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ABSTRACT: Modular graph functions (MGFs) are SL(2,Z)-invariant functions on the
Poincaré upper half-plane associated with Feynman graphs of a conformal scalar field on
a torus. The low-energy expansion of genus-one superstring amplitudes involves suitably
regularized integrals of MGFs over the fundamental domain for SL(2,Z). In earlier work,
these integrals were evaluated for all MGFs up to two loops and for higher loops up to
weight six. These results led to the conjectured uniform transcendentality of the genus-
one four-graviton amplitude in Type II superstring theory. In this paper, we explicitly
evaluate the integrals of several infinite families of three-loop MGFs and investigate their
transcendental structure. Up to weight seven, the structure of the integral of each individual
MGF is consistent with the uniform transcendentality of string amplitudes. Starting at
weight eight, the transcendental weights obtained for the integrals of individual MGFs are
no longer consistent with the uniform transcendentality of string amplitudes. However, in
all the cases we examine, the violations of uniform transcendentality take on a special form
given by the integrals of triple products of non-holomorphic Eisenstein series. If Type II
superstring amplitudes do exhibit uniform transcendentality, then the special combinations
of MGFs which enter the amplitudes must be such that these integrals of triple products of
Eisenstein series precisely cancel one another. Whether this indeed is the case poses a novel
challenge to the conjectured uniform transcendentality of genus-one string amplitudes.

KEYWORDS: Scattering Amplitudes, Superstrings and Heterotic Strings

ARrRX1v EPRINT: 2110.06237

OPEN AccCESS, © The Authors.

Article funded by SCOAP®. https://doi.org/10.1007/JHEP02(2022)019


mailto:dhoker@physics.ucla.edu
mailto:ngeiser@physics.ucla.edu
https://arxiv.org/abs/2110.06237
https://doi.org/10.1007/JHEP02(2022)019

Contents

Introduction

1.1 Transcendental weight assignments
1.2 Overview of goals and results

1.3 A useful byproduct

1.4 Organization

Modular graph functions and forms

2.1 Conventions and definitions

2.2 Modular graph forms

2.3 Identities between modular graph forms
2.4  One-loop modular graph forms

2.5 Two-loop modular graph functions

Integrating modular graph functions over My,
3.1 Integrals of modular graph functions

3.2 Integrals of exact differentials

3.3 Integrals of Poincaré series

Integrating two-loop modular graph functions
4.1 The integral of Vg;)
4.2 The integral of Cy .1

Integrating triple products of Eisenstein series
5.1 The integral of E}E}E;
5.2 The integral of ng’n)

Integrating E; Cy 5, and Ef Cym;p

6.1 The integral of E} €.p.p with k£ # w — 2m
6.2 The integral of E} €.y with Re(s) > 1
6.3 The integral of £ 5, Copomip

6.4 The integral of £} Cypc

Integrating v 3
7.1 The integral of vy o
7.2 The integral of vy 3

Integrating Cj,1,1,1
8.1 The integral of Cj 11
8.2 The integral of Cj 11,1

Conclusion

00 3 W w

© @

10
13
15
17

22
22
24
27

31
31
32

38
39
41

44
45
47
48
49

50
51
52

57
58
59

64



A Zeta functions, zeta-values, and multiple zeta-values 66

A.1 The Riemann zeta function 66
A.2 Multiple zeta-values 68
B Relating Cy 5, and €Cym;p 69
B.1 The generating function W 71
B.2 Proof of theorem B.1: expressing 2 ,;m;p in terms of L, . 74
B.3 Proof of theorem B.2: expressing L, in terms of W.m:p 75
B.4 The d coefficients at different weights 80
B.5 Proof of theorem B.3: the b coefficients 80
C The Laurent polynomials of Cy ¢y Cwymsp, and vg, 2 81
C.1 The Laurent polynomial of C . 81
C.2 The Laurent polynomial of €,.p.p 82
C.3 The Laurent polynomial of vy o 83
D Proof of lemma 8.3 84
D.1 The integral of ALQ,]LLI 84
D.2 The integral of A/E]Ll,l 85
D.3 The exponential integrals 86
D.4 The power-behaved integrals 87
E Proof of lemma 8.5 87
E.1 The function J(e) 87
E.2 Splitting Jx(e) 87
E.3 Computing the integrals 88
E.4 Summing over N 90
E.5 Odd k 90
E.6 Even k 91

1 Introduction

Modular graph functions (MGFs) are SL(2, Z)-invariant functions on the Poincaré upper
half-plane associated with Feynman graphs for a conformal scalar field theory on a torus.
MGFs may be partially organized by their loop order and their transcendental weight, which
are the number of loops and the number of scalar Green function edges, respectively, in their
corresponding Feynman graphs. MGFs may be added and multiplied together so that the
space of MGFs forms a graded ring, where the grading is given by the transcendental weight.
The modular weight of a MGF vanishes and is not to be confused with its transcendental
weight, which is often simply referred to as the weight.

MGPFs of small weight were encountered in the low-energy expansion of the genus-one
four-graviton amplitude in Type II superstring theory [1, 2]. The coefficients of the effective



interactions in this expansion involve suitably regularized integrals of MGFs over the moduli
space of compact genus-one Riemann surfaces. The weights of the MGFs which enter this
expansion are intimately related with the space-time structure of these effective interactions.
For example, the coefficients of the effective interactions of the form D?*R* involve integrals
of MGFs of weight w.

MGPFs of arbitrary weight and loop order were defined in terms of multiple Kronecker-
Eisenstein sums in [3-5], where their systematic study was initiated. Modular graph
functions were generalized in [6] to modular graph forms, which are modular forms of
non-vanishing modular weight associated with decorated Feynman graphs. Modular graph
forms encompass holomorphic, anti-holomorphic, and non-holomorphic modular forms and
may be assigned a generalized weight. Modular graph functions and forms obey a hierarchy
of algebraic identities and differential equations which preserve their weight but generally
mix different loop orders. A systematic method to derive these identities at two-loop order
and arbitrary weight was developed in [3] and was generalized to arbitrary loop orders and
weight in [6-9]. A Mathematica package containing the systematic implementation of all
identities among MGFs up to weight six was introduced in [10, 11]. Various special cases of
these identities were proven in [12-17].

Modular graph functions are closely related to other mathematical objects. For instance,
the Kronecker-FEisenstein series representation of MGFs shows that they may be viewed as
natural generalizations of multiple zeta-values. The loop order and weight of MGFs may be
identified with the depth and transcendental weight of multiple zeta-values, respectively.
Weight provides a grading on the ring of MGFs generalizing the grading by transcendental
weight on the space of (motivic) multiple zeta-values [18]. Identities between MGFs generalize
identities between multiple zeta-values, such as those collected in [19]. Additionally, MGFs
may be viewed as generalizations of the non-holomorphic Eisenstein series, which themselves
provide a one-dimensional basis for all one-loop MGFs. Moreover, MGFs may be obtained as
special values of elliptic modular graph functions which are closely related to single-valued
elliptic polylogarithms [5, 20-22] and iterated modular integrals [23, 24].

Especially important for the present work are the Fourier and Poincaré series for
arbitrary connected two-loop MGFs obtained in [25-29]. These series were used in [30] to
evaluate the integrals of two-loop MGFs using the unfolding trick familiar from the Rankin-
Selberg-Zagier method [31-33]. These integrals may be expressed in terms of zeta-values
and assigned a definite transcendental weight, thereby providing the starting point for a
systematic investigation of the transcendentality properties of the genus-one four-graviton
amplitude in Type II superstring theory in [34].

In particular, the low-energy expansion of the genus-one four-graviton amplitude
in Type II superstring theory was computed explicitly and shown to exhibit uniform
transcendentality up to the order of D™R* using the integrals of MGFs up to weight
six. Although the corresponding integrands involve MGFs with as many as five loops, the
identities of [7] may be used to re-express the integrands in terms of one-loop and two-loop
MGFs plus a single three-loop MGF. This three-loop MGF may then be integrated using
the differential equation it satisfies, which was obtained in [22]. Thus, up to the order
of D'?R*, only the integrals of one-loop and two-loop MGFs are effectively needed.



The low-energy expansion of the amplitude beyond the order of D'2R* requires integrals
of MGFs of weight seven and higher as well as integrals of MGFs with three or more loops
which cannot be reduced to two-loop order. Few such integrals have been calculated prior
to this work.

Significant partial results, to be explained below, support the validity of uniform
transcendentality to arbitrary order in the low-energy expansion of the genus-one four
graviton amplitude in Type II superstring theory, as conjectured in [34]. However, the
results of the present paper raise the possibility of violations of uniform transcendentality
starting at weight eight, which corresponds to the order of DR?* in the low-energy
expansion. Before turning to the detailed calculations involved, we shall provide a brief
overview of the questions pursued and the results obtained in the sequel of the paper.

1.1 Transcendental weight assignments

To explain the goal and results of the present paper, we shall begin with a brief summary
of the assignments of transcendental weight to superstring amplitudes and to the various
mathematical ingredients out of which these amplitudes are constructed.

The Riemann zeta function ((z) is defined for Re(z) > 1 by the series,!

1

() =3 - (1)
n=1

In number theory, it is standard to assign (transcendental) weight zero to rational numbers,
weight one to 7 and to the natural logarithm of rational numbers, and weight n to the
zeta-value ((n) for integer n > 2. This standard assignment of transcendental weight is
consistent with the fact that the even zeta-values ((2n) may be written as follows for n > 1,

BQn

Clam) = §() (2 o

(1.2)

where the Bernoulli numbers B,, are rational.
In physics, the tree-level four-graviton amplitude in Type II superstring theory is given
by the following expression, up to a kinematic multiplicative factor,

1 T(1—s)I(1—H(1 —u) g (2m +1
stuT(14 s)D(1+6)0(1 + u) T exp { Z

02m+1(s,t, u)} (1.3)

where s,t,u are dimensionless kinematic variables and oy (s,t,u) = s¥ + t* + u* are the
corresponding symmetric polynomials subject to momentum conservation o; = 0. Taylor
expanding the right-hand side of (1.3) in powers of s, t, u produces the low-energy expansion
of this tree-level amplitude.

Uniform transcendentality of an amplitude refers to the property that all terms in its
low-energy expansion may be assigned the same transcendental weight. For the tree-level
amplitude (1.3), this is achieved by adopting the standard number theoretic transcendental

In appendix A, we review the salient properties needed in this paper of zeta functions, zeta-values, finite
harmonic sums, and multiple zeta-values, including their transcendental weight assignments.



weight assignments for {(n) and choosing the transcendental weight of s, ¢, u to be —1. With
these assignments, each term in the low-energy expansion of (1.3) has transcendental weight
three. Thus, the tree-level four-graviton amplitude in Type II superstring theory exhibits
uniform transcendentality in the sense defined above. Remarkably, string amplitudes have
non-trivial transcendental structure already at tree-level while in quantum field theory,
non-trivial transcendental structure only arises from loop integrals [35-38].

At loop-level in Type II superstring theory, the transcendental structure of the genus-one
four-graviton amplitude was investigated in [34]. There it was shown that the low-energy
expansion of this amplitude exhibits uniform transcendentality up to the order of D'?R4
provided we make the following additional assignments of transcendental weight.

o The logarithmic derivative of the Riemann zeta function ¢’(n)/¢(n) with integer n > 2

and the Euler-Mascheroni constant vz have transcendental weight one.?

o The finite harmonic sums H;(m) = ZZ@:? % have transcendental weight one.

This last assumption is delicate. One should think of Hj(m) not as its value for a single m
(which would give a rational number whose natural transcendental weight assignment is zero)
but instead as a function of m to be inserted into an infinite series in m. For instance, Hy(m)
occurs in this manner in the double zeta-value ((n, 1),

=y o=y
m=2

m>k>0

(1.4)

m’I’L

The standard transcendental weight assignments of {(n) and ((n,1) are n and n + 1,
respectively, which justifies assigning transcendental weight one to the function Hj(m). In
fact, this assignment of non-zero transcendental weight to finite harmonic sums is familiar
to N = 4 supersymmetric quantum field theory amplitudes [35, 36].

1.2 Overview of goals and results

To describe our goals and results requires some additional set-up. We shall parametrize the
Poincaré upper half-plane H by the variable 7 = 7 + i1 € C with 71,7 € R and 7 > 0.
The modular group SL(2,Z) acts on H by its normal subgroup PSL(2,Z) = SL(2,Z)/Zs.
The moduli space of compact genus-one Riemann surfaces is given by M = PSL(2,Z)\'H
and may be represented by the standard fundamental domain,

MZ{TGH . |Re(7)] < 1, |Tyz1} (1.5)

which contains a single cusp at 7 = ico. The modular-invariant Poincaré metric d?7 /72
provides a volume form on M to integrate modular-invariant functions, such as modular
graph functions. We shall review the properties of MGFs in section 2.

Generically, a modular graph function C will have polynomial growth at the cusp
so that its integral over M diverges. To associate a finite integral to C, we partition

2This assignment is a slightly stronger version of Assumption 3 of [34].



the fundamental domain M = M U Mg into a neighborhood of the cusp Mg and the
truncated fundamental domain M, defined by,

My = Mn{Im(r) < L} Mp = Mn{Im(r) > L} (1.6)

for some cut-off L > 1. The integral of C over My is convergent but L-dependent.
Mathematically, a finite integral of C over M may be defined by adding to the integral of C
over M, the integral over Mp of a truncated version of C in which the polynomial growth
is subtracted [33]. We shall review the technical details of these integrals in section 3.

Physically, the divergence of the integral of C over M must be considered from the
vantage point of the full genus-one Type II superstring amplitude. The integral formula
for the full amplitude is absolutely convergent only when the dimensionless kinematic vari-
ables s,t,u are purely imaginary. The existence and uniqueness of the analytic continuation
of the full amplitude in s,¢,u was established long ago in [39]. Therefore, the source of
the divergence of the integral over M of the modular graph function C stems from the
non-uniformity across M of the Taylor expansion in powers of s,t,u of the amplitude’s inte-
grand. Analytically continuing the integral over My in s, ¢, u produces the non-analyticities
expected on physical grounds from the presence of massless strings. These non-analyticities
include the logarithms In s, In ¢, and In w which give rise to the physical branch cuts produced
by massless string pairs required by the unitarity of the string amplitude, as described in [34].

The genus-one contributions to the low-energy effective interactions of the string
amplitude are computed by an integral over the full fundamental domain M, which may
be partitioned into the regions My and Mp defined above. The cut-off L > 1 is clearly
arbitrary and necessarily cancels out of the full amplitude. The contribution from My,
to the full amplitude is analytic in s, ¢, u so that the contributions from M to any order
in the low-energy expansion are given by a sum of integrals over M of MGFs. When
the modular graph function C appears in this context, the L-dependence in its integral
over My, will be cancelled by the integral of the full string integrand over Mp. See for
instance [2, 34].

The partial results regarding the transcendentality of the genus-one four-graviton ampli-
tude in Type II superstring theory beyond the order of D'?R* in the low-energy expansion,
alluded to earlier, consist of two parts [34]. First, the coefficients of the Ins,Int,Inu
non-analyticities exhibit uniform transcendentality. This result is fully expected from the
factorization of the genus-one amplitude and follows from the uniform transcendentality
of the tree-level amplitude (1.3). Second, the contribution to the analytically continued
integral which arises from the integral over Mp and which is analytic in s,t, u exhibits
uniform transcendentality to all orders in the low-energy expansion. This second result is not
known to follow from factorization and constitutes a non-trivial motivation for the uniform
transcendentality conjecture of the full genus-one amplitude. Thus, to prove the conjecture
up to an arbitrary order in the low-energy expansion, it remains to study the transcendental
structure of the integrals over My, of the MGFs that appear in this low-energy expansion.

Before considering three-loop MGFs, we shall first review the results at two-loops. The
integrals over My, of arbitrary connected two-loop MGFs were evaluated in [30]. In this
paper, we shall also evaluate the integrals of arbitrary disconnected two-loop MGFs. From



these explicit calculations, we find that the transcendental structure of the integrals of all
two-loop MGFs is consistent with the uniform transcendentality of superstring amplitudes.
Specifically, we prove the following proposition in section 4.

Proposition 1.1. The integral over My, of an arbitrary two-loop modular graph function C
of weight w, has the following structure,

d*r

/ T 0 = Aysr + By Hy + O(LF) (1.7)
My T

where O(LF) indicates the omission of terms with non-trivial L-dependence; Ayy1 and By,

have transcendental weight w + 1 and w, respectively; and Hy is a sum of rational numbers

which may be interpreted as a sum of finite harmonic sums of transcendental weight one.

Prior to the present work, it was an open question whether this transcendental structure
persisted in the integrals of three-loop MGFs. In this paper, we shall evaluate the integrals
over My, of an infinite number of three-loop MGFs belonging to several special infinite
families. We shall also investigate the transcendental structure of these integrals. We restrict
to these families because the evaluation of the integrals of the most general three-loop
MGFs appears prohibitively involved with the methods presently available. Our results
from the study of these integrals are as follows.

o Up to weight seven included, the transcendental structure of the integral of each individual
three-loop MGF is consistent with the uniform transcendentality of genus-one superstring
amplitudes.

o At weight eight and higher, the transcendental structure of the integrals of certain
individual three-loop MGFs is not consistent with the uniform transcendentality of
superstring amplitudes.

o If the full genus-one superstring amplitude is to exhibit uniform transcendentality, then
special cancellations between the integrals of individual three-loop MGFs must occur.

The nature of the violations of uniform transcendentality that occur in the integrals
of individual three-loop MGFs may be illustrated by considering the simplest such case,
the integral of a triple product of non-holomorphic Eisenstein series. The non-holomorphic
Eisenstein series E (7, 7) = 2T'(s) Es(7,7) of weight s will be defined in section 2.4 and is a
one-loop modular graph function. Zagier evaluated the integral of the triple product E} E} E7
in terms of a quadruple product of zeta functions in [33]. For integer weights s,¢,u > 2,

d2T * Tk Tk Cst

/ Ol BB = S8 1) C(w — 25) C(w — 26) C(w — 2u) + O(LE)  (1.8)
My T Q

where w = s+t+u and O(L*) indicates the omission of terms with non-trivial L-dependence.

The proportionality factor ¢, will be given in theorem 5.1 and has transcendental weight

zero or one when w is even or odd, respectively. Naively, the transcendental weight of the



integral is w or w 4 1. This result indeed holds as long as the three integers s,t,u > 2
satisfy,

s+t—u,t+u—s,ut+s—t>2 = max(s,t,u) < |w/2] — 1 (1.9)

However, if say s+t — u < 0, then the corresponding zeta-value ((w —2u) = ((s+t—u) is
a rational number with transcendental weight zero. In other words, when the zeta functions
have a non-positive argument, they violate the expected counting of transcendental weight.
As a result, the transcendental weight of the integral is now larger than w + 1, and no
harmonic sum with positive weight can make up for the violation.

The main result of this paper is that the violations of uniform transcendentality
occurring in the integrals of individual three-loop MGFs are all of the same form as the
violations endemic to Zagier’s integrals of triple products of Eisenstein series. Specifically,
we prove the following proposition for the various infinite families of three-loop MGFs whose
integrals we calculate in section 5, section 6, section 7, and section 8.

Proposition 1.2. For an arbitrary three-loop modular graph function C of weight w, there
exist rational numbers Qq, ¢, 0, such that,

/ — (C = Y Qubsts E£1E£2E43> = Aws1+ By Hi + O(LF) (1.10)
My T2 l1,2,3>2
Li+lo+l3=w

where (’)(Li) indicates the omission of terms with non-trivial L-dependence; Ay11 and By,
have transcendental weight w + 1 and w, respectively; and Hy is a sum of rational numbers
which may be interpreted as a sum of finite harmonic sums of transcendental weight one.

It is an important open question whether this proposition holds for arbitrary three-loop
MGPFs beyond the infinite families studied in this paper.

In any case, the necessity of subtracting these triple products of Eisenstein series
constitutes a novel source of violations of uniform transcendentality and raises challenging
questions for the transcendental structure of genus-one superstring amplitudes. Is uniform
transcendentality in the physical genus-one superstring amplitudes for four gravitons violated
at sufficiently high weight? Or do the violations found in the integrals of individual MGFs
conspire to cancel in the full superstring amplitude? The present work constitutes a first
step towards investigating and answering these questions.

1.3 A useful byproduct

Finally, an important byproduct emerges from our investigations concerning the two-loop
modular graph functions C, . for integer a,b,¢ > 1 which were introduced in [3] and
will be reviewed in section 2.5. It was shown in [3] that these functions obey a system
of inhomogeneous Laplace eigenvalue equations at each weight w = a + b + ¢ whose
inhomogeneous part is a linear combination of the non-holomorphic Eisenstein series E,,
and the double products ExE,,_j for 2 < k < w — 2. The eigenvalues of the corresponding
homogeneous system were shown to be of the form s(s — 1), where s = w —2,w—4,--- > 0.



The explicit diagonalization of this homogeneous system was achieved only for small weights
in [3] but is obtained in appendix B of this paper for arbitrary weights.

In particular, the formulas of appendix B make it possible to express the modular
graph functions Cyp . as a linear combination with rational coefficients of the modular
functions F;f) introduced in [40, 41]. These functions obey the inhomogeneous Laplace
equation (A — s(s — 1))F:;7(]:) = E,, ), where the inhomogeneous term is a double product
of non-holomorphic Eisenstein series.

1.4 Organization

The remainder of this paper is organized as follows. In section 2, we review modular graph
functions and forms. In section 3, we discuss several methods to evaluate the integrals of
MGPFs over the truncated fundamental domain M. In section 4, we evaluate the integrals
of arbitrary two-loop MGFs using these methods. In the subsequent four sections, we
evaluate the integrals of various special infinite families of three-loop MGFs and analyze
their transcendental structures. Specifically we evaluate the integrals for the following
integrands:

Section 5, triple products of Eisenstein series and their derivatives using the results of [33];
Section 6, the disconnected three-loop MGFs E;C, . using their differential equations;
Section 7, the connected three-loop MGFs vy, 3 using their differential equations;
Section 8, the three-loop MGFs C}, 11,1 using their Poincaré series and the unfolding trick.

We conclude in section 9 and discuss open problems including the transcendental structure
of physical superstring amplitudes. In appendix A, we review zeta functions, zeta-values,
multiple zeta-values, and finite harmonic sums. In appendix B, we discuss the relation
between the two-loop modular graph functions Cy . and €y.p;, announced in section 1.3.
In appendix C we review the Laurent polynomials of several two-loop modular graph
functions. The final two appendices, appendix D and appendix E, contain several technical
details used to evaluate the integral of Cj 11,1
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2 Modular graph functions and forms

In this section, we shall review modular graph functions and forms, and we shall introduce
several infinite families of one-loop modular graph forms and two-loop modular graph
functions.



2.1 Conventions and definitions

The modular group SL(2,7Z) will be parametrized as follows,

SL(2,Z)={(:§) a,B8,7,0 €7, aé—ﬁryzl} (2.1)
A modular transformation A = (: g) € SL(2,7Z) acts on the variable 7 € C by a Mobius
transformation,

ot +

AT =
4 YT 40

(2.2)

The modular group has several important subgroups. For instance, Zy = {£1} C SL(2,Z)
leaves T invariant, and the Borel subgroup I'y, defined by,

Too = {&(47) : n€Z} CSL(2,Z) (2.3)

implements integer translations of 7. The modular group is itself a subgroup of the group
SL(2,R) of isometries of the Poincaré upper half-plane H, which is defined by,

# = SL(2,R)/U(1) = {r € C : Im(r) > 0} (2.4)

We shall parametrize H by the complex variable 7 = 71 + ¢79 with 7,79 € R and m > 0.
The modular group acts on H by its normal subgroup PSL(2,Z) = SL(2,Z)/Zs.

The moduli space of compact genus-one Riemann surfaces is given by the quotient
M = PSL(2,Z)\'H and may be represented by the standard fundamental domain,

M:{TeH;\Re(T)\g%,yT\y} (2.5)

which contains a single cusp at 7 = ico. As discussed in section 1.2, we shall partition
the fundamental domain M = My U Mg into a neighborhood of the cusp Mp and the
truncated fundamental domain M, which are defined as follows,

M = Mn {Im(r) < L} Mp = M {Im(7) > L} (2.6)

for some cut-off L > 1. In practice it will often be convenient to work with a small
neighborhood Mg with large L > 1.

We may also consider quotients of H by subgroups of the full modular group. For
example, the upper half-strip I'so\'H is given by the quotient of H by the Borel subgroup of
translations defined in (2.3) and may be represented as follows,

Foo\H={r€H :0<Re(r) <1} (2.7)

Elements of I', stabilize the cusp at 7 = ioc.



2.1.1 Modular forms

A complex-valued function f of 7 € H is said to have modular weight (u,v), with u,v € R
and u — v € Z, if it has the following transformation law under SL(2,Z),

FOTAT) = (y7+60)" (47 +0)" f(1,7) (2.8)

and may be referred to as a modular (u,v)-form. If u = v = 0, then f is modular invariant
and called a modular function. If f is holomorphic in 7 then we must have v = 0 and u € Z,
and f is referred to as a holomorphic modular form. Similarly when f is anti-holomorphic,
we must have u = 0 and v € Z, and f is referred to as an anti-holomorphic modular form.
In all other cases, f is referred to as non-holomorphic modular forms.

The variable 75 is itself a modular form of weight (—1,—1). Multiplication by 7§
provides a canonical equivalence relation between modular forms of weight (u,v) and
modular forms of weight (u — ¢, v — ¢). The equivalence class of modular forms of vanishing
weight (u,v) = (0,0) is referred to as the class of non-holomorphic modular functions.

In view of the transformation law of the differential, d(A7) = (y7 + &) 2 dr, there is a
one-to-one correspondence between functions of modular weight (u, v) and modular-invariant
differential forms on # given by f(7,7) (dr)*/? (d7)*/2. In particular, the upper half-plane
supports the SL(2,7Z) C SL(2, R)-invariant Poincaré metric whose volume form is given by,

d?r  didr NdT Pt o«
T _ / ar.r (2.9)
TS 275 M TS 3

and thereby provides a well-defined volume form on M to integrate modular functions.

2.2 Modular graph forms

Modular graph forms are modular forms associated to a decorated graph (I', A, B) with
V vertices and R edges. The V x R connectivity matrix I' has components I';,., where the
index v =1,...,V labels the vertices and r = 1,..., R labels the edges. No edge is allowed
to begin and end on the same vertex. When edge r contains vertex v we have I';,, = £1
while otherwise Iy, = 0. The decoration (A, B) consists of two R-dimensional arrays,

A:[al,...,aR] B:[bl,...,bR] (210)

whose entries satisfy a,,b, € C with a, — b, € Z. The pair (a,,b,) is associated with
the edge r. We refer to a, and b, as the holomorphic and anti-holomorphic exponents,
respectively, and define the total exponents a = 3% | a, and b= "2 b,.

To the decorated graph (I', A, B) we associate a complex-valued function of 7 € H
called a modular graph form, defined by the following Kronecker-Eisenstein series,

Cr [g] (1,7) = (7:>(a+b)/2 Z H H 5(2Fvsps> (2.11)

ar
p1,...pREN T=1 (pr)

whenever the sum is absolutely convergent. Throughout the sequel of this paper, we shall
often suppress the dependence on 7 and 7 when no confusion is expected to arise.
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The variables p, are summed over the lattice A’ = A\ {0} where A = Z7 + Z,
corresponding to the momenta on a torus with periods 7 and 1. We shall often use the
parametrization p, = m,7 + n, and p, = m,T + n, with (m,,n,) € Z2\ {(0,0)}. The
Kronecker delta symbols enforce conservation of momentum at each vertex since (z =0) =1
and d(z # 0) = 0. The number of loops in the graph, R — V + 1, is equal to the number of
independent momenta.

