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ABSTRACT: We provide a comprehensive summary of concepts from Calabi-Yau motives
relevant to the computation of multi-loop Feynman integrals. From this we derive several
consequences for multi-loop integrals in general, and we illustrate them on the example
of multi-loop banana integrals. For example, we show how Griffiths transversality, known
from the theory of variation of mixed Hodge structures, leads quite generically to a set of
quadratic relations among maximal cut integrals associated to Calabi-Yau motives. These
quadratic relations then naturally lead to a compact expression for I-loop banana integrals
in D = 2 dimensions in terms of an integral over a period of a Calabi-Yau (I — 1)-fold.
This new integral representation generalizes in a natural way the known representations for
I < 3 involving logarithms with square root arguments and iterated integrals of Eisenstein
series. In a second part, we show how the results obtained by some of the authors in earlier
work can be extended to dimensional regularization. We present a method to obtain the
differential equations for banana integrals with an arbitrary number of loops in dimensional
regularization without the need to solve integration-by-parts relations. We also present a
compact formula for the leading asymptotics of banana integrals with an arbitrary number
of loops in the large momentum limit. This generalizes the novel I-class introduced by some
of the authors to dimensional regularization and provides a convenient boundary condition
to solve the differential equations for the banana integrals. As an application, we present
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for the first time numerical results for equal-mass banana integrals with up to four loops
and up to second order in the dimensional regulator.
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1 Introduction

Multi-loop Feynman integrals are the cornerstone of perturbative quantum field theory,
and they are the main tool to make precise predictions for collider experiments in particle
physics. Having efficient methods for their computation is therefore not only important in
order to explore the mathematical structure of quantum field theories, but also to compare
theory and experiment. Over the last decade, it has become clear that there is a connection
between Feynman integrals and certain branches of mathematics. In particular, Feynman
integrals are (families of) periods [1] in the sense of Kontsevich and Zagier [2], depending
parametrically on the external kinematic data, e.g., the masses and momenta of all the
particles involved. They then satisfy linear systems or first-order differential equations in the
external kinematic data [3-7], or equivalently (inhomogeneous) linear differential equations
of higher order. These differential equations are reminiscent of the first order differential
system that encodes the Gauss-Manin connection and the Picard-Fuchs equations describing
equivalently the variation of mixed Hodge structures attached to families of algebraic
varieties [8, 9]. A closely related observation concerning the geometrical interpretation of
Feynman integrals was made already in ref. [10], where linear differential equations were
identified with generalized hypergeometric equations, which became later known more
generally as Gel' fand-Kapranov-Zelevinski (GKZ) systems.

The simplest examples of periods that show up at low loop orders are the so-called multi-
ple polylogarithms (also known as hyperlogarithms), which were first introduced in the works
of Poincaré, Kummer and Lappo-Danilevsky [11, 12] and have recently reappeared in both
mathematics [13-15] and physics [16-18]. Large classes of phenomenologically-important
integrals can be expressed in terms of them, and several efficient numerical techniques
exist for their computation [19-25]. An important ingredient in the success of multiple
polylogarithms to compute Feynman integrals lies in the fact that their mathematical and
algebraic properties are well understood (see, e.g., ref. [26] for a review).

It has been known for several decades that starting from two loops not all Feynman
integrals can be expressed in terms of multiple polylogarithms [27-39], but no complete
analytic results were known. In a landmark paper [40], Bloch and Vanhove showed that the
so-called two-loop sunrise graph with three massive propagators can be expressed in terms of
an elliptic dilogarithm (see also refs. [41-45]), which is a special case of the multiple elliptic



polylogarithms defined in refs. [46-48]. In the case where the values of the three masses
are equal and non-zero, one can also express the result in terms of iterated integrals of
Eisenstein series [49, 50], which have recently been introduced in pure mathematics, cf., e.g.,
refs. [51-53]. By now it is clear that elliptic polylogarithms and iterated integrals of modular
forms are relevant for large classes of multi-loop Feynman integrals [49, 50, 54—69]. This
has led to several studies on the properties of these functions from a physics perspective,
including methods for their numerical evaluation [45, 66, 70].

Period integrals associated to elliptic and modular curves, however, are still not sufficient
to capture the full breath of Feynman integrals, even for small loop numbers. In particular,
there are several infinite families of Feynman graphs [71-76], most prominently the so-called
banana graphs [71-73] and train-track graphs [74], where the associated geometry at three
loops involves a K3 surface, and more generally Calabi-Yau (I — 1)-folds at [ loops. The
geometry associated to the three-loop banana graph in D = 2 space-time dimensions was
first studied in refs. [77, 78]. In the case of four equal non-zero masses, this K3 surface
is elliptically fibered by the same family of elliptic curves governing the structure in the
two-loop case [79, 80]. As a consequence, the three-loop banana graph in D = 2 space-time
dimensions can be expressed in terms of the same class of iterated integrals of Eisenstein
series that appear in the two-loop sunrise graph [61, 77]. For different masses or higher
loops, no analytic representation of the answer in terms of this class of functions is expected
to exist. In order to make progress in our understanding of [-loop Feynman integrals, it is
therefore important to develop new mathematical techniques to tackle those period integrals
that are defined by integrating the unique holomorphic (I — 1, 0)-Calabi-Yau-form €; over
cycles or chains that arise in embeddings of families of Calabi-Yau (I — 1)-folds. The latter
integrals are the natural generalization of the elliptic integrals for [ = 2 or K3 periods for
I = 3 to all loop orders. The I-loop banana graphs provide the simplest sequence of Feynman
integrals that can be understood as integrals on higher-dimensional Calabi-Yau manifolds
using techniques that have been developed in the context of mirror symmetry [72, 73].

Important progress in identifying the suitable families M;_; of Calabi-Yau (I — 1)-folds,
understanding their associated differential systems, and matching the solutions of these
systems to the banana integrals in D = 2 dimensions using the boundary behavior at the
point of maximal unipotent monodromy (MUM-point, see sections 2 and 3) was made
by some of the authors in refs. [72, 73]. A key observation was that the homogeneous
solutions of the Picard-Fuchs system describe period integrals of the same integrand §2;,
but with the integration domain replaced by closed cycles, i.e., integration domains without
boundary, in the homology of a family of M;_;. In particular, the maximal cut integrals
of the banana graphs' can be identified with periods over cycles in the integral middle
homology H;_1(M;_1,Z) of the Calabi-Yau family M;_ ;. The corresponding particular
linear combination of the homogeneous solutions can be identified in terms of a Frobenius
basis for all closed periods at the MUM-point. Similarly, the full Feynman integral is
geometrically identified as an integral of €); over a special geometrical chain and given as

!See also refs. [80-83] for a discussion of the maximal cut integrals and homogeneous differential
equations.



a linear combination of the homogeneous solutions and a special inhomogeneous solution.
Using mirror symmetry the leading logarithmic behavior in the large momentum regime
was determined in ref. [73] using the [-class formalism applied to the large volume regime of
the geometry W;_; that is mirror dual to M;_;. The physical relevant parts of the variation
of the Hodge structure of M;_; and its complexified Kéhler structure are restricted sectors
that are exchanged under mirror symmetry. These sectors of M;_; can be identified with
the corresponding sectors of W;_; as explained in section 3.2.2. Using these indentifications,
the maximal cut solution that corresponds to the imaginary part of the banana integral
by the optical theorem, is determined in particular by the I-class of the mirror Wi_1, that
is well-known in the context of topological string theory on Calabi-Yau manifolds [84, 85].
The full banana integral in D = 2 dimension was determined in ref. [73] by a novel I-class
evaluation on the [-dimensional Fano ambient space Fj, a degree (1,...,1) Fano hypersurface
in (P')!*! in which W;_; C F} is embedded. This proposed [-class evaluation in F;, was
also subsequently mathematically confirmed in ref. [86].

The results of refs. [72, 73] show that techniques from geometry offer a promising
direction to evaluate more general classes of Feynman integrals, even those with many loops
and depending on many scales (see also refs. [87-89]). At the same time, these techniques
are often not known or used by the Feynman integral community, mostly due to a lack of
knowledge of the mathematics involved. In particular, it is not clear how these techniques
are related to, or how they can be combined with, state-of-the-art techniques developed for
the computation of Feynman integrals. The latter are often based on solving differential
equations whose solutions involve so-called iterated integrals [90], a very general class of
functions of which the aforementioned (elliptic) polylogarithms and iterated integrals of
modular forms are specific examples. Which classes of iterated integrals arise from Feynman
integrals associated to Calabi-Yau geometries (or more generally Calabi-Yau motives), and
what are their properties, is still unexplored. Moreover, the techniques from geometry of
refs. [72, 73] are not yet fully satisfactory from physics perspective, because they only apply
to banana integrals in strictly D = 2 space-time dimensions, where all integrals are finite for
non-zero values of the masses. Phenomenologically-interesting Feynman integrals, however,
are usually divergent, and the divergences are regularized using dimensional regularization.
The integrals are then considered in D = Dy — 2¢ dimensions (Dp an even integer), and the
divergences in the limit € — 0 show up as poles in the Laurent expansion in the dimensional
regulator e. Understanding how to extend the techniques and results of refs. [72, 73] to
dimensionally-regulated integrals is an important step if one wants to apply techniques from
geometry to interesting Feynman integrals that require regularization (see also ref. [88]).
The aim of this paper is to address some of the aforementioned issues.

First, we provide a thorough and in depth summary and review of the mathematics
underlying Calabi-Yau geometries that seem to play an important role for Feynman integral
computations. We provide explicit examples of how abstract concepts from geometry are
related to Feynman integrals. From these concepts, we derive several new consequences
for Feynman integrals (or more precisely, their maximal cuts), like how the Griffiths
transversality on the geometry side leads to the existence of quadratic relations among
maximal cut integrals on the physics side, or how to motivate the expected transcendental



weight of banana integrals by studying the monodromy group of the integral. The main
goal is to present abstract geometrical concepts in a way that directly connects them to
Feynman integrals, and we expect that these mathematical concepts will play a increasingly
important role for Feynman integrals in the future.

Second, we show how the quadratic relations among maximal cuts can be used to
obtain an expression for all master integrals for the equal-mass banana integrals in D = 2
dimensions with an arbitrary number of loops in terms of an (iterated) integral over a Calabi-
Yau period. This representation is the direct analogue of the well-known representation
in terms of polylogarithms and iterated Eisenstein integrals known for low loop orders,
and it shows which classes of iterated integrals arise from Feynman integrals associated
to Calabi-Yau motives. We then use this representation to speculate how the concept of
transcendental weight known from physics (cf., e.g., refs. [91-94]) extends to the situation
of higher-loop banana integrals associated to Calabi-Yau (I — 1)-folds.?

Third, we extend the results of refs. [72, 73] to obtain results for all I-loop banana
graphs for even values of Dy to arbitrary order in the dimensional regulator e. Starting
from a Mellin-Barnes integral representation valid for any banana integral, we show how one
can derive the set of differential equations satisfied by the master integrals in dimensional
regularization (the so-called Picard-Fuchs ideal), and also a convenient boundary condition.
The latter generalizes the novel I-class of ref. [73] to dimensional regularization. We also
show that in the context of dimensional regularization, it is possible to give an interpretation
of the structure of the solution space of the Picard-Fuchs ideal of ref. [73] in terms of a
basis of (non-maximal) cut integrals. We also present an alternative and efficient method to
derive the Picard-Fuchs operators in the equal-mass case from a Bessel representation, and
we use this method to present for the first time numerical results for four-loop equal-mass
banana integrals to higher order in the dimensional regulator.

This paper is organized as follows: in section 2 we define our notations and conventions
and give a brief summary of banana integrals and the differential equations that they satisfy.
In section 3 we provide a detailed review of the main properties of Calabi-Yau motives that
are relevant for Feynman integrals. In section 4 we use Griffiths transversality to derive
quadratic relations among the maximal cuts of the equal-mass banana integrals in D = 2
dimensions, and we use those relations to obtain a representation of I-loop banana integrals
in D = 2 dimensions as integrals over periods of Calabi-Yau (I — 1)-folds. In section 5
we show how the results of ref. [73] can be extended to dimensional regularization, and
we present a way to derive the Picard-Fuchs ideal and the initial condition for all banana
integrals with an arbitrary number of loops. In section 6 we present an alternative way to
derive the Picard-Fuchs operator in the equal-mass case, and we present numerical results
for banana integrals with up to four loops and up to O(e?) in dimensional regularization. In
section 7 we draw our conclusions. We include several appendices with technical material
omitted throughout the main text.

2The transcendental weight known in physics is expected to be closely related to the weight filtration
from Hodge theory, though the relationship is not understood at an entirely satisfactory level, at least form
the physics side).



2 Differential equations for Feynman integrals

2.1 Families of Feynman integrals and master integrals

The main focus of this paper are families of I-loop Feynman integrals, defined by

l D P
I(2; D) ::/(H ;152) (H Dly) , (2.1)

r=1 j=1"3

with D; = q]2- — mjz + ¢0. Here D denotes the space-time dimension and the exponents
v = (vj)1<j<p define a point on the integer lattice Z?, and |v| = Z?:l vj. The propagator
masses m]2 are positive real numbers and the momenta ¢; flowing through the propagators
are linear combinations of the loop momenta k, and the external momenta p1, ..., pg, which
are constraint to sum up to zero at each vertex by momentum conservation. By Lorentz
invariance the integral only depends on the propagator masses and the dot products between
the external momenta. We refer to these collectively as the scales xy, and we collect them
into the vector £ = (z1)1<x<n. By dimensional analysis, the only non-trivial functional

dependence is through the ratios
2k = xk+1/x1, 1<k<N. (22)

It is well known that not all the integrals in this family are independent. We can use
integration-by-parts (IBP) relations to write every member of this family as a linear combina-
tion of a certain set of basis elements, conventionally referred to as master integrals [95, 96].
The basis of master integrals is known to be always finite [97-99]. In the following it will
be useful to group the members of the family into sectors, i.e., integrals that share the
same set of denominators in the integrand in eq. (2.1) (though the denominators may be
raised to different powers). More precisely, consider the map ¥ : ZP — {0, 1}? which sends
v = (vj)1<j<p to ¥(v) = (0(v}))1<j<p, where §(m) denotes the Heaviside step function:

6(m) 1, ifm>0, (2.3)
m) = .
0, ifm<0.

We say that I, (z; D) and I,/ (z; D) belong to the same sector if ¥(v) = ¥(v/). There is a
natural partial order on sectors, given by ¥(v) < 9(¢/) if and only if 6(v]) — 6(v;) > 0, for
all1 <7 <p.

We work in dimensional regularization, and each member of this family is interpreted
as a Laurent series in the dimensional regularization parameter ¢ = (Do — D) /2, with Dy
a positive integer, cf., e.g., ref. [100]. For algebraic values of the scales z, the Laurent
coefficients are periods [1] in the sense of Kontsevich and Zagier [2]. This motivates the
use of techniques from algebraic geometry to compute Feynman integrals. One of the main
goals of this paper is to study how some methods from geometry to compute periods can be
used to compute multi-loop Feynman integrals in dimensional regularization. Our recurrent
example will be a special class of [-loop Feynman integrals in D = 2 — 2¢ with at most
p =l + 1 propagators, known as banana integrals (see figure 1), and the propagators are
given by

(2.4)



Figure 1. The [-loop banana graph with external momentum p and internal masses m;.

The integrals depend on the scales x = (p?, m?, . .. ,m%ﬂ), and so z = (m?/p?, ... ,le+1/p2).
In total, there are 2/t1 — 1 master integrals, distributed among I + 2 sectors. There are
[ + 1 sectors of the form ¥(v) = (1,...,1,0,1...1), and every integral in such a sector is

proportional to an [-loop tadpole integral. For 1 < ¢ <[+ 1 we define:

(_1)l+1 F l I+1

2\le 1
iz5€) = =——— I . L1z 2 —2¢) = 2.
Jii(z;5€) T+ 10 ()€ I, .101,.1(z €) 1+l€ 1;[2 (2.5)
J#%
The sector (1,...,1) adds 2+1 — [ — 2 master integrals, one for each k € {0, 1}'*! with
1< |kl <i—1and |kl = X5 &

g -

J ce) — ﬂ 2\ 1+le T -9 _9
l79(§7 6) - F(l 4 le) (p ) 1,..‘,1(£7 6)

Jik(zi€) = (142€) - (14 |kle) OETi0(z;€),

(2.6)

with 8§ = Hig 85; We have explicitly checked for the first few loop orders that these
integrals form a basis of master integrals. Moreover, it matches with the results of refs. [101,
102]. Note that the number M of master integrals may change discontinuously in the limit
where some scales vanish or become equal. In the equal-mass case, i.e., mf =: m? for

1 <i<I[l+1, the symmetry implies that there are only [ + 1 master integrals, which can be
chosen as:

o (e10) = o () B (2 - 20) = R0

T(1+1le I'(1+1e)’
N G VA 2 o (2.7)
Ji1(z5€) = T (410 (m ) L, .1 (p M2 — 26) )
Jip(zr6) = (1+2€) - (L4+ke) 0511 (25€) for 2 <k <I,

m?2

where we defined z = R
We note that the number of master integrals changes also discontinuously when e takes
special values. In particular, in the generic-mass case, for € = 0 we have only 2/*+1 — (Lllii J)
2

independent master integrals instead of 2/*1 —(14-1) —1 in the sector (1 ., 1). We note that
this corresponds to the even primitive vertical cohomology Vert(VV ) fork=0,...,01—-1
of WFCL given in eq. (3.47), or the horizontal middle cohomology Hi- l(M “L) of its mirror

hor



MY (see section 3 for the descriptions of these (co)homology groups). Similar to eq. (2.6),
in the latter picture the derivatives with respect to the z; for ¢ = 1,...,l + 1 generate
the cohomology groups in Hfl;rl_k’k(Mgl), kE=0,...,1—1, see also eq. (3.16). However,
keeping in mind the linear dependencies of these derivatives in the cohomology of ]\4lc_117
one finds that there are only
I+1 : !
I—1—kk 3 rCI (k) 1fk:§[§]—1

hhor 7 (lel) = 11 (28)

( Z_Jlr_k) otherwise

independent ones [73].

2.2 Gauss-Manin-type differential equations

Let us collect the master integrals into a vector I(z;e€) = (I1(z;¢€),...,In(x;€))T. The
master integrals then satisfy a system of first-order linear differential equations [3-7]:

dL(z;€) = A(z;e) L(zse), (2.9)

where d = 0, day, 0, is the total differential and A (z; ) is a matrix of rational one-forms.
We will refer to this system of first-order differential equations as the Gauss-Manin system
for the family of integrals. Indeed, from a geometrical point of view, we can interpret the
M-dimensional vector space spanned by the family of Feynman integrals as a rank M vector
bundle over the base defined by the scales . On this vector bundle there exists a flat
connection called the Gauss-Manin connection, and the matrix A(z;e¢) is the corresponding
connection one-form.

The basis of master integrals is not unique. If M(z;€) is an invertible matrix, we can
define a new basis J(z;€) by I(z;€) = M(z;€)J(z;€), and we have

dJ(z;€) = A(z;€)d(25€) (2.10)

with
A(z€) = M(z; )7 Az ) M(z3 €) — dM(z; €)] - (2.11)
Note that we also use the transformation in eq. (2.11) to pass from z to z. It is then
possible to choose the matrix M(z; €) such that the new differential equation is as simple as
possible. It was argued in ref. [103] that it is always possible to change basis to a so-called
e-regular basis, where the master integrals .J;(z; €) are finite and non-zero as € — 0 (see also
ref. [104] for a closely related concept).? It is easy to see that in this case also the matrix
A(z; €) remains regular as € — 0, and we define Ag(z) := lim_,0 A(z; €). In the following we
assume that this limit exists, though we may allow bases that are not necessarily e-regular.
In the special case where we can find a matrix M(z; €) that is rational in € and algebraic
in 2 such that A(z;€) = e Ai(z), the Gauss-Manin system in eq. (2.10) is said to be in
canonical form [7] and can easily be solved in terms of a path-ordered exponential

J(z€) = Pexp [e / zAl(z’)] J(z0:6), (2.12)

£0

$We note that an e-regular basis is very different from the canonical bases [7] of encountered in the
physics literature, because an e-regular basis typically mixes functions of different transcendental weight.



where the integral is over a path from the point z, to the point z. This representation has
the advantage that the path-ordered exponential can be expanded around € = 0, and the
expansion can easily be truncated after a few terms. The coefficient of ¥ will involve iterated
integrals over algebraic one-forms. The same conclusion holds if one can find M(z;€) such
that Ap(z) = 0, even if the system may not be strictly speaking in canonical form.

If there is no algebraic matrix M(z;€) to bring the system in eq. (2.10) in canonical

4 The partial order on the sectors

form, then we need to proceed in a different fashion.
implies that we can always find a basis in which A(z;€) is block-triangular. We can order

the master integrals such that
T T
I(ze) = (L(zo .. Lz, (2.13)

where the elements of J,.(z;€) share exactly the same propagators, i.e., they belong to
the same sector. The master integrals in each sector satisfy an inhomogeneous differential
equation of the type

dJ,(z;€) = Br(z;€) J,.(25€) + N, (z5€), 1<r<s, (2.14)

where the inhomogeneity N,(z;€) collects contributions from Feynman integrals from
lower sectors, which we assume to be known. The associated homogeneous equation,
obtained by putting N, (z;¢€) to zero, is the differential equation satisfied by the maximal
cuts of J,.(z;¢€), defined, loosely speaking, by putting all the propagators in eq. (2.1) on
shell [81, 82, 106]. If the basis J(z;¢€) is e-regular, then so are B,(z;¢) and N, (z;¢). We
define B, o(2) = lim0 B, (2;€).

Assume that we have found the general solution to the homogeneous equation for € = 0.
If J,(z;€) has M, elements, this general solution can be conveniently cast in the form of an
M, x M, matrix W,(z) (called the Wronskian matriz):

dW,.(z) = Bro(2) Wi (2) . (2.15)

Since the columns of W,.(z) form a basis for the solution space, this matrix must have full
rank (for generic values of z). Letting

L.(z€) =W,(2)" I (z6), (2.16)

we obtain the equation

dL,(z;€) = B,(z;€) L, (z;€) + N, (2 €) (2.17)
with

B, (z;€) = W,(2) 7! [Br(z;€) — Bro(2)] Wi(2),

~ 2.18
Mr(g; 6) = WT(g)_lﬂr(gs 6) . ( )

4Though a canonical form may possibly be reached by allowing a transcendental rotation, cf., e.g.,
refs. [57-59, 63, 105].



Note that by construction we have lim¢_ ]§T(§; €) = 0. Hence, we can easily solve the
Gauss-Manin system in eq. (2.17) order-by-order in €. Since L, and N, must be regular at
€ = 0, they admit a Taylor expansion:

Lze=Y LW and N(ze=Y &N (). (2.19)
k=0 k=0

In particular, the leading order in € leads to the equation:

dLO(2) = N (), (2.20)

T

which can easily be solved by quadrature:
L0 =L + [ 87, (2.21)
EL)

We can iteratively solve eq. (2.17) order by order in € by inserting the solution into the
expansion. This strategy was successfully applied to several complicated Feynman integrals
for which no canonical form can be reached via an algebraic transformation matrix M(z; €),
see, e.g., refs. [80, 103, 107-112].

The Gauss-Manin system for the equal-mass banana integrals. For the equal-
mass banana family, we can collect the master integrals from the sector (1,...,1) in eq. (2.7)
into the vector Jy(z;€) = (Jy1(2,€), ..., J1i(2,€))T. At every loop order, this vector satisfies
an inhomogeneous differential equation of the form (cf. eq. (2.14))

9:Jy(2;€) = Bi(25€) Jy(25€) + Ny(2,€), (2.22)
with

!
Bi(z€) = Bio(2) + > Bii(2)e",
h=1 (2.23)

; ra+et\"
o _\+1
N,(z,e)_<0,...,0,( 1)+(H‘l)!ZszeAm(l_kz)F(l—He)) ’

where we defined -
=1
2

A= {e+1-2)}. (2.24)

j=0
In section 5.2 we will discuss how to derive eq. (2.23), and we will show how to obtain the

B i(z) for k=1,...,1L

The Wronskian of the system is given by the maximal cuts of equal-mass banana
integrals in D = 2 dimensions. They can be defined by replacing the integration contour in
eq. (2.1) by a contour I' that encircles the poles of the propagators D; =0, 1 < j <[+ 1:

L 52
2k 1
Cutrl, (pQ,m2;2> ::fF (H Dyj) S (2.25)

j=1 *j I+1




Let us introduce the following notation for the maximal cuts of the master integrals
in eq. (2.7):

—1)l+1 1+4le
JF — ( 2 C tr] 2 2. 9
1 (Z) F(l +l€) (m ) utriy,...1 (p , T3 ) y (226)
Jlljk (2) = (1 +2€)...(1+ ke) 35_1J{1(z) , 2<k<I.

The vector J} (2) = (JlF 1(2), ..., Jlljl(z))T satisfies the homogeneous version of the differential
equation (2.22) for e = 0:

0:J; (2) = Byo(2)J; (2) - (2.27)
If we fix a basis of independent integration contours I'y,...,I';, then the Wronskian of

the differential equation can be identified with the matrix of maximal cuts for the [-loop
equal-mass banana graphs:

Wi(z) = (4 (), ) (2) - (2.28)

Any other maximal cut contour can then be written in this basis, e.g., I' = 22:1 al T;, and
we have

IV (2) =W, (2)al, ol = (alf e ,a?)T . (2.29)

For [ = 1, there is only one maximal cut (up to normalization), and it is simply an algebraic
function. The matrix of maximal cuts was evaluated for I = 2 in ref. [30] in terms of
complete elliptic integrals of the first and second kind:

1 dx
Ka) = /0 SO (=22

1 [1— zx?

For | = 3, the solution can be expressed in terms of products of two elliptic integrals of

(2.30)

the first and/or second kind [80]. For | > 4, it can be extremely challenging to write down
an explicit basis of contours I'; or to evaluate the corresponding cut integrals in eq. (2.26).
In particular, for [ > 4 no representation of the maximal cuts in terms of known classical
transcendental functions like elliptic integrals is known to exist.

It follows from the optical theorem (see, e.g., refs. [113-117]) that the banana integral
develops a non-zero imaginary part for p? > (I + 1)?m? (or equivalently 0 < z < 1/(I + 1)?)
and the value of the imaginary part is proportional to a maximal cut integral.® In other
words, there is a maximal cut contour I'r, such that

Im J;(2) ~ J;™(2), for0<z< (2.31)

(1+1)2"

From the previous discussion it is clear that in order to solve eq. (2.22) order by order
in € in terms of iterated integrals, we first need to understand the Wronskian matrix of the

5Note that for general Feynman integrals with more vertices and propagators, the imaginary part is given
by a combination of non-maximal cuts.
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associated homogeneous solution. From refs. [9, 71-73, 77, 78] it is known that the geometry
associated to the maximal cuts at [ loops is a Calabi-Yau (I — 1)-fold. Understanding this
geometry in some detail is needed in order to evaluate the (iterated) integrals that arise
from eq. (2.14). One of the goals of this paper is to show how the geometry associated to
the [-loop banana integrals provides new methods to solve the integrals. In section 4 we will
study in some detail what these Calabi-Yau (I — 1)-folds can teach us about the solutions
of the [-loop equal-mass banana integrals.

2.3 Picard-Fuchs-type differential equations

Instead of solving the system of first-order differential equations for the vector I(z;e¢) of
master integrals, it is also possible to consider an inhomogeneous higher-order differential
equation satisfied by each master integral:

Ly Ik(z; D) = Ri(z;€) (2.32)

where the inhomogeneity Ry (z;e€) is related to master integrals from lower sectors, and the
differential operator Ly, . has the form

Lre= Y, Qijijn(zie)dlt. . .00, (2.33)

jla-wijO

where Qg j,.. j,, (2; €) are polynomials in  and e. The operator Ly, := Ly, —o will annihilate
the maximal cuts for € = 0. Geometrically, these higher-order equations are also known
as Picard-Fuchs differential equations. They describe the periods of algebraic varieties.
This will be explained further in section 3. The higher-order differential equations can for
example be obtained by decoupling the first-order Gauss-Manin system. However, this may
not be the only way to obtain them. In the case of the banana integrals, we will see that it
is easier to derive the decoupled higher-order differential equations directly, without passing
through the coupled first-order system.

In the remainder of this section we review some general strategies to solve homogeneous
linear higher-order differential equations (inhomogeneous equations can be brought into
homogeneous form by acting with a suitable differential operator). The material in this
section is well known in the literature (see, e.g., refs. [118-120]), but we review it here
because it will play an important role to understand the properties of the banana integrals,
as studied by some of the authors in refs. [72, 73]. We start by reviewing in some detail the
case of a single variable z (which corresponds to the case of Feynman integrals depending
on 2 scales), and briefly comment on the multi-variate generalization at the end.

One-parameter Picard-Fuchs-type differential equations. Consider a differential
equation of the form

LI =0 with  £=gu(2)0 +au ()00 + . +a0(s),  au(s) 20,
(2.34)
where the ¢;(z) are polynomials, and we assume that the ¢;(z) do not have any common
zero. The leading coefficient g, (z) =: Disc(L) is called the discriminant. It will often be
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convenient to write the differential operator in the equivalent form
L=Gy(2)0" + Guo1(2)0" 1+ ...+ Go(z) withf =86, :=20,. (2.35)

One can relate both forms simply by the relations

n n—1
0" => so(n,k)z"0F  or 2ol =J[0-3), (2.36)
i=1 j=0

with the Stirling numbers of second kind sy(n, k) = % Zfzo(—l)i(lz) (k —14)"™. In particular,
we have g, (2) = 2"Gn(x).

This equation has n independent solutions f;(z) for 1 < ¢ < n. The solution space
Sol(L) is the C-vector space generated by the f;(z). Let p;(2) = qi(2)/qn(2), 0 < i < n.
We want to understand the singularities of the solutions. We say that the differential
equation (2.34) has an ordinary point at z = zq if the coefficient functions p;(z) are analytic
in a neighbourhood of zy for all 0 < ¢ < n. A point zq is called regular singular point if
the (z — 20)" 'p;(2) are analytic in a neighbourhood of zy and the p;(2) itself are not. An
irreqular singular point is neither an ordinary nor a regular singular point. Note that all
singular points 29 # oo are zeroes of the discriminant, Disc(£L)|,_, = qn(20) = 0. For
the point at infinity zp = oo one introduces the variable ¢ = 1/z and makes the analysis
around ¢t = 0. A differential equation without irregular singular points is called a Fuchsian
differential equation. Feynman integrals are expected to have only regular singularities, and
no irregular singularities can appear. We therefore do not distinguish between regular and
irregular singularities from now on.

