1 such that the method of repeated partial integration is also possible. The
proofs are omitted here.

Lemma 11.1. Let Hyyy o, .m, () be a generalized polylogarithm with m; € R \ (0,1] for
1 < i <k. Then

Hm17m2:-~7mk(x) and Hmlzm%--wmk('r) B Hm17m2»~~~7mk(1)
c+x c—xT

Hml»m27"~:mk (:C) ’

are analytic for |c| > 1 and x € (0,1].
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Lemma 11.2. Let Hyy, oy, m, (2) be a generalized polylogarithm withm; € R\ ((—=1,0) U (0,1))
forl < i < k, andmy # 0. Then

HM17m2,~~,mk(1 - JU) and Hml,me-wmk(l - ﬂf)
c+x c—x

are analytic for |c| > 1 and x € (0,1].

For ¢ > 1, we obtain a suitable integral representation for partial integration. E.g., we get

1 1
M H—Q(x),n :/ xn H—Q(x) dr = / :rnflx H_Q(QZ) dr
T+ 2 0 T +2 0 T+ 2

1
ot ) (et Al be
n x+2 o /0 n (z+2)2 d
=H_,(1) % - %/0 xﬂ_lex
1
3_1 (2 zl2Hao) v o) Lam 6o — 2(x — 2)H_o(x)
=H_5(1) ~ - —~ (n(:c+2)2 —/O — o dx>

32 )_91 1 /1$n1x(6x2(x2)H_2(x))dx

n2 ﬁ 0 (CL‘+2)3

32 2 2 12 2 1
= =Ho) (- St temg ] 5 ts == +0(=].
2(1) (n on? " 27 27n4) on2 " on3  BInt T <n5>

For the special case ¢ = 1 one can use the integral representation of the following lemma to
calculate the expansion with partial integration as demonstrated above.

Lemma 11.3. Let Hp(x) = Hony mo,...my. (2) and Hy(z) = Hp, p, .5, (x) be a generalized polylog-
arithm with m; € R \ (0,1] for1l < i < kandb; € R\ ((—=1,0) U (0,1)) for1 < i < I
where by # 0. Then we have

M(Hm<x> n) _ /0 2" () = Hon(1) | /0 Hoe) = Bn(1) ) o)

1—2’ 1—=2 1—=2

and

M<Hb<1—x>n> _ /01 M=) by (1)

l1—=z 1—=z

where

/ 1 Hm(f”l) ~ ) o H,(1) and Ho (1)
0 -z

are finite constants.

Summarizing, we are able to calculate the asymptotic expansion of (11.3) using the method of
repeated integration by parts.

11.3 Computation of Asymptotic Expansions of S-Sums

Subsequently, we derive an algorithm that calculates the asymptotic expansion of S-sums
Sar,ap (b1, ... bg;n) with b; € [—1,1] and b; # 0 using the technologies of the previous Sub-
sections.

Since these sums fall into the class of S-sums, it follows by Section 7.2 that they can be

represented using Mellin transforms of the form M(%ﬂ, n) with m; € R\((—1,0)U(0, 1))

93



and |c| > 1. Conversely, given such a Mellin transform, it can be expressed in terms of S-sums
of the above type with b; € [—1,1] and b; # 0.

In addition, it is straightforward to see that this subclass is closed under the quasi shuffle
product (2.2), i.e., the product can be expressed again as a linear combination of S-sums of this
subclass over the rational numbers.

We are now ready to present an algorithm which computes asymptotic expansions of S-sums
Saraz,..a, (01,02, ..., bg;m) with b; € [—1,1] and b; # 0. The algorithm tries to attack the sums
directly using the previous Sections. If it fails one uses the transformation x — 1 — x from
Section 3.2 twice and reduces the problems to S-sums that are less complicated than the input
sum. Recursive application will finally produce the expansion of the original S-sum. To be more
precise, the algorithm can be described as follows.

o If So as,...a, (b1, b2, ..., bg;n) has trailing ones, i.e., ar = by, = 1, we first extract them such
that we end up in a univariate polynomial in Si(n) with coefficients in the S-sums without
trailing ones. Expand the powers of S1(n) using (11.1). Now apply the following items to
each of the S-sums without trailing ones:

o Let Sq, a5,...a,(b1,b2,...,bk;n) with a # 1 # by, and compute Hmymaomf®) oy ch that in

ctsx
the inverse Mellin transform the most complicated S-sum is Sq, qs,....a, (b1, b2, . .., bg;n), i€
express Sa, as,....an (01,02, ..., bk;n) as
Hony ms,..m (%)
Sar,azsar (01,02, . . b n) = M(W n> +T (11.4)
where 7" is an expression in S-sums S ( ... bjsn) with b) € [—1,1] and b # 0
(which are less complicated than Sg; 4. q, (01 bg, ..., bg;m)) and constants. Note that

ol
ag
s==x1,¢c>1and my € R\ ((—1,0) U ( ))
Subsection and Lemma 7.5).

and that m; # 1 (see the beginning of this

e We proceed by expanding M(M, n) in (11.4):

c+sx

all m; # 1: Expand M(M, n) directly; see Section 11.2.

ctsx
not all m; # 1:

— Transform z — 1—x in Hy,(z) as described in Section 3.2 and expand all products,
i.e., we obtain

M<?+Sm ) ZdM( ) >+d with d, d; € R. (11.5)

Note that due to Remark 3.5 the components of the b; are in R\ (0, 1).
H (1—
— For each Mellin transform M(blb](lx), n> do

bj # 0 : Expand fl %jﬂcm) see Section 11.2.

bj = 0: As described in Section 3.2 transform back 1 —z — z in Hy(1 — 2) and
expand all products, i.e., we obtain

Hy, ()

ct+sx
express it in terms of S-sums and constants in terms of infinite S-sums. Note
that these harmonic sums are less complicated (see below).

with e,e; € R. Finally, perform the Mellin transforms M< n), ie.,
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e Replace M(Hmlm—ml(x), n) in (11.4) by the result of this process.

ct+sx

e For all harmonic sums that remain in (11.4) apply the above points. Since these harmonic
sums are less complicated (see below) this process will terminate.