The Kronecker-Eisenstein series (2.11) is absolutely convergent if, after solving all the
delta symbols, the powers of each loop momentum in the denominator are greater than two.
In string theory, the exponents a, and b, will always be non-negative integers satisfying
ar + b, > 2 for all r so that absolute convergence is guaranteed. The theory of modular
graph forms with non-integer exponents is not well-developed beyond one loop.

A modular graph form Cr vanishes whenever the graph I' becomes disconnected upon
severing a single edge or whenever the integer a — b is odd since the summand is odd and the
domain A’ is invariant under the reversal of the signs of all momenta p,. For a connected
graph I" which is the union of two graphs I' = I'y U I'y whose intersection I'y N I'y consists of
a single vertex, the modular graph form factorizes as Cr = Cr, x Cr, with the corresponding
partition of exponents.

2.2.1 Feynman rules for modular graph forms

Modular graph forms are associated with vacuum Feynman graphs of a conformal scalar
field on a torus. A decorated edge r with exponents (a,, b,) and momentum p, is drawn as
follows and contributes the following factor to the Kronecker-Eisenstein summand,

Dr — T (ar+br)/2 1
e == —_— 2.12
( m ) (pr)a'r (ﬁr)br ( )

Each vertex v contributes a momentum-conserving factor & (Zle ['ys ps) to the summand.
These Feynman rules, along with the instructions to sum each momentum over the lattice A’
and to connect edges to vertices according to the connectivity matrix I', reproduce the
definition (2.11).

2.2.2 Modular transformations

The modular graph form Cr owes part of its designation to the fact that it transforms as
a modular form under the modular group acting on 7 with the arrays A and B invariant.
Under a modular transformation \ = (: ?) € SL(2,7),

A _ AT+ 6 (@702 A _
AT, AT) = 2.1
r M( = (Z253) 0 el o) (2.13)
The modular weight (“T_b, b_T“) of any non-vanishing Cr has integer entries in view of the

fact that the integer a — b must be even.

For the special case where a = b, the modular graph form Cr is modular invariant and
referred to as a modular graph function (MGF) with weight w = a = b. The weight of a
MGF is not to be confused with its modular weight which necessarily vanishes.

- 11 -



The choice made for the exponent of the 79 prefactor in the definition (2.11) of Cp
ensures that the modular weight vanishes for MGFs, for which a = b. However, when a # b
there is no canonical normalization. Two alternative normalizations Cff are,

A A
i 5] = e ] (214
The normalizations C{ and Cp have modular weights (0,5 — a) and (a — b,0), respectively.

For MGFs, a = b so that Cp. = Ct = Cr.

2.2.3 Dihedral modular graph forms

One-loop decorated graphs have only bivalent vertices. Connected modular graph forms
with two or more loops may be distinguished by the number of non-bivalent vertices in
their corresponding graphs. Following the nomenclature introduced in [6], this distinction
is into dihedral graphs, trihedral graphs, tetrahedral graphs, and so on. All connected
two-loop graphs are dihedral, but connected three-loop graphs come in dihedral, trihedral,
and tetrahedral varieties. We shall also consider one-loop graphs as dihedral.

In this paper, we shall study only dihedral modular graph forms. A generic dihedral
modular graph form with R > 2 edges (and R — 1 loops) has the following decorated graph,
matrix of exponents, and Kronecker-FEisenstein series representation,

. CLR‘| _ (Tg)(“+b)/2 Z S(p1+---+pr) (2.15)

. aq —bl apR —bR
br T pen’ PUPL - PR'DR
r=1,..,R

This Kronecker-Eisenstein series is absolutely convergent if Re(a, + b, + as + bs) > 2 for all
pairs of r,s =1,2,..., R with r # s.

2.2.4 Poincaré series

Modular graph functions may be written as Poincaré series with respect to I'no\PSL(2,Z),
the coset of the modular group by the Borel subgroup of translations I's, defined in (2.3).
A Poincaré series representation for the modular graph function Cr is written as,

Cr [é] (1,7) = > Ar [2} (AT, \T) (2.16)

A€l \PSL(2,7)

where Ar is referred to as a Poincaré seed function for Cr. The Poincaré seed is not unique,
and clever choices may simplify subsequent calculations.

It was shown in [27] that a Poincaré seed for a generic dihedral modular graph function
may be constructed by replacing the sum over any one lattice momentum p, in (2.15) by a
sum over p, = N € Z\ {0}. Thus, a Poincaré seed for a generic dihedral modular graph
function with weight w = a = b, is given by the following Kronecker-Eisenstein series,

A[w—a,’aQ...aR] ( ) Z Z Na+b5N—+—_p2+ ‘i’pr) (2.17)
w—1>b by --- bgr Mo peh |N|2w p£2l2p12)2 . paRRpRR
r=2,...,R
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where o/ = S a4, and ¥ = Y% ,b,. This Kronecker-Eisenstein sum is absolutely
convergent for sufficiently large Re(w) and may be defined by analytic continuation in
the weight w elsewhere, while keeping integer exponents a,,b, € Z for r = 2,... R. The
two-loop case of this analytic continuation was studied in [27].

2.2.5 Asymptotic expansions

The asymptotics at the cusp 7 = 700 of a modular graph function with integer exponents and
weight w > 2 are given by a Laurent polynomial in 79 of degree (w, 1 —w) plus exponentially
suppressed terms [5],

l ] Z Dl 4 o) (2.18)
=

—w

(0)

where the Laurent coefficients ¢’ are constants with transcendental weight w. It was shown
n [5] that 7=% céw) is a rational number and that each 7 ¢ cg) forl—-w</{<w-1isa
linear combination of single-valued multiple zeta-values with rational coefficients. Modular
graph functions or forms with non-integer exponents do not have a Laurent polynomial
in ™ at the cusp.

More generally, modular graph functions with integer exponents have an asymptotic

2miT

expansion in powers of the nome ¢ = ¢ and its complex conjugate ¢,

A )
CFlB] - ¥ <M (1) gM g (2.19)
M,N>0

where céM’N)(Tg) are Laurent polynomials in 75. The expansion (2.19) contains the Fourier
expansion of Cr in the variable 7;. Terms with M = N constitute the constant Fourier
mode which consists of the Laurent polynomial in 7 (from M = N = 0) plus infinitely

many exponential terms (from M = N > 0) that are suppressed at the cusp.

2.3 Identities between modular graph forms

For a systematic discussion of the identities obeyed by modular graph forms, we refer the
reader to [7]. Here we shall summarize the essential identities needed for this paper.
2.3.1 Algebraic identities

Momentum conservation. Modular graph forms obey the following momentum conser-
vation identity at each vertex v =1,...,V,

A-5]1 & A
ZFWCF[ ]:ZlFWCF[B_ST]:o S, =1[0,...,0,1,0,...,0]  (2.20)
r= r—1 R—r

where the R-dimensional row-vector S, has zeroes in all slots except for the " which
instead equals one. These momentum conservation identities yield linear algebraic relations
between modular graph forms with the same modular weight and loop order.
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Factorization. Modular graph forms with a vanishing pair of holomorphic and anti-
holomorphic exponents a, = b, = 0 obey factorization identities. In particular, dihedral
graphs with R > 3 edges obey,

ai -+ ap_1 0 Bl T 0 ai -+ Qr_1
C - =1lc|,” | -¢C - 2.21
] = e el 2

These factorization identities yield non-linear algebraic relations between modular graph
forms with the same modular weight but different loop order.

Holomorphic subgraph reduction. Modular graph forms with two vanishing holomor-
phic or anti-holomorphic exponents may be simplified into modular graph forms with fewer
loops using a procedure called holomorphic subgraph reduction [6-8].

These simpler functions include the holomorphic and anti-holomorphic Eisenstein
series Gy and Gy, which are defined by the following Kronecker-Eisenstein series,

1 1 = 1 1

Gi(r) = —75 Gi(r) = 75 (2.22)

ot 5t
peN’ p peN’ p

which are absolutely convergent for integer ¢ > 2 and vanish for odd ¢ > 3. For £ = 2, the
series (2.22) are conditionally convergent. Siegel’s prescription defines a non-holomorphic
but modular-covariant regularization G5 as follows,

N 1 1

Ga(7,7) = — lim — (2.23)
T s—0 pg/ p2]p‘5

Alternatively, one may preserve holomorphicity at the cost of modular invariance by defining
the function Go(7) = —4mi 9, Inn(7) where n(7) is the Dedekind 7 function.

For dihedral graphs, the holomorphic subgraph reduction procedure is expressed by
the following equation [8],

ar a_ A| _\a— _ao/2 A [ ag A
el s o) ol ()3 5
+maxz(ai) ao—l—f 4 ao—l—f g/QGCCL()—EA
Z ay— L a—¢ )™ 7 0 B

a0—2 A a0—2A ao—lA
GoC C 2.24
where A and B are row vectors of exponents and ag = a4+ + a—. When A and B are
one-dimensional, the first term on the right-hand side of (2.24) is absent. In combinations
appearing from the application of derivatives to modular graph forms, the two terms
on the last line with abnormal modular weight always cancel. The reduction formula

for modular graph forms with two vanishing anti-holomorphic exponents is given by the
complex conjugate of (2.24).
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2.3.2 Differential identities

Modular graph functions and forms also obey a number of identities involving the differential
operators V, V, and A.

The first-order Maass operators V and V map the space of modular graph forms
into itself. The Christoffel connection in the covariant derivatives vanishes in V when
acting on a modular graph (0,b — a)-form CEL and in V when acting on a modular graph
(a —b,0)-form Cr, giving the following simple representations,

ona (0,b—a)-form Cf V = +2i130; = 12(0r, + i0y,)
on a (a —b,0)-form Cp V = —2i130- = 13(dry — i0y,) (2.25)

The action of these operators results in an algebraic action on the exponents,

A-S,

2.26
B+ S, (2.26)

Al & A+S, (A&
vcﬁlB] :ZarcﬁlB_S] VCr [B] =Y b.Cp
r=1 T r=1

with S, defined in (2.20). Thus, V maps modular graph (0, b—a)-forms to (0, b—a—2)-forms
while V maps modular graph (a — b, 0)-forms to (a — b — 2,0)-forms.

The second-order Laplace-Beltrami operator A on the upper half-plane H maps the
space of modular graph functions, for which ¢ = b, into itself. We may write several
equivalent expressions for A,

A=V12V=V1?V=4730:0, = 73(02 + 02)) (2.27)

The action of A on a MGF with weight w = a = b may be expressed in terms of an algebraic

action on the exponents,

A R A+ S, — S
A C = +bs C " s 2.28
@rweefg] = 3 w5 TS0 o2

with S, defined in (2.20)

2.4 One-loop modular graph forms

We may completely characterize the space of one-loop modular graph forms. Decorated
one-loop graphs contain only bivalent vertices and are specified by a single holomorphic
exponent a and a single anti-holomorphic exponent b since,

a0 ag—by |01 @
c[b 0] = (=)@t c[bi bj (2.29)

for a = a1 + a9 and b = by + bs. All one-loop modular graph forms, including those with
complex non-integer exponents, may be written in terms of various Eisenstein series.
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2.4.1 Non-holomorphic Eisenstein series

The unique one-loop modular graph function with weight w = a = b is the non-holomorphic
(also called real-analytic) Eisenstein series F,,. For Re(w) > 1, F, has the following
decorated graph, matrix of exponents, and Kronecker-Eisenstein series representation,

w0 TS 1
E, = w|=C = = — 2.30
LU O] ™ pg/:\’ [Pl 20

The Eisenstein series is an eigenfunction of the Laplace-Beltrami operator,
AE, =w(w —1)Ey, (2.31)

In fact, E, is the unique modular-invariant solution to this differential equation with
polynomial growth at the cusp.

Although the Eisenstein series E,, arises naturally in string theory, it will be convenient
to work with the starred Eisenstein series, an alternative normalization defined as follows,

E} = iI'(w) B, (2.32)

The starred Eisenstein series obeys the functional relation E}_, = E; analogous to the
functional relation (*(1 — w) = (*(w) obeyed by the starred zeta function,

¢*(w) = 772 D(w/2) ¢(w) (2.33)

Other properties of the starred zeta function are discussed in appendix A. The asymptotic
expansion of E manifestly exhibits its functional relation,

Ef = 2w) 8 + 2w — 1)1 Y 4 O(e72™™) (2.34)

w

A Poincaré series for E;; is given by,

Ei (1, 7) = (*(2w) > [Im(A7)]" (2.35)

AET o, \PSL(2,Z)

so that (*(2w) 73’ is a Poincaré seed for EJ.
The derivatives of E} span the space of all one-loop modular graph forms. Using (2.26)
to compute the action of V and V, we find,

il =20(w+ ) ' V'E;,
w—£0
- ‘w‘:ig =2T(w+0)"'VE; (2.36)

for Re(w) > 1 and integer ¢ > 0.
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2.4.2 Holomorphic and anti-holomorphic Eisenstein series

The derivatives of E;; include the holomorphic and anti-holomorphic Eisenstein series Gy
and G defined in (2.22). Our normalization is standard in the literature on modular graph
forms and is chosen so that,

2 Gy = CF [206 g} —oT(20) VI E}
728 Glyy = C~ 20£ 8} =2T(20)" ' V'E; (2.37)

The Fourier series of Goy for integer ¢ > 2 is given by,

¢(20)

Goy =2
20 ﬂ_g

+2(_4“)Z i (n) ¢" (2.38)
I‘(%) n:102£—1 n)q .

2miT

where g = e and op(n) = de dP is the sum of p'™ powers of the positive divisors of n.

2.5 Two-loop modular graph functions

The space of two-loop modular graph forms is much more complicated than the space at
one loop. Two-loop graphs may be connected or disconnected. Disconnected two-loop
graphs factorize into one-loop graphs, and connected two-loop graphs are always dihedral.
To simplify our discussion, we shall restrict to two-loop modular graph functions, and for
the connected two-loop functions, we shall restrict to non-negative integer exponents.

2.5.1 The disconnected functions ng)

Disconnected two-loop modular graph functions are equal to the product of two one-loop
modular graph forms whose total modular weight vanishes. For these disconnected functions
we shall consider complex non-integer exponents.

We define the infinite family of functions V" with Re(s),Re(t) > 1 and integer n > 0

s,t
by the following decorated graph and matrix of exponents,
(n)_ S n,s—mn —n n| = S+n0 t_nO 2

These functions have weight s + ¢ and may be written in terms of derivatives acting on two
Eisenstein series as follows,

VW —4T(s+n) ' T(t+n) "' 75 2" V'E: V' E; (2.40)

S

Many properties of these functions, such as their asymptotic expansion or Poincaré series,
follow from the respective properties of the Eisenstein series.

This infinite family of functions spans the space of all disconnected two-loop MGFs.
For instance, the case n = 0 reduces to the double product vfff? =4T(s)"'T(t) L EXE}
of two non-holomorphic Eisenstein series while the case n = s = ¢t > 2 reduces to the
product V7(Lnr)L = 7'22” Gay, Gop, of a holomorphic and an anti-holomorphic Eisenstein series.
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2.5.2 The connected functions Cg .

We shall now consider connected two-loop modular graph functions with non-negative
integer exponents. To simplify things further, we shall first consider the case where each
pair of holomorphic and anti-holomorphic exponents is equal.

The infinite family of connected two-loop modular graph functions C, ; . was introduced
in [3]. These functions have the following decorated dihedral graph, matrix of exponents,
and Kronecker-Eisenstein series representation,

[CL b C‘| . TS-HH_C 5(171 + p2 +p3) (2 41)

= _atbte o P12 [p2| 2 [p3|2¢

The functions C, . have weight a + b + ¢ and are invariant under permutations of a, b, c.
For integer a,b, c > 1, the Kronecker-Eisenstein series is absolutely convergent and Cp . .
is real. The Laurent polynomial of Cy . for integer a,b,c was calculated in [25] and is
reviewed in appendix C.

The space of functions Cpp . obeys a system of inhomogeneous Laplace eigenvalue
equations. The action of the Laplace-Beltrami operator A on C, . may be computed
using (2.28) and is given by,

ACqpe=(ala—1)+b(b—1)+c(c—1))Capye
+ab(Co—1p41,c+Cat1b-1,6+Catipti,c—2—2Ca p+1,0-1—2Ca+1,b,c—1)
+b¢ (Cap—1,e41+Captt,e—1+Ca—2,p41,041 —2Ca—1p,c+1—2Ca—1p11,c)
+¢a (Cat1,p,c-1+Caz1petr1+Cat1p—-2,c41—2Ca11p-1,6—2Ca p—1,c41)  (2.42)

When the right-hand side of this equation involves a lower index d’, ¥, or ¢’ which equals
either 0 or —1, the corresponding MGFs reduce to Eisenstein series as follows,

Cw—t0=EEy_ — By Cwsi—t0—1 = BBy + Ep_1Ey_p11 (2.43)

The right-hand side of either equation in (2.43) may involve the symbol Ej, formally
corresponding to a divergent series, but its contribution will always cancel out of the right-
hand side of (2.42). Thus, the Laplacian maps the space of C, . with weight w =a+b+ ¢
and integer a, b, c > 1 into itself (the homogeneous part) plus a linear combination of the
Eisenstein series F,, and double products E;E,,_, (the inhomogeneous part).

2.5.3 The eigenfunctions €y.p;p

It was shown in [3] that the action (2.42) of A on the space of functions C,; . may
be diagonalized, resulting in eigenfunctions €., which are linear combinations of the
functions C, . with weight w = a + b+ ¢ and integer a,b,c > 1.3 Each eigenfunction obeys
an inhomogeneous Laplace eigenvalue equation of the following form,

lw/2]
(A - (w - 2m) (’LU —2m — 1))Q:1U§m§17 = hi(g;)m;p E:;) + Z hi(f;)m;p E; ;Z—ﬁ (244)
(=2

30ur notation for the second subscript differs from [3]. Our €u.m:p = Cww—2m;p of [3].
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where the b coefficients are constants and the labels m and p are integers which run over
the following ranges,

1<m < |25t 0<p< 2=t (2.45)

The label m specifies the eigenvalue (w — 2m)(w — 2m — 1) while p labels the degeneracy in
the spectrum. We have written the inhomogeneous part of the Laplace equation (2.44) in
terms of starred Eisenstein series for later convenience.

At any fixed weight w > 3, the number of eigenfunctions €,,,.p is equal to the number
of functions C, ;. modulo permutations of a, b, c. In other words,

Ry s il
o= > (2.46)
= p=0

a>b>c>1
a+b+c=w

m=1
Thus, we may systematically relate the two bases of functions. Without loss of generality,
we choose representatives of the Cyp . with a > b > c¢. We then expand each basis in terms
of the other as follows,

272 =)

Cape = Z Z diﬁ;p Cuwimip Cowimip = Z Dgfr’r‘f;p Cape (2.47)
m=1 p=0

a>b>c>1
a+b+c=w

In appendix B, we derive explicit expressions for the coefficients d,, , +* and Dfﬁ%;p as well as
for the b coefficients which appear in the inhomogeneous Laplace eigenvalue equation (2.44),

thereby proving the following proposition.

. . m; ¢ )
Proposition 2.1. The coefficients di’lﬁ’p, Ofl;f’,;f;p, and f)gu;)m;p are all rational numbers.

Moreover, we have hz(f;)m;p =0 for2</{<m.

In appendix C, we compare the Laurent polynomials of C, p . and €y;p;p. We also write
the Laurent coefficients of €.,y in terms of the b coefficients.

Similar inhomogeneous Laplace equations of the form (A — s(s — 1))F;;(,‘:) = E,Ex
were recently studied in [40, 41]. There it was shown that the solutions to these equations
include the modular graph functions €., as well as modular functions which are not
modular graph function. The formulas of appendix B make it possible to express the

modular graph functions C, . as a linear combination of the modular functions FJ(,?).

2.5.4 The connected functions Cy,y;uw

We shall now consider the larger space of all connected two-loop modular graph functions
with non-negative integer coefficients. A generic connected two-loop MGF has the following
decorated graph, matrix of exponents, and Kronecker-Eisenstein series representation,

(2.48)

_ L|e1 a2 az| T 5(p1 + p2 + p3)
=C by by by| @ a1 b1 a> by as b
1o p1,p2,p3ch’ P1 P1 P2"P2"P3 D3
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where w = a1 + ags + ag = by 4+ ba + b3. This Kronecker-Eisenstein series is absolutely
convergent if a, + b, + as + bs > 3 for all pairs of r,s = 1,2,3 with r # s which implies
that w > 3. This larger space of two-loop MGFs contains the subspace of functions Cy .
(as well as their linear combinations, the functions €y.p.p).

The generic connected two-loop MGF (2.48) simplifies when any two of its exponents
vanish. When a, = b, = 0 for some r, when a, = as = 0 for some r # s, or when
b, = bs = 0 for some r # s, the function may be written in terms of the disconnected
two-loop MGFs Vs(jz) and the Eisenstein series E. using the factorization identity (2.21)
and holomorphic subgraph reduction (2.24). When a, = bs = 0 for some r # s with all
other exponents positive, the function belongs to the infinite family of functions Cy, v -

The infinite family of connected two-loop modular graph functions C, ., was introduced
in [27]. These functions have unequal pairs of holomorphic and anti-holomorphic exponents
and the following decorated dihedral graph, matrix of exponents, and Kronecker-Eisenstein
series representation,

u, 0

wOw—u| d(p1 + p2 +p3
Cusw = Q = C[ 00 w—ol = = 54, R 7w_2} (2.49)
p1,p2,p3EN P1P2P3  P3

where v and v are integers satisfying 1 < w,v < w —1 and u + v > 3. The Laurent
polynomial, Fourier series, and Poincaré series of C, .., were calculated in [27].

Like the space of functions Cgy ., the space of functions Cy . Obeys a system of
inhomogeneous Laplace-eigenvalue equations. The action of the Laplace-Beltrami operator A
on Cy may be computed using (2.28) and is given by,

ACy v = (w(w — 1) 4+ 2uv — w(u 4+ v)) Cypiw + W0 Cyt1,v+1:w
+ U(QU - w) Cu+1,v;w + U(U - w) Cu+1,v71;w

+v(2u — w) Cyvt1:0 + V(U — W) Cyu—1 vt 15w (2.50)

When the right-hand side of this equation involves an index v’ or v" which equals 0 or w,
the corresponding MGFs can be reduced to Eisenstein series or double products of their
derivatives using the factorization identity (2.21) and holomorphic subgraph reduction (2.24).
Thus, the Laplacian maps the space of Cy 4.y With integer u, v, w into itself (the homogeneous
part) plus a linear combination of the Eisenstein series E; and disconnected two-loop MGFs
(the inhomogeneous part).

In principle, one may diagonalize the action of the Laplacian on the space of Cy 4w,
thereby constructing eigenfunctions which are linear combinations of the C, ..., analogous
to the eigenfunctions €,p,., which are linear combinations of the Cy 4 .. It may be possible
to construct these eigenfunctions using a generalization of the construction of the €.
in [3], which we review in appendix B. Unfortunately, this problem is more challenging
than the diagonalization of the C, ., and no analytic solution is known. It is, however, a
simple matter to construct these eigenfunctions with a computer algebra system. Numerical
studies at small weights indicate that the eigenfunctions constructed from C, ,.., have
eigenvalues (w —m)(w —m — 1) for integers m satisfying 1 <m < w — 1. This is to be
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compared with the eigenfunctions €y.,., whose eigenvalues are (w — 2m)(w — 2m — 1) for
integers m satisfying 1 < m < {“’Tfl .

The functions C, ., are also special because all connected two-loop MGFs with non-
negative integer exponents and at most one vanishing exponent may be written as linear

combinations of the Cy y;w-

Proposition 2.2. An arbitrary connected two-loop modular graph function with non-
negative integer exponents, weight w = Zle ar = Z?:l b, > 3, and no more than one
vanishing exponent a, = 0 or b, = 0 admits the following decomposition,

ai az as a1 a2 a
C[ ] = Z ’C%U%w[bl b2 b3} Cu,v;w (2.51)
bl b2 b3 1<u,v<w—1 P
u+v>3

where the coefficients are integers defined by,

R[4 55 5] = (=)"77
x { (=) (i) (020 ©(ay — w)O(bs — w +v)
+ ()P (TR () ©laz — w)O(bs —w +v)
+ ()" () () Olar — w+w) O(by — w +v)
() () () Olas —w+u) by —wtv) | (252)

and the step function is defined by ©(x > 0) =1 and O(x < 0) = 0.

A similar decomposition formula was proved in [27]. To prove our proposition, we first
perform a partial fraction decomposition on the holomorphic momenta in the summand
of (2.48) using p; = —p2 — p3. We write,

1 al (a1+a2—u—1) a1+a2 u— 1)
- a27—1( artaztu 4 Z N oaw=1l (—)utaatu
a a Qa —
'’y o pips = pyps
—u—az—1 —u—az—1
_ wzl et [Tt D gy Tt D g 0 o)
st pips " pops "

where in the second line we have introduced step functions to extend the upper range
of the finite sums. We have also used the fact that no more than one a, vanishes which
implies that w — 1 > a1, a2. We similarly decompose the anti-holomorphic momenta in the
summand of (2.48) in two different ways,

1 w—1 (wfvszfl) (U)7’U7b271)
= N (w2 el gy ) bl L g(p — o)
P pheple ;::1 pspy " pipy "
. b (oY (i
=) ()t B = O(by — v) + ——2 O(bs — v) (2.54)
; papy " pspy "

We use the first line of (2.54) for the anti-holomorphic momenta which multiply the first
term on the second line of (2.53), and we use the second line of (2.54) for the second
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term in (2.53). After some straightforward manipulations, we arrive at (2.51). The
coefficient Ky 1., necessarily vanishes, so the decomposition includes only convergent Cy y;u
with u 4+ v > 3. This completes our proof of proposition 2.2.

Our decomposition formula is not unique since we could have performed several
different partial fraction decompositions. Moreover, the functions C,, .., are themselves
not algebraically independent. For instance, the decomposition formula (2.51) for the
function Cy 1,1 defined in (2.41) yields,

C21,1 =Co04 —2C234 — C324 (2.55)

Since U9 1,1 is real, this expression must be equal to its complex conjugate. Acting on Cy v;w,
complex conjugation interchanges u and v. Thus, we conclude that Cs 3.4 = C32.4. There
are many other linear algebraic identities between the Cy .., Despite this ambiguity, the
functions C, .y have many nice properties and have been extensively studied.

2.5.5 Two loops and beyond

We have shown that two infinite families of functions Vs(j;)

two-loop MGFs with non-negative integer exponents. This is to be compared with the case

and Cy . Span the space of all

at one loop, where there is a unique MGF' at each weight.

Corollary 2.3. An arbitrary two-loop modular graph function with non-negative integer
coefficients and weight w can be written as a linear combination with rational coefficients

(n) d

of the connected two-loop functions Cy v, the disconnected two-loop functions Vg, an
the Eisenstein series E,

and s,t,n are integers satisfying s,t > 2, s +t = w, and min(s,t) >n > 0.

where u,v are integers satisfying 1 <u,v <w-—1andu+v >3

The space of three-loop MGFs is considerably more complicated, and consists of
connected dihedral, trihedral, and tetrahedral graphs as well as disconnected graphs.
Instead of tackling the general three-loop case, we shall restrict our attention in this paper
to several special infinite families of connected and disconnected three-loop MGFs, to be
introduced in the sequel.

