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Abstract

A possible way of constructing polylogarithms on Riemann surfaces of higher genera
facilitates integration kernels, which can be derived from generating functions incorpo-
rating the geometry of the surface. Functional relations among polylogarithms rely on
identities for those integration kernels. In this article, we derive identities for Enriquez’
meromorphic generating function and investigate the implications for the associated in-
tegration kernels. The resulting identities are shown to be exhaustive and therefore re-
produce all identities for Enriquez’ kernels conjectured in arXiv:2407.11476 recently.
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1 Introduction

Expressing observables in quantum field theories and string theories in an efficient way re-
quires the use of polylogarithms on Riemann surfaces of arbitrary genus [1-7]: these func-
tions allow linking parameters of the observables to geometric information determining the
Riemann surface in question. Simultaneously, polylogarithms offer the possibility to mathe-
matically implement the inevitable branch cut structure appearing in observables when con-
sidered as functions of — for example — Mandelstam variables and masses of particles.

One possible and viable way to construct polylogarithms is as iterated integrals [8] over a
class of integration kernels appropriate for the Riemann surface in question. Usually, this class
of kernels can be derived from a generating function, which in turn gives rise to a connection
on the Riemann surface. Flatness of this connection form is sufficient for homotopy invariance
of the associated polylogarithms.

In most situations the generating function does not only satisfy flatness of the associated
connection form, but is subject to further relations and identities. At genus one, those are
the so-called Fay identities for the Kronecker function [9, Prop. 5 (iii) ], which can be derived
from the Fay trisecant equations [10,11]. For genera higher than one, the connection between
the Fay trisecant equation and the identities explored in this article remains unclear. The
anticipation of establishing such a link later led us to call the kernel identities derived from
higher-genus generating functions Fay-like.

For each generating function and associated connection, the resulting class of polyloga-
rithms needs to be proven to be complete, that is, it shall be closed under integration and
differentiation.

Suitable connection forms on Riemann surfaces of genus zero and genus one have been
identified and explored in [12] and [13-16]. Taking these connection forms as a starting
point, a vast literature is available for the construction of polylogarithms on Riemann surfaces
of genus zero and genus one, see for example [17-19] and [9, 20-23], respectively. For the
construction of connection forms and associated polylogarithms on Riemann surfaces of genus
greater than one, several approaches and suggestions have appeared in the last years [15, 16,
24-31].
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The connection forms underlying the constructions of polylogarithms live on a principal
bundle of the Riemann surface and therefore take values in an associative algebra, whose gen-
erators are associated to the non-trivial cycles of the Riemann surface. While the subalgebra
associated to the B-cycles (which is relevant to the quasi-periodicities of the connection) is
abelian at genus one, it will become non-abelian at higher genera, because generators asso-
ciated to different cycles with non-trivial quasi-periodicity do not commute. At all genera,
the choice of generators for the algebra is not unique and correspondingly, there are several
representations for generating functions. In addition, there is as well choices for the analytic
properties of the generating functions, which implies the analytic properties of the associated
integration kernels: integration kernels can either be meromorphic or periodic in all of the cy-
cles of the Riemann surface. Furthermore one can choose the integration kernels to exhibit
simple poles only or allow for higher poles.

In summary, knowing a generating function that incorporates the geometry of the Riemann
surface and gives rise to a flat connection form, allows for the construction of polylogarithms on
this particular Riemann surface. The properties of the connection form (including its flatness)
will then imply relations among integration kernels, which in turn lead to functional relations
among polylogarithms and associated special values. Proving closure of the polylogarithmic
space thus constructed leads to a class of polylogarithms on a Riemann surface.

An important tool when exploring classes of polylogarithms is functional relations among
them. In a physics context, functional relations allow for canonical (and thus comparable)
representation of observables. In retrospective, the largest structural advantage when con-
structing polylogarithms as iterated integrals is the algebraization: the associated algebraic
structures lead to an algorithmic way of using functional identities among polylogarithms to
reduce them to a canonical set. Those algorithms have been described for polylogarithms at
genus zero [32,33] and genus one [34-37]. Some of those relations have been used in the
(easier) context of exploring relations among various classes of (multiple) zeta values, see for
example [38-42].

Functional relations among polylogarithms based on relations among integration kernels
have been put to use in numerous contexts in physics, in particular in the calculation of string
scattering amplitudes as well as for numerous calculations of Feynman integrals in quantum
field theory (see the review articles [43] and [44], respectively).

For periodic and single-valued kernels, a set of Fay-like identities has been proven to be
valid in [45] recently. In the same reference, so-called interchange lemmas were proven and
Fay-like identities have been conjectured for meromorphic versions of kernels. In this article,
we are going to investigate the identities for meromorphic versions of integration kernels using
the language of generating functions based on Enriquez’ connection [26]. Employing our
formalism at genus one, we recover the known elliptic Fay identities. Upon expansion into the
meromorphic kernels suggested by Enriquez, our identities are shown to comprise all identities
put forward in [45]. We are going to derive and prove several classes of identities and show
that there cannot be any identities other than those we have been considering.

The structure of this article is as follows: starting from Enriquez’ generating function,
which is reviewed in § 2, we are defining so-called component forms, which are substructures
of the original generating function, and allow incorporation of a second algebra for the quasi-
periodicities. The definition and properties of these component forms, as well as their Hopf
algebra structure is content of § 3, together with a couple of basic identities and algebraic
contractions of the component forms.

The main results of our article are contained in § 4, which are identities for the component
forms. The principal statements are collected in Theorems 9 and 12 along with the respec-
tive proofs. Furthermore, §5 is aimed at exploring identities for integration kernels derived
from the identities for component forms. We combine our identities to reproduce the identi-
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ties suggested in [45]. In § 6 we connect and interpret the language of the current article to
the well-explored formalism for building polylogarithms at genus one. Based on identities for
Enriquez’ integration kernels, we show examples of functional relations for higher-genus poly-
logarithms in § 7. Finally, we summarize and formulate various open questions in § 8. Several
details of long manipulations are relegated from the respective proofs to various appendices.

2 Enriquez’ connection

We consider a Riemann surface ¥ of genus h with homology basis 2;, B;, fori € {1...h}, and
associated differentials w; such that

A; B;

All objects defined below depend on the geometry of the Riemann surface in question.
The precise way how this geometric dependence is captured depends on the choice of assign-
ing quasi-periodicities to the cycles in the homology basis. Within this article we are going
to choose the 2A-cycles to have trivial quasi-periodicities, where the B-cycles will carry the
non-trivial geometric information through their quasi-periodicities. This trivialization of the
2-cycles is a crucial ingredient when constructing the Schottky uniformization of Riemann
surfaces [46]. Below, we are going to formally assign algebra generators a; and b; to the
quasi-periodicities when walking around 2(-cycles and B-cycles, respectively. Usually only the
non-trivial behavior when going around B-cycles is noted.

Let us consider the free associative algebra t generated by the set {qa;, bi}?: . This algebra
reflects the structure of the fundamental group of a punctured Riemann surface ¥ \{x}, where
x € ¥ denotes the puncture. In the following, we consider a unique one-form valued in the
algebra t, which will serve as a generating function for the integration kernels used to define
higher-genus polylogarithms later. In what follows, we will mostly consider the subalgebra

b C t generated by {bi}?:1 only.

Proposition 1 (Enriquez—Zerbini [27, Prop. 3.13]). There exists a unique meromorphic one-

form K(z,x) in 2, valued in the algebra t, for z,x in Z"V, the universal cover of %, defined by
the two properties:

K(y;z,x)=e"K(z,x), Vie{l...h}, (22)
h

(—2mi) ZRE;:‘K(Z’x) = Z b;a;, (2b)
j=1

where v,z is the image of z under moving around the cycle' B;. We are going to refer to K(z,x)
as Enriquez’ connection.?

This defines a holomorphic connection on a punctured Riemann surface 3 \{x} with fun-
damental group freely generated by the cycles {2(;, B; }?zl. Restricting to genus one, the above
connection valued in t is related to the Kronecker function appearing in [5,14] and used in the
construction of a single-valued connection in [9]. While in the above Proposition Enriquez’
connection is considered as a formal object, an explicit representation in the Schottky uni-
formization is provided in [31]. For the proofs and arguments in this article we will not use

The notation for y;z = z + B; is borrowed from [31], where on the Schottky cover going around the cycle %;
is equivalent to applying a Schottky group generator y;.

2In the original article [26] this connection is defined on a Riemann surface without punctures, which has a
different fundamental group and, hence, gets an additional constraint on the algebra t, see [31] for more details.

4
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explicit representations, but stick to the constraints (2) and their kernel version to be intro-
duced below in eq. (4).

Enriquez’ connection K(z, x) can be expanded into words composed from the algebra gen-
erators of t. The corresponding coefficients w;, ..; j(2, x) are one-forms in z and functions in x
and are referred to as integration kernels,

0o h
K(z,x)zz Z w;,...i j(z,x) by -+ b; a;
r=01iy,,i,,j=1
~ (3)
=D, @i (5 X) by by

r=0

Here and in the remainder of the article repeated indices are summed over from 1 to h implic-
itly unless otherwise noted. This is as well understood, if the two indices belong to the same
object (e.g. in w;;;). The particular form of the words with a chain of letters b followed by a
single letter a is a result of solving for the constraints (2) in [27]. Appearance of any word
other than those in eq. (3) would violate one of the constraints.

In [26], the integration kernels are shown to satisfy the following quasi-periodicity prop-
erties:

r
1

wil...irj(}sz, X) = Z l_|6ki1"'il wiz+1"'irj(z’ X) , (4a)
=0

(_1)l+1
I+

.
Wiy (2, Y16X) = @4y (2, X) + 85 Z Okiyoriy sy Piyriy k(25 X) 5 (4b)
=0

l . . .
where 8y,..;, = IT._,6 ki,- Furthermore, the kernels satisfy the residue condition

n=1 L

(—2mi) E{:eg Wi,..i,ij(2,X) = 6,06j, ()

which implies that poles are carried by two-index kernels with equal indices exclusively. Con-
sidering the behavior of kernels under cyclic shifts, it becomes clear that poles on the r.h.s. of
egs. (4a) and (4b) propagate to the Lh.s. at positions related to the original z and x by mov-
ing around cycles. Accordingly, eq. (5) takes into account only the pole in the fundamental
domain.

In general, higher-genus polylogarithms can be built recursively as iterated integrals from
integration kernels [26-29]. In the notation of [31], polylogarithms are built from the kernels
in eq. (3) via

zZ
f(‘;:::::‘;,ﬁ;z)=f o, ()T (2 7se), TGa)=1, (6)
t=z,
where i, are the multi-indices of the integration kernels w of length n,. The points x, in the
second line denote the second parameter of these kernels. The point z, € '™ is the fixed
basepoint of integration.

For the remainder of this article, we will be concerned with relations among various gen-
erating functions for integration kernels. The simplest set of such relations, leading to linear
3-point identities for integration kernels, will be reviewed in the next subsection.

2.1 Linear 3-point identities

Before studying Fay-like quadratic identities in §4, it is instructive to consider the space of
linear 3-point identities satisfied by the integration kernels w;, ..; j(z, x).

5


https://scipost.org
https://scipost.org/SciPostPhys.18.3.093

e SciPost Phys. 18, 093 (2025)

Several of these identities have already been shown in ref. [26, Lemma 9], where one
finds®

i,..q, jk(Z,X) — w4 k(2,y) =0, forj#k, (7a)
p/=p == O . (7b)

/

q=q

((C()il...irpp/(Z, X) - col-l...irqq/(z, X)) — (wilﬂ.irpp/(z, y) — wl-lu.irqq/(z, y)))

The above equations show that holomorphic (combinations of) kernels are independent of the
location of the pole. Accordingly, we will omit the second argument for holomorphic kernels
in the following. As an immediate application, let us show that any linear 3-point identity can
be traced back to the pole-independence conditions above.

Proposition 2 (Triviality of linear identities). Any linear 3-point identity among integration
kernels can be written as a linear combination of identities eq. (7a) and eq. (7b).