Concerning termination the following remarks are in place. Since aj # 1 in (11.4), we know
due to Lemma 7.5 that m; # 11in (11.4). If not all m; # 1in (11.4), we have to transform x — 1—z
in Hyp, mo,....m, () as described in Section 3.2. Due to Remark 3.5 we see that the single generalized
polylogarithm at argument x with weight [, which will emerge, will not have trailing zeroes since
m; # 1. Hence we can compute the asymptotic expansion of the Mellin transform containing this
generalized polylogarithm using repeated integration by parts. We might be able to compute the
asymptotic expansion of some (or all) of the other Mellin transforms by repeated integration by
parts as well, but if we fail we know at least that due to Remark 7.5 the S-sums which will appear
in (11.6) are less complicated (they are even of lower weight) than Sg, 4,4, (b1,02,...,bk;n) of
(11.4) and hence this algorithm will eventually terminate.

Applying the described algorithm to 82,1(%, %; n) produces the following asymptotic expan-

sion:

1464
1 1. 1 . 1. 1. 1. 1
S2.:1(3:3:m) ~ —812(5,3:00) + S1(5;00) |:_S2(6’OO) +82(3500) + & (‘W
126 12 1 gn—1  on-1  on-1  9n-1
- 4+ 433 -9 3 -
+125n4 25n3+5n2+ nd nt + n3 n2 )]
1/ 4074 L 366 42 L6 1 So(L; o)
67 \ 31255 ' 625n%  125m3 | 25m2  Hn ) OR\Y
1 [/ 642 28 1
1. 1. (1. . _ _
+81(400) Sa(hio0) + Sa(hio0) + 1 1oms — gy + 525
1 2037*183+21*3+LC+L*2037
67 \ 312505  625m% ' 125m3  25m2 ' 10n) 2 ' 67\ 3125m°
L 183 2L 3 1\ 2(2)+i 1464 126 12
626m%  125n% ' 25n2  10m) 8 67 \ 625m°  125n4 ' 2513
1
_Emg) log(2),

with Sm(%, o0) = Liy, (%) , mkeN, m>2.

11.4 Further extensions

The following lemma extends the presented algorithm to S-sums S, 4, (b1,...,bk;n) provided
that if |b1| > 1, we have that |b;] < 1 and if b; = 1 then a; > 1 for 2 < i < k. In this case, we
obtain the required form given in (11.4) except that 0 < ¢ < 1 and that the occurring S-sums in
T satisfy again the constrains from above. Then the following lemma yields a suitable integral

Himymo, ...,

representation of M( g m2) ) n) and repeated integration by parts produces its asymptotic

expansion. In addition the occurring S-sums in 7' can be handled by recursion of the extended
method.

Lemma 11.4. Let Hyy, my,..m, (%) be a generalized polylogarithm with m; € R\ (—1,1] U {0}
for1<i<kand0<c<1. Then

p(semls) )

C—X

1 ! z" (Hm1,m27--~7mk($) B Hm17m2»~~~7mk(c))

— dx
" Jo c—T
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+Hm1,c,m2,...,mk(c) + Hmhmg,c,,_,,mk(c) 4+ 4+ Hmlvmz,...,mk,c(C)
+Hm2 ..... mk(C) HO,m1—c<1 — C) + Hm3,...,mk(c) HO,ml—c,mQ_c(l — c)
4.4 Hmk(C) HO,ml—C,...,mk—l_C(l — C) + HO,ml—c ,,,,, mk—c(l — C)
_Slv{%}(n)Hml,MQ,...,mk(C) .

Proof. We have
M<Hm1,m2,...,mk(x)’n> _ /1 ((%)n - 1)Hm17m21~~-)mk($)
0

dr =

C—XT

— /1 (%)n(Hml7m2"“)mk($) - Hm17m27“'7mk(0))daj
0 C— X
+/1 (%)nHmlamQ)"~7mk(c) - Hm17m27"'7mk(x) d:L’
0 C— X
— /1 (%)n(Hm17m2"“»mk(x) - Hm17m27"'7mk(c))dx
0 C— X
1 (g)n -1
H < d
+ m1,m2,...,mk(c)/(; c— =z T
A=
_ /1 Hny ima,.mi () = Hingima . omy (€) da
0 c—zx ’
B:=
with
1
A = -5 E; n Hmhmzw-,mk(c)
B — /C Hony ma,..omy, () — Himy may . my (€) da
0 C—X
Bllz
+ /1 Hiny mg,omi () — Hing o ... omy (€) da
. c—z
Bo:=
where
By = *Hm1707m2,~~~,mk(6) - Hm17m27~~-7mk70(c)
32 — /'1_c Hm17m2,~~~7mk($ + C) — Hm17m2’~~-7mk(c) dx
0 —X
_ /l_c Hng,.mi (€) Himy—o(®) + -+ + Himy ¢y —c(@) de
0 X

= _Hm27"~7mk‘ (C) H07m1—0(1 - C) - Hm37-~-7mk (C) HO,ml—C,mz—C(l - C)
T Hmk(c) Hovml_cv"'7mk—1_c(]‘ —c)— H07m1—07---7mk—0(]‘ —c);

thus the lemma follows.

