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1 Introduction

A modular graph function (MGF) maps a decorated graph to an SL(2,Z) invariant func-
tion on the upper half complex plane H;. MGFs generalize non-holomorphic Eisenstein
series as well as multiple zeta values (MZVs), and may be further generalized to produce
non-holomorphic modular forms instead of modular functions.! MGFs constitute the ba-
sic building blocks for the evaluation of genus-one contributions to effective low energy
interactions in string theory: they arise as multiple integrals over a torus world-sheet of
products of the Green function for a conformal scalar and its derivatives. Individual cases
were studied in [1] and [2], while their systematic investigation was initiated in [3—6].
Using the procedure of holomorphic subgraph reduction [7, 8|, large families of MGFs
were shown to satisfy a rich hierarchy of algebraic and differential identities in [7, 9-11]. In
particular, MGFs were shown to obey inhomogeneous Laplace eigenvalue equations for the

'We shall also use the acronym MGF to refer to modular graph forms.



two-loop case in [3], for the Mercedes diagram in [12], and more general tetrahedral MGFs
in [13, 14]. A Mathematica package is now available for the systematic implementation
of identities among MGFs in [11] and brought into wider context in the PhD thesis [15].
Their reduction to iterated Eisenstein integrals via generating series [16, 17] exposes all their
relations and furthermore a connection to elliptic MZVs in open-string computations [18]
and may clarify the connection with Brown’s construction of non-holomorphic modular
forms [19, 20].

Elliptic modular graph functions and forms (eMGFs) are generalizations of modular
graph functions and forms in the same way as elliptic functions generalize the notion
of modular forms. An eMGF maps a graph to a non-holomorphic single-valued elliptic
function of one or several variables on the torus, and is invariant under the modular group
transforming both on the modulus and on the torus points. Perhaps the simplest and
earliest examples of eMGFs are the conformal scalar Green function on the torus or, for
that matter, any conformal Green function on the torus, and Zagier’s single-valued elliptic
polylogarithms [21]. More sophisticated examples of eMGFs have emerged recently as a
result of systematic investigations into the non-separating degenerations of higher-genus
MGFs in [22].

For example, in the non-separating degeneration limit of a genus-two MGF', the genus-
two surface degenerates to a torus with two punctures, and the genus-two MGF degenerates
to a modular function on the torus that depends on the locations of the two punctures [23].
The resulting limit of the genus-two MGF is therefore an eMGF on the torus. Actually, it
is not just the non-separating limit but rather the full Laurent expansion of the genus-two
MGF near the non-separating node that systematically produces eMGFs as coeflicients of
the Laurent expansion. Higher genus MGFs will reduce to a torus with multiple punctures
upon taking multiple non-separating degenerations simultaneously, thereby giving rise to
eMGFs which depend on multiple points on the torus. In each case, the effect of the
punctures may be encoded in terms of a group character, and it is this point of view that
we shall adopt to define eMGFs in all generality in this paper.

Elliptic modular graph functions inherit the implications of identities satisfied by their
MGF ancestors. An example of this phenomenon was uncovered in [24] where an algebraic
identity between genus-two MGFs was shown to imply a highly non-trivial identity between
its genus-one eMGF descendants. The latter was proven shortly thereafter via the direct
use of genus-one methods in [25]. Further relations among genus-one eMGFs involving
examples built from up to five Green functions were recently studied in [26].

In the present paper, we shall present a general definition of eMGFs in various different
but equivalent formulations. The first represents the eMGF associated with an arbitrary
(decorated) graph in terms of a multiple Kronecker-Eisenstein sum in which the dependence
on the points on the torus are introduced through the character of an Abelian group. The
co-moving coordinates which are used to represent the points of the torus may be viewed
as characteristics, in complete analogy with Jacobi 9J-functions with characteristics where
arbitrary real characteristics may be traded for a point on the torus. The second equivalent
representation of an eMGF is in terms of multiple integrals over the torus of products of
non-holomorphic modular forms D+ which are equivalent to Zagier’s single-valued elliptic
polylogarithms. This formulation is an immediate generalization of the manner in which



MGFs arise in string theory as multiple (configuration space) integrals over the torus. The
third equivalent formulation to be detailed below is through the use of a generating series
for entire families of eMGFs in terms of Kronecker-Eisenstein series. The relation with
iterated modular integrals gives a fourth formulation, whose study will be relegated to a
separate forthcoming paper [27].

Following the definition of eMGFs in these various formulations, we proceed to deriving
algebraic and differential relations for the characters and for the eMGFs, in close parallel
to the corresponding derivations in the case of MGFs. In particular, we shall prove the
generalization of the holomorphic subgraph reduction procedure to the case of eMGFs,
using the integral formulation of eMGFs and the Fay identities between the coefficient
functions of the Kronecker-Eisenstein series. We shall also show the validity of Laplace
eigenvalue equations for all two-loop eMGFs, again in close parallel to the case of MGFs
studied in [3]. Finally, we shall provide examples of algebraic and differential identities
between eMGFs of low weight and various loop orders.

A complementary perspective on eMGFs in one variable and their differential prop-
erties is given on the basis of generating series of Koba-Nielsen integrals with eMGFs in
their expansion coefficients. These generating series can be obtained from those of genus-
one integrals in closed-string amplitudes [16, 17] by leaving two rather than one of the
punctures unintegrated (one of the unintegrated punctures can always be fixed at the
origin). The open-string counterparts of such generating series were investigated in [28]
and shown to obey Knizhnik-Zamolodchikov-Bernard(KZB)-type differential equations on
a twice-punctured torus. We will spell out the analogous KZB-type equations of the gener-
ating series of eMGFs which furnish an equivalent formulation of the differential properties
of eMGFs and sidestep holomorphic subgraph reduction. Moreover, the differential equa-
tions of the generating series will play a central role in the description of eMGFs in terms
of iterated modular integrals [27].

Organization. The remainder of this paper is organized as follows. In section 2 we
provide the definition of eMGFs in terms of Kronecker-Eisenstein sums and characters
as well as their equivalent integral formulation. In section 3 we define the derivatives of
eMGFs with respect to the modulus and with respect to the points on the torus, prove
the holomorphic subgraph reduction procedure for eMGFs, derive the Laplace eigenvalue
equations in various infinite families, and provide some examples of differential identities
at low weight. In section 4 we derive dihedral eMGFs from generating series of Koba-
Nielsen integrals, and generalize this construction in appendix A to the trihedral case and
in section 5 to the general one-variable case. Additional technical details and comments
have been relegated to appendices B-D.
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Figure 1. The torus ¥ = C/A with a choice of canonical homology cycles A and B (left figure),
is represented in the plane by a parallelogram with complex coordinates z,z (middle figure) or a
square with real coordinates 0 < w,v < 1 (right figure) related by z = ut + v, and opposite sides
pairwise identified.

2 Elliptic modular graph forms as lattice sums

In this section we shall introduce elliptic modular graph forms (eMGFs) as multiple
Kronecker-Eisenstein sums (MKES), generalizing the corresponding sums for modular
graph forms (MGFs) by including a character of an Abelian group in the summand. These
characters may equivalently be parametrized by points on the torus. Following the defini-
tion of eMGFs, we shall in the next section derive their basic properties, obtain the integral
and differential equations they satisfy, extend the procedure of holomorphic subgraph re-
duction developed for MGFs to the case of eMGFs, and provide examples.

2.1 Basics

A torus ¥ of modulus 7 € H; = {7 € C, Im(7) > 0} is a compact Riemann surface of
genus one without boundary and may be given as the quotient of C by a lattice A,

2 =C/A A=Zr+7 (2.1)

The torus Y may be represented in C as a parallelogram parametrized by local complex
coordinates z, Z subject to the identifications z ~ z+1 and z ~ z + 7, or as a square in R?
parametrized by real coordinates u, v subject to the identifications u ~ u+1 and v ~ v+1,
as shown in figure 1. The relation between these representations is given by

z=ur+v u,v € [0,1] (2.2)

The coordinate z has the advantage of being complex, while (u,v) has the advantage of
being co-moving coordinates whose range is independent of 7. The trade-offs are familiar
in the context of Jacobi ¥-functions with real characteristics (u,v) which may converted
into a point z € ¥ using (2.2). Integrations over the torus ¥ are normalized according to,

d2 1 1 d2 id dz
/ Z:/du/ dv=1 @ _een © —dvAdu (2.3)
P 0 0

Imr ImT 2Im T

The points in the lattice A correspond to the allowed momenta on the torus and may
be parametrized as follows,

p=mT+necA m,n € Z (2.4)



A modular transformation performs a change of canonical homology basis of A and B
cycles which permutes the individual points in A but leaves the lattice A invariant. The
action of modular transformations on the complex data T, z, p,

, ar+f / < / p (O&ﬁ

T:fyT+(5 Z:fyT—i-(S psz—l—é )

) e SL(2,Z) (2.5)

induces the corresponding transformations on the real data (u,v) and (m,n), related to z
and p by (2.2) and (2.4) respectively,

()= ()-(D() e

The ranges of (u,v) and (u/,v") generally differ from one another, but are such that the area
of the fundamental region for ¥ is 1. Note that the modular group used here is SL(2,7Z)
rather than PSL(2,Z) because the element —I acts non-trivially on z,p, (u,v) and (m,n)

even if it acts trivially on 7.

2.2 The Eisenstein series and the scalar Green function

The prototype of an MGF is the non-holomorphic Eisenstein series Fj(7) defined by the
following Kronecker-Eisenstein sum,

Im~ Im 7\ 1
ne= () y Lo(ry oy L )
beyill’d ™ it [T A1
(m,n)#(0,0)

where A’ = A\ {0}. In fact, Ej is invariant under modular transformations (2.6) and
thus an example of a modular graph function. The series is absolutely convergent for
Re(k) > 1 and may be analytically continued in k to the full complex plane with a simple
pole at k = 1.

The prototype of an eMGF is the non-holomorphic elliptic function gx(z|7), defined
using the relation z = ur + v with u,v € R,

e27rz(nu7mv)

gkz(Z’T):<Im7rT>k > T + Pk (2.8)

(m,n) €72
(m,n)#(0,0)

For Re(k) > 1, the series is absolutely convergent, while for Re(k) = 1 its convergence is
conditional and defined by the Eisenstein summation convention in which the sum over n
is carried out first. The scalar Green function g(z|7) on the torus of modulus 7 corresponds
to g(z|7) = g1(z|7) which may alternatively be expressed in terms of the Jacobi ¥-function
and the Dedekind n-function by,

27 (Im z)?
Im7

01 (z|7) |2
n(r)

g(z|T) = — log‘ (2.9)

where n(7) = g1 1122, (1 — ¢") with ¢ = €®™7 and the ¥-function is normalized as follows,

191(2,|7_) _ ql/S(eiﬂz o —z7rz H 1 - q eQwizqn>(1 _ e—27rizqn) (2'10)
n=1



For Re(k) > 1 we have g;(0|7) = Ei(7) and for integer & > 1 the functions g may be
obtained recursively from the scalar Green function g by convolution with g,
d?w

gr1(2|7) = . Tm~ gk (2 — w|T)g(wl|T) (2.11)

The functions gx(z|7) are modular invariant and thus elliptic modular graph functions,

gk (Z|7") = gr(2|7) (2.12)
where the transformation law for z and 7 is given in (2.5).

2.3 Characters and characteristics

The distinction between the summands in the Kronecker-Eisenstein sums for Ej, and g
lies entirely in the exponential factor, which may be viewed as a character for the Abelian
group corresponding to the lattice A in a representation labelled by the characteristics
(u,v) € R?/Z2. Tt may also be viewed as a character for the Abelian group corresponding
to the torus ¥ in a representation labelled by the pair (m,n) € Z2.

Points in ¥ may equivalently be labelled by z or by (u, v) related to one another by (2.2)
while points in A may equivalently be labelled by p or (m,n) related to one another by (2.4).
We shall choose to label the characters by complex variables z and p rather than by the
pairs (u,v) and (m,n) because this notation is more compact and because holomorphicity
will be paramount to us.? Thus, we label the characters as follows,

211

_ S2mi(nu—mv) _
Xp(z|T) =€ exp (T -

(2 —pz>) (2.13)

The character is independent of 7 when expressed in terms of (u,v) and (m,n) variables,
but its 7-dependence must be included when formulated in terms of the variables z and p.
As a character either of a representation A — U(1) or of a representation ¥ — U(1), x
satisfies the following group-theoretic relations,

Xp1+p2 (Z|T) = Xp1 (Z‘T) Xp2 (Z’T)
Xp(21 + 22|7) = Xp(21|7) Xp(22|7)
Xp(2|T) = X—p(2|T) = Xp(—2|7) (2.14)

and the characters of the identity elements are given by xo(z|7) = xp(0/7) = 1. The
character is modular invariant when all its arguments are transformed according to (2.5),

xp (217" = xp(2|7) (2.15)

a result that is even more transparent when the character is expressed in terms of the real
pairs (u,v) and (m,n) due to the fact that we have n'v’ — m'v’ = nu — mv when these
variables are related by the modular transformations given for real variables in (2.6).

2For a given value of 7, we shall indiscriminately refer to z or to (u,v) as characteristics, by a slight
abuse of nomenclature. Our conventions for the sign of the exponent in (2.13) agree with the conventions
used in [21, 23] but are opposite to [16, 17, 29].



The functions gi(z|7), which were introduced in (2.8), may be readily expressed in
terms of the character Y,

gr(zlr) = ImT ZX

peN

|p|2k (2.16)

They may be generalized by assigning independent values to the exponents of p and p in
the sum over p € A’, which leads us to introduce the following combinations,

DHg)(elr) = TR 5~ Xolal

z|T)
=

(2.17)

For a = b, these functions reduce to the modular functions g,(z|7) defined in (2.8). When
a # b, there is no power of Im7 by which they can be normalized canonically. The
normalization chosen here (and indicated with the + subscript) is such that their modular
weight (0,b — a) has vanishing holomorphic part so that the forms transform as follows,

DF[§](2|7) = (97 +6)" 7 DF[§](2I7) (2.18)

where the transformations of z and 7 are given in (2.5). They are multiples of the single-
valued elliptic polylogarithms D, (z|7) introduced by Siegel and Zagier [21] which are
related to our normalization by,

(7_ T)a+b 1

: Xp(z_'(f ) (202 T ) D8] (27 (2.19)
211 vt PP

Do p(2|7) =

In view of this relation, it should be expected more generally that elliptic modular graph
functions and forms will be related to single-valued elliptic multiple polylogarithms.
2.4 Kronecker-Eisenstein series and coefficients

Another important building block and prototype for eMGFs will be the Kronecker-
Eisenstein series, defined in terms of ¥-functions by,

Im 2\ 97 (0]7) 91 (z4n|T)
Q(z,n|T) = exp (2”“71 7) 191(le) 191(77\7)

The function Q(z,n|7) is defined for z,n € C. It is meromorphic in 7 with simple poles

(2.20)

at n € A, and transforms with phase factors under both n - n+1 and n - n+ 7. By
contrast, as a function of z it is invariant under z — z+ A, but fails to be meromorphic due
to its exponential prefactor. The function (z,n|7) is given by the following Kronecker-
Eisenstein sum over either A or A’ in terms of the character x in (2.13),

Xp(2|7 Xp(2(7)
Qz,n|T) = Z Xp(#7) = Z A (2.21)

per 1P perr 1P

This series is conditionally convergent and is defined here using the Eisenstein summation
convention.



From its definition, the Kronecker-Eisenstein series has the transformation law,

Q( z n art + f3

TR = (90l (222

under SL(2,7Z). The Laurent expansion of €(z,n|7) in the variable n produces the
Kronecker-Eisenstein coefficient functions f*)(z|r),

Q(z,n|T) = an 1f(k (z|7) (2.23)
where f(9)(z|7) = 1 while for & > 1 we have,

Dzl == Xpl2 (2.24)

peEA’ p

The following equivalent expressions may be derived for f(V)(z|7),

FO(2|7) = 0. log 91 (2]7) + QM;S’Z = —8.9(zI7) (2.25)
signaling that this function is invariant under z — z+ A as expected, and has a simple pole
in z for all z € A. The function f(!)(z|7) enters string theory either as the Green function
for the (b, c) system of weight 0, or as the Green function for a world-sheet fermion with
odd-odd spin structure. The appearance of the non-holomorphic addition results from the
presence of zero modes for each of these situations.

For k > 2, the functions f*)(z|7) are all invariant under z — z + A as expected,
without poles. For example, we have (with a prime denoting derivatives of ¢; in the first

argument),
1 9/ (0|7) ,
2) =20 r(M) 24921 S T Sl LA Q)| 2.2
FOel) = {0+ 82 1og i (elr) = GG h b = 2midig(elr)  (226)

where the 7-derivative is performed at constant (u,v) rather than at constant z, see early
section 3.1. From (2.22) we deduce that,

FOE ) = (rr +8)F B () (2.27)

under the transformation (2.5).