Proof. For the proof, define a linear 3-point identity £™(z, y, x) of weight m as

LM (z,y,x)= Z Aiyoij @iy, j (2, X) + M 04,01,5(2, ) =0, (8)
r=0

whose vanishing is ensured by a particular fixed choice of coefficients 4; ..; ;,7;,....; € C, where
repeated indices are summed over implicitly. In the following we will prove validity of the theorem
inductively over the weight m.

Validity of the induction start m = 0 is evident as the holomorphic differentials are linearly inde-
pendent, which implies all coefficients in any weight-zero identity to vanish.

For the inductive step, we assume that for £(z, y,x) = 0, for all 0 < £ < m, the theorem holds.
Let us define recursively a collection of lower weight identities*

(m—k) __ p(m—k+1)
iy = Ly

LGy x)=0, fork=1,...,m, 9

1l

(ri,2,¥,x)—

each of which are true for arbitrary choices of i; - - - i;,. With each step, the quasi-periodicity eq. (4a)
produces extra terms of lower weight, and the highest-weight terms are canceled out, reducing the
weight of the identity by one. Isolating the highest-weight terms, we can write

(m—k) _
Liie = Py Qiooij (3 X+ My i i (2 Y)

+ [lower-weight terms] = 0. (10)

Choosing k = m yields a collection of weight-zero identities, for which linear independence of the
holomorphic forms w;(z) implies the following conditions on the coefficients A and 7:

C(O)

Ll

= Aiyiyj + Miyei, ) @j(2) =0 = Ay j+ Mg j = 0. (11)

Taking the residue of the collection of weight-one identities obtained by choosing k = m — 1, one
deduces a second set of conditions on the coefficients A and 7,

1 .
Res Egr)"im_l = Res ()Lili,,imj w; i(z,x)+n; . jw; i(3,y)+[weight-zero terms])
1 h
- _%Ail”'imﬂﬁ =0= : :)Lil“'im—ljf = _kil“‘im—lll ’ (12)

j=2

where only the first term contributes to the residue as all the other terms are regular at z = x.

3The notation in eq. (7b) is our convention to write repeated indices which are not summed over.
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Using the conditions on A and 7 in egs. (11) and (12) for the highest weight, one can rewrite £™
from eq. (8) as

LM(z,y,x)

= Z Ailu-imj(wiruimj(z; x)— O)ilmi,,,j(za .V))
J#im

h
+ Z Ail---im_ljj([wilu-imjj(z’ x)— wil---imll(z: x)]— [wil---imjj(Z, y)— “)il--imll(zy J’)])
j=2
+ L0 Dz, y,x), 13

where one can observe the weight-m terms to vanish due to egs. (7a) and (7b). Accordingly, com-
bining the translational behavior of the integration kernels and validity of the weight-m identity
LM(z, y,x) = 0 gives rise to an identity

m—1

L (z,y,x) = Z Ayoiyj @iy, j(2, X) 1y j @4 (2, ) =0, (14

r=0

of weight m — 1, with the particular fixed choice of coefficients A;
eq. (8).

By the assumption of the induction step, the theorem holds for L= (g, y,x). Therefore, one
concludes that £(z, ¥,Xx) can be written as a linear combination of eqs. (7a) and (7b) for any
weight m > 0. O

iy jo Miyeeeiy j assumed for E(m) in

Notice that the above proof also shows that any linear identity is graded by weight, that is, in
eq. (8) each contribution for a particular weight r € N vanishes individually:

Ail“‘irj wi]"'irj(z’ x)+ Niy i, j wil...irj(z,y) =0. (15)

This is due to the fact that the above theorem is proven inductively modulo lower-weight terms
relying on egs. (7a) and (7b) of particular weight r.

Validity of Proposition 2 has been shown using identities (7) for individual kernels. These
identities will be rewritten in terms of generating functions in egs. (34) and (35).

3 Component forms

In order to show quadratic relations among generating functions for Enriquez’ integration ker-
nels, we will define so-called component forms, which are generating functions for specific
combinations of integration kernels, where certain indices are fixed. This allows for expres-
sions involving contractions of free indices. However, before doing so we briefly introduce the
Hopf algebra structure on the free associative algebra b that will prove to be a useful tool in
what follows.

3.1 Hopf algebra

Component forms are best described as one-forms valued in the tensor algebra of b. The
algebra b has a natural Hopf algebra structure, which allows for systematic investigation of
the component forms. The Hopf algebraic structure of b was already exploited in [27].

Definition 3. A Hopf algebra® by (over a field K) is a bialgebra together with a (unique) anti-
homomorphism map S : h — b called the antipode such that the algebra structure (product

“*Notice that despite using the same letter, objects £ with and without subindices are different.
>See for example [47] for a general introduction.
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u:bh®h — hand unit n : K — b), coalgebra structure (coproduct A : h — h ® h and counit
€ : h = K) and the antipode are all compatible. This means that the coproduct u and counit €
must be algebra homomorphisms and the antipode S satisfies

puo(S®id)oA=puo(id®S)ocA=noe. (16)

For the free associative algebra b defined at the beginning of § 2 and generated by elements
b; with i € {1,...,h}, the canonical Hopf algebra structure has the standard product and unit
maps. The coproduct, counit and antipode acting on the generators of b and the neutral
element are defined as

A(bl):bl®1+1®b17 A(l):1®1, e(bl):O,

eM)=1, Sb)=—b;, S(1)=1. an

These relations are extended to the whole of b by linearity and (anti-)homomorphism property.
In the remainder of the article we will use the coproduct and antipode to construct maps
for generating functions in order to derive several useful formulas and identities.

3.2 First component form

Definition 4. Following the notation in refs. [27, 31], the j-th component K,; of Enriquez’
connection, which is referred to as the first component form, valued in the free associative algebra
b C t, is defined as®

Ky (z,0) = > 0y ;& x) by by, jE€{1,...,h}, (18)

r=0 '
where as before {bi}?zl are the generators of the algebra b.

Comparing with eq. (3), it is clear that Enriquez’ connection is a contraction of the first

component forms K(y; with the letters a;,

K(Z,X):K(b)jaj. (19)

Using quasi-periodicity (4) and residue (5) of the integration kernels within eq. (18), one can
derive the quasi-periodicity and residue of the first component form to be

Ky, (Yi2,x) = " Ky (2, %), (20a)
et —1
Kwy; (2, 71x) = Koy (2, ) + Koy (2, X)———=b;, (20b)
k
(—2mi) E{ZeSK(b)j(z,x) =bj, (200)

where there is no summation over k in eq. (20b) and y; again denotes the operation of moving
along the cycle B;. The details of the calculation are spelled out in Appendix A.1.
As a side note, upon acting with the counit on the first component form, one obtains the
holomorphic differential
€(Kp)j(2,x)) = w;j(2). 2n

SThis notion of first component form has also been considered in [27].
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3.3 Second component form

Definition 5. We define the second component form K )i, valued in the tensor algebra
b®b=10% as

Kook X) = D, @i jprop @) by by @by, oby, juk €L R} (22)

r,s=>0

The notation (b;) and (b,) in eq. (22) explains the position of the corresponding algebra
generators within the tensor product.” In what follows we will enumerate the algebra label in
the first component form too, whenever the position of the generators in a tensor product is
not obvious.

Similar to the first component form above, we can calculate the quasi-periodicity and the
residue of the second component form. We find that® (cf. Appendix A.1)

1@ebi—ebi®l
b
Kon)io e (Y%, %) = €7 K, jco, (2 %) + 835 =Ko, (%, %), (23)
1 1

where there is no summation over i and

(—27i) Res Ky, )j(o,0k(2, X) = 5 (1® 1) (24)

A special case of the second component form is obtained when it is acted upon with the counit
on the second tensor site

Koyji(2: %) = (id ® €) (K(oy)jcop & X)) = €2 (Kioyjcop (& X)) = 2L @i k(@ x) by by, (25)

r=0

where we used the notation for a map m that m, , acts non-trivially only on the sites
P1i,-.-,Pn. Contraction of the special form in eq. (25) over b yields the first component form:

Kp)(2, x) = Kpyjic(2, x)b; . (26)

Quasiperiodicity K);x(y;z, x) for the special form can be easily deduced from eq. (23). The
expression for the quasi-periodicity of the full second component form (22), Ko, yj(6,)x (2, 7i %),
is involved and will not be used in the rest of the article. Instead, we note quasi-periodicity in
the auxiliary variable for the special form

—bi _

Kwyjk (2, 7i%) = Ky je (25 X) + 6 1 K1) (2, x)eb_.l ,

1
where again there is no summation over i. A detailed derivation of the properties in egs. (23),
(24) and (27) is noted in Appendix A.1.

Note, that in principle one could define a k-th component form valued in b®¢. However,
we are not going to consider this possibility here, as the second component form is sufficient
for deriving the Fay-like identities in this article.

(27)

3.4 Hopf algebra operations on component forms

This subsection is dedicated to understanding the additional structures and properties of the
component forms arising from applying various Hopf algebra maps. This will allow us to
construct variations of the component forms, build relations among them and map among
different identities for generating functions.

"The total number of tensor sites is understood from the context.
8The fraction in the second term should be considered as a formal power series as explicitly shown in eq. (A.5).
Rigorously, the component forms are valued in the completion of the algebra t® t by the formal power series.

9
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Antipode. One of the tools necessary for the identities in § 4 will be the antipode map. Since
it is an anti-homomorphism, application of the antipode on a component form effectively re-
verses the order of the indices of the integration kernels in the expansion. For the first and
second component forms one finds

K(se);(z,x) =5 (Kqy;(z,x)) = Z(_l)rwir---il b -+ b, (28a)
r=0
K(so)j(onk (%5 %) =51 (K(o,)j(0,0c(2: X)) = Z (=1)" ;i jpyopyke iy o by, ® by - by, (28b)
r,s=>0
K(o,)i(s6,)k(Z %) 1= S2 (Ko, (o, (25 X)) = Z (=1) @i, i, jp,pyke Diy = by, ® by ==+ by, . (280)
r,s=>0

Coproduct. Another useful set of results comes from applying the coproduct on the compo-
nent forms. By explicitly evaluating the coproduct of the first component form eq. (18), one
finds
Kap,)i(# %) = A (K (2, %)) = > ;i j(2,0) Aby) -+ Aby)
r=0

= Z (i) i wipy opy)j (2> X) by - by @by, -o- by,

r,s=>0

(29)

where L denotes the shuffle product.” Here we used the subscript for the label (Ab) in order
to denote the position of the generators in a tensor product after application of the coproduct.
Acting with the coproduct A on either of the tensor sites in eq. (22) yields

K(ab,)j(6,)c(Z: X) 1= Aq (K(o)j(o,0k (25 X))
= D O(ipwjyri)iprpik biy by, ®bj by @by by, (30a)

r,s,[>0
K(o,)i(Ab,0k (%5 X) 7= Do (K(o,)j0,) (25 X))
= D Wi j(Gyriaiprpk biy by, ® b by @by by . (30b)

1,s,[=>0

The resulting forms live in the triple tensor product 6®3. When exploring quadratic identities
in § 4.2 below, we will have to consider the double product p®2 only, to which the above forms
can be mapped to by applying the product map u to any two of the three tensor sites.
Quasi-periodicities and residues for the above objects can be deduced from linearity of the
coproduct. An example containing a similar calculation is shown in Appendix A.1.

Product and permutation. Application of the permutation operator P,, and the product
operator ,, is evident: the former permutes tensor sites p and g, while the latter concate-
nates the generators at sites p and q (only for neighboring sites ¢ =p + 1). The notation with
enumerated algebra labels (b;) allows to define

K(o,)jcok = P12 K(oy)j(o,)k » 31

Kopitok = Ha2Ko,)jo,)k -
Notice a possible ambiguity: despite yielding different results, the action of u;5 and ;5 0 P15
cannot be distinguished with this notation. Throughout this article the concatenation of alge-
bra generators will be assumed to be in the order, in which the corresponding algebra labels
appear.

The shuffle of two ordered sets P and Q is obtained by selecting from Perm(P N Q) those permutations, which
keep the individual orderings of the sets P and Q intact. If P and Q are index sets, a summation over the objects
indexed by the shuffles is implied.
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Contractions of component forms. We have already seen in eq. (26) that the second com-
ponent form is related to the first component form upon acting with the counit and contracting
the first free index j with a corresponding algebra generator b;. Combining the coproduct map
together with contractions gives rise to more interesting results, summarized in the following
proposition.