3 Integrating modular graph functions over My,

In this section, we shall discuss the general structure of the integrals of modular graph
functions over the truncated fundamental domain M, defined in (2.6). We shall also discuss
several methods to calculate these integrals as well as their transcendental weights. These
methods include the integration of certain exact differentials using Stokes’ theorem and the
integration of regularized Poincaré series using the unfolding trick.

3.1 Integrals of modular graph functions

Modular graph functions with integer exponents, such as those which arise in string
theory, have an asymptotic expansion of the form (2.18) near the cusp. Because they have
polynomial growth at the cusp, their integrals over the full fundamental domain M generally
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diverge, as we discussed in section 1.2. Their integrals over the truncated fundamental
domain M are, however, finite functions of the cut-off L.

The general structure of the integral over M, of a modular graph function C = Cr [ 4]
with integer exponents and weight w may be inferred from its Laurent polynomial (2.18).
This integral is given by,*

d2
/ rCe=Tc+PImL+ Z ! + O(e™ L) (3.1)
Mg 7_2 =1—w
0£1

where c((f) are the Laurent coefficients of C introduced in (2.18). The term Z¢ is independent

of L and cannot be inferred from the Laurent polynomial of C since it receives contributions
from the integral of terms exponentially suppressed in 7, namely the terms with M = N £ 0
n (2.19). Alternatively, Z¢ may be defined as the following limit,

—1
Ie = lim (/ ch VinL - Z ) L > (3.2)
M

L—o0 L T2

Mathematically, one may then assign Z; as the value of the renormalized integral of C
over M, following Zagier [33].

Physically, genus-one contributions to the low-energy effective interactions of string
theory are computed by an integral over M. This integral may be partitioned into a
contribution from My, and a contribution from its complement Mp. The cut-off L > 1 is
arbitrary and necessarily cancels in the complete integral. The contribution from My is
analytic in the dimensional kinematic variables s,t,u. At any order in the expansion in
powers of these variables, this analytic contribution is given by a sum of integrals over M,
of MGFs with non-negative integer exponents times rational coefficients. When the modular
graph function C appears in this context, the L-dependence in its integral over My, (3.1)
will be cancelled by the integral of the full string integrand over M g. Thus, in the context of
string theory we may drop the L-dependent terms in (3.1). However, a special role is played
by the In L term, whose cancellation against the integral over Mg produces logarithmic
terms in s,t, u which in turn give rise to the physical branch cuts required by unitarity of
the string amplitude, as described in [34].

Therefore, in the sequel of this paper we shall systematically write the integrals over
My, of modular graph functions with integer exponents using the following instructions.

e Omit terms which are exponentially suppressed in L (as announced in footnote 4) and
terms which are powers of L with non-zero exponents.

¢ Retain L-independent terms and terms proportional to In L.

We introduce the following notation which renders these instructions explicit,

d*t (1)
/ T enTet P mL (3.3)
My, 7-2

4Throughout the sequel of this paper we shall omit all terms that are exponentially suppressed in L for

large L and suppress the corresponding symbol (’)(ef%L),
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In other words, the symbol ~ denotes equality up to positive powers of L and terms which
vanish in the limit L — oo.

It will often be convenient to perform intermediate calculations using MGFs with
complex non-integer exponents, such as the Eisenstein series E} with Re(s) > 1 and s not
necessarily integer. MGFs with non-integer exponents do not have a Laurent polynomial
near the cusp, so their integrals over M, will not be of the form (3.1). When writing these
integrals, we shall retain all L-dependent terms except for those which are exponentially
suppressed in L (as announced in footnote 4). The ~ notation introduced above will not
be used for the integrals of MGFs with non-integer exponents.

3.2 Integrals of exact differentials

Integrals of exact differentials over M, may be evaluated using Stokes theorem and the
fact that the boundary of M is given by,

oMy, ={r €R/Z, = = L} (3.4)

This simple observation, used in conjunction with the differential relations between MGFs
n (2.26) and (2.28), provides a powerful tool to calculate the integrals of various MGFs, as
shown in [34]. Moreover, we may systematically formulate the transcendental structure of
the integrals of several exact differentials of MGFs.

3.2.1 Integrals involving A, V, V

The first-order Maass operators V and V were defined in (2.25). The second-order Laplace-
Beltrami operator A was defined in (2.27). Integrals of exact differentials involving these
operators are given as follows.

Proposition 3.1. For arbitrary modular graph functions C, modular graph (0,2)-forms C*,
and modular graph (2,0)-forms C~,

d2 1
| Sac = [anonel,,
My, 7—2 0 2=

~ Cc
d2 1 0)
/MLTQ ver = / dm C+|T2=L ~ Cor
- ~ (0
/MLT2 VC / dTl Cc~ |T2 - =~ CC, (35)

(1)

where ¢

(0)

and ¢;£ are the Laurent coefficients of C and C*, respectively. The ~ notation
applies only when C, VCt, and VC~ are modular graph functions with integer exponents
and weight w. In this case, the transcendental weight of each integral is also w.

The proof of the equalities in (3.5) using Stokes theorem is straightforward, and the
transcendental weight assignments follow from the fact that c((jl) and céoi) have transcendental
weight w when C, VC*, and VC~ have weight w. In contrast with the integral (3.1) of an
arbitrary MGF with integer exponents, the integrals in (3.5) necessarily have vanishing In L

contributions since the asymptotic expansions of C and C* are free of logarithms In 75.
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3.2.2 The integral of E?

As an application of proposition 3.1, we shall compute the integral of the Eisenstein series E}
with Re(s) > 1 but s not necessarily integer. At one loop, E¥ is the unique modular graph
function with weight s. The Laplace equation (2.31), the asymptotic expansion (2.34), and
the first equation of (3.5) yield,

d*r 1 d*r Lt L
7E*:7/ AE: = (" (2 (25 —1 ~0 3.6

/MLTQQ S s(s—1) Jmy, T2 C(8)5—1+C(8 )—s (3.6)
where the ~ notation applies for integer s > 2. In this case, the integral of E} vanishes up
to non-zero powers of L.

3.2.3 Integrals involving Ay

The differential operator Ay with integer & > 1 was used in [12, 27] and may be equivalently
defined in terms of the second-order operator A or in terms of the first-order operators V
and V as follows,

k
H (A — 0 —1)) = VEry PUF = Vhg2hok (3.7)

Like the Laplace-Beltrami operator A = Aj, the operator Ay acts on modular graph
functions and maps the space of MGFs into itself.

Both the monomial 75 and the Eisenstein series E} are eigenfunctions of Ay with the
eigenvalue \i(s) given by,

k
() = T (-0 =0 3 (3.5)

The eigenvalue vanishes for integer s with 1 — k < s < k so that Ay annihilates an arbitrary
Laurent polynomial in 7 of degree (k,1 — k). As a result, for an arbitrary modular graph
function C with integer exponents and weight w, A,,C is a cusp form with exponential decay
at the cusp.

Additionally, the derivative of the eigenvalue, \,(s) = d%)\k(s), is itself an integer for
integer values of s. This fact may be verified using the properties of the digamma function
¥(s) =T"(s)/T(s) discussed in appendix A.

The operator Ay may be used to construct a total derivative from two arbitrary MGFs.
The integral of this total derivative is given as follows.

Proposition 3.2. For arbitrary modular graph functions C1 and Co with integer exponents
and respective weights w1 and wa, C1ARCo — CoArCy is a total derivative whose integral is,

d2
/M CAC—-CAC)~ S S N ()5 (39)
L

l1=1—wq la=1—wo

where cgl) and c(c?) are the Laurent coefficients of C1 and Ce, respectively, and the sum is

over 01 and ls satisfying €1 + o = 1. This integral has transcendental weight w1 + ws.
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Before we prove this proposition, a few remarks are in order. First, the right-hand
side of (3.9) is anti-symmetric under the interchange of the labels 1 and 2, as required,
since X'(¢3) = —XN(1 —¥4y) = =N (¢) for ¢; + €5 = 1. Moreover, for C; = 1, Co = C, and
k =1, the expression (3.9) reproduces the integral of AC given in (3.5) upon using A} (1) = 1.

To prove this proposition we first rewrite the combination C;AiCo — CoArCy using the
following relations,

k—1
CiACo, =V Z Vjcl) (Vk j=1 _kakCQ) + (- ) _Qk (chl) (VkCQ)
7=0

CoALCt = VZ T(VIC) (VFI7 2k gk ey)) + (—)F 2R (VECy) (VRCy) (3.10)

Subtracting the second relation from the first cancels the last term on the right-hand side
of each line and expresses the integrand of (3.9) in terms of total derivatives. Using the
results on the last two lines of (3.5) and the asymptotic expansions (2.18) for C; and Ca,
the integral of (3.9) evaluates as follows,

Z Z Z c(céll)c((jiz) |:<va2£1) (Vk—j—l,]_2—2k@k7_2£2>

l1=1—wq bo=1—w2 j=0 o _ .
— (Virg2) (VA 2ty (3.11)
To=L
To proceed we use V75 = V75 = ['(s+n) 757"/ T'(s) and carry out the sum over j to obtain
the right-hand side of (3.9) after some straightforward simplifications. The transcendental

weight assignment follows from the fact that c((fll) and c((f;)

have transcendental weights w;
and ws, respectively. This completes our proof.

In the special case where one of the MGFs is E} with Re(s) > 1 but s not necessarily
integer, the above construction does not directly apply since we assumed in proposition 3.2

that the MGFs had integer exponents. The appropriate generalization is given as follows.

Proposition 3.3. For an arbitrary modular graph function C with integer exponents and
weight w, the combination CAREY — EXA,C with Re(s) > 1 is a total derivative whose
integral is given by the analytic continuation in s of the following expression,

&r w
/ CTenvE —EAC) = S o [ls) — M(0)] Guls) (3.12)
My, 7_2 f=1—w

(0)

where ¢ are the Laurent coefficients of C and,

LZ—}—s—l Lé—s

+ ¢ (25— 1)

Ge(s) ZC*(Qs)m yp

(3.13)

For integer s > 2, this integral has transcendental weight w + s.

To prove this proposition we write the combination CAgE} — EXAC in terms of total
derivatives using the relations in (3.10). We then use the results on the last two lines of (3.5)
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and the asymptotic expansions (2.18) and (2.34) for C and E?, respectively. We find that
the integral of (3.12) evaluates as follows,

zw: ZC(K)C 2s5) (=) [(V] )(vk i-1, Zka 5

{=1—w j=0 o
— (Vi) (VI 1y 2wk | (s 1-9) (3.14)
To=

where the instruction (s — 1 — s) refers to the entire previous term. We proceed as in the
proof of proposition 3.2 and obtain the right-hand side of (3.12) after some straightforward
simplifications. The transcendental weight assignment follows from the fact that cg) has
transcendental weight w and the fact that both (*(2s) and (*(2s — 1) have transcendental
weight s for integer s > 2, as discussed in appendix A.

3.2.4 The integral of E;E;

As another application, we shall use the operator A; = A to compute the integral of the
product of two Eisenstein series. This integral is known as the Maass-Selberg relation [33].

Proposition 3.4. The integral of EXE; with Re(s),Re(t) > 1 is given by the analytic
continuation in s and t of the following expression,

d2 . . Ls+t—1 L5~ t
L, 5 = e e
My, T

m‘i‘c*(QS)C (2t—1) p—

t—s 1—s—t
+CF(2s — 1) C*(2t) th S HCEZs -1t -1) %

which vanishes up to non-zero powers of L for integer s,t > 2 unless s = t.

(3.15)

To prove this proposition, we consider EfAE} — EfAE? with s # t. This combination
is proportional to E} E; and may be written in terms of total derivatives using the relations
n (3.10). We use the results on the last two lines of (3.5) and the asymptotic expansion (2.34)
to arrive at (3.12), which may be analytically continued in s and t.

3.3 Integrals of Poincaré series

In addition to Stokes’ theorem, we may use the method of unfolding a Poincaré series,
also called the unfolding trick, to evaluate the integrals of modular graph functions over
M. The Poincaré series representation of a MGF was given in (2.16). A Poincaré seed
function A for a modular graph function C is usually simpler than the function C itself. The
unfolding trick exploits this simplification.

3.3.1 The standard unfolding trick

We shall first consider a modular-invariant function ¢ whose integral over M is absolutely
convergent and which has a Poincaré seed function A. The standard unfolding trick replaces
the integral of C over M = PSL(2,Z)\H with an integral of its seed function A over the
upper half-strip I's\’H, which is described in (2.7). We have,
d*r 4 d? d
/MQT C(r,7) = / —27— Z A()\T AT) / a2 / dm A (r,7) (3.16)

T T2
PSL(2,Z)\'H A€o \PSL(2,7)
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The absolute convergence of the integral and sum in the middle expression permits swapping
their order and changing integration variables A7 — 7 to obtain the final expression.

3.3.2 Unfolding modular graph functions

We shall now consider an arbitrary modular graph function C with integer exponents and
weight w. In general, C has polynomial growth at the cusp and is not integrable on M.

To perform the unfolding trick, we construct from C an associated function ¢ which
has a finite limit at the cusp by subtracting the positive powers of 79 from the Laurent
polynomial (2.18) of C. Terms quadratic or higher in 75 may be subtracted by Eisenstein
series, and we use the two-loop modular graph function Cy ;1 defined in (2.41) to subtract
any linear divergence in 19, following [30]. For integers ¢ > 1, we define,

7TC(3) (Cgll EZ) /=1
&= (3.17)
= B (>2

Our normalizations are chosen so that near the cusp & = 74 + O(r; '), and for £ > 2
the Poincaré seeds are simply Ag, = Tf. Given the positive-power Laurent coefficients

cg), e c((jw) of C, the modular-invariant function C defined by,
C=c-Y &= +0mh (3.18)
/=1

is integrable over M. By unfolding the integral of C over M, we can calculate the integral of C
over M. This procedure was carried out in [30] for the connected two-loop functions Cy, 4.1 -

One could in principle continue to higher loops, but calculating the Laurent polynomial
of higher-loop MGFs is prohibitively laborious. Only a few Laurent polynomials of higher-
loop MGFs are explicitly known. For this reason, we present the following lemma, which
describes a procedure for integrating MGFs which does not require a priori knowledge of
the full Laurent polynomial.

Lemma 3.5. For an arbitrary modular graph function C with integer exponents, weight w,
and Poincaré seed A,

w

2 L J4
[ Fes jm (/ 2 [ana-men-y T 1>+Cé”1n<2L> (3.19)
M

L T L—o0 =2

where céé) are the Laurent coefficients of C.

Before we prove this lemma, we shall make a few remarks. First, we may identify
the limit on the right-hand side of (3.19) with the constant term Z¢ in (3.1). Second, the
Laurent coefficients céé) are needed here only for ¢ > 1, and they are usually easier to
calculate from the Poincaré seed A than from the full modular graph function C. In fact,
the positive-power part of the Laurent polynomial of C is equal to the positive-power part
of the Laurent polynomial of A. Finally, the result of this lemma is reminiscent of the
Rankin-Selberg-Zagier (RSZ) method of [33]. To integrate a function C over the fundamental
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domain using RSZ, one regularizes the product E*C for sufficiently large Re(s), unfolds
the Eisenstein series to its Poincaré seed (*(2s) 735, integrates the resulting expression over
the upper half-strip, and then finally computes the residue of this expression at s = 1. In
comparison, the procedure described in lemma 3.5 unfolds C to its Poincaré seed A and
then integrates this seed function over the upper half-strip.

3.3.3 Proof of lemma 3.5

We shall use the two following propositions to prove our lemma.

Proposition 3.6. For 7 € H and m, N € Z with m # 0,

' 1 27
! - 3.20
/0 Tlrgz ImT +n2mr +n+ N2 |m|r (4m?r5 + N?) (3.20)

Proof. We first separately decompose the holomorphic and anti-holomorphic factors in
the summand using partial fractions as follows,

! — 5 (= ) (3.21)

(mr+n)(mr+n+N) N\mr+n mr+n+N

Since N € Z, we can shift the sums over n and again use partial fraction decomposition on
each term in the summand to write the left-hand side of (3.20) as,

e
N2 \mm 2mmn+iN 2mn—iN/ Jo n =,

mT+n

+ c.c.) (3.22)

where c.c. stands for the complex conjugate of the previous term in parentheses. The sum
over n is given by,

Z L me(m) (1 +2 Z eQ’Ti'm'pT) (3.23)

nez mT +n p>0

where e(m) = =£1 is equal to the sign of m. Integrating over 7; annihilates the sum
over p. The terms in the first set of parentheses in (3.22) can then be combined with like
denominators to yield the right-hand side of (3.20).

Proposition 3.7. Let Ag, be a Poincaré seed for & defined in (3.17). Then,

Ldry ! ¢4 dB)
lim / —/ driAg, —In(2L) | = — 3.24
L%o< I )) RORNTE) 324
Proof. A Poincaré seed for &; is given by,
45 2t
Ae,=——— [ A -7 2
& 7rC(3)< 20T 117 T2> (3:25)
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where Ag 11 is a Poincaré seed for Cy1,1. We obtain Ay 11 from the Kronecker-Eisenstein
series representation (2.41) of C 11 by rotating the integer pair (ms,ng) # (0,0) to the
pair (0, N) # (0,0),

1= 2 Z Z d(mq +ma)d(ny +ng + N) (3.26)

2 SENZ}
NZ0 (my oy |miT + n1|2|mat + nol2N
r=1,2

Next we split A 11 into contributions according to the number of non-vanishing summation
variables m,.. The contribution with both m; = mg = 0 cancels the 73 term in (3.25). The
contribution with only one non-zero m, vanishes in view of the Kronecker delta function.
Thus, the remaining contribution arises entirely from non-vanishing m; and mso,

457'51 Z Z d(m1 +m2)d(n1 +n2 + N)

Ae =
& |maT + ny|?|mat + ng2N*

(3.27)
5
Q <(3) ml,mQ,N;zéO ni,ne€Z

To evaluate this sum we use the delta symbols to solve m = m; = —mo and no = —n; — N.
We then integrate over 71 using (3.20) of proposition 3.6. Restricting the sums to m, N > 0
and integrating over 7o, we find,

[ e = e X g dm(emeEen) G2

The limit (3.24) simply follows.

Proof of lemma 3.5. Returning to our lemma, we first construct the finite modular
graph function C as in (3.18) and use the standard unfolding trick (3.16) to find,

&r . [od
£re / 72/ d71< A—cPag — ch 72> (3.29)

M 7'2

By construction, C is finite at the cusp, so the integrals of C over M and M, differ by
terms of order O(L~'). Using the definition of C we obtain,

/‘FT&— —c Z / (3.30)
MLT22 MLTQ LTQ & ‘

The integrals of the Eisenstein series are given in (3.6). The integral of £ can be calculated
using the differential equation (A —2)Cq ;11 = 9E4 — E3, the Laurent polynomial of Cy 1 1,
and the integral of E5. We simply quote the result from [30],

Pr. @ B, .
/ML 3 f1= (4 <¢(3) +n(2L) + O(L™) (3.31)

Now we return to (3.29) and write the 7o integral as the limit of a definite integral from 0
to L. Combining the results above, we find,

d2 L dTQ d7‘2 LE 1
Lo ([ 5 [amae- [ [anna 3015

I <f<>_<'<3>
e (<<4> 3)

+ ln(2L)> (3.32)
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Finally, we add and subtract c((jl) In(2L) within the limit in (3.32) and use (3.24) of proposi-
tion 3.7 to arrive at (3.19). This completes our proof of lemma 3.5.

4 Integrating two-loop modular graph functions

In this section, we shall evaluate the integrals of two-loop modular graph functions and
discuss their transcendental structure. In section 2.5, we proved that the space of two-loop
MGFs with non-negative integer exponents is spanned by the disconnected functions VS(:Z)
defined in (2.39) and the connected functions Cy 4, defined in (2.49). We shall first evaluate
the integral of VS(?;) using Stokes’ theorem. Then we shall evaluate the integral of Cy y..

using the unfolding trick.

4.1 The integral of V( ™)

The infinite family of functions Vé;) with Re(s),Re(t) > 1 and integer n > 0 spans the
space of disconnected two-loop MGFs. Before specializing to integer s,t > 2, we shall
consider complex non-integer values of s,¢. In (3.15), we calculated the integral of the
double product E}E} with Re(s),Re(t) > 1 and found that it vanishes up to non-zero
powers of L for integer s,t > 2 unless s = t. This previous result is a special case of the
following lemma.

Lemma 4.1. The integral of V Tz with Re(s),Re(t) > 1 and integer n > 0 is given by the
analytic continuation in s and t of the following expression,

/ dTV(n): {C*( s) ¢*(2t) L+
o, T T(s) T() s+i1

LC29) ¢ DA—thn) L ¢1(24) ¢*(25—1) T(1=s4n) L'
I'(s) T(t+n) T(1-t) s—t T(t) T(s+n) T'(l—s) t—s
(
(

+ (4.1)

¢*(2s—1) ¢*(2t—=1)T(1—s+n) [(1—t+n) L5
I'(s+n) T'(t+n) I'(l—-s) TI'(1—-t) 1-—s—t

This integral has L-independent or InL terms only when s=t. In this case,

P (282 L (*(25—1)2T(1—s+n)? L1
/M 2 VS(S)_4 I'(s)? 2s—1 4 I'(s+n)?2 T'(1-s)?2 1-2s (4.2)
8(*(28) C*(2s—1)T'(1—s+n)
I'(s) TI'(s+n) I'(1—s)
¢'(25) ¢(25—1)

1 1
| Cas) " las—1) V@8 DHgulstn)+od(s—n)+In(2L)

where (z) =T1"(2)/T'(2) is the digamma function.

L T2

+

To prove this lemma, we first consider s # t. We use (2.40) and (3.10) to write Véz) in
terms of E}E; plus total derivative terms. The integral of E}E} is given by (3.15). The
total derivative terms may be integrated using the results on the last two lines of (3.5)
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and the asymptotic expansion (2.34) of the Eisenstein series. After some straightforward
simplifications, we arrive at (4.1), which agrees with (3.15) when n = 0. The result for s =¢
follows by analytic continuation. In this case, the singular terms on the second and third
lines must cancel, generating constant and In L contributions. We explicitly compute the
limit £ — s using the properties of the starred zeta function and the digamma function given
in appendix A. After taking this limit, we use the duplication formula for the digamma
function, 1(z) + (2 — 1) = 24(22 — 1) — 2In 2, to find (4.2). This completes our proof.

We shall now restrict to integer s,t > 2. In this case, we may write the integral in a
form which makes its transcendental structure manifest.

Theorem 4.2. The integral of Vs(j;) with integer s,t > 2 and n > 0 is given as follows.
e When s # t, the integral vanishes up to non-zero powers of L.

o When s =t < n, the integral has transcendental weight 2s and is given by,

d*r By (25—2)!(n—s)!
(M) o 8¢ (25—1) =28 4.3
/ML g Ves TS o o s ) 3
o When s=t>n, the integral has transcendental weight 2s+1 and is given by,
d*r B (25—2)!
VI e (=) 167 (25— 1) 4.4
/ML T2 Ve () m((2s )(28)! (s—n—1)!(s+n—1)! (44)

¢'(2s) ¢'(2s—1)
¢(2s)  ((2s—1)

where Hy(m) = Y1 % are finite harmonic sums.

X

1 1
—Hl(Zs—1)+§H1(s+n)+§H1(s—n)+ln(2L)

In each case, the integral of VL‘E? is of the form claimed in proposition 1.1.

To prove this theorem, we only need to consider the case s = t¢. In this case, we begin
with (4.2) and use the properties in appendix A to manipulate the starred zeta functions
and digamma functions in the limit of integer s. When s =t < n, we use,

lim (2 —n)/T(1 —2) = (=)' (s — 1)! (4.5)

zZ—S

and find (4.3). When s = t = n, the integrand is given by V,S”TZ = 72" Gy, Gop, and our
result agrees with Zagier’s calculation of the same integral in [33]. When s =t > n, we
find (4.4).

4.2 The integral of Cy u;w

We shall now evaluate the integral of the connected two-loop modular graph function Cy y.4.
This integral was calculated in [30] using the unfolding trick. This calculation made explicit
use of the Laurent coefficients of C, 4., which were calculated in [27].

Our calculation will similarly use the unfolding trick but will not rely on a priori
knowledge of the Laurent coefficients. Instead, we shall compute the integral of C,, v, using
lemma 3.5. In the remainder of this subsection, we shall prove the following theorem.
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Theorem 4.3. The integral of Cy v with integer u,v,w satisfying 1 <u,v <w —1 and
u—+v > 3 is given as follows.

e For odd w < u+ v, the integral vanishes up to non-zero powers of L.

e For odd w > u + v, the integral has transcendental weight w + 1 and is given by,

d? Bu_1 (w—2)!
9 uv'w%2 4.6
/ML 77 G =27 (0) S T o= D (w—u—o)] (4.6)
o For even w <u+wv, the integral has transcendental weight w and is given by,
d*r By (w=2)!(u+v—w—1)!
—5 Cuprw ~ (—)"T0718 1 4.7
/ML g Cown™(5) T D= 1)! @7
o For even w > u+wv, the integral has transcendental weight w+1 and is given by,
d*r By (w—2)!
—5 Luuw =~ — —-1)— 4.
/ML 4 Cuw Bm(w=1) w! (u—D)N(v—1)(w—u—v)! (48)
¢'(w) ¢(w—1)
X — —Hi(w—1)+Hj(w—u—v+1)+In(2L
e~ Hi(w= 1)+ Ha )+in(2L)
where Hy(m) = Y11 1 are finite harmonic sums.

In each case, the integral of Cy vy @5 of the form claimed in proposition 1.1.

Before we prove this theorem, we note that the expressions for these integrals are
compatible with the system of differential equations (2.50) obeyed by the functions Cy, .-

4.2.1 The Poincaré seed Ay, y;w

Following lemma 3.5, we shall compute the integral of C, ..., by integrating its Poincaré
seed function A, 4., over the truncated upper half-strip. This calculation is similar to the
proof of proposition 3.7.

We first obtain an expression for Ay 4., from the Kronecker-Eisenstein series represen-
tation (2.49) of Cy 4, by rotating the integer pair (ms,ns3) # (0,0) to (0, N) # (0,0),

. Z Z 5(m1—|—m2)5(n1+n2—|—]\7)

v = (myT 4 nq)%(maT + ng)? N2w—u—v

(4.9)
N7£O (mr,nr)€Z2
r=1,2

Splitting Ay v = AMU ap + A[ul ]v w + Aq[f ]v . into contributions according to the number of
]

non-vanishing summation variables m,., we see that AL,U;w vanishes thanks to the delta
function constraint. The remaining contributions are given by,

A[O] _ i 5(n1 + na + N)
u,v;w W 1 N0 n1n2N2w u—v
T m1+m2)5(n1+n2+N)
Az[i]v;w - % Z Z (4.10)

= v N2w—u—v
mi1,m2,N#0 ni,n2€Z mlT T nl) <m2T + n2) N
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The AE?, }v;w contribution yields a term proportional to L¥~! in the integral of Ay . and

(2]

may be ignored in light of lemma 3.5. This leaves only A4 v;w. Hence,

L
/ uva/ dTQ/ dTlALQUw (411)
My 7_2
(2]

To evaluate Ay v, We first sum over the variables mg and ny using the two delta symbols.
We then define m = m; and n = nq and find,

v
Al Z Z _ (—-) )
u viw N0 neZ mT + n mT +n+ N)UN2w7u—v

The sum over n may be carried out by partial fraction decomposition and the following
standard summation formula,

1 ‘ (_)k dk 1+ 627riz
= — | ——— 4.1
% (z +n)kt+l TR d2k \ 1= 2z (4.13)

Integrating over 71 projects onto the constant Fourier mode which contributes only when
k = 0. Thus we find,

1 1 _rutv—2 2rie(m) (=) 1
/0 dm nze:z (mr 4+n)¢(m7+n+N) ( :—1 ) (2imms — N)uto—1 (4.14)

where e(m) = £1 is equal to the sign of m. We now integrate over 75 and find,

LdTQ 43 ut+v— 1
/ /dTlA () X Jmee (4.15)

m,N>0

L e 1 (=)
d _
X /0 To To (@immy — Nyuto T + (2imry + N)wro—1

After some straightforward simplifications and a change of integration variables, we obtain

the following expression,

252

d*r 8 u+v—2\ (utv—1 utv+£—1
/MLTQ?C%U;U) ~ W ;} ( u—1 )( 2041 ) (_)

2mL dgp zwt20-1

1 N
S Ppp— / . — (4.16)
N0 mw—1Nw (22 + 1)utv

This expression includes an infinite series of finite integrals which may be compactly
expressed in terms of a more general family of functions.