The modular forms introduced in (2.18) may be expressed as convolutions of f and f,

w — —7Tb
/Ed O | O = S pr(g) () (2.28)

Im7 (Im )@

which will serve as a prototype for the construction of higher elliptic modular graph forms.



2.5 Elliptic modular graph functions and forms

In this section we shall introduce general eMGFs. An eMGF maps a graph I" to a non-
holomorphic elliptic function depending on the modulus 7 € H1, and on a set of charac-
teristics (uy,,v,) or equivalently points z, = u,7 + v, on 3. An eMGF may be represented
by a multiple sum, with characters, over the lattice A or A’ that we shall refer to as a
multiple Kronecker-Eisenstein sum (MKES), or as a multiple integral over products of
Kronecker-Eisenstein coefficient functions f(*)(z|7) and the functions gi(z|7).

In either case, the construction of eMGFs generalizes the construction of MGFs by the
inclusion of a character. The generalization of a character to a product of R copies of A
and Y is obtained in terms of the characters on each copy by multiplication,

»k U): (21,5 ,2r) = Xpu (21]7) X -+ X Xpr(2R|T) (2.29)

where the characteristics z, = u,7 + v, for r = 1,--- , R are allowed to be independent of
one another. Using the integration (2.3) over ¥ such product over characters satisfy the
following integral formula,

/2 Im T ( [ (2 Z|T)> = 5<§:1Ps> (ﬁmi%lﬂ) (2.30)

The Kronecker ¢ equals 1 when the sum ), ms = >, ns = 0 and vanishes otherwise.

2.5.1 Definition and properties of dihedral eMGFs

We begin by introducing dihedral eMGFs in terms of a MKES over R edges with momenta
p. € N for r = 1,---, R, two vertices of valence greater or equal to 3, and an arbitrary
number of bivalent vertices. The exponents a, of the holomorphic momenta p,., the expo-
nents b, of the anti-holomorphic momenta p,, and the characteristics z, are arranged in
R-dimensional arrays A, B and Z, respectively,

A =[a1,a2,...,aR]

R R
B =[by, ba,..., bR A=) ar 1B => b, (2.31)
Z:[217227”'72R] = =

where a,, b, € Z. The associated dihedral eMGF is defined by the following MKES,

m 7)4l 2| T
C+[§](7) _ (IFB) 3 (Zps> H X”GT _b‘ (2.32)

pl?"'vaeAl s=1

which is absolutely convergent if a, + a,» + b, + b,» > 2 for any pair 1 < r,7/ < R and
defined by Eisenstein summation convention in case of conditional convergence.

Clearly, the dihedral eMGF (2.32) is invariant under simultaneous permutations of
the (a,,by, z,) in A, B, Z. Its modular transformation properties follow from the modular
invariance of the characters shown in (2.15) and the customary transformation laws of p,

and 7 given in (2.5),
A

Z/

CtH B |(r) = (v7 + o)IBI-1l o+ [fé} () (2.33)




where Z' = [z}, -+, 2] with 2. = 2, /(y7+6) forr = 1,--- | R, as given in (2.5). In view of
this modular transformation law, one may view dihedral eMGFs as non-holomorphic Jacobi
forms of weight (0, | B|—|A|) and vanishing index. For |A| # | B| there is no canonical choice
of the power of Im 7 and the normalization chosen here (indicated again with the superscript
+) is such that the modular weight (0,|B|—|A|) has vanishing holomorphic entry. The
eMGF with conjugate normalization (denoted with the superscript —) is related as follows,

c—[g]m:(ﬂm)‘m—'f" c+[j§}(7): c+ ?XZ (7) (2.34)

and has modular weight (|A| — |B|,0). Additionally, we have a reflection symmetry,?

C+

A A
_ (_1\|Al+IB| p+
_BZ]_( 1) C [g} (2.35)
and momentum conservation,
E C*{AS] E C+{BS]: , ct

where S =[1,1,---,1], the parameter z € C is arbitrary, and S, = [0,---0, 1, 0,--- ,0] has
zeros in every entry except for the entry » where the value is 1. The last identity expresses

AJ=clEl ew

translation invariance on ¥ and uses the fact that Hle Xp; (2|7) = 1 on the support of
momentum conservation.

Equivalently, we may express an eMGF as an integral over % of a product of the mod-
ular forms DV[¢](z|7) defined by (2.17). The equivalence with the MKES representation
may be established by using the integral formula on characters given in (2.30). In the
dihedral case we have,

Cﬂ%w) :/E . ﬁ DT 5 [(zr—2I7) (2.37)

Imr e

where A, B and Z are the arrays of a,, b, and z, given in (2.31). Just as for MGFs, any
eMGF with R = 1 vanishes,

cts](m =0 (2.38)

Making use of the special case of (2.17),
0](z|7) = Z Xp(2|7) = (Im7)0%(2,2) — 1 (2.39)

peEN

the integral representation (2.37) implies a simple algebraic identity when a column of
exponents in the eMGF has vanishing entries. In this case (2.39) implies the identity,

R
ar ai a2 ... ar
CHlbiba.bgo| = (,Hl D+[br](zr)> - C*[g b - bR} (2.40)

z1 22 ... zr 0 -+ 2R

ai az ... aR 0:|

This relation is the generalization of the algebraic reduction formulas for MGFs [7].

3Henceforth, when the dependence on 7 is clear from the context we shall omit 7.
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2.5.2 Definition and properties of eMGFs for arbitrary graphs

Next, we generalize eMGFs to the case of an arbitrary graph by starting from MGFs
for arbitrary graphs and multiplying the summand in the Kronecker-Eisenstein sum by a
character. The resulting general formulation is as follows.

A decorated graph (T, A, B, Z) with V vertices and R directed edges consists of a con-
nectivity matrix with components? I',,, forv =1,--- ,V and r = 1,--- , R and decoration
of the edges by exponents a,, b, € Z and characteristics z, forr = 1,--- , R, assembled into
arrays A = [a1, -+ ,ag], B = [b1, -+ ,br] and Z = [z1, -+, zg]. To the decorated graph
(T, A, B, Z) we associate a function on L% x H; by,

mrT ‘"A‘ R 2p|T
ct [é}(ﬂ - (I7r|B)| Z (H (sz;;T Xpe(#]7) ) I (Z anp,«> (2.41)
p1, RrREN \r=l1 r
where
R R
A=) ar Bl = b (2.42)
r=1 r=1

A sufficient condition for absolute convergence of (2.41) is that for any two edges 1 <
r, < R the sum of weights a, + b, + a, + b,» > 2. The normalization by powers of (Im )
is canonical only when | A| = |B| and otherwise has been chosen so that the modular weight
has vanishing holomorphic entry. The modular transformation law if given as follows,

cH B () = (v7 + 6)BI-14 ¢+ [?](7) (2.43)
z z
where 7/ and Z’ = [z],--- , 2] are given in (2.5). The momentum conservation identities

take the following form,

R
A-Sr A
Y Ly, CH| 7B } erc+ B~ ST]( )=0 (2.44)
Z
r=1 r=1
and translation invariance generalizes to,
A A
+ _ Ot _
c [gj(f)_c ] 2 =223 TS, (2.45)

see (2.36) for their dihedral instances. A detailed discussion of trihedral eMGFs can be
found in appendix A. Any convergent eMGF grows at most polynomially when 7 — ioc0,
see appendix C of [23] for examples, similar to the case of MGFs [5].

According to (2.43), the modular weight of an eMGF is given by (0, |B| — |A|) that we
shall often refer to weight for simplicity. The graph I' has a definite loop order L and we
transfer this notion to the eMGF by saying that the eMGF has a loop order L. For instance,
the dihedral eMGF in (2.32) with R edges is said to have loop order L = R—1. One of the

4The components of the connectivity matrix are T'y, = 4+1 (I'y,, = —1) if the directed edge r is incoming
(outgoing) for the vertex v and vanish otherwise. We employ the notation A etc. to distinguish the case of
general topology from the dihedral topology where we write A.
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themes of this paper will be that there are algebraic relations between eMGF that relate
different eMGFs of potentially different loop order up to 7-independent functions. Thus,
the notion of loop order of an eMGF can change when representing it differently.

A different notion, called depth of an eMGF, will be introduced in section 3.4. It is
related to differential relations satisfied by eMGFs and leads to irreducible iterated integral
representations with Kronecker-Eisenstein functions f*) as integration kernels. The depth
of an eMGF can differ from the loop order and we shall argue that it is a more intrinsic
property of eMGFs.

2.6 One-loop eMGFs

In this section, we provide additional relations between the functions CT, DT, f (%) and Gk
in the special case of one-loop graphs. We collect here the following special cases of the
functions Dt which will be useful,

DB

DK

DF[R](=
6l
alt

) = (Im7)5%(2) — 1
) = 9(2|7)

7) = gr(z|7)
) =
)

.
\]

Z|\T

(ImT) F @ ()
= (1)t 0 fO(z|r) (2.46)

DY
D7

Further specialization to vanishing argument z for £ > 2 and a,b > 3 gives,

X
\‘

z|T

DF[}1(017) = gx(0lr) = Ex(7)
DH§](07r) = —(Im7)* £ (0]7) = Im7)* Gq(r)
D 9](0]7) = (1) 7 fO(0]7) = 7 "Gy (7) (2.47)

The holomorphic Eisenstein series G, (7) is a modular form of weight (a,0) defined by,

Z — (2.48)
v P°
The series is absolutely convergent for ¢ > 3 and vanishes for all odd ¢ > 3. For a = 2
the conditionally convergent series may be regularized preserving modular invariance while
glvmg up meromorphlclty, to produce the non-holomorphic but modular Eisenstein series
Gy, which is related to f® and Dt as follows,

Ga(7) = (Im 7) "2 D[ 2](0|7) = —FP(0|7) (2.49)

and f)(0|7) is the finite limit as z — 0 of the formula given in (2.26) for £ (z|7).

The simplest non-vanishing examples of dihedral eMGFs (2.32) have R = 2 and thus
two columns since one-column eMGFs vanish by (2.38). Based on (2.35) and (2.36), one
can rearrange the eMGF so that the second column has vanishing entries,

+a2 0
CH b oa |(7) = (—1)e*t CF | bitis o |(7) (2.50)
21 Z2 z21—22 0
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2.7 Two-loop eMGFs

The simplest generalizations of Zagier’s single-valued elliptic polylogarithms are two-loop
eMGFs with R = 3 columns in (2.32),

c+ {‘;i b ‘g;}(T) ~ (Im7)® Z S(p1+p2+D03)Xpr (21]7) Xps (22]T) Xps (23|7) (2.51)
- b ) b .
T p1,p2,p3EN p¢111p11p6212p22pggp3

21 22 Z3

where we denote the two-loop instances of |A| and |B| by
a=a;+as+as, b=">by + by + b3 (252)

Similar to (2.50), one can bring the two-loop eMGFs (2.51) into a canonical form with one
vanishing entry among both the a; and b;: following the strategy in section 2.6 of [30], the
vanishing of exponents of p,, p, can be enforced by the partial-fraction decompositions

1 _ i Aie(a1,a2) n i (a2, ar)

Py Py’ s’ k kst Pt
b,
1 (b1, b3) > Ae(bs, br)
b1 —bo - Z ¢ —b—/ +Z ¢ —b—/ (253)
D1 Do p3 =1 DP1DP2 =1 DP3D2
that are valid when p; + p2 4+ p3 = 0 and where
k —k—1
)\k(alaa2) — (_1)a1+a2+ (a1+(;12271 ) (2'54)

Straightforward insertion of (2.53) into (2.51) leads to the decomposition into two-loop

eMGFs of canonical form with entries d02 gz in the first two rows:

CHE R = 305 A(ansanphe(bn by 0| 0t 0 b
{zi % Z§:| iyt k(a1 a2)Ae(b1, bs) z03 szzel (7)

- [k 0 a—Fk]
—I—ZZ)\k ai,as )\g bg,bl)c 0 bt ¢ (T)

21 22 Z3

k=1/=1
22 A fa—k 0 Kk ]

+ 373 Nelaz, a1)Xe(b1,b3) CT | 0 ¢ b—e |(7) (2.55)
- 15 1 Lz 5 22

22 [0 k a—Fk]
—i—ZZ)\k ag, al )\g bg,bl)c 0 b4 £ (7’)

k=1 0=1 L#1 22 28]

The last line can be reduced to one-loop eMGFs (2.50) by the algebraic reduction (2.40),°

oz bs 0 k a—k
ZZ)\k ag,al)Ag(bg,bl)C+ 0b—¢ ¢ (7‘)
k=1(=1 o
22 a—k 0
= ZZ)\k ag,a1) (b3, by) CT | b— KO}(T)C"'{ ¢ 0:|(T) (2.56)
Pyt z21 0 z31 0
as+b1+bs (a1+a2—1)!(bl+b3—1)! a 0:|
( 1) al!(ag—l)!bl!(bg—l)! 212)38 (T)

5The term in the last line stems from carrying out the sum over k and ¢ via

a2

S (1) Ao, ) = (1)t (@rtaa— Dt

P all(azfl)l
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3 Differential identities and HSR

In this section, we shall show that the derivatives of eMGFs, either in the modulus 7 or in
the characteristics z,, produce linear combinations of eMGFs. For certain configurations
of vanishing anti-holomorphic exponents, subgraphs arise which involve only holomorphic
momenta. The procedure of holomorphic subgraph reduction, which is designed to simplify
the Kronecker-Eisenstein sums is such cases, is generalized here from the case of dihedral
MGFs introduced in [7] and generalized in [8] to trihedral MGFs. A simplified derivation of
holomorphic subgraph reduction is presented here in terms of Kronecker-Eisenstein series
and the use of the Fay identity, following [11]. A major motivation for the study of eMGFs
is to generalize the system of differential equations obeyed by Zagier’s single-valued elliptic
polylogarithms to higher depth.

3.1 Derivatives in 7

As in the case of configuration space integrals, the most useful definition of the derivative
with respect to 7 (or with respect to 7) is obtained by keeping the co-moving coordinates
(u,v) of z = ur + v and the co-moving momenta (m,n) of p = m7 + n fixed. Inspection
of (2.13) then readily confirms that x,(z|7) is then independent of 7 and 7 so that its
derivatives in 7 and 7 vanish,

Orxp(2|T) = Ozxp(2]T) =0 for (u,v) and (m,n) fixed (3.1)

We shall define the covariant derivative V., or Maass operator, mapping the space of
modular forms of weight (0, ) to those of weight (0, u—2) while keeping all co-moving
coordinates (u,v) in ¥ and all co-moving momenta (m,n) in A fixed, as follows,

V., = 2i(Im7)%0;, for (u,v) and (m,n) fixed (3.2)

Its complex conjugate V, = —2i(Im7)20- maps the space of modular forms of weight
(u,0) to those of weight (u—2,0) while keeping (u,v) and (m,n) fixed. In the following
it is always understood that (u,v) and (m,n) are kept fixed in 7-derivatives unless stated
otherwise.

Since we have V. x,(2|7) = 0, the relations giving the 7-derivatives of MGFs [7] carry
over almost verbatim to arbitrary eMGFs, and we have,

vV, C+[§} iar Cct|B- ST}( )
r=1

v, C” [g] (r) = ibr c- {2‘1251 ] (1) (3.3)
r=1

where S, was introduced below (2.36) and the second equation may be obtained from the
first by complex conjugation and suitable change of normalization by factors of (Im 7). For
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one-loop eMGFs;, the general equations (3.3) reduce as follows,

7V, DH[§)(zlr) = a DF[ 21 (2l)

(w9 DHGI(elr) = D p e

(a—1)! -m
Vo i) = R D ) (34)

The first equation reproduces the well-known differential equations of Zagier’s single-valued
elliptic polylogarithms (2.19),

V:Dap(2|7) = Im7(aDgi1p-1(2|7) + (b—1)Dgap(2|7)) (3.5)

Special cases giving Kronecker-Eisenstein coefficients are as follows,

(a+b—1)!

@9 D [3)(ehr) = ~ Lty e
(9 au(elr) =~ () £ el (5.6)

When evaluated at z = 0, we recover the following relations for one-loop MGFs,

(w9 (51000 = S D [ i)
(9 D10k = T ) G
(9" Butr) = S ot [k i) (37)

Analogous equations may be obtained for the action of V..