Proposition 6. The following contraction identities for the first and second component forms
hold:'°

Kbk (2, %) — Ko )k (2, X) = K(ap,,)j6, )k (2, X)(1 ® b;), (32a)
K(ap,,)k(25 X) — Ko (2, x) = (1@ bj)K(p,)jca0,,)k(Z5 X)) 5 (32b)
Ko, y(2, %) = Ky, (2, %) = (1. bj)K(p,)j(6,)x (2, X) = K)o,k (2, (b ® 1), (320)

where in each line there is an implicit summation over the repeated index j.

Proof. By direct calculation, one can prove identity (32a):

h r
Kao,)itonk @ X)A® b)) = D > " 0 eiispywop iy (B X) by -+ by @by -+ by, by

j=1rs=01=0

r
= Z Z w(il"'ilwpl“'Ps)PHliHl"‘irk(z’ X) bil T bir ® bPl e st st+1

r,s=>0 [=0

= Z w(il"'irUJPl"'PsPs+1)k(z’ X) bil T bir ® bPl e st st+1

r,s=>0

= : :w(il“‘irUJPl"‘Ps)k(Z’x) bil o bir ® bPl " ® st
r=0
s=1

= Kap,)k (2 X) — Ko, i (2, %), (33)

where we have used the definition (22) together with eq. (30a) in the first line, relabeled j — p,,,
in the second line, got rid of the sum over [ by absorbing all indices in the shuffle-product in the
third line and relabeled s — s + 1 in the fourth line. Finally, we used eq. (29) together with the
definition (18) in the last line.

In a completely analogous way one can proof the contraction identities (32b) and (32c). O

The identities (32) can be reformulated in terms of identities of Hopf algebra maps. While
we refrain from showing them explicitly, since it is not very enlightening, this implies that the
relations are merely consequences of combinatorics and not features of the component forms.
In particular, these identities do not yield any interesting identities among the integration
kernels. However, they will turn out to be useful tools for simplifying complicated expressions
as for example eq. (88) when showing that eq. (46) reduces to the Fay identity at genus one.

For completing this technical section, let us note the echo of relations (7) for the integration
kernels in terms of component forms. We find

Koyjk(z,x) = Kyje(2,y), for j#k, (34a)
— Koyt (2,5 oge = Koo (2 1) jr; = Keoprro (& V)| (34b)

Kiwyjy (%))

=] =i

for the component forms. Egs. (34a),(34b) and (26) also imply the relation

Kooy (v, 2) — Koy (7, %) = Koy (v, 2) — Koy (7, X)) bz//. E forl €{1,...,h}. (35)

"=l'=

10Using the notation (31) the r.h.s. of eq. (32a) is abbreviated as

U1z © Pos (K(Ablz)j(bs)k(z’ x)) = Uiz (K(Abls)j(bz)k(z’x)) = Kap,,)j(ok (2 %)
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Tracing the above relations back to the corresponding kernel relations (7) follows immediately
when performing an expansion order by order.

4 Identities for component forms

Employing the definitions and properties of the component forms introduced in § 3, we can
now explore the space of possible identities. Linear 3-point identities have been shown to
be trivially related to the kernel identities in egs. (34) and (35). After stating a differential
2-point identity in § 4.1, we are going to consider quadratic 3-point identities for component
forms in §4.2. In § 5, we discuss the corresponding identities once expanded into integration
kernels. The quadratic 3-point identities will be shown to qualify as valid generalizations of
the genus-one Fay identities in § 6.

4.1 Differential 2-point identities

The first component form in Definition 4 takes values in the algebra b. As visible in eq. (18),
the associated kernels are one-forms in the first variable and ordinary functions in the second
variable. Consequently, one can apply the exterior derivative to the second variable of the
first component form. Using the results from ref. [26, Lemma 8], one finds for the integration
kernels

dyw; i i(z,x) = (=1)d;0; _; ji(x,2), (36)
which has already been reported in [45, Corollary 9.5]. Written in terms of component forms
dXK(b)jk(ZJX) = dZK(Sb)jk(xJZ)J (37)

it constitutes a neat example for the interplay between the two different notions of component
forms. The above identity will be put to use in particular in § 7, where identities among higher-
genus polylogarithms are considered.

4.2 Quadratic 3-point identities

In this subsection, we are going to identify quadratic combinations of component forms that
depend on three points on the manifold, Q(z,y,x) € b ® b. These expressions will be one-
forms in each of z and y, and functions in x. Provided that Q vanishes for any combination
of z,y,x € %, and expanding Q in the generators of b ® b, one finds

0=9(z,y,x)= Z Kiyoi, pyop, (25 Y5 X) by ++- by ® Dby ++-bp (38a)
r,s=>0
OEKil---i,,p1~~~p5(2,.)’:x), Vi]}""iraply"')psG{]-,"')h}: (38b)

where the coefficients k are quadratic combinations of integration kernels from Enriquez’ con-
nection in eq. (3).

4.2.1 Index swapping identities

Starting from relations eq. (34) and eq. (35), one can derive so-called index-swapping iden-
tities relating first and second component forms. These identities will be used extensively
throughout the later sections.

Lemma 7. Let k,I € {1,...,h} and consider the expression
Ria (2,5, %) = Ko 3) (K05 2) = Ko 350 = 8 3K (0:2) + S K 0)| - (39)

Then Ry, (2, y,x) = 0 for all pairwise distinct points z,y,x € 2.

12
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Proof. We start with the expression K, (2, x) [K(bz)jk(y,z)—K(,,Z)jk(y,x)J and use eq. (34a) to
conclude that

Kio,)5 (%5 ) [K(o,)6 (5> 2) = Ko i (05 )] = Ko, 125 D8 1 [ Ko, yem (75 2) = K e (35 X) ] | - (40)

m=

As a next step, we use eq. (34b) to arrive at

Kio,) (%5 ) [K(o,)6 (5, 2) = Ko i (05 )] = Ko, )12 )8 1 [ Ko, im (35 2) = K yim (35 ) ] ) !’ S

which immediately yields R;(z, y,x) = 0. |

We will also need a similar index swapping identity for component forms involving the co-
product.

Lemma 8. Let k € {1,...,h} and define
Ri(z,y,x) =(Ko,);(¥>2) — Kp,); (s X)) Koy jcan,)k (25 X)
— (Ko,)jx (0:2) = Ko, (7> X)) (K a6, (7 X) = K (2, X)) -
Then Ry (2, y,x) = 0 for all pairwise distinct z,y,x € %.

(42)

Proof. We can apply egs. (34b) and (35) to obtain

I:K(bz)j(y’z) — Ko, (s x):IK(bl)j(Abu)k(Z; x)

= I:K(hz)ll’(y’z) _K(hz)ll’(.)’ax)“l/:l(l ® b;)K(6,)jcan,)k (2 X)), (43)
forany ! € {1,...,h}. On the other hand, we can use eq. (34a) and eq. (34b) to conclude

I:K(bz)jk(y:z) — Ko,k (¥, x):II:K(Ablz)j(Z: x) —Kpi (2, X)]

= I:K(bz)ll’(y,z) — Koy (s X)] |z'=z [K(Abu)k(Z, x) — Ko, (2, X)] .44

Subtracting the above two equations from each other yields

Rk(Z,J’: X)

= I:K(bz)w()’,z) _K(bz)ll’(.y:x)]‘l/:l[(]- ® b))K(o,)j(a0,,)k(Z X) — (Kiap, )k (Z X) — Kgp, (2, X)) ], (45)

where we conclude that the r.h.s. does indeed vanish by means of the contraction identity (32b),
which completes the proof. m|

Notice that these identities are trivial in the sense that they follow directly from the proper-
ties (34) and (35). However, the form derived here will prove very useful for transforming
identities in later sections.

4.2.2 The quadratic Fay-like identity

In this section, we state and prove a quadratic 3-point identity among the component forms.
We call these identities Fay-like, which is supported by the fact that we show in § 6 that this
identity reduces to the well-known Fay identity for the elliptic Kronecker function upon restric-
tion to genus one. However, in contrast to the elliptic case, it is currently not clear if and how
this generalized Fay-like identity may connect to the Fay trisecant equation for higher-genus
theta functions [10,11].

Theorem 9 (Fay-like identity). Let k,I[,m € {1,...,h} and Ky);j(2,x), K )jo,)k(2,x) be the
first and second component form as in Definitions 4 and 5, respectively. Define

lem(Z; Y X) = qklm(z, Y X) + PIZ(qkml(.y: z, X)) 5 (46)
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where

Tam (25 ¥, %) =[ Ko, 312, x) — Ko, 31 (2, ) Ko, e (7, X)(1 ® byy)
— K6,)i(25 Y )K(6,)j(26,,)k (V> X)(b; ® by, .
Then Qim(2,y,x) = 0 for all pairwise distinct points z,y,x € 2.

(47)

Proof. The first step of the proof is to study the analytical behavior of Qy;,,. In Appendix A.2, we
show explicitly that we have

lem(}/iz:y;X)z(ebi ®1)lem(z1y:x): lem(z:}’i}/:x)=(1®ebi)lem(z:y7x); (48)

and that the combination of terms is holomorphic in the variables z, y and x.
Suppose we integrate with respect to the variable z, defining a one-form 9,;,,(2, y, x),

zZ

Qm(2, ¥, x) ZJ Qum(z’,y,x), (49

—,
2'=2,

where 2, is an arbitrary fixed point on the surface, and the integral is homotopy-invariant since
Opim is holomorphic in z. Fixing arbitrary z and x, we can interpret £;,,(2, ¥, x) as a holomorphic
one-form satisfying

lem(Z’Yiy:x) = (1 ®ebi)ﬂklm(z’y)x)- (50)
The quasi-periodicity and (vanishing) residue of €;,,, are similar to the conditions that had uniquely
determined Enriquez’ connection in eq. (2). Indeed, as detailed in Appendix A.3, the strat-
egy used to uniquely identifiy Enriquez’ connection also allows us allow us to uniquely identify
Qum(z,¥,x)=0.
We can reverse the integration in eq. (49) by taking an exterior derivative, finding

lem(z’y’x)zdz(ﬂklm(zay:x))EO' (51)

4.2.3 Identities for z-reduction

In the process of rewriting scattering amplitudes and other observables in the language of poly-
logarithms formally defined in eq. (6), one frequently faces the situation that an integration
variable will occur multiple times as argument of two integration kernels, for example:

w;, i, (2, X)wp, . (¥, 2). (52)

In order to (at least formally) perform the next integration, one will have to rewrite the product
of the two kernels as

W;, i, (2, X) 0y . (¥,2) = Z Aii...i;,p;...p;col-i...l-;/ (z,x) wpi...pg(y, x)
rs’ (53)

+T)i;...i;,p;...péa)i;...i;/ (Z, x) wp;...p; (_)/, Z) ,

with some constant coefficients A... and 7... contracted with the terms on the r.h.s., with an im-
plicit dependence on the indices i; - - - i, p1 - - - ps. This process has been referred to as “remov-
ing repeated occurrences of z” [4] and — more recently — “z-reduction” in [45]. In a genus-one
context the Fay identities were sufficient to z-reduce all occurring expressions. Similarly, we
will employ the Fay-like identities from Theorem 9 to perform this task for the kernels derived
from Enriquez connection at higher genera.

We are going to rewrite identity eq. (46) from Theorem 9 in order to isolate a single term
with repeated dependence on the argument z. In particular, this means that we want to col-
lapse the last line of eq. (46) into a single term. To achieve this, we apply the index swapping
identities from §4.2.1.
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Once the term with repeated z-dependence has been isolated, we can perform a relabeling
of the b-alphabet in order to arrive at an equivalent identity, which exactly matches the identity
stated in [45, Conjecture 9.7] upon expansion into kernels. The result in this section therefore
proves this conjecture and emphasizes the benefits of the formalism developed in this article.