Let us now briefly review how one can obtain a basis for the solution space using
the well-known Frobenius method. The goal will be to construct for every point zg € C n
linearly independent local solutions. Each local solution will be given in terms of power
series convergent up to the nearest singularity. These local solutions can be analytically
continued to multivalued global solutions over the whole parameter space. In the following
we assume without loss of generality zp = 0 (if not, we perform a variable substitution

z— 2 =2— 2z or 2 =1/z). Our starting point is the indicial equation
Gn(0)™ + Gr_1(0)a™ ' + ...+ Go(0)a = 0. (2.37)

The solutions of eq. (2.37) are called the indicials or local exponents at zy = 0.
We now discuss the structure of the solution space close to an ordinary or regular-
singular point zg. If zg = 0 is an ordinary point, then there are n different solutions

ai,...,0p to eq. (2.37). The n-dimensional solution space is then spanned by:
(o)
2%0(2) = 2% a2, aio #0, 1<i<n, (2.38)
k=0

where the ¥; o(z) are power series around zy = 0 with non-vanishing radius of convergence
and normalized according to X;0(0) = 1. The coefficients a; can be computed from
recurrence relations obtained by applying the operator £ on the ansatz in eq. (2.38).
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If zg = 0 is a regular-singular point, there are still n independent local solutions, but
the solution space contains also solutions other than those in eq. (2.38). Again one analyzes
the indicial equation in eq. (2.37), but now some solutions appear with multiplicities. Let us
sort them as (aq,...,q1,a9, ..., Q2,...,Qm, ..., Q). For all indicials a1, ..., a, such that
a; — o ¢ Z for pairwise distinct 7, j, one gets r power series-type solutions as in eq. (2.38).
The missing n — r solutions contain powers of log(z) and are constructed by the following
procedure. For an indicial o;; € {ay,...,a,} appearing with multiplicity s, one has s — 1
different logarithmic solutions containing up to s powers of log(z). They are given by

k
1 .
Yy 08 ) Tie) fr 0k <s -1, (2.39)
Jj=0 ’

where again ¥; j(z) are power series convergent until the nearest singularity, normalized
such that ¥; j(z) = 00 + O(z) for j > 1. For indicials o; and ay, such that «; — oy, € Z, one
has to check case by case whether one obtains a power series-type solution as in eq. (2.38)
or a logarithmic solution as in eq. (2.39).

For some Fuchsian differential equations there is a special singular point where all
indicials are equal. Close to such a point the solution space can be characterized by an
increasing hierarchical structure of logarithmic solutions, i.e., there exists a power series-type
solution g, a single logarithmic solution w;, and so on, up to log”_l(z). Such a point
is also-called a point of maximal unipotent monodromy (MUM-point), and the associated
basis wo(z), . ..,wn—1(z) is called a Frobenius basis.

It may be convenient to collect the information about all singular points and their
indicials in the so-called Riemann P-symbol. Let {z1,...,zs} be the singular points of the
n-th order operator £, including possibly also the point at infinity. We denote the indicials
for the singular point z; € {z1,...,25} by {agi), e ,ag)} (some indicials may be equal).
The Riemann P-symbol is then:

Z1 zZ2 ... Zg
[N (s)

22 S (2.40)
ol 0@

The sum of all indicials fulfills the so-called Fuchsian relation:

S n . _ 1 _ 2
S Y al = nn=1(s-2) (2.41)
2
i=1j=1
Equal-mass banana integrals in D = 2 dimensions from the Frobenius method.
Let us illustrate the concepts from the previous section on the example of the equal-mass
banana integrals in D = 2 dimensions (see section 2.1, and in particular eq. (2.7)). We only
quote here the results, and we refer to ref. [73] for details. The maximal cuts of J;o(z;0)
are annihilated by an [*"-order differential operator £;. For low loop order, the explicit

form of £; (and of its solutions) can be found in refs. [30, 35, 40, 42, 61, 77, 78, 80, 107].
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A procedure to obtain the operators L£; for arbitrary values of [, and to construct their
solutions, was presented in ref. [73] (see, in particular table 1 of ref. [73]). The operator £;
is the Picard-Fuchs operator associated to a family of Calabi-Yau (I — 1)-folds (see section 3)
parametrized by z = m?/p? € R.6

In general, the differential operator £; has regular singular points at

M54 1
ze{0,00}U {} (2.42)
20 (1+1-2j)2
and the discriminant of £; is [73]

Disc(L;) = (—z)" H (1—kz), (2.43)
keA®

with A®) defined in eq. (2.24). The discriminant is up to a factor of 2! the coefficient of the
highest §-derivative in the operator L;.

The Riemann P-symbol has to be computed for each loop order separately, but there
are some common features. The point at z = 0 is a MUM-point with indicials «; = 1 for
1 < i <[ for all loop orders. The closest singularity to z = 0 is at z = 1/(I 4+ 1)? and
corresponds to the physical threshold at p? = (I 4 1)?m?2. Close to this threshold there is an
additional single logarithmic solution for [ even and a square root solution for [ odd, which
corresponds to a half integer indicial. At the other singularities except infinity the situation
is similar. At z = oo the situation is more complicated, and one obtains more and higher
logarithmic solutions depending on the loop order I. For example, for [ = 2,3, 4, one finds’

1 1 02*15%100
1 0161
05100 17000 10000
P¢1000 ;, 7731110 , Ps<1 1110 (2.44)
1000 1ii0 11111
12221

One can easily check that all Riemann P-symbols satisfy the Fuchsian relation in eq. (2.41).
For more details we refer again to ref. [73].

The point z = 0 is a MUM-point, and we have the Frobenius basis® w; o(2), ..., @ ;-1(2)
such that .
1 »
w(2) =Y ———1og" I (2) 5y ;(2), (2.45)
=0 (k - j)'

where the ¥ () are holomorphic in a neighbourhood of the MUM-point z = 0, normalized
such that % (2) = ko 2 + O(22). For k = 0, we have [73]

2
D0(z) = To(z) = Y ( § )z'k'“, (2.46)

k1,...,k1412>0 Fayeeookiy

SWe could also consider complex values z, but for physics applications it is sufficient to consider z real.
"Notice that for =2 all singular points are actually MUM-points. For [=3 also at z0co is a MUM-point.
%Note that we use here a different normalization of the periods compared to ref. [73].
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with [k| = k1 + ... + ki1, and we have introduced the multinomial coefficient (;, ‘_.kklﬂ) =
kllkil;lﬂl . Later on it will be useful to package the elements of the Frobenius basis into

a vector:
0,(2) = (wi0(2), ..., w1 (z) . (2.47)

The power-series representations for the ¥ ;(z) have a finite radius of convergence.
The singularities are all located on the real axis (or at infinity), and we need to carefully
analytically continue the functions across each of the singularities. The branch of the
logarithm must be chosen such as to comply with the standard i0-prescription from physics,
i.e., we need to pick the branch according to

log(z — z0) = log |z — 20| — imO(20 — 2) for zo € R, (2.48)

with 6(z) defined in eq. (2.3). The Frobenius basis was described in detail in ref. [73]. An
algorithm? for their evaluation was implemented by some of us into PariGP. It allows to
evaluate the periods for high values of [ and for all positive real values of z in a fast and
efficient way by computing series expansions around any singular point.

Multi-parameter Picard-Fuchs operators. Let us conclude by making some brief
comments about how the Frobenius method generalizes to the multi-parameter case. In the
multi-parameter case one has a set of differential operators D = {L4,..., L, }, and we are
looking for functions f(z) that are simultaneously annihilated by all elements in D. The
solution space Sol(D) is the C-linear span of all common solutions, i.e.,

Sol(D) = {f(2)|Lif(z) = 0 for all operators L; € D}. (2.49)

The set D actually generates a (left-)ideal of differential operators. Indeed, if £; € D and
f € Sol(D), we have LL; f(z) = 0, for every differential operator L.

It is possible to generalize the Frobenius method to the multi-variate case. Close to
an ordinary point (in the sense of section 2.3), one again finds a basis of local solutions in
terms of generalized power series-type solutions:

m
<HZ?> oy gtz (2.50)
=1

J1yeeesJm 20

with indicials (o, ..., q,). At singular points also multi-variate logarithmic solutions can
show up, and we have

m
<H zf) Y Gk 1087 (21) - log?™ (zn) 2yt 2 (2.51)
i=1 G1yeesfim >0

1,0 kim >0
where j1 + ...+ jm depends on the multiplicity and the differences of the local indicials.
Similarly to the one-parameter case, the local basis can be analytically continued to a global

9The code is available on http://www.th.physik.uni-bonn.de/Groups/Klemm /data.php in the supple-
mentary material of the paper “Analytic Structure of all Loop Banana Integrals®.
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solution. In the multi-parameter case, however, this is a much harder problem, and may
require blow ups at certain singular points, see, e.g., refs. [121, 122]. As a side remark we
note that if the singularity is too ‘bad’ due to a crossing of many singular loci, choosing a
good set of coordinates (z1, ..., zy,) can be important. It may happen that with the wrong
choice of coordinates the Frobenius method does not produce all expected solutions. For a
more thorough discussion we refer again to refs. [121, 122].

There may be different ways to choose the set of differential operators, or more precisely,
how to choose a representation of the differential ideal generated by D. There can be
different sets of operators, e.g., D = {L1,...,Ls} and D' = {£],..., L.}, which generate
the same ideal, and thus they have the same solution space, i.e.,

Sol(D) = Sol(D). (2.52)

Note that the sets D and D’ can have different lengths, s # s, and also the degrees of the
operators can be different. Sometimes even a single but complicated operator is enough to
generate the complete ideal. A clever choice of how to represent the ideal can have an impact
on how complicated it is to find all the solutions. In particular, the higher-order differential
operators obtained by decoupling the Gauss-Manin-type system is only one possible way to
choose a set D that generates the ideal of differential operators; other, equivalent, choices
are possible, and may lead to simplifications. We will exploit this freedom in later sections
to obtain the differential equations satisfied by banana graphs at high loop orders.

Let us conclude with a comment. In the case of differential operators in one variable,
it is always possible to choose a single differential operator that generates the differential
ideal completely. More precisely, in appendix A we show that the ring of linear differential
operators in one variable with rational coefficients is a principle left-ideal domain, i.e., every
differential operator in this ideal is of the form LLj, for some distinguished differential
operator L.

3 Calabi-Yau motives and Feynman graphs

The first-order homogeneous differential equations discussed in the previous section corre-
spond quite generally to the Gauss-Manin connection for periods of families of algebraic
varieties. In examples such as the sequence of [-loop banana or train-track graphs [74, 123],
families of Calabi-Yau (I —1)-folds (or more generally Calabi-Yau motives) play an important
role, see also refs. [75, 76] for additional examples. One might even speculate that this is a
quite general feature. In all of these examples, Feynman integrals, or to be more precise
their maximal cuts, are identified with Calabi-Yau periods, and the complex parameters of
the Calabi-Yau families correspond to the dimensionless ratios of scales z in eq. (2.2).
The goal of this section is to review the most important features of Calabi-Yau n-folds,
with a particular emphasis on their moduli spaces, their description by periods and variations
of mixed Hodge structures, their discrete symmetries that allow to focus on sub-motives of
the Hodge structures and in particular mirror symmetry. The arguably simplest examples
of families of Calabi-Yau manifolds correspond to n = 1 and are elliptic curves, also-called
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l = (n + 1)-loop banana

integrals in D = 2 dimensions

Calabi-Yau (CY) geometry

1 Maximal cut integrals (n,0)-form periods of CY
in D = 2 dimensions manifolds or CY motives
2 Dimensionless ratios z; = m;> / p? Unobstructed complex moduli of M, or
equivalently Kéhler moduli of the mirror W,
3 | Integrand-basis for maximal cuts of Middle (hyper) cohomology H™(M,,) of
master integrals in D = 2 dimensions M,
4 Quadratic relations among Quadratic relations from
maximal cut integrals Griffiths transversality
5 | Integration-by-parts (IBP) reduction Griffiths reduction method
6 Complete set of differential Homogeneous Picard-Fuchs
operators annihilating a given differential ideal (PFI) /
maximal cut in D = 2 dimensions Gauss-Manin (GM) connection
7 (Non-)maximal cut contours (Relative) homology of CY
geometry H, (M) (Hyt1(Fni1,00041))
8 Contributions from subtopologies Extensions of the PFI
to the differential equations or the GM connection
9 Full banana integrals Chain integrals in CY geometry or
in D = 2 dimensions extensions of Calabi-Yau motive
10 Degenerate kinematics Critical divisors
(e.g., m? =0 or p?/m? — 0) of the moduli space
11 Large-momentum regime Point of maximal unipotent
p? > m? monodromy & [-classes of W,
12 General logarithmic degenerations Limiting mixed Hodge structure
from monodromy weight filtration
13 Analytic structure and Monodromy of the CY motive
analytic continuation and its extension
14 Special values of the integrals Reducibility of Galois action
for special values of the z; & L-function values
15 (Generalized?) modularity of Global O(X, Z)-monodromy, integrality

Feynman integrals

of mirror map & instantons expansion

Table 1. Relationship between concepts related to I-loop banana integrals and geometric structures

related to Calabi-Yau geometries.
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Calabi-Yau one-folds. For example, they can be realized by the affine Weierstrass equation:

y? = 423 — g2(2)x — g3(2), (3.1)

in a patch'® w = 1 of P2. We note that families of elliptic curves are in homogeneous
coordinates the vanishing locus of cubics, i.e., of degree-three hypersurfaces, in P2. Generi-
cally such a cubic has ten cubic monomials in x,y, w whose coefficients can vary to define
a different member of the complex family. However, these ten variations are not inde-
pendent, because nine combinations can be undone by PSL(3, C) reparametrizations and
projective scalings of the ambient space coordinates (recall that the ambient space is the
complex projective space P?). The latter are used to bring the curve into Weierstrass
form, which depends only on one complex structure parameter z. There are still discrete
redundancies in this parametrization which can be removed by considering the j invariant
3(2) = 63(2)/(g3() — 2763(2)).

Many concepts familiar from the theory of elliptic curves and their periods, which
are elliptic integrals depending on the complex deformation parameter z, generalize in a
natural way to n > 1. For example the simplest n-dimensional Calabi-Yau manifolds M,, are
degree n + 2 hypersurfaces in P"*! with (%:‘:;) — (n+2)? = kY (M,,, TM,) = k"~ 11(M,)
independent complex deformations, see, e.g., eq. (3.2). Also in the favorite representations of
the [-loop banana integrals in eq. (3.48) we arrive at the physical and geometrical parameters
in eq. (3.52) by eliminating the reparametrization of the ambient space. Unfortunately, no
complete set of geometrical invariants are known for general Calabi-Yau n-folds.

The geometrical and mathematical concepts in this section appeared in the mathematical
literature cited below. We collect here those that have been useful in the analysis of the
banana graphs and that seem most likely to play an important role for more general
Feynman integrals in the future. This leads to a dictionary between the techniques used
to compute banana integrals and geometrical concepts in Calabi-Yau geometries that will
pave the way to systematic higher-loop calculations. In table 1 we have summarized these
concepts in the context of banana integrals. It is interesting to speculate if and in which form
this dictionary can be extended to other Feynman integrals. An overview of mathematical
properties of Calabi-Yau n-folds can be found in the recent review in ref. [124], a review
from the point of view of string theory compactifications and mirror symmetry is ref. [85],
and a mathematical review of mirror symmetry can be found in ref. [125]. The review [126]
from the early days of Calabi-Yau string compactifications provides many facts about
the construction of complete intersection Calabi-Yau and a useful glossary for physicists.
We illustrate these mathematical concepts with the examples of the Weierstrass family in
eq. (3.1), the Legendre family and the banana integrals.

The homogeneous cubic equation Pr = wy® — 42® + ga(2)zw? 4 g3(2)w® = 0 with [w : = : y] projective
coordinates of the complex projective P? yields the global description of the elliptic curve including also the
point at infinity.
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3.1 Calabi-Yau n-folds and their complex structure moduli spaces Mg

Calabi- Yau n-folds M,, are complex n-dimensional Kdhler manifolds, which are assumed to
be compact,!! up to the application of formula (3.94). They are equipped with a Kéhler
form w of Hodge-type (1,1) that resides in the cohomology group H''(M,, 7). The extra
condition of being Calabi-Yau implies the existence of a non-trivial holomorphic (n,0)-form
Q spanning H™°(M,,, C). In the case of the family of elliptic curves in eq. (3.1), the former
is the volume form on the elliptic curve and the latter generalizes the familiar holomorphic
(1,0)-form dz/y. The two forms Q and w are so characteristic for the Calabi-Yau manifold
that one often refers to the triple (M,, 2, w) as a Calabi-Yau manifold. They are related via
the unique volume form w”/n! = (—1)"=D/2(;/2)"Q A Q. One can show that the existence
of the form Q (which is unique up to a phase) is equivalent to the fact that the holonomy
group is SU(n), from which it follows that the first Chern class is trivial, ¢;(M,,) = 0. This
in turn implies by the famous Theorem of Yau that a Ricci-flat Kahler metric g;; exists on
every Calabi-Yau manifold [128],!% i.e., R;7(gi7) = 0. We want the holonomy group to be
the full SU(n) group, which implies that the cohomology groups H*?(M,,, C) vanish unless
k =0 or k = n, in which case its dimension is one. This is due to the fact that SU(n) acts
canonically on these forms and the only invariant representations available are the trivial
and the totally antisymmetric one.

Another important property of Calabi-Yau manifolds M, is that their complex structure
moduli space Mg has particularly nice and simple structures. The first-order deformations
of a complex manifold are given by (finitely) many linearly independent elements in the
cohomology group H'(M,,, TM,) [129]. Here and in the following T'M,, refers to the tangent
complex of M,,. For Calabi-Yau manifolds this space is isomorphic to the space of harmonic
(n —1,1)-forms

HY(M,,TM,) = H" YY(M,), (3.2)

where the isomorphism is simply provided by contracting the elements in H*'(M,,TM,)
with Q. First-order complex structure deformations can in general be globally obstructed by
higher-order obstructions, which generically depend on the position in the complex moduli
space. One can think of these obstructions as higher terms in a potential W that obstructs
the movement of a particle in a specific direction. Tian [130] and Todorov [131] have proven
the important fact that for Calabi-Yau varieties M,, the complex h"~1!-dimensional moduli
space Mg of complex structure deformations is globally unobstructed, i.e., in the picture
with the potential, one has W(z) = 0 on M.s.

HRoughly speaking periods of compact Calabi-Yau manifolds fullfill the homogeneous Gauss-Manin
system, describe the variation of pure Hodge structures and govern the maximal cuts of Feynman integrals,
while non-compact Calabi-Yau spaces are useful to describe the geometric origin of additional in-homogenous
solution [78], referred to as extension. Mathematically one needs for the latter case the variation of mixed
Hodge structures. Concepts of mirror symmetry have been extended to these cases, by considering homology
with compact support and local limits of compact Calabi-Yau spaces [127].

12Calabi constructed some of these metrics g;; explicitly for non-compact Calabi-Yau manifolds. For
elliptic curves (n = 1), Ricci-flatness implies flatness of the metric, g;7 = const. For higher-dimensional
compact Calabi-Yau manifolds starting with the complex K3 surfaces (n = 2) the Ricci-flat metric is not
known explicitly.
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Complex families of Calabi-Yau n-folds. It is natural to consider complex families of
Calabi- Yau n-folds M,, with projection 7 : M,, — Mg over the complex moduli space Mg,
i.e., at each point z; € M one has as a fiber a Calabi-Yau n-fold 771(zy) = Mz° with a
fixed complex structure. In this picture one understands easily that Mcs can have special
so-called critical'® divisors. At these codimension one loci in Mg, the manifold itself, i.e.,
the fiber of the family, becomes singular. For example, at a point in the one-dimensional
complex moduli space of an elliptic curve a cycle S* might shrink to a point, and the elliptic
curve develops a nodal singularity. More generally, a nodal singularity corresponds to an
S™ shrinking. This is the most generic type of singularity for n-dimensional Calabi-Yau
manifolds. The corresponding critical divisor in M. is called a conifold divisor. However,
n-dimensional Calabi-Yau manifolds can acquire a much greater variety of more interesting
singularities, which are only classified up to n = 2 by the celebrated ADE-type classification
of canonical surface singularities. Families of higher-dimensional Calabi-Yau manifolds

114 moduli spaces, dimg(Mcs) = hyn—1,1. The divisors

have in general a higher-dimensiona
at which the fiber M,, is singular will intersect in higher co-dimensional sub-loci in M.
This produces over the intersection locus an even more singular Calabi-Yau n-fold fibre.
Generically, these critical divisors are given by the vanishing locus of algebraic equations,
Ai(z) =0,i=1,...,r. This locus can itself have singularities and non-generic intersections.
There are mathematical techniques suggesting that within Calabi-Yau moduli spaces these
singularities can be resolved by a finite sequence of blow ups to divisors with normal
crossings [132, 133].

One of the most important properties of a family of complex manifolds is the monodromy
that its periods or its homology groups undergo if one encircles the critical divisors in a
normal crossing model of the moduli space Ms. The local monodromy reflects the nature
of the singularity of the fibres and the degeneration of the periods. The global monodromy
often restricts the class of functions that can be periods. For example, for elliptic families
these are weight-one modular forms for a congruence subgroup of SL(2,7Z), determined by
the global monodromy of the family. We will discuss these concepts further in section 3.2.4.

3.2 (Geometric structures in the complex moduli space and period integrals

Next, we discuss some features of the structures in the complex moduli space, in particular
period integrals. We focus on the concepts that we expect to be most relevant for the
application to Feynman integrals. In section 3.2.1 we focus on the interior of the moduli
space, commonly called the bulk. We give the conceptual explanations, together with
many references, that underly the most useful tools developed over a long period of time
in mathematics, for example the Gauss-Manin connection, the Picard-Fuchs differential
ideal and the Griffiths transversality. As we will show in section 3.2.3, the latter leads

13Sometimes they are called singular divisors. However, since a divisor D can itself be singular in M.
(see below), we call them critical.

M An important problem in the application of geometrical methods to the Feynman integrals, is that
the geometry suggested for example by the second Symanzik polynomial F, see e.g. (3.40), has way more
complex structure deformations than physical scale parameters zj defined in (2.2). For strategies to restrict
the variation of Hodge structures to this physical sub slice see subsection 3.2.2.
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straightforwardly to quadratic relations between maximal cuts of Feynman integrals. In
section 3.2.4 we review concepts relevant to describe the possible degenerations of the
geometry and the Feynman integrals at the critical divisors.

The mathematical properties of periods on compact smooth Kéhler manifolds are
captured by a so-called variation of a pure Hodge structure, characterized by its decreasing
Hodge filtration in eq. (3.10). In a series of spectacular papers [134-136], Deligne generalized
that notion to the variation of mirzed Hodge structures to include open smooth, complete
singular and general varieties. In addition to the decreasing Hodge filtration, one defines in
these situations a second increasing filtration, the so-called monodromy weight filtration. For
many applications to Feynman integrals the generalization to open manifolds is essential,
as their integration domain is open. In our discussion, however, we concentrate on the case
of complete singular spaces, as our main point is the study of the generalization of elliptic
periods to Calabi-Yau periods, because they appear as the maximal cuts of (at least) the
banana integrals. At the same time, our discussion is a prerequisite for the final step to
describe the analytic structure of the banana integrals in terms of the generalized -class.
A standard reference on mixed Hodge structures is the book of Peters and Steenbrink [137];
some applications to mirror symmetry are discussed in the book by Cox and Katz [125].

3.2.1 On the bulk of M

Away from the critical divisors, i.e., in the bulk, Mg is a nicely behaved Kéhler manifold
of dimension h"~11(M,,), where the real Kihler potential K(z,2) is globally-defined by

KD — i [ 0() A0E) =" () 1), (3.3)

For the last equal sign in eq. (3.3), in particular the definition of the vector of period functions
II(2) = (II;i(2))1<i<p, (with by := dim Hy(M,,, Z) the Betti numbers) and the intersection
pairing 3, see below. Note that there is a “gauge freedom” to rescale Q — ef (E)Q(g) with
f(2) a holomorphic function, under which the Kéhler potential K(z,z) undergoes a Kéhler
gauge transformation

K(z,2) = K(2,2) - f(2) — f(2). (3.4)

Most geometrical structures on Calabi-Yau manifolds, e.g., the Kéhler metric, are invariant
under the gauge transformation in eq. (3.4), but the Feynman integral is taken in a specific
Kihler gauge.!'® In eq. (3.3) one understands the form €(z) to depend on the complex
structure parameters z so that the Q(z,) is of type (n,0) exactly for the complex structure
defined by z = z,. For each point 2, the fibre Mz over it enjoys a Hodge decomposition,
in particular, of its middle dimensional cohomology:'®

H*(M,,C) = @ HP(M,) with HP4(M,) = H?(M,), (3.5)
p+q=n

1>This means concretely that the holomophic (n,0)-form could be modified by an ef(*) factor, but we
make an explicit choice in egs. (3.19) and (3.23).
16WWe suppress the dependence on the point 2, to ease the notation.
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and a canonical polarization, i.e., for w?4 € HP9(M,,) and w™* € H"*(M,) with p+ q =
r 4+ s = n, one has

/ WPt AW =0, unless p=s and ¢g=r,
M (3.6)
ip_q/ WP A wPd > 0, for wP?#£0.

The periods of M,, are pairings between the middle homology and the middle cohomology.
They carry information about how the Hodge structure varies in the family. One fixes
an integral topological basis I';, 1 < i < b, for the middle homology H, (M,,Z). The
choice of this basis is topological, and it does not depend on the complex structure. In
particular, the intersection pairing in this fixed topological basis 3;; = I'; N I'; is given by
an integer b, x b,-matrix.'” If n is odd, then it is skew-symmetric and can be chosen to be

01
the standard symplectic pairing 3 = 10) Instead, if n is even, ¥ is symmetric, and

general lattice arguments restrict its form considerably. For example, for a K3 surface, which
is the only topological type of Calabi-Yau geometry in two complex dimensions (n = 2),
the (22 x 22)-dimensional integral matrix ks has to have signature (19, 3) and has to be
®3
01
even and self-dual. This only leaves the unique possibility X3 = Es(—1)92 @ ) 0) ,
where Eg(—1) denotes the negative of the Cartan matrix of the Lie algebra of Ej.
Concretely the periods are the pairing II : H,(M,,Z) x H"(M,,C) — C given by
the integrals

I, = / v, (3.7)
r;

with IV some basis of H"(M,,C). One can fix a basis v € H"(My,C) with [ 7 = 55
and [, 7' A7 =¥ = %;;. Then one expands Q(z) € H"(M,,C) in terms of the period
functions II;(z) in this fixed cohomology basis:

00 =3 ([ 22)7 = L ier (35)

7

As an example, for the elliptic curve E with modulus z like in eq. (3.1), one may choose a
symplectic basis S!, S} € Hy(F,Z), with S!NS} = —SiNSl =1and SINS! =SinsSt =0
in integral homology, and a dual symplectic basis o, 8 € H'(E,Z) with [pa A B =
—[gBNa=1land [paAha= [pBAS =0 in integral cohomology. Then I1,(2) = [¢ dz/y,
IIy(z) = [, 51 dz/y are the well-known elliptic integrals, and one can evaluate eq. ({5’)3) in
terms of these periods. The elliptic periods can in turn be evaluated in terms of complete
elliptic integral of the first kind. For the two-loop banana and train-track integrals (also
known as the sunrise and the elliptic double-box integrals, respectively), the maximal cuts
evaluate to the periods of an elliptic curve, cf., e.g., refs. [8, 30, 35, 138]. Introducing the
parameter 7 = II(2)/I1,(z) on the upper half-plane, and keeping in mind that II,(z) (and
IT,(z)) are holomorphic, we can evaluate from eq. (3.3), with G- = 9,0: K = 1/(2Im(7))?,

"Here N denotes the standard intersection pairing on cycles.
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the famous parabolic metric on the upper half-plane (the Teichmiiller space of E). Moreover,
using 7 as complex structure variable one can express the periods of the elliptic curve as
modular forms of weight one in 7 [139]. The Calabi-Yau periods generalize this relationship

between periods and maximal cuts to higher-loop banana and train-track integrals, cf., e.g.,
refs. [72-74, 77, 78].

The variation of the Hodge structure on the middle cohomology. As pointed
out, for a given complex structure specified, say, by z,, the form Q(z,) is of Hodge type
(n,0). At z, one can, due to (3.5), chose a basis ’Ny:f),q of specific Hodge type (p,q), p+q =n,
and express them with constant coefficients in terms of the topological basis +* at z,
cf. eq. (3.8). If we vary the complex structure, say z, — zg + €, then in particular the
n-form (zg + €) gets admixtures of forms of other types compared to the original complex
structure at z,;. The period functions II;(z) describe this variation of Hodge structures,
cf. eq. (3.8). One could have studied analogs of eq. (3.8) for all forms of Hodge type ’y;’q
but for Calabi-Yau manifolds the period functions II;(z) over the unique holomorphic form
Q(zg) play a special role, and many seemingly more general questions follow from them.
Mathematically, one captures this variation of the Hodge decomposition of the middle
cohomology H" in eq. (3.5)'® in terms of the so-called Hodge filtration of weight m = n with!?

FPH™ = @ H"", (3.9)
I>p
such that
H"=F'H™ > F'H">..- > F"H™ > F" " H™ =0. (3.10)
One can recover the Hodge decomposition in eq. (3.5) from the Hodge filtration F*® via the
relations:
FPH™ @ Fm—ptlgm = H™ and HP™M™P = FPH™ N Fm—PH™ (3.11)

The Hodge cohomology groups come from what is more generally known as the associated
graded complex of the filtered complex

G H™ = FPH™ /FrHigm = grm=>, (3.12)

Unlike the HP4  the FPH"™ vary holomorphically with the complex structure and fit into
locally free constant sheaves FP over M., with the inclusions FP C FP~!. This defines a
decreasing varying Hodge filtration of the Hodge bundle H for the family

H=F'>F'>...oF">Ftl =0, (3.13)

where we suppressed the dependence on H" since we understand that we work always
in the middle cohomology m = n. By construction F° = R"m,C ® Qa4 contains a local

18We will often suppress the dependence of the cohomology groups on the manifold M,,, i.e., we simply
write H™ for H™(My).