3.2 Derivatives in z

It will be convenient to us the following covariant derivative in z and Zz, at fixed 7 and p,

V, =0y, — 70, =2i(ImT)0,
V., =0y — 70, = —2i(Im7) 05 (3.8)

Applied to the character, we obtain,

Vaxp(2|7) = 2mipxp(2|7)

Voxp(2|T) = 2mipxp(2|7) (3.9)

Note that the 7-derivative V; in (3.2) for (u,v) and (m,n) fixed only commutes with V,
(as will become important for the discussion of sections 4.4 and 5.3) but not with V..
The action of V, on an arbitrary eMGF will be obtained by differentiating the char-
acters that appear in the eMGF according to (3.9). To obtain the general formula for this
derivative, we must allow for the possibility that all characters z, depend on the variable z
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through arbitrary linear combinations compatible with the group character structure of .
Therefore, the general formula reads as follows,

R
0z

C+
— 0z

v. c+[§] Y

Bi;Sr } (3.10)

For the special case where s < R of the characteristics z, coincide with z while the remaining
R — s characteristics are independent of z, we obtain the following simplified and more
explicit expression,

V.ot e Z:} —2i Y et e Z:} (3.11)
Z ... Z Zs41 ... ZR = Z .. Z .. Z Zsgl - 2R
This formula is valid for arbitrary eMGFs.
For one-loop eMGFs, (3.10) simplifies to
(V2)" DF[5](2lm) = (20)™ DT [.5,](2|7)
(Vo) gi(zlr) = (20)™ DF[ 5, ] (=) (3.12)
as well as
(Vo) DF[§](=l7) = —(20)°(Tm ) £ (2]7)
(V2)rgi(zlr) = —(20)* (Tm r)* 9 (2|7) (3.13)
which, using (2.19), reproduces,
V.Dgp(2|7) = —4nImTDq p—1(2|T) (3.14)

the well-known differential equations of Zagier’s single-valued elliptic polylogarithms.

3.3 Holomorphic subgraph reduction

As we will see, the appearance of Kronecker-Eisenstein coefficients f*)(z|7) as in (3.6)
is a general feature of iterated 7-derivatives of eMGFs, regardless of the graph topology.
In order to expose factors of f (k)(z|7') in the differential equations beyond the one-loop
case, we will need the generalization to eMGFs for the procedure of holomorphic subgraph
reduction (HSR) for MGFs [7].

In the dihedral case, HSR is a prescription to resolve the simultaneous vanishing of
two anti-holomorphic exponents, such as in,
al az A

0 0B
z1 22 4

ct (3.15)

in terms of eMGFs of lower loop number. Convergence will be guaranteed when a1 +as > 3
and z9 # z1, which we shall assume to hold at first. These rearrangements are necessary
since the evaluation of further V.,V via (3.3) and (3.10) generically leads to negative
entries b; that cannot be removed via momentum conservation (2.36).
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While HSR for MGFs was initially performed based on partial-fraction manipulations
of the lattice momenta p; in nested sums [7, 8], a reformulation in terms of Fay identities
among Kronecker-Eisenstein coefficients was later on given in [11]. Here, we shall follow
the latter approach which is based on the Fay identity [31, 32],

9(2’1, 771|7')Q(2’27772|T) = 9(21—2'2,771|T)Q(22,771+772|7') + Q(?«’2—21, 772|T)Q(2’17 771+772’T)
(3.16)

Upon expanding each €2 in a Laurent series in 1 and 7, and identifying alike coefficients,
we obtain the following identities between the Kronecker-Eisenstein coefficients [33],

FO (1—2|7) £ (zo—2|7) = (=1)2 71 fl@1F92) (2 — 29| 7) (3.17)

+Z a1+at712 kk 1 k)(ZI_ZQIT)f(a1+a2_k)(22_Z|7_)

+Z (W ) e (2 )

as—k

These relations will play an important role for the generating series to be discussed in later
sections as well. Converting (3.17) among the f (@) into a relation amongst the forms D
using (2.46), and the notations ag = a1 + ag and z12 = z1 — 29, we find,

DF[§] (21—2|7) DF[ T ] (2 —2I7) = (-1)2 71 DF[ Y] (212]7) (3.18)

() DN eaelr) + 3 () D[] (ral) D95+ 2 ehe)
k=1

— () DH D] (2, —2|7) +Z (c0—k 1y Dt | g](zzlh)zyr{aook} (z1—2|T)

az ax—k
In obtaining (3 18) from (3.17), we have treated the contribution & = 0 in (3.17) separately
as one has f(z|7) = 1 but D*[J](2|r) would produce an unwanted J-function contri-
bution, as may be seen from (2.39). The relation (3.18) provides a simplification for the
product D[4 |(z1—2|7) D[} ](22—2|7) in the integral representation (2.37) of dihedral

eMGFs with b = by = 0 which is equivalent to HSR, and the final formula for HSR of
dihedral eMGFs is given by,

+|aaeal  1ya ptrao +[4
|0 05| = ()" DY) C*| 7]
ao=1) +| %4 w1k b | [0k A
— (¢ 0z +Z (55 D[kl (z12) € ] (3.19)
ao—1) +| %4 (0= 1-k) D[ [0k A
_<(;2 C le —i—Z ‘;Qk DT[] (z21) C Z1 B

where the one-loop lattice sums on the right-hand side may be rewritten in terms of
f®)(212|7) via (2.46). Similar applications of the Fay identities (3.17) can be used to
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recursively perform the HSR for higher-point eMGFs, see [11] for analogous techniques for
MGFs and [7, 8] for the earlier approach based on lattice-sum manipulations. For trihedral
eMGFs (A.1) with a holomorphic two-point graph, the HSR can be found in appendix A.2
which literally follows the integrand manipulations of (3.18). The HSR for a holomorphic
three-point graph is spelled out in appendix A.3. Moreover, as shown in appendix A.4,
Fay identities also imply algebraic relations among trihedral eMGFs that are not amenable
to HSR.

3.3.1 Coincident limit of the elliptic HSR

In order to recover the HSR formulae for dihedral MGFs from (3.19), it remains to drop
the restriction z; # zo. Most of the terms have a straightforward limit z; — zo, except for
the contribution of k¥ = 1. The singular behavior DT [}](z12]7) — —(Im7)/212 gives rise
to the following z;-derivative in the coincident limit,

a0~ 1A

ap—1 A ap—1 A

+ + _ ot _ o
Ju DN e[ 2] - e[ ] } = o e[ 5] - e[
(3.20)
which we have evaluated via (3.11). Hence, the coincident limit of (3.19) reads,
Hlaraz Al vay ptrao +[A] _ a0y o+ |20 4
et %% 5| = compIe et [F] - () | T
CL 1— k G,o*k‘A
+Z i) DEE10) ¢ Mo (3.21)
a ao—k A
+Z i) DL €7 o B
a A ap—1 A
+<Z‘;:?>{D*[3]<O>c+ Vgl er |y

where the one-loop lattice sums on the right-hand side may be rewritten in terms of Gy(7)
and Go(7) via (2.47) and (2.49). By additionally setting z and all the entries of Z to zero,
one recovers the HSR, for dihedral MGFs.

3.3.2 Examples of the elliptic HSR

We will later on see that all the eMGFs in the expansion of the generating series YﬁT to be
introduced in sections 4 and 5 can be addressed within the following notable subclass of
elliptic HSR~identities (3.19), again using the notation ag = a1 + as,

+1 A +1 A A
—al C+ “ %2 B| +as C+ ao1 a20 B| = —ao(—l)a2 'D+[a05r1](212) C+[B}
21 22 Z 21 22 Z A
a1 A7 at! b pt ao+1—k A
o 20) €7 ZIQ—Z’leElDH(m)ﬁ [
a1 A7 2f! e ao+1—k A
) e[ R]T n@h D le o[
k=3
_ ap—1 A ap—1 A
+E D REn{er| " B - et 3] | (3.22)
Zl Z zo 7
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These combinations do not involve the singular contribution D*[}](z12|7) = —(Im7)/z12,
so that the coincident limit is regular. Moreover, the coefficient of DT [2](z12|7) in the last
line drops out in the coincident limit z; — 22, so that the conditionally convergent lattice
sum DT[2](0]7) ~ G(7) in the last line of (3.21) drops out as well.

An important special case is obtained by setting as = 1 in (3.22),

2 A +11 A A
¢[00l —act|"0 0 B| = (@+1)D[2](210) CF| ] (3.23)
z1 22 Z z1 22 Z A
a1+1
ot a1+2 A B q D+ k + a1+2—-k A
Ctl 0B ;(k DT [Elz2) €T 0 T
ﬂ + a1+2 A 49 + a1 A ot a1 A
+ 5@t 0B+ DY[G](212)1 €T 0 B —CT ) 0 5
By furthermore setting a; = 1,2,3 in (3.23) for instance, we obtain
A A A A
ct| 633 —c+[3 53]—c+ 83] |8 3| +2DH(E)(n0) ¢ [B] (320
21 220 4 21 290 2 21 4 20 4 Z
1 A 1 A
+D+[3](212){C+ 2012 —Ct zonga }
+22A_ +31A7+ A_+4A +r4 4[4
C 00x 2C 00x 3C 05 C 05 +3D7[§](z12) C {123} (3.25)
1 A
—2D"[§](z12) C*| 0 B
(2 AT 2 A
—i-'D+[%](2:12){C+ 2012 - Cc* Z()zg }
32 A 41 A 5 A 5 A A
Ctl00B —36*[0 0B|=6CT|0B|—C"|0B|+4D"[3](212) CJF{B} (3.26)
21 22 4 21 22 4 21 Z zo Z Z
(1 AT 2 A
—3D7[§](z12) CT| 0 B] =2D"[§](212) C7| 0 B
(3 A] 3 A
+ D*[%](zu){c+ 08— ct 0z }

3.3.3 Examples of two-loop eMGFs

We shall now apply some of the above examples of elliptic HSR to identify the simplest
differential equations of eMGFs beyond the one-loop case (3.6). The elliptic generalization
of the two-loop MGF (41,1 was studied under the name D:(),l) in [23], both of which are
given as follows in the present notation,

111 111
Crin=CH[}1] =B+, DV (z) = ct[111] (3.27)
and its T-derivatives following from (3.3) are,
W, 4211 4211
(rV:)D3’(2) = C [g(l)(l)}-i—?C 8%] (3.28)
2\ 221 $[2217 43117 473117 7311
(VD) = act(og )] +2ct 3] —act[ogy] —act[gog] —act[gg 1]
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Based on the HSR-identity (3.25) and its coincident limit, the second derivative can be
simplified to,

(7V)2D (2) = 8DF[7](2) + 4D [31(0) + 4 DH[3](2) DH[2](2) (3.29)

The entire right-hand side has been reduced to (products of) one-loop eMGFs. More-
over, the product D [3](z) D™[2](2) with the Kronecker-Eisenstein coefficient DV [3](z) =
—(Im7)3f®)(2) is unprecedented in the differential equations (3.6) of one-loop eMGFs.
This last term in (3.29) signals that Dél)(z) is what should be called a depth-two eMGF
since f() multiplies a one-loop eMGF ~ D¥[?](z) which in turn produces another f()
upon differentiation in 7 via (3.6). Hence, one may view (3.29) as the simplest example
of Zagier’s single-valued elliptic polylogarithms at depth two. The relation between the
notion of depth and the differential equations satisfied by eMGFs will be explored in more
detail in section 3.4.

We also note in the limit z — 0, the relation (3.29) loses its last term since f©)(z) is
an odd function of z in agreement with the vanishing of G3. Therefore, the MGF C1 11
obtained from Dél)(z) in the z — 0 limit is only of depth one.

As another two-loop example, one can apply the HSR (3.24) to

§[ﬂ —2¢*[001] (3.30)

(et (ofd] =27

[£](2) with £

with DF[2](2) = —(Im 7)2f?)(2) multiplying another one-loop eMGF D
[ (%) } is therefore of

.. . . 1
in its 7-derivative. By the same arguments as above, the eMGF C™ |0

z
depth two.

+
1
1
0

3.3.4 Examples of three-loop eMGFs

Similarly, the simplest examples at three-loop order include the objects
MWy p+[iE1L (2), \ _ 41111
Pl =crliif], ol =ctigy] (3.31

introduced in [23]. Their second 7-derivatives can again be simplified using the HSR
identity (3.25)

(7V:)2 DY (2) =18 D¥[$](2) D(3](0) + 18 DH[4)(0) DT[3)(2) + 6 D¥[§)(2) ¢* [0 11]
+36D¥(§](2) + 36 D¥[§)(0) + 12D*[{](2) D*[3](2)
—6D*[3](2)* = 6 DT [3](0)* — 12D*[{](2) D*[{](0) (3.32)
(7V:)2 D (2) =12 DF[](0) DT(3](0) + 24 D [4](2) D¥[3)(2) + 8 DT [§](2) C* [0 1 1
+48D*[§](2) + 24D [§)(0) + 16 D*[{]() D*[3](2)

—8D*[](2)> = 16 D*[§](2) D*[](0) (3.33)
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where we have used the following identities in intermediate steps.

c i) =ser 3] - e[}
2 [f}]+ er [ 1] =oer[8] +ac [3] - e [HH) (339
+act[ig] er[1g] —2e*[1g] e 3]

The first identity can for instance be imported from the Mathematica notebooks of [11],
and the second one will be proven in section 3.4.

The last terms in the first lines of (3.32) and (3.33) identifies Dz(ll)(z) and Df)(z) to be
eMGFs at depth three: the Kronecker-Eisenstein coefficient D¥[3](2) = —(Im7)3f()(2)
multiplies the eMGF C* [0 ! (1)] which was found to be of depth two in (3.30). We shall
rederive the above examples from generating functions in section 4.5.

3.4 The sieve algorithm and the notion of depth

In this section, we formalize the notion of depth by generalizing the concepts of [7] related
to the so-called sieve algorithm. The basic idea is to consider powers of the Maass operators
V. acting on an eMGF C* with labels A, B, Z as in (2.41). Since the differential operator
lowers the antiholomorphic B labels according to (3.3), this, together with momentum
conservation, eventually leads to eMGFs that are amenable to HSR. One takes successive
derivatives (V)™ of (2.41) until one can first use HSR to extract a factor of a one-loop
function D*[k](z) = —(Im7)* f*¥)(2) with k # 0 multiplying another eMGF C("];) in the
schematic form,

(V)" = (m7)* fPch) +Ct (3.35)
where both C(J;) and C* are Q-linear combinations of other general eMGFs of the form (2.41)

and not amenable to HSR, see for instance (3.30). We define the depth of the original eMGF
C* as the maximum of (the depth of C(J,;) plus one) and the depth of C*.

The eMGFs C(J,;) generated by HSR and C™ therefore have to be subjected to the same
procedure of taking successive derivatives VI until one can again separate out a function
(Im 7)¥ ) (2). If the eMGF multiplying (Im 7)* f(*')(2) is constant, then C(J];) is defined
to have depth one which is the base of the recursive definition. The recursive algorithm
is guaranteed to terminate after a finite number of steps since the antiholomorphic indices
of the eMGFs are lowered in each step, and negative entries b; are always removed by
combinations of HSR and momentum conservation. Like this, the depth of an eMGF with
antiholomorphic indices B is manifest after no more than |B| powers of V.

Note that the functions (Im 7)* f*)(2) and (Im 7)¥ f*)(2) generated by HSR may have
arguments z = 0 and thereby reduce to holomorphic Eisenstein series. Hence, the present
definition of depth also applies to MGFs and coincides with the notion of depth in [17, 34]
adapted to the iterated-Eisenstein-integral representations in the references. Since at the
one-loop order the action of both (V)? and (V,)? on eMGFs D*[¢](z) produces a factor

of (Im7)* f*)(2) under (3.6) and (3.13), one may wonder whether the definition of depth
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should be based on V.- or V,. With our above definition based on V., the notion of depth
for eMGFs reduces to that of MGFs as z — 0, which is not the case for V, as it annihilates
MGFs.

3.4.1 Example of the sieve algorithm for eMGFs

The simplifications of eMGFs by repeated V,-derivatives and HSR not only pinpoint an
unambiguous notion of depth but also generate relations among eMGFs through a gener-
alization of the sieve algorithm for MGFs in [7]. As an illustration, we derive the relations
among two-loop eMGFs in the second and third line of (3.34): the first derivatives of the
eMGFs on the left-hand side are given by

ov-ce[8}]] = 20e°[1] -2 1] ~oe* [t e* 1}
cefifle e Blel]  om
and
ovoce [§13] = see [1§] + e 8] -see 5] e [1f] ~se* 23] e*[ 1]
o[8[ ot 5] - [1]
v fi¥] e 1] 3] e (1] o
The last lines of (3.36) and (3.37) drop out from the combination in (3.34), i.e

N ==
[elelen)
[
[
0]
aQ
+
—
o=~
[evlenlen)
[
D
aQ
+
1 —~
N Ok

v (e 1]+ e [311]) = e g e (11
see ] e*[1}] ~ser[3f] e*[1}]
caer[tf] e [tH] vser (3] e[ 1]
- wv-(oc 8] ac [34] - (1]
et e f{f] et e ) e

This equality is still valid after dropping the V. on the two sides, i.e. it can be uplifted
to (3.34) since the objects in the parenthesis have modular weight (0,—4) and do not
admit any integration constants. First, we observe in analogy with [7, Lemma 1] and from
the polynomial growth of eMGFs near the cusp 7 — ioo that any integration constant
can at most depend on the co-moving coordinates (u,v) of the elliptic variable z. These
transform as a vector under SL(2,7Z), see (2.6), but it is impossible to construct an SL(2, Z)
singlet using only a single (commuting) vector, therefore the integration constant must be
independent of (u,v) as well. As there is no constant with a non-trivial modular weight,
the integration constant must vanish identically.