Isolating repeated z-dependence. Notice, that the Fay-like identity (46) can be factorized
by means of eq. (34b) and eq. (35) to yield an identity with a factor b; ® b,,

Q2> 3>3) = ([ (Ko, yppr (2 ) = Ky (2, ¥))] .p,:pK(bz)k(%x)

+ [ (K(o)99' (7> ¥) = Ko,y (- 2)) ] ‘q/qu(bl)k(& x) (54)
= K(oy)5 (3 Y K o0,k (0 ) = K (0 2K e o0k ) ) (by @ b,

for arbitrary p,q € {1,...,h}. Applying now the index swapping identities (39) and (42) leads
to an expression with a single isolated term with repeated z-dependence (see Appendix A.4
for more details of the derivation)

(2, y,x) = ( [ Ko,k (> ) — Ko,k (¥, 2) | K b (25 %)
+ [ Ko, )5 (25 ) — Ko )k (2 ) | Ko, (> %)
— Ko, (75 3K o000 X)) = K35 VI Koy)jaon, k(72 X) )by © byn)
=:Zi(z,y,x)(b; ® b,,) . (55)

An equivalent identity. In the following, we would like to rewrite identity (55) to allow us
to directly match — upon expansion — against the identity in ref. [45, Conjecture 9.7]. The
rewriting shall be implemented by defining a map Z to be applied to eq. (55). In order to con-
struct the mapping, it should be noted that transformations of algebra generators do not affect
which arguments a generating function uses. Given that both identities have precisely one
term with repeated z-dependence, it should be possible to construct the map from demanding
they are mapped onto each other.

Accordingly, we want to transform the algebra generators such that the mapping

Ko,k (55 2)K( a0, (25 X) = K6,)j (2, X)K(50,)jx (V%) » (56)

is realized for the term with repeated z-dependence, which can be achieved employing the
Hopf algebra structure.

The notation in eq. (56) already suggests that the transformation should somehow corre-
spond to first applying the antipode to the second tensor site and applying the coproduct to
the first site in a second step. The application of the antipode is motivated by the fact that the
first and second component forms should swap upon application of the transformation (56)
and also by the appearance of the antipode in the final expression. The application of the
coproduct is suggested by the requirement to remove the coproduct from the final expression.
We now want to formally define a map that realizes the transformation (56).

Definition 10. We define the map = : b®2 — 6®2 as the combination
HE=Uy30A;0S5;, (57)

where the subscripts as usual indicate the tensor sites on which the maps are applied.
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As shown in Appendix A.4, the map E exactly realizes the desired transformation (56).
Applying the map E to the quantity Z; defined in eq. (55), we obtain

Ti(2,y,x) =20 Ii(z, ¥, x),
= [K(s6,)jk (¥ ) = K5, (,2) | Ko, ) (2, X)
+ [K(ab,)jk (2 X) = Keap,)ik(Z ¥) [ Kise,)i (7, X)
— K(ab,,)j(0)k (2> XK (56,); (V> X) = K(ab,,)(Z5 Y IK(56,)j(0, )k (F5 X)) -

(58)

While eq. (58) is already in beautiful shape for removing double occurrences of z, let us rewrite
the identity one last time by removing contractions of indices in the first line by using eqs. (34a)
and (34b):

Ti(z,y,x) = [K(sz)pp’(y’ x) _K(sz)pp’(y’z)] ‘p/:pK(bl)k(Z’ x)
+ [K(ao,,)jk (@ 1) = Keap,)jk (@ ¥) ] Kise,)i (7, x)
— K(ab,,)j 0k (2> X)K(55,); (7> X) — K(ab,,)i(Z5 Y )K(sb,)j6,)k (5 X 5

(59)

where the above identity is valid for any values of p = 1,...,h. Using the eq. (59), we will
straightforwardly be able to extract kernel identities in the next section.

5 Identities for integration kernels

The identities formulated in the previous subsection in terms of component forms provide a
convenient way of obtaining relations among the integration kernels for higher-genus poly-
logarithms: they just need to be expanded in algebra generators. In this section, we aim to
make this explicit and thereby state a collection of useful identities among integration kernels,
which can then be used to derive functional relations among higher-genus polylogarithms in
§7.

Let us expand eq. (59) into component forms. While the explicit calculation is per-
formed in Appendix A.4, the resulting identity arising as coefficient corresponding to a word
(=1)°b;, -+~ b; ® by, -+~ by, reads

Wiy k(25 X) @pp ppr (F,2)

vp Wiy (25 X) Wpyp ppr (V5 X) p'=p

S

r—1
=2 D2 DO i i ik (8 X) @p o (%)
l:O m=0
S

= DD iy )k (5 V) @y (7,

m=0
r S
= D D O )15 Y) @poap i i %)
=0 m=0
= Ui1~~~irk,p1~~~psp(za J”x)> (60)

and is valid for each set of indices (iy,...,i,,k,P1,...,Ps,p) € {1,...,h} 2. In the above
equation, Uj, ...; k p,...p,p(%, ¥, x) denotes the collection of all z-reduced terms.

Notice that eq. (60) matches the identity stated in ref. [45, Conjecture 9.7] upon appli-
cation of the expanded index swapping identity from Lemma 7 and absorption of the index
j into the shuffle product in the second line. Furthermore, the interchange lemmas from
ref. [45, Theorem 9.2, Corollary 9.3] can be shown to be equivalent to eq. (60) in the special
case of r = 0 by virtue of Lemma 7 and some combinatorics.
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5.1 Uniqueness of identities for kernels

In this subsection we prove that the Fay-like identity (46) is the unique quadratic identity up
to linear combinations of the trivial linear identities (34a) and (34b). Following the strategy
from § 2.1, we prove this statement using expansions of the component forms in eq. (46) into
integration kernels. It is currently unsettled, whether the uniqueness statement can be lifted to
a statement on identities among generating functions consistently. The uniqueness statement
implies that the collection of conjectures in [45] is complete.

Proving uniqueness proceeds in two steps: we first notice that relation eq. (60) together
with the linear identity (7a) allows to find a z-reduced expression for any quadratic combi-
nation of the integration kernels with repeated z-dependence. Afterwards, this fact can be
combined with the following lemma to deduce the uniqueness in Theorem 12 below.

Lemma 11 (Uniqueness of z-reduced quadratic identities). Any z-reduced 3-point quadratic
identity holds by means of the trivial linear equations (7a) and (7b). Moreover, it does so sepa-
rately for each weight implying a weight-grading of z-reduced quadratic identities.

Proof. Consider an arbitrary z-reduced quadratic identity of highest weight m,
m m—r
I(m)(Z,)’, x)= Z Z[Ailu-i,i,plmp,p wi1~~~i,i(2, x)+ Niyipi,pypsp wi1~-~iri(z’ ¥)] wplmpsp(y: x)=0, (61)
r=0 s=0
whose  vanishing is achieved by a particular fixed choice of coefficients
Aiyeiispyepops Miyiyipy-pp € C. We will show that each term in the sum of eq. (61) vanishes
due to the trivial linear identities (7) by induction.
Induction start: we will show that the terms with r = m in eq. (61) vanish trivially. Similar to the
linear case (cf. eq. (9)), we define a family of lower weight identities by iteratively applying the
quasi-periodicity rule first in z and then in y.

—k,0 . —k+1,0 —k+1,0
Ii(lr?-ik )(z7y: X) = Il'(lrﬁ.ik_-: )(Yik27)/: x)_Ii(lr.rT.ik_-: )(27.)/: X) = 0) (623)
—k—1,1 . —k—1+1,1-1 —k—1+1,1-1
L0, y,x) = T Gy ) =TT,y ) =0, (62b)

for arbitrary choices of k,I > 0 subjectto 1 < k+1 < m and iy,...,i4; € {1,...,h} and with the
identification Z(™® := Z(™_ Notice that Ii(l'ﬁf;l’l)(z, ¥, x) indeed has lower weight as the highest
weight terms are canceled out.

At first, let us consider Il.(figz (z,y,x), where only the quasi-periodicity in z is used m times. Since
the quasi-periodicity in z only affects the terms in square brackets in eq. (61), when we apply the
quasi-periodicity m times, the non-zero contribution will only come from the term with r = m and
s = 0 in eq. (61), because application of quasi-periodicity in z m times will kill m first indices in

a)il...iri(z, -). Therefore, it is easy to calculate
00 (2,5,5) = [ Ay iip @1 E) + Mty iip 0:(2)] 0, (1) =0, (63)

which directly implies

A‘il“'imi,p + ni1“‘imi,P =0. (64)
Now, we consider the identity Ii(ll_jg) . (2, y,x), where z quasi-periodicity is applied (m—1) times. The
non-trivial contribution to Ii(ll_f)i) B (z,y,x) will come from the terms r = m,m—1ands =0,...,m—r
in eq. (61). Evidently, the contribution from r = m — 1 terms will be holomorphic, because appli-
cation of quasi-periodicity in z (m—1) times will kill all but one index in w; ..; ;(2,). Therefore, it
is easy to verify that

T (25, 0) = [Aipeiip @400 %) 04y i 03,02, ¥)] @, (y) + [regular inz] = 0. (65)
Taking residues at 2 = x or z = y allows us to isolate terms with A and 7 _, resulting in the
relations

55311-(;?%4 (2, x)=0 = A i, yiip =0, (66a)
1;5;1;(11’21171 (Z, y,x) =0 = nil“‘im_lii,P =0. (66b)
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Equations (64) and (66) together with the trivial linear identities (7) now yield

[Ail---imi,p wil"'imi(z’ X) + nil-uimi,p wil---imi(z7 J/)] wp (}’)
= Ailu-imi,p[wil---imi(zy x)— wil---imi(z: )] w, ) (67)

= }"irnii,p[wilmkk’(z’ x)— wiln-kk’(z; ¥)] ek wp(J’) =0

for some fixed 1 < k < h. We have therefore shown that the r = m term in eq. (61) indeed trivially
vanishes, thus concluding the induction start.

Induction step: assume that all terms with r > m —k in eq. (61) trivially vanish, so that it can be
written as

m—k m—r

Z(m)(zay,x): [A’l] “i.1,p1°PsP l] ll(Z X)+T)1] i.1,ppe pspwl] ll(z y)]wp] p(p(y,x)_ . (68)
r=0 s=0

Now, we would like to show that the terms with r = m — k vanish trivially too.
To begin with, we consider the identity 7, ‘(1’(:2) . (2,y,x). Similarly to the argumentation at the induc-
tion start, the non-trivial contribution after applying z quasi-periodicity (m—k) times comes from

the terms with r = m —k, leading to

k
(z,y,x) = Z [Air“imi,plmpsp @i(2) + Moy pypip wi(z)] Wp,pp(¥,X) = 0. (69)

s=0

(k 0)
11 Tm—k

Now we can apply the y quasi-periodicity k times, which eliminates all terms in eq. (69) with s < k
leading to

(0,k)

i1+ P

p (2> X) = (Rt iiprpep @iE) + Mty @) ] @05 (1)
—t A O.

(70)

i1+l L,P1""PkP + nll Ik 1,P1°*PkP
Inserting this relation back into eq. (69) eliminates the terms with s = k and we can now take the
y quasi-periodicity (k—1) times and repeat the argument. Therefore, we conclude that

Aty ipropep T Mgty gioprpep = 05 7D

foralls=1,...,k.