A typical example for this extension is, e.g.,

1331 63 23 5 1
~ - — —5 + 5= +51(3;00) S1(3;
240n5  32n4 + 24n3  8n2 + 2n o1 (3’00) 1(3;n)

Sl,1(3a %7 ’I’l)
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1
=591 (3100)* =82 (3:00),

with S1(£,00) = In(m) — In(m — 1), m € N\{1}.
More generally, this lemma enables one to deal also with S-sums which are outside of the
S-sum case. To be more precise, our strategy works if the given S-sum Sar,a, (b1, ... b )

can be written in the form (11.4) where M(H"”’Ziisxml(x),n) can be expanded directly by

Lemma 11.4. In addition we need that T consists of S-sums which are less complicated than
Sar,..a, (b1, .., bg;n) and which can be handled by iterative application of our expansion strat-
egy (and using Lemma 11.4 if needed).
E.g., our expansion technique produces

S111 (=3:25i7) ~ 8111 (=52, 150) + (— 77 + 5z — 5) (—3)" 82 (31 0)
+ (—i)n [(2713, -+ ;n) log?(2) + (—272713 + o 3171) log(S)} S (2:m)
- (1_5%1)?»” - <_272n3 " 9% B 31n> <_;>nk’g3(2)
(- 2) + () () + <><>] 08?2
(oot an) (5 los@ton) + (1" (2= ) os(d)

12 Application from Quantum Chromodynamics

+

In the following we concentrate on the discussion of the emergence of generalized harmonic sums
in calculations of massless and massive Wilson coefficients in deep-inelastic scattering in QCD.
Up to the 2-loop level neither for the anomalous dimensions nor for the Wilson coefficients
generalized harmonic sums occur, cf. [89, 22, 24, 25]. They are also absent in case of the 3—loop
anomalous dimensions [91, 126]. In intermediate results of the calculation of the massless 3-loop
Wilson coefficients they emerge, e.g. for a graph called LAg7box (V) in Ref. [125]. The generalized
sums (2.1) have numerator—weights over the alphabet x; € {1,—1,2,—2} up to weight w = 6.
Examples are:

S1(25n),51,1,1,1,2(2,1,1,1,1;n),9213(2,1,—1;1n),S321(—2,—1,1;n), etc.

All of these sums contain besides the numerator weights iy, € {—1,1} only either the weight 2 or
—2 once. For these cases one always may represent the corresponding sums such that

4 . boo(F2n)m -1
Snl,“.nm(i27217 "'7Zm—1;n) = A dx 4197 — 1 Z J aJ (121)

where Hg: (z) are usual harmonic polylogarithms. Since the corresponding expressions are
weighted by a factor 27", the individual expressions are transforms by the non-singular ker-
nels ((£1)"a™ — 1/2™)/(£2z — 1). It even turns out that all generalized sums cancel in the final
result, [125]. In this way, the massless Wilson coefficients up to 3-loop order do not depend on
generalized harmonic sums.

In Ref. [3] the O(nsT2C 4 r) contributions to the 3-loop massive Wilson coefficient contribut-
ing to the structure function Fy(x,Q?) at high virtualities Q% > m? were calculated. Here m
denotes the heavy quark mass. In this calculation most of the generated nested sums were calcu-
lated directly using the package Sigma [110, 112, 111, 113, 115]. In this way individual Feynman
diagrams were split into many terms being summed individually. Here the contributing alphabet
of numerator weights was x; € {1, —1, 2, 1 ,2,—2}. Examples of generalized sums are :
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2,—5:n),S1,1,12 (—1,5,2,—1;n) ,Sa3 (=2, —3;n)

It Rkl

Sl (%’n) 782(—2;7’1),8271(—1,2;77,)78371 (_
S221 (=1,—3,2;n) ,S11110 (2,2,1,1,1;n) , ete.

The highest contributing weight was w = 5. In the final result all generalized harmonic sums
canceled for the O(nsTaC 4 r)-terms, even on a diagram-by-diagram basis.

This brought up the idea to combine all sums contributing to each diagram leading to
C. Schneider’s package SumProduction [119]. Through this a much smaller amount of nested
sums, however, with very large summands, have to be calculated, [30, 31]. We have applied this
method for the gluonic O(nT#C4 ) contributions in [8].

In case of the massive 3-loop operator matrix elements generalized harmonic sums do not
vanish always. For a series of ladder diagrams with six massive propagators they contribute for
scalar integrals up to weight w = 4, [7]. This is likewise also the case for a series of Benz-type
diagrams, [9]. Examples are:

S1(2;5n),812 (3,1;m),S11,1 (3.1, 1,m) ,S112 (3,1, 150) ,S11,2 (2,4, 15n), 81,111 (23,1, 1;n) , ete.
Representing results for individual Feynman diagrams containing also S—sums sometimes involves
divergent S—sum expressions in individual terms as n — oo. On the other hand, combinations
of different terms contributing to the corresponding diagram are always convergent, as also the
whole diagram, see [7, 10, 11]. We therefore limit the consideration to convergent combinations of
terms containing S-sums here. Let us consider an example of Ref. [7]. Integral I;(n), Eq. (3.18),
contains the following terms growing like 2" for n — co :

n3 — 4n? — 25n — 28)
(n+1)2(n+2)(n+ 3)2

1 +5
§m [Sia1 (2,41, 15m) + 28110 (2,4, 130) — 26351 (2m)] -

Ti(n) = 2"

[251,2 (%7 17 n) + SLQ (%7 1, 1’ n) _ 2<3:|
Tg(n) = —

One may represent these sums in terms of Mellin transforms, cf. Eq. (3.36)—(3.40), [7]. There it
turns out that each of the S—sums contributing to 77(n) can be expressed in the form

1
r1,i(3 + 27F1,i(")7

where 71 ; € Q and F} ;(n) are convergent integrals for n — co. Replacing the S-sums with these
alternative representations in 77(n) shows that the (3 part vanishes. In addition, rewriting the
introduced integral representations back to S-sums produces finite S-sums. Similarly, each of the
S-sums in T5(n) may be expressed in the form

7’2,1'(351(2; TL) -+ Fg,i(n),

where ro; € Q and F5;(n) are convergent integrals. Again, replacing the S-sums with these
representations in 75 cancels the S1(2;n)(3 part; in addition, the introduced integrals can be
transformed to an expression in terms of absolutely convergent S-sums. The remainder terms of
f4(n) are even nested harmonic sums. Due to this only absolutely convergent S-sum contribute
to I4(n) via T1(n) and Ty(n). A decomposition of this or a similar kind is expected in case of
physical expressions in general. As the above example shows a suitable decomposition of the
contributing S-sums may be necessary.