4.2.2 F, functions

Before we introduce the general family of functions Fj, we shall briefly review the aspects
of arithmetic functions and Dirichlet series which are needed here.
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An arithmetic function f : ZT — C is defined for positive integers m. For example, the
constant (or trivial) function 1 : m + 1 and the finite harmonic series Hy : m + 77! z
are both arithmetic functions.

For an arithmetic function f, the Dirichlet series (¢(s) and its derivative ((s) are
functions of s € C defined by the following sums when absolutely convergent and elsewhere
by analytic continuation in s,

-y Sy (4.17)

m>0 m>0

In particular, (1(s) = ((s) is the Riemann zeta function, and (g, (s) = ((s,1) is a double
zeta function. Both converge for Re(s) > 1.

We shall now define the general family of functions Fy(a, b;c,d; f; L) by the following
infinite series of integrals,

Fy(a,byc,d; f; L) = (=)t Y

m,n>0

mL
d 2a+g
/ i (4.18)

mcnd (22 +1)b

for g = 0 or 1, integers a,b > 0, real numbers ¢,d > 1, an arithmetic function f, and a
finite cut-off L > 1. The sign prefactor is included for later convenience. The convergence
properties and large-L behavior of F, are given by the following lemma.

Lemma 4.4. For fixed L > 1, the sums in (4.18) which define Fy converge if the following
Dirichlet series is absolutely convergent,

(rle=2(a—b)O(a—b)—g—1) (4.19)

where the step function is defined by ©(x > 0) =1 and O(x < 0) = 0.
When F, converges, its large-L behavior up to powers of L with non-zero exponents

and terms which vanish in the limit L — oo is given as follows,

= (-)f
Foa.bie.ds f; L) = w Cp () S Y (1) (7) gr

=0
"(d (¢ b—1
Fl(a,b;c,d;f;L)%Cf(C)C(d){(bal) [Zfd;—égi D) +33 64 2 } (4.20)
=1

where the ~ notation was introduced in (3.3).

We shall begin our proof with the convergence condition on Fj;. We may bound the
integral in (4.18) as follows,

2mL

/ dea?to /QTZL o p2a-bO(a—by+g _ (2mL/ n)2—0Ol D+ (4.21)
o (22+1)b " Jy - 2(a-0)8(a—b)+g+1 .

Therefore, the sums in (4.18) converge if the following sums are convergent,

>

m,n>0

=(f(c—2(a—b)O(a—b) —g—1)
X ((d+2(a—b)O(a—b)+g+1) (4.22)

m 2(a—b)O(a—b)+g+1
mcnd ( >
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Since d > 1 by assumption, the sum over n converges, leaving our claimed condition on the
Dirichlet series. This convergence condition is sufficient but not strictly necessary. However,
every instance of Iy which appears in this paper will satisfy this condition.

To prove the remainder of lemma 4.4, we decompose the integrand in the definition (4.18)
into a sum of polynomials in « plus terms of the form x9/(x? + 1)¢ for positive integer ¢
using a generalization of the finite geometric series formula. For integers a,b > 0,

Catbir T :b_l a (-)* e IRY2SIRY.
(=) @2+ 1) ;)(bfl—é) (@2 + 1)iH +;)( b )(2) T (4.23)

Using this identity, the definition of F, in (4.18) becomes,

- !

m n>0

i = (=) R acioey,\er1 a0

a a—1- + +

dx [Z (b_1-0) (@2 ¢+ D) + Y (A=) e (4.24)
£=0 =0

Integrating the polynomial terms in (4.24) at fixed m, n, and L and then performing the

sums over m and n produces terms which are proportional to positive powers of L. We

define a function Fg by subtracting these terms as follows,

a 1 z (QL)2€+9+1
Fy=F, +z§% ) (= )Wg(e—%—g—ng(dmugﬂ)
S " dzad
N Z(:) mzn;o mcnd / (22 + 1)1 (4.25)

The zeta functions in this expression converge if F, converges.
When g = 0, the integrand in Fyy decays like 22 for large z, so I converges as L — oo.
In this case, the asymptotic expansion in (4.20) follows after using the integral,

0 dx T (20
/0 @2+ )i 92 (z) (4.26)

When ¢ = 1, the integrand in Fy decays like z~! for large x, so Fy diverges like In L

as L — oo. Isolating the £ = 0 term of (4.25) and evaluating the integral, we find,

F1(a,b;07d;f;L)|g:0 (1)

Y ((2mL/n)? +1) (4.27)

m n>0

Subtracting the In L divergence, taking the limit L — oo, and performing the sums over m

and n, we find,

: I a a Cl(d) C, (C)
Lh_I)I;O [F1’g=0 — (,21) Cr(e) C(d) ln(2L)] = (b—l) Cre)¢(d) lC(d) - C;(C)l (4.28)
We return to (4.25). The ¢ > 0 terms are finite as L. — oo and may be evaluated using,
o0 dx 1
/0 (22 + 1)+ ~ oy (4.29)
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Combining these results, we arrive at the asymptotic expansion in (4.20) for the case g = 1.
This completes our proof of lemma 4.4.

With the general F, functions in hand, we shall now return to the integral of Cy 4.
We may clearly write the right-hand side of (4.16) in terms of the Fj functions. It will be
convenient, however, to separately consider the cases of odd and even w.

4.2.3 0Odd w

First we consider odd w = 2k + 1 with integer x > 1. In this case, we may write (4.16) in
terms of the functions Fy(k + ¢,u + v — 1;w — 1;w; 1; L). The large-L behavior of Fy is
given by lemma 4.4. After some simplifications, we find,

d>r By-1
= Covw 2 —wzl podd) 4.30
/ML g oo 2mC(w0) 07y Rudow (4.30)

where we have written the even zeta-value ((w — 1) in terms of a Bernoulli number and
defined the rational number R by,

dd e 2 g RS NGO
REM =Y (e Y (e S, )
=0 j=0

To evaluate the sum over j, we use the following identity for integers a,b > 0,

DU/l GRS -

S VT2 TP (a - b+ 3)
We then find,
2542 1

i = (1) (o—1)! = TRUA2T(utv—20— 1) (k+l—u—v+3)

The sum over £ may be computed by separately considering the two cases of u + v even or
odd. In either case, we find,

o w — 2)!
RV = ™ 1)!@(— 1)!(20 —u—0) (4.34)

which vanishes for u 4+ v > w. This completes our proof of theorem 4.3 for odd w.

4.2.4 Even w

Now we consider even w = 2k with integer x > 2. In this case, we may write (4.16) in
terms of the functions Fj(k+ ¢ —1,u+v — 1;w — 1;w; 1; L). The large-L behavior is again
given by lemma 4.4. After some simplifications, we find,

(1277- ~ o & (even) Cl(w)_cl(w_l)
/ML 7 o™ 8 C(w—1) T <Rw;w { R +ln(2L)} +Hu,v;w> (4.35)
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where we have written the even zeta-value ((w) in terms of a Bernoulli number and defined
the rational numbers R and H by,

|2
R = > (SN )
=0
e e R e (<)
Huw =3 2 (20050 2 GR55) (4.36)
=0 j=1

We may compute R by separately considering the two cases of v + v even or odd. In either
case, we find,

R(even) — (w _ 2)!
w T (g — D) (v — 1) (w — u — v)!

which vanishes for v + v > w. When u + v < w, H is an integer times the difference of two

(4.37)

finite harmonic sums,

(w —2)!
(u—1)v =1 w—u—wv)!

When u + v > w, H is the following rational number,

Huww = — [Hi(w—1) — Hi(w—u—v+1)] (4.38)

w—=2)(u+v—w-1)!
(u—1D(v—1)!

This completes our proof of theorem 4.3 for even w.

Hupw = (=) ( (4.39)

5 Integrating triple products of Eisenstein series

In this section, we shall evaluate the integrals of some of the simplest three-loop modular
graph functions, namely triple products of Eisenstein series and their derivatives, and shall
obtain their the transcendental structure.

First we shall consider the infinite family of triple products of non-holomorphic Eisen-
stein series FfE;f EY with Re(s),Re(t), Re(u) > 1. These triple products are disconnected
three-loop modular graph functions with weight s+t 4 u and the following decorated graph,

B} E{ B} = {T(s) () (1) >< (5.1)

where the prefactor arises from the normalization of the starred Eisenstein series relative to
the un-starred Eisenstein series.

We shall also consider the infinite family of disconnected three-loop modular graph
functions W™ with Re(s) > 6 and integers m, n which satisfy 2 < m,n < |Re(s)/2] — 1.
These functions are equal to a product of three one-loop modular graph forms and have the
following decorated graph and matrix of exponents,

C “*27""‘“2"':6[%0]40 O]C[s—zmol 652)

0 0 2n 0 s—2n 0
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The functions Wsm’n) have weight s and may be written in terms of derivatives acting on
three Eisenstein series as follows,

W™ = 81 (2m) "' [(2n) " V" EX V" E*

[(s—2m)~ ' my2nvr—mEs m<n
X B (5.3)
[(s—2n)"try2mVm"E: m>n

The first two factors in (5.2) are respectively proportional to the holomorphic and anti-
holomorphic Eisenstein series Go,, and égn, and we restrict to m,n > 2 so that their
Kronecker-Eisenstein series are absolutely convergent.

5.1 The integral of EXE}E;,

The integral of the triple product E}E} EY with Re(s), Re(t), Re(u) > 1 was calculated by
Zagier in [33] using the unfolding trick. This integral is given by the analytic continuation
in s,t,u of the following expression,

/M ST B EE: = C*(w — 1) C"(w — 28) C(w — 28) C*(w — 2u)

LT2
+ 33y )¢y (22

r=s,1—s y=t,1-t z=u,l—u

Lx+y+z—1

_ 4
r+y+z—-1 (54)

where w = s + t + u and the finite sum over z,y, z has eight total terms.

To analyze the transcendental structure of this integral, we restrict to integer s,t,u > 2
and thus w > 6. Without loss of generality, we shall choose the ordering v >t > s so
that we have w — 2s > w — 2t > 2. Thus (5.4) has two singular terms when 2u = w or
when 2u = w — 1. In both cases, the two singular terms precisely cancel, generating L-
independent and In L terms. When 2u does not equal w or w — 1, there are no singular
terms, and the integral simply equals the quadruple product of zeta-values on the first
line of (5.4) up to non-zero powers of L. The following theorem makes these observations
precise and writes the integral in a form with manifest transcendental weight.

Theorem 5.1. The integral of EXE} B with integer u >t > s> 2 andw =s+t+u is
given as follows. In each case, the top entry in the piecewise notation is for w odd, and the
bottom entry is for w even.

o When u < |w/2], the integral has transcendental weight w when w is even and transcen-
dental weight w + 1 when w s odd. It is given by,

2
/ L; EErE: ~ 2r (=) 5] (w — 3)1 (w — 25 — 2)! (w — 2 — 2)11 (w — 2u — 2)!!
Mg To
% C(w —2s)((w —2t) ((w — 2u)
9, i . (5.5)
(wﬂi_Qii' (wli_Q%' (wzi_QZIS' C(w - 1)
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trans. weight U w
w+1 < |w/2] odd

w < |w/2] even
w+1 = |w/2] odd
w17 = |w/2] even
2u+1 > |w/2] | odd or even

Table 1. The transcendental weights of the integral of E*E} E” with integer u >t > s> 2 and
w = s+t + u. The asterisk in the case of w = 2u denotes the presence of a term proportional to

In(27).

o When u = |w/2],

the integral has transcendental weight w + 1,

except for a term

proportional to In(2m) that occurs when w is even. It is given by,

d2
f 57

But ((w
x[Z(w—-1)—
X
Buw—2s
(w—2s)!
x[Z(w—-1)—

w2t
(w—2¢t)!

EXEE! ~2r (- )L“’T“J (w — 3! (w — 25 — 2! (w — 2t — 2)!!

(5.6)

2s) ((w — 2t)

((w—1)
Z(w—2s) — Z(w

Z(w—2s)—Z(w

— Qt) +vE + IH(QL)]

—2t) + In(27) — In(2L)]

where Z is the combination of the logarithmic derivative of the Riemann zeta function

and finite harmonic sums defined in (A.14) and vg is the Euler-Mascheroni constant.

o When u > |w/2], the integral has transcendental weight 2u + 1 and is given by,

2
/ T — BB By =~ 2r (—=)" (w = 3)!M (w — 25 — 2)!N (w — 2t = 2)!! (2u — w — 1)!!
My T3
T ey C(w — 28) C(w — 21)
x (5.7)
Bt i Gl — D G2u—w +1)

In each case, the integral of ESE;EY is trivially of the form claimed in proposition 1.2.

To prove this theorem, we begin with (5.4) and use the properties of the starred zeta

functions in appendix A to compute the appropriate limits. After some algebra we arrive

at (5.5), (5.6), and (5.7).

In each case, the integral of E}EfE? is given by the product of a rational number, a

single factor of 7, and odd zeta-values. When u = [w/2] there is also a factor whose terms

have unit transcendental weight (excluding the pesky In(27) term that occurs for 2u = w).

The transcendental structure of this integral may be summarized in table 1.
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e When 2u < w — 1, the integral has transcendental weight w or w 4 1 which is consistent
with the integrals of total derivatives and the integrals of two-loop MGFs.

o When 2u = w, the asterisk in the table indicates the presence of In(27), which spoils
the transcendental structure. The logarithm of a transcendental number cannot be
consistently assigned a transcendental weight. Moreover, In(27) did not occur in the
integrals of any two-loop MGFs and is new to these three-loop integrals.

e When 2u > w, the integral has transcendental weight 2u 4+ 1 > w + 1, a phenomenon
which also did not occur at two loops.

Compared to the integrals of arbitrary two-loop MGFs, the integral of E} EE; has novel
transcendental structure when 2u > w > 8. For example, at weight eight the integral of
E3E5E} contains In(27), and at weight nine the integral of E35E35E? has transcendental
weight eleven.

5.2 The integral of ng’”)

We shall now consider the infinite family of disconnected three-loop modular graph func-

tions Ws(m’n) defined in (5.2). Before specializing to integer s, we shall consider complex s.

Lemma 5.2. The integral of W™ with Re(s) > 6 and integers 2 < m,n < |Re(s)/2] —
s given by the analytic continuation in s of the following expression,

dT mn m-+n
/ T yymn) — 16 (—ym+
M

L T2
['(s—1) ((s—1)¢(s—2m)((s—2n){(s—2m—2n+1)
'(2m)T'(2n) (2m)2s—2m=2n-1
I'(2s—2m—2n—1) ¢(2m)¢(2n)((25s—2m—2n—1) (2L)?m+2n=s
(s —2m)F(s—2m) 2y T
m n s—2m—2n s—1
Jr(—)”””C(2 A 2;5? o )(2511 } (5.8)

The first and second terms on the right-hand side each have simple poles at s = 2m + 2n
which cancel and generate constant and In L terms.

We shall prove this lemma using the unfolding trick. We begin with (5.3) and the
Laurent polynomial (2.34) of the Eisenstein series to find the asymptotic expansion of

ém’n) near the cusp,
() _ o C1(2m) ¢*(2n) [ (*(25 — 2m — 2n)
WIS T Ty | Te—m—n) (5.9)

(D = ) SR 2 m**} O
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When Re(s) > 2m + 2n + 1, the only positive-power part of this asymptotic expansion is
proportional to 75. When Re(s) < 2m + 2n + 1, there is a second divergent term.

We shall work in the first range so that we may construct a regularized function which
vanishes near the cusp by subtracting a single Eisenstein series from the original function.
At the end of our calculation we shall then analytically continue our result to Re(s) > 6.
We define the regularized function as follows,

¢*(2m) *(2n) ¢*(2s —2m —2n) 1

yimmn) = pylmn) g E! 5.10
W Ws I'(m) T'(n) T(s—m-—n) (*(2s) ° (5.10)
A Poincaré seed for the regularized function is given by,
~ *(2 *(2n) ¢*(2s — 2m — 2

s T(m) I'(n) T(s—m-n) 2

where Agm’n) is a Poincaré seed for the un-regularized function. We construct this seed
function by unfolding the last factor in (5.2) and find,

Almn) _ o ¢*(2s —2m — 2n)

s Gom Gon 12
s I'(s—m—n) 72 Gom G2 (5.12)

where Go,, and G, are holomorphic and anti-holomorphic Eisenstein series, respectively.
Using the Fourier expansion (2.38) for these Eisenstein series, we find,

T 25—2m—2 5 >
/UdrlAgm’”):S(ZL)er”C(S M) TN (k) om (K) (40) (5.13)
k=1

[(2m)['(2n) ms—2m—2n —

where ¢ = €*™ and oy(n) is the divisor sum defined below (2.38).
Using the standard unfolding trick (3.16), we unfold the integral of the regularized
function over the full fundamental domain and find,

d*r - [(s—1) (¢(25—2m —2n) <= oom_1(k) oom_1(k)
(m,n) _ _\m+n 2 :
/M 3 ° 16(=) ['(2m)'(2n) (2r)2s—2m—2n—1 ks—1

(5.14)
k=1

To obtain this result, we have freely interchanged the sum over k with the integral over
To using the positivity of the integrand and Fubini’s theorem. The sum may be evaluated
using the following formula of Ramanujan,

o 0a(k)op(k) _ ((2)C(z —a){(z —b)C(z —a—b)
kz::l k? N ((2z—a—0>)

(5.15)

which converges for Re(z), Re(z — a), Re(z — b),Re(z — a — b) > 1. We are working in the
range Re(s) > 2m + 2n + 1, so the sum converges and yields,

27 - mn) man L(s—1) 1
J T P = 18 Sy T
X ((s—=1)¢(s—2m)((s—2n){(s—2m —2n + 1) (5.16)

which is manifestly finite for Re(s) > 2m + 2n + 1.
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At this point, we have integrated the regularized function over the full fundamental
domain M. However, we set out to integrate the un-regularized function over the truncated
fundamental domain M. We may relate these two integrals as follows,

d2 d2T - d*r -
/ Swimn) — / S Wmm / S Wmn) (5.17)
Mg T3 M T3 Mp Ty

+38

C*(2m) ¢*(2n) ¢*(2s —2m —2n) 1 &,
I'(m) TI'(n) TI'(s—m-—n) {*(23)/M 5 L

L T2
where Mp = M\ M is defined in (2.6). The second and third integrals depend on the
cut-off L. The integral of the Eisenstein series is given in (3.6). The integral of Ws(m”)
over Mp may be calculated by replacing the integrand with its asymptotic expansion,
which is given by (5.9) and (2.34). Then using Re(s) > 2m + 2n + 1, we find,

/ & W(m,n) -3 g*(Qm) C*(Zn) { C*(QS —om — 271) C*(QS _ 1) I
M s L(m) T P(s—m—n)  (*(2s) =s

(*(28 —2m —2n — 1) [2m+2n=s (5.18)
(s —2m)['(s —2n) 2m+2n — s '

— (=)™ (s —m —n)

Combining these results and rewriting the starred zeta functions in terms of Riemann zeta
functions, we arrive at (5.8).

This final expression may be analytically continued in s from Re(s) > 2n + 2m + 1 to
all Re(s) > 6. When s = 2m + 2n, the two simple poles precisely cancel, and the integral is
finite as required. Since 2 < m,n < |Re(s)/2] — 1, there are no other poles. This completes
our proof of lemma 5.2.

To analyze the transcendental structure of this integral, we restrict to integer s > 6. In
this case, the constant term in (5.8) is proportional to the quadruple product of zeta-values,

C(s=1)¢(s—2m){(s—2n)((s—2m —2n + 1) (5.19)

This quadruple product vanishes for odd s satisfying 6 < s < 2m + 2n since the Riemann
zeta function vanishes at negative even integers. Moreover, this constant term is similar to
the constant term in the integral (5.4) of the triple product E} E} E¥

rEY ., Which is given

by the quadruple product of starred zeta-values,
C"(s—=1)C"(s—2m) (" (s —2n) (s —2m —2n+ 1) (5.20)

Both quadruple products have a simple pole at s = 2m + 2n which precisely cancels against
an L-dependent pole in their respective integrals, generating constant and In L terms. These
two integrals are closely related and may be written in terms of each other.

Theorem 5.3. The integral of Ws(m’n) with integer s > 6 and 2 < m,n < |s/2| — 1 may

be written in terms of the integral E;, EXE% . . as follows,
d*r (m,n) W) * ok Lok
9 (Ws = m,n,sfmanmEnEs—m—n) ~ 55,2m+2n1m,n (521)
Mg T
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where QQ{}}) is the following rational number,

n,s—m—mn
w) B 4 (—)mtn (s —2)!
MBSV T (9m — 1)1(2n — 1)! (s — 2m — 2)!1(s — 2n — 2)!!

0 odd s < 2m + 2n

—)ymAnts/2 (9m 4+ 9n — s — 1)1 even s < 2m + 2n

« ) ( Mo (5.22)
-1 s=2m+2n
(s —2m —2n — 1)L s>2m+2n

and Ly, , has transcendental weight 2m + 2n + 1,

Bowm Bon (2m + 2n — 1)'
(2m)! (2n)! (2m — 1)!(2n — 1)!

L =87 (¢(2m +2n — 1)

x [Hi(2m) — $Hy(m) + Hy(2n) — 3 Hy(n) — $Hi(m +n)] (5.23)

The right-hand side of (5.21) is non-vanishing only when s = 2m + 2n, and in that case

mﬂn)

it has transcendental weight s + 1. Thus, the integral of WS( is of the form claimed in

proposition 1.2.

To prove this theorem, we compute the analytic continuation of (5.8) to integer s > 6
using the properties of the Riemann zeta function given in appendix A. We then compare
the result to the integrals of triple products of Eisenstein series presented in theorem 5.1.

(m,n)

The transcendental structure of the integral of Wj is similar to that of the integral
of B} EXEY . .. When s < 2m+ 2n, the integral of Ws(m’n) vanishes or has transcendental

weight s. When s = 2m+2n, the presence of In(27) spoils the transcendental structure, as we
described in detail below theorem 5.1. When s > 2m + 2n, the integral has transcendental
weight 2s — 2m — 2n + 1 > s + 1. Thus, compared to the integrals of arbitrary two-loop

(m;n)

MGPFs, the integral of Ws has novel transcendental structure when s > 2m + 2n. This
structure first appears at weight eight with Wéz’Q) whose integral contains In(27). Then
at weight nine the integral of Wém) has transcendental weight eleven. At any weight, we
can remove the terms with novel transcendental structure in the integral of ng’n) by

subtracting a rational multiple of the integral of E}, E* E

B _n, as shown in (5.21).

6 Integrating E; C,p. and E} €yyp

In this section, we shall evaluate the integrals of the infinite family of disconnected three-loop
modular graph functions E;C, . for arbitrary integers a,b,c > 1 and k > 2 as well as the
infinite family of functions K} €,.p,,,. We shall also discuss the transcendental structure of
these integrals.

The functions E}Cy . are obtained by multiplying the Eisenstein series E}; and the
two-loop modular graph function Cpp ., which was defined in (2.41). These three-loop
MGFs have weight a + b + ¢ 4+ k and the following decorated graph,

(6.1)
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where the prefactor arises from the normalization of the starred Eisenstein series relative
to the un-starred Eisenstein series. For example, E5 Co 11 appears at weight six in the
low-energy expansion of the genus-one four-graviton amplitude in Type II superstring theory.
Its integral over My, was calculated in [34].

To tackle the general case, we recall our discussion in section 2.5 of the system of
differential equations (2.42) obeyed by the functions C, . and the corresponding eigen-
functions €,,.p. Each eigenfunction obeys the inhomogeneous Laplace eigenvalue equa-
tion (2.44), which we repeat here for convenience,

Lw/2]

(A - (w - 2m)(w —2m — 1))Q:w;m;p - hz(u)m,p w + Z hw im;p EZ (62)
f=m+1

where we have used proposition 2.1 to set bq(f;)m;p =0 for 2 < ¢ < m. The two bases of
functions are related by (2.47), which we also repeat here for convenience,

[ (=5
a be = Z Z da b c’p Cy; P Qtw;m;p = Z Dgubnfp Ca,b,c (6-3)

a>b>c>1
a+b+c=w

The b coefficients which appear in the inhomogeneous part of the Laplace equation and
7P and 0%%¢ are all rational numbers. Explicit expressions

a,b,c w;m;p
for these coefficients are given in appendix B. The Laurent coefficients of C,p . and Cymyp

the expansion coefficients d;

are given in appendix C. These appendices contain novel results but are tangential to our
discussions of integration and transcendentality.

Although we are ultimately interested in the integral of E}Cy ., we shall first use the
simple differential equation obeyed by €., to calculate the integral of E/€,.pm.,. The
integral of £} Cy . will be given by a rational linear combination of the former integrals.

6.1 The integral of E} €ynyp with k # w — 2m

We shall first consider integer & # w — 2m. In this case, E} and €y,n;, do not have the
same eigenvalues under the action of the Laplacian, and we find the following result.

Lemma 6.1. The integral of E}C .., with integer k > 2 and k # w — 2m is given by the
following sum of integrals of double and triple products of Fisenstein series plus a boundary
contribution with transcendental weight k + w,

2 (0) 2 lw/2] 9
/ d=t EkQ:’LU m,p bw;m;p / L Ek,E* Z []’LU Hwism;p / d T EkEZ
ML T2 Mk;w;m ML /=m-+1 lukw m ML
2% —1),, L
+ (uk) (g (2k) k) — ¢*(2k — 1) cgj;;n;p) (6.4)

where fgpm = (K —w +2m)(k+w —2m — 1) and ch?m;p are the Laurent coefficients of
Cw:mip- The boundary contribution on the second line vanishes when k > w.
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To prove this lemma, we use the Laplace equations for E} and €.y, to write their
product Ej €.y, as follows,

tkswim B Cusmip = ConmpA L} — ERACimyp + 00, ELES,
lw/2]
+ Z bwmpE:Ez Z)—E (65)
l=m+1

where we have defined the difference of their eigenvalues,
Prasm = k(k —1) — (w —=2m)(w —2m —1) = (k—w+2m)(k+w—-2m—1)  (6.6)

which is a non-zero integer for k # w — 2m. Next we use proposition 3.2 to evaluate the
integral of the total derivative terms and find,

dQT * * * —
Lo, 5 Coma AL~ BLACusmy) & X5 € (28) 178

F (L - k)¢ 2k — 1) k) (6.7)

where Ai(s) =I'(s +1)/I'(s — 1) = s(s — 1). This integral vanishes for k£ > w since the
Laurent coefficient cqim;p is non-zero only for 1 —w < ¢ < w. We now use,

No(k) = —N,(1—k) =2k —1 (6.8)

After dividing by ftg::m, We arrive at (6.4).