As at the induction start, let us now consider the application of z quasi-periodicity (m—k—1) times.
The non-trivial non-holomorphic contribution will come from the terms with r = m—k in eq. (68),
thus allowing us to calculate

(k+1,0) _
Z . (3y,x) _Z [Air-im_ki,pl---psp Wi, (2 X) + Miyiy ipropip wim—ki(z’y)] Wp,p,p(¥5 )
s=0

+ [regular inz] =0. (72)

Now we can take residue of eq. (72) at 2 = y or z = x, that gives us

k+1,0
ResIl(1 +lm ) (2,y,x) = Z Aiyoiy o siiprpp @prpp (Vs X) =0, (73a)
s=0
k+1,0
ReSIl(l +l k) (z,y,x)= Z nil'“imfkflii:Pr"PsPwPr"PSP(-y’x) =0. (73b)
s=0

The rh.s. of eq. (73) is a one-form in y and we can take quasi-periodicity k times in or-
der to eliminate all terms in the sums of eq. (73) but those with s = k. This gives us that
.Alil'“im—'k—liixpl'"Pkp = iy iy yiiopypep = 0 and we can insert this result back to eq. (73). Repeat-
ing this argument k times allows us to conclude that

Aty saiiprpp = My gaiiprpp = 0 74)
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foralls=1,...,k.
Using the results (70) and (74) allows us to show that for r = m —k and each s =0,...,k we have

[ty tyiioproopep @i i (Z X) F Mo ipypep @iy i (25 Y] 0 p (¥, X)

= Adytyyioproppl @iy i (B X) = @1 i(2,Y)] @) 5 (5 )

(75)
= )'il-"im_k_lii,p[wil---im_k_lkk’ (z,x)— Wi i kK (2,¥)] ek wplmpsp(y’ x)
=0,
by means of the trivial identities (7). This concludes the proof. O

The above lemma proves that no non-trivial identities among z-reduced terms exist (of which
weight grading is an immediate consequence). This allows us to conclude that the Fay-like
identity (46) expanded into kernels is the unique quadratic 3-point identity:

Theorem 12 (Uniqueness of the Fay-like identity). Any quadratic 3-point identity among the
integration kernels is equivalent to a linear combination of the Fay-like identity (60) and the
trivial linear identities (7a) and (7b), meaning that the Fay-like identity (46) is unique modulo
the trivial linear identities.

Proof. Let Z(z,y,x) = 0 be an arbitrary 3-point identity among integration kernels such that
Z(z,y,x) is a 1-form in 2, y and a function in x. We begin by grouping the terms in Z(z, y,x) =0
such that

m m—r

I(2,,X) =06 DV iiprpip Oioiyi (B X) 0y o (7,2) = Z(2, 7, %), (76)

r=0 s=0

where Z(z,y, x) is a placeholder function that collects all z-reduced terms, m is the weight of the
highest-weight term, and v; ...; ; 5 .., , € C are arbitrary coefficients defined by the original identity.
Using eq. (7a) for p, # p and eq. (60) for p; = p to simplify the r.h.s., one finds

m m—r
Z vll l lpl psp ll l l(Z x) wpl pp(y;z)
r=0 s=0
m m-—r
Z Vi iy opop @iy, i (2 X) @pp p (Y x)] ‘ 4 (77)
r=0 s:O P7Ps
+[ Viyeod,ipypop Uiy i propyap (B Y x)] )p_p
= ZF(Z,_)/,X)’

where Zi(z, y, x) is a placeholder function that collects the z-reduced terms coming from the trivial
and Fay-like identity. Then, the difference Z(z,y,x) — Zg(2,y,x) = 0 is a z-reduced quadratic
identity, which holds by means of the trivial linear equations (7a) and (7b) as a result of Lemma 11.
Thus, we recognize that the identity Z(z, y, x) = 0 is equivalent to a linear combination of egs. (7a),
(7b), and (60) as desired. O

As a final remark, the identity given in ref. [45, Conjecture 9.6], which superficially depends on
arbitrary many points on the Riemann surface, can be reduced to the proven identity eq. (60).
One has to notice that the dependence on the points a; and b; can be eliminated by means of
the linear relations egs. (7). Then the identity only depends on three points and Theorem 12
can be applied.
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6 Comparison to generating functions at genus one

Enriquez’ generating function eq. (3) is the unique solution to two conditions: while the pole
structure (with corresponding residues) is fixed by the (analytic) condition (2b), its periodici-
ties are constrained algebraically through (2a). When constructing Fay-like identities as above,
residues at the poles have to add to zero and periodicities have to match.

The full range of analytic and non-abelian algebraic structures can only be implemented for
genus two and higher. In this section we are going to explore what remains from the analytic
and algebraic structures when constructing Fay-like identities at genera zero and one.

6.1 Echo of the formalism at genus zero

At genus zero, there are no non-trivial cycles on the Riemann sphere. As all generators of the
algebra correspond to “moving around a cycle of the Riemann surface”, there are no generators
and the algebra is trivial. Accordingly, there are no algebraic (quasi-periodicity) conditions
which have to be matched for Fay-like identities at genus zero. The situation is different for
matching the poles: despite having no cycles and therefore no integration kernels with a single
simple pole, e.g. no one-form in the sense of eq. (3), the closest one gets is with kernels

dz
2
z—a
that have simple poles at z = a, 00 on the Riemann sphere. As a result, there does not exist
a direct relationship wherein Enriquez’ connection and the corresponding quadratic identi-
ties are reduced to genus zero. Nevertheless, the pole-matching pattern is met by the partial
fraction identity

(78)

dz dy dz dy dz dy

- =0. (79)
Z—XYy—X Z—YYy—X Z—XY—2

The cycle structure at genus one can be mathematically realized by averaging over the genus-
zero kernels in eq. (78). One efficient way of performing the average is to use the Schottky
parametrization and has been discussed in [31, Eqn. (5.22)]. A similar approach expressing
genus-one polylogarithms in terms of genus-zero differentials has been discussed in [9].

6.2 Genus one

As discussed in § 2, the algebra b used in Proposition 1 will be abelian, that is there is just a
single pair of generators a = a; and b = b;. The meromorphic and quasi-periodic generating
function for integration kernels at genus one is the Kronecker function [9],

F(E—y,0)= Y, gM(E—y)am, (80)

m=0

where u is the Abel map, £ = u(z) and y = u(x) are the images of points z and x on the univer-
sal cover, and a is the chosen power-counting variable. To compare to Enriquez’ connection,
we can identify the Kronecker form*!

S(e)(z,x) = F(u(z) — u(x),~b; /2ni)dz, (81)
which can be shown to satisfy

Swy(r12,x) = e18(z,x), ResSpy(z,x) = 1. (82)
Zz=X

"The convention for the power-counting variables for the Kronecker function and Enriquez’ connection differ
by a factor of (—27i). Furthermore, we use the calligraphic S instead of S as done in [31] to avoid confusion with
the antipode.
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One can immediately use the conditions satisfied by Enriquez’ connection eq. (2) and the first
component form eq. (20a) at genus one to show

1
27

1
K(z,x)'h:1 = Swy(z,x)bqay, K(b)l(z,x)'h:1 ——2—7ﬁ8(b)(z,x)b1, (83)

implying

1 o0
S(b)(zsx):_ﬁZ(l)l...l(Z,X)b;n. (84)

m=0 M

m times

Corollary 13. The quadratic Fay-like identity for the component forms eq. (46),

0 =[Ks (2, %) — Ko 31z ¥) | Kok (7, X)(1 ® b,)
+ [K(bz)m(y: x) —K(bz)m(y,Z)]K(bl)k(Z, x)(b;®1)
— (Ko, Y YKo, i00015 )k (7 X) + K, (7, 2)K 6,020, 0k (25 X)) (B ® b)), (85)

reduces to the Fay identity for the Kronecker function at genus one,
0=F(E—2,A)F(E—y,d)~FE~EF(E~y,a+@)—F(E—y,a+@F(E—E,a), (86)

for points &,&, x on the universal cover and with formal identification a = —(b; ® 1)/(27),
a=—(1®b;)/(2ri).

Proof. Setting u(z)=¢&,u(y)=E& u(x)=y, and multiplying the Fay identity (86) by
(b, ® by)A(b,)dzdy, we find that it is equivalent to the Fay identity for the Kronecker form
0= (S(b)(z:x)bl ® S(b)(y;x)bﬂA(bﬂ
= (Sey(2, ¥)b1 ® 1)S(a,,) (> x)A(D1)(1 ® by ) (87)
— Sa6,,) (7 x)A(D)(1 ® Sy (¥, 2)b1)(b, ® 1),
by using eq. (81). On the other hand, one can see that

0 = Kp,1(2, X)K(5,)1 (¥, x)(1 ® by) + K, 1 (2, X)K(p,1 (¥, x) (b1 ® 1)
— Ko 1 (2, Y[ Ko, (¥, X) + Ko, )1000,,)1 (V> X)(b7 ® 1)](1 ® b) (88)
— Ko, (7, 2)[K(p,)1(25 X) + K y1000,,1 (2, X)(1 ® by)](b; ® 1),
by directly setting all indices to 1 in eq. (46). Using the contraction identity eq. (32a) (recall that
at h =1 algebra b is abelian) we find
0= Kp,1(2, X)Kp,11 (¥, x)(1® by + b; ®1)
= Kp,)1(25 Y )K (26,1 (v, x)(1 ® by) (89)
—Kap,)1 (2, X)K(p,)1(¥,2)(b; ® 1).
This precisely matches the Fay identity for the Kronecker form (87) by eq. (83) (up to a factor

—1/2xi) and thus shows that eq. (46) reduces to the Fay identity for the Kronecker function (86).
O

7 Application to polylogarithms

Relations among integration kernels of linear, derivative, and quadratic type as in egs. (7),
(36) and (60), respectively, can be used to derive functional relations among higher-genus
polylogarithms defined in eq. (6). While ref. [45] explored some relations involving Fay-like
identities recently, we will consider relations that can involve the appearance of special values,
i.e. multiple zeta values here. In the future, these relations can be used to derive identities
among higher-genus multiple zeta values.
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7.1 Removing z from the labels

If we have a higher-genus polylogarithm of the form I'(...7...; z), where the argument z of the
polylogarithm also appears as a label for the pole locations, it can be desired to remove z
from the labels. This was already done in the elliptic case [5, Sec. 2.2.2], yielding a functional
relation where on the rh.s. there is an elliptic polylogarithm where 2z is also a label, while
on the Lh.s. only elliptic polylogarithms without z as a label appear and we furthermore can
have genus-zero multiple zeta values (MZVs). The same technique can also be applied in the
higher-genus case to remove z from the label by using quadratic identities for the kernels.

One obvious question then is whether elliptic zeta values appear appear in these higher-
genus polylogarithmic relations, or only MZVs. As we will answer below, the identities will
only involve genus-zero MZVs but no elliptic or higher-genus special values.

For the derivation of these functional relations, we start off with a higher-genus polyloga-
rithm

f‘(inp-"inm’ (i1, iy, o eening 'z) i (90)

X715 oo Xp—15 Z, X4l oo Xk ’

that has the argument z also a label for a pole (at a position £ € {1,...,k}). We are particularly

interested in the case p = g, since if the two last indices of a kernel do not equal each other,

it is independent of the second variable (see eq. (7a), so if p # g, the variable z in the label

of the kernel is irrelevant. Example 15 will look at one of these trivial examples with p # q,

while in Example 14 a more interesting non-trivial identity for the case p = q will be shown.
Following the derivations for the elliptic case from [5], we start off by writing

2z
(oo i) b ) = f at (Z £ (o G i )
0

X1y e Xp—1, 2, Xpg1 oom Xk 2 d X1y e Xp—1, to, Xo41 - 5 X’
to=%o
:dfO
+ lim F(lnl’ "1"8 't (i1+i,pq), ln[Jrl, -:lnk t) , (91)
t—2 X1 oo Xp—15 t, X415 - Xk

and investigate the two appearing terms separately:

Derivative term. Taking the derivative w.r.t. ¢, of the higher-genus polylogarithm inside the
integral with 1 < £ < k yields

z
d f‘(lnl,..,lnH, (i1-Pq) oy ot )
to X15 05 X1, Lo Xgt15 - st 0
t

0=%o
z
- (i1i-pq), 1 -
= w; tn. X 1"( ny o ng_ys r ngyp ooy it
f (0’ 1) Xg5 ey X1 to Xyt on Xp 70
to=2g

-1
J f o, (t5,%)) f 4y, @, pales ) F (st
to=2o tj=2o =z~

(=1)7dy, @y iy pg toste)

z
(PL) N S | (iyi,pq), i i
= : 2o g (1T 41" ”k
f wlnl(t0>x1)r(x2 X ! to)
t

to X1 wo»
0=%p

L
+(—1)rf ( J wj; (t]’x ))J |:dtl( 1 llpq(tO: t[)r(;fﬂ’ - le tl))
to=20 t;=2 te=z,
in ,...,in .
ipaltorte) 4 T (Bl e ]

nk[)
o g

Wip, (te, XHl)r( "”2
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44
_ & ((ngoing_pp (i PQ), iny, oo
—J winl(to’xl)l—‘(xi..., 1 1 ",to)
t,