In Refs. [10, 11] we also considered graphs with an internal 4-leg local operator insertion and
five massive lines. Here generalized harmonic sums of up to weight w = 5 occur. Examples are :

8174 (%7 _27 n) ) 81,2,2 (%7 _27 _17 n) 781,2,2 (%7 _27 17 n) 78172,2 (%7 _27 _17 n) 7et'C'

For this diagram also generalized harmonic sums nested with binomial- and inverse-binomial
expressions contribute.
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Generalized harmonic sums are a necessary asset both in higher loop and multi-leg Feynman
diagram calculations. They are connected to the generalized harmonic polylogarithms via a
Mellin transform. We have worked out their various relations and considered special new numbers
associated to these quantities in the limit n — oo of the generalized harmonic sums and special
arguments of the generalized harmonic polylogarithms, generalizing the multiple zeta values.
The relations discussed generate basis representations in the respective algebras. Note also that
special classes of higher transcendental functions are contained in the generalized harmonic sums
for n — oo, like the generalized hypergeometric functions pi1Fp [78, 16, 120, 53, 57, 58] the
Appell-functions Fj 2 and the Kampé De Fériet functions [14, 15, 16, 120, 53, 57, 58, 90] and
others.

In cases that generalized harmonic sums occur in physical results an efficient way of imple-
mentation consists in working in Mellin space, as being the case for the nested harmonic sums (see
also the comments on page 31). Having determined the singularity structure of the problem, and
knowing the shift relations n — n+1 of the corresponding quantities in analytic form, the knowl-
edge of the asymptotic expansion at [n| > 1, n € C is sufficient for the analytic continuation of
anomalous dimensions and Wilson coefficients, similar to the case of the nested harmonic sums.
The asymptotic representation is requested to be free of exponential divergences. Logarithmic
terms ~ lnk(n) with k related to the number of loops may contribute, however. The structure of
the singularities may become more general, however, and has to be determined for the respective
problem under investigation. A single numerical contour integral around the singularities yields
the inverse Mellin-transform from n— to xz—space. cf. [32]. The techniques outlined above also
allow to perform the inverse Mellin-transform analytically for applications in x-space directly.
For this purpose the corresponding basis-functions still need to be represented numerically at
sufficient precision, unlike the case in n—space.

13 Appendix: Available commands of the package Harmonic-
Sums .m

In the following we list some of the main commands of the code HarmonicSums, a pack-
age implemented in Mathematica, and illustrate their use by examples, with emphasis on the
case of S—sums. The HarmonicSums.m package and the conditions of use are found under
www.risc.jku.at/research/combinat/software/HarmonicSums/.

Slai,...,am,nl: defines the harmonic sum Sg, . 4,.(n) of depth m with upper summation
limit n and a; € N, while CS[{{a1,b1,c1}, ..., {@m,bm,cm}} {51, .,Sm},n] defines cyclotomic
harmonic sums S, p,,c1),...(ambm,em) (515 - - - s Smin) with a;,¢; € N, b € NU{0} and s; € {—1,1};
see [5, (2.1)].

Slai,...,am,{z1,...,on},nl: defines the S-sum S, 4, (z1,...,2m;n) of depth m with up-
per summation limit n and® a; € N, z; € R*.

Zlai,...,am,{z1,...,on},nl: defines the Z-sum Zq, . 4, (T1,...,2Zm;n) of depth m with
upper summation limit n and a; € N, z; € R*; see (9.1).

Hlmy,...,my,2]: defines the harmonic polylogarithm Hy,, . (x) (m; € {—1,0,1}) or a gener-
alized polylogarithm Hy,, ., (2) (m; € R), while H[{a1,b1}, ..., {an, by}, 2] defines a cyclotomic
harmonic polylogarithm [5] with a;, b; € N.

SToZ[Sla1,...,am,{z1,...,2m},nl]: converts the S-sum Sy, 4. (21,...,Zm;n) to Z-sums.

90bviously, the z; must be chosen from a subfield of R which is computable, in particular which can be treated
within the computer algebra system Mathematica.
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Example:
1 1 1
STOZ[S[L 15{1/2a _1/4}711] = Z2 <—8,n> + Zl,l (2,—4,n>

ZToS[Z[a1, . ..,am,{z1, ..., xm},nl]: converts the Z-sum Z,, . 4, (21,...,Zm;n) to S-sums.

Example:
1 1 1
ZTOS[Z[L 17 {1/27 _1/4}711] = _SQ <_8,n> + Sl,l (2, —1, n)

ReduceToBasis[expr]: reduces occurring harmonic sums, S-sums or cyclotomic sums to basis
sums which are (in the setting of their quasi-shuffle algebra) algebraic independent over each other.
In general, tables (available at the HarmonicSums homepage) are exploited for this reduction. If
sums are not covered by the given tables, one can set the option Dynamic — Automatic: then
for such sums (outside of the tables) the reduction is calculated online. Using the setting Dynamic
— True the reduction for all sums is calculated online.