19 A good and more thorough treatment of the variation of the Hodge structure and the limiting mixed
Hodge structure can be found in ref. [137] and in relation with mirror symmetry in ref. [125].
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system, namely the locally constant sheaf R"m,C. Technically this a rank n sheaf of
R-modules, where R is the ring of functions on the base, hence the notation. This defines a
flat connection called the Gauss-Manin connection

VF' s Fle Q). . (3.14)

The flat sections of the Gauss-Manin coincide with the local system R"w.C, i.e., for f a
holomorphic function on Mg and s a flat section of R"m,C, one defines V by V(s ® f) =
s ® df. As before, one chooses in H the locally constant subsheaf H¢ = R"w.C, and
within that an integer subsheaf Hz = R"m,Z. The quadruple (H,V,Hz, F*®) is called a
variation of pure Hodge structures. One of the most important features is the Griffiths
transversality of V:

VFP C PP e Q). . (3.15)

A modern language proof of eq. (3.15) can be found in ref. [140]. In every coordinate system
that corresponds to a local trivialization of H, the connection V is the normal derivative,
and for Q(z) € F" one gets in particular [141]

0kQ(z) € FrIM (3.16)
with 8§ = 0F1 ... 0k and |k| = ZZ}ZIM k;. Let us note in passing that one can define
a non-holomorphic connection that allows one to kill the starting terms from F"~I#l in
eq. (3.16). For example, we have 9,, Q(z) € F*~! = H™0 @ H"1! but one checks from
egs. (3.3) and (3.57) that the application of Dy = 9,, + (9, K) yields DyQ(z) € H* L1
Writing down higher iterations of the non-holomorphic connection with this property is more
involved, but possible, and is known as special Kahler geometry for n = 3, and generalizes
to higher dimensions, see, e.g., ref. [85].

Since eq. (3.16) is a cohomological inclusion into the finite-dimensional space H, there
must be, up to exact terms, linear relations between the derivatives. The coefficients of these
linear relations turn out to be rational functions in the complex moduli z. The relations
form a finitely-generated differential ideal called the Picard-Fuchs differential ideal. One
can find its generators L£;, i = 1,...,r concretely, for example by the Griffiths reduction
method pioneered in refs. [142, 143], or for Calabi-Yau spaces embedded in toric varieties by
the Gel' fand-Kapranov-Zelevinski (GKZ) systems [10], see also refs. [84, 144]. A complete
Picard-Fuchs differential ideal is equivalent to the flat Gauss-Manin connection. In fact,
it often allows one to construct more easily the global flat sections (and other important
structures, like the n-points couplings [141], see section 3.2.3). Since exact terms vanish
when integrated over any closed cycle, the period functions are annihilated by the £;:

LIl(z)=0 fori=1,...,r. (3.17)

Here the index * refers to period integrals in any basis. The differential ideal is complete if
it has b, independent solutions near any zg € Mecs.
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Gauss-Manin connection from Griffiths reduction on elliptic families. Let us

illustrate the previous concepts on the example of the Legendre family &1,¢q of elliptic curves??

v =z(x—1)(z - 2). (3.18)

Let us start by deriving the single Picard-Fuchs operator for the Legendre family using
the Griffiths reduction method. First we write the elliptic curve as the vanishing locus
of the homogeneous cubic P = wy? — z(z — w)(x — zw) in the projective space P2. The
holomorphic form?! +dz/2y|p—g, which is valid in the patch w = 1 of P2, can be written

more symmetrically in the Griffiths residue form:2?

Qz) = 217”}5/;32 (3.19)

where v is a cycle around P = 0 and the measure is the standard volume form on P2.
Since this definition of the (I — 1,0)-form € is valid for hypersurfaces in P!, we report the
holomorphic volume form on P

I+1
ny = Z(—l)k_HSCk dey Ao Adag Ao A AdTpyg (3.20)
k=1

where the hat indicates the omission of one differential. Note that p;/P is well-defined
under the C* action defining P!, because, e.g. for [ = 2, it is invariant under non-zero A € C*
scalings (w, z,y) — (Aw, Az, \y) in P2, If we set w = 1 and evaluate the dy integration
using the residue at P = 0, we get 2 fv dx Ady/P = dx/y, i.e., we recover (up to an overall
constant), the familiar form of the holomorphic one-form on an elliptic curve. Note that
the residue form in eq. (3.19) generalizes naturally to Calabi-Yau hypersurfaces P = 0
in weighted projective spaces or toric varieties as ambient space in any dimensions. The
residue form of €2(z) in eq. (3.19) also generalizes to complete intersection Calabi-Yau
spaces P, = P, = ... = P, =0 in products of projective spaces in Xﬁl IP’ZZ) The latter are
Calabi-Yau (n = ;% n;) — r)-folds, if the sum of the degrees dj; of the k’th homogeneous
polynomial Py w.r.t. to the homogeneous coordinates of the [’th projective space ]P’?l’) fullfills
the Calabi-Yau condition

del:nl—i—l, Vi=1,...,m, (3.21)
k=1

see e.g. [126] for a physics review and [146] for mirror symmetry calculations for these
spaces. Theses complete intersection (CI) Calabi-Yau manifolds in products of projective

20Tt can be transformed into Weierstrass form with go = 1/27(2—32—32%+22%) and g3 = (2% /3)(1—2z+27%).

2'Here the sign depends on choice of branch of the square root. We pick plus in the following.

22 A preferred Kahler gauge choice of Q is to replace p; with aop; in eq. (3.19), where ag is the coefficient
of the symmetric perturbation z1 - -+ z;11 in P if the latter exists, see ref. [145]. The so-defined €2 posseses
additional symmetries which can be used to derive the Gel’fand-Kapranov-Zelevinski differential ideal for
the Calabi-Yau periods in preferred complex structure coordinates, see refs. [72, 85].
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spaces are commonly denoted by [126, 146]

}P’?ll) dip ... dn

M= ] (3.22)
Pl | dim - . dem

Let v be a loop encircling P, = 0, then the holomorphic (n,0)-form is given as

1 A L,
QO = O Ll 3.23
&) = Gy 74 74 o (3.23)

see refs. [142, 143] for projective spaces and ref. [85] for an overview of the measure y for
more general ambient spaces. Note that (3.21) is equivalent to the vanishing of the first
Chern-class ¢; (T'M,,) = 0 of the complete intersection M, [142, 143] and guarantees that
Q(z) is well defined under all C* actions defining the ]P’?;). Both the hypersurface- and
the complete intersection representation will be useful for the maximal cut of the banana
integrals, as we explain at the end of this section.

Now, let 9}, be the derivative w.r.t. the k" coordinate (in z) of the projective space.
Then 0Ok (q(z, 2)/P")u2 is exact if and only if ¢(z, z) is chosen so that the expression is
scale-invariant [142, 143]. In other words, under the integration over v and closed cycles T’
of a smooth fibre E of &1,¢q, the following partial integration formula holds:

rq(z,2)0,P  Opq(z, 2)
pr+l1 K2 = Pr H2 -
With the notations Il(z) = [p Q(z) = [p §, 5 and (1)’ = 0(:), one gets for the Legendre

curve after a short calculation:

2 (w2r — 212
H// (Z) :/ (w T wx) 113
I

(3.24)

P3
12wt —2w3z) 9, P + 2 (wx? — 2w3z) 8, P + (2w?zy — w3y) 8, P
=35 3 M2
3Jr P
1—-22 1 wOy, P yo, P 142
=2 /( o,p — YW )
s R R vl A 2(1—z)) P?
1—22 1
T () ——TI(2).
z(1-2) (Z)+4z(1—z) (2)
(3.25)

To get the second equality, i.e., to write —2(w?zr —wz?)? = ¥, qu(z, 2)9) P, one might

use the Grébner basis algorithm [147]. The third equality is obtained using the partial
integration rule for the integrand, which reduces the power of P in the denominator. The
resulting numerator is expressed (using again if necessary the Grobner basis algorithm)
in the form ¢(2)0,P + Y, qx(z, 2)0x P. This allows one to identify the II'(z) term and to
use partial integration on the rest. With the logarithmic derivative § = z 0., we get the
differential operators Lr,cs generating the Picard-Fuchs ideal as

1 2
2 Liog =2 |(1— 2)02 + (1 22)0, — Z] e (9 + 2) , (3.26)
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and the Picard-Fuchs differential equation for the Legendre family &g is
LregTI(2) = 0. (3.27)

It clearly has by (E) = 2 solutions. Our short computation illustrates the general strategy
based on eq. (3.16). In particular, 0,€(z) generates an expression that can be written, up
to exact terms, in terms of the holomorphic (1,0)-form Q(z) itself and a differential of the
second kind, which is a meromorphic one-form with vanishing residues. These span H(E),
in agreement with eq. (3.16). Taking the second derivative §2€(z) closes on this space,
and produces up to exact terms a linear relation, leading to the Picard-Fuchs operator in
eq. (3.26). At this point we stress an important point: arguing that these meromorphic
differentials, which have a well-defined pairing with homology, equivalently encode the
Hodge decomposition in egs. (3.11) and (3.12) at a particular point in Mg is a non-trivial
step. By taking derivatives of 2 with respect to the complex moduli one of course never
literally obtains for example Q. Rather, one has to use the in higher dimensions quite
elaborated theory of hyper-cohomology to show that the homology spanned by the emerging
meromorphic differential is cohomologically equivalent to the Hodge cohomology. This
application of hypercohomology is described in ref. [148], see also ref. [149] for a simplified
physical explanation. Essential for us is the general fact that among the derivatives of
Q(z) w.r.t. to the moduli z one can find a basis of H modulo the relation in eq. (3.24).%3
Integrals over these cohomology elements correspond to independent master integrals for the
maximal cuts in some integer dimension. Geometrically, they can easily be made explicit.
In particular, for hypersurfaces in an n-dimensional (weighted) projective ambient space, let
P(z) be of (weighted) degree d in the coordinates x1, ..., Z,+1, and J(P) is the Jacobian
ideal, i.e., the polynomial ideal generated by the partial derivatives 0., P at a smooth point
of P. Then we can consider a finitely generated ring of deformations of P:

(C[l‘l, ceey :L‘n+1]
J(P)

R(P) = . (3.28)
This ring is graded with degrees d = kd with k = 0,...,n. Note that the dimension of R(P)
and its graded pieces are constant for smooth loci in Mg, and they do of course not depend
on reparametrizations of the ambient space. Hence, the simplest smooth configuration of Py
at a smooth reference point, say z,, can be used to study generic properties of R(P). Using
this freedom, one can choose a monomial basis as its generators. Let us denote generators

of degree dj, by mgk) (x),i=1,...,#%. Then one can represent a basis of differentials as:
L mP @
Q(’“):—?fzif" =1, #. 2
i 270 7 Pk+1 y 1t ) s ke (3 9)

Exept for ng) = (), these differentials are meromorphic, but hypercohomology allows one to
relate ng) to the forms generating F" " *H"(M) fori =1,... ,hﬁ;k’k = #. Via eq. (3.2)

*More precisely, the horizontal subspace Hnor (M, C) of H(M,C). This distinction becomes important
for higher-dimensional Calabi-Yau manifolds.
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the complex structure deformations or local coordinates of Mg are naturally identified
with the deformations z in

n—1,1
hhor

P=pR+ Y zm{(). (3.30)
i=1
For example for the generic cubic in P? (see eq. (3.34)), one can choose mgo) (z) =1 and
mgl)(g) = zyw (the former gives rise to the differential of the first kind on the elliptic curve,
while the latter represents a differential of the second kind). Note that for specific realisations
of M,, not all complex structure deformations of M,,, whose number are always given by (3.2),
can be represented by monomials deforming the defining equations.?* However those that
can, define a sub slice in the complex moduli space on which (3.31) closes and leads to a
consistent Picard-Fuchs differential ideal for a sub motive H}' (M,) of H"(My). The above
concepts generalize to complete intersections.
In particular, eq. (3.24) becomes for complete intersections [142, 143], again up to
exact terms,

my  P; q0y, Py 1 P;0y,q q0z, P;
Z . 5T m = - m M T ‘an/% (3.31)
ety T 1P [Ti=1 By mj — 11l B [l=1 7

where r is defined as in eq. (3.23) and ¢(z) are polynomials of the appropriate degree to
ensure the scale invariances and p is a suitable generalization of the measure in eqgs. (3.20)
and (3.23) for the ambient space under consideration. An example for the application of
the Griffiths reduction method for an elliptic curve represented as a complete intersection
can be found in ref. [146].

Note that eq. (3.27) is the famous Gauss hypergeometric system with solution II(z) =
o F (%, %, 1; z). More generally, Calabi-Yau manifolds embedded canonically into toric
ambient spaces have Picard-Fuchs differential ideals given by resonant GKZ systems [10, 84,
144], which is one canonical extension of hypergeometric systems to the multi-parameter
case. The canonical embedding of the Legendre curve in this sense would be by a complete
intersection of two quadrics in P?, which we denote by the short form E = (P3|[2,2).
The residue form of the holomorphic form 2 is given in eq. (3.23), and the Griffiths
reduction method generalizes using eq. (3.31) to complete intersections [142, 143]. The
explicit reduction for the case at hand can be found in ref. [146], where it is compared for
Calabi-Yau n-folds with the generalized hypergeometric GKZ systems.

Let us now illustrate how the Picard-Fuchs equation (3.27) can be used to obtain the
Gauss-Manin connection V for the Legendre family Eeq. If we define I(z) = (II(z), 8,11(2))”
and I?(z) = (TI(z), 011(2))”, then the Picard-Fuchs equation LyeII(z) = 0 can be cast in
the form:

0.1(z) = A(2)I(z) or 6I%z) = A%=2)I%z) (3.32)

A<z>=< ) 1) or A"<z>=< 0 1>. (3.33)

4z(1—2) 2(1-2) 4(1—2) 1-2

with

24E.g. for hypersurfaces in toric varieties, these non-polynomial deformations are represented by the
correction term, the last term in the second formula of Corollary 4.5.1. in [150].
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We see that the Gauss-Manin connection in eq. (3.32) is indeed very reminiscent of the
homogeneous system of first-order differential equations satisfied by the maximal cuts of
the master integrals for € = 0, see for example eq. (2.27).

As a second example we discuss the maximal cuts of the two-loop equal mass banana
integrals. At two loops, the geometry associated to the banana graph is a family Epayn, of
elliptic curves, which can be described as the vanishing locus in P? of the polynomial (with

1/z = p*/m?)
P = (3 —1/2)wzy + w’z + wy + wr? + wy? + 2%y + 29° . (3.34)

Note that this polynomial is equal to the second Symanzik polynomial of the banana
graph, cf. eq. (3.40). We can derive the Picard-Fuchs differential equation as before, but
let us point out a slightly more universal way. Every elliptic curve can be brought into
the Weierstrass form in eq. (3.1) by Nagell’s algorithm.?> To apply the Griffiths reduction
method to eq. (3.1), we introduce the notations:

A= gg - 27g§ ) B = 39593 - 2g2gé )

(3.35)
p=38/(24), r=log(d),  a=log(p).

After a short computation we arrive at the following general expression for the Gauss-

Manin connection:26

0 1
O:L(z) = | 1 (a gt W) ROF (3.36)

12 12

For eq. (3.34) one gets go = (32 — 1)(323 — 322 + 92 — 1) and g3 = V3(1 — 62 — 322)(92* —
3623 +302%2 — 122 4+1)/9. After factoring out a trivial factor, one arrives at the Picard-Fuchs
differential operator:

Lo=(1-92)(1—-2)220? — 2(1 —922)9, + (1 — 32)

=(1-92)(1—2)0° = (2—102)0 + 1 — 3z. (3.37)

This homogeneous differential operator annihilates the maximal cut of the two-loop ba-
nana integral.

Let us conclude this discussion by an important comment. While the Picard-Fuchs
operator Lo annihilates the maximal cuts of the two-loop banana integrals, it does not
annihilate the complete Feynman integral. Instead, £o needs to be supplemented by an
inhomogeneous term related to the tadpole master integrals (which vanish on the maximal
cut). Alternatively, the corresponding integration domain is not closed in the elliptic curve
defined by eq. (3.34). The corresponding period integral is then called a relative period. This

#5See ref. [85], appendix 1, for explicit formulas that bring cubics in P? (used here), bi-quadrics in P* x P*
and all quartics in P(1,1,2) into Weierstrass form.

260ften, besides df, the second basis element £

Y is used as meromorphic differential of the second kind, i.e.,

; i . : z x zdx 188z2 —A'x—3
one with no non-vanishing residues. We note the relation 9,92 = — Ly/de__ pzde 4 d 1882 —Aw—39208 ) g,
Yy 12 Yy Yy da 6yA
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adds one inhomogeneous solution to the b2°"(M) solutions of the Picard-Fuchs differential
ideal. The precise linear combination of homogeneous and inhomogeneous solutions that
correspond to the Feynman integral or the relative period has still to be determined,
which happens in generality for the banana integrals in eq. (3.95). Mathematically, adding
boundary terms to a Calabi-Yau Picard-Fuchs differential ideal that describes a variation of
Hodge structures is known as an extension of the latter.

3.2.2 Cuts of banana integrals as periods of Calabi-Yau motives

A convenient starting point to relate the banana integrals to Calabi-Yau geometries is to
consider their Feynman parameter representation in D = 2 — 2¢ dimensions:

3 1 -2
Iz(pQ,MQ; D) = /l (H :Ukk) Wﬂla (3.38)
L \k=1 1=

where we defined v; =14 §; and w = Zii% v — % =1+4le+ > ;94;. The two Symanzik
polynomials for the banana graph are given by:

I+1 1+1 1 I+11+1
U= (H :1;> (Z x) => 1= (3.39)
i=1 i=1 "% i=1 ];1
J7F

+1 +1
F(p?,m?) = —p? <H a:) + (Z m2x> U. (3.40)
=1 =1

The edge variables x; form a set of homogeneous coordinates for the projective space P,
and the [-real-dimensional integration domain o is defined as:

0’12{[3712...Z$l+1]€Pl|xi€R20 fOI‘&HlSiSl—i—l}. (3.41)

Let us briefly illustrate how we can identify the Calabi-Yau geometry associated to
the I-loop banana graphs. Following ref. [71], a maximal cut of the banana integral in
D = 2 dimensions can be obtained by replacing the integration contour in eq. (3.41) by the
[-dimensional torus

T ={[z1:...:z ) €P |z =1forall 1 <i<Il41}. (3.42)

Using the notation introduced in eq. (2.26), there is a cycle I'z (in loop momentum space)
which corresponds to the cycle 7" in Feynman parameter space, so that

I'r 2:/ Hi :/ % ol = 271 ) . 4
Tg (22) e F(l,z) Jr-1Jy F(1,2) ™ Jria -1(2) (3.43)

Now we note that one S' cycle of T! in eq. (3.43) can be identified with 7 in eq. (3.19), so
that the resulting form €;_1(z) can be identified as the holomorphic (I — 1,0)-form of the
Calabi-Yau hypersurface (HS), defined as the vanishing locus

M = {£ e P F(l,z2) = 0} : (3.44)
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This hypersurface geometry is singular in the physical sub-slice. Nevertheless all [ residua
of the S contours in eq. (3.43) can be performed near the point of maximal unipotent
monodromy at z = 0 and one gets a power series

00 n 2 I+1
T (z2) = @) Y 30 <k ) I+ (3.45)

n=0|kl=n “"1 " ki) 5

with |k| = Y01 k;, which converges to the next conifold singularity.

The period integral in eq. (3.43) is only one possible maximal cut of J;(z;2), and this
period can easily be evaluated explicitly (cf. eq. (3.45)), even in the singular geometry in
eq. (3.44). However, as we have seen in section 2, we would like to know the complete
Wronskian W(z), or equivalently the vector of period functions II(z), preferrably in an
integral basis that allows us to identify the periods with the maximal cuts. For this it
is convenient to have a smooth model. For example, the geometric invariants that enter
the I-class evaluation, can be properly defined only for a smooth model. In ref. [72] the
smooth model was obtained in eq. (3.44) by considering the reflexive Newton polytope
associated to eq. (3.40). The smooth model is a deformation of the singular configuration
in eq. (3.40), and its toric ambient space as well as its mirror manifold could then be
obtained using Batyrev’s toric mirror construction [150]. For example, for the two-loop case
(I = 2), this yields the elliptic curve studied in ref. [78]. The three-loop integral geometry
with x(M3S) = 24 is a K3 with 9 complex structure deformations and a Picard group of
rank 11. For the four-loop integral one gets a Calabi-Yau threefold with Euler number
x(MHS) = 20, hg; = 16 and hy; = 26, while for the five-loop integral the Calabi-Yau
fourfold has X(Mfs) = 540, h31 = 25 and hy1 = 57, hor = 0 and hoy = 422. It is easy
to see that the complex structure deformations grow like h;_9 1 = I2. Even though these
complex deformations grow much faster than the [ + 1 physical parameters z, the GKZ
system induced from the toric ambient space and the large radius coordinates made it
possible to construct from the toric description of eq. (3.45) the Picard-Fuchs differential
ideal in ref. [72] for three and four loops, and for general masses in ref. [73]. This was done
by restricting the GKZ system to the physical sub-slice and determining the inhomogeneous
term by an ansatz confirmed by extensive numerical integration of eq. (3.38). Clearly, this
method becomes more cumbersome at higher loops, because the physical parameter space
becomes an ever tinier subspace in the complex moduli space of the higher-dimensional
hypersurfaces in eq. (3.44), with an even more redundant middle homology and cohomology.

Complete intersection CY-motives for the banana integrals. A very elegant way
to circumvent this problem for the banana integral was proposed in ref. [73]. Let us describe
first the general philosophy, which is likely to have applications to other Feynman graphs.

Explicit mirror symmetry calculations start with a concrete algebraic description of
the Calabi-Yau n-fold M in which one studies the complex structure deformations. The
latter is preferable given by hypersurface or complete intersection constraints in a projective
ambient space, because such descriptions come with a Griffiths residuum expression for
the holomorphic (n,0)-form €2, which is the starting point for the concrete study of the
variations of the Hodge structure. In particular, the classes defined by derivatives of € w.r.t.
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to the complex structure parameters, realized as deformation parameters of the defining
constraints, yield a hyper-cohomology on which the Picard Fuchs equations or the Gauss-
Manin connection closes by definition. In the mirror construction one considers in addition
often a subspace of these deformations that are invariant under some discrete symmetry
group G acting on M as defined via its action on the constraints. On the hyper-cohomology
generated by derivatives of 2 w.r.t. these invariant deformations the Picard-Fuchs equations
closes likewise. We call this hyper-cohomology the horizontal cohomology and the part
of the cohomology of the mirror W that it maps to under mirror symmetry, the vertical
cohomology. The latter can often be characterized independently in its own right, see
below. It is well known that even for hypersurfaces in general toric ambient spaces, (and
even without the consideration of the invariance under any symmetry G) the horizontal
cohomology does mot describe the full middle cohomology as some deformations of the
abstract deformation space infinitesimally characterized by H'(M,TM) = H" Y1 (M) are
not realized in the specific algebraic description. This phenomenon becomes more and
more prevalent for the algebraic description of Calabi-Yau n-folds M of higher dimension
and, in particular, realized in higher co-dimension in the projective ambient space. What
can be seen as a disadvantage of the specific algebraic description (because it prevents
one to study the full variation of the Hodge structure) can be turned in an advantage in
the application to Feynman integrals. When one searches the optimal characterization
of the physical subspace of a Calabi-Yau geometry one can find the algebraic realization
in which the relevant physical variation of Hodge structures is exactly described by its
horizontal cohomology.

For the banana integral one considers the complete intersection of two polynomials of
degree (1,...,1) in the cartesian product of (P')’s

+1
Pri1 = X Py (3.46)
=1

Such a complete intersection manifold in a product of manifolds is denoted in short as?’

111 11
Py Py

M= 0 | C Co | =R CPy,. (3.47)
P%H—l) 11 ]P)%H—l) 1

Let (argz) : xg)) € ]P’%i) for i = 1,...,1 + 1 be homogenous coordinates of the i*" P%i). The
generic degree (1,...,1) polynomial Py, k = 1,2 can each have 2!+1 different monomials
— for each ]P’%i) we can pick xli or 1’; — with arbitrary complex coefficients. Even after
the identifications by the automorphisms of the ambient space is taken into account these
represent much more independent complex structure deformation parameters than the [ + 1
physical deformations. To describe the physical slice of the complex moduli space we use
the mirror symmetry construction for complete intersections. The latter identifies an [ + 1

dimensional sub-slice, which is mirror dual to the [ + 1 Kéhler parameters, i.e. sizes, of

*"The notation for complete intersections is explained in (3.22).
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the manifold M,, that are inherited from the ambient space P41 [84]. As it turns out this
is the physical slice. Note that in the large volume limit classical the (I 4+ 1) parameters
correspond literally to the sizes of the P!.

In the simplest cases the mirror dual W, is constructed by taken an orbifold of the
original manifold M, w.r.t. a discrete finite orbifold group I' and resolving the singular
orbifold M = M,,/T" such that the mirror becomes W,, = ]\m [151, 152], where the hat
indicates the resolution of the singularities. If we want to study the [ 4+ 1 complex structure
deformations W,,, we do not have to construct the resolutions of the orbifold singularities
explicitely. Rather we can study the restriction of the complex structure of M, to the
sub-slice that is invariant under the action of I'. We call this family M} and note that on
the restricted family we get the same Picard-Fuchs differential ideal as for W, and also the
periods agree up to a normalization given by the order |I'| of the orbifold group I'.

The étale map [150] generalizes the orbifold construction and maps the original hyper-
surface or complete intersection given by polynomial constraints to polynomial contraints
in a quasi projective toric variety in term of coordinates that are invariant.?® The latter
can also be defined from the reflexive pair of polyhedra [150] for hypersurfaces and an
additional nef-partition of the reflexive polyhedra for complete intersections [153]. In the

case at hand consider the monomial m = H%zl Hiﬂ .Z‘EC) We can find independent étale
coordinates w,(;), k=1,2andi=0,...,l 4+ 1 of weight (1,...,1) such that w( )w(z) m.

We can describe the restricted complex deformations by a complete intersection M;® in
the orginal coordinates of P, 1 or in terms of étale coordinates in a quasi-projective toric
variety by the vanishing of the following contraints [84, 153]

W I+1 I+1 I+1 I+1
P = apw, —I—Zagm 1w —aOHacl +Za2m1x2 H:U
m=1 km (3.48)
I+1 I+1 I+1 () I+1 ®)
Pg—aowo —I—Zagmw H$2 +Za2m 1m HwQ .
m=1 k#m

Here we chose representatives of the monomials deforming the complex structure, that can
not be identified by automorphisms of the ambient space. One can also consider the reflexive
polyhedron A defined by ;1 and the nef partition A = A+ Ay that corresponds to the two
constraints of the complete intersection (3.47) and follow [153] to arrive at (3.48). Note that
the geometry (3.48) becomes smooth when the orbifold singularities are resolved and this
process does not affect the complex structure moduli space described by the equations (3.48).
Let us consider the tuple of the parameters in (3.48) in the order (ag,ag; a1, ... ,a2(l+1)).
On these parameters the (C*)"*!-scaling symmetries given in [73]

(M = (~1,-1;1,1,0,0,---,0,0,0,0)

5(2) - (_1>_1;070)1)1)' o 70707070)

: (3.49)
(W = (-1,-1;0,0,0,0,---,1,1,0,0)

() = (~1,-1;0,0,0,0,---,0,0,1,1)

281n particular if No = |T| is the order of the orbifold group, the map is No to one.

— 33 —



act and yield the (I+1) second order GKZ operators (3.9) in [84] in the Batyrev large radius

: o) 4Y (k) ,
coordinates 2z = [[:.2] " a;* /(apdo), k =1,...,14+ 1, where the ¢;"’ denote the entries of

the ¢-vectors after the semicolon. Identifiying ag = ap = |p| and asi—1 = asr = m,; these
Batyrev large radius coordinates become precisely the physics scale parameters zp = mi /p?.
It is not hard to see that these GKZ operators follow from the scaling behaviour of (3.23),
given the concrete form of the constraints (3.48). The full Picard-Fuchs ideal for the
generic-mass case was derived up to four loops in [72, 73]. To derive the corresponding
higher order operators more systematically for higher loops one can use in the complete
intersection representation eq. (3.31).

We will show now the relation of the representation of the geometry (3.48) to the
hypersurface representation given by the vanishing of the second Symanzik polynomial (3.44).

To this end we use the C*-actions acting on the (ag, @o; a1, - . ., as(41)) parameters in (3.48)
to set
apg = h, (Nlo =1
A2k—1 = Zk, asy, = h, k=1,...,1+1 (3.50)

and construct a birational map from the geometry in eq. (3. 48) to the hypersurface geometry
in eq. (3.44): solving for P; = 0 one gets h = —ZZH T;’“ Wk, while P» becomes Py =

1+h S HL 1/Wy. Here we passed to toric C*-coordinates Wy, = 9:1 /x2 fork=1,...,1+1
and arrive at

I+1 +1 4
— m; 17 , 3.51
-~ (5tm) (5 ) .
which is eq. (3.44) written in C*-coordinates. Having found a birational map from eq. (3.48)
to eq. (3.44), it is also interesting to establish that JIFOT (2;0) comes out correctly in the
representation in eq. (3.48). Using eq. (3.23), we write the correponding period integral as

1. Jrf (2;0) (3.52)

-1

—1
- f{ 7§ 1+l§ 1+l§ﬁi UL
2mi))* Jwi=o Jwii=0 —p|Wi) Wi Wi

=1
I+1 m; n;
m n ms i m; 1 i R
= a5 s o 2 o )( UG (Gim)
(2mi) W1:0 Wit1=0 | nsm S M4 ny...m+1/ ;5 p| Ip| Wi
[n]=n
0o ( )2 +1
=2 I1="
n=0|k|=n kl kl—H i=1

We see that we get exactly the same expression for the torus period as in eq. (3.45) for
the hypersurface. Here p = (aoao)/QlH,u,(l) AN ,u,ng), where ,u() is the standard
measure for each P} from eq. (3.20). Note that in the W; coordinates the measure becomes

i = (aodo) G A - A Gt

. The last identity is obtained by performing all the residues.
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There are at least four reasons why the smooth complete intersection representation
in eq. (3.48) is superior to the hypersurface representation in eq. (3.44). First it contains
exactly the right number of deformations which are very easily identifiable with the
physical parameters z. Second, and even more importantly, eq. (3.48) defines a natural
closed submotive (see below) HPN (ML) and H{ Y (MPCY,Z) of the total cohomology and
homology of MEII.Qg In particular, H}llgrl(Ml(ill) is generated by taking derivatives of
eq. (3.23) w.r.t. to the independent deformation parameters in eq. (3.48) modulo eq. (3.31).
Among this cohomology group we can identify the integrands of the master integrals in
D = 2 dimensions, while among the dual homology group H}°' (ML) we find a basis of
different maximal cut contours. Third, it allows one to extract the Picard-Fuchs differential
ideal with general masses straightforwardly as a simpler GKZ system only in the physical
masses, as pioneered for these cases in ref. [84]. The last point is that, according to
ref. [84], mirror symmetry maps the horizontal middle cohomology H}ll;rl (ML) to the
vertical cohomology EBQZOH\’féft(ngl), i.e., the one that is inherited from the ambient space,
and the corresponding middle homology H}(MFL) to the even homology Hy™(WSEY)
for K =0,...,n that is obtained by restricting the Chow group of the ambient space, on
the same manifold. If we restrict ourselves to these vertical- and horizontal subspaces of
homology and cohomology parametrized by the physical subspace of the moduli spaces
and denote the restriction by the superscript res then the restricted complete intersection
geometries for the banana graphs are self mirrors

CI, ves _ 11,CIL
Ml_lres— l_lres. (3.53)

The latter fact allowed some of us in ref. [73] to find the full banana integral in D = 2
dimensions using the [-classes of the mirror geometry I/Vlcjl’ " in the large volume regions
for the full physical parameter space and to specify the exact branching behavior of the
Feynman integral at the conifold divisors.