Xe-1 to Xg41 o0 Xk
0=%0
z (-2 tig te_s
r N (5 P
+(-1) J l_[J winj(tj:xj) J i, (te1,X01) @iy pg (o, te—1)F(§ﬁﬁ,",;’k‘ ; fe—1)
to=29 \_j=1 J t;=z, te-1=%
4 -1 tji te1
r T i
-1 J l_lf i, (t),%;) f @i iypq(tos te) @i, (Eg, X¢41) T ( N fe) (92)
to=20 \_j=1 v t;=z, te=2%p

where we used identity (36) to swap the arguments of the kernel with a derivative acting
on it, as well as partial integration (PI.). Now we encounter quadratic kernel terms inside
our iterated integral, which calls for the use of the quadratic 3-point relations derived in § 5,
to reduce the quadratic terms in such a way, that we have a proper iterated integral again
(with only one kernel used per integration step). Thus, application of fitting instances of the
quadratic identity eq. (60) will reduce the r.h.s. of the equation to iterated integrals, where z
is removed from the labels. As the result becomes very lengthy and involved in the general

case, we will not state it here but will look at specific examples of this identity later.
If the argument appears to be the pole of the innermost integral ({ = k) the above result
simplifies and we find

zZ
iy eniny g5 (i1 lrpq)
f d F(X1 s Xk—1> to to
t

0=2p
z
_ _ P (e Goire) )
_J wlnl(to’xl)r(x > X1 to to
t,

0=%o

k4 Tk
+f f O)ln (l'J,X ) f dtowll l,pq(tk: tO)
to=2o\_j=1 J ty=2¢ tr=zy ——————~—"

(1) dy, @iy ot

4
™ (i1+ipq) .
. ngs *tv nk 15 T
J wlnl (tO’ xl) r ( X25 o5 Xg—15 to to
%0

+(_1)rf J wl (t],X) (0) 11pq(t0’ tk 1) (‘) 11pq(t0720))
to=2o t;=2,

z
ZJ w; (tO:xl)F( ng> o ing_p> (L11,Pq) | tO)
1

X35 en Xje—1, to
0=%o
)
+(_1)rj f wj (t]’ ])f wint (tk—laxk—l)a)irwilpq(thtk—l)
k=1
to=2%¢ tj=2o tr—1=2%0
ri( G llpq), IS )
—CO (R e ©3)

The other special case, £ = 1 is more involved: since the outermost integration is divergent
in general, a regularization prescription for the higher-genus polylogarithms (and associated
higher-genus MZVs) is required. Whenever regularization is required below, we will either
comment on how we deal with it or avoid the corresponding polylogarithms. Making regular-
ization rigorous is beyond the scope of the current article and will be part of future work.

A further problem sets the situation at higher genera apart from the elliptic case: denoting
by & the function part of integration kernels, e.g.

wil...irjk(z, x)=: cﬁir“irjk(z, x)dz, %4

the anti-symmetry in the elliptic case [5]

wi...1(2,x) hzlz(—l)”wl...l(x,z) g (95)

n+1 n+1
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could be used to cancel separately divergent terms (as can be seen in the example in eq. (96),
reduced to h = 1). Unfortunately, this anti-symmetry property does not carry over to higher
genera in an obvious way. Even worse, identity (36) involves reversal of the order of indices,
which prohibits all obvious cancellation identities. The following depth-one example is the
higher-genus version of eq. (95):

b4

F((l1..;rlk);z) = dtod_ F((ll-.;)rlk); tO) + tll)n; F((ll...tlrjk); t)
to=2o to 0
=i,
) d
— . ~ i eeei k) . ~ i k) . . rk .
R L G L D) I EL (D
07+0

b4 to d
= ﬁ xlEItlo (a)il.“irjk(to,X)-i-dtOJ; aa)ill..irjk(fl,)())

0=%0 1=20

(=1)rdey @iy ji(,81)

+ lim [ (iR p)

t—2zg

Z
= f xhl?o dto(cﬁil...irjk(to, x)+ (1) (&Bir...iljk(x, tO) — &Sir...iljk(x,zo)) )
to=2o
+ lim (iR ¢ (96)
t—zg
where we used the differential identity (36) moving to the fourth line. Taking the above
expression as starting point, it would be desirable to make the expected cancellation obvious.
Alternatively, one could try to rewrite the expression back into polylogarithms, for which a
relation between @ ..; jx(%,x) and &; ..; jx(x,2) would be useful. However, as alluded to
above, such relations are not known to us beyond genus one. Nevertheless, we are going to

consider eq. (96) for r =0 and r = 1 in Example 16.

Boundary term. Let us now consider the boundary term

bim P (G by s ). ©7)
In most cases this term will vanish, because the length of the integration path shrinks to zero
as t — z. The only non-vanishing situation occurs, if all exhibit poles. As discussed around
eqg. (5), the only integration kernels with poles in the fundamental domain are those of the
form w;;(z,x) for some j € {1,...,h}, where the pole is at z = x. Lemma 8 of [26] implies
the following expansion (no sum over j)

1 1
2nig — X

wji(z,x)=— +0(1), forz—x, Vje{l,...,h}. (98)

Using the above expansion, the boundary term for labels i, = (jn,jn), for j, € {1,...,h},

can be written as (no implicit summation)

i T Grodids oo Ge—tsde—1)s Gesdeds Gearsdesads o Godie) )
t%l_rggor ( X1, aees Xp—1> to, Xo+1> e X 2 to

=1 ity teq k 1
1 de dt de
=m_f?nf_;Lf fqu_;L.@%
to—zo (—271) meidsn,  tm—Xm ) ), te—to\,,1J)s tm—Xm

The above expression vanishes unless all x,, € {2y, ty} as visible after applying substitution
(101) below.
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If all x,, € {zg,ty}, we find (using a,, € {0,1} with a,, = 0 if x,, = 2z, and a,,, = 1 if
m = tO)

lim 1"((]1,]1) (]k;]k) it ): lim f-( Uui), o Uedd . t )

a1(to—20)+20, - ai(to—20)+20° O

to—2p to—2p
= lim ——— l_[ dtm
tO_>ZO( 27Tl)k m—4a (tO_ZO)—ZO
(100)
— 11"
= lim ———
to—2 (—2mi)k m:lf() t
1
= —7:-G(ay,...,a;;1),
2ni) (ay K1)
where we used the substitution
t;—2z
/=" i=1,..,k, (101)
to—%2o

with t; = 1 and where G(---,z) is the Goncharov polylogarithm [17]. When evaluated at
z = 1, Goncharov polylogarithms constitute MZVs via:

G(o,...,0,1,0,...,0,1,...,0,...,0,1;1) = (=1)"¢(ny, ...,n,). (102)
—_—— — —_——
n,—1 n._1—1 n—1

In summary, the boundary value (100) vanishes in most cases and otherwise yields (up to
factors of —277) a genus-zero MZV. If polylogarithms are considered which need regularization,
this MZV from the boundary might also require to be regularized, which can be implemented
through the usual shuffle regularization of MZVs.

Now that we have investigated the general cases of these higher-genus polylogarithms
identities, we will exemplify this in the following, where specifically Example 14 is remark-
able due to the appearance of MZVs. Note, that in all of these examples there is no implicit
summation over repeated indices.

Example 14. Let j,k € {1,...,h}, then as in eq. (91), we can write (no summation over the

indices j, k)

z
((J]),(zék)’ ) J dtof‘((ﬂ)(kk) t )+ hmr((]]l(kk) t_) (103)
t

o t—32,
0=20

For the derivative term, using the quadratic identity (60) on eq. (93), we find:

J d,, T(GHE ;1)
20

Z to Z to
=f wj;(to,20) wii(t1,to) — wi(to,2o) wji(ty,2)
t,

0=%0 t1=2 to=2p t1=2
z to
+f wik(to,20) w;j(tq,20)
fozzo t1=2
to b4 to
—Z [J wpn(to) wmjj(szo)‘*'J wm(to) Wjmj(t1,to)
to=2o t1=2 to=2o t1=2,

z to z to
+f wmji(to,%o) wm(t1)+J wmj(to,2o) wjm(tl,to):|
t, t

0=%0 t1=2p 0=%0 t1=2¢
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= F(UDE0, )

» Xo )2
h
— Z [f'(('f,)’(n;ij);z) + f((zl(Jg;J);z) + f-((n;yl(rf);z) +T ((2101),(13(?), )] (104)
m=1
where there is no implicit summation over j and k, and “—” denotes that the corresponding

kernel is independent of the second variable and x, is an arbitrary point on the universal cover.
To reduce all integrals to higher-genus polylogarithms in the above equation, we furthermore
used the identity (no summation, and arbitrary j,m) T ( G ?;j); to) = f“((jz’,’;j); to), which is an
instance of the identity [45, Eqn. (9.51)] and identity (7b).

For the boundary value, following the derivation in eq. (100), we find an MZV (no sum-
mation over j,k):

1 1 1
lim I'(GD®9;2) = ————G(0,1;1) = ———=¢(2) = —. 105
) ( ) (—2mi)? ( ) (—2mi)? <2 24 (103)

For genus h=2 and j=k =1, identity (103) reduces to
F(UDAD 5) = —F (WD 5) _F(@DA), ) _f((D02;,)
- - - 1
2)(121). 2),(211) . 1),(111

[(B02D ) (PCIV;2)—aF (}(ZO),z)+2—4. (106)

Identities like the one above can also be verified numerically. Our numerical implementation
on the Schottky cover is based on the explicit representation of integration kernels w(z, x) de-
scribed in [31] and takes into account branch cuts and regularization. The associated software
routines are still under vivid development with the goal of implementing numerical calculation
for all (regularized) hyperelliptic polylogarithms up to a certain complexity.'?

Example 15. Consider now the trivial case, where the two last indices of the innermost kernel
are different. For this, we consider a polylogarithm of length two, beginning with the identity
(i,j,k, £ €{1,...,h} with k #£)

P4

f(gcig:(ﬂ;l!);z) =f d, F((ll(]g)ﬁ ) (107)

to=%p
In the above equation, both kernels do not have a pole and the boundary term vanishes due
to the mechanism explained above. The point x; is arbitrary here (and can even be omitted)
since the holomorphic differentials w;(z,x) depend on the first variable z only. Adapted to
this scenario eq. (93) generates

z to z to
(D0 2) = J wi(to) wjre(ty, to) + f e (to, %) wi(t)
t t

0=%0 t1=2

z to
—J J w;(t1) wjre(to, 1)
to=2y J t1=2%

z to z to
=J w;(to) wjké(tlato)"_f wike(to,20) w;(tq)
to—Zo t,

t1=2p 0=%0 t1=2

0=%0 t1=2p

z to z to
—f w;(to) wike(ty, to) — wjre(to,a) wi(ty)
t

0=2%0 t1=2 to=2p t1=2p

z to
+J w;(to) wike(t1,b)
t

0=20 t1=2p
=T (UD0;2)— T (UE00;2) + 1 (PU0:2) (108)

120ne of the authors (EI) is currently working towards publishing a version of the package SchottkyTools in
the future [48]. If you would like to test and help, please get in touch.
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where in the next-to-last step we applied the quadratic identity eq. (60) to reduce the product
w;(t1) wjke(to, t1). The points a, b can be chosen on the universal cover arbitrarily.
A similar derivation for j, k,£ € {1,...,h} with k # £ yields the shorter identity

B KRO .Y — (kO = ((k0),() . i (G (ke),
r(ggg;(z),z)_—r((ZO}(,gg,z)+r((ql§3,z)+r(gj(b),z), (109)
where as above x; is an irrelevant point and a, b are arbitrary points.

Note, that both identities egs. (108), (109) are trivial upon noticing that any kernel w;(z, x)
or w; q(2,x) for p # q is independent of the second variable x (cf. eq. (7a)).

1.y P

Example 16. Let us consider the depth-one case, where the first integration kernel carries the
label z. We consider the formula derived in eq. (96) for the cases r =0 and r =1 and will only
be concerned with this formula for j = k, as other cases are trivial. Throughout this example
there is no summation over repeated indices.