3.4.2 Depth of eMGFs and iterated T-integrals

The above definition of depth can be translated into iterated-integral representations of
eMGFs. Similar to the MGF case [6, 17], the differential equations (3.6) of DT [%](z|7) at
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depth one can be solved via meromorphic 7 integrals (to be performed at fixed u, v)
/ dry (m)? fO (ur4olm),  0<j<atb—2 (3.39)
10

and their complex conjugates whose coefficients are rational functions of 7 and 7. Higher-
depth eMGFs admit similar representations where (3.39) generalizes to iterated integrals
with multiple integration kernels 791 f*1)  7ie f(ke) and the depth of the eMGF sets
the maximum value of ¢. The exploration of this form of eMGFs based on the generating-
series considerations in later parts of the present paper will be the subject of a subsequent
publication [27].

Alternatively, one can integrate the differential equations of eMGFs w.r.t. z rather
than 7. At depth one, this has been implemented by expressing Zagier’s single-valued
elliptic polylogarithms in terms of finite linear combinations of meromorphic elliptic poly-
logarithms® — iterated integrals over z — and their complex conjugates [36].

3.5 Laplace equations

In this section, we initiate the study of Laplace equations of modular invariant eMGFs,
i.e. dihedral ones (2.32) with |A| = |B| and trihedral ones (A.2) with |A| + |C| + |E| =
|B|+|D|+|F|. The modular invariant Laplacian on functions ¢(7) with vanishing modular
weight is given by

Ag(r) = 4(Im 7)20:0,6(7) = V- ((Im 7)2V¢(7)) (3.40)

with the complex conjugate V, = —2i(Im 7)20: of the Cauchy-Riemann derivative (3.2).
We reiterate that the 7-derivatives in (3.40) are taken at constant (u,, v, ) if ¢(7) is chosen to
be an eMGF depending on z1, 29, . .., zg. The Laplace action on modular invariant eMGFs
can be evaluated by combining the Cauchy-Riemann equation (3.3) with the complex-
conjugation properties (2.34), e.g.

AD*[E](z]r) = 7, ((ImT)—Qi D [4+1] (z|7)> — knV, D [11] (~2I7)
= k(k=1)DF [} ](=z|7) = k(k=1) DF [}](z|7) (3.41)

This is completely analogous to the derivation of the Laplace equation of non-holomorphic
Eisenstein series Ej defined in (2.7) and reproduces the well-known Laplace eigenvalue
equation of the gi(z|7) functions (2.8)

(A — k(k—1))gu(z]r) = 0 (3.42)

5By the tension between meromorphicity, homotopy invariance and doubly periodic integration kernels
for iterated integrals on the torus, several variants of the elliptic polylogarithms of Brown and Levin [32]
have appeared in the physics literature [33, 35]. The representations of D [¢](z|7) in [36] are based on the
elliptic polylogarithms with meromorphic integration kernels [35].
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3.5.1 Laplace equations of two-loop eMGFs

For MGFs built solely from Green functions, the Laplace equations have been studied for
two-loop graph functions [3], the Mercedes diagram [12], tetrahedral MGFs [13], certain
dihedral three-loop MGFs [14] and generating series of Koba-Nielsen integrals [16]. We
shall now generalize the Laplace equations of the two-loop MGFs in [3] to the elliptic case

Z 2 g] _ (ImT)a+b+cZ 5(p1+p2+p3)Xp1(ZI)XP2(22)XP3(Z3)

Couve(Z)=CT
wbe(Z) T |p1]2¢|p2|?°|p3|?

(3.43)

s p1,p2,p3EN
which is the special case of the two-loop eMGFs in (2.51) where the holomorphic and
antiholomorphic exponents line up. Only two of the characteristics Z = [z, 22, 23] enter
as independent variables by translation invariance (2.36) and the ubiquitous dependence
on 7 is again left implicit. By repeating the steps in (3.41), one can straightforwardly
evaluate the Laplace action to yield

ACup.c(Z) = (a(a—1) + b(b—1) + ¢(c—1))Capc(Z)

a+1b—-1 ¢ a—1b+1 ¢
—i—ab{CJr a—1b+1 ¢ |+ CT|at1b-1 ¢ } (3.44)
zZ1 z2 Z3 Z1 22 23
at+l b c—1 a—1 b c+1
+aC{C+ a—1b 1|+ CT|atl b -1 }
21 Z2 23 21 22 23
a b+1 c—1 a b—1 c+1
+bc{C+ ab-letl |+ CT| a bl et }
z1 z2 23 z1 22 23

The eMGFs in the last three lines with different holomorphic and antiholomorphic entries
can be rewritten in terms of the C,;(Z) with integer shifts in a,b,c via momentum
conservation (2.36), e.g.

a+l b—1 ¢ a—1b+1 ¢

CTla—1b41 ¢ |+ CT|atib-1 ¢

zZ1 zZ2 23 zZ1 22 Z3
=Cot1pt1,c-2(2) + Cozipt1,6(2) (3.45)

+ Ca+1,b71,c(Z) - 20a,b+1,cfl(Z) - 20a+1,b,C71(Z)

The manipulations in (3.44) and (3.45) have already been used in [3] to derive the Laplace
eigenvalue equations of MGFs Cy..(Z=[0,0,0]), and we find the same structure for their
elliptic generalization

(A—a(@=1)=bb—1)—c(c—1))Cape
= +ab(Ca—1,b+1,c + Cat1p-1,e T Cariprte—2 = 2Capti1,0-1 — 2Ca+1,b,c—1> (3.46)
+ bc(caf2,b+1,c+1 + Cop—1,c41 + Caprte—1 — 2Co—1p,c41 — 2Ca71,b+1,c>
+ca (C'a—1,b,c+1 + Cat10-2,c41 T Cat1pe—1 — 2Cap—1,c41 — 2Ca+1,b—1,c>

where the common arguments of the eMGFs (Z]7) have been suppressed.

— 24 —



3.5.2 Evaluating Cg,p0 and Cgp,—1

Starting out with a,b,c¢ > 1 in (3.46), its right-hand side may end up involving a lower
index which vanishes or which equals —1. We shall now evaluate both of these functions
separately. The first case can be simplified through momentum conservation (2.36) and
the factorization property (2.40),

Copo=CH| &5 8} = DH[2] (z13) D[ ](z23)—c+[3 Z]
Z1 22 23 z1 22
= ga(213)9p(223) — Jatb(212) (3.47)

leading to combinations of the g (z|7) functions. The second case also requires momentum

conservation (2.36) and factorization (2.40)
1b 0 b—1 0 -1 b 0 b—1 0
Cop— 1—C+Z1b0]+0+3b10]+6+[aa blo]—i—C+ a1 b 0]
Z1 z9 23 21 22 23 21 22 23 z1 29 23
= 9ga—1(213)95(223) + ga(213)gp—1(223) (3.48)

+ DY (218) DH 2 ] (208) + DF[a%1] (213) DF [ 51 (209)
3.5.3 Examples at low weight

By the last line in (3.48), the Laplacian of Cyy .(Z) with one of a,b,c = 1 cannot be solely
expressed in terms of objects gx(2) and Cyp (Z) whose holomorphic and antiholomorphic

entries are lined up. For instance, the terms in the second line of
AC11,1(Z) =2g3(212) + 293(223) + 293(231) (3.49)
+{ D [31(z13) D3 )(z23) + DF[3)(z13) D¥[3)(z23) + eye(zn, 22, 29) |

are a signal for irreducible depth-two admixtures that can also be seen from the second
Cauchy-Riemann derivative (3.29) of C;1,1(2,0,0) = C+[1 ! (1)] We similarly obtain,

(A =2)C21,1(Z) = 5g4(212) + 594(213) — ga(223) + 92(212)92(213)
+2D7[}](232) DT[5](212) + 2D [](223) DT[3](213) — g2(213)g2(223)
+2D"[3](232) DT [3](212) + 2D [3](223) DT[] (213) — g2(212)92(223)

(A=6)C311(2) = Cop1(Z) + C212(2) + Cr22(Z) + 895(212) + 8g5(213)
+3D7[3](223) DT [§](213)+3 D" [§](223) DT[]
+3D"[3](232) DT [31(212)+3 D ¥ [} ](232) D [§](212) —292(223)95(212)

(A —=4)C221(Z) = =2C212(Z) — 2C122(Z) + 12g5(212) — 295(213) — 295(223)

+ 292(223) (93(212) — 93(213)) + 292(213) (93(212) — 93(223))
+4D"[3](22) DT [§](213) + 4 DT [3](213) DF[3](223) (3.50)
by combining (3.46) with (3.47) and (3.48). Note that (3.49) and (3.50) reduce to the

following Laplace equations of MGFs [3] as Z — 0:

AC111(Z=0)=6E3, (A—=2)Co11(Z=0)=9E;—FEj (3.51)
AC221(Z =0) =8E5, (A—6)C311(Z =0)=3C221(Z=0)+ 16E5 — 4E,E3

213)—292(223)93(213)

[l ) [l V)

(
(
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One may try to repeat the strategy in the MGF literature to seek linear combinations F
of Cype and ggypyc such that the expression (A—X)F for some eigenvalue A simplifies.
However, combinations of Cyp. and goipte do not suffice to eliminate the DT[] (2;;)
functions with a # b from the Laplace equations, i.e. the combinations

1 1 1

F3(Z)=Ci11(2) - 593(212) - 593(223) - 593(213)
1 1 1 1 1
Fy(Z) = —501,2,1(Z) - 501,1,2(2) + 394(Z12) + 594(213) + 594(»223) (3.52)
1 1 1 1 1
(7)) = - 7 - 7 - 7)) — — _ o
5(2) 401,2,2( )+ 402,1,2( )+ 402,2,1( ) 1095(212) 1095(223) 1095(Z13)

can at best be engineered to eliminate gq44+. and Cgyp o from the right-hand sides of

AFs(Z) = D" [5](213) D" [](223) + DT [1](213) DT[3](223) + cye(z1, 22,23)  (3.53)

as well as
(A —2)Fy(Z) = g2(z12)92(213) + { D[

— D3] (212) D¥[3] (213) — DT[3] (212) DT[] (213) + (22 ¢ 23)}
(3.54)

[ )
—
I
—_
[\&)
SN~—

T

N ot
—
W
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w
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—
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—
Do
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T
[\GéN)
—~
W
[\
w
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In the limit where z; — 0, the above D¥[§] at odd a+ b vanish, such that (3.53) and (3.54)
reduce to well-known Laplace equations of MGFs including [3]

9
(A —2) <—02,171 + 10E4> = ES (3.55)

3.5.4 Examples beyond two-loop eMGFs

The same interplay of Cauchy-Riemann equations, complex conjugations and momentum
conservation can be used to simplify the Laplacian of modular invariant eMGFs associated
with higher-loop dihedral graphs. For entries A, B of identical weight, we obtain

R

}: Z a,b CT

ror/=1

A+Sr*5r1

(A+]4)ct] sy |, |Al= 1Bl (3.56)

N

which verbatim generalizes the Laplacian of dihedral modular invariant MGFs in [7]. When
applied to the eMGFs Dil)(z), Df)(z) in (3.31), the direct outcome of (3.56) is

AD(z)=3ct[0311] +3ct[3011] +6ct[1031]
2000 2000 2000
AD§2)(2):4C+[§§§)%}+8c+[§i3(ﬂ (3.57)

As detailed in [25], the right-hand sides of (3.57) simplify upon taking the linear combina-
tion Dil)(z) - %Df)(z) and adding products of depth-one MGFs,

A(Dfll)(z) — ZD‘(E) (2) — 3Bag2(2) + 592(2)2 + 4E22> (3.58)
3 3
= 2<Dz(11)<2) — 4D4(12)(z)) + 9B, — 18F5g2(2) + 992(z)2 + 5 22
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The simplicity of this particular linear combination can also be understood from the 7-
derivatives in (3.32) and (3.33): the relative coefficient of —2 ensures that the only depth-
three term ~ DY[3](z)C* [é [%J (ﬂ drops out from (FVT)Q(DS)(Z) — %fo)(z)). Hence, the
Laplace equation (3.58) eventually relates eMGFs of depth two.

In combination with the Laplace equation of the MGF Dy = C+[é i é é] (3], the
motivation for deriving (3.58) in [25] was to prove the Laplace equation
1
A<F4(z) - 2F2(z)2) — 2Fy(2) — 3Fy(2)?

FQ(Z) = E2 — 92(2) (359)

(1) (2)

_Ds Di’(2) Dy (2)
Fy(z) = 13 3 +—

which arose as a corollary of identities among higher-genus MGFs in [24].

4 Dihedral eMGFs from Koba-Nielsen integrals

We shall now explain how eMGFs arise from world-sheet integrals involving Koba-Nielsen
factors. This involves a generalization of the generating series of MGFs that were introduced
in [16, 17], and the open-string analogues of the subsequent generating functions of eMGFs
have been introduced and analyzed in [28]. This section deals with the case of two points,
i.e. dihedral eMGFs, and the next section covers the general case.

4.1 Two-point generating series and component integrals

Using the Kronecker-Eisenstein series (2.21) we define the following (2 x 2)-array of gener-
ating series,

2
Yis(o,m, i) = 2ilm 7 [ S22 goastemir)ouaataaln
JAT D sImT

y ( Qz12, (T=7)n|7)Qz12, 17) 202, (7'—7_')77\7')9(212,77|T)> (4.1)
212, (T=T)0IT) 202, 0l7) Q202, (T=T)n|7)202,1|7) ] .
where 7,5 € {1,2} and
KNy (z0|7) = e%029(02[7)+s120(212[7) (4.2)

augments the usual Koba-Nielsen factor exp(sij2g(z12|7)) for two points z; and z by an
additional factor depending on the extra puncture zg. The latter will be the elliptic variable
for the dihedral eMGFs since z; can be fixed to zero by translation invariance and zo is
integrated over. There are extra propagators from the extra puncture zy only to the
unfixed zo and this will generalize to higher-point cases in the next section. A factor
exp(so19(201|7)) — that would be needed for a complete (n+1)-point Koba-Nielsen integral
— does not depend on the integration variables and we leave it out to simplify some of
the following expressions. Note that the variables n and 77 do not appear symmetrically
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in definition (4.1) due to the (7—7) multiplying n but not 7. As we shall see below this
effects the modular transformation of the generating series.

From the expansion (2.24) of the Kronecker-Eisenstein series we can define component
integrals by Laurent expanding to a given order in the variables 1 and 7 by

Yij(zoomalr) = 3 0l (2mi) Y (z0)7) (4.3)
a,b>0

where the factor of (27i)" is a convenient convention. Henceforth, we shall suppress the
arguments zgp and 7 on the component integrals and use the shorthand

fz-(;) = F1 (z5]7) (4.4)

to compactly represent their integrands. The explicit form of the component integrals

_ (a

ylel) _ (T=7)° / D22 soag(z00/)+5120(1217) fia'hhe o' e (4.5)
Y @ri)’ JsImr© (@) 2(0) 4(a) 4 (B)

fi2" fo2' foz ij

manifests their modular weights (0,b—a) under (2.5)

VAP (/) = (47 + )Y (elr) (4.6)

The second arguments (7—7)n and 7 of the Kronecker-Eisenstein series in the generating
series (4.1) are engineered to attain vanishing holomorphic modular weights, at the expense
of introducing factors of Im 7 into their complex-conjugation properties

(alb) _ a—by(bla) . _
YZ.]. = (4y) Yﬂ with y=nlmrt (4.7)

The generating function (4.1) transforms as

20 _ n jar+p
YL“ ) d y =
]<’YT+(5 (PYT—F )77

=Y, N 4.
]SS ) = Vit me i) (48)

showing the asymmetric role played by n and 7

4.1.1 Expansion of component integrals

Expanding the component integrals (4.5) in the Mandelstam variables sp2 and sq2 yields
dihedral eMGFs, and the powers of Im 7 in (4.5) line up with those in the normalization
of the C* in (2.32). For instance, for a,b # 0 the 11-component is

d222 b
y(al) _ 302512/ PNV (a2 )YE F@) £ D)
11 b o L0 EImT(g( 02|7))" (9(212|7))" f12" 12
g4 a 01y 1,
= (1200t S 202712 o+ Obl,l} b) £ (1,1 1.9
( )(7') kgo Wi OOZ:Oﬁ ) (CL,)?&(,) ( )
Within the arrays, zp = (20,...,20) denotes k repeated entries and similarly for 0 and 1.