The important lesson to draw from the two geometrical representations for the banana
graphs is that there is no such thing as an unique Calabi-Yau geometry (or its extension)
associated to a Feynman graph. To underline this point, we note that MESl and Ml@{ have
different topologies, e.g., the Euler numbers for Mllisl are

X (M§{8> =20, ¥ (Mfs) =540, ..., (3.54)
while for M, 1(111 they are
X (M??I) =80, (MEI) =720, ... (3.55)

Therefore, one cannot find a smooth map relating these geometries. Rather, one must
focus on finding the uniquely defined family of Calabi- Yau motives, preferably in the easiest
geometrical setting.

One of the goals of this paper is to generalize the results of ref. [73] to include all
higher-order terms in the dimensional regulator e. We find also in this context that the

29Which similar to the cohomology and homology of MlH,Sl is much bigger then the desired physical
sub-motive.
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motive given by eq. (3.48) is more natural. In particular, the homology of the ambient spaces
F}, defined in (3.47), and specially P;;1 seem to play an important role, see section 5.2.1.
So again the motive defined by eq. (3.44) is less suited to understand that generalization.

Families of Calabi-Yau motives. A family of Calabi-Yau motives of rank r and weight
n can be characterized by its Picard-Fuchs differential ideal and an intersection form 3.
The Picard-Fuchs differential ideal has to have the properties that its complete set of
r solutions II(z) fulfill the Griffiths transversality conditions in eq. (3.57) and form an
irreducible integral representation of the global monodromy group I' v, , which is a subgroup
of O(X,Z) defined in eq. (3.64). Depending on wether X is even or odd, we speak of even or
odd Calabi-Yau motives. These occur in the simplest geometrical setting from the middle
cohomomology of n-dimensional Calabi-Yau spaces M, of even or odd complex dimension
n. For one-parameter families the Griffiths transversality conditions can be recasted as the

condition in eq. (3.61). In particular, for the case of a three-fold, ¥ can always be chosen

01 .
4 0> , were the boldface entries are % x %3

symplectic such that in some basis X :< ;
matrices (see the discussion in section 3.2.1), and several hundreds of abstract families of
Calabi-Yau motives have been found using the additional assumption that the motive has a
MUM degeneration, see section 3.2.4 in ref. [154].

Since for higher-dimensional families such abstract studies of the possible motives
have not yet been carried out, we describe below two strategies that allow one to obtain
constructively desired sub-motives of a Calabi-Yau mixed Hodge structure, that are relevant
for the banana integrals. A family of Calabi-Yau motives can be characterized as invariant
piece or sub-motive of a Calabi-Yau mixed Hodge structure under a discrete symmetry or
as the sub-slice of the complex structure moduli space that is inherited after a singular
transition from the singular configuration.

Let us give first an example of the latter type. This is explained in ref. [155], however,
only for Calabi-Yau three-folds. The example of ref. [155] has direct bearing on realizations
of the four-loop banana graph motive, and we expect it to generalize to all loops. The

authors of ref. [155] consider the following transitions®’

Xx1626 _, ysing _, 545 (3.56)

Here X626 is our deformed space M!S with y(MHS) = 20. The superscripts are hy; and
hi1, respectively. X518 is the singular five-parameter space in the physical slice written in
torus variables, and X %% is the small resolution of X8, The observation is that X358 has
30 nodes (conifolds) situated inside ten surfaces S;; defined® in [155], where S3-spheres are
shrinking. These conical singularities can be resolved projectively by replacing the singular
loci by P! blow ups. Each blow up adds x(P') = 2 to the Euler characteristic, see [156] for
an early application of this technique to construct Calabi-Yau spaces with positive Euler
number. The five-dimensional moduli space of X*"& gets identified with the five-dimensional

30We follow the notation of [155]. The subscript u denotes collectively the 16 complex moduli of the
X 1626 family and subscript a the five moduli of the singular family with 30 nodes.
31They play a similar role in the proof that an algebraic resolution exists as the two-planes in [156].

— 36 —



moduli space of X545 Tt is conceivable that X5 is the mirror of M. Sl but in any case in
view of the map in eq. (3.50), it is clear that the rank ten motive defined by the middle
cohomology of X545 ig the same as the one of the horizontal cohomology of the smooth
manifold in eq. (3.47). Hence, we can see the construction of our geometrical realization
in eq. (3.48) for the massive banana integral as a variant of the transition method, which
generalizes in the simplest possible way to all dimensions and has the additional advantage
that the simple mirror identification in eq. (3.53) is available.

The second common strategy to characterize a sub-family of motives within the Hodge
structure of a Calabi-Yau manifold M, is to find a discrete symmetry group G that acts>?
on special configurations of M,, and leaves the holomorphic (n,0)-form invariant. One
can then focus on invariant subspaces of the Hodge structure on M, under the action
of G that descends to M,,/G. The action on the cohomology of M, can be determined
from an explicit realization of the latter, e.g., the one in eq. (3.29). For example, in many
constructions of mirror manifolds one considers the invariant part of the cohomology of M,
under a maximal phase symmetry group G. To obtain the mirror, one resolves the quotient
singularities of M,,/G, but to construct the differential equation of the sub-motive it is only
necessary that the invariant family is either smooth or that the generic singularities of the
family can be resolved. Finding all symmetries G is not an easy task, as their detection
depends very much on how we represent M,,. Starting, e.g., from eq. (3.44), it is not easy to
find a discrete symmetry G that restricts the motive of M, llfsl to the motive of the physical
sub-slice. The physical sub-slice, on the other hand, exhibits further phase symmetries
besides the obvious S;y; permutation symmetry. Together they can be used to restrict to
the equal-mass sub-slice further, see the end of section 3.3.1 for a discussion of that point.
While the symmetry action of G on M, that induces a splitting of the Hodge structure into
irreducible representations of the Galois group might be hard to find, an additional tool to
detect it is to consider splittings of the Hasse-Weil zeta function using a p-adic analysis, as
it was employed in simple Calabi-Yau cases [157, 158]. This strategy might be adaptable to
families of motives.

It is important to note that by definition the properties of Calabi-Yau Hodge structures
that we discuss in sections 3.2.3, 3.2.4 and 3.3 apply with necessary qualifiers to the families
of Calabi-Yau motives. We will comment more on the question of the universal applicability
of the latter to Feynman integrals in section 3.4.

3.2.3 Quadratic relations from Griffiths transversality

In this section we explore an important consequence of Calabi-Yau geometries for the
maximal cuts of Feynman integrals. More precisely, we will show that the Calabi-Yau
geometry leads to quadratic relations among the maximal cuts (in integer dimensions). We
limit the exposition here to the mathematical background, and we will describe the resulting
relations explicitly in the context of the equal-mass banana integrals in section 4.2.

Our starting point is the Griffiths transversality in eq. (3.16). Combing eq. (3.16)
with the first polarization condition in eq. (3.6) and considerations of type, one gets as a

32We note in passing that Calabi-Yau n-folds with n > 1 have no continuous symmetries with this property.
The latter would correspond to non-trivial holomorphic vector fields which are not present as hi,0(M,) = 0.
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generalization of the observations of Bryant and Griffiths [141] for Calabi-Yau manifolds in
any dimension n:

T i . 0 for0<r<mn
(z)" oM(z) = QN0 = , (3.57)
= M, - Ci(z) for |k|=n

where the Ci(z) are rational functions in the complex structure parameters. For the first
equality in eq. (3.57), we used eq. (3.8) and the properties of the integer basis described
earlier. The second equality follows very generally from egs. (3.16) and (3.6). We point
out that even in an arbitrary local basis II(z) corresponding to an (implicit) choice of a
basis of cycles I € H,(M,,C) (obtained, for example, as independent local solutions of
the Picard-Fuchs differential ideal), one can find a ¥ and write down the corresponding
relations ﬂ(g)T ) %ﬂ(z) among the solutions very explicitly.

The quadratic relations in eq. (3.57) have important implications for Feynman integrals:
since the vector of periods II(z) describes the maximal cuts, the relations in eq. (3.57) can
equally be interpreted as a set of quadratic relations among the maximal cuts! Note that
these relations are not obvious from a purely physical view, e.g., the momentum-space
representation of the Feynman integrals. We will describe these relations among maximal
cuts explicitly for the equal-mass banana integrals in section 4.2. Here we only mention
that for the equal-mass banana graphs one finds [(I + 1)/2 quadratic relations for [ — 1 =n
even and /(I — 1)/2 for n odd. The reason for this difference is that in the latter case the
intersection form ¥ is antisymmetric, so symmetric quadratic relations are trivially fulfilled.

The n-point (Yukawa) couplings and self-adjoint operators. In order to under-
stand the quadratic relations in eq. (3.57) and to write them down explicitly, we need to
know the functions C(z), sometimes referred to as the Yukawa n-point couplings. They
can be obtained from the rational coefficients in front of the derivatives in the Picard-Fuchs
differential operators, if and only if the latter generate the Picard-Fuchs ideal completely,
see ref. [85] for details.

Let us illustrate this on the example for the Legendre family &1, of elliptic curves.
Taking the derivative of Cy(z) = II(2)T £ 0,1I(z), and using the Picard-Fuchs equation
in eq. (3.27) to write 0?I1(z) as a linear combination of II(z) and 9.II(z), we obtain the

differential equation azc?éf) = o/(2), with a(z) given in eq. (3.35). Hence C1(2) = cp(2),

where ¢ is an integration constant which can be fixed in the integral symplectic basis of the
periods to be ¢ = 1. For the Legendre curve we then find ClLeg(z) = ﬁ
More generally, if the Picard-Fuchs differential ideal is generated by a single differential
operator (as it is the case for one-parameter families, see appendix A) with normalization
such that .
LD = gt £ 3 g(2) 0L, (3.58)
i=0

then the Yukawa coupling fulfills the differential equation

0,Ch(2) 2

Co(z)  n+ 1

(2). (3.59)
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One can define the adjoint differential operator [159]

n+1

£ =37 (-9.) a;(z) . (3.60)

=0

An operator is called essentially self-adjoint if

LD A(2) = (=1)" L A(2) D (3.61)
where A(z) satisfies the differential relation 62’?2(;) = —T%Han(z). Note that A(z) is up

to a multiplicative constant given by the Yukawa coupling C),(z). It was noticed in the
search for Calabi-Yau operators [154] that the self-adjointness of an abstractly constructed
differential operator with regular singularities implies that the solutions admit an even or
odd intersection form for n even or odd, respectively, if A(z) is an algebraic function. This
gives an easy criterium to decide whether one-parameter specializations of Picard-Fuchs
operators can come from a Calabi-Yau motive: this can only be the case if eqs. (3.61)
and (3.57) are fulfilled and in addition the global monodromy is in O(X,Z). In other words,
imagine that the maximal cut of a Feynman integral depends on a single dimensionless
variable (if there are more kinematic variables, we may consider a one-parameter slice in the
rescaled kinematic space), and that its maximal cut is annihilated by some Picard-Fuchs

n+1) " The previous discussion gives an easy criterion to determine from the

operator L
Picard-Fuchs operator if the Feynman integral is associated with a Calabi-Yau geometry.
One can check that this criterion is satisfied for all the Picard-Fuchs operators for the
maximal cuts of the banana integrals in D = 2 dimensions. We will see towards the end of

this paper that the Picard-Fuchs operators in D = 2 — 2¢ dimensions cease to be self-adjoint.

3.2.4 Monodromy and limiting mixed Hodge structure on the boundary

of Mg

In this section we explain the structures related to the boundaries of the moduli space that
are related to the special monodromies of the periods when we analytically continue them
around the critical divisors which form the boundaries of M.

A normal crossing model for the boundaries of M. By going in a loop 5, from
a base-point z, around a divisor given by Ag(z) = 0, induces a monodromy on the period
integrals,®® and hence on the maximal cut Feynman integral identified with the latter.
These monodromies are very characteristic for the singularity that the fibre M, —o) over
{Ak(z) = 0} acquires. The branching behavior of the periods at the crictical loci is crucial
to understand the analytic structure of the Feynman integral in all regions of its physical
parameters. Mirror symmetry suggests that Calabi-Yau n-folds have a maximal degenerate
singular point in their complex moduli space, called point of maximal unipotent monodromy
(MUM-point, see section 2.3). This point was identified with the large momentum regime
of the banana integrals in ref. [73] and used with the monodromy at other singularities
to clarify the analytic structure of these integrals in D = 2 dimensions completely to all
loop orders.

33Gee section 3.2.1 for a detailed introduction to period integrals on Calabi-Yau varieties.
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The boundary of the moduli space Mg refers to the critical divisors at which the
Calabi-Yau fibre becomes singular. As we mentioned in section 3.1, we assume to be able
to compactify and to resolve the moduli space to achieve a situation where all divisors are
normal crossing in the compactified moduli space M. We refer to Mg as Mes = Mg\ D,
where D is a divisor with normal crossings, D = J,, Dy.

Let us explain how we can find the boundary components Ag(z) = 0. The first
method to find them is to identify the sub-loci of M5 over which the fibre of the family
becomes singular. For example, for a Calabi-Yau manifold defined by P, = ... = P; =0,
we have to find values in M such that P, = ... = P, = 0and dP, A...AdP; = 0
admits a solution. Specifically, for the Legendre curve we compactify M = P!, and by
determining the singular (in this case nodal) fibres we find Mc = P\ {z = 0,1, 00}.
For the equal-mass banana graph in eq. (3.34) or (3.48) (after setting all masses equal),
we get M = P\ {2 = 0,1/9,1,00}. We can also determine the critical loci from the
Picard-Fuchs differential ideal J that is generated by differential operators of order ordy,
Ezrdk (2,0.) € Cla1,.. ., 2m, 0zyy ..., 05, ], k= 1,...,]|J]. We can replace the 9,, — &,
i=1,...,m = dim(M,.s) by formal variables to get |J| elements in the polynomial ring
in z and . Then we consider the smallest differential ideal that characterizes the periods

Y

and restrict to the leading pieces, i.e., to the elements Sy (z,§) = L’Zrd’“ (2,6

deg(§)=ordy,
which are homogeneous of order ordg in the variables £. One refers to the Sy as the

symbol of the differential operator Ezrd’“. The critical lociiﬁj (z) = 0 are now given by the
resultant of the Si(z,€) = 0 in the z parameters, i.e., resultant({Sk(z,£) =0, Vk}, z). The

resultant characterizes all divisors A;(z) = 0 for which the system {S(z, §) =0, Yk} has
non-trivial solutions, and it contains, in particular the critical divisors of the family. For the
Picard-Fuchs ideal generated by a single ordinary differential operator, e.g., as in eqs. (3.26)
or (3.37), this amounts to find all zeroes of the coefficients of the highest derivatives for
z € PL. This second method to find the boundary components is in general superior as it
detects also the apparent singularities, which are not present in our examples as can be
checked since both methods lead to the same result.

Let us note that for moduli spaces M of dimension greater than one, non-generic
intersections, e.g., tangencies of order m between the {Aj(z) = 0} or singularities of the
{Ak(z) = 0}, generally occur. In a procedure that can involve several steps of blow ups, they
can be resolved to achieve a geometry of M with only normal crossing divisors. Adding
all the exceptional divisors of the blow ups, the critical locus D C M is described as the
set of irreducible normal crossing divisors {Dy}, k = 1,...,#p. Normal crossing means
that locally we can describe the intersections of components in D as w; =0,--- ,w, = 0,
p < r in local coordinates w;, i = 1,...,7 = dim(M.s). In this case we say that the family
7T : M, — M, can be extended to a family 7 : M,, = M. Concrete examples for the
blow up procedure in Calabi-Yau moduli spaces can be found in refs. [121, 122].

Local and global monodromies. We now analyze the monodromies that the vectors of
periods undergo, when we take z around a loop ya, around the critical divisor D given by
A;(z) = 0. We illustrate this first on the example of a one-parameter differential operator £
of order 1. In that case, the compactification of Mg is P!, and the divisors are just isolated
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points, A;j(z) =z — z;, i = 1,..., #peit- We can find a basis for the solution space at z
using the Frobenius method (see section 2.3).

Let us discuss in some detail the case of the Legendre family of elliptic curves. We
have determined its Picard-Fuchs operator Ly, in eq. (3.26). We can apply the Frobenius
method and solve the indicial equation for each singular point zy € {0,1,00}. The local
exponents at all critical points are summarized in the Riemann P-symbol:

01 o0
00

(3.62)

DO DO =

Since the local exponents at each singular point are equal to «, say, at each singular
point there is a power series solution w(A) = A% + O(AYT!) (with A = 2z — ) and a
logarithmic solution &(A) = 5=w(A)log(A) + O(A%). In particular, if a € Z, then the
period vector transforms for a positively oriented loop vya, around A;(z) =0 with a T, A,

<:> - <(1)T> <:> = e (Z) ' (3.63)

In particular, let w(A) = [¢1 do/y(2) and the dual period is over the dual cycle @(A) =

monodromy matrix

Jg1dz/y(z). Without loss of generality we can assume that S} = S! and S} = mS} in
an integral symplectic basis (a,b) of Hy1(FE,Z). Then m has to be an integer. Generally,
a monodromy matrix T in an integral basis has to be integral and has to respect the
intersection form, T? X T = 3. We denote the group of all integer matrices that respect
the intersection form 3 on the middle cohomology of rank b, (M) = r (or the rank of the
Calabi-Yau motive ) by

0(Z,Z) = {T € GL(r,Z) | TTST = 2} . (3.64)

The subgroup of O(X,Z) that is generated by the actual monodromies of the family is
denoted by I'pq,. For example, in odd dimensions n, the intersection pairing 3 is the
standard symplectic pairing, and so I'y, has to be a subgroup of the integral symplectic
matrices Sp(by, Z). In particular, for elliptic curves (n = 1), it is a subgroup of SL(2,Z).
Note that the Kdhler potential in eq. (3.3) is single-valued under all monodromies as the
period vector II transforms by IT — TII under monodromy and therefore IITX1IT is invariant
due to definition (3.64) of the monodromy group.

A famous theorem of Landman [160] states that all possible monodromy matrices on

an algebraic n-fold have to obey the relation®*

(" - 11)”“ —0. (3.65)

Here k € Ny, implying that the indicial o has to be a rational number. A monodromy

m—+1

matrix T can be unipotent of lower order m < n, i.e., (T¥ —1) = 0. It is clear that m is

34This can be argued by the Hodge weights: since log has Hodge weight 2 and the maximal allowed weight
on a complex n-fold is < 2n log® terms with k > n are forbidden.
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the size of the biggest Jordan block in T. The maximal n that can appear is n = dim(M).
It is not too hard to see that the unipotency of order m < n implies that a period on an
n-fold cannot degenerate worse than with a logarithmic singularity of type log(A)™. This
has an important consequence for Feynman integrals. Assume that we have a maximal cut
of a Feynman integral in integer dimensions that degenerates in a dimensionless physical
parameter A (or, more generally, some polynomial combination thereof) as log(A)™. Then
it follows from Landman’s theorem that the geometry associated to this integral cannot
be an algebraic manifold of dimension less than m, or a Calabi-Yau motive of weight less
than m.

In the example of the Legendre family one sees that for zp € {0,1,00} the curve is
singular, i.e., P = 0 and dP = 0 have at least one common solution. This happens at a
point on the curve, say (x,y) = (2o, yo) (We assume that the singularity is not at w = 0 and
use the corresponding local patch w = 1). Using local coordinates (x,y) = (xo + €z, 0 + &)
the expansion around this point is given after a linear change in the deformation parameters
up to quadratic order by P = €2 + 622; = 0. Allowing in addition small perturbations around
the critical point z = zg + 4 in Mg, the local singularity becomes

€2+ 632/ = u?. (3.66)

This describes a node, where a S'-cycle v shrinks with g — 0. The S' vanishing cycle v
can be literally seen by taking the real slice of the equation (3.66), which gives the S! or
radius 72 = Re(u)?. This can be generalized to higher dimension and the period integral
over the S™ can be performed perturbatively, see eq. (3.3) in ref. [145]. The corresponding
critical locus in Mg is hence a conifold, while the singularity in the fibre is a node. The
corresponding monodromy follows purely topologically from the Picard-Lefshetz formula

W(T) =T+ (_1)(n+2)(n+1)/2(r N, (3.67)

in any dimension n, see ref. [161] for a clarification regarding the signs in higher dimensions.
The formula says that the conifold monodromy action W on any cycle I' € H,,(M, Z), which
can be identified (up to finite multicovering issues in the choice of parametrization z of M)
with the monodromy on the periods, depends only on its intersection with the vanishing
cycle. Together with the self intersection of n spheres in projective n-folds [161],

{ 0 n for odd,

Stnst = . (3.68)
2(—1)2 n for even,

eqs. (3.67) and (3.68) give eq. (3.63) with S} NS = —m. They also imply something
completely general for the degenerations of Feynman integrals. If the maximal cut integral
corresponds to a period of a n-dimensional algebraic variety, then the most generic singularity
will be a square root cut if n is even, and a logarithmic cut if n is odd (cf. the fact that
(I = n+ 1)-loop banana integrals have square roots cuts when [ is odd and only logarithmic
singularities when [ is even). This follows simply because egs. (3.67) and (3.68) imply in
odd dimensions an infinite-order operation, a so-called symplectic refiection, and in even
dimensions a standard FEuclidean Zo-reflection.
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A simple application of this structure is that the logarithmic/square root cut behavior
of the solutions to the Picard-Fuchs differential at the conifold detects uniquely the period
over the geometric vanishing cycle. As an actual cycle the latter might contain information
about the Feynman integral. Let us illustrate this for the banana integrals. In section 2 we
have argued that as a consequence of the optical theorem, the imaginary part of the banana
integral is proportional to a specific maximal cut for 0 < z < 1/(I + 1)?, cf. eq. (2.31).
The corresponding cycle in eq. (2.31) must be such that this maximal cut vanishes at the
threshold z = 1/(I + 1)?, which is a conifold divisor. There is a unique period that vanishes
at this conifold divisor, and so this period corresponds to the maximal cut that describes
the imaginary part of the banana integral above threshold [73]. Note that the cycle that
describes the imaginary part is different from the cycles T' or I'7 in eq. (3.43), and we will
comment further on this at the end of this section.

Another beautiful example for the even dimensional situation (n = 2) are the mon-
odromies around the r divisors meeting with normal crossing at a codim r locus in Ms(K3)
over which the K3 fibre acquires a rank » ADE singularity (ADE as a subgroup in Eg). In
this case the monodromies in eq. (3.67) are literally the Weyl-reflections generating the
Weyl group of the corresponding ADE Lie algebra, because the corresponding vanishing
S?-spheres intersect according to the negative of the Cartan matrix of the Lie algebra, as a
direct consequence of the intersection form Xks.

The analysis of the solutions from the Picard-Fuchs differential ideal or eq. (3.67) yields
the local monodromies. To determine the global monodromy group I'y4, in an integral
symplectic basis requires global knowledge of the periods. For the elliptic curve case this
can be obtained by analyzing the behavior of the explicit elliptic integrals near the critical
points. Let the period vector of the Legendre curve be (II;, II,) = (f, ©2, [, ), and let II; be
the logarithmic period as in eq. (3.63). Then, up to SL(2,7Z) conjugation, the monodromy
group I'g . of the Legendre family is generated by the following matrices (we use the
notation T, _, = T,, with a € {0,1,00}):

12 10
T0:<01> and T1:<_21>. (369)

One can check that these matrices generate the congruence subgroup I'(2) of index 6 in
SL(2,Z), and so the monodromy group of the Legendre family is I'g; = I'(2). One can
also check that the matrices in eq. (3.69) satisfy Landman’s theorem in eq. (3.65) with
n = k = 1. Due to the obvious relation by successively going around all the loops ya, for

i =1,2,3 in P! one has ToT;Ts = 1, and therefore T., = (; :§> We can conjugate
the basis by I, — II,, I, — I, + I, to get TS, = (_(1] 7? . Comparing with eq. (3.65),

we see that TS, (and thus also T) satisfy Landman’s theorem with & = 2 and n = 1.
For the differential equation associated to the banana graph one finds the corresponding
monodromy group to be ', = I'1(6), cf. refs. [40, 49, 162]. Finding the integral basis
and the monodromy group I' sy, for families of higher-dimensional Calabi-Yau manifolds
with higher-dimensional moduli space can become a formidable task. We comment on some
strategies to do this at the very end of this section.
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It follows generally from eq. (3.65) that T can always be factored as T = TE) W),
where T is semi-simple and of finite order and T is unipotent, i.e., (T(“) — 1)t =o.
For example, all singularities of the fibres in the Legendre family £y, are nodes, and
generically cycles Si, with I' primitive in H;(E,Z) that span middle the homology, vanishes
at different conifold points. The square root cut at z = oo (k = 2), as well as the shifts by
two at the other points, are due to the global choice of the parameter z. Locally, one can
get rid of the semi-simple piece by choosing different local variables, e.g., for the Legendre
family at z = oo, one can choose v = y/w instead of w = 1/z. Only for elliptic curves the
conifold points are also MUM-points.

The limiting mixed Hodge structure. The general situation of more involved singu-
larities in families with higher-dimensional fibers is described by the limiting mixed Hodge
structure. The first statement of Deligne [163] is that the bundle 7% on M has a canonical
extension FO over Mcs. As we have learned from the theorem of Landman applied to the
monodromy matrices, the forms of the singularities of F0 are only logarithmic. This is
referred also as regular singularities (see section 2.3), and allows one to define an extension
of the Gauss-Manin connection to

V:F0 = FOo 0L (log(D)). (3.70)

cs

Here lecs (log(D)) are meromorphic one-forms on M. which can have the indicated
logarithmic coefficients. In local coordinates where the divisor D is defined by z; =
= zp = 0, lecs(log(D)) is generated over the sheaf of holomorphic functions by
dz1/z1,...,dzp/2p, dZpt1, ..., dz,. This means that in the first-order form of the Picard-
Fuchs equation, the entries in the matrices A(z) and A%(2) in eq. (3.33) for families of any
dimension of fibre and base can have only first-order poles at the singular loci! Locally,
we can model M. as products of punctured discs (D*)" and M.y as products of full discs
(D)". We assume to have changed coordinates such that we got rid of the semi-simple piece,
and that going clockwise around a loop in the k™" disc we generate the unipotent piece T,E:u)

of the monodromy. We define as a matrix representative

max‘JTl(cm |

Ni=—log (T{") = —log (1+ [T —1]) = > (-1 [T} - 1}l Jl. (3.71)
=1

It is obvious that the sum is bounded by the maximal size of a Jordan block in T,(Cu). Now

a section s of F° defined on (D*)" transforms like s ngu)

monondromy invariant section S, i.e., one that is single-valued on (D*)", by

s, but one can construct a

S =exp <_21m i Ni, log(zk)> s=:O(N)s, (3.72)
k=1

and extend it canonically over ©". This defines a natural extension of F0 over ©". The
so-called nilpotent orbit theorem of W. Schmid [164] guarantees further that the F? extend
in a canonical way to sub-bundles 7P of F0 that extend the filtration in eq. (3.10) to

— 44 —



D", In particular, at the origin z = 0 € ©", the FP define the limiting Hodge filtration
FP . The Ny, fulfill a transversality Nj(FL ) c FP~! like the Griffiths transversality in
eq. (3.15). One can show that the action of the extension of the Gauss-Manin connection
Vo, (with 65 = 2, 9.,) to D" becomes proportional to the action of Ny on FI as well as
on Grf,, = Ff,, /Fi,

Also a section sz € Hyz of the integer local system Hy on ©" can be extended as 57 = O(N)syz
to ©" and defines an integral structure sz(0) over z = 0. However, there is a freedom in the
choice of coordinates on the discs ©". More precisely, the change of coordinates z — Z(z)
induces a choice exp (2miay(dzZ/dz),(0)Ny), referred to as nilpotent orbit, in the choice of
the integral structure 5z(0).

The second filtration of the limiting mized Hodge structure at the boundary is the
ascending monodromy weight filtration:

We WoCWy C---CWop1 C Wy, = Hn(Mé, (C), (3.74)
with Grkw = W,/Wp—_1. The spaces W, are defined by the action of the operator N =
>k ax Nk with ai > 0

(i.) N(Wg) € N(Wg_a),
N (3.75)
(ii.) Nk Gl = GV,
The first few and the last W, are explicitly given by

Wy =Im (N™)

Wy =Im (N" 1) nKer (N) ,

Wy =Im (N"2) N Ker (N) + Im (N"~1) N Ker (N?) , (3.76)

Wap—1 = Ker (N") .

A key point is that F}, induces a Hodge structure of pure weight £ on Gry [164], and the
triple (sz7(0), F5,,, We) fits together to define a polarized limiting mixed Hodge structure.
Its limiting Hodge diamond is given according to Lemma 1.2.8 of ref. [135] by (see also
ref. [165))

Hﬁfl = Flli)m n Wp+q N (Flziom N Wp+q + Z Fl?r;] N Wp+qj1) ) (3-77)
j=1

with the property that W, = @, ,</H2, FFY

lims 'lim
P.a(CGrWV
to HP4(Gr,,

view, one would like to have an application of this structure like for the conifold, i.e., one

= @p>pHn ", H projects isomorphically

) and HEY = H""y;,, (mod W4 4—2). From the Feynman integral point of
that relates the branching behavior of the periods to the singularity type in the fibre and
predicts something concrete about the integral. Consider a filtration of a complex K*°,
with the standard definition d - d = 0 and the cohomology H*(K®) = ®,>0H?(K*), where

HP(K*®) = dlgip,l and ZP = ker{d : K? — KPT'} are cocycles while dK?~! = BP € ZP are
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coboundaries. One gets a spectral sequence E, = @y, ;>0EP? with d, : EP4 — EPTHa—rl
d,-d, =0 and H*(E,) = E,41, and this spectral sequence typically converges, i.e., there is
an ro so that EP? = EXf = ... = ER for all r > rg. One says that EP? degenerates at
ro and abuts to H*(K*®). The spectral sequence that comes from the filtration F' of K is
given by
Ey = FPKPJFQ/FerleJrq,
EP? = HPT(GrPK®),

P — {C c Fpr+q|dc c FererJrqH}
T dFprtlgptetl 4 FptlKpta

(3.78)

EP1 = GrP(HP1(K?®)).
A statement that relates logarithmic degenerations generally to the structure of the singu-
larity of the fibre My = m=1(0) in 7 : M ~ ®, or rather to its resolutions, is as follows: if by
a chain of blow ups the singularity of My can be made to a reduced divisor F with smooth
normal crossing components E; for ¢ = 1,...,k, then the Hodge spectral sequence based on

F?  degenerates at p, ED?, while the monodromy weight spectral sequence degenerates at
wE2, and one has [137, 154]

WEPT = @ HI2e=F B2k — p+1],Q), (3.79)
k=0,p
where we define E[k] for k£ > 0 by the disjoint union as E[k] = [[; E;, N E;; N--- N E;,,
I ={ig<iy <---<i}and E[0] = My is the normal crossing compactifiation of My, in
which the E; are divisors. In particular the bottom row of E¥ ¥ can be identified [154] with the
complex 0 — HO(E[0]) — H(E[1]) — --- — H°(E[n]) — 0 and Gry HE_(My) = H*(T'7),
where I'; is the dual intersection complex of My. What we said about the limiting mixed
Hodge structures and monodromies in this section does not require the Calabi-Yau property
c1(M) = 0. Calabi-Yau manifolds, however, have generically a MUM-point.
A point of mazimal unipotent monodromy or MUM-point fulfills®® the follow-
ing conditions:

(i.) The point is defined by P = (;_; D; in an r dimensional moduli space M5 and all
monodromies Typ, corresponding to the loops around all normal crossing divisors D;
are unipotent.