* r=0: In this case, we deal with the kernel w;;(z, x), which has a pole at z=x. Sepa-
rating the pole from the rest of the kernel, i.e. writing

~ 1 1
wjj(z,x)z—ﬁ;+wj(z,x), (110)
with @ j(z,x) a function which is regular at 2 =x, we find in eq. (96) for the case r =0
the result
Z
[ 1 1 1 1
I(UD;2)= limdt(—— +@i(tg,x)— ———+@i(x,t )
( z ) tymzy ¥ 00 N 2nity—x (Lo, x) 27 x — t, 0 to)

zZ
_Jt xlEItlodto c"&jj(x,zo)-l-tli_)r?or‘((ltl);t)

0=%0

-~

v
j;i(to,20) —%G(l;l)

X—tg
0=20

z
= f lim dto(wj(to,x) + @ ;(x, to)) — f((gg);z) — %G(l; 1). (111)

¢ mi
There are a couple of remarks necessary for this result: First, for both polylogarithms
appearing in this equation, endpoint regularization is required. Secondly, the Goncharov
polylogarithm G(1;1) needs to be regularized by setting G(1;1)=0. Lastly, if the func-
tion @(z, x) was anti-symmetric under exchange of z and x the integrand in the above
equation would vanish, resulting in an instance of the reflection identity [5, Eqn. (2.44)]
at genus one. Unfortunately, for genera higher than one, the terms do not cancel to our
knowledge. Thus, in the higher-genus case it is not clear to us how to rewrite the above
unintegrated expression into higher-genus polylogarithms.

* r=1: For this case, the reversal of the labels i; - - i, is trivial and we encounter a can-
cellation in the unintegrated term of eq. (96) (all functions are regular at x = t; so that
the limit can be taken without problems):

b4
f lim dto(ail---i,jk(to, X) 4+ (1) (@ i i (6, t0) — @ iy j1(X,20)) )
Z
(r=1) . ~ ~ ~
= f )Cll_r)?odto(wijk(toax)_wijk(x: fo)+wijk(X,Zo))
to=2o

Z
= J dtg @;jr(to,20)
to=zy —————~—"
wijk(to,%0)

=f‘((izjf);z) . (112)
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Furthermore, the boundary term vanishes and we are left with the identity

f((iJz'k);z) = f((igf);z) , (113)

which is an instance of the relation [45, Eqn. (9.51)]. Similar identities arise when all
indices iy, ..., i, are equal and r is odd, as then the reversal of the indices i; - - - i, is trivial
and the (—1)" factor leads to a cancellation (cf. again [45, Eqn. (9.51)]). However, the
general case of arbitrary labels i; - - - i does not have such an immediate cancellation.

8 Summary and outlook

In this article we derived Fay-like identities for meromorphic kernels in the construction of
polylogarithms on higher-genus Riemann surfaces from relations for Enriquez’ meromorphic
generating function. Various types of identities can be created by combining generating func-
tions in a way such that residues cancel and periodicity properties are matched. Once con-
sidered at genus one, our identities reduce to the well-known Fay identity for the Kronecker
function at genus one.

Upon expanding every generating function within the identities into Enriquez’ meromor-
phic integration kernels for polylogarithms, we find all kernel identities conjectured recently
in [45]. We prove that the space of identities is exhausted by our identities.

In § 7, we provide several examples for functional relations among higher-genus polylog-
arithms. We can verify the shown relations numerically using the Schottky approach [31].
When specializing to particular arguments of the higher-genus polylogarithms in these func-
tional relations, one can obtain identities for multiple zeta values associated to higher-genus
polylogarithms. However, a proper definition of higher-genus multiple zeta values and a sur-
vey of their properties is beyond the scope of this article.

There is a couple of immediate open questions resulting from the article:

* For Riemann surfaces of genera zero and one, the Drinfeld [49] and elliptic/KZB as-
sociators [50], respectively, have been facilitated for building recursion algorithms for
the calculation of various observables in quantum field theory and string theory. Thus, it
would be interesting to explore representations for associators for connections on higher-
genus surfaces. The most pressing question here is, whether information can be gained
from the degeneration of those objects to the known associators at genera zero and one.

* It would be interesting to know to what extent the functional identities implied by Fay-
like identities allow to single out bases for cohomologies in classes of higher-genus poly-
logarithms. This might as well touch upon the question in what way the uniqueness
and exhaustiveness of Fay-like identities might help in showing closure under taking
primitives.

* Functional relations for higher-genus polylogarithms are believed to imply relations
among higher-genus multiple zeta values. Can one extend the collection of examples
in the current article to a survey of relations among higher-genus zeta values leading to
a data mine similar to the two existing ones for genus-zero and genus-one multiple zeta
values [38,40]?

* The most pressing question on a structural level is the relation of higher-genus Fay-like
identities to the Fay trisecant equation [10,11].

* In [45] it was conjectured that all identities derived for periodic kernels would carry
over to identities for meromorphic kernels. It would be nice to know, whether the oppo-
site direction could be proven: in this case every identity for meromorphic generating
functions should have an echo for the properly periodic kernels.
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A Computations with component forms

A.1 Properties of the component forms

In this appendix, we explicitly show the properties of the component forms (18) and (22)
stated in section § 3. Based on the properties (4a), (4b) and (5) of the integration kernels, we
can now verify the properties of the component forms directly based of their definitions.

First component form. We verify the properties (20a), (20b) and (20c) by direct computa-
tion. For the quasi-periodicity in z, we obtain

K(b)](YkZ x)_ZZ kll iy Plr. 1r](z X)b

r>0m= O
= i1 j(ZX) bbby

;)mZE) Wi iy Ins1 i (A1)
- Z Z +1-- l](z X) bl m+l " bir

m>0 ! r=m

=€ kK(b)j(Z,X),

where we have used eq. (4a) in the first line, resolved the Kronecker delta in the second line,
regrouped the sums in the third line and relabeled r — r —m, i,,,, — i, in the last line.
Completely analogous, we obtain for the quasi-periodicity in x

( 1)m+1

K(b)J(Z ka)_K(b)](Z X)+Z irj Z ( +1)| klr - ma). Lr—m— lk('z X)b UL
r=0
(— 1)’" m—

= K2, x)+ZZ i i x(Zx) by ...by_ bl b; (A.2)

r>1m=1
=K, - 1) bt | b;
= K1) (2, X) + Ky (2, x) Z i
m>1

where we have used eq. (4b) and similar manipulations as above. Using the exponential series,
we can formally identify

m —by __

|
=1 m! bk

thereby arriving at eq. (20b). For the residue, eq. (5) directly yields eq. (20c) upon resolution
of the Kronecker delta.
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Second component form. For the second component form, we perform a very similar pro-
cedure, but now paying attention to the second flavor of power counting variables. Again,
using eq. (4a) we find

_ - wimﬂ.“iripl...psj(z:x)bmb b b b
Kt (i) = 2| 2 Ibiy,, by, ® by, by,

|
r,s=>0 \m=0 m:

° £ w M1 s'(Z,X) r m
+5”‘Z(Z 2 i et bb)

r,s=0 \m=0p415ee» pszl

(bm®1)
m=0 $20 ipy1eenip=1
rzm P15 pszl

(br)" ® (b)™
+ O Z (rk+m+1{)' Z Z wp . opj(ZX)A®b, ...b,)

r,m=0 SZMPyiq,...,Ps=1

b.) ®(b )™
= (e’ @ 1)K(p,)i(,); (2, x) + 5ik( Z M)K(hz)j(&x), (A.4)

|
= (r+m+1)!

for the quasi-periodicity in z. This is exactly eq. (23). Moreover, we can use the exponential
and geometric series to formally identify

b)) b, )™ ) , .
Z %=Z(bk®b;1) (1@,__1@2( k) )

r,m=0 r=0
bk m 1
:L_ZZU,I{@[, 1 (b '® (A.5)
1®b,—b;®1 om0 1® by m!

_1®eb’<—eb’<®1
 1®b—b,®1

For the quasi-periodicity in x in the special case of K(3;;(z, x), we again use eq. (4b) to derive

h
( 1)m+1
K(b)l](z ka) K(h)l](z x)+ 51] Z Z (m+ 1)| Z Wi i, mk(z x) b lr mblin
r=0m=0 m+L)r l—m=1

=K(b)ij(2,x)+5ijz Z wi ik(z,x)b; ... b (Z( )

r=01iy,...,i,=1 m>1

= K(p)ij(z,x) + 6;iK )i (2, x)° b (A.6)

which coincides with eq. (27). The residue follows directly from resolution of the Kronecker
delta in this case as well. We can also do this for the variations of the component forms
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involving the Hopf algebra morphisms. For example, we have

K(b,)i(aby2)j (725 X)= a3 © P12 0A5(K(p,)i(6,); (7125 X))

= g3 © P12 °A2((€b" ® 1)K(p,)i(6,); (25 %)

1@ebk—ebr g1
46| —————————— |K(phi(z, x
‘k(1®bk—bk®1) (e ))

. (A.7)
=30 Pra| (67 ® 1® 1)Ky )i(an,,)j(%5 X)

+5 1@ek@e—cr@l®l X (.%)
{ (z,x
klleleb+1@b@l—bolel ) A

ebrk @ etk —1 @ ebk
byl

= (1® " )K(pian,,); (3 ) + S Kb,z x),

where we have used that the Hopf algebra maps are homomorphisms. Analogously, the quasi-
periodicity of arbitrary variations of the component forms can be computed.

A.2 Properties of the quadratic identity generating function

In this appendix we derive the quasi-periodicity property as well as the residues of the gener-
ating function for the Fay-like identities defined in eq. (46). To show the analytical properties
of Qiim(2,y,x), we can focus on qy;,(2, y, x). We start by deriving the quasi-periodicity in z.
By using eq. (20a), we immediately obtain

Qam(7i2, ¥, X) = (€% ® D@y (2, ¥, %) - (A.8)

The quasi-periodicity in y is a little bit more involved, but applying equations (20a), (20b)
and (23) and using the result (A.7) allows us to formally deduce

Qam(Z, 71y, X) = (1 ® ") [ Ko (2, X) — Ko, 31 (2, ¥) | Kok (7, X)(1 ® b,p)
— (1 ®e")K(y (%, Y )K(o,)jan, 0k (Y, X)(b; ® byy)

Ab, b,
eti—1®e”
— | 8:iKw)i(@ y)——————Kpp,, )k (¥, X)
[ ijt(bq)j b,®1 (Aby2)
e_bi - b
+Ko,)i(2, y)———— ® " Kp, (¥, x)
1
e bi—1
b:
+ Kpi(2,Y) b; ® e” K(p,)i(aby,)k (V> X)

1

+0iK,)i(z,¥) (

—-b; _ A(b;) _ b;
i—1 V—1®e"
e b, 1) e e

b; bh.®1 K(Abu)k(.yax):|(bl ®b,)
t 1

= (1 ® ebi)qklm(ziyax)
e bi—1
b;

+ Ko))i(2, ) ® e [K(Abu)k(y,x)—K(bz)k(y,x)

—(b; ® 1)Kp,)jcan,,)k(Y> X)](bz ®bpy)
= (1®e")qim(z,¥,x), (A.9)

31


https://scipost.org
https://scipost.org/SciPostPhys.18.3.093

e SciPost Phys. 18, 093 (2025)

by means of the contraction identity (32b). Let us consider the residues next. Using egs. (20c)
and (24), we arrive at the conditions

(—271'i) zR:eg qklm(z: Y X) = K(bz)k(}’, X) bl ® bm ’ (A.10a)
(—27'5?)52)5( Qiim(%, ¥, %) = =Ko, )k (2, x) by ® by, (A.10Db)
(—2mi) 5\265 Qiim (25 Y, X) = K(pp, )k (> X) by ® by, (A.100)

where we have again used eq. (32b) to derive equation (A.10c). Having established these prop-
erties, we can use them to derive the analogous properties of the full expression Q. (2, y, x)
via eq. (46). We get

Qum(112, ¥, %) = Qram(112, ¥, %) + P12(qiem (> 112, X))

= (" ® D)quim(z, ¥, %) + P12((1 ® " ey (7,2, X))