Here and below, we rename zy — z within the entries of eMGFs to avoid cluttering. The
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case (a,b) = (1, 1) is excluded from (4.9) since the short-distance behavior fl(;) fl(;) ~ |z12|72
and es129(212|7) |2 | =% introduces a kinematic pole in sy upon integration over zo. This
pole can be exposed by standard subtraction schemes as for instance used in appendix D
of [16]

ImT StoS d2z 1
vy ZZ ;]{:2'£1'2/2 2 (g(z121m)) (9 z027)* — glzon|T)F) 13 113

>0 k>1 Im7
302312 k d?zy ¢
—— > A9zl (9(z12/7)) (4.10)
812M>0 k! o s Im7T

see appendix C.1 for a derivation and appendix C.2 for the leading orders of the o'-
expansion.
For a =0 or b = 0, the corresponding edges disappear from (4.9), and we have

kot a1y 1y
y@l0) _ _r9:\a 502512 ctloi, 1 ] ¢ 0
11 (20) kzm R or a 7
kgt 011
Yl(lo‘b) ( 1)b71(2l—)7b Z 502512 Cctle 1: lﬁ] for b # 0 (411)
Pty kel 0 21, Og
k 0 1 1,
- 010) _ 502512 +[1 ! ]
w2 T Ol

k>0

The other components Y( alb) only differ by the characteristics in the first or second column
of the eMGFs in the expansions (with a,b # 0 and (a,b) # (1,1))

kgt 01g 1,7
Y — (—1)b(21)e 3 502512 o+ a9 o
bd>0 k! 0! |l 2 0 2 Og |
kgt fa 01y 17

v = (—1)P2i)et S 322"21'2 ctlov It (1)/2 (4.12)
k>0 2k De
kgt 01y 1p]
YO — (Z1)b(21)e 3 502512 o+ a9 ey
b0>0 k! 0! | 2 2 2 Op |

and the special cases with a = 0 or b = 0 are similar to (4.11). We note in particular that
the pure Koba-Nielsen integrals satisfy

Y1(10|0) _ YI(QO\O) _ Y2(10|0) _ Y2(20|0) (4.13)
The extensions of (4.12) to (a,b) = (1,1) can be reduced to Yl(lm) in (4.10) and
Y1(21|1) = 5(1)2(5/1(100) + 812Y1(11|1)) (4.14)
by the following operations evident from the integral representations (4.5)
2(1‘1) Y1(11|1) ‘ZO%iZO , Y2(11‘1) = @ (4.15)

51242502

As detailed in appendix C.2, the limit zg — 0 of Y1(21 D

expansion, so we define the latter through the integration-by-parts identity (4.14).

does not commute with its o/-
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4.1.2 Examples of component-integral expansions

Examples of the above component integral expansions are

0[0 1 207 207 1 111
Yoo - 1+§(s%2+s§2)c+{%8_ + 50251207 [ 20 +6(332+s§2)c+[55(1)]
1 riil 1 1111

+ 5802812(802 + $12) c* ; (1) (1)} + ﬂ(ng + 84112)0—’— [(1) é [1) (1)} (4.16)
1 9 9\ ppl111 1o 5 41111 5
+6802$12(802+812)C _;(1)(1)5] ‘1‘15025126 [;i[l)(l)} + O(s3))
as well as
(10) 1r20 9 L4111 . Lr1t11 3
Y 24502 C bg} +isge C [2[1)(1)} + 1802512 C [2[1)(1)} —1—(’)(3”)
(210) + +[30 2 4211 2 47211
A = oo € [1f] + s [J] w25 [gd 5]+ 2ot [0
211
+ 4512502 C+{8 i (1)] + O(S%)
3/0 . 40 : 311 . 311
Y1(1| ) = _SZSOQCJF[}:S} —4@532C+[%6} +8zsogslgc+[8i(1)} +O(sf])
0 ‘ 20 , 111 111
Y1(21| ) = —218126+[28} —1802812C+[(Z](1)(1)} —’ZS%QC [(Z)(l)é} +O(S?j)
M = asn € (3] + s € [1R] - 2sdact (g4 2shoc [0
211
+ 4502512 C+[8 ; é] + O(S%)
3/0 : 40 . 311 . 311
VB = 8isyy C+b 8} + 4is?, Cﬂg(l)(l)} — 8isp2512 C+[8i(1)] +0(s})) (4.17)

where we used the simplification rules from section 2.5, for instance translation invariance

or momentum conservation to rewrite

cl=clil elil=tehl] e

In later examples, we will also take advantage of the expansions

49 =16 [§] o [§] o411
+ashe ]+ gsher [§h1] - oud)
YS‘O) =16 {302C+{2§} +$12C+B§] +802$126+{§ii}
+%S%QC+[§§)%} +%S%QC+[§§)M +(9(s?j)} (4.19)

We note that some of the terms in the expansion are MGFs rather than eMGFs.

4.2 zg-derivatives of the generating series

The dependence of the generating series (4.1) on the elliptic variable zg can be determined
using the differential operator V., = 2iIm70,, defined in (3.8). For this we record the
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following derivatives of the Kronecker-Eisenstein series [16, 32]7

277177

0:0(z,1|7) = == —Q(z ) + 763 (2, 2) (4.20)
and recall (2.25) for z-derivatives of the Green function. Moreover, the following iden-
tity [16] is a variant of the Fay identities (3.16)

1Y 0z2.017) = 59 212, 017) + 0,022, 1l7) — Qzon, —nlT)Qz02,mlT)  (4.21)
Using these it is straight-forward to compute

VY11 = —502 [(T—f)f(%)Yn + 0 Y11 — (7—7)Q(201, —(T—%)W’T)YH]

V.y Vi = 2miiYiz + 510 [~ (r—=7) f51 Yiz + 0y V1o + (1=7)Qz01, (7=7)n|7) Vi1 |

V.o Yar = —2miifYar — s03 [(7—=7) f1 Yar + 0y Yor — (r=7)Qz01, —(7=7)n| ) Yas

Vay Yoo = s1 [~ (7—7) [} Yar + 0 Yos + (r—F)Qz01, (r—F)n|7) Yau (4.22)

For deriving this equation we have used partial integration to rewrite 0,,(z02, (T—7)n|7) =
—0.,Q(202, (T—7)n|7) in terms of derivatives on the Koba-Nielsen factor and the Q term.
Upon expansion of the Kronecker-Eisenstein series we obtain the matrix form

2
Voo Yig = 2mifi(j—i)Yij + D (r=7) ) S Ry(an) jeYae (4.23)
k>0 (=1

where the following 2 x 2 matrices no longer depend on 7

— 8020, —Span !
Rn(:ro)—< 0277; 02M )

1
5121 5120y

Ry(1) = <_802 °0 ) (4.24)

S12 —S12

0 802(—77)k_1>

Ry (zr) = < ) for k > 2

5127 0

The z-derivatives in (4.23) generalize those of the generating functions of open-string Koba-
Nielsen integrals studied in [28] which were shown in the reference to obey an elliptic KZB-
system [37-39]. The operators R, (x)) furnish a (2 x 2)-matrix representation (acting on
functions of ) of abstract generators zj, in the KZB equation for z-derivatives as discussed
in [28, §4] and agree with the operators g 2(zx) in the reference at sg; = 0. However, there
is no open-string analogue of the first term 2mif(j — ¢)Y;; on the right-hand side of (4.23).

"The contributions from the delta function in (4.20) are suppressed within Koba-Nielsen integrals since
factors of e*119(*ii1™) scale with |z;;|~2% as z; — z;. Their vanishing in the limit of colliding punctures stems
from the analytic continuation from the region with Re(s;;) < 0, or the “cancelled-propagator argument”
in old string-theory lingo.
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4.2.1 Implications for component integrals

When evaluated for component integrals Y( ") as defined in (4.5), these derivatives with
respect to zy become

vy - —sozv—f)féi)n(f'” - asea i

a+1
— g9 Z fok)Y (a+1—K|b)
VoY) = o (r—7) OV _ g, v a1
a+1
— g9 Z 7_ 7_ fok)YQ (a+1—K|b) Y2(1a|b—1)

vZO§/1( alb) — —812(’7' T)f01 Y( alb) + asio Y(“+1|b)
a+1
+ 519 Z 7_ 7_ f01 Y1a+1 k|b) +Y1(2a|b71)
k=0
VZOYQ( alb) _ —312(7'—77')]’&) @®) | 61 Y(a+1|b)
a+1
+s10 > (=7 i vt HR) (4.25)
k=0
see [40] for similar differential equations of open-string component integrals. By the o'-
expansions (4.9) to (4.12) in terms of eMGFs, these differential equations are generat-
ing functions of z-derivatives of individual eMGFs in (3.10). Moreover, all the dihedral
HSRs (3.19) are automatically performed on the right-hand side of (4.25): the one-loop

eMGFs (1—7)* (k) —(20)* D[] (201|7) generated by HSR are already explicit, and
none of the terms in the o/-expansions (4.9) to (4.12) of Y;ga‘b) are amenable to further

HSR.
Let us consider an example by using the expansions (4.16) and (4.17) in terms of
eMGFs. The differential equations (4.25) give for instance

Voo Y00 = — 50751 (4.26)
which at the order of s2,s12 implies from (4.16) and (4.17) that (z = zo)
1 111 111
o ot _ 0ot
V-] =ier (o] (s21)
This is consistent with the z-derivative of the eMGF on the left-hand side via (3.11). The

zo-derivatives (4.25) of several further component integrals are gathered in appendix B.1.

4.3 Tt-derivatives of the generating series

We next determine the dependence of the generating series on the modular parameter T,
using the methods of [16, 17]. Besides 0;€(z,n|7) = 0 at fixed v and v, an important
identity for this is [16, 32],

(T
Im 7

U)Q(z, n|t) = (Im 7)0,0,Q(z, n|T) (4.28)
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where we recall that the 7-derivative V, defined in (3.2) is taken at fixed co-moving coor-
dinates (u,v). When the 7-derivative acts on the Koba-Nielsen factor (4.2) it generates

Vr
(I,]:niT)QKNQ(Zo) = (—Sogf(g) — Slgfl(g)) KNQ(Z()) (429)

and therefore we also require the following consequences of the Fay identity involving
2)
£ 116]

1
(£5209 = f63) Q=2 ml7) = (282 - fé?)mzlz, nl7) = Qz02, 1I7)9yz01, —nl7)  (4.30)

(150, ~ £3)012.0l7) = (5 ~ ol0lr) )Rz i) (431)

where p(n|7) is the Weierstral function that has the following expansion in 7

p(nl7) = — + 3 (k1) 2Gy(r) (4.32)
[/

with G(7) the holomorphic Eisenstein series (2.47) that vanishes for odd k.
Evaluating the 7-derivative of the generating series Yj; of (4.1) leads to the Cauchy-
Riemann equation,

—47V, Yy = 2mifj0, i1 — soa(r—7)2 £V + %(502+512)83le
— 502(7—7) (09201, —(T=T)n)) Y2 — s12(7=T)p((r—7)n)Y;
AV, Yy = 2mifi0y Vs — s1a(m—7)2f DY + %(5024—512)87271/}2 (4.33)
+ 512(1=7) (0201, (T—7)0)) Y1 — s02(7—=7)*0((T—T)n)Y;
By expanding both the Weierstraf function and 9,€(z01, £(7—7)n) in 7, we obtain,
Y=Y [—Rn«fo) Y1) () 0 By () (4.34)

/=1 k=2

+ i(l—k)(T—%)kaRn(ek) }/z
k=4 V4

where the following 2 x 2 matrices no longer depend on T,

1 (s12s 1 L
R??(EO) = ( 12 02) — *(8024—812)8% — 27TZ7767]

n* \s12 S02 2
k—2
N s19 0
R = for k>4 4.35
n(€x) ( 0 77k2302> or k > ( )
—S502 S02
By(b2) = ( s12 —812>
0 (=) 2502
R, (b)) = for k>3
77( k) (nk—2812 0 =
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The steps for this calculation are analogous to [16, 28]. The terms involving fé’f) in (4.34)
are due to the elliptic variable zg and do not feature in the generating series of MGFs
studied in [16, 17], whereas they appear in an analogous open-string calculation in [28,

8

§4] whose normalization we have adopted here.® By inspection of the explicit operators

in (4.35) and comparison with (4.24), we see that,
R, (b)) = Ry(zp—1) for k > 2 (4.36)

which holds in identical form for their open-string analogues in [28] by the integrability of
the elliptic KZB system.

Similar operators R, (e;) in the 7-derivatives of generating functions without the ex-
tra puncture [16, 41, 42] were conjectured to furnish a matrix operator representation of
Tsunogai’s derivation algebra [43, 44]. As we will see in sections 4.4 and 5.3, the oper-
ators R, (ex), Ry(by) in (4.35) and their generalizations to n > 3 points obey modified
commutation relations studied in the context of an elliptic KZB system [28].

4.3.1 Implications for dihedral eMGFs as single-valued elliptic polylogarithms

Since all the matrix entries Y;; generate dihedral eMGFs upon expansion in 7,1, sg2 and
s12, the form of the 7-derivative in (4.34) implies that they generalize Zagier’s single-valued
elliptic polylogarithms to arbitrary depth: we have seen examples of eMGFs at depth two
and three in sections 3.3.3 and 3.3.4 whose 7-derivatives introduce félf) — f®)(2) multi-
plying lower-depth objects and thereby generalize the differential equations (3.6) at depth
one. From the fé’f) that multiply the entire generating series in (4.34), there cannot be an
upper limit to the depth of the eMGFs in the o/-expansions (4.9) and (4.12). Conversely, a
solution of (4.31) via Picard iteration will be explored in [27] where iterated integrals over
7 with an unbounded number of integration kernels f*)(ur+uv|r) are introduced.

4.3.2 Implications for component integrals

The Cauchy-Riemann equation (4.34) can be considered for the component integrals Yigalb)
introduced in (4.5). For these we obtain (for j = 1,2 and any a,b > 0),

4V Y gy D 2 éf)yﬁaw) sy et

1
+ islg(a—l)(a—i—Q)Y([H_Z'b) + 25 ga(a—l—l)Yj(f—mb)

a+2
—8122 (k—=1)(t—7) kG Y(a+2 k16)

a+2

+8022 E(h—1)(r—7) f(k a+2 k|b)
4V, Y(alb) Y(a+1\b 1) — s19(7—7)? éf)yj(zalb) _312}?(1a+2|b) (4.37)

1 1
+ goa- D@V 4 Ssnalar v

8Note that, apart from the absence of so1 in this work, the only difference to the open-string 2 x 2
representations ro 2(-) in [28] occurs in Ry (eo) = ro,2(€0) — 2¢2(S02+512) — 2min0,.
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a+2
—s02 Y (k=1)(r—7)F Gy MY
k=4

a+2
+ s12 Z(k_l)(T—f)kfé]f)}/j(f”_kw)
k=2

Similar to (4.25), these differential equations generate the 7-derivatives of individual eMGFs
in (3.3) upon o'-expansion. Again, the factors of (T—%)kfé]f) and (7—7)*G}, signal that
dihedral HSRs (3.19) and their coincident limits (3.21) are automatically performed. Fur-
thermore, by the absence of D*[}](z01) and D*[2](0) from (4.37), the HSR incorporated
in these all-order differential equations are all from the subclass (3.22).

Let us consider an example of a 7-derivative of the generating series of eMGFs, fo-

)

cussing again on the simplest case Y1(10 0
—47TVTY1(1O‘O) = —812}/1(12|0) - 802Y1(22‘0) (4.38)

Referring back to the component expansion in (4.16) and (4.17), we can consider the order
502525 of this equation which becomes,

-] =2er {1+ 34 w0

)

which is consistent with (3.3). A variety of further examples of VTYl(lo ) can be found in

appendix B.2.

4.4 Commutation relations from integrability

Similar to the discussion of the elliptic KZB system obeyed by the open-string analogue
of the generating series (4.1) [28], the commutativity of mixed derivatives’ V.,V implies
commutation relations of the operators Ry (), Ry(ex), Ry(by). From their appearance in
the zo- and 7-derivatives (4.23) and (4.34), we obtain the direct analogues,

k/2—1
Ry([wo,ex]) = D (—=1)*Ry([za, zr-1-d]) , k>4 (4.40)
a=1
w—1
RW([xwaek]) = - Z <w;1> Rn([$a+17xk+w—a—2])a k > 47 w=>1
a=0

of the relations among the 7 2(-) in the open-string setup [28], see appendix D for further
details. Here and below, we are using the shorthand R, ([a,b]) = R,(a)R,(b) — R, (b)Ry(a).