The assignment of transcendental weight follows from the fact that cz(f;)m;p has transcen-
dental weight w and the fact that the starred zeta-values (*(2k) and (*(2k — 1) each have
transcendental weight k. This completes our proof of lemma 6.1.

In each case, integral of B} €., with k # w — 2m is equal to a boundary contribution
with transcendental weight k + w plus an integral of the double product E}E; plus a sum
of integrals of triple products of Eisenstein series. When k = w, the integral of E} L has
transcendental weight k+w—+1, and when k # w, it does not contribute. The transcendental
structure of the integrals of the triple products is more complicated. As we described at
length in section 5, the integrals of the triple products will have a novel transcendental
structure if 2 max(k,w — ¢,¢) > k + w, which first occurs at weight eight.

Thus, the integral of E}&y.m;p will generally have a novel transcendental structure
when its weight k +w > 8. For instance, at weight eight the integral of E}€4.1.,9 includes
the integral of E3E35E} which contains In(27). Then at weight nine the integral of Ef 4,19
includes the integral of 5 E3E:s which has transcendental weight eleven. We have, however,
clearly isolated these terms and identified their origin from the inhomogeneous Laplace
equation for €y.n,p. By subtracting these triple products, we may construct the following
integral whose terms have transcendental weight k + w or k + w + 1,

22r lw/2] b(é) "
— | EfCuwm L S O O :
/ML 2 % > rE By (6.9)

= m+1:“’kwm

Thus, the integral of E; €., with k # w — 2m is of the form claimed in proposition 1.2.
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6.2 The integral of E¥ €y with Re(s) > 1

So far we have evaluated the integral of Ej €.y, for integer k # w — 2m. Unfortunately,
the case of £ = w — 2m is more involved. Since the difference of eigenvalues ftyy—2m;w—m = 0,
our previous proof fails. To tackle this case, we shall first compute the integral of E;C,.m.p
for arbitrary complex s with Re(s) > 1.

Lemma 6.2. The integral of EXC .. with Re(s) > 1 is given by the analytic continuation
in s of the following expression,

P, A (w5 1) C*(w = 5) (s +w—20) C* (s — w+20)
/ E me,p_ Z hwm,p
My, 7_2 = m+1 (5—w+2m)(s+w—2m—1)

+ Z hmip O (6.10)

{=1—w
where cq(f;)m;p are the Laurent coefficients of Cym:p and Gy(s) is defined in (3.13).

To prove this lemma, we shall first consider Re(s) > w. The result for Re(s) > 1 will
then follow by analytic continuation. As in our previous proof, we use the Laplace equations
for B} and €y.m;p to write E; ..y as follows,

1
s(s=1) — (w—=2m)(w—2m — 1)

B Cuwmip = (6.11)

lw/2]
X (Q:w?m?pAE: - E:AQ:UJ%"'L%P + bi(t(z];)m;p E:E:) + Z hz(f;)m;p E:E; Z}@)
l=m+1

Unlike our previous proof, the weight s of the Eisenstein series is not necessarily an integer,
so the integral of the total derivative term is given by proposition 3.3 rather than by
proposition 3.2. In this case, we have,

d? W
[ S ComaB} = BiAC ) = 30 (s(s= 1) = 60 = 1) el Gels) (612

L T2 l=1—w

where Gy(s) was defined in (3.13). Since we are working in the range Re(s) > w, the G
functions which appear here are all finite functions of s.

Next we recall the expressions for the integrals of double and triple products of Eisenstein
series in (3.15) and (5.4), respectively. We may rearrange these expressions so that they
are written in terms of G functions. For the integral of the double product, we find,

[.5 T BB = ¢ (20) Guls) + ¢ Cw — 1) Gra(s) (6.13)
and for the integral of the triple product,
/ML BT g E = w5 — 1) ¢ w — 8)C* (5 +w — 20) (s — w + 20)
O (2w — 20) C*(20) Guls) + € (2w — 2 — 1) C* (26— 1) Gou(5)
+ (2w — 20) (*(20 = 1) Guy—2041(8)
+ (2w —20—1)C"(20) G1_wa20(8) (6.14)

47 —



Since Re(s) > w, the starred zeta functions and the G functions which occur in these
expressions are all finite functions of s.

It remains to combine (6.11), (6.12), (6.13), and (6.14). To simplify the result, we shall
relate the Laurent coefficients of €., and the b coefficients. Inserting the asymptotic
expansions for the eigenfunctions &€.p,., and the starred Eisenstein series into the Laplace
equation (6.2), yields the following formula,

0= by (¢ (20) 78" + ¢ (20 = 1) 7§ 7)

+ 20 ((w—2m)w —2m = 1)~ (= 1)) 78
(=1—w
lw/2]
f=m+1

X (g*(%) (20 1)) (6.15)

which may be solved order-by-order in 79 to derive a series of relations between the Laurent
coefficients and the b coefficients. We shall use these relations to simplify the combination
of equations (6.11) through (6.14). After some straightforward but tedious algebra, we
arrive at (6.10). Thus far we have worked with Re(s) > w, but (6.10) may be analytically
continued in s to Re(s) > 1. This completes our proof of lemma 6.2.

We note that individual terms in (6.10) have simple poles at integers 2 < s < w.
However, for all such s, the integral of E} €., over M, must be a finite function of L, so
the poles necessarily cancel, generating In L contributions to the integral.

6.3 The integral of E ., = Cyunyp

With the general result in hand, we shall now consider the integral of E; o  Cy.mip.

Lemma 6.3. The integral of Ey,_o,,Cw;m;p has transcendental weight 2w — 2m + 1 and is
given by,

/ T By a5 (2w = 2m — 1)C"(2m)
My T WTEMTWIEE T (90 — dm — 1) woem mn
lw/2]
x> b\, (2w — 20— 2m) ¢F(20 — 2m)
l=m—+1

x [2(2w = 2m = 1) + Z(2w — 20 — 2m) — 22 (2w — 4m)
+ Z2(2¢0 —2m) — Z(2m) — In(2L)

~ Hy(2w — 4m) + Hy(2w — 4m — 1)] (6.16)

where Z is the combination of the logarithmic derivative of the Riemann zeta function and
finite harmonic sums defined in (A.14).
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To prove this lemma, we simply compute the limit s — w—2m of (6.10) from lemma 6.2.
We first set s = w — 2m + € on the right-hand side of (6.10) and find,

€ —€

+cld w+2m>c*(2w—4m+26)L el 2m) ¢ (2w—Am+2e—1) =——+O(LF)  (6.17)
—€

w;m;p w;m;p

where O(L*) denotes terms which are non-zero powers of L in the limit ¢ — 0. We may

ignore the third term in this expression because the Laurent coefficient cgu m2m) = 0. This

coefficient vanishes because the corresponding Laurent coefficients cg’b’ fm) vanish, and
the eigenfunctions €.,y are linear combinations of the functions Cyp .. The Laurent
polynomial of C, . was computed in [25] and is reviewed in appendix C.

The two remaining terms in (6.17) are proportional to 1/e and must conspire in the
limit € — 0 because the integral of E;,_,, .y over My, is necessarily a finite function of

the cut-off L. Thus, the remaining Laurent coefficient is given by,

(I—w+2m) _ C*(Qm) C*(Qw —2m — 1)
Coryenny - = —
winmp (2w —4m — 1) ¢*(2w — 4m)
[w/2]
x>0 (2w — 20— 2m) ¢F(20 — 2m) (6.18)
f=m—+1

We now use this expression as well as the properties of the starred zeta function given in
appendix A to compute the limit € — 0. Several of the resulting terms may be conveniently
written in terms of the combinations Z defined in (A.14). We also write the following
fraction in terms of finite harmonic sums,

1

After some rearrangements, we arrive at (6.16). The assignment of transcendental weight
follows from the fact that the starred zeta-value (*(n) has transcendental weight | (n + 1)/2]
for integer n > 2. This completes our proof of lemma 6.3.

6.4 The integral of E} Cyp.c

Because the functions Cg 3 . may be written as rational linear combinations of the eigenfunc-
tions €y.m.p, the integral of E;Cy . as well as its transcendental structure follow trivially
from our results above. Our findings are summarized in the following theorem.

Theorem 6.4. The integral of EjCqp . for integer k > 2 and a,b,c > 1 is given by,

w—1 w—2m—1
. el
E;C a,b,c = Z)Wg / Ey Q:wm 6.20
/ML k“a,b, § : E : b, My 2 Tk ip ( )

2

where w = a + b+ c. The integral of B Cy.m;p s given in lemma 6.1 and lemma 6.3. In
each case, we may subtract the integral of a suitable linear combination of triple products of
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Eisenstein series to construct the following integral whose terms all have transcendental
weight k+w or k+w + 1,

&2 [w/2] (BC)
/ — (EZCa,b,c = > Qo EIE; :Z—z> (6.21)
My Ty /=2
(EC) . . .
where le’w% is the following rational number,
o G EE ey
= v 22
Qe m; pz::o (k—w+2m)(k+w—2m —1) (6.22)
m#(w—k)/2

Thus, the integral of EjCgy.c is of the form claimed in proposition 1.2.

In general, the integrals of E;Cy . and E} €.y, have terms with novel transcendental
structure when the weight k& +w > 8. For instance, at weight eight, the integral of EjC2 11
includes the integral of E5E3E} which contains In(27). Then at weight nine, the integral
of E5C5 1,1 includes the integral of E5FE3Es which has transcendental weight eleven. We
have, however, clearly isolated the terms with novel transcendental structure and identified
their origin from the inhomogeneous Laplace equations obeyed by the functions Cpp ..

7 Integrating v s

In this section, we shall evaluate the integrals of the infinite family of connected three-loop
modular graph functions vy, 3 for integers £ > 2 using their inhomogeneous Laplace equations.
As a warm-up for this three-loop calculation, we shall first evaluate the integrals of the
infinite family of connected two-loop modular graph functions vy » which are the two-loop
analogues of v;, 3. We shall also discuss the transcendental structure of these integrals.

The connected two-loop functions vy 2 were introduced in [7] and form an infinite
subfamily of the functions C, y,, which were defined in (2.49). They satisfy vg 2 = Ck gk+1
and have the following decorated dihedral graph, matrix of exponents, and Kronecker-
Eisenstein series representation,

_n 5 mtpte)
7Tk+1 L | |2 1
p1.p2.p3€N’ P71 |P2|” P3

The functions vy o have weight k 4 1. For integers k > 2, the Kronecker-Eisenstein series
converges and is real. The Laurent polynomial of vy o was calculated in [27] and is reviewed
in appendix C. Because they have only two exponents greater than one, these functions are
one of the simplest families of connected two-loop MGFs.

The connected three-loop functions vy, 3 were also introduced in [7] and are the three-loop
analogues of v;, 2. They have the following decorated dihedral graph, matrix of exponents,
and Kronecker-Eisenstein series representation,

_ o k110] 752 6(p1 + p2 + p3 + pa)
- T ogk+2

011Fk| > (7.2)

P1,P2,P3,P4EA’ p]f |p2|2 |103|2105C
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The functions v 3 have weight k£ + 2. For integers k£ > 2, the Kronecker-Eisenstein series
converges and is real. Because they have only two exponents greater than one, these
functions are one of the simplest families of connected three-loop MGFs.

7.1 The integral of vy 2

Because v 2 = Cj, i;k+1, the integral of vy, o over My, is given by theorem 4.3, but with the
three-loop function vy 3 in mind, we shall present a new calculation for this integral using
the inhomogeneous Laplace equation obeyed by vy 2. In the remainder of this subsection,
we shall prove the following theorem.

Theorem 7.1. The integral of vy o for integer k > 2 is given as follows.
o When k is even, the integral vanishes up to non-zero powers of L.

o When k is odd, the integral has transcendental weight k + 1 and is given by,

d*r B 1
 vpo A~ —87((k — .
/ML o7 vke ™ =8 CR) G (73)

In each case, the integral is of the form claimed in proposition 1.1.

7.1.1 The inhomogeneous Laplace equation for vy 2

Like the two-loop modular graph functions Cy ., the functions v 2 obey inhomogeneous
Laplace eigenvalue equations. Unlike the case of Cyj ., the action of A on vy, 2 produces mod-
ular graph functions with two vanishing holomorphic or anti-holomorphic exponents. These
inhomogeneous terms may then be simplified using holomorphic subgraph reduction (2.24),
yielding the following result.

Lemma 7.2. The functions vy o with integer k > 2 obey the following Laplace equations.

o When k is even,

k)2
J4 l
(A=k(k = 1) vho = k(K —2) i —k > 20=1) (Vi) + W ) (T4)
(=2
o When k is odd,
(k—1)/2 . .
(A =Kk = 1) oo = —k(k = 2) B + 5 Y 20-1) (Vi1 o+ Vi)
=2
+ B2 75 G Gra (7.5)

where By 1, Gry1, and Gy are the non-holomorphic, holomorphic, and anti-holomorphic
Eisenstein series, respectively, and V is the disconnected two-loop modular graph function
defined in (2.39).
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To prove this lemma, we first use (2.28) to evaluate the action of the Laplacian on vy 2.
The result includes MGFs with exponents equal to —1. We use the momentum conservation
identities (2.20) to remove these MGFs and find,

!

e

o
o+ + o

(A= k(k =) vga =K C[*§1 8, 0] + Rk —1)C[§6,2 ] —ke[F513,

+h(k—1)C[29kst] — ke[ ,0, 0"

Since k > 2, each MGF in this expression is absolutely convergent. The first term on right-
hand side may be simplified using the factorization identity (2.21). The remaining terms
may be simplified using holomorphic subgraph reduction (2.24). After some straightforward
rearrangements using the properties of MGFs discussed in section 2, we obtain (7.4) and (7.5),
which completes our proof of lemma 7.2.

Alternatively, we could have proved this lemma using the fact that vy o = Cg p:x+1. The
action of the Laplacian on the functions Cy ., is given in (2.50). For the case at hand, the
right-hand side of this expression will include the functions C, .y With u = w or v = w.
Using the identities of section 2, we may rewrite these functions in terms of Eisenstein series
and disconnected two-loop modular graph functions, yielding the inhomogeneous Laplace
equations (7.4) and (7.5).

7.1.2 Proof of theorem 7.1

We shall now evaluate the integral of v o over M, by considering the contributions from
each term in its inhomogeneous Laplace equation.

Several of the terms do not contribute. The integral of Ej,q is given in (3.6) and
vanishes up to powers of L with non-zero exponents. Similarly, the integral of Véfk) f1_r
with 2 < ¢ < |k/2] vanishes by theorem 4.2. This leaves the contributions from the total
derivative term Awy o and (for odd k) from the double product T§+1 Grs1 Grg1.

By proposition 3.1, the integral of Awvy 5 is equal to the coefficient of the linear term
in the Laurent polynomial of vy 2. The Laurent polynomial of vy 2 was calculated in [27]
and is reviewed in appendix C. For all k, the linear coefficient vanishes. Thus, the integral
of Awvy o vanishes, and for even k, the integral of vy, o vanishes.

For odd k, the contribution from 747! Gy, 1 G4 1 remains. This integral is given by (4.3)
of theorem 4.2 with n = s =t = (k + 1)/2. Combining these results with the Laplace
equation (7.5) yields (7.3), which completes our proof of theorem 7.1.

7.2 The integral of vy 3

We now turn to the three-loop functions vy 3. In the remainder of this subsection, we shall
prove the following theorem using the inhomogeneous Laplace equations obeyed by vy, 3.

Theorem 7.3. The integral of vy 3 for integer k > 2 is given as follows.

o When k is even, the integral of vy3 is equal to a sum of terms with transcendental

weight k + 2 plus a sum of the integrals of the three-loop modular graph functions WIET’QTL),
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which are defined in (5.2) and whose integrals are is given in theorem 5.3,

d2r k/2—1 B B B
/ML UkleﬁM(kH)k(kl—l){ > (6 +aee-1) (2%! (k+k;2—22£€)!

_(k.2_|_k_1) Bk+2 }

(k+2)!
k/2
2m—1)(2n—1) A
+ 2m§n:2 = /ML 7w (7.7)

o When k is odd, the integral of vy 3 is equal to a sum of the integrals of W,g:r_b’zn),

d2r (/2 1)(2n ) [ & mm)
ks~ —2 / T yymen 7.8
/ML w3 mzn:g -1) Mg 7_22 2 78)

In each case, we may subtract the integral of a suitable linear combination of triple products
of Eisenstein series to construct the following integral whose terms all have transcendental
weight k+2 or k + 3,

d27' L%/2] ) / d2
— | vp3 — — ELELEr o 7.9
/ML 7_22 ( k3 m%:zg Qm,n,k+27mfn My 2 k+2 ( )
where an Kt2—m_n s the following rational number,
v 8 (—)ktmtn (g —2)N
an,)n,k—s—Q—m—n = _ o | o | _ n _ " (710)
(k—1)2m —1D!I2n — 1)k — 2m)!1(k — 2n)!!
0 odd K+ 2 < 2m + 2n
(=) tntk/241 (9 420 — k — 3)!! even k +2 < 2m + 2n
X
-1 k+2=2m+2n
(k+1—2m—2n)l17! k+2>2m+2n

Thus, the integral of vy 3 is of the form claimed in proposition 1.2.

Before we prove this theorem, some remarks are in order. For all integers k > 2, we
have written the integral of vy 3 in terms of a piece with transcendental weight k + 2 plus
integrals of the disconnected three-loop modular graph functions W,gm ™) As described in
theorem 5.3, these latter integrals may have a novel transcendental structure when k& > 6
(that is, for weight k + 2 > 8). For instance, the integral of W§2’2) contains In(27), and
the integral of Wén) has transcendental weight eleven. At any weight, we can remove the
terms with novel transcendental structure by subtracting a rational multiple of the integral
of the triple product E,, EyE; 5 ., , as demonstrated in (7.9).
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7.2.1 The inhomogeneous Laplace equation for v 3

Just like their two-loop analogues vy, 2, the three-loop functions vy 3 obey inhomogeneous
Laplace eigenvalue equations. The action of A on vy 3 produces MGFs with two vanishing
holomorphic or anti-holomorphic exponents. These inhomogeneous terms may be simplified
using holomorphic subgraph reduction (2.24), yielding the following result.

Lemma 7.4. The functions vy 3 with integer k > 2 obey the following Laplace equations.

o When k is even,

(A= k(k =1) vgz = 5(k+2)%(k — 1)? Eppo — 2k(k* — 2) g1 2
k/2
2 3 @m-1)@En - 1)WY
m,n=2
k/2 )
—2 3 (20-1) (VU + Vi)
(=2

2k +1)2 752 Gryo Grao (7.11)

o When k is odd,

(A= k(k = 1)) vp3 = —5(k +2)*(k = 1) By — 2k(k* — 2) vp412
(k—=1)/2
+2 3 @m—1)@2n- 1)WY

m,n=2
(k=1)/2
—2 Z (20— 1) (VU + Vi)

(k+1) (i)
+ k(k+1)(k—2) <Vk+1 wis T Viis % k 1> (7.12)
2

where 11, Gg+1, and ék+1 are the non-holomorphic, holomorphic, and anti-holomorphic
Fisenstein series, respectively; vii12 s the connected two-loop modular graph function
defined in (7.1); V is the disconnected two-loop modular graph function defined in (2. 39)'
W s the disconnected three-loop modular graph function defined in (5.2); and UT a
disconnected three-loop modular graph forms with modular weights (0,2) and (2,0),

Uy = (Ug,) (7.13)

_ k10
“kfe:G%ﬁ[o 1k+2—2€]

where * denotes complex conjugation.

To prove this lemma, we first use (2.28) to evaluate the action of the Laplacian on vy, 3.
We then use the momentum conservation identities (2.20) to remove MGFs with negative
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exponents and find,

(A —k(k—1) g = —2{kc[F$1 190] —C[5390]

— 2k {kC[*H1 o1

k
+2k{(k-1)C[29 Sy
where we have kept the two MGFs with negative exponents in the second line in order to
not expose any divergent MGFs. Since k > 2, each MGF in this expression is absolutely
convergent. Moreover, each term on the right-hand side may be simplified using holomorphic
subgraph reduction (2.24). Some of the resulting terms may then be simplified using a
second application of (2.24).

After some straightforward rearrangements using the properties of MGFs discussed in
section 2, we obtain the following expression for the inhomogeneous part of the Laplace
equation for vy 3,

Lk +2)2(k— 12762 0, | — 2k(k? —2)c[ 11,0 ]

+2(k+1)*C[*§2 81 €[22 0] + k(K + 1) (k — 2){C[k6rl 0] Clita 0] "‘C‘c-}

k
=3 (e=nferelgle[ M0 - e+ 2k - DefE81e[ 0, +ee
(=4
k+1
+2 ) (m-Dmn-nelpgegsle[ .9 (7.15)
m,n=4
m4n#2k+2

where c.c. refers to the complex conjugate of the preceding term. We now use the following
differential identity as well as its complex conjugate to simplify the last two lines,

v{cT[gglc [t 0] b=t 2k — 1) C[§ ) [ F42 0, ]

—ke[§81C[M3 ]
k+1
~YG-nergsielsg] e[ 8] (7.16)

j=4
This identify follows from the action of the Maass operators (2.25) and holomorphic subgraph
reduction (2.24). After writing each inhomogeneous term using named modular graph
functions, we arrive at (7.11) and (7.12). This completes our proof of lemma 7.4.

7.2.2 Proof of theorem 7.3

We shall now evaluate the integral of v;, 3 over My, by considering the contributions from
each term in its inhomogeneous Laplace equation.
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We have already calculated the integrals of many of these terms. The integral of Fj o
is given in (3.6) and vanishes up to powers of L with non-zero exponents. The integral
of vj41,2 is given by theorem 7.1 and vanishes when £ is odd. The integral of W,ET;) is
given by theorem 5.3. For even k, the integral of T§+2 Gryo Grya is given by theorem 4.2.
For odd k, the integrals of the V terms vanish by theorem 4.2. This leaves the contributions
from the total derivative terms Awy, 3, VZ/{,&, and ?U,;E.

By proposition 3.1, the integral of Awy 3 is equal to the coefficient of the linear term in
the Laurent polynomial of v, 3, and this linear term is fixed by the inhomogeneous Laplace
equations (7.11) and (7.12).

The Eisenstein series Ej o, the two-loop function vj11 2, and the disconnected two-loop
modular graph functions on the last lines of both (7.11) and (7.12) do not have linear
terms in their Laurent polynomials. The asymptotic expansions of these functions are
given in (2.34), (C.8), and (2.40), respectively. Moreover, the total derivative terms cannot
have linear terms in their Laurent polynomials. Thus, only the disconnected three-loop
function W,ETQH) can contribute a linear term to the Laurent polynomial of vy 3. These two
Laurent coefficients are related by,

(1) 2 (_)k [k/2] W
s = Bk = 1) mzn::2(2m —12n—1)c i) (7.17)

The asymptotic expansion of W,E:’Qn) is given in (5.9), and its Laurent polynomial has a
linear term if and only if k 4+ 2 = 2m + 2n. Thus, the linear coefficient of the Laurent
polynomial of vy, 3 is given by,

1k/2) |
(1) _ (k—2)! Bom  Bon

which vanishes for all odd k as well as for even k < 4.

By proposition 3.1, the integrals of VU,: , and ?U,;E are equal to the coefficients of the
constant terms in the Laurent polynomials of /™ and U, respectively. To calculate these
coefficients, we shall work with U*. The case of U~ is related by complex conjugation.

We first recall the definition (7.13) of Z/{,j ¢~ Since Go¢ has only a constant term in its
Laurent polynomial (2.38), we may focus on the modular graph form C* [0 1 ko 25} This
function obeys the following differential identity,

4 (k=0)!
C+[’5%k+20—24:(—)€ 1WVK 1c+[k+é ST g} (7.19)
=
k 1— 1 ) . —j
)t *7 Vi~ 1(2(k+2—])(k—1—j)c+[kf;f%i_j8}

k+1—j
— 3 (m-n)Ctg YlCt[FE 2£$8]>

Jj=1

which may be proved through repeated use of holomorphic subgraph reduction (2.24).
The first term on the right-hand side of this expression is a derivative of the two-loop
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modular graph function v4i—¢2. The second and third lines can be written as derivatives
of Eisenstein series and do not have constant terms in their Laurent polynomials. Thus,

1 (k=20)! _ -1 1o
C+ {lg % k+2072£] |Con5t~ - (_)Z ' (k—l)! (VZ lvk+1_z’2) |const. = (IZ—:ll) cl()}chf)fZ,Z (7‘20)

The Laurent coefficients for vy 142 are given below (C.8). After including the multiplicative
contribution from the constant term in the Laurent polynomial of Ggy, we obtain,

B B _
O = (1= Gyp ) 167 (I + 1) e h221

U, 20)! (& + 2 — 20)! (7.21)

which vanishes for all odd k as well as for even k = 2¢.

Combining these results, we obtain the expressions for the integral of vy, 3 given in (7.7)
and (7.8) of theorem 7.3. The subtraction of triple products of Eisenstein series with rational
coefficients described in (7.9) and (7.10) follows from the discussion of the transcendentality
of the integral of ngﬁ’;) in theorem 5.3. This completes our proof of theorem 7.3.

8 Integrating Ci 1,11

In this section, we shall evaluate the integrals of the infinite family of connected three-loop
modular graph functions Cj, 1 11 for integer £ > 2 using the unfolding trick.> As a warm-up
for this three-loop calculation, we shall first evaluate the integrals of the infinite family
of connected two-loop modular graph functions Cj 11 which are the two-loop analogues
of Ck1,1,1- We shall also discuss the transcendental structure of these integrals.

The connected two-loop functions C}, 11 form an infinite subfamily of the two-loop func-
tions Cyp . defined in (2.41) with @ = k and b = ¢ = 1. They have the following decorated
dihedral graph, matrix of exponents, and Kronecker-Eisenstein series representation,

kol 1] " 3 O(p1 +p2 +p3) (8.1)

k11| wkt2 112 [p2|? |p3|*

p1,p2,p3EN

The functions Cj, 1,1 have weight £ 4 2. For integer k£ > 1, the Kronecker-Eisenstein series
converges and is real.

The connected three-loop functions C}, 1 1,1 are the three-loop analogues of C} 1,1. They
have the following decorated dihedral graph, matrix of exponents, and Kronecker-Eisenstein
series representation,

_ T3 Z d(p1 + p2 + p3 + pa) (8.2)
= k43 2 2 |pal2 2k :
T P1,P2,P3,P4EN |p1‘ ‘p2’ \p5| ’p4|

Cri11 =

k111
k111

The functions C}, 1 1,1 have weight £ 4 3. For integer k£ > 1, the Kronecker-Eisenstein series
converges and is real. Unlike the functions of previous two sections, the Laplacian does

®The case k = 1 has already been discussed in [34] and will not be reconsidered here as its treatment
requires some extra technical modifications to the procedure used for k > 2.
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not have a nice action on the functions Cj 11,1. The cases C11,1,1, C2,1,1,1, and C3111
appear in the low-energy expansion of the genus-one four-graviton amplitude in Type II
superstring theory, and their integrals over M, were calculated in [34]. The function C 113

sty

is a so-called melon modular graph function and is often denoted by Dy [42].

8.1 The integral of Cy 1,1

The two-loop functions C} 11 may be written as a linear combination of the functions Cy v;uw
using proposition 2.2. Thus, the integral of C} ;1 may be computed from the expressions
for the integrals of Cy 4.y in theorem 4.3. However, with the three-loop function Cj, 111 in
mind, we shall present a new calculation using the unfolding trick and lemma 3.5 which is
more readily generalized to three loops. In the remainder of this subsection, we shall prove
the following theorem.