(ii.) Ome has dim(Wp) = dim(W;) =1 and dim(Ws) =1+ r.

(iii.) For a basis ¢, ¢',...,g" of Wy, with ¢ a basis of W and N}, defined by eq. (3.71),
the r x r matrix mJ, j,k = 1,...,r defined by Nyg’ = m}¢° is invertible.

These criteria given in ref. [166] might be sufficient, but there are easier necessary conditions
in many cases. For example, for one-parameter Calabi-Yau three-folds with fourth-order

35In [166] only the case k = 1 is considered in (3.65), but we believe the statements below cover the
general case. However the corresponding geometry of the mirror is expected to be very different as for k > 1
we expect a non-trivial B-field to be present.

— 46 —



differential operators, it is sufficient that all four local exponents « are equal [154] at zg to
make zg a MUM-point. More generally, one can characterize the MUM-point by demanding
that at zp the solutions of the leading order symbols of the complete set of generators of the
differential ideal should be (7 + 1)-fold degenerate with local exponent «, say, and that there
is one normalized holomorphic solution wg(z) = 2% + O(z'**) with this local exponent and
r independent single logarithmic solutions of the form wy, = 5--wo(z)log(zx) + Sk(z) [144],

where we have chosen Xy (2) = 22 + O(2%+?). That replaces i.)-iii.).
More generally, let Ip an index set of order |I,,| = p and define the Frobenius basis:

S(p) k( 27” pp' Z KJ”’ k7 ’ZEQ log(zil) e log(zip) + O (§1+a) s (380)

where O(z!+) can also include logarithmic terms of total power up to p—1. The isomorphism
in eq. (3.75) (ii.) implies that there is a non-degenerate pairing over Q between the solutions
S(nfp),k and S(p),k for k = 1, ey \S(p)(g)\ = ’S(nfp)(g)‘ and p = O, ey N Here |S(p)(§)|
denotes the total number of solutions which are of leading order p in log(z;). The statement
is, roughly, that solutions of degree n —p (n =1 — 1) in the logarithms log(zx) are dual
to solutions of degree p in the logarithms. In particular, the unique holomorphic solution
with p = 0, Sy, = @o(z), is dual to the unique solution which is of maximal degree n
in the logarithms. The paring of the other solutions in this Frobenius basis depends on
the details of the intersection numbers /@(;’) 2 To define this pairing over Z and to get
a basis of solutions that correspond to period integrals over an integral basis of cycles in
H,(M,,7), one has to analyze the pairing in eq. (3.87) and the map 9! defined by the
f‘—class, as explained in section 3.3. The basis change which transforms the Frobenius basis
in eq. (3.80) to this integer basis is triangular with respect to the grading by the logarithmic
degree, i.e., it adds to solutions of degree p in the logarithms only solutions of lower degree
in the logarithms, with coefficients that depend on the global topology of M,, and ( Values.
Note that the leading symbols of the differential ideal allow one to calculate the 521’) 07
up to a constant. In the case of mirror symmetry, these are the classical intersections
/@Z(B)Ol” =D; N---ND;, of the basis of divisors in the mirror W, to M, and the pairing
over Q can be identified with the intersection pairing in its Chow ring. Much of the structure
of the logarithmic solutions will survive if n = dim(M,,) is replaced with the size of the
Jordan block for a non-complete degeneration. For example, in ref. [154] it is argued that
the limiting mixed Hodge structure of one-parameter Calabi-Yau three-folds can be one of
the following types:

e The generic point F' is characterized by generic local exponents.

o The conifold point C has local exponents (a,b, b, c) and a single 2 x 2 Jordan block.
o The K point has local exponents (a,a,b,b) and two 2 x 2 Jordan blocks.

o Finally, the MUM-point M has local exponents (a,a,a,a) and a 4 x 4 Jordan block.

Here different characters stand for different rational numbers and the limiting mized Hodge
diamond H{! in eq. (3.77) for the different degenerations at F—, C'—, K—, M — points are
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depicted below:36

0 0
0 0 0 0
0 0 0 0 1 0
F: 1 1 1 1 c: 1 0 0 1
0 0 0 0 1 0
0 0 0 0
0 0
0 1
0 0 0 0
1 0 1 0 1 0
K: 0 0 0 0 M: 0 0 0 0. (3.81)
1 0 1 0 1 0
0 0 0 0
0 1

For example, the previous considerations allow us to completely classify the singular points
of the Calabi-Yau three-fold associated to the equal mass four-loop banana integral. The
complex moduli space is Myj0p = P!\ {z=0,1/25,1/9,1,00}. The local exponents of
the singular points are summarized in the Riemann P-symbol in eq. (2.44). In particular,
using eq. (3.81), we immediately see that z = 0 is a M-point (MUM-point), z = 1/25,1/9,1
are C-points (conifolds), and z = co is a K-point.

The SL(2, C) orbit theorem [164] extends the standard SL(2, C) Lefshetz decomposition
on polarized Kéhler structures [148] to the limiting Hodge structure. Using this one can
see for example that a 3 x 3 Jordan block in the above decomposition is not possible. The
generic form of the limiting Hodge structures for multi-parameter families has been studied
in refs. [167, 168]. These works characterize the types of limiting mized Hodge structures
that can occur in these cases, and one finds as a consequence which types of critical divisors
can intersect. A generic feature is that at the MUM-point the horizontal middle cohomology

with the degeneracies 1 = hy, o, h?;’_fl,l, e h}ffg_l, ho.n = 1 is mapped to the vertical entries
of the limiting mixed Hodge structure 1 = hﬁfl, hlli;;l, . ,hﬁ;l’"_l, hi" =1 as explained in

refs. [169, 170]. This has clearly bearings on the degenerations that can occur in maximal cut
Feynman integrals as illustrated at the end of section 3.3. Since the Kéhler potential is given
in terms of the periods in eq. (3.3), the mixed Hodge structure in eq. (3.77), together with
eq. (3.80), determines its leading logarithmic degeneration. One can therefore determine
the leading behavior of the Weil-Peterssen metric and distinguish for example whether the
critical divisors are at finite or infinite distance from the bulk of the moduli space. This
leading behavior is enough to make statements about the swampland distance conjectures
for Calabi-Yau three-folds, see refs. [171-173] and [174] for a review. The exact metric has
been fixed using the Barnes integral representation and derivatives of the gamma function

36In the four schemes the conventions are as follows: the most left entry corresponds to (p, q) = (3,0) and
the lowest to (p,q) = (0,0).
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at the MUM -point before [84, 144, 145, 175]. In ref. [173] the Weil-Peterssen metric was
determined exactly at the possible degenerations (3.81) of hypergeometric one-parameter
Calabi-Yau three-folds.

The Frobenius basis and the integer basis. So far, even if all classical constants in
the symmetric tensors r,) ,, have been determined, the basis in eq. (3.80) for the periods
is only what is called a Frobenius basis by mathematicians. In fact, eq. (3.57) extends to
the singular locus zg and gives non-trivial relations between the intersection numbers. A
Frobenius basis does not correspond to a basis of cycles I' for H,,(M,,,Q), sometimes called
a Betti basis and of course not to a basis in Hy,(M,,Z), which we call an integral basis. A
maximal cut integral does correspond to an integral over an element in H,(M,,Z), and
so the latter has to be found if one is interested in the maximal cuts computed with an
integral basis of cycles. A basis transformation from a generic Frobenius basis to a rational
or integral basis will involve interesting transcendental numbers.

We want to construct an integral basis of solutions, i.e. one in which the monodromy
of the family is generated by elements in O(X,Z). Note that it is at first we determine
it up to conjugation with elements in O(3,7Z). A pedestrian way is to proceed by the
following method: resolve the critical loci in the moduli space to divisors with normal
crossings. After that step, we construct near sufficiently many points z; and, in particular,

around the intersections of the critical divisors, local Frobenius bases of solutions II of the
Picard-Fuchs operators. Here, ‘sufficient’ means that the finite regions of convergence of the
ﬁéi define sufficiently many overlapping patches U; to cover M. Once one has picked such
a system of local solutions ﬁéw 1=1,...,s, one finds a global basis by choosing branch cuts
and perform analytic continuation of the solutions into all patches. Between neighboring
patches U; and U; with U; N U; # (), one can construct numerically connection matrices Cj;
such that ﬁéi = Cijﬁgj between the patches. This is done eventually in intermediate steps
to achieve the necessary numerical precision. In this globally defined basis one can construct
the simultaneous action of all independent generators of the monodromy group I'aq. The
latter generate (not freely, but with the so-called Van Kampen relations) the monodromies
around all critical divisors. A basis change, involving very interesting transcendental entries,
makes all these generators simultaneously elements of O(3,7Z) and leads up to conjugation
by monodromies in O(X,Z) to the desired integer basis of solutions II. The solutions for the
(maximal cut) Feynman integral within this basis can then be found by conjugation w.r.t.
to O(X,Z) using physical boundary conditions at the critical loci of M., i.e. vanishing
behavour, finiteness or logarithmic degenerations in high energy limit of the latter, but also
from mirror symmetry and the I'-class.

This complicated procedure can be much simplified if one knows certain integral
geometric cycles a priori. For example, at the conifolds the vanishing S™-spheres can be
identified, and the corresponding integral over ) can be perturbatively performed to low
order in the moduli to get the exact normalization. Most information concerning the integral
basis can be extracted at the MUM-point. As we have seen in eq. (3.43), the holomorphic
solution at the MUM-point is an integral over an n-torus T = 7" = T*~!, which can be
performed by taking residues, cf. egs. (3.45) and (3.52). Consider now the unique cycle
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S, whose period degenerates at the MUM-point with the highest power of the logarithms
i.e. with order log™. The latter is dual to T, whose period has no logarithm, according to
eq. (3.75) (ii), as explained after eq. (3.80). Since both cycles are unique, they are dual with
respect to the intersection form 3. The cycle S = S™ corresponds to the S™-sphere that
vanishes at the conifold locus that is nearest to the MUM point under consideration. This
property of the dual periods is known to hold quite generally and plays an important role in
homological mirror symmetry, where the symplectic monodromy shift for n= (I + 1) odd?7
of the single logarithmic period by the maximally logarithmically degenerating cycle of the
MUM point which vanishes at the nearest conifold is known as Seidel-Thomas twist [176].

It is a very remarkable fact found in ref. [73] that for the banana integral the maximal
cut integral that corresponds to the period over this S yields the imaginary part of the
integral above threshold. We have thus been able to identify two distinguished cycles in
the Calabi-Yau: the sphere S provides the imaginary part above threshold. It corresponds
in loop momentum space to the maximal cut contour I'yy, from eq. (2.31), and so it has
a direct physical interpretation and relevance. The torus T considered in ref. [71], which
corresponds in loop momentum space to the maximal cut contour I'z from eq. (3.43), does
not seem to have any known physical interpretation. Its importance, however, lies in the fact
that it furnishes the unique holomorphic period at the MUM-point. This integral allows one
to reconstruct the generators of the Picard-Fuchs differential ideal and plays an important
role in understanding this ideal (cf. ref. [73], as well as section 5). Amazingly, these two
distinguished cycles are exactly the dual cycles that play a crucial role in homological mirror
symmetry, as discussed above.

Finally, let us mention the important observation by Deligne that the mixed Hodge
structure becomes a mixed Hodge-Tate structure at the MUM-point [177]. In this situation
one expects that the [-class governs the integral structure and the transcendental weight of
the periods. As it turns out, this [-class (and the closely related Mellin-Barnes representation
of the banana integrals) are the most effective analytic tools to find the integral basis and to
perform some of its analytic continuations, respectively. We explain in section 3.3 that the
[-class can also be extended to include the inhomogeneous solutions, i.e., the full Feynman
integral. In section 5.1 we show that the Mellin-Barnes representation of the banana integral
allows one to prove this f‘-conjecture if one considers the right contours. We illustrate
the construction of the integral basis including inhomogeneous solutions for the four-loop
equal-mass banana graph in section 3.3.1, where also the generators of the monodromy
group are given and the transcendental weights are specified.

3.3 Mirror symmetry and the f‘-conjecture at MUM-points

In this section we explain how we can determine the integral basis using mirror symmetry if
a pair of mirror manifolds (M,,, W,,) is known. This turns out to be easy at the MUM-point.
Let us recapitulate the main ideas that underly this application.

There is a quite remarkable fact, namely that Calabi-Yau manifolds come quite generi-
cally in mirror pairs (M, W,). This can be understood as the exchange of two deformation-

37For n even the vanishing cycle and a square root branching leads to a Zo reflection monodromy.
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or moduli spaces. It has precise implications on how a banana integral can degenerate, e.g.,
in the large momentum regime.

So far we have only described the complex structure moduli space Mg of the manifold
M. One can depict the infinitessimal directions of this moduli space as infinitessimal
deformations dg;; of the Calabi-Yau Kéahler metric g;; that preserve the Calabi-Yau property
namely its Ricci-flatness R;;(¢i; + 0gi5) = 0. While the Kéahler metric in a given complex
structure has mixed index structure dg;;, the deformation dg;; can have any index structure.
It is clear that the pure deformations, i.e. dg;; and dg;;, correspond to the complex structure
deformations, which change the meaning of the unbarred and barred indices. Morevover,
using the Weitzenbock formula [148], one shows that the latter are related to harmonic
forms spanning H'(M,TM), i.e., to complex structure deformations [129]. Deformations
with mixed index structure are identified with real Kéhler structure deformations. They
correspond to a choice of the Kihler form w as a real linear combination of k(M)
harmonic (1,1)-forms. The classical Kahler moduli space is hence of a real dimension
RYY(M). Tt has been suggested by type II string theory on M (see ref. [85]) that one
should complete the choice of the real Kéhler form w with the choice of real Neveu-Schwartz
B-field b = b;;dz'dz? whose equations of motion imply that it is also a harmonic (1,1)-
form to describe a complexified Kahler moduli space. Let us fix topological curve classes
C; for i = 1,...,hb! in Hy(M) dual to a reference basis of HM!'(M) at tog on M. The
independent Kéhler parameters of the large volume Calabi-Yau n-fold M are identified
with the complexified areas

t":/ (w+ib),  fori=1,....h"(M,). (3.82)
C;

These curves®® parametrize the complezified Kihler moduli space Mcks(My,).
The mirror symmetry conjecture states that for a Calabi-Yau n-fold M, there is a
Calabi-Yau n-fold W,, so that the structures

HPU(M,) = H" P9(W,) (3.83)

are identified. On the one hand, as reviewed in section 3.1, the infinitesimal complex structure
deformations are described by the cohomology groups H'(M,, TM,) = H"~V'(M,). They
are unobstructed and the dimension of M%' 71’1(Mn) is h"~11 as indicated. On the other
hand, we know from eq. (3.82) that the complexified Kéhler moduli space /\/lf}f(sl (M,,)
has dimension h!(M,). So, schematically, mirror symmetry states that the structures
associated to the following moduli spaces are identified:3’

MO (L) e M () and M Y (M) = METH VD (17,
(3.84)

38Recall that the area of a curve (C;) is given by area(C;) = fc- w.

39The statement also applies to K3 surfaces where H"' (Mx3) ~ H''(Wx3), and there is anyways only
a universal K3, albeit in a more subtle sense. The exchange means in this case that the polarization is
changed, so that the role of the transcendental- and the holomorphic cycles are exchanged. More generally,
in the symmetric cohomology groups, like H %’%(X ) for n even, one can define vertical- and horizontal
pieces, that get exchanged.
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Note that eq. (3.83) corresponds to a 90 degree rotation of the Hodge diamond of M,
relative to the one of W), in which the unique (n,0)- and (0,n)-forms on M, and the
unique (0, 0)-cohomology element and the unique (n,n)-volume form on W, respectively,
are identified. In other words, mirror symmetry exchanges the vertical- and horizontal
cohomologies and their associated structures. In particular, it exchanges H}' (M,) with
Hyert = Z:onlféft- This is also what we see when comparing the middle cohomology of M,
with the limiting mixed Hodge structure at the MUM-points according to eq. (3.77), for
example when comparing the F-point with the M-point in eq. (3.81). Using monodromy

considerations, the following mirror map can be identified at the MUM-points:

th(z) = Swalz) 1 (log(zk) + Zk(z)) for k=1,..., K" (W,) = k"Y1 (M,,).

~ Seyolz) 2w @o(2)
(3.85)

The last ingredient is the homological mirror symmetry conjecture which states the equiva-

lence of the derived categories on M,, and W,,:

D™ (Fukaya(M,,)) DP(Coh(W,))
the bounded derived Fukaya <= the bounded derived category (3.86)
category of M, of coherent sheaves on W, .

According to the conjecture, mirror symmetry is really supposed to be an order two
isomorphism 9 : D°(Coh(W,,)) — D™ (Fukaya(M,)) between these categories respecting
all structures, i.e. an equivalence of the two categories. The objects in D™ (Fukaya(M,,)) are
Lagrangian cycles supporting local systems. The definition of the Lagrangian cycles L uses
the symplectic structure L|,, = 0, as it is familiar from classical mechanics. They have real
dimension n and can be characterized by their homology classes I in H,,(M,,7Z) that carry
a mass Mp(z) given by Mr(z) = eX@/2| Zp(2)|, were Zp(z) is the central charge which can
be identified on the Fukaya side with the period integral Il (z) = [ Q,(2) over the class
I'. The objects in D?(Coh(W,,)) are coherent holomorphic sheaves. They are supported on
holomorphic sub-manifolds and carry additional bundle structures and can be characterized

by their class G in the algebraic K-theory group K glg.

A key point is that, on the one hand,
their charge Tlg(t) can be calculated using the I-class of G in the large volume regime
in terms of classical intersections of divisors and characteristic classes on W,,, and on the
other hand, they can be identified at the MUM-points with the periods of the mirror using
the mirror map in eq. (3.85) as Ilg(t) = Iyn(g)(t). Here we introduced the convention that
I (t) is evaluated in the Kihler gauge X° = S(0),0 = 1. Note that Mr(z) is invariant under
Kahler gauge transformations.

The motivation for defining the [-class orginated in the idea of identifying the pairing
in both categories more naturally. Both categories have such a pairing between the charge
classes of objects and auto-equivalences that leave the pairing invariant. In the Fukaya
category the pairing is induced by the intersection pairing coming from ¥ (we abbreviate it
as I' o I'), and the auto equivalences can be identifyied with the monodromy group action
on I'. The natural pairing for objects in D?(Coh(W,,)), after mapping Kglg t0 Hyert using
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the Chern map, is the Euler pairing (with GV the dual sheaf to G)

GoG = / ¢h (GY) ch(G)) TA(TW,) . (3.87)
The Strominger-Yau-Zaslow conjecture implies that the sky-scraper sheaf Op; and the
structure sheaf Oy, are mapped to M(Opt) = T and M(Ow,,) = S, where the classes of
the two special Lagrangian n-cycles T, S have been specified at the end of section 3.2.4.
In simple cases, IIg could be analytically continued to the MUM-point and some data of
Zoy, (t) = Ils for Ow, = M(S) were known for three-folds, like the famous ((3)x(Wy)
term [145] and the (2;?2 ¢y - D terms [84]. The Todd class Td is a multiplicative class
generated by [178]

. 3.88
1—e* ( )

The T-class proposal [179-182] is to take a ‘square root’ of the Todd class using the follow-

T X X
P14+ )0 (1- ) =e@/2_~ 3.89
< +2m'> < 27ri> ¢ e (3.89)

and define the I'-class by

ing identity

L(TW,) = Hr (1 + 0 ) = exp (—fycl(TWn) + ) (=D)F(k = 1)I¢(k) chk(g)) ,

271 =9
(3.90)
with the Euler-Mascheroni constant . Here d; are the Chern roots of T'W,,. The transition
from the Chern characters to the Chern classes ¢ is decribed by Newton’s formula

chy = (—1)F+ Vg [log (1 + ici m’) ] , (3.91)
k

i=1

where [+]; means to take the k" coefficient (in x) of the expansion of the expression *. On
Calabi-Yau spaces one defines GoG' = [y, $(G)p(G') with ¥(G) = ch(G)-T(TW,,)e/4. The
operation 1)(G) gives a sign (—1)¥ on elements in H?*, and one gets as desired GoG’ = T'oT”
with I' = 9M(G) and IV = M(G’). Moreover, the charges of G in the large volume limit of
W, which corresponds to a MUM-point of M, can be calculated as [170, 179-183]%°

Tg(t) = / LT(TW,)ch(G) + O (e71) | (3.92)
If we know the image of the class of the cycle of a maximal cut, we can use eq. (3.92) to
compute its precise asymptotic at the MUM-point. For the banana integral the maximal
cut contour related to the imaginary part of the integral was identified with S in ref. [73],
and it has the dual G = Oy, with ch(Oyw, ) = 1. Therefore, it was possible to extract the

“OHere w denotes a basis of harmonic (1,1) forms spanning the Kéhler cone, which we assume to be
simplicial (if that is not the case a maximal simplicial wedge can be choosen), so that w - ¢ yields a measure
for the complexified sizes of all curve with classes within the Kéhler cone. We suppress dependence on basis
w on the left hand side as it comes rather canonical with W,,, which is likewise implicite.
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asymptotic expansion of the Feynman integral involving all the transcendental numbers
by identifying
Us((2) = [ et TIW) +0 () = Zoy, (1) (399)

n

and comparing the powers of t* on both sides using the mirror map in eq. (3.85), see also
below. This uniquely defines the transformation from the Frobenius basis in eq. (3.80) to
the integer cycle basis and relates the large momentum behavior of the banana integrals to
the topological data of the Calabi-Yau space ]\JIC_I1 given in eq. (3.47), where the dimension
of the Calabi-Yau space is determined by the loop order [. Note that Mlc_vl1 is the mirror of
the manifold with the restricted physical complex moduli space.*!

We also note that the cycle T ~T"™ can be identified with the sky-scraper sheaf Oy
and Ilp,, = 1 [180]. Hence, in this case we get no logarithm and the corresponding solution
is the holomorphic one and Oy 0O,y = SN'T = 1. It is possible to get the full set of integral
K-theory classes and specify a complete integral basis of periods using eq. (3.92). This is
reviewed for three-folds and four-folds in ref. [170], but should be possible for all W;_;.

The last point to make here goes beyond the case of maximal cuts and should fit into
the framework of the third generalization of Deligne to define mixed Hodge structures on
singular manifolds for open cycles. It was found in ref. [73] and proven in ref. [86] that the
full banana integral, which is defined over the open cycle o; in the n+1 = [-dimensional Fano
variety F' with W,, C F' such that the n-dimensional W,, embeds as canonical hypersurface,
is determined by an extended -class

(TF) T(1-c

Lp(TF) = fjfl?(TF) = T+ Ci; cos(mey) (3.94)

where A is the Hirzebruch A-roof genus [178] and ¢; = ¢;(F) # 0. Using this we can get
the asymptotic behavior of the full Feynman integral by the identification

Ji0(2,0) = /

i LT p(TF) + 0 (e7h) . (3.95)

The integer symplectic basis element that corresponds to Jjo(z,0) can now be determined
by expanding eq. (3.95) in the parameters £(z). To do this one has to calculate the classical
topological intersection data that occur in this expansion. Let 1) a set of k indices, with
1< I;,()k) < hi1(F) forallp =1,..., k. Then typical terms that appear are the intersections of
I divisors D; fori =1,...,hi1(F) in F, ie., [p /\i,:1 Wi = ﬂé:1 sz()l) or the intersection of
the k' Chern class ¢; with [ —k such divisors in F), i.e., Jr ek /\]lo_zlfl Wk = [ck]ﬂﬂfn_:kl D aw
etc. The evaluation is feasible by simple and fundamental techniques in algebraic geompetry
and fixes the numerical coefficients of a degree I polynomial in ¢ that represents J; (2, 0) up

41Tt is natural to identify the complex structure deformation of a manifold M, with the physical scale
parameters that occur in its geometric description derived from the Symanzik polynomials and write the
sections on the variation of Hodge structure, w.r.t. to the complex structure of M,,. However what is
physically relevant is the restricted complex structure moduli space of the manifold M,,. The latter can be
identified for the Banana diagram and more generally with the Kéhler structure moduli space of the same
manifold M,.
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to O(e™t) corrections. For the Fano variety Fj in eq. (3.47), the calculation was performed
in ref. [73] in detail. Inserting the mirror map in eq. (3.85), we can hence get the precise
coefficients of the leading logarithmic terms and since J;o(z,0) is a solution to a linear
differential equation we can uniquely combine the Frobenius solutions in eq. (3.80) to get
the exact linear combination that specifies an integer basis element of periods.

Confirmation by the Mellin-Barnes integral representation. In section 5.1 we will
present a Mellin-Barnes integral representation for banana integrals. Using the contours
prescribed in the evaluation of residues of the Mellin-Barnes integral in eq. (5.11), we can
confirm both eq. (3.93) and eq. (3.95), at least for a given loop order. More precisely, we
can evaluate the leading behavior of the Mellin-Barnes integral in eq. (5.19) in the large
momentum region z; = 0 for all ¢ = 1,...,1 4+ 1. At the zeroth order in ¢ we can then
determine the coefficients of the leading powers of logarithms log(z). Using again the
identification of log(z) ~ t¥ (see eq. (3.85)), we confirm, in particular, by the expansion
of eq. (5.21) to zeroth order in e exactly the predictions of egs. (3.93) and (3.95) in the
equal-mass case. From the expansion of eq. (5.20) we can confirm similar predictions of the
[-class conjecture for the generic-mass case.

3.3.1 The four-loop equal-mass banana integral and its (transcendental) weight

In this section we illustrate the abstract concepts introduced above on the example of the
banana integrals. We also show that there are two ways one can define a notion of weight to
the banana integrals. The first one is the weight of the associated cohomology groups, while
the second refers the notion of transcendental weight known from the physics literature. As
we will see these two notions of weight will differ, but (at least for the banana integrals)
they are related in a simple way.

In general, let X be a smooth projective variety defined over a number field K. We can
form its periods by integrating elements of the K-vector space Hj (X, K) over elements in
H,(X,Z). Conjecturally, two non-zero periods coming from Hjj (X1, K) and Hj% (X2, K)
can only agree if 1 = 7o (e.g., this would imply that only periods of algebraic 0-forms, i.e.,
of constant rational functions, can be in K). In particular, we then have a well-defined
weight of periods given by the weight of the associated cohomology groups.

As explained in section 3.3, we can construct with the I-class in eq. (3.92) an integral
symplectic basis IS (z) = (wl{%(z), e wl{%_l(z))T for the periods of the Calabi-Yau mani-
fold Wi;_;. We denote the transition matrix from the Frobenius basis II;(2) in eq. (2.45)
(and we use implicitly the notation of eq. (2.47)) to the integral symplectic basis II}°(z)
by T, i.e.,

°(2) = TI(=) (3.96)
is a period vector associated with Héﬁl(Wl,l). Therefore we assign to the elements of IT1°(z)
the weight | — 1. From eq. (3.95) (see also ref. [73]) we have constants /\,(cl) for k=0,...,1

so that the banana integral is given by:

!
Ji1(2,0) =Y A,(f)wz,k(z), (3.97)
k=0
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where w;(z) is a special solution to the inhomogeneous equation satisfied by J; 1(z,0). Now
consider the extended basis

~ o (emiIP(2) 2miT 0 0, (2)
we - () = G T pn) (@) o

In this basis the monodromy matrices are unimodular. The Kiinneth theorem implies that
the weight is additive, i.e., if two periods have weights ;1 and ro, their product has weight
71 +79. Using the fact that 27i can be realized as a period of H2, (P') (and thus is assigned
weight 2), one finds that the first [ elements of ﬂl(z) can, e.g., be realized as periods of
HYEL(PY x Wi_y). Hence, we would associate weight [ 4 1 to the first [ elements of ().
We can now extend this to conjecturally define a weight of the banana integral. For this we
assume that one can define a pure weight for ﬁz(z) that is invariant under monodromy and
consistent with the weight of the periods of W;_1. In this setup the only possible weight of
Ji1(2,0) is I+ 1.

Note that this definition of weight differs from the notion of transcendental weight
encountered in physics, cf., e.g., refs. [56, 91-94]. For example, the one-loop equal-mass
banana integral evaluates to a logarithm in D = 2 dimensions, which is assigned tran-
scendental weight [ = 1, and there are arguments to assign transcendental weight [ to
an [-loop equal-mass banana integral in D = 2 dimensions, cf., e.g., refs. [56, 61]. This
transcendental weight can be obtained by first defining a weight filtration on the Frobenius
basis @ g, ..., w;; around the MUM-point z = 0 by requiring that:

- w0 has weight 0
- 2mi has weight 1
- the filtration is compatible with the monodromy around z = 0

With this definition o, is then assigned weight k, corresponding to the logarithmic
degeneration at z = 0. We can extend this to define a weight filtration of ﬁl around
z = 0 by defining the weight of ((k) to be k. This results in the transcendental weight [ of
J11(2,0), consistent with the (folkloristic) expectations from physics. The difference to our
first definition of the weight graduation (which is compatible with the complete monodromy
group) comes from assigning weight 0 to w; o and weight 1 to 27i. Note that, by using the
consistency of our first definition of the weight with the complete monodromy group, one
finds that in our case the definition of the transcendental weight filtration is in fact also
compatible with the complete monodromy group.