For the differential operators V., and V. defined in (3.2) and (3.8), the following identity is useful for
the comparison of mixed derivatives,

—4xV- [(r=7) F P (2l)] = VL (r=7)F T P (2))

We recall that only the holomorphic versions V, and V., commute, whereas V. does not commute with V-
at fixed (u,v).
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However, the first term 2min(j—i)Y;; in the zp-derivative (4.23) cannot be absorbed
into a redefinition of R, (x¢) acting solely on the second index j. This leads to deformations
of some of the commutation relations compared to the reference, i.e. the terms ~ 27in in,

Ry([z0, €0])jo = 2min(€—j) Ry (eo) e

[w/2l=1 /N (w—1—2a
Ry([zw.eol)je =) <a>((a1‘|‘1)2)

a=0

Ry([Ta, Tw-1-a]) e (4.41)

+ 2mi(w—1)7(j =€) By (zw-1)j¢ w>1
due to the last line of (D.1), for instance,

Ry ([21,€0])je =0 (4.42)
Ry ([2, €0])je = Ry([x0, 21]) ¢ + 2min(j—€) Ry (1) je

We observe the following relations for the adjoint action'® of €y on the operators €, and z,
(with & > 1) under R, (-)

R,,(aud':f0 €hr1) =
R’? (adfoxk) =

(4.43)

which we have verified up to k = 6. In the open-string case, when the 7-terms are absent,
it was shown in [28] that the relations (4.41) imply the second line of (4.43). The first line
is reminiscent of Tsunogai’s derivation algebra [43, 44] whose abstract generators €, obey
adf0 ex+1 = 0, see section 5.3 for further details.

The n-point analogues of these relations and others will be discussed in section 5.3.
Given that the above commutators apply to the operators R,(by) = R,(z—1) in the 7-
derivatives (4.34), they constrain the possible differential equations of eMGFs. As will
be explored in future work [27], the above commutation relations reduce the number of
independent iterated integrals in a perturbative solution to the differential equations of the
series Y;;. Hence, the commutators of R, (ex) and R, (x,) crucially enter the counting of
independent eMGFs at given modular and transcendental weights, see [17] for the analogous
counting of MGFs.

4.5 Extracting differential equations of eMGFs

We shall now revisit the 7-derivatives (3.30), (3.32) and (3.33) of specific eMGFs and
pinpoint the equivalent of the underlying HSRs at the level of the generating series. The
three examples of this section occur in the o/-expansions (4.16) and (4.17) of component
integrals via

.t 111 N (1|0)

i [géé} =Y e
1 1111
Lo+ (00

%The adjoint action is defined as ad,y = [z, y].
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1 41111y 0|0)
sein] =i,

and generalize the earlier ones in (4.26) and (4.38). The 7-derivative of the odd eMGF in
the first line can be read off from the coefficient of s2, on the right-hand side of

532572

47V YO = s (VB0 _ y B0y _ 950, (7—7)3 £ @) (2) Y00
+ 502(r—7)2 FA (2) (V5 ” — v1V) (4.45)

In combination with the o/-expansions (4.16) and (4.17) of the component integrals on the
right-hand side, this leads to the following equivalent of (3.30)

(V) et [01}] = 2D 141) + (-2 (2) DH3() (4.46)

Similarly, the second 7-derivatives of the weight-four examples in (4.44) follow from the
differential equation

(—4nV )2Y1(0‘0) = —2812(802+312)Y1(f|0) - 2302(302'*‘312)}/1(;'0)
+ 3(s3y+520) (r—7) G4V — 6502812 (r—7)* FO (2) Y,
+ 2s00512(7—7) O (2) (V51 = 1Y) (4.47)

o/-expanding the integrals on the right-hand side via (4.16), (4.17), (4.19) and isolating
the coefficients of s3,512 and s2,s2, yields the equivalents

(VDY (2) = = S D () DYIRI0) + £ (=)' Ga DHI()
3
- SO E) [0

1] +36D7[8)(2) + 36 D7[§])(0)
( 2

6D [1](2)” ~ 6D7[F](0)° + 12DH4)(2) DY [)(2)
1207 [](2) DYF10) (4.48)
(V2D () = > (r-7)'Ga DY[)0) — o () 9 (2) DF[3](2)

—i(r=A)? fD(2) e [0 1 1] + 48 DT [§](2) + 24DF[§)(0)

+16 DF[1](2) D¥[](2) - 8 DT[](2)* — 16 DT[}](2) DF[](0)

(4.49)

of (3.32) and (3.33). We have again used the identities (3.34) in intermediate steps which
can be derived either from the sieve algorithm as in section 3.4.1 or from the last line of
the all-order differential equations (B.4).

The procedure of this section to extract the differential equations of eMGFs from those
of Koba-Nielsen integrals in (4.37) is particularly efficient to systematically derive a large
number of 7-derivatives: instead of performing HSR on a case-by-case basis in the o'-
expansion, the exposure of f*)(2) and G}, in (4.45) or (4.47) applies to all orders in o/ and
therefore incorporates an infinity of HSRs.
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5 Higher-point eMGFs from Koba-Nielsen integrals

In this section, the two-point generating functions Y;; in (4.1) along with their differen-
tial equations in zp and 7 will be generalized to higher multiplicity. While the two-point
integrals Y;; only generate dihedral eMGFs, the n-point Koba-Nielsen integrals to be intro-
duced below generate eMGFs of arbitrary graph topologies. The differential equations of
all eMGF topologies will be shown to line up with higher-depth versions of Zagier’s single-
valued elliptic polylogarithms. The expansion of (n > 3)-point generating series below for
instance features the trihedral eMGFs in appendix A and additional two-loop eMGFs that
were absent in Y;;. Hence, the higher-point generating functions of this section furnish
a variety of single-valued elliptic polylogarithms at higher depth that drop out from the
two-point setup.

5.1 Higher-point generating series

The n-point generating series of this section generalize the two-point integrands in (4.1) to
multiple factors of left- and right-moving Kronecker-Eisenstein series € and . Following
the integrands of earlier generating series of genus-one integrals [16, 28, 41, 42], both left-
and right-movers will be composed of building blocks

(ki ko, . ke T) = QU 2k ks Mhokg. ey | T) QU Zhiaky s Mgy [T) - Q21 ker> M | T) (5.1)

with og(k|7) = 1 and ¢, (k,£|7) = Q(2ke,me|T) in case of one or two entries. The sums
Mk;..k; = Mk; + - .. + Mk, of consecutive expansion variables 7y in the second arguments are
engineered to obtain the simple differential equation for the complex conjugate

0., 051, p(2,3, ..., 1)[7) = 2%’;3%(1,;)(2,3, o), i=23.r  (52)
that does not depend on the permutation p € S,_1 of its entries.

Following the open-string integrands of [28] that also accommodate an extra uninte-
grated puncture zp, we will consider products of ¢g(1,...) and ¢5(0,...) for both chiral
halves of their closed-string versions below. The remaining legs 2,3,...,n will be dis-
tributed over the ellipses of @5(1,...) and ¢(0,...), and there are n! admissible ways of
doing so (including cases with a single entry ¢g(0|7) = ¢y(1]7) = 1). In an open-string
setting with a fixed integration domain v on the A-cycle of a torus, these integrands give
rise to the following n!-component vectors of integrals,

Z('y‘ Ig) = / ( H de) gO,-]‘(l, K)goﬁ((), L) H eSijgopetl(Zij|T) (5.3)
Y

j=2 0<i<j

that close under derivatives w.r.t. z9 and 7 [28]. The entries of the ordered sequences K =
(kle - kl) and L = (6152 .. EJ) are disjoint and yield {kl, ko, ..., kz} U {gl,gg, - ,éj} =
{2,3,...,n} as their union. The details of the open-string Green function!! Gopen (2i|T),

" Similar to the differential equations (2.25) and (2.26) of the closed-string Green function, the open-string
Green function in genus-one amplitudes can be taken to obey

Bgopen(2]7) = —=f P (2l7),  27i0r gopen(2l7) = —F P (2]7) - 2G2
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the integration cycles v and the association of ¢;(1, K)p;(0, L) with two Cayley graphs
rooted at the unintegrated punctures z; and zg can be found in the reference.

The corresponding closed-string generating functions generalizing the Yj; in (4.1) are
constructed from a double copy of the integrand of (5.3)

, _ mod%z;
V(M| K) = (2iIm7)" / (H hﬂ;)KNn(zOh) (5.4)
yn—1 .7:2
X ©(r—7)i(1, K)o (r—7)i7(0, L)pi(1, M )p7(0, N)
up to a rescaling of all the formal variables 72,73, ...,7n, in the left-moving factors by

(7—7). This rescaling was already present in the factors of €(z;2,(7—7)n|7) in the two-
point integrand (4.1) and ensures that the holomorphic modular weight of the component
integrals in (5.4) vanishes. The Koba-Nielsen factor is again taken to exclude a contribution
of sp19(201|7) that can be pulled out of the integral

KNp(zolr)= [ es9ulm) (5.5)

0<i<j
(4,5)#(0,1)

and we fix z; = 0 by translation invariance as in the previous section. We suppress the
explicit dependence on 7;,1;, zo and 7 in the definitions (5.3) and (5.4).

The entries of the n! x n! matrix of closed-string integrals in (5.4) are labelled by 2+ 2
ordered sequences for the left- and right movers, i.e. there are n! choices of 4f and %
each. For instance, the 2 x 2 matrix at two points in (4.1) arises from the choices 4, K ¢

{@, 5}, associated with double copies of {¢y,(1,2), ¢y, (0, 2)} Slmllarly, the closed string

2

integrals (5.4) at n = 3 points form a 6 x 6 matrix indexed by 4, K ¢ {23 32, 2.3, 32, 23

referring to a double copy of

90772»773(17 27 3)? 907]2,773(17 37 2)7 30772(17 2)80713 (01 3)7 } 5 6
907]3(1, 3)90772 (0, 2)7 ¥n2,m3 (Ov 3, 2), Pn2,m3 (07 2, 3)

As will be spelt out below, also the closed-string generating functions (5.4) are closed

n=3 = (pﬁ(l,K)gDﬁ(O,L) S {

under differentiation in zy and 7. This supports the expectation that the n! families of
@i(1, M)pz(0, N) form a basis of chiral integrands in Koba-Nielsen integrals at genus one
under Fay identities and integration by parts. It would be interesting to find a general
proof and to find a precise formulation in the language of twisted deRham theory.

5.1.1 Expansion of component integrals

The lattice-sum representations of its constituents implies that the simultaneous Laurent

expansion of (5.4) in s;;, n; and 7); yields eMGFs at each order. At fixed order in 7; and

nj, one encounters component integrals over Kronecker-Eisenstein coefficients as in (4.5).
At three points, for instance, the first entry in the 6 x 6 matrix yields

1
y{abled) _ - y( 5.7
2@3’2@3 (27m>c+d ( 0 | 0 ) n2yint ey tnd ! (5.7)
(Im 7)o d%z d2z
— a+b—c— d 2 3 r(a) (d)
= (21) ro+d ./2 Tm 7~ ./2 Im7f12 f23 3 KN3(z0)
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Each term in its o/-expansion can be lined up with the definition (A.1) or integral repre-
sentation (A.2) of trihedral eMGFs

o0 kl kQ k3 k4 k5
y (@dled) _ (24)tb—c—d(_1)etd Z $12513923502503
2% o Filko!kslkylks!

k1,....k5=
a0 lkl 1k4 b0 1k3 1k2 1k5
X CT|0cly Try [0d Ly ey lig (5.8)
00 0x; (2)ky |00 Ogg |Ory (—2)kg

where we have assumed that a, b, ¢, d # 0 to avoid trivialization of edges and (a, ¢), (b,d) #
(1,1) to avoid kinematic poles as in (4.10). Moreover, we have not performed any topo-
logical simplifications (A.4) for low values of the k; and again renamed zy — z to avoid
cluttering. When defining the three-point component integrals of the remaining matrix
entries, the expansion variables 193, 3, 723, 73 in (5.7) need to be adapted to the Kronecker-

Eisenstein integrand in (5.6), e.g. Yéa’lgc’d) would be the coefficient of ng; 'n5~ a5 1adt.
3123

The same approach leads to eMGFs of box-, kite- and tetrahedral eMGFs in the o’'-
expansion of four-point component integrals, and there are no limitations to the eMGF
topologies obtained from generating functions (5.4) at higher multiplicity.

5.1.2 Two-loop eMGFs and beyond at leading orders in o’

We shall now focus on the o/ — 0 limit of various three-point component integrals (5.7)
and compare the contributions from different matrix entries. The simplest choice of 4 =

% = ¥ in (5.8) yields products of one-loop eMGFs

a,blc, Na+b—c— a0 b0
Vil = @it et [h] e [gg] + 0Gsy) (5.9)

at leading order in o/, while different matrix entries turn out to yield two-loop eMGFs.
Here and below, we assume a, b, c,d # 0 and (a,c), (b,d) # (1,1) to avoid trivialization of
edges and kinematic poles. With a different choice of fi(jc) fég) in the integrand of (5.7),
we obtain,

visteo - TURI) = (20)" e et [E8a] + Olsy)
R (2mi)etd Ipgrib g tad 000 g
vieseo  TAIE) = (i)t et [ o] + OGsyy)
3% @roerd gty gt 106 i
Y( 3 ‘ 23) b a0
y(eblod) _ Z2210 — (2i)rtbed(_qybrerd ot [P 89T L o) (5.10
%’2@3 (27ri)c+d nasigb— e lgd—1 (2) (-1 [8 0 z} + <Sl]) ( )
Y(9]%) ab0
Y(a,b|c,d) _ _\3210) — (2 a+b—c—d _1)etect J O(si:
1% (2mi)etd Ings b~ tasy g (24) (=1) [2 0 0} +O(sis)
Y(21%) a0 b0
ylabled _ 212310/ — (2i)rtb—e=d(_qyate e+ [40] ¢+l a0l + O(s;;
215 (2mi)etd Ingstub=tass tag ! (20) (1) [2 0} [0 0} + O(s45)
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When also varying the fi(]q) f,ﬁ’;) integrands in (5.9) and (5.10), the corresponding o/ — 0
limits include for instance

Y(a,b\c,d) _ Y(3@2|§) _ (2i)“+b_c_d(—1)cc+[§88] +O(si)) (5.11)
13 (2mi)etd Ing=tph—tags tag 020 g :
(a,b\c,d) _ Y(% ‘ ?’)) _ Na+b—c—d _ a+d o+ b0 + a0 -

Vila™" = Gyt yorggorggorggn = @O0 ] e g 4+ 0to)

Note that the expansions (4.9) and (4.12) of the two-point component integrals only gen-
01
erate the restricted class C+{ 0 b1 } of two-loop eMGFs with z; € {0, z} and unit entries

in the third column. Hence, Zziliz;éy the o/ — 0 limits in (5.9) to (5.11) exemplify the
extra value of three-point generating series to more flexibly access dihedral eMGFs. In
fact, it was shown in section 2.7 that any C* {gi gg (I;} with z; € {0, z} can be expanded in
terms of the two-loop MGFs in (5.10) and (5.1i) with one of the a; and b; vanishing each.
Similarly, (n > 4)-point generating series are needed to obtain trihedral eMGFs beyond
the restricted class in (5.8) and the remaining three-point component integrals.

With no upper limit on the multiplicity n of the generating series, all convergent
eMGFs (2.41) will eventually be generated by the o/ — 0 terms of component integrals,
regardless of their topology. Convergence of the lattice sums is ensured by excluding
those combinations of integrands fi(jl) fi(jl) — |2;5]72 that introduce kinematic poles (e.g.
by imposing (a,c), (b,d) # (1,1) in the above three-point examples). Still, one can use
subtraction schemes generalizing the ones in appendix C.1 to capture the (possibly nested)

kinematic poles of integrals over pairs of fl(jl) fl(;)

5.2 Differential equations

The open-string prototypes (5.3) of the generating functions of eMGFs [28] obey KZB-type
differential equations

azoZ(7|I£) :ZXopen(Ig‘g)Z(7|g) (5'12)
P7Q
2mi0- Z(1| %) = Dopen(K15)2(11§)
P7Q

that do not depend on the choice of the integration cycle v as long as the Koba-Nielsen fac-
tor vanishes on its boundary components. The (n!xn!)-matrix valued differential operators
Xopen and Dgpen solely depend on zg and 7 via f(glf) and Gy,

Xopen = 3 for i) (5.13)
k=0
Dopen = —ril€0) + S (1=k)Grrgler) + S (k=1) £ (i)

k=4 k=2

The notation rj(-) refers to “open-string type” matrix representations of abstract operators
xj,€j,b; in an elliptic KZB system. Their all-multiplicity form is determined in section 4
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of [28], and each entry of the n! x n! matrices is linear in s;;. The sums over P, (@ in (5.12)
and later equations are understood to run over the n! distributions of {2,3,...,n} into the
integrands (1, P)@;(0, Q) as described around (5.3).