Theorem 8.1. The integral of Cy 1,1 for integer k > 1 is given as follows.

o When k is odd, the integral has transcendental weight k + 3 and s given by,

/ T s ~ A (k4 2) DL (8.3)
~ 47 .

o When k is even, the integral has transcendental weight k + 3 and is given by,

d*r Bus [C(k+2) C(k+1)
/MLCk11~—167TC(k+1) G b e T meD

(8.4)

In each case, the integral is of the form claimed in proposition 1.1.

8.1.1 Proof of theorem 8.1

To prove this theorem, we shall integrate the Poincaré seed function Ay 11 for Cy 1,1 over the
truncated upper half-strip. This calculation is similar to the proofs of both proposition 3.7
and theorem 4.3.

We first obtain an expression for Ay ;1 from the Kronecker-Eisenstein series representa-
tion (8.1) of Cy 1,1 by rotating the integer pair (ms,n3) # (0,0) to (0, N) # (0,0),

5(m1 + m2)5(n1 + ng + N)
Ap1g = (8.5)
k+2 Nz#:() (mr%:EZZ [maT + na[2[mat + na2NZE

r=1,2
Splitting Ay 11 = Ag)]l 1+ AE]l |+ Am 1,1 into contributions according to the number of non-
- i (1]

vanishing summation Variables m,, we see that Ak, 11 vanishes thanks to the delta function
constraint. The remaining contributions are given by,

Ao 3 §(n1+n2+ N)
k1,1 T k42 2 N2k
et n1,n2,N#0 nanN
k2
2 _ 72 d(m1 +mz)d(ny +n2 + N)
AN =g 2 (8.6)

13 N£0 1y el ‘mlT + nlmmgT + n2‘2N2k
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The A,[?]l 1 contribution yields a term proportional to L¥+1 in the integral of Ay 1,1 and may

be 1gn0red in light of lemma 3.5, leaving only AL }1 1

To evaluate AEC ]1 15 we first sum over the variables ms and no using the two delta symbols.
We then define m = my and n = nq, integrate over 7 using (3.20) of proposition 3.6, and
finally integrate over 79. After some straightforward simplifications and a change of

integration variables, we obtain the following infinite series of finite integrals,

2mL k—1

L dTg [2] 16 N drx
/ / iy = (277)’“‘1 ]ZV: m";‘*‘lN’IH‘2 2 +1 (8.7)
,N>0

This expression may be compactly expressed in terms of the F, functions defined in (4.18).
Defining k = |k/2] and § = k — 2k so that 6 = 0 for even k and § = 1 for odd k, we write,

L q K+6+1
/ 72/ dr AEU—16LF1_5(/<;+6—1,1;k+1,k+2;]l;L) (8.8)

(27 )k+1
For odd k, the integral is proportional to Fjy and has only polynomial divergences in L. For
even k, it is proportional to F} and has both polynomial and In L divergences. In either case,
lemma 4.4 details its large L behavior. Combining these results with lemma 3.5 to calculate
the integral of C}, 1,1, we obtain (8.3) and (8.4). This completes our proof of theorem 8.1.

8.2 The integral of Cy 1,11

We now turn to the connected three-loop functions Cj11,1. In the remainder of this
subsection, we shall prove the following theorem using a Poincaré seed function Ay 11
for Ci 111 and the unfolding trick. This calculation is significantly more involved than the
two-loop case, and several technical details are contained in appendix D and appendix E.

Theorem 8.2. The integral over My, of Ci 111 for integer k > 2 is given as follows.

o When k is odd, the integral is equal to a sum of terms with transcendental weight k + 3
or k + 4 plus a term proportional to In(27) and terms with odd transcendental weight
greater than k + 4,

) (k—1)/2 /
/M dC’k111~487rC(k:+2){ y D Bk”—%), [(k+46€)c<2€)ln(27r)}

2 (20)! (k+3—20) (20)
_ By By [('(k+2) ¢'(k+1) ¢'(2)
o T L) 20 Gy~ gy D=2
—(f_’g’;! [5(k+1)<m+(k—l)(k—2) ((:i;) ;(k—l)(k—Z)ln(2L)—6]
(k—1)/2

Bii3z—20,  Briz—20,
k+3—201 —20)1 C(k+4—20, —2¢ 8.9
* Z (k+3—20,) (k+3— 2€2)( * 17 26)1C (ke 1726) (89)

£1+z2<(k+3) /2
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o When k is even, the integral is equal to a sum of terms with transcendental weight k + 4
plus terms with odd transcendental weight greater than k + 4,

/ CT o ety Brr2 — (2k+1)(k+1)C(k+3)
My, T2 B )

k/2—1 / / /
('(k+2) ((k+1-20) '(20)
+12 ;::1 C(26+1)¢(k+1-20) {C(k+2) “ 120 (@0 +yp+In(2L)
k/2—1
+4 Y €26 +1)C(20+1) ((k+1—201—205)
flfrllizllcﬂ
k/2

B Biya—20,-20, B B
12&;2 (k+4_%1_2£2)!g(k:+3 201) (k+3—2¢2) (8.10)

O+l < (k+4)/2

In each case, we may subtract the integral of a suitable linear combination of triple products
of Fisenstein series to construct the following integral whose terms all have transcendental
weight k 4+ 3 or k + 4,

2 L
/ — | Crina— D Quiis oo, BL B Eiiso— (8.11)
Mo T3 £1,2=2
L+02<(k+4)/2

where Qé%z,k%—&—ﬁz is the following rational number,

(k+3 — 201 — 201!
Mk + 1 — 20)1(k + 1 — 201!

Qélc,%27k+3—f1—€2 =24 (=)ot 0kes 20420 (8.12)

Thus, the integral of Cy 11,1 is of the form claimed in proposition 1.2.

Before we prove this theorem, some remarks are in order. For all £ > 2, we have
written the integral of Cj 11,1 as a piece with transcendental weight k£ + 3 or k£ + 4 plus
terms with novel transcendental structure. These novel terms include In(27) which occurs
for odd k > 5. There are also terms with odd transcendental weight greater than k + 4 for
all k > 6. For instance, at weight eight, the integral of C5 ;11 contains In(27). Then at
weight nine, the integral of Cp 1,11 includes a term with transcendental weight eleven. This
is precisely the transcendental structure of the integrals of triple products of Eisenstein series
which we described at length in section 5. In any case, the terms with novel transcendental
structure may be removed by subtracting the integral of a suitable linear combination of
triple products of Eisenstein series as detailed in (8.11). We speculate that this structure
originates from triple products of Eisenstein series (or their derivatives) which appear in
the inhomogeneous Laplace equation obeyed by a larger family of three-loop MGFs.

— 60 —



8.2.1 Proof of theorem 8.2

Following lemma 3.5 and our previous two-loop calculation, we shall integrate the Poincaré
seed function Ay 111 over the truncated upper half-strip.

We first obtain an expression for Ay ;11 from the Kronecker-Eisenstein series represen-
tation (8.2) of Ck 111 by rotating the integer pair (mg4,n4) # (0,0) to (0, N) # (0,0),

Z Z d(m1 4+ ma +m3)d(n1 +n2 +n3 + N)
k+3 |maT 4 n1|?|mat + no|?|/mst 4 nz|2N2k

Agiia= (8.13)

N#0 (my,n,)€Z?
r=1,2,3

Splitting Ay 111 = ALO}I 11+ AE]I 11+ AE]I 11t AL]I 11 into contributions according to the
number of non-vanishing summation Variables m,, we see that Al ]1 1,1 vanishes thanks to
the delta function constraint. The remaining contributions are given by,

0(ny +ng+ng+ N)
A = Z >
1,1, k+3 2 22k
s NZ0 o n3n3n3N
r=1,2,3
+m2)5(n1 “+ n9o 4+ ng +N)
AP =31 O(my
kL1 ’”3 nd%:ﬂ mZ#) |maT + na|2|maet + ng|?n3 N2k
nrEZL
r=1,2
+ mg +m3)d(ny +ng +n3 + N)
A Olm 8.14
k111 "3+3 ]%;0 mZ;éo |m17 + n1|2|mat + nol2|msT + n3|2N2k (8.14)
n.€ZL
r=1,2,3

The factor of 3 in AE]I 11 arises from the three different m, which can vanish. The ALO’]LM

k+3

contribution is proportlonal to T. and will produce a contribution proportional to L*+2

in the integral of Ay ;11 which may be ignored in light of lemma 3.5.
Hence, only AE]I 11 and AE}I 11 will contribute to the integral of Ay ;11 (and thus to
the integral of Cj,1,1,1). Their integrals may be massaged into the following form.

Lemma 8.3. Up to exponentially suppressed corrections, the integral of AE]LLI + AE]I,LI

over the truncated upper half-strip may be written as follows,
L dTZ 2 X W
/0 / dry AL ]1 11T AL]1,1,1) I/lge1 Ii)l + 12?51,)1(11) (8.15)

where I,geﬁ)l and I,iplmf)l(L) are the following infinite series of integrals,

Zlexp) _ 96 C(k+2) Z 1 /°° dx 2+t e~ 2mw
(

k,1,1,1 — (27T)k+1 N N0 N{C*lNéffl 5[32 + N12)(£U2 + N22) 1— e—??m?
(pow) (L) = 48 Z =~ dxaF 1 /MNL dr x
k11,1 (2m)k+2 o mk+2Nk+1 22 + 1 mk+2Nk+3 0 (22 +1)2
4 P BE dp bt
kT2 NE+3 / (22 +1)3 mk+2Nk+2 22 + 1

2 2 dp bl A Hi(m) [*%° doxF? 8.16
e /0 (22 +1)2 TN /0 2 +1 (8.16)
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These two contributions are so named because their integrands decay exponentially or are
power-behaved for large x.

In appendix D, we prove this lemma by manipulating the Kronecker-Eisenstein series
for AE,]LLI and AE}LLI It now remains to explicitly evaluate I,gplo Y)l( L) and I,gef Ii)

We shall begin with the series of power-behaved integrals. The six terms in I,ilpf ‘f)l( L)

(2]

are each similar to the integral of Ak 11 in (8.7) which we encountered in our two-loop
warm-up. Similarly, these integrals may be compactly expressed in terms of the general
family F, functions defined in (4.18). The large-L behavior of I,gpf Y)l (L) is then given by
lemma 4.4, and we find the following lemma.

Lemma 8.4. The power-behaved contribution I,g 11, 1( ) for integer k > 2 is given by,

w C(k+2 w
2w = 2y LD e ) .17

where jk 11, 1( ) is given as follows.

o When k is odd,

R IETNE) =7 (260 1,1 = 5 (b= 1< (k+2)) (5.18)

777

+2C(2)§/(k+1)—%(k:—1)(k 2) ¢! (k+3) (k:—) ((k+3)

( k+2 ln(2L)>

+
+<;(kz—1)(k—2)§(k¢+3) C(h+1 )

o When k is even,
po , d
TENMNL) = C(k+1)¢(2) = C(h+2)— (k=1) ¢ (k+2) +4 2 -C(k+1,1)

— (k1) (=) C(k+3)

¢'(k+2)
C(k+2)

+((h=1)C(k+2)—4¢(k+1,1) ( —|—1n(2L)> (8.19)

We have arranged these expressions in a specific form for later convenience.

To prove this lemma, we first define x = |k/2] and 6 = k — 2x. We then write the
expression for Ilgplo Vlv)l(L) in (8.16) in terms of the F|, functions as follows,

TPV (L) = 48 (—)F / (2m)"+? {2 C(2) Fy(k,1;k + 2,k 4+ 1;1; L)
— Fs(k,2;k+2,k+3;1; L)
—4Fs5(k, 3k +2,k+3;1; L)

+ (=) Fi_s(k+0—-1,1;k+2,k+2;1; L)
+ 21 (=) Fi_s(k+6 — 1,2,k + 2,k +2;1; L)

—ar (=) Pis(h+0 = 1,k + 1,k + 2 Hy; L)} (8.20)
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We note that here both Fj and F; appear regardless of whether & is odd or even. In the
two-loop case, only Fy or F) respectively appeared for odd or even k. We now use lemma 4.4
to extract the constant and In L terms from this expression. The arithmetic functions 1
and Hi(m) appear in the second-to-last arguments of the Fy functions, so both the Riemann
zeta function ((s) and the double zeta function ((s, 1) will appear. Some straightforward
algebra then yields (8.17), (8.19), and (8.18). This completes our proof of lemma 8.4.

The remaining contribution Z,g 1, 1)1 is more difficult to evaluate but may be written in
terms of zeta-values and related functlons. In appendix E, we prove the following lemma
using contour integral methods and analytic continuation.

Lemma 8.5. The exponential contribution I,g 111 for integer k > 2 is given by,

ex C(k+2) (ex
Ilg,lg),l - 2‘1(*)%/2J W 15,1,5),)1 (8.21)

where jkrioﬁ( L) is given as follows.

o When k is odd,

T Iy = - <2C(k+1,1)—;(k—1)g(k+2))

~ (k3 ) Gh+3) 440+ D+ 5 (43)(+4) ¢ (143

(k—1)/2

-8 > (t+1)¢(k+1-20) ¢ (2042)-6(2) ¢ (k+1)
(k-1)/2

40> ((201)C(262) ¢ (k+3—201 —205) (8.22)
£1,2=1

o When k is even,

d
4 C(k+11)

T, = ~C(k+1) (D) +((k+2)+(k—1) (' (k+2)—4
+i(k2—ks—4)g(k+3)—2k§(k:+2,1)+4§(k:+1,1,1)
k/2—1
+4 Z (k+1-2¢) (g(2£+1,1)—£g(2€+2)

_C’(2€+1)+;7EC(2£+1))

k/2—1
+2 ) C(20041)C(202+1) C(k+1—20,—205) (8.23)

l1,2=1
€1+€275k/2

We have arranged these expressions in a specific form for later convenience.
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By lemma 3.5 and lemma 8.3, the integral of Cj 11, is equal to the sum of I(eiqi)l

and I,gf) OX)l (L). Thus, to complete our proof we must simply combine these two terms. At
this point we shall separately consider the cases of odd and even k.

We first consider odd k. In this case, we have the sum of (8.18) and (8.22) which is
messy but simplifies considerably. We have arranged these expressions so that their first
lines precisely cancel. We then use (A.4) to perform the finite sums over even zeta-values
and (A.8) to rewrite the derivatives of the Riemann zeta function at even negative integers.
Finally, we write the remaining even zeta-values in terms of Bernoulli numbers. After some
rearrangements, we arrive at (8.9).

Next we consider even k. Once more, the sum of (8.19) and (8.23) is quite messy, but
we have arranged these expressions so that their first lines precisely cancel. We use (A.4) to
perform the finite sums over even zeta-values and (A.17) to rewrite the double zeta-values
of the form ((N,1) in terms of Riemann zeta-values. We also use (A.18) to write the triple
zeta-value ((k 4 1,1,1) in terms of Riemann zeta-values, and we write the remaining even
zeta-values in terms of Bernoulli numbers. After some rearrangements, we arrive at (8.10).

With (8.9) and (8.10) in hand, it remains to prove that the integral (8.11) of Ck 111
minus a particular linear combination of triple products of Eisenstein series contains only
terms with transcendental weight k£ + 3 or k + 4. This follows directly from the expressions
for the integrals of triple products in theorem 5.1. This completes our proof of theorem 8.2.

9 Conclusion

In this paper, we have evaluated the integrals over M, of several special infinite families of
three-loop modular graph functions using a variety of methods. In section 5, we reviewed
the integrals of triple products of Eisenstein series E}Ef E;, and we used the unfolding
trick to integrate the disconnected three-loop functions Ws(m’"). In section 6, we integrated
the disconnected three-loop functions E;Cy . using the system of inhomogeneous Laplace
equations obeyed by the functions Cp .. In section 7, we integrated the connected three-
loop functions vy, 3 using their inhomogeneous Laplace equations. Finally, in section 8, we
integrated the connected three-loop functions Cj, 1 11 using their Poincaré series and the
unfolding trick.

The integrals of each of these infinite families of three-loop MGFs contain the same
mathematical ingredients and exhibit similar transcendental structures. Each integral is
composed of Riemann zeta-values, their first derivatives, and reducible multiple zeta-values.
No irreducible multiple zeta-values nor derivatives of multiple zeta-values appear in our
final expressions.

For weight w < 7, the transcendental structure of the integrals of each individual
three-loop MGF is consistent with the uniform transcendentality of superstring amplitudes.
Specifically, each integral is the sums of terms with transcendental weight w + 1 and terms
with transcendental weight w multiplied by rational numbers which may be interpreted as
arising from finite harmonic sums.

For weight w > 8, the transcendental structure of the integrals of certain three-loop
MGFs is not consistent with the uniform transcendentality of superstring amplitudes.

— 64 —



Moreover, the violations of uniform transcendentality occurring in the integrals of individual
three-loop MGFs are all of the same form as the violations endemic to the integrals of triple
products of Eisenstein series. Thus, the violations in the integrals of each three-loop MGF
may be precisely removed by subtracting the integral of a suitable linear combination of
these triple products. These subtractions are generally described in proposition 1.2 and are
specifically demonstrated in (5.21), (6.9), (6.21), (7.9), and (8.11).

Our results have physical implications for the conjectured uniform transcendentality
of the genus-one four-graviton amplitude in Type II superstring theory. The integrals of
certain three-loop MGFs violate uniform transcendentality in a controlled way, but these
violations may be consistently subtracted with triple products of Eisenstein series. Thus, if
the full genus-one superstring amplitude is to exhibit uniform transcendentality at weight
eight and higher, special cancellations between the integrals of individual three-loop MGFs
must occur. In other words, if physical amplitudes exhibit uniform transcendentality, then
the violations described in this paper constrain the combinations of MGFs which may
appear in the integrand of any superstring amplitude.

Future work on this front may calculate the contributions of order D'*R* and D'R*
in the low-energy expansion to see if any violations occur at weight eight. It may also
be fruitful to study the transcendental structure of the genus-one five-point amplitude in
Type II superstring theory [43] since considerable progress has been recently made with the
genus-two five-point amplitude [44-46].

Moreover, transcendentality may offer a significant guide to discovering a higher-
genus generalization of the Kawai-Lewellen-Tye relations [47] between open and closed
string amplitudes (and thus between gauge theory and gravity) at genus zero. The single-
valued map, which acts on motivic multiple zeta-values [18], relates open and closed string
amplitudes at genus zero [48-53]. A genus-one generalization, the elliptic single-valued map,
was studied in [4, 20, 22, 54-56]. The precise map between open and closed strings at genus
one is under active study.

Future work may also attempt to evaluate the integrals of other infinite families of
three-loop MGFs using the technology developed in this paper. For instance, the family of
functions Cj, 11,1 forms a subset of the larger family of dihedral three-loop functions Cy ¢ q
which are analogous to the two-loop functions Cgp .. Unfortunately, integrating this infinite
family using the Laplace operator seems intractable since the action of the Laplacian does
not close on this space. In fact, it was shown in [16, 17] that the Laplacian mixes the
spaces of dihedral, trihedral, and tetrahedral three-loop MGFs. It may be fruitful to apply
a generating function approach, as in appendix B, to the larger space of three-loop MGFs
with mixed topologies. It may also be possible to evaluate the integral of Cg .4 using its
Poincaré series and the unfolding trick by generalizing the computation of section 8.

The integrals of four-loop MGFs are completely unknown beyond a few simple examples
at small weights. Not even the integral of a quadruple product of Eisenstein series has been
explicitly evaluated. Perhaps our methods may be adapted to integrate some simple infinite
families of four-loop MGFs.

Orthogonally, our methods might also be used in other physical contexts to evaluate
the integrals over M or My, of modular-invariant functions outside the space of MGFs.
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Such integrals have recently appeared in string phenomenology [57] and in the context of
holography between three-dimensional theories of gravity and ensembles of two-dimensional
conformal field theories [58-60].

Perhaps the most pressing open question is whether the transcendental structure of the
integrals of modular graph functions may be obtained without having to explicitly evaluate
the integrals. Understanding the source(s) of the violations of uniform transcendentality
in some way other than by explicit calculations would significantly help progress in this
direction. The fact that violations occur only for special ranges or arrangements of the
exponents of the modular graph functions studied in this paper provides one piece of
circumstantial evidence that such a characterization may well exist.

A Zeta functions, zeta-values, and multiple zeta-values

Zeta functions, zeta-values, and multiple zeta-values play an important role in this paper.
A review of these concepts may be found in [61]. In this appendix, we shall review their
salient properties.

A.1 The Riemann zeta function

The Riemann zeta function is defined for Re(z) > 1 by the absolutely convergent series,
1
=Y + (A1)

z
m>0 m

and may be analytically continued to a meromorphic function of z € C with a single simple
pole at z = 1. Near this pole,
1
((z) = S-1 et O(z—1) (A.2)
where vg is the Euler-Mascheroni constant.

A.1.1 Riemann zeta-values

For integer arguments n # 1, {(n) is referred to as a zeta-value. The zeta-value ((n)
with n > 2 is assigned transcendental weight n. Zeta-values for even positive integers and
for all negative integers may be expressed in terms of the Bernoulli numbers B,
B2 B 1
o) = L yntl (920 n ) — (_\n 2nt A3
Clam) = 3= (2n 2 ()= (2 (Ag)

The Bernoulli numbers are rational, and the negative even zeta-values vanish since the odd

Bernoulli numbers, other than Bj, vanish. The expression for ((2n) implies that 7 has

transcendental weight one. Additionally, ¢(0) = —%.

Finite sums of even zeta-values satisfy several identities which correspond to properties
of the Bernoulli numbers. For instance, for integer n > 2,

n—1
> <20 ¢(2n—20) = (n+3)¢(2n)
/=1

n—1
S 0¢(20)¢(2n - 20) = dn(n+ 5 ¢(2n) (A4)
(=1
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The first identity is proved in [61], and the second may be reduced to the first by changing
summation variables £ — n — £.

A.1.2 The starred zeta function

It is often convenient to perform intermediate calculations in terms of the starred zeta
function (*(z) rather than the Riemann zeta function ((z). The starred function is defined by,

¢"(z) =7 T(2/2) ((2) (A.5)

and obeys the functional equation (*(1 —z) = (*(z) which provides an analytic continuation
for (*(2), and thus ((z), to the complex z-plane. The starred zeta function has simple poles
at z=0and z = 1.

For positive integer arguments, the starred zeta function is given by,

Ban
¢*(2n) = (=)™ (20 — 21 (27)" (2;)!
C@Cn+1)=0Cn-1)27) " ¢2n+1) (A.6)
where n > 1 and the double factorial is defined by,
nll =n(n—2)! M=o=(-n'=1 (A.7)

The starred zeta-values (*(n) have transcendental weight |(n 4+ 1)/2] for integer n > 2.
Thus, the use of starred zeta-values obscures an expression’s transcendental weight. For
this reason, we shall always write our final expressions in terms of explicit factors of w, odd
zeta-values, rational numbers such as the Bernoulli numbers B,,, and other objects with
manifest transcendental weight.

A.1.3 Derivatives, harmonic sums, and the digamma function

The derivative of the Riemann zeta function obeys several identities which stem from its
functional equation. For instance, the derivative at even negative integers is given by,

¢'(=2n) = ()™ (2m) > (2n)1¢(2n + 1) (A.8)

which has transcendental weight one. Additionally, ¢'(0) = —% In(27).

The logarithmic derivative of the Riemann zeta function ¢’(z)/¢(z) and the digamma
function ¢(z) = I''(2)/T'(2) often arise together because the logarithmic derivative of the
starred zeta function is given by,

¢'(z) _ (=)

OO +39(2/2) — g Inm (A.9)

The digamma function obeys the reflection identity,

P(1 — z) = YP(z) + weot(mz) (A.10)

— 67 —



and the duplication formula,
V(2) + (2 — 3) =21(22 — 1) —2In2 (A.11)

which may be derived from the respective properties of the gamma function.

At positive integer and half-integer arguments, the digamma function may be written in
terms of finite harmonic sums and the Euler-Mascheroni constant vg. The finite harmonic
sums Hj(m) with integer m > 1 are defined as follows,

m—1
=2
k=1

with H;(1) = 0. Definitions of H;(m) with a different upper limit are also common. For

(A.12)

| =

integer n > 1, we then have,
P(n) = Hi(n) — e
Yn+1)=2H(2n+1) -~ Hi(n+1) —2In2 — g (A.13)

As discussed in section 1.1, the terms Hi(m), In2, and g each have transcendental weight
one. Thus, 1(n) and ¢(n + 3) also have unit transcendental weight.

These objects will often occur in combinations such that the Euler-Mascheroni constants
cancel, leaving only logarithmic derivative of the Riemann zeta function and finite harmonic
sums. For this reason, it will be convenient to define the following combination,

2y = S 21 (3) n even A1)
C) | Hy(n) — LHy (2L) noodd

for integer n > 2. The combination Z(n) has transcendental weight one.

A.2 Multiple zeta-values

The Riemann zeta function may be generalized to the multiple zeta function of depth /¢,
which is defined by the following ¢-fold infinite sum,

Q215 20) m1>.;mz>0 My mat (A.15)
The series definition of the multiple zeta function converges for Re(z1) > 1 and Re(zj>2) > 1
and may be analytically continued in C’ [62, 63].

The multiple zeta function with positive integer arguments, is called a multiple zeta-value
(MZV). The MZV ¢(n1,...,ny) with integer ny > 2 and nj>2 > 1 is assigned transcendental
weight ni + - -+ + ny. All known identities between zeta-values and MZVs respect their
(conjectural) grading by transcendental weight [19].

Multiple zeta-values which can be written in terms of zeta-values with rational coeffi-
cients are said to be reducible. The MZVs which occur in this paper are all reducible. For
example, the double zeta-value ((N,1) with integer N > 2 obeys,

N—-2
((N,1)=INCN+1) =5 > ¢+ 1)¢(N -0 (A.16)
(=1
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which may be further simplified (using (A.4) to obtain the second equation) as follows,

n—1

¢(2n,1) =nl(2n+1) = > ((20+1)¢(2n —20)
(=1
(2n+1,1)=12n-1)¢(2n+2) — %Z_j (204+1)¢(2n +1—20) (A.17)

for integer n > 1. Similarly, the triple zeta-value ((2n + 1,1,1) is reducible and obeys [64],

C2n+1,1,1) = 2n+1)(2n+2)¢(2n +3) —n((2) ((2n + 1)

|
—

n

(n+e=1)ce+1)¢n+2-20)

1
2

i (201 +1)C(20, + 1) C(2n — 26, — 20, +1)  (A.18)

m\H

an g

for integer n > 1. We note that these expression explicitly respect transcendental weight.
Multiple zeta-values may also be written in terms of generalized finite harmonic sums.
We shall define the generalized finite harmonic sums Hy(m) for integer k,m > 1 as follows,

m—1 1

— A.19)

2 (
s M

with Hy(1) = 0. Definitions of Hy(m) with a different upper limit are also common. In
analogy with our discussion of H;(m) in section 1.1, Hi(m) is assigned transcendental
weight k. Again, one should think of Hy(m) not as its value for a single m (which would
give a rational number whose natural transcendental weight assignment is zero) but instead
as a function of m to be inserted into an infinite series in m. For instance, Hy(m) occurs in
this manner in the double zeta-value ((n, k),

1
n o,k
my my

C(n7 k) =

m
m1>ma>0

_y Hlm) (A.20)
m=2

The standard transcendental weight assignments of {(n) and ((n,k) are n and n + k,
respectively, which justifies assigning transcendental weight k to Hy(m).