The | = 4 example. We have already seen that at four loops we have My.j0p = ]P’l\{z =
0,1/25,1/9,1,00}. Furthermore, at z = 0 there is a MUM-point, for z € {1/25,1/9,1}
there are C-points and for z = oo there is a K-point. From eq. (3.92), see refs. [170, 183]
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for the four-fold case, we get

—8¢(3) _12 0 12
@ri) 24-2mi (2ri)?
200 5200
T=(2m)*| (2mi)? (3.99)
1 0 0 0
0 = 0 0
Moreover, from eq. (3.95), see ref. [73] for more details, we have
" —450 (4) — 80mi((3)
Ao 80¢(3) — 120mi¢(2)
| = 180¢(2) . (3.100)
)\514) 20mre
)

The monodromy group in the ﬂl—basis is then generated by the unimodular matrices

1 -13 6 0 1 0000
0 1 —6-120 0 1000
To=| 0 0 1 0 0f, Tij5=|—-100100],
0 0 1 10 0 0010
-100 0 0 1 10 0001
-9 -2 200 -39 —16 16 —240
0 1 000 60 25 —24 36 0
Tig=|-50-101100, T;=|-100 =40 41 600, (3.101)
~-10 =2 2 10 —40 —16 16 —23 0
0 0 001 0 0 0 01
31 17 —19 42 0
—60 —35 42 —96 0
Too=| 60 30 —29 60 O,
30 16 —17 37 0

0 0 0 01

which satisfy To Ty /95 T1/9 T1 Too = 1. We notice that the shift at the ‘conifold” Ty /95 is
—10, while for a shrinking S® that is dual to the single logarithmic period at this singular
locus one would expect from eq. (3.67) that the shift is by 1. The reason is that, as
mentioned in section 3.2.2, the one-parameter Calabi-Yau family for the equal-mass banana
integral is obtained by dividing by a symmetry group G. In the case at hand, G = Z/(10Z)
is divided from the manifold X?45_ or rather from eq. (3.51), and one takes care of the
projective resolution in a second step, as made explicit in ref. [157] (the k = 1 case). In this
way G acts freely on the shrinking S® and makes it into a lense space L(1,10), as explained
in ref. [184].

3.4 Comments on the relation: Feynman integrals versus Calabi-Yau motives

In section 3.2.2 we saw that there are different geometric realization of the periods relevant to
the maximals cuts of banana integralsin D = 2 dimensions. We introduced more abstractly
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the properties of families of Calabi-Yau motives that can be — and have been — studied
at least partially in their own right. For example, the Legendre family &1 is one of the
four hypergeometric motives associated to elliptic curves [185]; the operator L in eq. (3.37)
corresponds to one of the Apéry-like families of motives, which were systematically studied in
ref. [185] (listed there as case C'). The four-loop equal-mass banana integral corresponds to a
one-parameter Calabi-Yau family of motives, and appears in the less complete list described
in ref. [154] as AESZ 34. However, in mathematics there is an even more fundamental
perspective on motives which can provide even more detailed information about Feynman
graphs (see, e.g., refs. [186-189]). We will first give a rough definition for this concept
and then turn to families of Calabi-Yau motives that are defined for higher-dimensional
Fano varieties and local Calabi-Yau spaces and finally summarize what the properties of
Calabi-Yau motives predict concerning the properties of Feynman integrals.

3.4.1 The mathematical perspective on motives

The idea of motives was proposed by Grothendieck to capture the cohomological structure
of varieties. We want to briefly explain this idea without going much into detail and giving
definitions for all occurring objects. For more details we refer to Milne [190] and the survey
paper by Zagier [191]. We start by explaining geometric motives. Let X be a smooth
projective variety of some dimension n. For simplicity, we assume that X is defined over Q
(more generally one could consider any number field). For every integer 0 < r < 2n there
are different cohomology theories that we can associate with X:

o Considering the complex points on X, we obtain a topological space X (C) which
gives rise to the Betti cohomology group H"(X(C),Q). This is the Q-vector space
defined as the homology of the singular cochain complex tensored with Q.

o Using that X is defined over QQ allows us to define the algebraic de Rham cohomology
group Hjjp (X). This is the Q-vector space defined as the hyper-cohomology of the
algebraic de Rham complex and was first considered by Grothendieck [192]. This
space has a Hodge filtration

FTHR(X)C FF ' HR(X) C ... C FOHR(X) = Hig(X) (3.102)
which, after tensoring with C, gives the familiar Hodge decomposition

Hir(X)®oC= P H"(X(C)). (3.103)
p+q=r

e Letting X be the variety X regarded as a variety over Q one has for any prime ¢
the f-adic cohomology group H"(X,Qy). This is the Q-vector space defined as the
inverse limit of Etale cohomology groups. The Galois group Gal(Q/Q) naturally acts
on X and this induces an action on H" (X, Qy).

These cohomology groups are related in several ways. For example, the integration of
differential forms over closed chains gives a natural isomorphism

H"™(X(C),Q) ®g C = Hix(X) ®g C, (3.104)
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where the transcendental numbers occuring in this isomorphism are the periods of X.
Further, there is a natural comparison isomorphism

H"(X(C),Q) ®q Q= H"(X,Qy) . (3.105)

We now define a geometric motive as a rational linear subspace V' C H"(X(C), Q) that
is compatible with the Hodge decomposition and the action of the Galois group. By this
we mean that for the complexification Vo =V ®¢ C,

Ve= € (VenH(X(C))), (3.106)
pt+q=r

and that for any prime ¢ the action of Gal(Q/Q) on H"(X(C),Q) ®g Q¢ (induced by the
comparison isomorphism) can be restricted to Vg, = V ®g Q. We call r the weight and
dimV the rank of the geometric motive V. The simplest example of a geometric motive
is the complete space H" (X (C), Q). Other simple examples are isotypical components of
H"(X(C),Q) with respect to the natural representation of a suitable group G acting on X.
More generally, a motive can be thought of as a suitable collection of vector spaces
(equipped with a Hodge decomposition and an action of Gal(Q/Q) with additional compati-
bilities), and it does not have to come from any specific variety. Examples of motives that do
not refer to specific varieties (although they can be realized in this way) are hypergeometric
motives and motives associated with modular forms. Considering the motivic structure of
Feynman integrals can lead to concrete arithmetic predictions as we summarize next.

Arithmetic predictions. Many standard conjectures from algebraic geometry can be
generalized to the theory of motives. Examples for this include the Hodge conjecture
and the Tate conjecture. For any rational linear subspace V C H"(X(C), Q) the Hodge
conjecture would imply that V is already a geometric motive if it is compatible with the
Hodge decomposition while the Tate conjecture would imply that V' is already a geometric
motive if it is compatible with the Galois action. In particular, it is an interesting question
to which extend the equality of Galois representations of motives implies the equality of
the associated periods, and vice versa. Practically, this relationship can, e.g., be studied
by identifying Feynman integrals at special points (seen as periods) with special values of
L-functions (which are completely determined by a Galois representation). For Calabi-Yau
three-folds such relations are studied in refs. [158] and [193]. A very explicit and general
conjecture in this direction is Deligne’s period conjecture [194], see also [2]. This predicts
that for a certain class of motives an associated L-function value is a rational multiple of a
specific minor of the period matrix.

Analytic predictions. One short and simplified message about the relation between the
cut integrals and families of Calabi-Yau manifolds is that the algebraic functions and the
elliptic periods known to arise from maximal cut computations get conjecturally replaced
(at least in some cases) by the period integrals of Calabi-Yau (I — 1)-fold families associated
to the (horizontal) middle (co)homology of rank hil;rl, or more generally, by families of
Calabi-Yau motives of weight (I — 1) and rank r. Many of the concepts for controlling the
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functions analytically as well as numerically carry over from the elliptic integrals to the
Calabi-Yau periods defined either by the Calabi-Yau-geometry or the Calabi-Yau motive.
For the banana graphs this is not a vague conjecture anymore. Thanks to the techniques
for Calabi-Yau periods and their extensions, the analytic and numerical properties of the
cut integrals and the full banana integral, can by now be well controlled at all loop orders
in D = 2 dimensions [73], and as explained in sections 5 and 6, also for general e.

An observation that is trivial from the geometric point of view is the fact that, once one
has identified the family of Calabi-Yau motives as defined in section 3.2.2 and its extensions
to the inhomogeous Picard-Fuchs differential ideal (including the general e-dependence,
see section 5), and once one was able to fix the boundary conditions, say in the infrared
(by which we mean the small mass limit, m? — 0) as in eq. (3.95) (or more generall by
eq. (5.20)), then the complete analytic properties of the integral are fixed. This includes,
in particular, its behavior in the wultraviolet (by which we mean the small momentum
limit, p — 0) or in other kinematic limits. Some of these physical properties are directly
related to prominent geometric properties that are related to the global monodromies, e.g.,
the imaginary part of the banana integral above threshold is precisely determined by the
Seidel-Thomas shift at the conifold that is nearest to the MUM point.

It is also noticable that there is geometrically a prominent real and monodromy invariant
quantity namely the exponential of the Kéhler potential e/ in eq. (3.3), which roughly
corresponds to combinations of the absolute values of maximal cut integrals. Remarkably,
this quantity can be calculated in its own rights by localization techniques as the sphere
partition function of the string propagating in very general Calabi-Yau backgrounds [195—
197]. The latter are described by gauge linear o-models, generalizing the geometries that
we have encountered here, namely complete intersections in toric varieties, to determinental
and more general embeddings into Grassmannians, flag manifolds and more general ambient
spaces. The periods on the other hand have been realized as a splitting of the sphere partition
function into hemisphere partition functions with a complete set of boundary conditions [198].

As it is clear from the points 7,8 and 9 in table 1 that from the geometric point of
view the extension of the homogeneous Calabi-Yau differential ideal to the inhomogeneous
differential equations corresponds to performing a chain integral in relative cohomology of
the ambient space rather than an integral over closed cycles in the Calabi-Yau manifold.
The corresponding extension of the Calabi-Yau operator is conceptually very similar to the
calculation of open string disk amplitudes ending on special Lagrangians in the Calabi-Yau
manifold, as it has been pioneered for non-compact Calabi-Yau spaces in refs. [199, 200]
for non-compact toric special Lagrangians and for compact Calabi-Yau three-folds for the
Walcher special Lagrangians in ref. [201].

In section 3.5 we will summarize the consequences of the mathematics of Calabi-
Yau motives for Feynman integrals. Before we do this, however, we make a comment of
mathematical nature, which is interesting in its own right, but which will also play a role in
the discussion in section 3.5.

More general geometrical realizations of families of Calabi-Yau motives. We
have seen in section 3.1 that, almost by definition, Calabi-Yau varieties have a vanishing first
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Chern class, ¢; = 0. However, Calabi-Yau motives can appear in the middle cohomology
of manifolds with positive Chern class, ¢; > 0, i.e., of non-Calabi-Yau spaces in the strict
sense of the definition given in section 3.1. A first example was discussed in ref. [202] in the
context of a case that seems to contradict the mirror symmetry hypothesis. The argument
is as follows: there is an example of a Calabi-Yau three-fold MJ with no complex structure
deformations (now many examples of these so-called ‘rigid’ Calabi-Yau spaces are known)
and 84 elements in H%!(MY,Z). By the remarks in section 3.1, having no complex structure
deformations implies H>1(MY,Z) = 0. Inspecting eq. (3.83), one concludes that it cannot
have a mirror Calabi-Yau space WY because the latter should have HY(WY) = 0, which
means that it would not be Kéhler. In ref. [202] a Calabi-Yau motive describing the 84
Ké&hler deformations as a variation of a Hodge structure in terms of periods was nevertheless
found in the middle cohomology H'(W+), where the seven-fold Wy is defined as the
vanishing of a smooth cubic P = 0 in P®. One can show that F7H"(W7) = FSH"(W7) = 0
while F°H(W7) = C. Closer inspections show that H”(W7) has a Hodge decomposition
0,0,1,84,84,1,0,0. Moreover, the unique (5, 2)-form can be expressed as §p_, & with u the
standard measure on P® defined in eq. (3.20). Note that this expression is scale-invariant
and the Griffiths reduction formula can be applied to get the Picard-Fuchs differential ideal.
This was done at least on a symmetric slice in ref. [202]. Similar more involved realizations
of Calabi-Yau motives (in fact elliptic curve motives) were discussed for the kite- and the
double box Feynman integral in ref. [203]. Here the elliptic curve motive was identified in
manifolds M3 and M5, respectively, which were defined as the vanishing of singular cubics
in P* and P%, respectively. In their middle cohomology an elliptic curve motive was found
since H3(M3) had a decomposition 0,1,1,0 and H°(Ms) had 0,0,1,1,0,0 , respectively. It
was explained in ref. [203] for the latter case how to perform the blow up that resolves the
singularities and how to identify the elliptic motives at an abstract level.

3.5 Summary of the most important structures relevant for Feynman integrals

We conclude this section with a summary of the mathematical structures related to Calabi-
Yau motives reviewed in this section and on how they are related to Feynman integrals.
The goal is to provide at one glance the lessons learned from Calabi-Yau motives for banana
integrals, and to speculate on how they may generalize to more general Feynman integrals.

Landman’s theorem and logarithmic divergences of maximal cuts. As a conse-
quence of Landman’s theorem (cf. eq. (3.65)), the periods of a family of algebraic varieties
of dimension n cannot develop logarithmic divergences worse than log(A)™ as A — 0.
Since the maximal cuts of Feynman integrals are expected to be periods of families of
algebraic varieties parametrized by the external kinematics, the logarithmic divergences of
the maximal cuts should contain information about the dimension of the family of algebraic
variety (rather, the rank of the motive, see below). More precisely, if a maximal cut behaves
like log(A)™ in some kinematic limit A — 0, then neither the dimension of the algebraic
variety or the weight of the motive minus one can be less than m. We stress that this
statement is generic and applies to any algebraic variety or motive, independently if it is of
Calabi-Yau type.
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Calabi-Yau motives for Feynman integrals. By now there is compelling evidence
that the geometry of Calabi-Yau manifolds plays an important role for higher-loop Feynman
integrals, and we have several infinite families of [-loop Feynman integrals associated to
Calabi-Yau (I — 1)-folds, cf., e.g., refs. [72-78]. This begs two immediate questions:

(i) Is it possible to assign a unique geometric object to a given Feynman graph such
that the variations of its mixed Hodge structure captures the (maximal cut) Feynman
integral depending only on the physical parameters?

(ii) Are all Feynman integrals associated to Calabi-Yau manifolds (or suitable general-
izations thereof), or are there Feynman graphs that lead to geometric objects that

require vastly different geometries?

Let us start by commenting on the first question. We have seen in section 3.2.2 that there
are two Calabi-Yau (I — 1)-folds that we can associate to the [-loop banana integrals, namely
the variety M llf% defined by the vanishing of the second Symanzik polynomial (cf. eq. (3.44))
and the variety M"Y} defined as a complete intersection in P, (cf. eq. (3.48)). It is known
that these varieties are in general not diffeomorphic (e.g., for I = 4 and [ = 5 they have
different Euler characterictics). Hence, we can associate (at least) two non-diffeomorphic
manifolds to a given banana graph. It thus seems that it is in general not possible to
associate a uniquely-defined algebraic variety to a given Feynman graph. Note that for
I = 2 the Calabi-Yau one-fold M{™S and M{! define the same elliptic curve, so there may
be a unique variety attached to the two-loop sunrise integral, along the lines of the findings
of ref. [162]. Our arguments indicate a potential breakdown at higher loops of one being
able to attach a unique algebraic variety to a given Feynman integral.

Instead of attaching a family of varieties to a given Feynman graph, it seems more
appropriate to consider the family of motives one can attach to it. Loosely speaking, one can
think of a motive as a suitable linear subspace inside the (co)homology groups compatible
with the action of the Galois group (see section 3.4.1). Two non-diffeomorphic (families of)
varieties may define the same (family of) motives. This is indeed the case for the banana
graphs: Mllisl and Ml(ill contain the same motive as part of their cohomology, even though
they are distinct as manifolds, cf. eq. (3.53). We thus conclude that if one can indeed
identify a unique geometric object for each Feynman graph, it should be a motive rather
than an algebraic variety.

From this perspective, the second question can now be rephrased in the following way:
are all Feynman integrals associated to (families of) Calabi-Yau motives, or do other motives
make their appearance? In refs. [37, 204] several families of maximal cuts were analyzed
that lead to Riemann surfaces of genus g > 1. The latter are definitely not Calabi-Yau
manifolds in the strict sense of section 3.1 (because n = 1 and h'* = g > 1). However, there
are examples of Calabi-Yau motives that describe higher-genus surfaces, cf. the discussion
earlier in this section, in particular refs. [205-207] mentioned there. That discussion implies
that it is insufficient to look at the geometry, say defined by the F-polynomial of a Feynman
graph, and conclude from the fact that it represents a higher-genus geometry with ¢; < 0
that the Feynman integral cannot be related to a Calabi-Yau motive. In fact, in local
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mirror symmetry, the limiting mixed Hodge structures of Calabi-Yau families are related
to the motives of higher genus curves that can be constructed in this limit [205, 206]. A
natural and wide class of such motives are the ones that can be constructed as mirrors of
non-compact toric Calabi-Yau spaces by a version of Batyrevs mirror construction that
in this context is known as Hori-Vafa mirror construction [206], see also [205]. Another
wide class of examples can be constructed as mirrors to non-compact elliptically fibred
Calabi-Yau families [208]. The main point is that for the examples in these classes the
motive is (similar to the ¢; > 0 discussed above) defined by a pair (C4, A) consisting of
a curve Cg4, of genus g and a non-standard meromorphic differential A [205, 206], which
can both be explicitly constructed from the non-compact Calabi-Yau geometry. Therefore,
these motives cannot be detected by just looking at a curve. Explicit examples of local
genus-two Calabi-Yau Picard-Fuchs differential ideals, which are limits of non-compact local
toric Calabi-Yau motives, have been worked out in ref. [207]. It would be interesting to
study the examples in refs. [37, 204] in more detail to see if they fall in these classes. If they
define Calabi-Yau motives, all known examples of Feynman integrals would be associated
to Calabi-Yau motives, and it would then be tantalizing to speculate that this may be a
general feature.

Maximal cuts and the Frobenius-basis. Maximal cuts play an important role in the
study of scattering amplitudes and Feynman integrals. They are defined by integrating
the differential form defining a Feynman integral over a contour that encircles all the poles
of the propagators. Constructing an explicit basis for the maximal cut contours can be
a complicated task, see, e.g., refs. [36, 80, 81, 83] for concrete examples where a basis of
maximal cut contours was constructed.

However, for applications it may not be needed to construct a basis of cycles explicitly.
In particular, families of Calabi-Yau varieties have generically a MUM-point (though
exceptions to this rule are known to exist, see ref. [209]), and close to a MUM-point it
is possible to construct a basis of periods, called a Frobenius basis, characterized by an
increasing hierarchy of logarithms, cf. the discussion around eq. (2.45). The Frobenius
basis provides a basis for the solution space of the Picard-Fuchs differential ideal (or, in
physics parlance, the set of homogeneous differential equations for the Feynman integral),
and thus also for the maximal cut integrals. However, the Frobenius basis is not an integral
basis, by which we mean a basis for the periods/maximal cuts computed by integrating over
cycles from integral homology, i.e., linear combinations of cycles with integer coeflicients.
Instead, as we have explained in section 3.2.4 and illustrated on the four-loop example in
section 3.3.1, the change of basis from the Frobenius basis to the integral basis involves
a rotation matrix whose entries are transcendental numbers. In applications to Feynman
integrals, however, the concrete form of this rotation may not be required (the important
point is to have a basis). The advantage of the Frobenius basis lies in the fact that, if
a MUM-point is identified, it can be constructed in a much more straightforward way
than the integral basis, whose construction requires a detailed knowledge of a basis of
geometric cycles. In section 5.3 we comment on how some of these concepts may generalize
to dimensional regularization and to non-maximal cuts.
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Quadratic relations among cuts. When solving differential equations for Feynman
integrals, it is important to know the Wronskian of the system, or, equivalently, a matrix
of maximal cuts in integer dimensions, cf. section 2. Understanding the entries of the
Wronskian and their relations is thus very important for applications. In section 3.2.3 we
have explained that as a consequence of the Griffiths transversality conditions in eq. (3.16),
the entries of the Wronskian for Calabi-Yau motives (i.e., the maximal cuts) satisfy a
collection of quadratic relations, cf. eq. (3.57). The right-hand side of eq. (3.57) is a rational
function that can be calculated explicitly and is known as the Yukawa coupling. In particular,
for one-parameter families of Calabi-Yau motives the Yukawa coupling satisfies the simple
differential equation given in eq. (3.59). We will illustrate these quadratic relations and their
application to solve differential equations for the equal-mass banana integrals in section 4.

Identifying one-parameter families of Calabi-Yau motives. In many applications
one-parameter families of Feynman integrals (which depend on two kinematic scales) play
an important role. It is therefore an important question how to determine, whether the
homogeneous Picard-Fuchs operator annihilating the maximal cuts, describes a family of
Calabi-Yau motives. In section 3.2.3 we reviewed a necessary condition, based on self-
adjointness, for an operator to describe a family of Calabi-Yau motives, cf. eq. (3.61). This
criterion involves the Yukawa coupling, which can itself be determined from the differential
operator and the differential equation (3.59). If this necessary condition is satisfied, we
expect that many of the properties reviewed in this paper apply. Therefore, we believe that
this criterion will be an important tool in the future to identify two-scale Feynman integrals
that can be solved using the techniques we have described.

Calabi-Yau motives and the transcendental weight of Feynman integrals. A
mysterious property of Feynman integrals and scattering amplitudes is their transcendental
weight. In particular, in certain special quantum field theories like the N = 4 supersymmetric
Yang-Mills theory in four space-time dimensions, it was observed that, whenever an [-loop
scattering amplitude can be expressed in terms of multiple polylogarithms, then it only
involves multiple polylogarithms of transcendental weight 2{. Clearly, such a property calls
for a deeper theoretical explanation. An important question in this context is how the notion
of transcendental weight generalizes to scattering amplitudes that cannot be evaluated in
terms of multiple polylogarithms, but require functions associated to more complicated
geometries. A proposal for how to generalize the notation of transcendental weight to
include elliptic polylogarithms and iterated integrals of modular forms was put forward in
ref. [56]. The proposal of ref. [56] predicts, in particular, the expected transcendental weight
of the two- and three-loop banana integrals in D = 2 dimensions (which are expected to
have transcendental weights two and three respectively; the one-loop banana evaluates to
a logarithm and has transcendental weight one), and of the two-loop elliptic double-box
integral, that appears in the planar N' = 4 Super Yang-Mills theory [69]. It is thus natural
to expect that in general [-loop banana in D = 2 dimensions or train-track integrals in
D = 4 dimensions have uniform transcendental weight [ and 2I, respectively. If and how the
notion of transcendental weight generalizes concretely to other geometries, in particular of
Calabi-Yau type, is still unexplored, mostly due to a lack of explicit results for such integrals.
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In section 3.2.4 we have argued that the structures associated with the boundaries of
the moduli space of a family of Calabi-Yau varieties, in particular its limiting mixed Hodge
structure, allow one to motivate that the I-loop banana integral in d = 2 dimensions has
transcendental weight [, as expected. In a first step, we see that the monodromy weight
filtration allows one to associate a transcendental weight with every period (i.e., maximal
cut) of the Calabi-Yau variety. Loosely speaking, at the MUM-point the motive degenerates
to a mixed-Tate motive, and the leading behavior of the periods is described by logarithms
and zeta values, whose transcendental weight is well understood. The degeneration of the
periods at the MUM-point then determines their associated transcendental weight. While
it seems that this construction only allows one to define the transcendental weight of the
periods/maximal cuts, we have argued at the end of section 3.3 how we can uplift the
definition of the transcendental weight to include the full I-loop banana integrals in D = 2
dimensions. The idea is that, after changing basis from the Frobenius basis to an integral
basis, the monodromy matrices take integer values (cf. egs. (3.99) and (3.101)), and we see
that under the action of the monodromy group the full Feynman integral gets admixtures
from Calabi-Yau periods of transcendental weight [ — 1 multiplied by an additional factor
of 7 increasing their total transcendental weight by one. Therefore, the only way to define
the transcendental weight of the full /[-loop banana integral in D = 2 dimensions that
is natural and consistent with the monodromy is therefore to define its transcendental
weight as [, in agreement with the known results for [ < 3. It would be interesting
to explore if similar considerations can be applied to the [-loop train-track integrals in
D = 4 dimensions, which are expected to have uniform transcendental weight 2I, since
they define scattering amplitudes in the planar N/ = 4 supersymmetric Yang-Mills theory.
It was recently confirmed that the two-loop train track graph has the expected uniform
transcendental weight [69]. Understanding how to extend the approach of section 3.2.4 to
higher-loop train track integrals may shed light on the mysterious uniform transcendental
weight property of N’ = 4 supersymmetric Yang-Mills beyond multiple polylogarithms.

Let us conclude by mentioning that the concept of uniform transcendental weight is
closely related to the concept of pure functions that has appeared in physics, cf. ref. [210]
for the definition for multiple polylogarithms, and ref. [56] for the extensions for elliptic
curves and iterated integrals of modular forms. We will comment on pure functions for
higher-loop banana integrals at the end of the next section.

Modularity and families of elliptic curves and one-parameter families of K3
surfaces. Most concepts mentioned so far generalize very nicely from elliptic motives
to general Calabi-Yau motives. It is important to stress that some concepts are not
expected to generalize straightforwardly. Most notably, for families £ of elliptic curves and
families K3 of algebraic K3 surfaces, there is a uniformizing map to a symmetric space
Me(€) = Te\SU(L,1)/U(1) and Mes(Ks) = Tis\SO(2,20 — p)/(SO(2) x SO(20 — p))
respectively, where I'¢ and '3 are discrete groups determined from the monodromy of
the family. For elliptic curves, H = SU(1,1)/U(1) is the complex upper half plane H,
and the monodromy group I'e C SL(2,Z) is a congruence subgroup. For K3 surfaces,
(1,p — 1) denotes the signature of the Picard-Lattice I'; ,—1 in Xk3 whose rank p > 2
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depends on the algebraic embedding of the K3 surface, and I'rs C SO(2,20 — p,Z). The
occurance of modular- or automorphic symmetries, respectively, has the consequence that
the elliptic integrals can be written as modular forms, and the periods of the K3 as more
general automorphic forms, which sometimes have a simple relation to modular forms.
For instance, for complex one-parameter K3 surfaces p = 19 always. This is related to
the fact that the corresponding third-oder Picard-Fuchs operator can be always written
as a symmetric square of the second-order operator of elliptic curves, cf., e.g., ref. [211].
For Calabi-Yau n-folds with n > 3, which have the full SU(n) holonomy, M_s cannot be
mapped to a symmetric space of the form above. So its is expected that the theory of
periods and therefore of Feynman integrals, can become qualitatively very different for
loop orders [ > 4. As summarized in ref. [154], integral structures like the integrality of
the coefficients of the unique holomorphic period at the MUM-point, the integrality in
the coefficients of the mirror map and most noticeable of the instanton expansion much
studied for Calabi-Yau three-folds, but also established for Calabi-Yau four-folds, are clearly
harbingers of the interesting arithmetic properties of Calabi-Yau motives that might become
an important feature of Feynman integrals at higher-loop order, beyond the examples of
the banana integrals.

4 Equal-mass banana Feynman integrals in D = 2 dimensions

The goal of this section is to show how one can combine ideas from geometry and Calabi-Yau
manifolds with the method of computing Feynman integrals using Gauss-Manin systems.
We have already seen in section 2.2 that the Wronskian and its inverse play important roles
in solving the first-order Gauss-Manin systems in terms of iterated integrals. The Wronskian
can be identified with the matrix of maximal cuts in D = 2 space-time dimensions. We
therefore start this section by continuing our analysis of what the geometry of Calabi-Yau
manifolds can teach about these maximal cuts.

4.1 Maximal cuts of [-loop banana integrals in D = 2 dimensions

In this section we use insights from the theory of Calabi-Yau manifolds to give an explicit
description of the maximal cuts of equal-mass banana integrals at an arbitrary number of
loops. Our starting point is the observation that the maximal cuts of J; 1(z;0) compute the
periods of a Calabi-Yau (I — 1)-fold, cf. eq. (3.43) and refs. [71-73, 77, 78]. Hence, while
it may be hard to find an explicit basis of maximal cut contours I'; to evaluate the cut
integrals in momentum space (see section 2.2), we can find a basis for the maximal cuts of
J1,1(#;0): they form a basis for the periods of the Calabi-Yau (I — 1)-fold. In section 3 we
have argued that the moduli space of every Calabi-Yau manifold contains a MUM-point,
which was identified with the large momentum limit, z — 0. It is thus natural to consider
as basis of periods the Frobenius basis II;(z) at the MUM-point defined in eq. (2.47). As a
consequence, all maximal cuts of J; 1(z;0) are of the form

l
J{l(z) =o' - 1I(2) = Z 04; wyj-1(2) for o' € C'. (4.1)
j=1
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At this point we make a comment: as already mentioned in section 3.2.4, the elements of
the Frobenius basis w; j(z) are not obtained by integrating the (I — 1,0)-form over a cycle
defined in integral homology. The maximal cut contours, however, are defined with integer
coefficients (they are ‘genuine geometric objects’). In section 3.2.4 we have discussed how
to work out the change of basis (see also the four-loop example at the end of section 3.3).
The advantage of working with the Frobenius basis is that its structure is well understood
and we have efficient methods to determine it (especially close to the MUM-point z = 0).

The element of the Frobenius basis can be evaluated for all real values of z, as explained
in section 2.3 and ref. [73]. Note that JE 1(2) is always annihilated by the differential operator
L; defined in section 2.3. In the following it will be useful to write the Picard-Fuchs operator

in terms of usual derivatives

l
L= Bi(2)0%, (4.2)
k=0

where the By ;(z) are polynomials. The Wronskian can then be chosen as:

w1,0(2) wia(z) ... w—1(2)

0, 0(z O, 1(z) ... Oy —1(z
Wi(z) = l',o( ) l',l( ) u 1(2) | (43)
81_1731,0(2) 81_1wl,1(z) 82_1?2;,1_1(,2)

z z

and we have JI (2) = Wi(2)al, cf. eq. (2.29). The determinant of the Wronskian is

~1/2
det Wy(z) = ((—1)1273 Disc(ﬁl))il/2 = (zl?’ H (1- kz)) , (4.4)

keA®)

where Disc(L£;) is given in eq. (2.43). To prove this identity, first note that from 0, W;(z) =
B o(2)W;(2) it follows that

0, det Wi(z) = Tr By o(2) det Wy(2), (4.5)

where for our choice of basis B (%) has the form

0 1 0 . 0
0 0 1 ... 0
Bio(2) = : : : : (4.6)
0 0 0 .. 1
_Bio(»)  Bii(2)  Bia(?) _ Bri—i(?)
Bii(z2)  Bii(z)  Bu(z) " By (2)

Computing the operator £; with the procedure explained in ref. [73], one finds that

Bui(z) = Dise(£)) = (—2)" [ (1 k2).
keaA® (4'7)
Bui(z) = % (azBl,l(z) _ jB,,l(z)> |
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This gives

Bl 171(2’) l 3—1 k
TrB == — . 4.8
rBio(2) Byi(z) 2 z + Z 1—kz (4.8)
’ keA®

It is then easy to see that the determinant is proportional to the right-hand side of eq. (4.4),
and the constant of proportionality is fixed by our normalization of the Frobenius basis.
As explained in section 2.2, the Wronskian and its inverse play important roles when
solving the Gauss-Manin system satisfied by the Feynman integrals. The elements of
the inverse Wronskian are (I — 1) x (I — 1) minors of W;(z), i.e., they are homegeneous
polynomials of degree | — 1 in the entries of W;(z). It seems from eq. (2.18) that the
integrand of the iterated integrals will involve polynomials of degree (I — 1), and beyond the
leading order in € even of degree [. In the following we show that the quadratic relations
from Griffiths transversality from section 3.2.3 allow one to reduce this degree considerably.