Example:

ReduceToBasis[S[1,2,2,n],n,Dynamic — True] =

Sa(n) (S3(n) — S21(n)) — S23(n) — Sa1(n) + S2.21(n) + %Sl(n) (S2(n)? + Sa(n)) + Ss(n)

ReduceToHBasis [expr]: reduces occurring harmonic polylogarithms, generalized polylogarithms
or cyclotomic polylogarithms to basis polylogarithms which are algebraic independent over each
other by using given tables. If the option Dynamic — True is set, the reduction is calculated
online; this will help if certain polylogarithms are not stored in the table.

Example:

ReduceToHBasis[H[1,0,—1,1,x]] =

H_y:1(z) (Ho(z)Hi(x) — Hoa(z)) + H-1,1(x)Ho1 () — Hi(z) (H-1(2)Ho,1(x) — Ho,—1,1(z)
—Hoj,-1(2)) — Hi(x) (Ho(x)H-11(z) — H-1(2)Ho,1(x) + Hoj,-1(z)) — 2Ho,—1,1,1(2)
—Ho1,-1,1(2)

TransformToSSums [expr] : returns an expression which transforms indefinite nested sums to
harmonic sums, S-sums or cyclotomic sums whenever possible.
Example:
—1/3) —1) —1)
— (i —3) — 1 — ;
=4 =1 =2

3 n

L1 (-3) -
+;2“;<1(+:’3j>2‘2(”‘2)2<1+”)3C3 1o T

i=4 j=4
n _3 7 .
L0

i=1

expr = (n — 1)?

[\]
.
|
—_

TransformToSSums|expr| =

1
55(1,0,1),(3,1,2)(1, —3;n) 4+ S3.1.2),1.01)(—3,1;1) + 2(n — 2)*(n + 1)>5_3(c0) x
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[—51,_2(71) _ (_1)” _ (_1)” n S_3(”) + M + S_Q(?’L) — 25—1(1’L) + (_1)n—1 N 2(—1)n

n3 n2 n n—1 n

CU" 1| 4 5 aa(m) + (n - 22 [—152( 1;n)+(‘””3_”_3+<‘1>"_23_"_1

e

27 3 n? (n—2)2

(_1)n—13—n—2
(n—1)2

(="

(="

+n?(n+1)° < - 5—3(n)> +4(n—2)%(n —1)2 [s_1<n> =y

n—1

] Sg(oo)

Here S(q, b1 .e1),....(@m,bm,em) (T15 - Tm; 1) are generalized cyclotomic sums, cf. Ref. [5].

ReduceSums [expr] : returns an expression which transforms indefinite nested sums to harmonic
sums, S-sums or cyclotomic sums whenever possible and reduces occurring harmonic sums, S-
sum or cyclotomic sums to basis sums which are algebraic independent over each other by using
given tables. If the option Dynamic — True is set, the reduction is calculated online; this will
help if certain sums are not stored in the table.

Example:

ReduceSums|expr| =

1
2{5(1,0,1),(3,1,2)(17 —3;n) +25(31,2),1,01)(—3,1;n) — 3(n — 2)*(n + 1)>S3(c0) [52,1(”)

_(_nlg)” B (_1212)11 —25_1(n)+ S_2(n) <—51(n) + % + 1> . (n__l): n 2(—711)71 N (T(L__l)l;
373 (2(=1)" (Tnt — 120° 4 1002 = 120 + 4) = 2 3702 (n? ~ 30+ 2)” S (~$im) )
~1] +
(n—1)%n2
+2n%(n 4 1)3 <(—nl?))” _ 5_3(n)> i 8(n—2)*(n—1)((n - 1)nnS_1(n) +(=1)") S3(00)

+252,1(TL)}

LinearHExpand[expr] : expands all the products of harmonic polylogarithms, generalized poly-
logarithms and cyclotomic polylogarithms at same arguments.

Example:
LinearHExpand[H[O, 1,x] *H[—1,0,—1/2,%]] =
H—l,O,—%,OJ(m) T2H 10014 (z) + 2H—1,0,0,1,—%(9”) + H—1,0,1,0,—%(37) +Hy 1011 14 (2)
+H0,—1,0,1,—%(x) + HO,—l,l,O,—%($) + HO,l,—l,O,—%(x)

LinearExpand[expr] : expands all the products of harmonic sums, S-sums and cyclotomic sums
at same arguments.

Example:

LinearExpand[S[1,2,n] *S[—1,2,1/2,1/3,n]] =
11 1 1 1 11
o g I _ g
504<2 3’ ) S 114 (2, '3 ) S_ 132(2 3 1; ) S0,2,2 (2737 ,n>
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1 1 1
_ “1.Zn) -5 _ -
50,2,2 (25 537n> ‘Sfl7 1,4( bk yn

1

3
1 1 11
_ - 1,1, = _ 1,1; _ 1, -, =,1;
+S5_1,12.2 <2, L3 >+S 1,2,1,2( o 1, 771)-1-51, 1,2,2( 53 ﬂl)

1 1 11
S1_ 1,-,1,—; S19 _ 1.1, —, —:
+57, 1,2,2( 1o ,3,n>+ 1,2, 1,2<7 72137n>

InvMellin[expr,n,z]: calculates the inverse Mellin-Transform of expr.