The closed-string analogues of the differential equations (5.12) in zp and 7 take the
almost identical form: as will be justified below, the n-point generating series (5.4) of
eMGFs obeys the KZB-type differential equations

Vo Y(XE) =3 (Zv—f)kfé’f)z%ﬁ(xk)) N YOMIG) + 2mit—in)Y (V1)
LQ

P,Q \ k=0
—ArV Y (MK =>" (‘Rﬁ(EO) + i(k—l)(T—?)kfé’f)Rﬁ(bk) (5.14)
PQ k=2

k=4 P

+ i(l—k)(T—?)kaRﬁ(ﬁk)> K Y(¥15)
e

where we recall that V,, = (7—7)0,, and use the shorthand
=2 (5.15)
jeL
Most of the (n! x n!)-matrix valued operators Rj(-) are identical to their open-string coun-

terparts rz(+) in (5.13) and [28],

Rﬁ(xk) = ’I“ﬁ($k) |301~>0 V k Z 0

Rﬁ(ek) = rﬁ(ek) vV k Z 4
and we therefore inherit the following relations
Ri(b) = Rij(wp—1) V k> 2 (5.17)

The need to set sp; — 0 on the open-string side in (5.16) only affects rz(z1),77(b2) and
is just an artifact of sp1gopen(201|7) entering the Koba-Nielsen factor of (5.3) while its
closed-string counterpart (5.5) is defined without sp1¢(201|7). Apart from this matter of
convention, the only difference between open- and closed-string operators occurs for ¢

n n
Ri(eo) = riz(€0) —2Ca Y sij — 2mi Y 10, (5.18)
0<i<j j=2

which closely follows the analogous relation from the zp-independent generating series [16,
17]. The combination rj(ep) — 2¢25012..n causes all the (3 to vanish as expected for an
operator relating closed-string quantities. At two points, for instance, we have [28]

1 (s19 s 1
ry(eo) = —5 2 %) = = (s02+512)02 + 22 (s01+502+512) (5.19)
7% \S12 S02 2
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which reproduces the operator R;(ep) in (4.35) via (5.18). The remaining 2 X 2-matrices
rp(-) in the open-string differential equation (5.12) at two points are identical to their
closed-string counterparts R, (-) in (4.24) and (4.35).

At three points, explicit 6 x 6 results for the three-point instances of ry, p. (1), i, n; (€x)
and 7, n, (b) can be found in sections 4.2.3, 4.2.4, 4.3.2 and 4.3.3 of [28]. The conventions
for ordering the rows and columns of the matrices in the reference follow the enumeration

of basis integrands in (5.6).

5.2.1 Origin of the closed-string differential equations

The 7-dependent constituents (7—7)* félf) and (7—7)*G}, in (5.14) arise from the expansion
of Q(zo1, (7—7)nr) and @((7—7)nr) similar to those in (4.22), (4.33) and the open-string
differential equations in section 4 of [28]. Both the relation (5.16) between the operators
r7(-) and Rj(-) in the open- and closed-string differential equations and the appearance
of the term 2mi 327 5 7;0y; in (5.18) from the 7-derivative closely follow the results of [16]
on zp-independent generating series. The term 2mi(7—7n)Y (3| %) in (5.14) from the
zp-derivative, however, does not have any analogue in earlier work, and it generalizes the
term 2min(j—i)Y;; in (4.23) to n points.

The first contribution 2mifY (¥ |%) stems from the integrations by parts in the
simplification of the zp-derivative. As one can see in (4.16) of [28], the total derivatives
0; (with j € {2,3,...,n}) discarded in the open-string integrands are determined by the
factor of ¢7(0, L) in the integrand. The integrations by parts of these J., yield terms of
the form 27in; via (5.2) that do not depend on the choices of M, N in ¢z(1, M)p;(0, N)
and add up to 7y, defined in (5.15).

The second contribution —27ifyY (4| %) in turn is a direct consequence of (5.2) and

_2m

translation invariance which implies 0,050, N) = —=Ttnng7(0, N), regardless of the
choice of K, L in ¢z(1, K)pz(0,L).

5.2.2 Implications for eMGFs as single-valued elliptic polylogarithms

By the form of the differential equation (5.14), we arrive at the same type of conclusion
as in section 4.3.1: the eMGFs in the expansion of the generating series Y (2 |X) in
n;,7; and s;; generalize Zagier’s single-valued elliptic polylogarithms D[] to arbitrary
depth. Since the higher-point generating series of this section probe eMGFs beyond the
dihedral topology, (5.14) implies that the general eMGF (2.41) regardless of the graph
topology obeys a higher-depth analogue of the differential equations (3.6) of the D*[$]. In
a perturbative solution of (5.14) via Picard iteration [27], this will lead to a characterization
of arbitrary eMGFs via iterated 7-integrals with various numbers of integration kernels f(*¥)
and Gy.

5.3 Commutation relations from integrability and beyond

We shall now discuss the commutation relations of the operators Rj(2.) = Rji(byy1) and
Rj(ex) that govern the differential equations (5.14) of the generating series of eMGFs. This
will extend the discussion in section 4.4 not only by the generalization to n points but also
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by classes of commutation relations that do not follow from the integrability of the KZB
system and connect with Tsunogai’s derivation algebra.

As in the two-point case, the commutativity of V., and V, imposes commutation
relations among the operators in (5.14), see appendix D for intermediate steps in deriving
the subsequent results. The commutation relations (4.40) of the two-point 2 x 2 operators
R, () can be uplifted in identical form to their n-point n! x n! counterparts R(-)

k/2—1
Rﬁ([.ﬁo, Ek]) = Z (—1)“R,7([xa, xk—l—a]) y k Z 4 (5.20)
a=1
w—1 o
Rij([zw,er]) = = (wa 1) Ri([Tat15 Thtw—a—2]) k>4, w>1
a=0

where we use the shorthand Rj([a,b]) = Rjz(a)R;(b) — Rij(b)Rj(a). In the generalization
of (4.41) to higher multiplicity in turn, the terms ~ 27in(j—¢) in the two-point relations
are promoted to differences of 7y, and 7¢g in (5.15):

Rﬁ([»’UOvEODIﬁ =2Fi(ﬁQ—ﬁL)Rﬁ(60)zL<|

P P
Q Q

Lw2l=1 (w—1—2a)
Ri(7w, €0]) g ——— Rj(|Ta; Tw-1-a]) K 5.21
(e p = X (o) g Bl D) (521)

P P
Q@ a=0 Q

+ 2mitw=1)(—0) R | 7
L

While (5.20) agrees literally with the commutation relations of the operators rj(x,) =

77(bwy+1) and 75(€;) in the open-string differential equations (5.12) [28], the extra terms

~ 2mi(nr—ng) in (5.21) are specific to closed strings. They balance the discrepancy ~

2min;0y; between rj(eg) and Rg(ep) in (5.18). In view of the analogous commutation
relations among the 75(-), (5.21) is equivalent to

> 10y, Ry(o) = (o—11)Rii(e0) x I (5.22)
L j=2 i K‘P L'Q
LQ
> 710, Rijlx) = (k_l)(ﬁL_ﬁQ)Rﬁ(xk—l)K|P ; k>1
Lj=2 i fg‘g L'Q

5.3.1 Beyond integrability

On top of the commutation relations (5.20) and (5.21) derived from integrability, the
operators Rj(r,) = Rj(bwi1) and Ry(eg) at n points are expected to obey variants of
the relations of Tsunogai’s derivation algebra [43, 44]. We henceforth suppress the matrix
indices IL< | 5 to avoid cluttering and use the notation

adyy = [2,y],  Rg(adfy) = adf . Ri(y), N =0 (5.23)
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for the adjoint Lie action. The (n! x n!)-matrix valued operators in (5.16) and (5.18) are
conjectured to enjoy the following nilpotency property, generalizing (4.43) at two points,

Ri(adltep) =0, k>4

Ri(adt ') =0,  k>2 (5.24)

The first relation would imply that the property adfo_ ler, = 0 of the derivations are pre-
served, though we will give examples below around (5.28) that not all their commuta-
tion relations are preserved by Rj(-). This is in contrast to the e,-type operators in the
differential equations of generating functions of elliptic multiple zeta values [41, 42] and
MGFs [16, 17]: in the simplified setting without the elliptic variable zg, the operators of
the reference are believed to furnish matrix representations of Tsunogai’s derivation al-
gebra which has been supported by evaluating a large number of nested commutators at
multiplicities n < 5.

Even though the Rz(e), Ri(by) in this work are not expected to be matrix represen-
tations of the derivations e, the nilpotency property (5.24) is believed to hold at any
multiplicity and supported by a broad range of explicit checks. On the basis of (5.24), the
differential equations (5.14) of generating series of eMGFs will be solved by Picard iteration
in follow-up work [27] and related to iterated 7-integrals.

Apart from the nilpotency property adfo_lek = 0, Tsunogai’s derivations obey a variety
of further commutation relations [44-46] starting with

0 = [€10, €4] — 3[es, €¢) (5.25)
0= 2[6147 64] - 7[6127 66] + 11[6107 68]

at depth two and

0 = 80]e12, [€4, €0]] + 16]eq, [€12, €0]] — 250][€10, [€6, €0]] (5.26)
— 125[eg, [€10, €0]] + 280]es, [es, €0]] — 462[€4, [€4, €3]] — 1725]eg, [€6, €4]]

at depth three. Relations at higher weight and depth can also be downloaded from [47].
The n! x n! matrices Rz(ey) preserve (5.25) in the sense that for instance

0= Rﬁ([elo, 64}) — 3Rﬁ([68, 66]) (5.27)

since their open-string counterparts obey 75 ([€10, €4]) — 3r5([€s, €6]) [28] and agree with the
Rj(e) for the cases k > 4 relevant to depth-two relations.

The depth-three relation (5.26), by contrast, no longer holds under the naive replace-
ment e, — Ry(ex). Still, both (5.25) and (5.26) are preserved when promoting

€k — { Fileo) R=0 (5.28)
Rﬁ(ek) + Rﬁ(bk) k>4

and the same has been observed for the open-string operators 7;(ex) in the place of Rj(ex)
in (5.28) [28].

45 —



In summary, the derivation algebra [43, 44] is a rich source of candidate commutation
relations of Rj(ex) and Rj(by) that cannot be derived from integrability. In some cases such
as (5.24) and (5.27), these candidate relations have been verified to hold on a case-by-case
basis for low values of k or n and are then conjectured to generalize to all k and n. As
exemplified by the depth-three relation (5.26), however, some of the ¢ relations [44—47]
need to be modified to find an echo at the level of Rj(ex) and Ry(by). The systematics is
likely to match the analysis of the open-string operators rz(-) [28] and will be left as an
open problem.

5.3.2 Implication for the counting of independent eMGFs

While the above commutation relations among Rj(ex) and Ry(by) are believed to be multi-
plicity agnostic, the two-point examples in (4.35) obey additional relations that are absent
at n > 3. For instance, the diagonal form of R, (ex>4) = 7" 2diag(si2, so2) implies that
all two-point commutators R, ([eg,, €x,]) vanish for ki, ko > 4. Hence, only their (n > 3)-
point analogues can serve as meaningful testing grounds for relations like (5.27), where the
two-point example would be insensitive to the relative factor of —3.

The relations among R, (e) and R, (by) lead to a constrained class of differential equa-
tions for the dihedral eMGFs generated by Y;; in (4.1). This resonates with the finding of
section 5.1 that (n > 3)-point generating functions feature additional eMGFs, say those of
trihedral topologies or more general two-loop eMGFs in case of n = 3.

This situation is similar to that of generating series of MGFs that was investigated
in [16, 17]. The €x-type operators governing their 7-derivatives also exhibit degenerate com-
mutators at two points. As a consequence, the simplest imaginary MGF cusp forms [30]
were found to drop out from the two-point generating series of MGFs [17]. Moreover,
the absence of higher-depth MZVs in the degeneration of the two-point MGFs at the
cusp [17, 48-50] obstructs the appearance of single-valued iterated Eisenstein integrals
that require irreducible MZVs beyond depth one in their completion to be a modular form.
The connection between iterated Eisenstein integrals and MZVs as their multiple modular
values is actively discussed in the recent mathematics literature [19, 20, 51, 52].

In summary, the differential equations of the (n > 3)-point eMGF generating se-
ries (5.4) are crucial for obtaining a reliable picture of the multiplicity-agnostic commuta-
tion relations of Rj(ex) and Rj(by). Those in turn will serve as a starting point to count
the number of independent eMGFs (under Q-relations over MZVs and MGFs) at given
transcendental and modular weight [27]. This strategy has been used for the counting of
independent MGFs of arbitrary graph topology [17], where each relation in the derivation
algebra beyond adfo_lek = 0 was found to yield additional dropouts.

6 Conclusion

In this work, we have defined eMGFs as non-holomorphic single-valued elliptic functions
associated to decorated Feynman graphs of a conformal scalar on a torus. They generalize
the MGFs in the configuration-space integrals of closed-string amplitudes at genus one by
additionally depending on an arbitrary number of torus punctures z, through the graph
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decorations. In string perturbation theory, eMGFs are naturally introduced in the non-
separating degeneration limit of higher-genus MGFs.

We have derived infinite families of algebraic and differential identities among eMGFs,
in many cases by following the key ideas in the derivation of identities among MGFs.
A key feature of eMGFs which was absent for MGFs are the meromorphic Kronecker-
Eisenstein coefficients f*) in their differential equations w.r.t. z. and 7 which we have
exposed from two complementary perspectives: an elliptic analogue of the holomorphic
subgraph reduction formulas for MGFs and generating functions of Koba-Nielsen integrals.

The differential properties of eMGFs generalize those of Zagier’s single-valued elliptic
polylogarithms to higher depth. This motivates a variety of follow-up studies of relevance
to both physicists and mathematicians:

e In the same way as MGFs reduce to iterated Eisenstein integrals and their complex
conjugates, eMGFs admit representations in terms of iterated integrals of meromor-
phic Kronecker-Eisenstein coefficients over the modular parameters. On the one hand,
the iterated-integral perspective will expose all algebraic relations among eMGFs that
are obscured by their lattice-sum representations and result in practical procedures
to analytically and numerically control their functional dependence on z,, and 7. On
the other hand, this may guide first steps in generalizing Brown’s construction [19, 20]
of non-holomorphic modular forms to include elliptic variables.

e It would be interesting to express eMGFs in terms of finite combinations of Brown-
Levin elliptic polylogarithms [32] and their complex conjugates as done at depth one
in [36]. This may lead to an explicit construction of a single-valued map for the
Brown-Levin elliptic polylogarithms. Upon evaluation at z = 0, such a single-valued
map for elliptic polylogarithms should yield another explicit realization of MGFs as
single-valued elliptic MZVs, complementing the construction in [18]. This amounts
to identifying the meromorphic counterparts in the realization of MGFs via z — 0
limits of eMGFs [6].

At the level of computational practicalities, an important follow-up step is to systematically
analyze and generate the relations among eMGFs, similar to the Mathematica package
for MGF relations [11]. Moreover, the Koba-Nielsen integrals and generating-function
techniques in sections 4 and 5 are likely to streamline the non-separating degenerations of
genus-two four- and five-point integrals initiated in [23, 24].

A Trihedral eMGFs

In this appendix, we define trihedral eMGFs and obtain some of their most important
properties in explicit form. A trihedral graph is connected; may have arbitrary depth
and weight; and has three vertices of valence three or higher in addition to an arbitrary
number of bivalent vertices. The first definition is in terms of Kronecker-Eisenstein sums,
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generalizing (2.32) of the dihedral case,

E (Im T)|A|+‘C|+|E‘ Ry Ro Ry Rs
‘;’“}}(ﬂ = T AIBFIDHIF] >, 6 ZPT—;’CT 5 Z_‘ikr—;ér

prikrlr€A \T=1

o () (15 a0k w) (T Xeo(20) Al
X ar =br cr 7.dr er ofr ( : )
r=1 Pr Pr =1 ki kr =1 bl

The arrays A, B, Z have entries a,, b,, z, for r = 1,--- , Ry; the arrays C, D,Y have entries

ct|

N
<QQ

Crydpyyy for r =1,--- | Ro and the arrays F, F, X have entries e, f.,z, for r =1,--- | R3.
The trihedral eMGFs defined this way have two different permutation symmetries. First,
the eMGF is invariant under the R;! permutations of the triplets (a,,b,, z,) within the
column of arrays A, B,Z. Second, it is also invariant under the 3! permutations of the
columns of arrays. The trihedral eMGF of (A.1) transforms under SL(2,7Z) as a modular
form of weight (0, |B|+|D|+|F|—|A|—|C|—|E|), thereby generalizing (2.33) for the dihedral
case. The trihedral analogues of (2.36) may be found in appendix A.1.

The notation of (A.1) to arrange the arrays A, B,C, D, E,F and X,Y,Z into three
columns reflects the connectivity of the vertices and edges. A similar notation can be
found in [11] for the more complicated graph topologies in four-point MGFs, namely the
box-, kite- and tetrahedral topology. The notation for additional topologies of MGFs in
the reference can be similarly adapted to eMGFs by adjoining an array of characteristics Z
to each pair of arrays A, B that encode the holomorphic and antiholomorphic decorations
in a given part of the graph.