4.2 Bilinear relations among maximal cuts from Griffiths transversality

In section 3, in particular in eq. (3.57), we have explained that the Calabi-Yau periods and
their derivatives satisfy bilinear relations as a result of Griffiths transversality. Since the
periods and their derivatives are nothing but the maximal cuts for the master integrals
in eq. (2.7), Griffiths transversality leads to a set of bilinear relations among maximal
cuts. The goal of this section is to describe these relations in the equal-mass case and to
write them down explicitly for the first few loop orders, and to highlight some of their
consequences for Feynman integrals.

Recall from section 3 that there is a bilinear pairing — the intersection pairing 3 —
on the entries of W;(z). If we work with the Frobenius basis II;(z), Griffiths transversality
in eq. (3.57) takes the form

0 k<l—1
I0,()7 5% 08I, (=) = =t (4.9)
lel(z) ) k:l—l,

where (up to a multiplicative constant) the intersection matrix X; is given by*?

> (4.10)

We now use this to derive a differential equation satisfied by C;_1(z). First note that for

42For odd [ the intersection matrix can only have such a simple form since it corresponds to elements of
the rational homology instead of the integral homology.
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any 0 < k <1 —1 we have

Cri(2) =10 (2)" 20510 (2) = 0. | 1L (2)7 2087200 (2) | — 010 ()" 2, 0L7210, (2)
=0
=...=(-D)" (»)" %0 ()

(4.11)
and thus

OFIL ()7 2 01 H I (2) = (~1)FCi (2). (4.12)
Using this successively, we get

10, (2)" £ 0L (2) = 0:C1-1(2) — 81 (2) " £, 0L 1L (2)
=20.C1_1(2) + 0*10,(2)T 2, 0L7210,(2) (4.13)
=...=10,C_1(2) + (-D)!oL, ()" =10, (2) .

The (—1)*!-symmetry of ¥; then implies
l
0, (2)T %, 0L, (2) = 50:Cia(2). (4.14)

Finally using this together with the Picard-Fuchs equation we find that
0= 1I0,(2)" Xy £iI1(2)

= B (2)y(2)" 2100 (2) + Bia(2)IL(2)" 2 010 (=) (4.15)
l
= Bii-1(2)Ci-1(2) + §Bz,z(z)8zczfl(2) ;
and so we have (cf. eq. (3.59)):
2B-1(2) _
0.C1—1(z) + ] 73[,[(2) Ci—1(2) =0. (4.16)

Comparing with eq. (4.8) and fixing the constant of proportionality from our normal-
ization of the Frobenius basis (cf. eq. (2.45)), we can find an explicit expression for the
Yukawa coupling:

_ 1

- 2 hean (1 —k2)

Equation (4.9) can be interpreted as a collection of bilinear relations between the

Cl_l(z)

(4.17)

maximal cuts of J;1(2;0) and J; ;(2;0) for k£ > 1. We obtain more relations by differentia-
tion, e.g.,

9.Ci_1(2) = 0.1 ()" 2,01 (2) + I (2)T =, 0L, (2)

-1
_ By ;(2) ,
= 0.11,(2)T 2, 0510, (2) — LI, (2)T 32, 0910, (2
0 (2)" 3,0, (=) jZOBz,z(Z)Z< )" 3 0/ (2) (4.18)
_ By i-1(2)
_ T -1 _ PlLi-1
_82Hl(z) Zlaz Hl('z) Bl,l(z) Cl*1(2)7
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where in the second step we used the fact that £;II;(z) = 0 and in the third step we used
eq. (4.9). We can proceed in this way to compute all the entries of the matrix

IL(z)' 2 (z) - IG(z)T 300 L (2)
Z(2) = : : : (4.19)
O (2)T By Iy (2) -+ O (2)T 3 0L ML (2)

which for the i-th row gives the formula

(Zu(2)i)T = (0 — Bro(2))i " 0 . (4.20)

Cl_l(z)

In particular all entries are rational functions and Z;(2)” = (—1)"*1 Z;(2).

Let us work out these relations, or equivalently the matrix Z;(z), for the first few loop
orders. It turns out that the matrix Z;(z)~! has a more compact form, so we give examples
for this matrix for [ < 4:

1 4

Zi(2)7t = =Rl (4.21)
1
Zo(e) " = <1 - 1g+9z - 3)0 92)
z
5 -4 —10+64z  1—20z+ 6422
Z3(z)"t = —10+ 64z —1+ 20z — 6422 0
1 — 20z + 6422 0 0
0 —1 428 — 2852 + 45022
Zi() = 128+ 285z2— 450z23 ) 0 . )
1—70z+7772° —900z° —z + 352° — 259z° + 2252
z — 3522 4+ 25923 — 22524 0
—1 470z — 77722 + 90023 —2z 4 3522 — 25923 + 2252*
2z — 3522 4 25923 — 22524 0
0 0
0 0

For [ = 1 this just shows that the period is an algebraic function; for [ = 2 we get the
well-known Legendre relation for the periods of an elliptic curve; for [ = 3 we find that the
Picard-Fuchs operator is a symmetric square. Also note that, while for low loop orders

~! are equal (up to a possible alternating sign and

the entries of the antidiagonals of Z;(z)
zeroes on the diagonal), this pattern does not hold in general for higher-loop orders. The
only non-trivial exception for this is the middle antidiagonal (see eq. (4.11)).

The procedure that we have just described to derive bilinear relations works for arbitrary
values of . An important question is if and how many of these relations are independent

(at least for generic values of z), and if there are bilinear relations that are not captured
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by Griffiths transversality. The symmetry properties of Z;(z) imply that there are l(l;rl)
independent entries for [ odd and @ for [ even. For loop orders [ < 4 we have searched
for additional relations by evaluating the Wronskian matrix at a generic rational point
zo and using a floating point LLL algorithm to find linear dependencies between bilinear
products of elements of the Wronski matrix and C;_1(z9). Within the used precision all
of the resulting relations follow from Griffiths transversality. Based on these observations,
we conjecture that all global bilinear relations among the maximal cuts for I-loop banana
integrals follow from Griffiths transversality.

The bilinear relations from Griffiths transversality have important consequences for
the inverse Wronskian W;(z)~!. In terms of the matrix Z;(z) defined in eq. (4.19), one can

express the inverse Wronskian as
Wl(z)fl = ZZWZ(Z)TZZ(Z)fl . (4.22)
Explicitly, this gives for example, with 1 < k <[,

(=) g(2)

Wi(2),] = o) (4.23)
_1\+E+1 Py
Wl(z)];},l = (Clljl(z) azwl,l_k(z) + (é — 1) %wl,l—k(z) . (4.24)

Similar relations can be derived for all other entries of the inverse Wronskian. In particular,
all entries of the inverse Wronskian are linear in the entries of W;(z). Note that this implies
polynomial relations of higher degree between the entries of W;(z), because the entries of
the inverse are proportional to (I — 1) x (I — 1) minors. Moreover, we see that Griffiths
transversality also determines det W;(z). Using eq. (4.22) one finds

det Wi(z) = Cj_1 ()2, (4.25)

which is also a cross check for eq. (4.4).

We remark that the previous results do not only apply to Picard-Fuchs operators but
also to essentially self-adjoint operators in general. To show this let £; have order [ and be
essentially self-adjoint, i.e. £;C;_1(z) = (—1)'C;_1(2)L; for some non-zero C;_1(z). Then
we define a matrix Z;(z) by (4.20). This matrix is non-degenerate, (—1)*!-symmetric
and satisfies 0,Z;(2) = By o(2)Z;(2) + Zi(2)Byo(2)T. Hence it follows that X; defined by
3 = Wi(2) 7' Z(2) (W (2)™1)T is non-degenerate, (—1)"*!-symmetric and constant.

Let us conclude this section with some comments: first, we mention that this is not the
first time that bilinear relations between maximal cuts of banana integrals were considered.
In particular, refs. [102, 212-215] considered quadratic relations between moments of Bessel
functions, which are closely related to banana integrals and their cuts. Quadratic relations
for maximal cuts for [ = 2 and | = 3 were also studied in ref. [216], and such relations
also arise from the twisted Riemann bilinear relations [217, 218]. Since all quadratic
relations follow from Griffiths transversality (at least conjecturally), it would be interesting
to compare those quadratic relations to the ones presented here. Finally, in this section we
have only discussed the equal-mass case. Griffiths transversality holds more generally also
for the periods, i.e., the maximal cuts, in the case of distinct propagator masses. It would
be interesting to work out these relations explicitly.
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4.3 Banana integrals and integrals of Calabi-Yau periods

So far we have discussed what we can learn about the matrix of maximal cuts for the
equal-mass banana integrals, in particular relations among maximal cuts and the inverse
of the Wronskian. In this section we apply these results to obtain for the first time a
representation of higher-loop banana graphs in terms of (iterated) integrals of Calabi-Yau
periods. For simplicity, we focus here on ¢ = 0. Extending our results to include higher
orders in € is straightforward, assuming the matrices B;(z) and By ;(2) for k =1,...,1
are known. An efficient technique to obtain the matrices B o(2) for high loop order was
presented (implicitly) in ref. [73]. In the next section we will show how to extend this
method to include higher-order terms in €.
Our starting point is eq. (2.22) for e = 0:

z
2! erA(” (1—k2)

with & = (0,...,0,1)T. Changing variables like in eq. (2.16), we obtain

0:y(2;0) = Byo(2) J(2;0) + (—1)" (1 + 1)! &, (4.26)

_ ¥ 10(2)
0.L9(z) = (~1)*1(1 + 1) : Wi(z) le = (1+1) ZE02 0 (a27
L) = () D g Wi M= () T )
where in the last step we used eq. (4.23) in vector form, i.e. W;(2)71¢, = (—1)”1%.
This equation can easily be solved by quadrature
z I
L9 = L0 + 1+ 1) %, / dw Lf;") , (4.28)
1o
or equivalently
|
J(2) = Wi) L (0) + (1 + DIWi(2) 2 [ dw ;S;U) : (4.29)
1o
For the individual master integrals, i.e., the individual components of J l(o) , we find:
|
T () = T LO0) + @+ ) IS [aw B g
) 10
Here 1 denotes the unit tangent vector at 0. In the limit z — 0, we have
L 9 1 1\ 2
I0,(2) = 2 | 1,log 2, 5 log®z, ..., mlog z) +0(z%), (4.31)

so that the integral in eq. (4.29) diverges if the lower integration limit is zero. The divergency
is regulated by introducing the tangential base point 1. For a comprehensive review of how
this regularization can be practically implemented into the framework of iterated integrals
on curves see, e.g., ref. [52]. In the present case, the tangential base point regularization
(often called shuffle regularization) reduces to the prescription:

z wy k(w) 1 kil /Z dw <wl k(W) 1 i )
d : = 1 — : — —1 . 4.32
i e (k+1)! ogT At 0w w g o8 Y (4.32)
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It is easy to check that the remaining integral in eq. (4.32) is absolutely convergent (as long
as the range [0, z] does not contain any singular point of £;).

Let us now determine the initial condition Ll(o) (0). We start from eq. (4.30) for k = 1.
Since the integral in the second term in eq. (4.32) is convergent, this integral vanishes like
a power in the limit z — 0, and so this term behaves like O(z?2). Using eq. (4.31), we find:

-1 i
| J
Ja(20) = (=D + D)z logl 2+ 2 3 L}S)_j(())<j_§z> +0(22). (4.33)
i=0 '

We see that the vector LZ(O) (0) is uniquely determined once we know the leading asymptotics
of J;1(2;0) in the limit z — 0. This limit can be related for arbitrary loop order to a novel
[-class [73]. In particular, in ref. [73] a generating functional for the coefficients of the
logarithms in the limit z — 0 was obtained (see, for example, table 2 of ref. [73], for explicit
results through | < 6). More precisely, comparing eq. (4.33) to the asymptotics obtained in
ref. [73], we find that

I+ D! @)
(k+1)170 7

where the )\((]k) are Q[im]-linear combinations of zeta values of uniform transcendental weight

Li(0) = (4.34)

k defined by the generating function [73]:

i ¥ )\gc) _ _efimc+22° i ZEiiﬁl 2k+1 _ _F(l — .’L‘) e—2y:c—i7m: ) (4'35)
2 (k1 1)! T(1 + )

Equation (4.29) is one of the main results of this paper. It expresses all master integrals for
equal-mass banana integrals at [-loop in terms of an integral over the periods of a Calabi-
Yau (I — 1)-fold. The initial condition L}O)(O) can be given in the form of a generating
functional [73], so that all the ingredients needed in eq. (4.29) are known (the vector of
periods II;(z) and the initial condition L}O)(O) coming from the novel I-class in ref. [73]).
We find it remarkable that such a compact formula of geometric origin exists for all loop
orders. Note that the relations among maximal cuts from Griffiths transversality play
an important role in deriving eq. (4.29). Finally, we remark that it is possible to prove
eq. (4.30) for k = 1 by acting directly with the operator £;. This operator annihilates the
first term in eq. (4.30). For the second term, we find:

-1
o (mer s [ >)—Bl,z<z>z(,i)afnl<z>z“zlag—k—1ﬂz<;>

k=0 o

-1
= Bu(z) ) (;) (—1) oL (o) 3y sz(;)

=0
Bz Cz 1( S( ) (4.36)
k=0

z+1Bzz( )Cl 1(2)

in agreement with the rescaled inhomogeneity in ref. [73] (see also eq. (6.16) for e = 0).
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4.4 Some considerations about pure functions

Let us conclude this section by commenting on the concept of pure functions of uniform
transcendental weight for the banana integrals. At the end of section 3, we have argued
that the natural transcendental weight that one can assign to an [-loop banana integral in
D = 2 dimensions compatible with the monodromy is . Let us illustrate how this same
conclusion can be reached from eq. (4.30). We discuss the case k = 1 in detail.

Based on expectations from [ < 3 (cf., e.g., refs. [49, 50, 56, 57, 61, 63]), we expect that

J11(2;0) = w0(2) P(2) (4.37)

where P)(z) is a so-called pure function of uniform transcendental weight | [56, 210]. A
function P;(z) is said to be pure of transcendental weight [ if, loosely speaking, P;(z) has only
logarithmic singularities and satisfies an inhomogeneous differential equation 9, P(z) = f(z),
where f(z) is a pure function of transcendental weight [ — 1. Examples of pure functions
include multiple polylogarithms (which appear for [ = 1), elliptic polylogarithms and
iterated integrals of modular forms (which appear for | = 2 or 3). The definition of pure
functions for other geometries is so far unexplored.

We now argue that we can indeed cast J; 1(2;0) in the expected form in eq. (4.37), and
that the resulting function P;(z) can indeed be qualified as pure. Starting from eq. (4.30),

we obtain:
R =T SO + (1 + D)D) 5 o PO B (4.38)
where we defined Ty(2) = (T0(2), ..., Ti-1(2))T with
Tio(z) =1 and Tie(z) = 22 o 1<k<io1. (4.39)
’ ’ wi0(2

From the generating functional in eq. (4.35) it is easy to see that Lgf)k) (0) is a linear
combination of zeta values and powers of im of uniform transcendental weight k. We now
argue that the remaining ingredients to eq. (4.38) can be interpreted as pure functions of
uniform transcendental weight, in such a way that these definitions agree with the known
definitions for [ < 3, and also with the monodromy considerations from section 3.

Let us start by discussing the holomorphic period w;o(2) = z + O(2%). In this
normalization (cf. eq. (2.45)), w; (%) is assigned transcendental weight 0. This agrees
with the known results for | < 3 (cf. appendix B). In particular, for [ = 1, we have an

algebraic function:
z

w10(2) = ——.

1»0( ) m

Note that w;(z) is holomorphic in a neighborhood of the MUM-point z = 0, but not
necessarily close to another singular point.

(4.40)

Next, let us discuss the functions 7j ;(z). With the normalization for the functions
Y k(%) in eq. (2.45), we have

1
im |77 k(2) —

k| _
lim 1 log(2)¥| =0. (4.41)
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Therefore, it makes sense to qualify Tj ;(z) as a pure function of transcendental weight k.
Note that this is the only choice of transcendental weight that is consistent with the limit
z — 0. Moreover, it is also consistent with the transcendental weight defined from the
monodromy (cf. section 3). We also note that the normalization ¥ (z) = O(22) for k > 0
is the only choice of normalization that leads to eq. (4.41), i.e., such that the limit z — 0
has uniform transcendental weight. Finally, assigning a uniform transcendental weight k
to T} (%) agrees with the purity and the transcendental weight assignment for [ = 2 or 3,
where we have T 1(2) ~ 2mit, T31(2) ~ 2mit, Ts2(2) ~ (27iT)?, where 7 is the modulus of
the elliptic curve for the two-loop sunrise, which is pure of transcendental weight 0 [56] (at
three loops, the K3 surface is the symmetric square of the elliptic curve appearing at two
loops, so the same 7 appears, cf. refs. [61, 77-79]).

Finally, let us discuss the integral of the Calabi-Yau period in eq. (4.38). From eq. (4.32)
we see that fTZO dw wlwoiéw) T; x(w) degenerates like log(2)**1 in the limit 2 — 0, so it is natural

to define its transcendental weight as k + 1. This definition is again consistent with the
known results for this integral for [ < 3. For example, for [ = 1, we have

’ dw Ll’ogw) =logz + /Z 7dw = log (1 — m) —log(2) . (4.42)
L w o wyl—dw l+ iz

A similar calculation shows that for [ = 2 or 3, these integrals can be evaluated in terms
of integrals of Eisenstein series for I'1(6), which are pure and have the correct uniform
transcendental weight (cf. refs. [49, 61]).

To conclude, we see that it is possible to identify functions that can be qualified as
pure functions of uniform transcendental weight in the sense of refs. [56, 210]. With these
definitions, J; 1(z;0) admits a decomposition as in eq. (4.37), with P;(z) a pure function of
uniform transcendental weight [, which is the transcendental weight we had obtained also
from monodromy considerations in section 3. We stress that our definition of pure functions
has passed some highly non-trivial tests: the functions degenerate to pure functions of
the expected transcendental weight in the limit z — 0, and our definitions agree with the
known cases for [ < 3, where algebraic functions, elliptic integrals, (elliptic) polylogarithms
and iterated integrals of Eisenstein series appear, for which the transcendental weight had
previously been defined.

5 Banana Feynman integrals in dimensional regularization

So far we have only considered banana integrals in D = 2 dimensions. The results of section 4
beg the question if the compact geometric formula in eq. (4.29) can be generalized to include
higher orders in the dimensional regulator €. In this section we extend the results of ref. [73]
to include dimensional regularization. In a first step we compute an explicit hypergeometric
series representation for the generic-mass banana integral in the large momentum limit,
p? > mf > 0. This hypergeometric representation serves a twofold purpose: first, it allows
us to obtain the leading asymptotic behavior of all banana integrals in the large momentum
limit, which provides the boundary condition for solving the differential equations, similar
to eq. (4.35). Second, we use this representation to derive a complete set of differential
equations satisfied by the banana integrals.
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5.1 A hypergeometric series representation of the banana integral

A Mellin-Barnes representation for banana integrals. Our starting point is the
derivation of a Mellin-Barnes (MB) integral representation for the I-loop banana integral
with arbitrary masses and exponents of the propagators. If all propagator masses are zero,
the integral is trivial and can be evaluated in terms of gamma functions. We assume from
now on that at least one propagator is massive.

To derive the MB representation for I := I;(pZ, m?; D), we start from the Feynman
parameter representation in eq. (3.38) and adapt the approach of ref. [61, appendix A] to
the I-loop case (the two-loop case was treated in ref. [41]; see also ref. [219] as well as [102]).
Recall the well-known identity

1 /C+i°°(i§ AgB—g—)\w (5.1)

(A+ B> Joico 2mi T'(\) ’

where for appropriate ¢ the contour runs parallel to the imaginary axis and separates the
left poles (due to I'(§£ + \)) from the right poles of the integrand (due to I'(=¢)). In the
following it will be sufficient to keep the choice of integration contour implicit. We can
apply eq. (5.1) to F(p?,m?)~% to obtain

- D@D +e) o

271 I'w)
—¢o—2
I+1 5 141 141 I+1 —§o—w (5.2)
X / ldxl oday (H x§°+ Z) Z H xj (Z mf%) )
[0,00) i=1 i=1j=1 i=1
J#i

where we have set 2,1 = 1 by going to a set of affine coordinates. Note that eq. (5.2) is
only valid if at least one mass m; is different from zero. We now repeatedly apply eq. (5.1)
to the term of the form (Zi:}o m?oxi)_’\i()*l, giving m?owl-o the role of A and producing
another term of the same form, but with i raised by unity. Let us assume that exactly [+ 1
out of [+ 1 (ie., 1 < l+1<1+ 1) propagator masses are non-zero, and without loss of
generality these are the masses m1,...,m;, ;. At the expense of introducing [ additional®?
MB parameters 1, . .., &, we may split off factors of x1,...,2; with appropriate exponents.
It is easy to see that the resulting product of ratios of gamma functions partially telescopes,

leaving us with the expression

N (L T (w+Yl,6 ! ]
= fo o (H F(—fi)) ( M) - (H(m‘z)&) (7. )72

2mi 27 bl ey
—&o—4
I+1 I+11+1 . _w_zz €
X / (dzy ... day <H x§°+6"> S I = a5 :L'lél ap, T (5.3)
[0,00) i=1 i=1j=1
J#

431f I = 1, the integral can also be written with one MB parameter less, i.e., without &.
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Figure 2. Equivalence between a banana integral with several massless propagators and a single
massless propagator with a modified exponent.

At this point we may consecutively perform the integration over x1, ..., x; with the help of
the Euler beta type integral:

b T x* )P = Altots *17&F(1+Q)F(—1—a—ﬁ)
/0 dv 2 (A+ Bo)” = A5 e . (5.4)

Careful bookkeeping of the exponents « and § again shows that many I'-factors cancel, and
we may simplify the resulting expression to

) . | L :
o [d0 dfl.(HF @)( +(E)O&N—p?)&o (H(mf)é)mal)“ii—ofi

211 211 bt el

l ] I+1
X(HF(—&—&—Q)F(W%—Z& l+1 (H F (5—6)

1=0 =142
y ! (5.5)
F(l—e+&) .
The integrand may be further simplified by writing it in terms of & = —(1 4 le + 6 +

Z§:1 &) — {0 with ¢ = ZI'H d;- Relabelling §5 — &o, and letting do = d7, ¢, mo = my

and & = 21:0 &, we can write the integral in the following symmetric form:

41 _ 1+le+0+¢ ] ,
(v o) fa o pis Ly (e

i=1+2
]
X [H D(=&)T (=& — € —6))
1=0

Equation (5.6) is a compact MB representation valid for all banana integrals, for arbitrary
values for the number [ of loops and the space-time dimension D, the propagator masses
m? and the exponents v = 1 4+ §. We find it remarkable that such a simple and compact

(5.6)
F1+le+d+¢)
F1+1le+d)T(—(+1)e—6-¢&)°

expression exists.

Before we evaluate eq. (5.6) as a hypergeometric series, let us make a comment about the
role of massless propagators. We observe that, ignoring an overall prefactor, the remaining
integral in eq. (5.6) almost looks like an integral over the massive part of the banana graph
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only, where [ plays the role of the (reduced) loop order. The additional massless propagators
only enter via the combination

le+0=le+dg), (5.7)
with 5(;) defined by
I+1 I+1 I+1
. 0
5([)2251'—1— Z(5i+€):.z5i+5(). (5.8)
i=1 i=l+2 i=1
The terms in §(© only concern the massless propagators, i = {42, ...,l+1, and they cannot

distinguish between [ — [ massless propagators with integer exponents 1 + ¢; and a single
massless propagator with modified exponent 1+ [Zii; Lo 0it (I—1—1)€] (see figure 2). This
is consistent with the fact that we could have integrated out pairs of massless propagators
iteratively and replace each pair by a single massless propagator with a shifted exponent.

In terms of the shifted quantities

which satisfy
le+6=1e+46, (5.10)

eq. (5.6) (with the I'-prefactors removed) becomes:

3 1+ietote [ 1 :
[88-J3% ()" (o)
! o (14 le+6+¢)
x [EJF(_&)F (~6-e-4) T(1+le+0)D(—(I+1)e—0—¢&)

(5.11)

Up to the redefinition of € and the ¢&;, this is indeed a I-loop massive banana integral with
[ 4+ 1 non-zero (generic) masses m; (compare with eq. (5.6) for I = 1).

Evaluation in the large momentum regime. The MB integral in eq. (5.6) can be
evaluated in the large momentum regime, p? > m? > 0. For this we have to close all
integration contours to the right and sum up the residues.** For each of the [ 4 1 variables
& and given integers n;, we sum the two residues from the I'-factors in square brackets. In
total this results in 27! contributions, which we label by an (I + 1)-tuple j = (jo, .- -, )
whose entries are either 0 or 1. Without loss of generality, if [ = [ (all propagators are
massive) we obtain upon summation of all relevant residues:

) 1\ 1Hn+dj+(-1)e " ! ni+(1—ji)(=8i—e)
I= 5% > <_2> (=" TT (m?)
neNLH! je{0,1}31+1 b =0
(JECmt DG+ 0)) TUnss G 1)9
n;! T(1+le+0)(—je—n—3-7)

(5.12)

1=0

“4See also [41, 219] for a similar consideration of the two-loop case.
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Here we have written n = Zé:o n;, and similarly j = Zli:o Ji, while ¢ - j = Zézo d;j;- Note
that, once again, it is straightforward to adapt eq. (5.12) to the case of massless propagators
(i.e., for [ < 1), because the quantities d; and € enter eq. (5.12) only parametrically. Thus,
eq. (5.11) simply evaluates to eq. (5.12) with §; and e replaced by §; and €, respectively.
Also note that, since we are working with p? > 0, we have to interpret the non-integer
powers of (—p?) by assigning a small positive imaginary part to p%, p?> — p? + i0:

1\ (G—De ) o 1\ (G—De
(_p2> _ (_p2 _ iO)_(J_1)€ _ e(j—l)wre <pQ) ) (5_13)

Using the well-known identity

T(—e)(1+€)

[(—e—n)= (—1)"‘1m =(=1)" g

T(1tnte) ! (5.14)

valid for integers n, we may rewrite eq. (5.2) as

f: (—1)l+1 (F(_E)F(1+€))l+l Z Z ( 1 >1+n+(j—1)e+(5-j ﬁ (mz)ni+(ji*1)(5i+€)

I(1+le+6) J€{0,1}1+1 pentH! p? i=0 l
x (-1)mHrores CtntdjrjolQtntdj+(-1e . o
Mo T (14 +(—1)i (85 +€)) n! I'(—je)L(1+je) -

Note that terms with j = 0 vanish due to a I'-function in the denominator. Since we
expect the Feynman integral to obey Picard-Fuchs differential equations with polynomial
coefficients in the kinematic parameters and the dimensional regulator e, whose coefficients
are rational numbers, it is natural to separate off the non-algebraic I'-factors, which are
regarded as coefficients of the specific linear combination of solutions that represent the
banana integral. For a shorter notation we introduce the rising and falling factorials,*®

(@) =z(x+1)---(z+n—-1),

(5.16)
[z]p =2(x—1)---(x —n+1),
with (z)o = [z]o = 1, and we recall the functional equation of the I'-function:
F(x+n)=T(z) (). (5.17)
We then arrive at the final expression:
5 -1 I+1 1 1+le+0
[ ) (-) (5.18)
I'(1+le+0) \ p?
y Z (_1)]4_(5_5_@1.F(—e)“‘lF(l—l—e)l‘H F(1l+1je+5 DI+ (j—1)e+0d-j)
je{0,1}1+1 T(—je)T(1+je) [LE T(A+(=1)7+1(5i+¢))
AT (- e s (Hietd (-1 ﬁ e mj :
i\ P [ (A (= 1)FH L (€)1

QEN3+1

45The rising factorial is also known as the Pochhammer function. Note that there are different notations
for rising and falling factorials used in the literature.
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At this point we note that, for generic non-zero ¢, the banana integral in the large mo-
mentum regime is essentially a special linear combination of (multivariate) hypergeometric
series. In particular, for the specific pattern of Pochhammer functions in eq. (5.18), these
hypergeometric series are known as Lauricella Fz functions in [ + 1 variables. For the sake
of completeness we have collected the main definitions and properties of the Lauricella F¢
functions in appendix C. The representation in eq. (5.18), however, is not valid for arbitrary
values of z; = m?/p?, because the series in eq. (5.18) have a finite radius of convergence.
The corresponding singular locus is given in eq. (C.6) and the equal-mass specialization
gives back the singular points in eq. (2.42). We will address the analytic continuation in
section 5.2, where we will study the differential equations satisfied by the banana integrals.

For convenience we give the important special case § = 0 explicitly, which, using
eq. (5.14) and some algebra, simplifies to

I,..1 (p2,m2;2—2e) —

( 1 )1“6 (=€) T(e)* =7 T(1+(j—1)e)
—p2—i0 iy I'(—je)

I+1 2 (4i—1)e . I+1 2 ng
m; (I4j€)n(1+(j—1)e
x H <p2i0> Z 1)ii+le) H . (5.19)

1
i=1 neNL! [ (1+(-1 Jni =1 ™

We can see here that, similar to the case D = 2, the generic-mass banana integral is
symmetric in variables m?/p? for i = 1,...,1+ 1. Or the other way round, the equal-mass
case is somehow the diagonal of the generic-mass case. This reflects the fact that the banana
graphs have a symmetry which interchanges the propagators.