= (" ®1)Qym(z,y,x), (A.11a)
Qum@ 11y, x) =1 ®e’)Qym(z, v, x), (A.11b)

by means of egs. (A.8) and (A.9). Moreover, we have
(=2mi)Res Quim(2, ¥, x) = (=271 Res i (2, ¥, X) + P12 Res qienu (v, 2, x)
= Ko, (7, X)b; ® by + Pra (Ko 1 (7, X)b ® b)) =0, (A.12a)
(_27Ti) RES lem(Z: Y, X) = (K(bl)k(ZJ X) _K(bl)k(za X)) bl ® bm =0 B (A]-Zb)
y=x
(_Zﬂ'i) ZRES lem(z7 Y, .X') = (_Zﬂ:i) [55}? qklm(Z, Y, X) + ZR:esPIZ(qkml(.ya z, X'))] =0 5 (A12C)
where we have used egs. (A.10a), (A.10b) and (A.10c). Additionally, eq. (A.12c) requires that
ZRggplz(qkmz(y,z, x)) = ~Res Qrim (2, Y5 X)) (A.13)
This condition can be reduced to the requirement
(—27i)ResKpy(y,2) = —by . (A.14)
z=y
To see that this is true, consider the Laurent expansion of K,)(2, y), which reads

by 1
(—Zni)z——y +0(1). (A.15)

Kw(z,y) =

From this, we can directly read off that eq. (A.14) is true as exchanging the roles of z and y
introduces an additional minus sign.
A.3 Uniqueness of generating functions valued in the tensor algebra

In the proof of Theorem 9, we identified the one-form Qy;,, € b ® b. This one-form is holomor-
phic, and satisfies
Qi (2,71, X) = (1® ") Qun(2, ¥, x). (A.16)

By expanding £2;;,, in the first algebra b, we can identify its components

o)
lem(z, Y, X) = Z bil s bir ® lem,il...ir(z, Y, X) 5 (A17)
r=0
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where Qyp, ;... are also holomorphic and quasi-periodic,

Qtmiyi, & YiYs X) = € Qg i (2,71, %) - (A.18)

The proof of Theorem 9 uses the statement that ;;,,, is uniquely identified to vanish by its
holomorphicity and quasi-periodicity requirements. We proceed to show this by adapting the
theorem used by [27] for identifying the uniqueness of Enriquez’ connection.

Theorem 17 (Uniqueness of algebra-valued one-forms). A one-form H(y,x) € b can be
uniquely identified if it satisfies the conditions

(Zﬂl)ReSH(y,X)—Zb] ]J (A19a)
j=1
H(y;y,x) = e"H(y,x), (A.19b)

for some r; € b. In other words, if H and H " satisfy these conditions for the same rj, then H=H ‘.

Proof. The proof proceeds in two parts. First, we show that the residue and quasi-periodicity condi-
tions imply a condition on the value of H’s A-periods. Then, we deduce conditions on the coefficients
of G and see that the residue, quasi-periodicity, and A-periods uniquely identify them.

By performing a canonical dissection of the Riemann surface %, we identify the boundary of the
fundamental domain with the sequence of cycles 8,2, B2 - B,2,B, 2, !. Then, integrating
along this boundary we find

§ H(y,x)=(2xi) ResH(y,x) = Z b.r
%

h A (A.20)
= Z f H(y,x) = Z} H(yy,x)—H(y,x) = Y (" —1) f H(y,x).
B ;2,571 2; j=1 2
By collecting words with the same starting letter, one finds
ebj —1 b
H(}’: )_T'] == H(.y’x)_— ], (AZI)
bj A, -1

)

ooB(

b,
where = is identified with the formal sum Do Y where B, are the Bernoulli numbers.

Now, by expandlng H(y,x)= Zs:O iyi, (V> X) by - bis, one identifies the conditions on h as

S

b; O iy
H(y;y,x)=e€"H(y,x) = h; ... (v;y,x) =Z hi .. (¥, %),

= k!
(27’[1)RCSH(}/, X) Zb] ] == (Zni)f}gihilmis(}’:x): ril,i2~--isf (AZZ)
S5, .. B
i jPk
§ H(.y;x)_ r] = § i 1(y’x)_Zk—l;ril’ik+1'"is’
A; k=0 :

oo o . . . . . .
where r; = Zs:O rji-i bi, -- bi. These conditions are sufficient to uniquely identify h; ..;: if h

and h’ have the same residue, quasi-periodicity, and A-period, then their difference h —h’ is a
holomorphic periodic one-form with vanishing A-periods, and can only be identically zero.
Since each coefficient of H is uniquely identified, so is H itself. |

In [27], one can identify r; = a; and deduce the uniqueness of Enriquez’ connection. In
our case, since gy, ; ..; are holomorphic we identify r; = 0. Since O satisfies the same

quasi-periodicity and residue conditions (i.e. 0 = €0 and Res,_, 0 = 0), we deduce that
Qim,i,-i, = 0, and consequently that Q,, = 0.
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A.4 Derivations for Fay-like identities

In this appendix, we will perform several explicit calculations used in § 4 and § 5. We start by
deriving eq. (55) from eq. (54). First, by applying the index swapping identities eq. (39) and
eq. (42) to the corresponding terms with repeated z-dependence. Doing this, we arrive at the
expression

Q2 y,) = ([(K(bl)pp/(z,x) —K(bl)pp,(z,y))](P,sz(bz>k(y, )+ Ko (3 K0 0500

— K6,); (2 Y )K(o,)i(a6,,)k (V> X) — Ko, 31(2, XK, )99/ (V> 2) e

— Kp,); (Y5 2)K(p )j(a0,,)k (25 X))(bz ®b,)

= (I:(K(bl)pp’(zx x) =Ko, ypp (25 }’))]‘plsz(bz)k(y, x) + Ko, (2, X)K(p,)9q (¥ X) v

— Ko)i(2, Y )K(o,)jcap,)k (V> X) — (K(bl)j(Z, X)Kp,)ik (¥, 2)

~Kio,) (2 0K (0,1 (3 %) + Ko, i (2, K 6,300/ (5 X)L,zq)

- (K(hz)j(y; X)K(p)j(a6,,)k (%> X) — Kp )i (2, X) [K(bz)jk(yrz) — Ko,k (¥, x)]
+ [K(bz)jk(y:z)_K(bz)jk(.y:X)]K(Ablz)j(zax)))(bl ®by,)

= ( [K(bz)jk(ya x) _K(bz)jk(y,z)] K(ap,,j(z,x)
+ I:K(bl)jk(za x) — K ik(2, y):IK(bz)j(.y; x)

— K(o,); (s X)K(6,)jca0,,)k (2, X) — K6,y (2, ¥ )K(p,)j(a6,,0k (Vs X))(bz ®b,),

(A.23)
where we have again used the index swapping identity (39) in the last step.
Next, we verify the transformation (56). We can do this using the Hopf algebra axioms.
For example, for the first term in eq. (55) we have

2 (KopjcKa,,)j) = id®p o A ®id 0id ®S o A(K(y);)K(se, )k - (A.24)
Then notice

idouoA®idoid®S oA =id®ucid®id®S o A ®idoA
=id®uoid®id®Scid®A o A
=id®(noe)o A=id®1, (A.25)

where in the first equality we notice that A; and S, do not interfere with each other, in the
second equality we use coassociativity and in the last equality we use antipode compatibility
condition. Then id ®(n o €) kills all the non-trivial algebra elements in the second tensor site
leaving the only term of the coproduct, when the second tensor site is the neutral element
(id®1 : b — b®2 stands for concatenating a neutral element from the right). The second term
in eq. (55) is treated analogously. The second term in eq. (55) is treated analogously. The
second line in eq. (55) is obviously mapped to the second line of eq. (58). The term of the
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third line in eq. (55) can be shown to be mapped to the third line of eq. (58) due to

idouoA®idoid®Sou®idoid®A =id®u o A ®idou ® idoid®? ®S oid®A

=ideuou®u®ideoid®P ®id®2cA ® A ®idoid®?®S oid®A

=u®uoid®®euoid®P®id®?cid®* ®SoA® A®idoid®A

=u®uoid®P®idoid®® ®ucid®* ®Scid®**®AcA® A

=u®uoid®Pe®idoid®**®(noe)oA® A

=u®uoid®P®idoA ®id®1

=Uu®idoid®PoA®id = 150 Py30Ay, (A.26)
where we used for each equality: commutativity of A; o S,; compatibility y and &; associa-
tivity of y and commutativity of A;A,S;; commutativity of u,s and P,3; compatibility of the

antipode; property of id ®(n o €) when acted on A; property u(- ® 1) =id(-). The last term in
eq. (55) can be treated analogously. We have (omitting arguments for brevity)

E (K(o,)iK(6)j(ab12)k) = K(abyy)ilhas © A1 0 S5 0 oz 0 P13 085(Ko,)i(6,)) - (A.27)

It can be seen that this is mapped to the last line of eq. (58) by

U230 A1 0850 g3 0P1y0A,
= (id ®u)o(A ® id)o(id ®u)o(id ® P)o(id ®S ® S)o(P ®id)o(id ®A)
= (id®u)o(A ® id)o(id ®u)o(id ® P)o(P ®id)o(S ® id ®S)o(id ®A)
= (id ®u)o(id®? ®u)o(A ® id)o(id ® P)o(P ® id)o(S ® id ®S)o(id ®A)
= (id ®u)o(id®2 ®u)o(id®? ® P)o(id ® P ® id)o(P ® id®?)o(id ® A ® id)o(S ® id ®S)o(id ®A)
= (id®u)o(id ® P)o(P @ id)o(id®? ®u)o(S ® id®? ®S)o(id ® A ® id)o(id ®A)
= (id®u)o(id ® P)o(P @ id)o(id®? ®u)o(S ® id®? ®S)o(id®2 ® A)o(id ®A)
= (id®u)o(id ® P)o(P ®id)o(S ® id ®(noe))o(id ®A)
= (id®u)o(id® P)o(P ®id)o(S ® id ®1)
=PoS,, (A.28)

where we have again used for each equality: anti-homomorphism property of S
with respect to the product; PoS, = S; o P; commutativity of g3 and Ag;
Ay 0Py30P1y = P340Pa30P12005; Hzq © P3g0Pa30P1y = PazoPrpouzs and commu-
tativity of S;5 and A,; cocommutativity of the coproduct; compatibility of the antipode; com-
patibility of the counit with respect to the coproduct and that u(- ® 1) = id(+). Plugging this
result into eq. (A.27), we see that it evaluates to the last line of eq. (58).

Last, we explain how the Fay-like identity for kernels (60) follows from the Fay-like identity
for generating functions (59): We begin by expanding the generating functions in eq. (59) in
words (—1)°b;, ...b; ® b, ...b, . This can be done term by term, exploiting the definitions of
the component forms and applying the respective Hopf algebra morphisms. The result for the
distinct terms is given by

Ko, VK s,)pp (W X) ‘p/zp

= Z (—1)swi1...iri(u, V) wpl“‘PSPP/(W’ X) , bil . bir ® st e bPl 5 (A.29a)
r,5>0 p’=p
K(apy,)jk (U VIK(sp,)j (W, X)
s
= > > 1)t ) V) pr oy (W, X) by by @By by (A.29b)
r,s=0m=0

35


https://scipost.org
https://scipost.org/SciPostPhys.18.3.093

e SciPost Phys. 18, 093 (2025)

K(ab1,)j(0,)k (s V)K(sp,); (W, X)

r S
= Z Z Z(_1)m(J)(il..-ilu_lps...pm_H)jilﬂ...irk(u; V) O)pl...pmj(W,x) bil e bir ® st e bPl 5 (A.29C)
r,s>0 [=0 m=0
K(203)i (s VIK(s6,)j0y )k (W X)
r S
= D0 2 2 D O} U V) @y iy ik (9 XD by by @By by, (A29d)

1,s=>0 =0 m=0

where the additional sum over m (and [) in the second, third and fourth expansion arises due
to the different possibilities of distributing the letters to the two generating functions. We can
now read off the coefficient of the word (—1)°b;, ...b; ® b, ...b, for each distinct term. In
particular, substituting the appropriate arguments and expansions for all the terms in eq. (59),
we directly arrive at eq. (60).
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