Example:

ReduceConstants[InvMellin[S[2,2,1,{1,1,1/2},n],n, x|, ToknownConstants — True| =
27852 (3,1500) 277! (G —In(2)?) Hoa(e)  In(2)2 "Hogo(x) | In(2)Hoao()

xr— 2 xr— 2 r—2 r—1
—n In(2)2  In(2)¢ 7
+2_nH0727072(:L‘) n 2718y (%,OO) n 2 HO(‘T) ( 6 2 2+ %) 5C3H0($)
x—2 x—2 x—2 8(x —1)
In(2)3 In(2 7 —n (1n(2)3 In(2 7
_HO(UC) ( (6) - (2)<2 + %) 5 27" 3(3Hy(x) N In(2)2! ( (6) - (2)C2 + %)
r—1 xr—2 2—x
277 (G -2)P)" | 2n(2)Gs 1 " 1
+ z_9 + r—1 (1—%) ln(2)<4(§2—ln(2)) ( 313<2100>

3
s, (;;OO> () <ln(62) - ln(;)@ N 7843>>> ~ Si4 (;,1;00) — 83 <;1;oo>
S L ; S L.
+ 1,2,2 <2,1,1,OO> + 55 (27OO>

For the command ReduceConstants we refer to page 67. Note that some of the constants may
be further identified by

Sk (z,00) = Lig (2), |2/ < 1.
Mellin[expr,z,n]: calculates the Mellin-Transform of expr.
Example:

Mellin[H[2,1,—3,x],x,n] /. S[1,{—1/3},Infinity] — —Log[4/3] =

(2812 (5, —5i00) | Si2 (g —3i00)  27Sh (L —gi00) | Saa (1 —gio0)
n+1 n+1 n+1 n+1
L2 (5,2, 75i00)  Siaa (3,2 -3i00)  Sia (=3, —3in) S5 (=5io0)
n+1 n+1 (n+1)2 n+1
28 14 (%,—3,—%;n) 27+ og (3) S1.1 (3, —3;n) N 2" og (%) S11 (3. 1;n)
n+1 n+1 n+1
271G (—3;00)  (=1)"3"F1S) (—%;n)  log (3) Si(=3;n) N log (3) S1(n)
. CESYE T CESIE
1 (E)tiog(5) | log(3)
(n+1)4 (n+1)3 (n+1)3

DifferentiateSSum[expr,n]: differentiates expr w.r.t. n.
Example:

DifferentiateSSum[S[4,1, {1, —1/2},n],n]]
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1 1 1 1 1
— Hy <2) Si1a <1,—2;n> — Su2 (L —23”) — 4551 (1 Ty ”> +Ho10 (2> Sa(n)
H 1 H, )+ H L
+ sl 0,0,0,1,0(1) + H-1,0,0,0,-1,0 B

The constants may be further reduced to known multiple zeta values and/or cyclotomic numbers
applying the command ReduceConstants [expr] (see page 67).

RemoveLeadingl [H[my,...,m,,x]]: extracts leading ones of Hy,,, . m.(2).
Example:
RemoveLeadingl[H[1,1,—1,0,1/2, ]|
1
= *Hl(x) 1,0 ( ) — (m)H—l,o,%,1($) — Hy(x)H_, 0,1, ;(ac) - Hl(fU)H_LLo,l("E)
+H_ 1,0,1 () H 111()+H710111()+H11071(m)+H11011()

727’ Rl sy Ly Ly IR i)

+H—l,l,l,o 1(z)

RemoveTrailingO[H[my,...,m,,2]]: extracts trailing zeroes of Hy,, . m, ().

Example:

RemoveTrailingO[H[1/2,—1/3,—1,0,0,x]]

= LHO@H, s (@)~ Ho(@)Hy s (@)~ Ho(@)Hy 1o (@)~ Ho(@)Hy o 1 (a)
"‘Ho,o,%,—%,q(x) "‘Ho,%,—%,o,q( )‘*‘Ho,;,o 1 ( )‘*‘Hé, 3,00—1( )+Hé,o,—§,0,—1($)
+H%70707 ;771(1:)

RemoveLeadingIndex[H[m,...,my,,x]]: extracts the leading index my of Hy,, . ., ().
RemoveLeadingIndex [expr, b] removes the leading index b of all polylogarithms in expr.

Examples :
RemoveLeadingIndex[H[1/2,1/2,—1,1,1/3 ]| =
1
iHl(x)QHq 11(z) — Hl( )H—1 i1, ;(x) - H;(m)H_l 111(z) —H
2 73

302 %(x)H—l,l,%,%(x)
+H_1,é,%,1,§(96) tH 11 1(@) +H 11 %( r)+ H_, 1,11 1(x) + H_1,1,%,§,§(x)
+H71’1:%,%,%(x)

RemoveLeadingIndex[H[b,1/2,—1,1,—1/3,x],b] =

H%,—171,—%(x)Hb( z) — H1 —1,1,—1 b( T) — H1 1,17b—7(x)_H%,—1,b71,—7( T) — Hlb 11,-1(2)

T3 sty 3

RemoveTrailingIndex[H[my,...,m,,x]]: extracts the trailing index m, of Hp,, . m, (x).
RemoveTrailingIndex [expr, b] removes the trailing index b of all polylogarithms in expr.

Examples :

RemoveTrailingIndex[H[—1,1,1/3,1/2,1/2 x]] =

1
§Hl($)2H711l(95)*H%(ﬂf)H71l1l(I)*H%(f)H 1,1,;,3($)*Hé( )Hl 1,1,§( )
440 @ o g @ Hoy g s @)+ Hy @)+ Hy g1 (2)
tHia (@)

2727 ’73
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RemoveTrailingIndex[H[—1,1,1/3,1/2,b,x],b] =

H_1’17%7%($)Hb(x) N H_Ll’%’b’%(x) N H_l 1 b’%’%(x) o H_1 bvlvilivé( ) o Hb7_1717%’%($)
SRemoveLeadingl[S[ay,...,am,{z1, ..., Zm},nl]: extracts leading ones of
Saram (X1 .oy T n).