B Relating C, . and €y

In this appendix, we shall explicitly relate the two-loop modular graph functions Cyp .
and €. p which were introduced in section 2.5. The functions &y, are linear combi-
nations of the functions C, ;. which diagonalize the homogeneous part of their system of
inhomogeneous Laplace eigenvalue equations.
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The linear relations (2.47) between these functions define the expansion coefficients d
and 0, which we repeat here to render this appendix reasonably self-contained,

il il

Cape = Z Z dz)b”ép@:wm;p Cuwimp = Z Di;bnipC (B.1)

a>b>c>1
a+b+c=w

The coefficients h were defined in (B.2), which we also repeat here for convenience,

[w/2]
(A - (U) - 2m)(w —2m — 1))Q:w;m;p - hz(u)m,p w T Z hw im;p EZ <B2)

Throughout this appendix, the ranges of the variables m and p are those indicated in the
first sum of (B.1),

1<m<{“’TflJ OSpﬁ{%J (B.3)

where m determines the eigenvalue of the Laplacian and p labels the degeneracy of the
corresponding eigenspace.

In this appendix, we shall obtain explicit formulas for the coefficients d, 9, and . Our
results are packaged in the following three theorems.

Theorem B.1. The expansion coefficients d are rational numbers given by,

m4 k—1

dope =222 2. 2

k=mr=0c;>0p3;>0v;>0

X(a1+a2+a3) (B1+B2+B3)! (1 +72+73)!
onlaglos! B1!B2!83! Y1723

(w—3p—2m—1)! (2w—2m—2k—3)!! (k1)
(w—3p—2k—1)! (2k—2m)!! "

2'w72m71 3k71 (_4)& (_)mfl

X Oa +as+as,3p 01 +B2-+ B3,k 01 +r2+73,w—3p—2k—3
X (01,02, 03) a,01+ B2+ B5+71+1 Ob,a0+ B3+ B1+72+1 Ocsas+B1+ B3 +1 (B.4)
where my = |(w — 3p — 1)/2] and the function ¥ (o, ,7) is given by,
P(a, B,7) = %{ cos (%f(a — ) + cos (%(ﬁ 7)) + cos (%’T(v —a))} (B.5)

The function ¥(«, 8,7) depends on its integer arguments modulo 3 and is invariant under
permutations, simultaneous shifts, and simultaneous sign reversal of its arguments. It takes
the values 1¥(0,0,0) = 2, ¥(0,0,1) = 0, and ¥(0,1,—1) = —1 on its inequivalent orbits
which implies that ¥ (a, B,7) =0 when a+ B+ # 0 (mod 3).

Theorem B.2. The expansion coefficients ® are rational numbers given by,

m o my
(w—3p—2s—1)! (2w—4m—1) 1 -1 _1
aabc _\s
(Tape)” Vuimsp ;zz_: (w—=3p—2m—1)! (2w—2s—2m—1)!! (2m—25)!!(5*1)( )
1 w—3
o QUW—3p—2m—20~3p 0+1 (3) Ma,b,c(€_173p+£_1) (B.6)
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The normalization factor o,y . provides proper combinatorial counting and is given by,
(O'a,b,c)il =1+ 5a,b + 5b,c + 5c,a +2 5a,b 5b,c (B7)

The value of ((7[1’1,70)_1 is equal to n! when n of its three arguments a,b, c are equal to one
another. The function Mgy (41, 02) is given by,

a—1 b—1 c—1

(b—1)! (c—1)!
Mapelly, l2) = Z Z Z ailas!(a— 1 a1*a2) BrlBal(b—1—B1—B2)! m!yal(c—1—y1—72)!

a;=08;=07;=0
x3 1/1(041 —Qa, 51 _ﬁ%')/l _'72) 551,041+ﬁ1 +71 652,042+ﬁ2+72 (BS)

where Y(c, B,7) was defined in (B.5). The function Mgy (41,402) is invariant under
permutations of a,b,c and under swapping {1,0z. Also, Mgy o(¢1,02) = 0 when {1 # Lo
(mod 3) as well as when €1 + ly > w — 3.

Theorem B.3. The coefficients h©) with 2 < £ < m are rational numbers given in terms
of the coefficients 0 by the following relation,

4
Do = T w—(—2)1(f—2)! {

w—~——1,4,1
+O(0 = 3)(1 4 barw—1 — 20,00) Vbpeip

14 8pg — 8p9 Ou.a) DL 0E-11

wim;p

— O£ = 3)(1+ 853 + 0r3 Bug) Vit 712 } (B.9)

where the step function is defined by ©(z > 0) =1 and ©(z < 0) = 0. The coefficients H(©®)
are also rational numbers given in terms of the coefficients 0 and §® by,

. 9 L(w-1)/2 .
b, = (w—l)'{ ; (w—€—=1)(20+ 2051 + 00,1 w3 — 0,2) Vg
lw/2]
—1 ) (w—t-1) (5—1)'hwmp} (B.10)
(=2

The coefficients O vanish for 2 < € < m.

B.1 The generating function W

To prove these theorems, we shall appeal to the generating function W for the modular
graph functions C, 5 . which was introduced in [3] and is defined by,

Wity to, t3|7, 7) Z t s O g o (7, 7) (B.11)
a,b,c=1

Since each Cyy . is invariant under permutations of its indices, the generating function

is itself invariant under permutations of the auxiliary variables t1,t2,t3. To make this

symmetry more manifest we recast VW as a sum over the monomial t‘f_ltg_ltg_l plus its
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five permutations, irrespective of whether some of the exponents are equal to one another
or not. Restricting the sum in (B.11) to ordered a > b > ¢ > 1, we obtain,

Wty ta, 37, 7) = > OapeLapelts, 2, 13) Cape(T, 7) (B.12)
a>b>c>1

where the symmetry factor 04 . was defined in (B.7) and Ly is given by,
Lope(ti,ta, t3) = t‘f_ltg_ltg_l + 5 permutations of t1,t9, t3 (B.13)

By a slight abuse of terminology we shall refer to L, . as symmetrized monomials.

The modular graph functions €., emerge by expanding the generating function W
in a basis of the simultaneous eigenfunctions 2., of the following mutually commuting
differential operators,

D =110, + t20s, + 304,
22 = D2 4 D + (3 4+ 13 + 12 — 21ty — 2oty — 2t3t) (0,01, + D4y Opy + 01304,)
€8 = 1((t — 12) Ouy + (t2 — t3) By, + (t5 — 1) B,)° (B-14)

with the following eigenvalues,

D Waymp = (0 — 3) Wapsmp
£2 an;m;p = ('LU - Qm) (w —2m — 1) an;m;p
L8 Wasimip = —90° Wiy (B.15)

Eigenfunctions of the scaling operator ® are homogeneous polynomials in t1,ts,t3. More-
over, all three differential operators are manifestly invariant under permutations of these
variables. The construction of these operators relies on a certain SO(2,1) algebra with the
generators £o, £1 obeying the structure relations [£p, £4] = +iy and [£4,£_] = —iLy.
The quadratic Casimir operator of this algebra is given by £2= £, £ + £ £, — £2. For
more details, see [3] or appendix A of [17].

Explicit expressions for 20,,.m;, may be conveniently obtained in terms of a new set of
auxiliary variables u, z, Z which are well-adapted to the SO(2,1) structure of the problem.

These new variables are related to the original variables t1, to, t3 by the following relations,’
\/§t1:U(1+%z+%2) V3u =t +ts+ts
\/gtgzu(l—f-%&QZ—F%EZ) % 3uz:t1—|—6t2+52t3
V3tg = u (1+ ez + }e*2) 1VBuz =ty + %y + ety (B.16)

where ¢ = ¢2m/3, Assuming that the variables t1, to, t3 are real-valued, then u is real-valued
while z,z are complex-valued and mutual complex conjugates. In terms of these new

5The variables v, v used in [3] are related to the variables z, Z used here by V2v = uz and V20 = uz.
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variables, the eigenfunctions 2., take the following form,”

Wsmip(u, 2,2) = (\/gu)w_3 (z3p+53p)

y % (w—3p—2m—1)! 2Qw—2m—2k-2)! 1
(w—3p—2k—1)! (w—m—k—1)! (k—m)!

() (122!
k=m
(B.17)

where m4 = |(w — 3p — 1)/2]. We have chosen an overall normalization for 20..,., which
will be convenient in the sequel. The dependence of 2y, on the variables v and 2z /Z is
completely determined by the quantum numbers w and p, respectively, and factors out of
the finite sum over k.

We now return to the generating function W. Using the Laplace equation (2.42)
for Cyp and the definition of the generating function in (B.11), we readily verify that the
action of the differential operator £2 reproduces the action of the Laplacian A on W,

(A - 22) W = inhomogeneous terms (B.18)

where the inhomogeneous terms are non-holomorphic Fisenstein series and their double
products, as described in section 2.5. Thus, the eigenfunctions €.y of A must multiply
the eigenfunctions Wy, of £2 when W is expanded in this basis. In fact, we shall define
the eigenfunctions €., by this expansion,

S i i

Wits, to tsm, ) =D Y > Wmp(u, 2, 2) Cupmp(7, 7) (B.19)
p=0

w=3 m=1

where the variables u, z, z implicitly depend on t1, to, t3.

We may now use the two expressions (B.12) and (B.19) for the generating function W to
relate the two bases of modular graph functions, Cqp . and €y;pm:p. The linear relations (B.1)
between these functions define the expansion coefficients d and 9. Equating (B.12) and (B.19)
and expanding either basis of modular graph functions using (B.1), we obtain,

[ ] 1=

TabeLape = Z Z Dflg;b,;f;p Woim:p (B.20)
m=1 p=0
ww;m;p = Z di;g’ré;p Oa,b,c Ea,b,c (B21)
a>b>c>1
a+b+c=w

In other words, we may compute the expansion coefficients d and 0 by converting the
symmetrized monomials £, ;. and the eigenfunctions 20, into one another. It is these
formulas which we shall use to compute d and 0.

"Our eigenfunctions Wy;mp are proportional to the eigenfunctions Wi;s,, with s = w — 2m in [3].
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B.2 Proof of theorem B.1: expressing 2QWy,;m;p in terms of L,

We shall first express the eigenfunctions 20y, of (B.17) in terms of the symmetrized
monomials L, . as in (B.21) to extract the coefficients d. To carry out this expansion, we
shall write 2,.m;p in terms of the variables u, uz,uz since these variables are each linear
in t1,to,t3. Therefore, our starting point is the following expression,

Wimp = (\/gu)w_3((uz)3p + (Ug)gp) (B.22)

x Z G et ey () () ()
We shall decompose each factor in this expression into powers of 1, t2, t3 while maintaining
manifest permutation symmetry.

We begin with the factor ((uz)3" + (uz)3P). Both uz and uZ are trinomials in t1,to, t3
which may be expanded while maintaining manifest permutation symmetry by using three
summation variables constrained by a Kronecker delta function,

39 (15)%P — L 3p (a1+a2+a3)!
(u2)+ ) = () S

where the function ¥ (aq, ag, o) was defined in (B.5). This function arises from the explicit

400 ;003
a1!a2!a3! ¢(O{1,Q2,0[3> 5Oél+0¢2+04373pt1 t2 t3 (B23)

symmetrization of g202tas 4 ca2+203 where we recall the notation e = ¢2™/3. For the
allowed values of its arguments «;, namely those which satisfy oy + a2 + a3 =0 (mod 3),
the function ¢ (aq, ae, a3) can take the values —1 or 2.

Next, we shall expand the factor (u? — (uz)(uz))*~! in the summand using the relation,

u? — (uz)(uz) = 4 (tite + totz + taty) — (t; +ta +t3)? (B.24)

It will be convenient to first use a binomial expansion for the k& — 1 power of the two terms
on the right side of the above relation. We will then use a trinomial expansion only for the
term (t1ta + tats + tst1) while leaving the powers of (¢; + t2 + t3) un-expanded. These steps
produce the following expansion,

k—1
N L - - - (BitPatps)
(=) = (PR N L Ty S

thg+53t53+ﬁ1t§1+ﬁ2 (t1+t2+t3)2k_2_2” (B.25)

where we have again expanded the trinomial using three summation variables constrained
by a Kronecker delta function in order to maintain manifest permutation symmetry. At
this stage we could eliminate the sum over k by solving the delta function constraint to
get kK = B1 + B2 + B3, but it saves space to keep the sum over k as it stands.

Thus far, we have refrained from expanding the powers of (¢; + t2 + t3) as they will
profitably combine with the remaining powers of u. The combined exponent of (¢ + t2 + t3)
is w — 3p — 2k — 3, and we have the following final trinomial expansion,

(tl +i2+ t3)w73p7%73 = Z (o)l 671+72+73,w—3p—2f€—3 75’1y1 t’g?tg?’ (B‘QG)

Y1ly2!lys!
720
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Putting all the contributions together, we obtain,

m+kl

w 3p—2m—1)! Qw—2m—2k—2)! k—1\ qk— K m—
Wmp = D D, D, D =32k 1)1 ((w—m—k—l)!) g (2D 35 (=)t (o)

k=m k= Oaj>06J>(]'yj>0

(a1taz+as)! (Bi+B2483)! (vi+y2+73)!
aqlazlos! B1!B82!83! 71!y2!7s!

X 0oy +antas,3p OB +Ba+Bs,k Oy +y2+73,w—3p—26—3

% 7,/}(041, s, 043) t?1+l32+ﬁ3+’71 t32+ﬂ3+ﬁ1+’y2 tgs+ﬂ1+ﬁ2+’73 (B.27)

This expression is manifestly invariant under permutations of ¢1, t2,t3. One may also readily

verify that the sum of the exponents of ¢1, 19, t3 equals w — 3 as expected.
dw m

a.b, " from this expression, we use the fact that the

To extract the expansion coefficient
normalized symmetrized monomial o, . L4, includes as a term the monomial t“il
with unit coefficient. Hence, the expansion coeflicient dw P is equal to the coefﬁment of
this monomial in 20y.m:p. An explicit expression is glven in (B.4) of theorem B.1. This
expression is manifestly symmetric under permutations of a,b,c. The finite sum is over
eleven variables constrained by six Kronecker delta functions, leaving effectively a sum over
five variables. Manifestly, we have da b, ,""P € Q. This completes our proof of theorem B.1.

B.3 Proof of theorem B.2: expressing L, in terms of 2WW,;m;p

To calculate the coefficients ?, we use (B.20). Unfortunately, obtaining the decomposition
of the symmetrized monomial £, . in terms of the eigenfunctions W,y is considerably
more complicated than the inverse problem solved in the previous subsection.

tb_ltg_l in terms of the

We begin by expanding each factor of the monomial t‘f_l 9
variables u, z, Z using the relations of (B.16) and the trinomial expansion,

a—1
1.\ 1\
Z atlas!( a 1 a1 az)! (ZZ) (§Z>

a]—

tg_l - (%) Z B1!B2! (lgb 11)'51 —p2)! (%522)51 (%55)52

i_l - (%)c_l Z ’Yl!vzl(c(i_llf)’!h*w)! (%€Z>71 <§522>72 (B.28)

~;=0

—=Q

|

_
~—
\_/

where we recall the notation & = ¢27#/3, Taking the product of these three expressions and
adding the five permutations of t1,2,t3, we obtain the following expression for L, . in
terms of the variables u, z, Z,

3a1blcl

o (b—1)! (e—1)!
‘Cavb,c_( ) Z Z Z arlag!( a 1 a1 az)! B1!B2!(b—1—p1—F2)! v1ly2!(c—1—y1—72)!

a;=0B;=0v;=0
x 3Y(ar — az, B1 — B2, 71 — 72)
% (%)a1+a2+61+ﬁ2+%+’y2 Za1+51+’71 Fa2+B2+72 (B.29)
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The function ¥(a, 8,7), which was defined in (B.5), results from summing the various
powers of € over the six permutations of 1, t2, t3 and using the identity,

W, B,y) = L + P + 7P —1 (B.30)

The properties of the function ¢ (a, 8,7) given at the end of theorem B.1 will be crucial to
the decomposition of (B.29) into the eigenfunctions W pm.p.
B.3.1 Extracting the (237 4 z3P)-dependence

We now return to the expression (B.29) for £,; . and introduce two Kronecker delta
functions to parametrize the exponents of z and z as follows,

w—3 b0 _
‘cfl,b,C = (%) E Ma,b,c(ela@) (%) e 217" (B‘Sl)
£1,02>0
l1+lo<w—3

where Mg p (01, ¢2) was defined in (B.8). The function Mg .(¢1,¢2) inherits the following
properties from the properties of the function ¢ («, 8, 7). First, My (¢1,¢2) is invariant
under permutations of a, b, ¢ and under swapping ¢1, f2. Second, it satisfies Mg o(¢1,€2) =0
when /1 # {3 (mod 3) or when ¢; 4+ {2 > w — 3, as stated at the end of theorem B.2.

The fact that Mgy o(¢1,¢2) vanishes unless ¢ = ¢ (mod 3) allows us to change
summation variables from ¢; and ¢ to the new variables ¢ and p defined by min (¢; 2) +1 = ¢
and max (¢12) + 1 = ¢ + 3p. Carrying out this change of summation variables, we obtain,

(252 my
w—3 _
Cape=(25) D0 S (¥ 70 (0 4 5) (25)
V8 0 /=1
p=0 (=
X Mapelt =1, E43p —1) (B.32)

where we recall that my = |(w —3p—1)/2|. Comparing this expression with the for-
mula (B.17) for the eigenfunction 2.m.p, we see that the factor =3 (2% + zP) matches
precisely and in both cases multiplies a function of the single variable zZz.

B.3.2 Extracting the zz-dependence

To compare the zz-dependence of L, p . and W, m:p, we shall instead work with the variable
72 = 1 — zZ. Binomial expanding the factor (2z)*~! in (B.32), we obtain,

w—3

3 ] M+ My

wes |
Lave = (75) DN SN () (3P (L)t (o0 4 g e

p=0 s=1/{=s
X Mape(f —1,3p+0—1) (B.33)

Next, we recall the expression (B.17) for the eigenfunctions 20, and re-express them in
terms of the variable 7,

Wmip(u, 2, 2) = (\/gu)uhg (=% + 2°7) % Rumip(T) (B.34)
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where the function Ry;m;p is given by,

my—m
. (w—3p—2m—1)! (2w—4m—2k-3)!! 1 k,2m+2k—2
Rouwsmip(r) = Z (w—3p—2m—2k—1)1  (Qw—am—3)1 _ (2k)1l (=) (B.35)
k=0
for m =1,...,my. The normalization of Rmn;p has been chosen so that the k = 0 term is

simply 7>™~2 with unit coefficient.

For fixed w and p, we may view the definition of R;m.p as a system of linear equations
expressing the m number of functions Ry.1.p, ..., Ruw;m,;p in terms of the m, number of
monomials 1,72, ..., 72™+~2 To express Lap e in terms of the eigenfunctions W,y we
need to invert this system and obtain the various powers of r2 as linear combinations of the
functions Ruy:1p, - - -, Ruwsm,;p- This inversion is given by the following lemma.

Lemma B.4. For fized w and p, the system of equations (B.35) may be inverted as follows,

m4—s
95— (w—3p—2s—1) (Qw—-4s—4n—-1!I 1
_ Ro:stn: B.36
" nz::o (w—3p—2s—2n—1)! (2w —4s — 2n — 1)!I (2n)!! wistnp(r) )

fors=1,...,my =|(w—3p—1)/2].

We shall prove this lemma after we complete our decomposition of L, .. Combin-
ing (B.33) and (B.36) yields,

wSJm+ m my

. w—3p—25— 1)' Qw—4m—-1!"  (w—2m—1)! 1 =1y 1 _\s—1
Lape = Z Z ZZ (w—3p—2m—1)! Quw—2s—2m—1)I! (2u}—4m—2)!(2m—25)!!(5—1)( )
p=0 m=1s=1/l=s

—3 1)\ 3p+20—2+6
X (%)w (2) P POMabC( 173p+€_ ]-)mw;m;p (B37)
To obtain the expansion coefficient DZ)I’"fp from this expression, we simply multiply by o,

and extract the coefficient of 20.m.p. The explicit expression is given in (B.6) of theorem B.2.
To complete the proof of this theorem, it remains only to provide a proof of lemma B.4.

B.3.3 Proof of lemma B.4

Before we analytically prove (B.36), we shall first provide numerical evidence for this
formula. We define e = w — 3p — 1 — 2m so that ¢ =0 when w — 3p — 1 is even and € = 1
when w — 3p — 1 is odd. We also define the parameter & = m4 — m and introduce the
following abbreviations,

Rt = Ry —kip(T) Ty = r2m+—2h=2 (B.38)

In terms of Ry and T}, the system of linear relations (B.35) which define Ry.m;p becomes,

iF(w—2m++2k—n—%) (2k + ¢€)!

R, —
g D(w—2my +2k—3) (2k—2n+¢)!227n!

()" Tio (B.39)
n=0

This linear system may be described by a triangular matrix with unit diagonal elements
and may be solved by forward substitution.
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To carry out this process, we parametrize the relations between Ry and T, including
all dependence on w and m, in terms of the following functions,

1

fe = DT mp— (B.40)
for integer k > 0. In terms of these functions,
K (2k + €)! .
Ry =T + n§=:1 (2F = 2n + o)1 22 ] ()" fak—3fak—s5" " fak—2n—1Tk—n (B.41)

For k # £, these functions obey the partial fraction decomposition f fy = ﬁ( frx — f¢) which
may be used to express each coefficient in (B.41) as a linear combination of fj functions.

At this point we shall invert the system of relations between Ry and T} for low values
of k using MAPLE. For the case ¢ = 0, we find the following relations for k < 5,

Ty = Ry (B.42)
Ty = R1 + f1Ro
Ty = Ry + 6f5R1 + 3(f1 — f3)Ro
Ts = Ry + 15fgRy + 2 (f5s — fr)R1 + 2(f1 — 2f3 + f5) Ro
Ty = Ry + 28f13Rs + 105(fo — fi1)Re + 292(f5 — 2f7 + fo) R1

35(f1 —3f3+3fs — fr)Ro

= Rs +45f17R4 + 315(f13 — fi5)Rs + B2 (fo — 211 + fi3) Ro
+ 5 f5 —3f7r 4+ 3fo — fr1) R+ 53 (f1 — 4f3 + 65 — 4f7 + fo)Ro

For the case € = 1, we similarly find,

Ty = Ry (B.43)
= R1 +3f1Ro
=Ry +10f5R1 + 2 (f1 — f3)Ro
= Ry + 21 foRy + 22(f5 — fr)R1 + 12(f1 — 2f3 + f5)Ro
Ty = Ry + 36f13Rs + 189(fo — fi1)Ra + 252 (fs — 2f7 + fo) Ra
+ 35(fy —3f3+3f5 — fr)Ro
= Rs + 55f17 Ry + 495(f13 — fisRs + 225 (fo — 2f11 + fis)R
+ 2 (fs — 3fr 4+ 3fo — fi1)R1 + 22(f1 —Afs + 65 — Afr + fo)Ro

Based on these low order expressions, we readily observe the following properties which
have been verified by MAPLE to order k < 22,

e The coefficient of Ry_, in T} is proportional to the alternating binomial sum,
n—1

Z (n;ll)( ) f4k+1 4n+2m = =2"" H f4k+1 An+2m (B44)

m=0
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e The coefficient multiplying this alternating binomial sum of fj functions depends on the

two numbers k and n and is given by the binomial (Zgjf) multiplied by the following

function which is independent of k£ and e,

(2n)!
52 o (o 101 B.45
22nnl(n —1)! ( )
Combining these ingredients, we obtain the following conjectural formula for T},
k n—1
(2k +¢)!
T, =R _ Ry B.46
2 k+;(2k—2n+e)!2”n! £0f4k+1 ant2m | Rie—n (B.46)

which becomes (B.36) with s = m — k when written in terms of R,y and r.
2

To prove this formula, we shall simply show that the right-hand side equals 72572,
Substituting the definition (B.35) of Rym;p into the right-hand side of (B.36), we obtain,

mi—smy—s—n

Z Z (w—3p—2s—1)! (2w—4s—4n—2k—3)!! (2w—4s—4n—1) (_)k p2st2n+2k—2 (B47)
k=0

(w—3p—25s—2n—2k—1)! (2w—4s—2n—1)!! 2n)N1(2k)
n=0 —

We change summation variables from k to N = n + k and interchange the order of the two

finite sums to find,

m4—S

N

(w—3p—25—1)! N 2s+2N—2 (2Qw—4s—2n—2N—=3)!! (2w—4s—4n—1)

(’LU—uéP—p?S—SQN—l)! (_) e Z 15211:43:1271—1)!! (2:)!!(281\/_712”)!1 (_)n (B'48)
n=0

N=0
The N = 0 term of this sum is just r25=2 For N > 1, the sum over n may be written as a

difference of two hypergeometric functions by writing the factorials and double factorials in
terms of gamma functions. After some careful algebra, we find,

2w—4s—2n—2N-3)!! Qw—4s—4n—1 n
( (2w74872n71)!!) ((Zn)!!(ZNan)!)! (=) (B.49)
n=0
al (2w—4s—2n—2N—3)\! = (2w—4s—2n—2N—5)!!
w—4s—2n— —3)!! 1 n w—4s—2n— —5H)!! 1 n
- Z (Quw—4s—2n—3)11 (2n)I[(2N—2n)!! (=" + Z Quw—45—2n=3)T (2n)1(2N—2—2n)!! (=)
n=0 n=0

= (DY vt e ey 2Pl (=N, 1/2 = w + 25+ 1;1/2 = w + 25+ N + 151)

_ (_%)N (N_11)1(1}(/12/_2u12i9;s2N+2) oFi(—N,1/2—w+2s+1;1/2 —w+2s+ N +2;1)

where the hypergeometric function is defined by,

“T(a+n)T(b+n) T(c) 2"

2Fi(a,bici2) =) — (B.50)
— T(a) I'b) T'(c+mn)n!
Using Gauss’s evaluation of the hypergeometric function at unit argument,
I'e)'(c—a—15
JFi(a b ;1) = Lle—a=b) (B.51)

I'(c—a)l'(b—rc)

we see that (B.49) vanishes. Thus, the right-hand side of (B.36) equals 72*=2. This completes
our proof or lemma B.4 and thus also our proof of theorem B.2.
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B.4 The 0 coefficients at different weights

Although (B.6) provides an explicit analytic expression for the ?d coefficients, it will be
useful to have a formula which relates these coefficients at weight w to those at the lower
weight w — 2. For fixed w and m > 2, this relationship provides an embedding of the space
of eigenfunctions €2, —1;p into the space of €y as discussed in [3].

Lemma B.5. The coefficient Df,‘;f’;,f;p with m > 2 may be written as follows,

abec Ta,b,c (a—1)(b—1) ymax(a—1,c),med(a—1,b—1,c),min(b—1,c)
wim;p — 3 (2m—2)(2w—2m—3) Cab,ct1 w—2;m—1;p

(b—1)(c—1) Da,b—l,c—l

+ Oa+1,b,c w—2;m—1;p
(c—1)(a—1) ymax(a—1,b),min(a—1,b),c—1
T oniiie Qw—2m—1p (B.52)

where o, is defined in (B.7). The min, med, and max functions on the right-hand side
a' b

of this expression ensure that the coefficients 0,,”5.,, 1., have ordered indices a>b>c.