Alternatively, the trihedral eMGFs may also be obtained via an integral representation
in terms of the functions D of (2.17), thereby generalizing the dihedral formula (2.37) to
the trihedral case, and we have,

C+{§’§‘§ /EImT 21m7< +[‘él“](zr—2|7)> (A.2)
R3
X (H D+[§:](yr+z—w\7)> (H D+[;:](xr+w]7)>
r=1 r=1

The trihedral analog to (2.40) when a single column vanishes is given by,!?

8= (o) § 5] - 58] s

and there are topological simplifications to dihedral eMGFs in case of empty arrays or pairs

0A
C+[OB‘
02

=TQ

of single-entry arrays such as A = a and C = ¢, e.g.

c[glg]]=c[g] e [B] (a4)
C+[% 5 g} — (_1)a+b+c+dc+ zjrrg g}
z —z—y

In the remainder of this appendix, we gather the generalizations of various identities among
dihedral eMGFs (2.32) to the trihedral case (A.1).

2Throughout, the dependence on 7 will be understood but not exhibited explicitly.
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A.1 Trihedral momentum conservation

The trihedral eMGFs in (A.1) satisfy the following analogue of the dihedral momentum-
conservation identities (2.36)

Ry Ro Rs
A-S;|C|E A|C-S; | E Al C|E=S;
> ¢t g’ |D|E[=>_CtB| p’|E|=>_C"|B|D| F’
° 7 Y| X ‘ Z Y X ‘ Z\|Y X
Jj=1 Jj=1 Jj=1
Ry R> R3
A |C|E Al _C | E AlC| _E
Y CT|B=S;j|D|F| =Y Ct|B|D=Si|F|=)Y C"|B|D|F-S (A.5)
; z |Y|Xx ; Z| v |Xx ; Z|Y| x
J=1 J=1 J=1
where we again use the notation S; = [0,---0, 1, 0,-- -, 0] for the array with non-vanishing

entry j. Similarly, the trihedral generalization of translation invariance in (2.36) is given by

ay ... aRl Cc1 ... CR2 I al aRl Cc1 CR2 E
C+ b1 ... le dy ... dR2 F:| = C+ b1 le dy dR2 F:| (Aﬁ)
21« 2Ry | Y1 - YRy | X Z1=W ... ZRy—W | Y1F+W ... YR, FTW X

A.2 Two-point HSR in trihedral eMGFs

By inserting the Fay identity (3.17) among the Kronecker-Eisenstein coefficients f (@) into
the integral representation (A.2) of trihedral eMGFs, we obtain the following generalization
of (3.19) for two-point holomorphic subgraphs

tlamaeeAlCc|E|l a1 a0 +[A’C’E}
=(-1)2D A.
et 8% 8| B|E] = (0= D) €7 [B] B (A7)
ai
_ (ao—1 |0 410 E ao—1-ky Dtk 4|0k A OB
e e[ 83 [BIE ]+ et prilemer | 2| £
a
an—1 +[10ACE an—1—k +k +a0_kACE
— (e ¥ ﬂﬂ*,;@w” [S1Gaet [0 56| £

where ag = a1 + as > 3 and 219 = z1—29 # 0. The coincident limit z; — 2o can again be
ImTt

taken by isolating the singular behavior DY[}](z12|7) = —2T of the k = 1 terms in (A.7)

212
and Taylor expanding the coefficients of the simple pole around z; = z3. Accordingly, the
relation in (3.21) straightforwardly generalizes to the trihedral case by carrying out the

following substitution

aQ
+
N
1
aQ
+
N
~oQ
>

(A.8)
in each term.

A.3 Three-point HSR in trihedral eMGFs

While (A.7) resolves two-point holomorphic subgraphs within trihedral eMGFs, an inde-
pendent HSR is needed for three-point holomorphic subgraphs that correspond to cycles
DH§] (z1—2) DT [§] (yi+z—w) DT[§] (x1 + w) in the integrand of (A.2). By applying the
Fay identity (3.17) to the first two factors (assuming that a,c # 0)

DT[§)(21—2) DT[] (1 +2—w) = (1) DT [*F¢] (w—21—11)

. (_1)a(a+g—1) D+[a6rc] (y1+z_w) . (_1)c(a+c—1) D+[a6rc] (2’1—2’)

c

— 49 —



PSR D[R] (wesy—g) D[] (te—w)  (A)
k=1

1Y () D [§] () D[] (21 —2)
k=1

one arrives at one out of three possible resolutions of the three-point holomorphic subgraph

a1 Alcp Cler E AlC| ai+c1 e1r E
CtloB|loD|o F|=(-1)*°C"|B|D| 0o oEF
21Z le .Z’1X Z\|Y —Y1—=z=1 xlX
_ Alaitc Cle1 E
— (=@ (@tehetl Bl o plo F
a1 Z| wn1 Y|x1 X
_ ai+c1 A|C|e1 E
— (=D (@ta=het o B(D|o F (A.10)
€1 z1 Z|Y|xz1 X
al
T O S vt Yead I 1 By 1 B S
el = 4 Y1 Y |-y1—21 21 X
c1
. ai+ci—k A|C k e1 E
(= Y (et l)CJF{ 0 B D‘ 0 0F
1 1 z1 Z|Y | —-y1—2z1 11 X

Every term on the right-hand side is free of three-point holomorphic subgraphs, and the
terms in the first, fourth and fifth line feature two-point holomorphic subgraphs which can
be resolved via (A.7). One can repeat this procedure in different ways of performing the Fay
identity (A.9) on two out of three factors DT[§] (21—2) DT[§] (y1+2—w) DT[§] (x1 + w)
in the integrand of (A.2): equating (A.10) with the two alternative expressions (obtained
from permutations of the three groups of labels) is a convenient source of identities among
eMGFs. For MGFs, this method of generating identities has been used in setting up a
database of identities [11], see [8] for the analogous trihedral HSR.

A.4 Fay identities beyond three-point HSR

Even in absence of holomorphic subgraphs, the Fay identity (A.9) can be imported to the
integrand of (A.2) to yield identities among trihedral eMGFs with two vanishing entries in
different parts of the graph (see [8] for the analogous identity among MGFs)

Ala C| B Alc| aitea E
ctl o B C&D‘F} =(-1)**°C*|B|D 0 F}
2 Z|lnY|X ZIV-n-—=a X
Alai+a C| E
_(—1)™ ar+c1—1 ctlB 0 DI|F
( ) ( al ) A y1 Y| X
+c1 A|C | E
— (=D (@ta-ly et | YT Bl H| A1l
( ) ( Cc1 ) 21 ZlY | X ( )
ay
Alait+eci—k C k E
)™ ai+c1—k—1 C+ B 0 D 0 F
+(—1) kz::l( ai—k ) 7z vy Y |-z X
c1
+c1—k A|C k b
_1)a arter—k—1y o+ “ 0 B|D 0 F
+(=1) Z( c1—k ) 2 Z|Y |-z X

k=1
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B Differential identities of two-point component integrals

In this appendix, we shall list a variety of further examples of the differential equa-
tions (4.25) and (4.37) of two-point component integrals Ygz'b) defined in (4.5). In this

appendix, we will use the shorthand notation
7§ = 1) = =) O i)
Gy = (1-7)fCi(r) = = fP(O7), k=>4
B.1 zp-derivatives
The simplest examples of the zp-derivatives (4.25) include (4.26) as well as
Von1(11| )= _s f Y1(1 19 _ 50 f(l)Y ) _ g0 Y( 19 4+ 50 f(l)Y12|0) 802Y1(22|0)
Von1(10| )= _s Y( 1)
Von1(12|0) _ So2f03)Y1(1| ) SOQfO(PYl(f‘O) _ 2502)/1(3\0)
7802]?01 Y1(2'0) +502f(1)Y12|0) s0 Y(3|0)
Voo YT = s fS0 VT = soafir ViT? = 2s00Y ()
_ 302]‘:(%?)1/1(2'2) + 502f0(%)Y12| ) _ 502Y1(23| )
and
VZOY1(21| ) _ 312f01 ( \ )+812f01 Y11| )+312Y1(12‘ ) _ 512f01 Y1(2| ) ¥ s19 Y( 0)
Vz:oY1(2|0) _ 312f01 ( 0 4 312f01 Y1(1| ) 4 slgf(l)Y 2/0)
+ 812Y1(1\ ) 512f Y1(22|0) 424 Y( 0)
VzOY( 312f ) 4 S12f01 Y1(1| ) 4 812f(1)Y11|2) ¥ 51 Y( 12)
— 12 f 2'2 + 2512757 + V3V
B.2 7-derivatives

The simplest examples of the 7-derivatives (4.37) include (4.38) as well as

r v,y O gy @ gy
47V, YD = 350, DY 350G V00 — 500 FOVED 4 350070
25V U0 g, O A0 |2y o)
VLY 2D e, POV OR) ey 0D f~<2>Y<2|2>
+3302Y( D 4 951,V 2 _ g0, Oy (1)
s f 12\ ) sy 2
VYD g, OO0 gm0 g O I0) o #8800
+ 3802f01 Yl(z‘ ) — 3812643/1(12| ) — 802f01 Y1(1 4 802f01 Yy 0o
+ 105021110 + 9515V, — 50 v 510

+ 2y,

~ 51 —

(B.1)

(B.2)

v, v {0 g, V00 _ g R0 | @0 #Oy10) _ y600)

(B.4)



and

—47TVTY1(21|0) — 2512f(§i’)}/1(f‘0) + 512f(§§)Y1(11|0) _ 512}/1(3‘ ) 812f01 Y1(2| ) + 819 Y(B‘O)

—47V, Y5 = 3512 f“*)Yl(f‘O) - 3502@41/(0'0) + 251250V + s f VT
—812Y( —slf y 20 4 og y(4|0)+35 y 0

—47rVTY1(22|2) = 3519 f 012) _ 3802G4Y1(1| ) + 2512f 1‘2)
+ 812f01 Y1(1| )~ S1 Y( —S1 f (2l2
1 28021/1(2| ) 4 3812)/1(24|2) + 2Y1(23|1) (B.5)

C Singular two-point component integrals

This appendix is dedicated to the two-point component integrals lg D) defined by (4.5)

which have kinematic poles or singular zg — 0 limits.

C.1 Treatment of kinematic poles

By the singularity of f (1)( )W (z) ~ ﬁ when z — 0, the component integrals Yl(l1 D

and Y( M) have kinematic poles in s15 and sgo, respectively. The representation of Y(lll)

in (4.10) which exposes its kinematic pole can be attained by splitting the Koba-Nielsen
factor in its definition via (4.5)

2 N
Y1(11|1) _ Im 7 / d“29 63129(;;12‘7—)(esogg(zogh—) N 65029(201|7') + 68029(201|T) )fl(é)fl(;) (Cl)
b

T Imr
(4) (i1)

The integrand of the first part (i) no longer has the |2 singularity since the factor of

|z
5029(202|7) _ 5029(20117) vanishes as zo — 2z1. Hence, the o/-expansion can be performed at
the level of the integrand, and we obtain the first line of (4.10),

Im~ sk, si d?z o)
Y = == 2 it | (a(zaln) (9ol ) = gl )R FG L) (€2)

>0 k>1 » Im7

In the second part of (C.1), the factor of %029 (20117) does not depend on the integration vari-
able zo, and one can integrate by parts after identifying flg)esmg(zmh) = i@w es129(212|7)

2 -
(1]1) _Im7 s029(z01|7) d ZQL s12g(z12|7)Y (1)
Yiy |(ii) =5 ¢ s TmT 51 (0z5¢ ) fia
= _hn7_6802g(201|7)/ d?2 es129(212]7) 9 W (C.3)
TS19 wImT #2712
— _168029(201|7')/ d? <2 8129(212\7')
512 » ImT

In passing to the last line, we have used 0,, fl(;) = 7(fi= — 6%(212)), where the delta
function does not contribute in presence of e*129(*1217) " The last line of (C.3) is amenable
to o’-expansion at the level of the integrand and reproduces the second line of (4.10).
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C.2 o'-expansion of Yig.lll)

Based on the splitting of Yig-lm into (C.2) and (C.3), we shall now assemble the o/-expansion
to the subsubleading order. Based on standard MGF techniques, the polar part gives rise to

1 1 1
VIV ]G = =1 14 soag(o1l7) + 55829(zo1[7)2 + 5 shEa(r) + O(s]) ) (C.4)
(”) 512 2 2 J

The regular part (C.2) in turn only receives a single contribution at these orders in o/,

Y1(11|1) |(z) = sogol11 + 0(812]) (05)

Im7 [ d%z (1)
I = —/E 2 [9(z02l7) — g(z011m)] 13 £3

ImT

and the integral I1; can be determined by similar methods as in (C.3): identifying fl(;) =
0.,9(z12|7) and integrating by parts yields

mr7 [ d%z T )
I =2 [ 22 gl { (o = 7)) fgCaon 1) — gCeaalr)] — S 15} (C.0)

Imr mrT

The delta function drops out by the vanishing of g(z12|7)[g(z01/7) —g(202|7)] as z2 — 21, and
the contributions from g(201|7) and —g(202|7) integrate to 0 and —ga(201|7), respectively.
The last term can be further simplified by identifying fl(;)g(zlglr) = 305,9(212|7)? and
integrating by parts. After using 0z, fog) = (1= — 6%(202)) and taking the delta function
into account, we finally arrive at

1 1
I1 = —g2(201|7) + §E2(T) - 59(201|T)2 (C.7)

In combination with (C.4), the leading orders in the o/-expansion of (4.10) are found to be

1 S02 1 82
yan 1 se _<m ) 2
11 - 8129(201) 2\ 51y + s02 | 9(201)
1
— s0292(201) + 5(802 — s12)E2 + O(s})) (C.8)

The analogous a/-expansion of Y1(21 M) can be obtained along the same lines, or by exploit-
ing (C.8) and the integration-by-parts identity (4.14):

1
Y1(21|1) = g(z01) + 5(802-1—812) [9(201)% — Ea] + (’)(s?j) (C.9)

However, we note that this o/-expansion does not commute with the zg — 21 limit: on the
one hand, already the leading term in (C.9) exhibits a logarithmic divergence as zp — z1.

On the other hand, the integrand fé;) fl(;) of Y1(21 M) coincides with the one of Y1(11 V) as zZo —
21, so performing the limit before integration and o’-expansion would yield the kinematic
pole in (C.8). We will rely on the o/-expansion (C.9) obtained from the integration-by-parts
relation (4.14) since the latter is essential for the derivation of the differential equations of
the generating series Y;;.
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D Derivation of the commutation relations among Rj;

This appendix provides intermediate steps in deriving the commutation relations of the
operators Rj(-) in the differential equations (4.23), (4.34) of two-point and (5.14) of n-
point generating series of eMGFs. In an n-point context, commutativity of the zp- and
T-derivatives in (5.14) implies that

0= [_47TVT= VZO]Y( N ’ [L(>

- Z (Z (k—1)(7—7)" f01 i([zo, 2k—1]) — i(T—?)k élf)Rﬁ([xk,eo])
k=2

k=0
S A D S (R G Ry [ o) (D.1)
=0 k=4
S et (0 D D (O R ()
1<a<b
+ 2mi(ML—Tiq) |~ Rleo) + Z<k1><w>kfé’f>Rﬁ<xk_1>]> Y(¥I5)
518

In obtaining the last line of (D.1), we have used that (77 —7¢g)Rj(€x>4) i P = 0: it can
2 K| b
be seen from (4.42) of [28] that all the nonzero matrix entries of the derivations Rj(ex>4)
preserve {L} = {Q} as sets (i.e. Ry(ex>4) | # 0 only if L is a permutation of Q). Once
Q
the factor of bf(a) éII)H) —a éi‘ﬂ f01 in (D.1) is simplified via

(b+1 a+1 b
bfst for " —afsi U fy

B (b—a)(a+b+1)! (a+b+1) (
T (a+1)!(b+1)! O

+ aGar10(a—3)f3) — bGii10(b—3) 57

& (a+b—k a +0—k a
+Z<ab1 >(k el f( Fb1—k) Z(cza >(k: Gy fo (01K g

k=4 k=4 1

~1)*(a+)Garpi1

one can read off the commutation relations of sections 4.4 and 5.3 from the coeflicients of
) oand 90,
for and fo G
o Imposing the coeflicients of (T—%)kerkaéqf) in (D.1) with £ > 4 to vanish implies
the relations (5.20) that hold in identical form for the open-string operators rz(-).

« The coefficients of (7—7)* félf) in (D.1) vanish by virtue of (5.21) which necessitates
the terms ~ 2mi(w—1)(77,—7g) specific to the closed-string generating series.
Note that the step functions 6(c) in the second line of (D.2) are taken to be 1 for ¢ > 0
and zero for ¢ < 0, e.g. aGy+10(a—3) = 3G, if a = 3.
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