Example:

SRemoveLeading1[S[1,1,1,—2,4,{1,1/3,1/2,1/2,1/2},0]] =

S1(n)S11,-2.4 <i1’>’;’; é > +51,1,-25 <; ; ; ; > +S1,1,-14 (;7;, %7 ;771)
+S512,—2.4 (; % ;7;,71) +521,-24 (zl,), ;, %, ;n> S1,1,-2,1,4 <:1)), ;7;717;;71)
=S1,1,-24,1 <;,;,;,;,1;n> S1,1,1,-2,4 (; ;71,;,;,71)
—S51.1,1,—-2.4 <; 1, %, %7 %% n)
SRemoveTrailingl[S[ai,...,am,{x1,...,2m},nl]: extracts  trailing  ones = of
Saram (X1 .oy T ).

Example:

SRemoveTrailingl1[S[—2,4,1,1,1,{1/3,1/2,1/2,—1/2,1} n]] =

111 1 111 1 11

S1(n)S_ - S_ —=: S_ =, =
(n)S—2411 <3 5 2 >+ 2412<3 3 2,n>+ 2,421 <3727
1

2

N = o =
|

U O
3

N——

111 1 111 1 1
_ . —~nl-s -1 _

+S_ 2511<3 213’ 2,n>+5 1411<3 39 2,n> S 21411 <37 ST ,n>

111 1 11 1 1
_5. S il—=n) -5 1,2, —=

2,4,1,1,1 <3,2,2, ) 2,n> 24111(3 3y 2,n>
111 1

—S, _ .= = = ——.
St 2,4,1,1( '357 ) 2an)

SRemoveTrailingIndex[S[ai,...,am,{z1,...,2n},nl]: extracts the trailing index (@, )
of Sar,.am (@1, ..., Tmi ).

Examples :

SRemoveTrailingIndex[S[ai, ..., an, {X1,..., Xn},n]] =
Sa3 (x37 TL) Sa1,a2 (3’:1, T2; n) + Sal,a2+a3 (xla o3, TL) + Sa1+a3,a2 ($1$3, To; n)

_Sa1,a3,a2 (xlv T3, T2; n) - Sag,a1,a2 (x37 T1,T2; n)

TransformH[H[mq,...,m,,yl,z]: performs several transforms on the argument of a general-
ized polyloarithm.

Examples :

TransformH[H[—1,2,0,1/x],x] =
(Ho,1 (1) + Hoa(1)) (~H-1(x) + Ho(x) +I(2)) = H-100() = H_y 1 o() + Hooo(x)

127
3G
+Hy 1 0(@) + H_y 3 (1) + Hoa0(1) = Hy g o(1) + 52

64



TransformH[H[—l, 2,0,1 — X],X] = —HQ’O(].)HQ(.T) — H27_171(:L’) + H_17270(1)
TransformH[H[—1,2,0,(1 —x)/(1 + x)],x| =
Hyo(1) (=Ha(2)) + Horon (@) + Hoyona () = Hoy 1 (@) = H oy a4 () + Hopo0(1)

T3

HarmonicSumsSeries [expr, {x,c,ord}]: tries to compute the series expansion of expr with re-
spect to x about ¢ € RU oo up to order ord € N. expr may contain harmonic sums, cyclotomic
sums, and their generalizations as well as their associated polylogarithms.

Examples :

HarmonicSumsSeries[H[—2/5,3/24,0,1/4,%],{x,0,10}] =

§9§57+-35m4<+ 20262° +_20081x6+ 12632239:37+ 1205544979958+ 1193221502472"
3 9 18 1890 30240 476280
1889721923410

117600

HarmonicSumsSeries[S[1,—2,1,n],{n,0,4}] =

3 2
n <§22<‘3 — i%) + n? (4116C82 + gj) + n? (575,72(00) + 574773(00) — S,4717,2(OO)

2
+% - 29§;C5 a C7> +n <_S_6’_2<OO) — 5-5,-3(00) + 5_5,1,-2(00) — 311H(12)C2C5

23¢; 33 n 155¢3Gs
70 4 128
HarmonicSumsSeries[S[1,—2,1,n],{n, Infinity, 10}] =

1 2 5) 4 7 16 27 108 187\ -
8[(—1)” <n3_n4++ 77777 ++n10> ln(n)

+Sg(00) + s6C2 +

nd nd 7 n8 nd

S TP T S T B
3 2n  12n2  24nt  252n6  48n8  132nl0

3¢3 3 920 19 1511 59 118529 130213 _
3% (3 20 19 1Bl 59 - e
5 T Gﬁ13m 120 T 60n7  8n®  630n7 %mmo Caln(n)

HarmonicSumsSeries[S[1,—2,1,{1/2,1/3,—1},n],{n, Infinity, 3}] =

55’1,1 <_6’2’OO> - 551,1 <—6,6,oo> + §1n(2)5’1 (—3,%) — 5111(2)51 <_6’OO>

9—n _ 1. 9—n 1. 277171 _ 1.
—|—§ln(2)51 l;oo _9 51( 3700) +3 Sl( 3700) _3 51( OO)
2 6 n3 n2 n

3 1 1 1011 1 3 1 7In(2)2-"32"
2 1<:¥“0 1( 6””) 800 1( 6””) 22( 3””) 12513

In(2)27"3%" 7 In(2)27""137"  211n(2)

1
+0 ()

1
— —In(2)27 13— Zp(2)27 13y, —
25n2 55 1(2) 5 1n(2) " 5 39
(<120 e3at aiamot (g 1yt e
343n3 n3 n2 49n2 7 3 ™
212775 3¢ 9 1
222 52y T o=
R— 2 T <n4> ’

with In(b) = In(n) + vg.