We shall prove this lemma using the differential operator P = (0%, 01, + O, Oty + O30, )-
The action of B on the symmetrized monomial L, . is given by,
m‘ca,b,c = (a - 1)(b - 1) ‘Ca—l,b—l,c + (b - 1)(0 - 1) ‘Ca,b—l,c—l
+ (C — 1)(CL — 1) ﬁafl’b,cfl (B53)

To calculate the action of 8 on Wy.m.p, We first write B in terms of the operators D and £2
using (B.14) and the following relation between the variables t1, to, t3 and u, z, z,

—u? (1 — 22) = 6§ + 5 + 15 — 2t1ts — 2tot3 — 213t (B.54)

We thus obtain P = (u? (1 — 22))"1(D? + D — £2). Now, Wym:p is an eigenfunction with
eigenvalue (2m — 2)(2w — 2m — 3) under the action of (D% + ® — £2). The other factor
in B produces the following action,

(U2 (1- 35))71 Wmp = 3 Waw—25m—1;p (B.55)
which follows directly from the definition (B.17) of 20y, Thus,
B Wamp = 3 (2m — 2)(2w — 2m — 3) Way_gim—1:p (B.56)

We now act with B on the expansion (B.20) of L, in terms the eigenfunctions 2y,.m.p

with coefficients Ofl;;b;,fb;p. After some straightforward rearrangements we find (B.52).

B.5 Proof of theorem B.3: the § coefficients

We shall now consider the h coefficients which multiply the inhomogeneous terms in the
Laplace equation for €,,.,. These coefficients are written in terms of the 9 coefficients in
theorem B.3.

To begin our proof this theorem, we recall the expansion (B.1) of the eigenfunction €y.p.p
in terms of the functions Cgj . with ordered indices a > b > ¢ > 1. We shall use the
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Laplace equation (2.42) for Cp . and the Laplace equation (2.44) for €.y to isolate the
inhomogeneous terms, i.e. the Eisenstein series, which arise from the functions Cp . with
any index a,b,c = 0,—1. The functions Cy_¢0 and Cy_y41,,—1 are written in terms of
Eisenstein series in (2.43). Since the action of A lowers an index by at most two, only the
functions Cyp . with ¢ = 1,2 in the expansion (B.1) will contribute inhomogeneous terms.

Using these results, we may collect together all the Eisenstein series E; and the double
products EY _,E; with 2 < /¢ < |w/2| which result from the action of A on } 0C,pc-
The coefficient of £}, is equal to H©) and the coefficients of the double products are equal
to h(¥). Some careful algebra then yields (B.9) and (B.10) of theorem B.3. Since the d
coefficients are rational, each h € Q manifestly.

We shall now combine (B.9), which writes the h) coefficients in terms of the d
coefficients, and (B.52), which relates the 0 coefficients at different weights, to find a relation
between the h( coefficients at weights w and w — 2. After some tedious algebra, we find,

/-1
bsmp = O(£ = 3) 3(2m—2)(%w—2m—3) bgﬂ*2;)mfl;p (B.57)
for m > 2, where the step function is defined by ©(x > 0) = 1 and O(x < 0) = 0. This

expression may then be iterated m — 1 times to yield,

0 _ m—1 2w—4m—1)!! (0—m+1)
bgv;)m;p - ®(£ —m-= 1) (%) (2m (2)" (2w— 2271 ) hw 2(m—1);1;p (B58)

a,b,c

In other words, the coefficient l‘)q(f;)m;p is proportional to hﬁf:;g;i)l),l_p form+1</¢<|w/2|

and vanishes for 2 < ¢ < m. This completes our proof of theorem B.3.

C The Laurent polynomials of Cg 4y €pymp, and vy o

In this appendix, we shall discuss the Laurent polynomials of the infinite families of two-loop
modular graph functions Cyp ¢, Cuwymsp, and v o.

C.1 The Laurent polynomial of Cgp .

The two-loop modular graph function Cyp . was defined in (2.41). The Laurent polynomial
of Cqp was computed in [25]. Near the cusp, C, . has the following asymptotic expansion,

Ca,b,c: abcTZ + ch 20-1) 7_;;—26 1+C( )7_22—11}_’_0(672777'2) (Cl)

a,b,c a,b,c

The Laurent coefficients each have transcendental weight w = a + b + ¢ and are given by,

max(b,c
() (_gmyw 2(: ) Bor Bau-a [(2b+zc—2k—1) n (2b+2c—2k—1)}
a,b,c = (2]{:)! (2w _ 2]{:)! 2b—1 2c—1
2 = gy g2 (o0 4 1)
9 w—3
o) = (4m)2 3 Aage(k) C(2k + 1) (2w — 2k — 3) (C.2)
k=1

—w)

abc Was obtained in [25] assuming the validity of a conjectured identity between

(2—w)

a,b,c
a factor of 2 error in (1.26), an error in the upper limit of the finite sum in (1.26), and a minus sign error in

(1.28) of the second version of [25].

8The expression for 2

rational numbers which was numerically verified to high order in MAPLE. Our expression for ¢ corrects
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(w—2¢-1)

where q ab.c and Ay p (k) are rational numbers defined as follows,
(w—20—1) 2 Boy_2—2 e n” Btetl b+
w—20-1) w—20— + +
qa,b,c - (2w—2€—2)' (_) ot 6(0‘}'\‘ 2 J_U]‘FE“'l)

90— _ _ (—
< (T O (VD R

+ 5 permutations of a, b, ¢

)‘a,b,c(k) = _ZO(aa b7 C) +2 Zk(aa bv C) 9(0’ —k— 1)
a—12a—1

=22 2 Zala,b ¢ Bp(0) (pat ) (7257

a=1 =0

+ 5 permutations of a,b, ¢ (C.3)

The step function is defined by ©(z > 0) =1 and O(xz < 0) = 0. Here E, (z) are the Euler
polynomials (not to be confused with the Eisenstein series Fy) which are defined by the
following generating function,

— Y B, ()= (C.4)
Finally, the functions Z,(a, b, ¢) are integers defined by,

Zalabe) = Y, TR () CuTeTh) ()
We will not use these expressions in this paper, but we have included them for completeness.

We note that these Laurent coefficients have a particular transcendental structure. The
leading coefficient is a rational multiple of 7. The coefficient of 75’ 2l 1 <i<w—1
is a rational multiple of 7%~2¢=1¢(2¢ 4 1). The coefficient of 72~ * is equal to 72>~ times a
sum of double products of odd zeta-values with transcendental weight 2w — 2.

C.2 The Laurent polynomial of €y

The two-loop modular graph functions €.y, were introduced in section 2.5. Because
the functions €., are rational linear combinations of the functions C, ., their Laurent
polynomials must have the same transcendental structure. However, for fixed m, several
of the Laurent coefficients cq(f;)m;p may vanish while the corresponding cﬁ’ . are generally
non-zero. Moreover, the Laurent coefficients of €.y, may be written in terms of the
rational coefficients h which appear in the inhomogeneous Laplace equation (2.44) for

Cuw;msp- Explicit expressions for these coefficients are given in appendix B.

Theorem C.1. Near the cusp, €y.m:;p has the following asymptotic expansion,

w—m—1
Q:w;m;p w + Z wwm?;f 1) w 2k—1
+ﬁwQW+#ﬁa +0(e*) (C.6)
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The Laurent coefficients each have transcendental weight w and are given by,

(/2]
w . 1 *
Ui = Gy =z 1) Do € (20) 3 iy (20 =20 €(20))

l=m+1

(min(k+1,w—k—1))

(w—2k-1) _ _ (1+ 52k,w—2) w;m;p (9w — 2% — 2) C*(2 1
w;m;p (2k—2m+1)(2w—2k—2m—2)<<w k=2 ¢k 1)
* * lw/2]
(1—w2m) _ ¢*(2m) ¢* (2w — 2m — 1) w209 ‘(97 _ 9
cw;m;p (2w — 4 — )C*(2w 4m Z bw im;p ¢ m) C ( 4 m)
(2-w) L waj 0
WP (2m — 1) (2w — 2m — 2) = wimip
1
(I—w) _ (0) = _
Cw;mip (2m)(2w — 2m — 1) Duwmip ¢ (2w — 1) (C.7)

In the second line, the integer k runs over the range m < k <w —m — 2.

The form of the Laurent polynomial in (C.6) follows from the asymptotic expansion
of the function Cyp . in (C.1) and from the relations (6.15) implied by the inhomogeneous
Laplace equation for €,.,,.,. In fact, these relations determine every Laurent coefficient
except for cz(ul;;ff]pwm) in terms of starred zeta-values and the coefficients . The remaining
Laurent coefficient was determined in (6.18) by demanding that the integral of E¥Cy.pm.p

over My, in (6.10) was finite in the limit s — w — 2m.

C.3 The Laurent polynomial of vy 2

The two-loop modular graph functions vy o were defined in (7.1). The Laurent polynomial
of v 2 was computed in [27]. Near the cusp, vy 2 has the following asymptotic expansion,

Vea = ckkg-l k41 + Z Ck —k+2¢0) —k+2€ + c(1 k) 7_2 _|_ C;(c 5 )7_2 + O( —27r7'2) (CS)

The only positive- power term in this Laurent polynomial is proportional to T k“ We also
note that there is no 72 % term. The coefficients have transcendental weight k + 1 and are
given as follows,

(k+1) 1 LE/2] Bay
Cho | = 2(—4m)"H Y

=0

Bog_2042 (2k—2€—1)
(20)! (2k — 20 4+ 2)1° k-1

B
ha = 2(=4m) TGk - 20 1) o0 - 0 (G5 () - 2 ()]

k—2

ey =2 (—am) R (D) N (20 4+ 1) ((2k — 20— 1) (C.9)
/=1

where the step function is defined by ©(x > 0) = 1 and ©(x < 0) = 0. These Laurent
coefficients have the same transcendental structure as those of Cy ;. and Cymyp-
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D Proof of lemma 8.3

In this appendix, we shall prove lemma 8.3 by explicitly manipulating the Kronecker-

2]

Eisenstein series for AL 111 and AE]I 11 in (8.14).

D.1 The integral of AE,]I,Ll
We begin with (8.14) and sum over mg and ng using the two delta symbols. We rename m;

to m, define v = n3 + N, and restrict the sum over m to m > 0. Performing the integral

over 71 using (3.20) of proposition 3.6, we find,

1 2] 12 7'2 1
— dT1 A (D.1)
7.2 k1,11 = k+2 go ]%0 ;\f mN2k )2(4m27_22 + 1/2)

To perform the sum over v, we use the following partial fraction decomposition,

1 B 1 2N
(N =022 +12)  (N—v22+N?)  (N—v)(2 + N2
N2 +2uN —

(D.2)

+
(¥ +v2)(y> + N?)?
where y = 2m7s. The sum over v may then be performed in terms of the Riemann zeta
function and the series,
e—27ry

1 Y 1
=_ 4 D.3
2r =~ y2+uv2 o 2 + 1—e2my (D3)

which gives the following result,

o 2¢(2) 1 4N?
Z (N —0)2(2 +12) 2+ N2 ' (y2+ N2)2 B (y2 + N2)3

v#N
2 47w N2 1 —2my
- l T T l + 6] (D.4)

y(?+ N?)  y(P+ N2)?) |2 1—e %

At this point we begin to see a distinction between power-behaved and exponential terms.
We shall separate the integral over 75 along these lines. Restricting the N sum to N > 0,
integrating over 79, and changing variables, we find,

L dr exp ow
[ [ ana =P+ 2 @) (.5)

7

where the two contributions are given by,

) () s [ deat L NEoah e
k11,1 (27) k+1 mFF2N2F (12 4 N2)2 1 — ¢-2ne

m,N>0
2mi k-1
2)(pow) py _ 48 v der
Ik,l,l 1 (L) - (27T)k+2 m%() 0 mk+2 Nk+3
2((2) N%x x 4x TN N 27N (D.6)
22 +1 (z2+1)2  (22+1)2 2241 (22+1)2 ’
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D.2 The integral of AE,]LLl

We begin with (8.14) and perform partial fraction decomposition in n, on each factor
of |p,|~2 for r =1, 2, 3 to find,’

AP = 8:];2’1 oy oy dmpln+ N) (1 _ 1) (1 _ 1) (1 _ 1) D7)

N#0 m,#£0 mimamaN® \p1  p1/) \p2  p2/) \P3 D3

ny€ZL
r=1,2,3

where m = Zi’:l m, and n = 23’:1 n,. The summand is invariant under permutations of
the labels (1,2,3). Using this symmetry, we make the following replacement within the

1 1 1 1 1 1 3 1
—_— = — — === = | = - — C.C. (D.8)
b1 b1 b2 P2 p3  DP3 pi1p2p3  P1P2P3

where c.c. stands for the complex conjugate of the preceding term. We then use the following

summand,

partial fraction decomposition,

11 (1+ 1 )(1+1) D.9)
ABC  A+B+C\A B+C)\B C )
along with the delta function constraint p; 4+ p2 + p3 = —N and the remaining permutation
symmetry of the labels (2,3) to make the following replacement within the summand,

3 1 2 3 1 1 1 /1 1
— — - — | — = = + —=— - (D.10)
pipeps  pipeps P2 lpi—pi—N\pp m+N/ N\pt p+N
The term with a factor of 1/N vanishes in the full sum.
We now return to AE}LLI with the above replacements, sum over mg and n3 using the

delta symbols, and restrict the sum over N to N > 0. The sums over nq and no factorize
and may each be expressed in terms of the following function,

Bﬁ,@:%%( Lo ) (D.11)

mr—+mn mT+n

which satisfies B(7,m) = e(m)B(r, |m|) where e(m) = £1 is equal to the sign of m. After
some algebra, we find,

12 k+1
AE]l = ;—-21—1 DS €(m1)5(m1)B(T,2Lm1\)f(;', \mQQ]) (D.12)
o i N>0 mi,ma70 ma(m1 + me) N**(dmit; + N?)
m1+m27$0
Only the B functions depend on 71. Their Fourier expansion is given by,
B(r,Im)) =143 (g7 +g™'7) (D.13)

p>0

9Recall that Pr = MpT + Np.
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with ¢ = e?™7. The constant Fourier mode of their product is thus,

‘lml\m:\mzlpz

1
/0 dry B(r, |ma|) B(,|ma|) =1+ > (q'ml‘p1 gmalee 4 c.c.)

p1,p2>0

=142 Z(q@{lmllﬁmzl}p
p>0

9 e—4m{Iml,ma|}m2
—14--C (D.14)

1 = e dn{milmal}ms

where we have defined the arithmetic operation {my, ms} = myms/ged(my, ms). To go
from the first to the second line, we solved the constraint |m1|p; = |ma| p2 by,

s p T
ng(|m1|7|m2|) ng(|m1|a|m2\)

p1 = (D.15)

for positive integers p. Thus, the sums over p; and po in the first line collapse into a single
sum over p > 0. In the final line we again see a split between power-behaved and exponential
terms. We separate the integral over 7o along these lines and find,

L dTQ 3] (ex 3](pow
/ / dmy Ak: 1,11 — 1&,]1(71,{3)@) Il[c,]l(,ll)J )(L) (D.16)

where the two contributions are given by,

48 )e(ma)
Z[?’](BXP) )= ——
paa1 (L) (27)k+1 mlmzﬁo ]go ma(mq +m2)N2k

m1+ma7#0
2L dx wkfl 6727r{|m1|,|m2|}:v
“Jo m2z? + N2 1_ e-2n{lmillmal}e
2|mq |L _
24 Je(ma) ~ dxah!
IB](DOW) L) = D.17
k,1,1,1 ( ) (27T)k+1 ml%‘;;ﬁo ]%0 |7n1|k7n2 ml _|_m2)Nk+2 0 $2+1 ( )
mi1+ma#0
D.3 The exponential integrals
We shall now combine the two exponential integrals. Symmetrizing the summand of I,[f’]l((ixf )

in my and mg eliminates the factor of 1/(mj +mz2) and allows us to restore the m; + mg =0

contribution to the sum. This contribution precisely equals the expression for IE]I((;X{) )

n (D.6). After some algebra, we find,

96 1
I[Q] exp) L +I[3](‘3XP) )= ——
k,1,1 ( ) k,1,1,1 ( ) (27.(.)19-&-1 m1,§N>O mllc 1m12c 1 gcd(ml, m2)k+2N2k72

2{mi1,ma}L k—1 —27x
x / de x c (D.18)
0

(22 + Mm2N?) (22 + M3N2) 1 — e~ 272

where 12 = my 2/ ged(mq, mz) so that the integers m; and Mg are coprime.
To proceed, we raise the upper the limit of the integral to infinity which removes
the pesky appearance {m1, ms} and introduces corrections of order O(e=2"1). We then
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parametrize the sums over m; and ms by splitting them into the independent sums over
their greatest common divisor and over pairs of coprime integers mi,mg > 0. That is,

o= > > (D.19)

m1,m2>0 ged(mi,m2)>0  mi1,m2>0
coprime

The sum over ged(my, m2) yields the Riemann zeta-value ((k + 2). The sum over N may
then be carried out by defining the independent variables N1 = N m; and No = N o and
using (D.19) in reverse. In total, we find I,EQ]l(in) + I,[f]l(ele) = I,geﬁ)l as in (8.16).

D.4 The power-behaved integrals

We shall now combine the two power-behaved integrals. The summand of IE}I(I;OIW ) is

invariant under (my, ms) — —(mq, ma), so we fix m; > 0. We then evaluate the sum over
me for fixed my by decomposing its summand in partial fractions and splitting the sum as,

e(m 1 1 1 1 1 1
o ) )
a0 mg(ml + mz) my i mao mi + meo mq o mo mi — mso

ma#mg
2H
_ 2Hi(m1) (D.20)
m1
where Hy(m) = S} % are finite harmonic sums.
After some straightforward rearrangements, we find Z,Lz]l(ﬁ)olvv ) —l—I,ES]l(IiOlW ) = ’gplo Vlv)l as

in (8.16). This completes our proof of lemma 8.3.

E Proof of lemma 8.5

In this appendix, we shall prove lemma 8.5 using contour integral methods and analytic
continuation.
E.1 The function Ji(e€)
For integer k > 2 and e € C, we define the following function,
1 o0 dx x* e
€) = 4 (—)k/2) / E.1
jk( ) ( ) M%{;O MFEk—1Nk—1 0 (xQ +M2)(x2 —i—NQ) 1 — 27 ( )

which converges for Re(e) > 0 and obeys Ji(k — 1) = jkfelxlf)l with jkgelxlf)l defined in (8.21).
We shall proceed with € in the range 1 < Re(e) < 2. In this range, we may decompose Jj(€)

into a sum of elementary integrals and perform the infinite sums in terms of convergent zeta
functions. The resulting expression will then admit an analytic continuation to e = k — 1.

E.2 Splitting Ji(€)
To begin, we write the exponential factor in the integrand of Ji(€) in terms of an infinite
sum over positive integers using the following identity,

e 2 11 1 T

- _ - 4= - E.2
1 — e 2z 2+27r:n+7rpz>:0x2+P2 (E-2)
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For 1 < Re(e) < 2, we may interchange the order of the integral over z and the sum over P
in Ji(€). We then split the unrestricted sums over M, N, and P into sums over distinct
positive integers and write,

8
Te(e) = (-3 79(¢) (E.3)

=1
where the eight contributions jk(g)( ) are given by,

(1) o0 dx €
=9 Z /
et M2k 2 (x2+M2)2
1 s dx x°€
7(2)( )= —2 Z /
MN>0Mk 1 Nk-1 (22 + M2) (22 + N?)
dist
00 e—1
(3) dr
7 ==Y sz |
M>0 M2k 2 (xQ —|—M2)2

), _ 2 1 /Oo dx z€71
J. 7 (e) = —
) T M%:w MFE-INE=L o (22 + M?)(22 + N2)
dist
(5) B 00 dl,xe-l-l
Ty (€)= — Z M2k~ 2/ (22 + M2)3

M>0

8 1 o0 dx x¢t!
79 =S /
k T M%Vzo ME-INE=L Jo (22 4+ M?2)2(22 + N2)
dist

(7) :é 1 /°° dx et
T () WMXP;O M%*=2 Jy (22 + M2)2(a2 + P2)
c7iist

Z 1 /oo do x€t1
M0 ME-1NE-1 0 (x2+M2)(x2+N2)(x2+P2)

dist

(E.4)

SEIS

Here “dist” denotes that the summation variables must be distinct. The additional factor
of 2 in jk(6)(e) counts the two equivalent contributions of M = P # N and M # N = P.

E.3 Computing the integrals

The integrals in each contribution converge for 1 < Re(e€) < 2 and may be calculated using
a keyhole contour that begins at the origin, runs up the positive real axis from above, circles
counter-clockwise around the complex plane at infinity, and then runs down the positive
real axis from below.

The eight integrals evaluate to rational expression in the relevant summation variables
multiplied by sec(ef) or csc(e). After integration, the single sums in jk(l)(e), J,C(S) (¢e),
and jk5 (e) may be performed in terms of the Riemann zeta function,

cos(eX) x j“%) He—1)m¢(2k+1—¢)
sin(e )Xjk ()— —2(e—2)¢(2k+2—¢)
sin(e) x j ( ) = %e(e —2)C(2k+2—¢) (E.5)
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The contributions jk(Q)(e), Jk(4)(e), and \7,56)(6) may be written as,

x @) —27
cos(eg) X J, " (€) = Z —
M0 Mk Nk 1(N2 _ MQ)
dist
2
sin(ed) x TV (€)= Y ——=
M0 Mk+l—€N 1(N2 _ M?)
dist
sin(e}) x *7(6)< )= > P lﬁf 2 2 (E.6)
M No0 M NF-1(N2 — M?)
dist

The final contributions, jkm(e) and jk(g)(e), may be simplified using the following identities,

1 3 1 2 11
2 N AR I 2 (N2 = M2)? 2<](\/[>2 "o ED
N>0 N>0
N#M N#M

which may be derived by decomposing the denominator of each summand in partial fractions.

Using these sums we find,

sin(e3) x " (€) = C(2) ((2k — €) + (Je — W) ((2k +2—¢)

—2N¢
+ Z 2k—2( N2 2
M,N>0 M (N? = M2)?
dist
sin(ed) x TV = 3 3
k = Etl—e Nk—1( N2 2
M,N>0M+ NE-L(N2 — M?)
dist
4
+ Z k—1—e N k—
MN>0M T—e NF=1(N2 — M2)2
dist
—2 P€
+ Z k—1 Nk—1( A f2 2)( N2 2 (E-8)
M,N,P>0M NE=L(M? — P?)(N? — P?)
dist
We now reassemble the eight contributions and find,
()2 % Fi(e) = 2(e — 1) sec(eZ) m{(2k + 1 —¢)
+eso(e)| = §(e2 = 3e+ ) C(2k +2 - €) + ((2) (2 — €)]
1
+ Z W[(?e 1) csc(e) — 2mM sec(e 2)]
M>0
1
XY o
= NEk 1(N2 M2)
N#M
+ 4 csc(eh) Z ! Z !
2 k—l—c¢ —
M>0M ' N>0 NEZH(NZ — M?)?
N#M
2
— 2(:3(:(6%) Z ]\41—5 Z Nk—l(N12 M) (E.9)
M>0 N>0
NEM
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The squared sum on the last line arises from the combination of the final terms in the
previous expressions for jk(7)(e) and jk(B)(e).

E.4 Summing over N

There are two distinct infinite sums over the variable N in (E.9). Both summands may be
decomposed in partial fractions. The sums may then be explicitly evaluated as functions

of the integers M > 1 and k > 2. The result depends on whether k is even or odd. With
some algebra, we find,

> 1 L+ _“’“im C(k+1—20)
= Nk—1<N2 _ MQ) Mk+1 Pt M%
N#M
H{(M+1
B 1(]\4;) k even
0 k odd
> 1 12 43k+ ) +“’“§/%<(k+1—2@
= Nk—l(NQ _ M2)2 Mk+3 = M2€+2
N#M
ThH(M+1) 3 Hy(M+1) L oven
n MFk+2 1 ME+1 (E.10)
3¢(2) k odd
Mk+1 o

where Hy(n) = Z?V_:ll ﬁ is a generalized finite harmonic series. It remains to insert these
expressions into (E.9), perform the sums over M in terms of convergent zeta functions, and

then analytically continue the result to e = k — 1. At this point, we shall discuss the cases
of odd and even k separately.

E.5 0Odd k
For odd k > 3, we insert (E.10) into (E.9), perform the sums over M, and find,

Ti(e) = (—)k—1/2 Wsec(eg){ —(k+1-5)C2k+1—¢)
(k=1)/2
+2 ) C(k:+1—2£)((k:+2€—e)}
(=1

4 (—)k-D/2 csc(eg){ — 12k +2—€)(2k+3 —€)((2k +2 —¢)

+3¢(2)C(2k —¢)

(k=1)/2
+2 > (k+204+1—€)Ck+1-20)((k+1+20—¢)
(=1
(k—1)/2
-2 > 4(k;+1—zzl)g(kﬂ—2e2)g(2£1+2£2—e)} (E.11)
61’221
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This expression is an analytic function of € valid for Re(e) > 0. Near € = k — 1 with k£ odd,
k-1 k+1
the zeta functions are finite, sec(ej) ~ (=) 2 , and csc(ef) ~ (—)% 21— Thus, the

terms in brackets which multiply csc(e%) must vanish at € = k — 1 to cancel the simple pole.

Indeed, we may show that they vanish using the identities obeyed by finite sums of even
zeta-values in (A.4). Hence, Jx(k — 1) for odd k is finite as required and given by (8.22).

In the first line of (8.22) we have used (A.17) to write a finite sum of odd zeta-values
with transcendental weight k 4 2 in terms of the double zeta-value ((k + 1,1) for later
convenience. This completes our proof of lemma 8.5 for odd k.

E.6 Even k

For even k > 2, we again insert (E.10) into (E.9). The square of the finite harmonic
sum H;(M + 1) is given by,

M 1
Hi(M+1?2= >
mi,ma=1 mimz2
1 M-1 4 9 M-14 M-1 -1
= — — E.12
M2+Zm2+Mim+Z Zmlmg ( )
m=1 m=1 mi1=1 mo=1

The second term is equal to the generalized harmonic sum Hy(M) and cancels. The last
term yields a triple zeta-value ((s,1,1) upon summing over M. Performing these sums, we
find the following lengthy expression,

Ti(e) = (—)k/zﬂsec(eg){ —(k=1-5)C2k+1—¢€) +2((2k —¢€,1)

k/2—1
+2 ) ((k+1—2£)§(k+2€—e)}
(=1

+ (—)k/2 csc(eg){ — 1(4k* — 6k —dek + €+ 3¢ —2)((2k +2 —¢)

FC2)C2k— ) +2(2k—1—€)C(2k+1—e,1) —4C(2k — €, 1,1)

k/2—1

+2 ) (k+20-1—-€)C(k+1—-20)((k+1+20—¢)
(=1
k/2—1

—4 > C(k+1-20((k+20—¢1)
(=1

k/2—1
-2y g(k;+1—241)g(k+1—2ez)g(2£1+242—6)} (E.13)
3172:1

This is again an analytic function of € valid for Re(e) > 0. Near ¢ = k — 1 with £k even,
we have csc(eF) ~ (—)*/21 and sec(eZ) ~ (—)¥/2+1 2.1 The zeta functions, however,
are not all finite. The terms in the last line with 2¢; 4+ 25 = k have a simple pole since
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((k — €) ~ . These poles must combine with the sec(eZ) poles to produce a finite
result at e = kK — 1. We must then have,
k/2—1
0=(k—1)C(k+2)—4¢(k+1,1) =2 > ((k+1-20)¢(20+1) (E.14)
l=1
Using the multiple zeta-value identity (A.17), we see that this expression indeed vanishes.
Hence, Ji(k — 1) for even k is finite as required and given by (8.23). This completes our
proof of lemma 8.5 for even k.

Open Access. This article is distributed under the terms of the Creative Commons
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