ComputeSSumBasis [w, {x1,x2,...},n]: computes a basis representation of S-sums with indices
x; at weight w using algebraic, differential and half integer relations.
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Example:

ComputeSSumBasis(2,{1,1/2,1/3},n] =

{{S_Q(n),SQ(n),S_171(n),52 <;n> S <;n> .S (1;71) o <1;n> }

{517_1(71) — —=S_11(n) + S—2(n) + S_1(n)S1(n),

2
1 1
S11 <3, ) — —=S11 (1, ; > + 51(n)S1 (B;N> + 5 ( ;
1 1
S1,1 (2,1%) — =511 <17 ; > + S1(n)S1 <2;n> + 52 ( ;
_|_

Sr () = Sy + }}

ComputeHLogBasis [w, x,Alphabet — {ai,...,a;}]: computes a basis representation of general-
ized polylogarithms with indices a; at weight w using algebraic relations.

SQ(TL

)

1
5171(7”&) — §Sl(n) +

N = W=
3
N—

=
N————

wm—* oa\v—l

Example:

ComputeHLogBasis|2, x, Alphabet — {1/2,—1/3,1}| =

{{H—l,—éuj)? H—lé(x)v H—Ll(x)v H—%é(x)v H—§71($)7H§71(x)}7

2
Hy y (@) > Hy () (@) = Hy (@)

’2

Hy _1(x) = H_1(z)Hi(x) - H_1,(2),

{HLl(I) — lHl(a:)Q,

Hya(x )—>H— (z)Hi(z) — Ho1(2),

Hi1(z) = QH%( )’

Hy 1 (2) » H_y (2)Hy () ~ H s 1 (2),

Hy y(x) = Ho()Hy(2) — H ;1 (o),

Hoy 1(z) = %H_%(xﬂ

Hoy y(x) = Hoa(o)H 1 (x) —H_y _1(2),
1

ComputeSSumInfBasis [w, {z1,..,zk}]:
computes relations of S-sums at infinity and weight w with indices in {1, ...zt }.

Example:

ComputeSSumInfBasis[2,{1/2,—1,—1/3,1}] =

frameCio
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5_171(00) — %S_l(oo)2 + S_Q(OO),
5_17_1(00) — %5_1(00)2 — S_Q(OO),
S <27oo> S —%S_l(oo) 8 5(c0),

ReduceConstants [expr]: reduces (as much as possible) occurring harmonic sums, S-sums or
cyclotomic sums at infinity and harmonic polylogarithms, generalized polylogarithms and cyclo-
tomic polylogarithms at constants to a set of basis constants using given tables. Via the option
ToKnownConstants — True a special set of basis constants is used, i.e., log(2), (2,3, ... For the
multiple zeta values we use the basis given before in [123] for weights up to w = 6. The relations
were calculated newly and agree with those in [123]. Extended tables (for higher weights) both on
the harmonic sums at N — oo and the the harmonic polylogarithms at x = 1 were given in asso-
ciation with Refs. [123, 105, 28] and are available using FORM [124] codes. It is straightforwardly
possible to generate more extensive tables for special numbers as harmonic sums, cyclotomic
harmonic sums and classes of generalized harmonic sums at infinity and likewise special values
of the corresponding harmonic polylogarithms at a given argument over respective bases using
HarmonicSums.

Example:

ReduceConstants[S[4, 1, —1, Infinity|, ToKnownConstants — True| =
Lis < 1) Gt I(2)%  5(2)°¢  3m(2)G6G  98n(2)G  5ss 149G | 49¢3

2 24 8 2 32 2 168 64

Also tables of sums and polylogarithms at general argument are available. The harmonic sums and
polylogarithms are tabulated up to w = 6, for the cyclotomic harmonic sums over the alphabet
{£1)%/i% (£1)!/(2i + 1)*} and the alphabet for the special generalized sums discussed in the
present paper both to weight w = 4. Depending on the weight and length of the alphabet the
corresponding calculations may become more demanding. The corresponding tables of relations
grow correspondingly. If the option Dynamic — True is set, the reduction is calculated online.
This will help if certain sums are not stored in the tables yet.

HToSinf [expr] : transforms generalized polylogarithms and cyclotomic polylogarithms at 1 to
S-sums and cyclotomic sums at infinity.

Example:

HToSinf[H[1,2, —4,3,1]] =
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1 1 2 1 4 1
-5 1, =; - S ——— - S -, = S -
1,3< ,3,OO> 2,2 (2,3,OO) 3,1< FREE )+ 112( )

2
1 4 1 1 4 1 1 4 1
1 . . 1 _ . .
+S1,2,1 < ) 47 3700> + 512,1,1 <27 27 3700) Sl,l,l,l < 27 27 37OO> + S4 <3700>

SinfToH[expr]: transforms S-sums and cyclotomic sums at infinity to generalized polyloga-
rithms and cyclotomic polylogarithms at 1.

Example:

SinfToH[S[1,2,3, {1/2, —1/3,1/4}, Infinity] =
Ho,0,-6,0,0,—24(1) — Ho,0,0,0,0,—24(1) + H2,0,—6,0,0,—24(1) — H2,0,0,0,0,—24(1)

HToS [expr] : computes the power series expansion of generalized polylogarithms and cyclotomic
polylogarithms without trailing zeroes.

Example:

HToS[H[l 2,—4,3 x] =

=1 i =1 g

00 [e%e) 4. o] 1 1 4,
+Z ™S ( 2,3771 Z ™S (-1, -%:71) Z ™S (5. —3,— 35 71)
— 71
377'1)

T1=1

T1=1 T1=1
© 47T (—g) Sy ( =TT
o E : 3 E : 4
T1=1 1 T1=1 T

SToH [expr] : takes (part of) a power series expansion of a (generalized /cyclotomic) polylogarithm
and finds the (generalized/cyclotomic) polylogratithm(s) it originates form. It is the inverse of
HToS.

Example:
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4 1
SToH [Z 47 (—x)™8, <—3;n> 3] = —H[0,0,—4,3,z] + H[0,0,0,3, z]

T1=1
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