Leading asymptotic behavior at large momentum. Letting n = (0,...,0) in
eq. (5.19), we can immediately extract the leading behavior of the banana integrals at large

momentum. For the generic-mass case one obtains:
I .1 (pQ,mQ;Q—%) =

_ gile (;)Hk > em(jfl)ef(—e)jf( ) T (14 (j—1)e H (Gi— ( - e)'

Zi %

je{o,1}+1 P(=je)
(5.20)

Equation (5.20) gives the leading asymptotics of I1_1(p?, m?;2 — 2¢) and can be used as
a boundary condition to solve the differential equations for the banana graphs. In the
equal-mass case, eq. (5.20) can be further simplified to

) . 41 l+ 1 F(*E)k F(E)H—l_k F(]- + (k B 1)6) —1)ime —1)e
Jia(z;€) ——Z< ) ['(—ke) (1 +le) L (5.21)
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Expanding eq. (5.21) around € = 0, one obtains
Ja(ze) =Y I () €, (5.22)
n=0

(0)

and inspecting first the leading order in ¢, i.e., the order €, Jlg precisely reproduces the
logarithmic structure of the [-loop banana Feynman integral in D = 2 spacetime dimensions
(i.e., for € = 0) that was described in section 3 of ref. [73]. Recall that in the notation
of [73] the [-loop banana integral was given in terms of a local Frobenius basis wj, (around
the MUM-point) as a linear combination Efk:o /\,(gl)wk.46 The complex numbers )\,(Cl) were
found in [73] both numerically and from a novel [-class. Expanding equation (5.21) now
gives an independent way to obtain the constants /\,(f). For convenience we also recall the
observation made in [73] that at loop order [ we find powers of logs 0 < L < [ and zeta
values with transcendental weight 0 < T < [. Moreover, the transcendental weight T' of
the constant )\l(j) (a specific Q-linear combinations of i factors and zeta values), which is
T =1 — k, and the highest occurring power L of logarithms in the element wy, which is
L =k, always add up to the loop order [, i.e., T+ L = L.

In a similar fashion we also get the boundary conditions for the higher orders in €. We
briefly describe some similar observations regarding the log-structure and the coefficients
encountered there. For simplicity we discuss the equal-mass case, while the generic-mass
case can be treated similarly. At order € we now find powers L of log(z) up to [ + n and
complex number coefficients with transcendental weight 7" up to [ + n. Indeed, at any order
€", the constant of highest occurring transcendental weight 7' = [ + n always multiplies the
holomorphic period wj o(2) of the Calabi-Yau (I — 1)-fold (saturating L = 0). Slightly more
general, at fixed order €”, consider all terms that multiply constants (im-factors, zeta values)
of a certain transcendental weight T' < [ + n and a certain power L < [+ n of logarithms.
We find that there are only non-zero terms for L + 71T < [ 4+ n. For the maximum value
L+ T =1+ n, these terms are again proportional to the holomorphic Calabi-Yau period
wy0(z) (with a rational number as proportionality constant), independently of the splitting

between L and T and the value of n.

5.2 Differential equations for banana Feynman integrals

The goal of this section is to present a method to derive differential equations for banana
integrals at arbitrary loop order. In principle, the differential equations can be derived
using IBP relations (see section 2). However, for high numbers of loops | and for many
distinct values of the masses m?, publicly available computer codes can be rather inefficient,
and it can be hard to obtain the explicit form of the differential equations. Here we present
an alternative method to derive a set of operators that define inhomogeneous differential
equations for 7 1(1,2;2 — 2¢), cf. eq. (2.32). As explained in section 5.2, these differential
operators form an ideal, and there may be substantial freedom in choosing a generating set
for this ideal. As a consequence, our set of operators may look substantially different from
the one obtained from first-order differential equations and IBP relations.

46Up to a different normalization, these are the functions in (2.45).
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For the generic-mass case we use a purely combinatorial method to find the desired
differential operators by analyzing the structure of the gamma functions appearing in the
second line of eq. (5.19). We work with gamma functions instead of rising factorials, because
this will simplify the formulas. This can be achieved simply be rescaling the coefficient in
the first line of eq. (5.19). We define the e-Frobenius basis with an explicit e-dependent
indicial by:

(1 —{—n—{—je)I‘(l—i—n—i— ]—1 lﬁ niiie
[T T(1+ny) T(1 + ng + (—1)dite ‘

Lroiian) (26 = Y (5.23)

neNLH!

Indeed, it is easy to see that eq. (5.19) can be written as a linear combination of the

L1, i)
goal is to derive a set of differential operators that annihilate the elements of the e-Frobenius

basis with 1 < j <[+ 1, where we again use the notation j = Ziﬂ Ji, and similarly for

The power series in eq. (5.23), however, have a finite radius of convergence. Our

n. The set of differential operators is then extended to a set of inhomogeneous differential
equations by including the case j = 1 (for now, we exclude the case j = 0, but we briefly
comment on it at the very end). These differential equations then serve as a starting point
to analytically continue the e-Frobenius basis to all values of the z;.

Let us start by analyzing the solutions with 1 < 57 < [ 4+ 1 which satisfy a set of
homogeneous differential operators. These solutions correspond to the maximal cuts. We
want to find a set of differential operators {L£;} whose solution space is spanned by the
e-Frobenius basis in eq. (5.23) (and only those):

Sol({Lx}) = < (2 e)> . (5.24)

1<j<I+1

Clearly, this solution space will then also contain the maximal cuts of the banana integral
for a given loop order I.

The most general linear differential operator with polynomial coefficients acting on the
e-Frobenius basis can be written in the form

Loop = dap 2207, (5.25)
af
where aq g are constants and a, B are multi-indices, and 2% Hf,jll 2z * and 98 = Hl 100k

It is therefore sufficient to understand the action of the gﬁﬁﬁ on the elements of the
e-Frobenius basis.

Let us start by analyzing the maximally symmetric index j = (1,...,1). With the
rising and falling factorial from eq. (5.16), we find

I+1 141
app _ i= 1[”1]041 [n; + E]az B
2205 T, 1) = (ng — oy +€)7*
(1,..0,1) nele:“ [n+ le]a[n + (I + 1)€]q kl;[l
nelNg

(5.26)

F(1+n+(I+1)e)T(1+n+le) lﬁ note

) I(
[T 4+ 7)) (1 +n; + €
i=1 g ? i=1
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where in the left-hand side we again use the simplified notation oo = ), ;. Using a computer
algebra system we can now solve for the coeflicients a, g in eq. (5.25) such that the operator
L,,o,5 annihilates the e-Frobenius basis element with j = (1,...,1),

LaapLa,.1)=0. (5.27)

For fixed o and 8, any linear combination that annihilates Z(; ;) can be computed in
this way.*”
As an example, let us consider the two-loop case. Here we can construct the operators

L1=(1-21)(02—€)(03 —€) — (22(03 —€) + z3(02 — €))(201 + 2+ 03+ 1 —¢),

5.28
£4:01(91—6)—21(91+92+93+1)(91+92+93+1—6), ( )

and Lo = L1(1 < 2), L3 =L1(1 <> 3), L5 = L4(1 + 2) and L5 = L4(1 +> 3). For these
operators we have chosen o« < 1 and 8 < 2. The set of operators

L2 ={Ly,..., Le} (5.29)

is enough to uniquely determine®® the e-Frobenius basis elements with j = 2,3, and no
other solutions.

More generally, for o and 8 chosen large enough, the operators £, , 3, where the
coefficients a,g are determined by the requirement that £, , g annihilate Z; for 1 < J <141,
will generate the solution space in eq. (5.24), i.e., Sol({ﬁag;}) = <I(j1,~.,;z+1)(§v €))1<j<i+1-
From our computations we actually found that the operators with a < 1 and 8 <[ are
enough to generate the desired solution space:

Sol({La.as}ast,s<1) = (L, i) (2:6)) (5.30)

1<j<l+1
The set {L4.0.8}a<1,s<i is still overcomplete: a properly chosen subset of {L, 4 5}a<1,8<
can be sufficient to generate the whole solution space. For example, the operatorsifrom the
set £2) are sufficient to generate the desired e-Frobenius basis elements in the sunset case,
although there exist 9 linearly independent operators for « <1 and § < 2.

As mentioned in subsection 2.3, it is in general not clear what is the best way of
representing an ideal such that it yields the desired solution space. For instance, naively, the
maximal cut of the two-loop banana integral was found to satisfy a fourth order homogeneous
differential equation, cf., e.g., ref. [220]. Later, it was shown that a second-order differential
operator suffices (in two space-time dimensions), cf. refs. [8, 35, 221]. Using our method, we
would obtain the set £ of six operators, which has still the same solution space. Our set
L) consists of more operators, but of simpler type. For example, the polynomials appearing
in the operators in eq. (5.28) are of small degree. The question of which representation is
more appropriate depends on the concrete application that one has in mind.

47T A Mathematica-code which generates these operators can be downloaded from http://www.th.physik.
uni-bonn.de/Groups/Klemm/data.php as supplementary data to this paper.

4By this we mean that we have made a general ansatz for the solution space of the operators £
and checked that there are no additional solutions possible than the desired e-Frobenius basis elements
with j =2, 3.
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So far we have only discussed how to find a set of operators {£, o g} that annihilate the
functions Z(;, . ;. ,)(2,€) with 1 < j <1+ 1. Equivalently, the solution space Sol({Lq.qa.5})
will be generated by all the maximal cuts of the /-loop banana graph. In order to describe
the full uncut Feynman integral, we need to include the corresponding functions with j = 1.
There are (ltl) = [ + 1 different functions of this type (and there is the same number of
l-loop tadpole graphs for generic masses). These functions, however, are not elements of
Sol({L4q5}) (i-e., they are not simultaneously annihilated by all the £, , 5). Instead, they
are speciz;l solutions to certain inhomogeneous differential equations obtained from the
L0, In analogy with eq. (2.49), we define the solution space of a set of inhomogeneous

differential equations:

Sollnhom ({ (L, gx)}) = {f(2)|Lif(2) = gi(2) for all (L;,9:) € {(Lks9x)}}- (5.31)

In this language, an element of the e-Frobenius basis with 7 = 1 lies in the solution space
Sollnhom ({(L4,0.8,9a,5)}), for a specific set of inhomogeneities {g, 3} depending on the
particular chosenij—vegtor. In order to determine these inhomogenei{ies, we simply apply
every generator L, g to every element of the Frobenius basis with j = 1. By this procedure
one finds for each basis element with j = 1 inhomogeneities of the form z{.

Let us illustrate this again on the example of the two-loop banana integral. Acting
with the operators from £ yields the following inhomogeneities:

1
L1Z(1,0,0)(2,€) = (=) 21,
1
L2Z0,0,0)(2:€) = e 25, (5.32)
1

L3Z00,1)(2,€) = T(—e)? 23.

All other operators give zero when applied to the three e-Frobenius solutions with j = 1
We stress that there is still a freedom in how we choose the set {(L44.8,94,3)} and
construct the corresponding solution spaces. For example, we could write the vector space
Sollnhom({(Lq,4,8, 9a,8)}) as a sum of three solution spaces

3
Sollnhom({Lg,, a 5}) = Y Sollnhom(LZ?)) = (Z(;, ;. ;) (=, e)>1<j<3, (5.33)
p=1 ==
with
LEP) = {(L;,9:) : gi2) = 6ip 25T (—€) "%, 1 < i < 6} (5.34)

Since I 1,1(z, D) is symmetric under a permutation of the z;, the inhomogeneous term must
also have this property. It is therefore sufficient to consider {(L44.8,9q,5)} such that the
solution space contains the sum Z(y g0y + Z(0,1,0) + Z(0,0,1), but it does not contain each
summand separately. This is achieved by the choice

SolInhom ({ (Egyé, ggyg) }) = Sollnhom (ﬁi(i})mm) , (5.35)
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with

Lirom={ (L1007 21) (L0 (-7 25) , (£5.T (-0 25) . (£4,0), (£5,0)..(£5.,0) )

(5.36)
Note that SolInhom(Ei(ﬁmm) is contained in the sum of vector space in eq. (5.33), but the
converse is not true. Finally, we can also describe the solution space of a set of homogeneous
equations, by multiplying £1, L9 and L3 from left by an operator that annihilates the
inhomogeneity. We have

Sol(L®) = (T, jojn) (2:6)) (5.37)

1<j<3’
with
L = {(01 — €)L1, (62 — €)La, (03 — €)Ls, La, L5, Lo} - (5.38)

The previous discussion makes it clear that it is a matter of taste whether we consider a
set of inhomogeneous differential operators or a set of higher-order differential operators;
the resulting solution spaces contain all functions necessary to solve the problem at hand.
Our strategy of first constructing combinatorially an ideal which can then be extended
to a set of inhomogeneous differential equations guarantees that we generate the correct
solution space.

The method we have just described can easily be implemented into a computer algebra
system. We can in this way derive a set of inhomogeneous differential equations satisfied
by Ji0(2,€). The coefficients of the linear combination in the Frobenius basis in eq. (5.23)
can be read off by comparing to the hypergeometric series representation in eq. (5.19) (or
by using eq. (5.20) as a boundary condition in the large momentum limit). At this point
we have to make an important comment. Our strategy to obtain the differential equations
consisted in starting from the MB representation, which leads to the hypergeometric series
representation in eq. (5.19). It may thus appear that we did not gain anything, because we
have derived the differential equations after we knew the solution, cf. eq. (5.19). The series
representation in eq. (5.19), however, does not converge for all values of z. The differential
equations allow us to analytically continue the series in eq. (5.19), e.g., by transforming the
differential equation to another point and to obtain local power series representations close
to that point (see the discussion in section 2).

Let us make some comments about our differential equations. First, we emphazise that
our procedure allows us to derive differential equations for arbitrary values of z, including
zero masses. This follows immediately from the fact that eq. (5.19) is valid also in the case
of massless propagators. Second, we point out that from our higher-order inhomogeneous
differential equation for J; o(z, €), we can easily obtain the first-order Gauss-Manin system
for the master integrals in eq. (2.6). When extracting the entries of the matrix A(z;€) in
eq. (2.9), we need to divide by the discriminant of the system. This introduces typically a
very long and complicated polynomial, especially in the multi-parameter case. Therefore,
the matrix _/NX(g; €) is usually very complicated, and we prefer to work with the larger, but
simpler, set of differential operators {£, g} constructed in this section.
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5.2.1 Comments on the number of solutions

We conclude with some comments about the number of elements in the e-Frobenius basis
in eq. (5.23) for a given loop order I. We count the number of solutions with the same
value of j, which itself counts how many €’s appear in the indicials to the differential
+1

) ) different solutions. In total we obtain

operators. Thereby, we find for fixed j exactly (
the following sequence:

[+1 [+1 I+1 [+1
—_—— N ————
j=1 j=2 j=3 j=I+1

Here the vertical line separates the special solutions of the inhomogeneous equations from
the homogeneous ones. For example, for the two-loop case this reduces to

3 ] 3 1, (5.40)

in agreement with the discussion above. If we compare the number of solutions in the
generic-mass case for € = 0 and € # 0, we observe that for € #= 0 we have more solutions.
For example, at two-loop order the number of solutions for € = 0 is

1] 1 1. (5.41)

The fact that the number of master integrals is smaller in exactly D = 2 dimensions was
already observed in refs. [8, 35, 221] for the two-loop banana graph. Comparing to the
number of solutions for e = 0 for the maximal cut in D = 2 dimensions in ref. [73], we see
that generically the dimension of the solution space, and therefore the number of master
integrals, increases by introducing a non-vanishing dimensional regularization parameter e.

Let us make another comment about the number of solutions for different values of
j. We can extend the sequence in eq. (5.39) by including the function in eq. (5.23) for
j = 0. There is exactly one such function. Note that this solution can also be included into
eq. (5.18), because it would enter the linear combination with a vanishing prefactor. We
then obtain the sequence:

[+1 [+1 [+1 [+1 [+1
0 1 2 3 [+1
—_——— —_———  — —_———
j=0 j=1 j=2 j=3 j=1+1

(5.42)

The solution space of the functions in eq. (5.23) with 0 < 7 < [+ 1 can be described in
terms of differential equations in different ways. One possibility is that one allows only
certain linear combinations of operators determining the solution space corresponding to
the sequence in eq. (5.39). One may apply appropriate 6-derivatives to the same operators,
similar to the procedure of extending the solution space by the e-Frobenius solutions with
j = 1. To be precise, let us look again at the two-loop case. Here the e-Frobenius element
with j = 0 can be included into the solution space if one considers the following ideal
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{601(61 — €)D1, 02(02 — €) D2, 05(05 — €) D3, Dy, D5, D }. This ideal allows exactly the 8 desired
solutions which can be grouped into

1] 3| 3 1. (5.43)

More generally, the pattern of the number of solutions in eq. (5.42) corresponds to the
pattern of the dimensions of the (co)homology groups of the ambient space P11 = xéiﬂ%)
the ambient space in which the Calabi-Yau space for the critical spacetime dimensions
e = 0 is embedded, as it is explained in eq. (3.47). It is tantalising to speculate that in
dimensional regularization the solutions can be interpreted as some kind of twisted quantum
deformation of the cohomology of the P;.

5.3 Interpretation in terms of cut integrals

In this section we provide an interpretation of the additional special solutions to the
inhomogeneous Picard-Fuchs differential ideal in terms of non-maximal cut integrals. This
interpretation complements and extends the interpretation of the maximal cut integrals
as solutions to the associated homogeneous system and its relationship to the Frobenius
basis for the solution space of the Picard-Fuchs differential ideals for the maximal cuts. We
start by defining non-maximal cuts in general (not restricted to banana integrals), and then
comment on the relationship to the solution space of the Picard-Fuchs differential ideal at
the end of this section.

Let us consider the setup and the notation of section 2. A non-mazximal cut contour T’
for the integral I,(z; D) is a contour that encircles some of the propagators of I, (z; D).
Every propagator defines a quadric {D; = 0} in loop momentum space C'P.50 A contour
I' encircles this propagator if it becomes contractible after we remove the quadric, i.e., if
its homology class [I'] lies in the kernel of the projection H;p_1(C'P \ Up{Dx = 0}) —
H;p_1(CP\ Ukzj 1Dk = 0}). We assume that I' encircles at least one propagator. If
it encircles all of them, then this definition agrees with the definition of maximal cut
contours given in section 2. At this point we have to make an important comment about
dimensional regularization. In section 2 we had only defined maximal cut integrals in integer
dimensions D, where the concept of an integration contour has an immediate geometrical
interpretation. For the following discussion, it will be useful to extend the definition of cut
integrals in dimensional regularization. The corresponding integration contours can still
be defined geometrically, but they need to be interpreted as twisted cycles [224], see also
refs. [99, 225-228]. The distinction will not be crucial for the discussion that follows, and it
is sufficient to apply intuition from ordinary cycles in integer dimensions. It is important,
however, to point out that beyond one loop non-maximal cut integrals may diverge even
if the original Feynman integral is finite, cf., e.g., refs. [229, 230]. The divergences are
of infrared origin and arise from massless particles that are put on-shell when taking the
residues. Therefore, it is important to work with an appropriate infrared regulator when
discussing non-maximal cut integrals. Dimensional regularization provides such a regulator.

49We thanks the anonymous referee for pointing this out.
50 Alternatively, we could work with the Baikov representation [222, 223], where each propagator defines a
hyperplane in the ambient space CV, for some N that depends on the graph.
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Following eqgs. (2.25) and (2.26), if I is a cut contour and J;(z;€) denotes a master
integral, then we denote the corresponding cut integral by JI (z;¢). The vector J''(z;e¢)
then satisfies the same system of differential equations as the vector of master intergals
Ji(z;€) in eq. (2.10), i.e., we have

dJ" (z;€) = A(z;€)J  (z;€)  for every cut contour I'. (5.44)

Let us discuss how we can construct a basis of cut integrals. We say that a sector
is reducible if every integral from this sector can be written as a linear combination of
integrals from lower sectors. Let ©1,...,0, denote the set of irreducible sectors. There is a
natural partial order on the ©, (coming from the partial order on sectors, see section 2). In
particular, we choose ©1 = (1,...,1). We denote by J,.(z;¢€) = (Jr1(2;€), ..., Jrar (z;€)T
the master integrals in the sector ©, (by which we mean that those master integrals cannot
be expressed as linear combinations of integrals from lower sectors; cf. eq. (2.13)). In
each sector ©, we can now choose a basis of M, maximal cut contours, i.e., a set of M,
independent cut contours that encircle precisely the propagators that define the sector ©,.
Let us denote the basis of maximal cut contours in the sector ©, by I';.1,...,I'; ar,.. Note
that for » = 1 and integer D, we recover the maximal cut contours defined in section 2.2.
Each contour I, ; defines a valid non-maximal cut contour for integrals from sectors with
more propagators.

Consider the M x M matrix (where M = Y7_, M, is the total number of
master integrals):

J(zi¢) = (JF“ (zi€),. ., L M (z5€), J 2 (z5€), . T oM (2 6)) : (5.45)

It is easy to check that the columns of J(z;€) are linearly independent (for generic z), and
so J(z;€) is a fundamental solution matrix for the system in eq. (5.44). As a corollary,
we conclude that every master integral can be written as a linear combination of its cut
integrals in the basis of cut contours I';;:

s M,
Ji(z;€) = Z Z ari(€) J,fr’i(g; €), (5.46)

r=11=1

where the coefficients a, ;(¢) may depend on €, but they are independent of z. Note that this
relation is very reminiscient of the celebrated Feynman Tree Theorem [231, 232]. It would
be interesting to work out the relationship between the basis decomposition in eq. (5.46)
and the Feynman Tree Theorem in the future.

Assume now that D*) generates the Picard-Fuchs differential ideal that annihilates
Ji(z;€), i.e., it is a complete set of differential operators that annihilate Ji(z;€). Since the
solution space of the Picard-Fuchs differential ideal must agree with the general solution
obtained from the system in eq. (5.44), eq. (5.46) implies that

Sol( D) = (7" (z:0)) S (A @), 6

I<r<s1<i<M,
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where in the second equality we have made explicit the fact that the solution space can
be decomposed into contributions from cut contours from different sectors. The previous
considerations show that we can, at least in principle, obtain a basis of the solution space
of the system of differential equations satisfied by the master integrals that consists entirely
of cut integrals. Just like in the case of maximal cuts, however, constructing such a basis
of cycles explicitly can be a monumental task, and it is in general not possible to follow
this route.

In the following, we argue that the special solutions from section 5.2 that extend the
solution space for the Picard-Fuchs differential ideal for the maximal cuts can be identified
with non-maximal cuts. However, similar to the discussion of the relationship between the
Frobenius basis and the maximal cuts defined via cycles from integral homology, the special
solutions constructed in the previous section will not be obtained from non-maximal cut
contours defined over the integers.

Let us illustrate this on the example of the two-loop case. In particular, let us discuss
the two-loop master integral Ji o(z; €).’! The Picard-Fuchs differential ideal is generated by
the set £(2) in eq. (5.38). Its solution space admits the decomposition

Sol(£?) = Sol(£?) + <I(1,0,0) (2, €)> + <I(0,1,0) (2, €)> + <Z(0,0,1)(§7 €)> ; (5.48)

where £) was defined in eq. (5.29). Let us interpret eq. (5.48) in the light of eq. (5.47).
We know from section 2 that there are four irreducible sectors for the two-loop banana
integral, namely

0, =(1,1,1), ©,=(1,1,0), ©3=(1,0,1), O4=(0,1,1), (5.49)

and My =4 and My = M3 = M, = 1. Let us start by discussing the first term in eq. (5.48).
Its interpretation is similar to the discussion in section 3.2.4 and below eq. (4.1) (which
were restricted to D = 2 dimensions): the cut contours I'y ;, 1 < ¢ < 4, define a basis for the
maximal cut contours of Jj g(z;€).%2 The maximal cut integrals J£ 0" (z; €) are annihilated by
the differential operators from £3 and they form an integral basis for the solution space:

Sol(£?) = < fé’ (z;€ (5.50)

)>1§i§4 '
This integral basis may be hard to construct, as it requires a detailed knowledge of the cycles.
We know, however, that the solution space SOI(E(Z)) is equally generated by the e-Frobenius
basis in eq. (5.30). The e-Frobenius basis is not an integral basis, but its advantage is that
we can construct it explicitly.

Next, let us discuss the remaining three terms in eq. (5.48). The non-maximal cut
integrals J{ 5 (z;€) for 2 < r < 4 are not annihilated by the elements of £?) (because for
each sector there is a tadpole integral whose maximal cut is non-zero). As a consequence,

5'Here we changed a bit the notation. We drop the labeling on the loop number ! and instead write a
labeling for the sector the integral corresponds to. Here the integral is from the first sector.

52Note that these contours define the maximal cuts in D = 2 — 2¢ dimensions. Consequently, there are
four maximal cut contours, and not only two, just like there are more master integrals in D = 2 — 2¢ than in
D = 2 dimensions.
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J{ 0 (z;€) for 2 < r < 4 satisfies an inhomogeneous equation, i.e., it is annihilated by
the elements of £(2)! Thus, we see that the last three terms in eq. (5.48) represent the
contributions from the non-maximal cuts in eq. (5.47), which we quote here for the two-
loop case:

4 4

Sol(£®)) = (J14" (z¢) >1§i§4 +§ (5 (z€) ) =Sol (£) +§2 (g (z€)). (5.51)
Again, constructing explicitly the integer cycles I';. 1 with » > 1 can be extremely complicated,
but we can work with the elements of the non-integer e-Frobenius basis with j = 1. Note
that it would be wrong to conclude that the elements of the e-Frobenius basis with j =1
are the non-maximal cut integrals J£ 0" (z;€) for r > 1, defined by integrating over cycles
from integral homology. Just like for the maximal cuts, the elements of the e-Frobenius
basis correspond to cut integrals over cycles that are not defined in integral homology, and a
given non-maximal cut integral J£ 0" (z;€) is in general for r > 1 a linear combination with
transcendental coefficients of different terms in the € -Frobenius, including those with j > 1.

6 Equal-mass banana integrals and the Bessel function representation

6.1 Differential operators from Bessel functions

In this section we focus on the equal-mass banana integrals, and we will derive differential
equations for them. One can of course apply the techniques from the previous section,
e.g., by considering the equal-mass case as a one-parameter sub-slice in the generic-mass
parameter space. However, there are typically several problems if one considers a one-
parameter sub-slice in a much larger parameter space, and one cannot simply restrict
the partial differential equations obtained in the previous section to the equal-mass case.
Moreover, the dimension of the e-Frobenius basis is smaller, because the equal-mass case
is highly symmetric, and there are fewer master integrals. The goal of this section is to
present an alternative method to derive the differential equation for equal-masses, based on
the Bessel function representation of banana integrals.

We start from the Bessel function representation in D = 2 — 2¢ dimensions of the [-loop
Banana Feynman integral:

2079 oo I+1
Ji1(z=1/t;e) = mm /0 eI, (\/i:c) K (z)™ dz, (6.1)
valid for t :== 1/z < (I + 1)2, where I,(z) and K,(x) are the modified Bessel functions. A
derivation of this representation can be found in ref. [219] (see eq. (9) there, which also
includes generic masses m;) and in ref. [9] for e = 0.

Recall from the € = 0 case that the maximal cut of the I-loop banana integral in D = 2
dimensions is given by a period integral of an (I — 1)-dimensional Calabi-Yau variety. The
full Feynman integral in turn is given by a linear combination of Calabi-Yau periods, all
satisfying the homogeneous differential equation of the maximal cut integral, plus a special
solution to an inhomogeneous version of this differential equation. The differential operator
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is of degree [. Since there are [ equal-mass banana integrals at [ loops in dimensional
regularization (cf. eq. (2.7)), we expect that J; 1 (2; €) satisfies an inhomogeneous differential
equation of degree [, whose coefficients are polynomials in z and e. We now describe a
method to determine this operator and the corresponding inhomogeneity.
The modified Bessel functions I,(x) and K, (x) satisfy the modified Bessel differen-
tial equation:
Bf(z) =0, with B=6>—-2?—-a?. (6.2)

Using a proposition from refs. [233, 234], we can construct an operator B o of degree [ + 2
by the recurrence

Bo=1, Bi=0, and Bip1=0.8;— (22 +¢) (1+2—k)Br 1. (6.3)
This operator annihilates the (I 4 1) power of K (z), i.e.,
B K (z) =0. (6.4)
Next we use this operator to get the identity
/0 TatHe (Viz) BippKo(@)' ™! dz =0. (6.5)

Using integration-by-parts, we find®?

| 1@ 879(@) de = (0" [T g(a) 6+ 1" (@) da, (66)
0 0
as well as the identity

Oy + 1)z f(x) =a"(1+n+0;)"f(x), (6.7)

we can commute this operator in front of the other Bessel function, and we obtain an
operator Bl+2 with the property

/ e Ko (2)F Biiol . (\/il’) dz=0. (6.8)
0

Note that these operators contain only even powers of .
So far we have still operators in the integration variable z. To obtain operators in the
kinematic variable ¢, we use the identities:

Opl_(Vix) = 2071 (Vix) (6.9)
@) (Viz) = <1(49§ - 62))n1€ (Vix) . (6.10)
At this stage we obtain

Dy4o(t) /Ooo e K (2)! (\/{fl’> dz=0. (6.11)

53Here we assume that the boundary terms vanish, as they do for the functions in eq. (6.5).
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Commutation of ¢Z into the above expression is simply done by replacing 6; by 6; + § in
251+2. Thus we obtain an operator D;;o(t) such that:

Disa(t) {F(l)zl(l—%é /O Tt (Vix) Ko(x)"*! daz} =0. (6.12)

1+ e

The operator Dy 4o is of degree [ + 2. As such, it contains a too high number of derivatives
in comparison with our expectations (recall that we expect a differential operator of order
l). However, it turns out that we can factorize this operator in the following way

Dl+2 = N 915(915 - 6) El,e y (613)

where we will fix the normalization N later. The operators £; ¢ are of degree [ and give the
homogeneous part of the desired inhomogeneous differential equation for J; ;(2;€). Let us
denote the inhomogeneity by S;(¢; €). We must have

LieJii(z=1/t,e) = Si(t;e). (6.14)
Since 0,(60; — €)LyJ;1(2 = 1/t,€) = 0, the inhomogeneity must satisfy
0:(0; — €)Si(t;e) = 0. (6.15)

Hence, it is of the form S;(t;€) = a(e) + B(€)t¢, where a(e) and B(€) are constants in ¢ but
may depend on the dimensional regulator e. At the large momentum point z = 1/t = 0, we
know the leading O(z) terms from eq. (5.21). We can then fix a(€) and (¢€) by transforming
the differential operators from the variable ¢ to z. By slight abuse of notation, we use
the same symbols £; . and Sj(z;€) to write £ cJ; 1(2,€) = S(z;€). Due to eq. (5.21), the
inhomogeneity reads

(1 +e¢)

Si(ze) =—(1+1)! 2 T+

=+ 1z Jo(z;e), (6.16)
which generalizes the e = 0 case presented in ref. [9]. Moreover, we see that the inhomogeneity
is related to the tadpole given in eq. (2.7). Explicitly, the operators in terms of logarithmic
derivatives can be found for the first few loop orders in table 2 and a Mathematica-code to
generate them also for higher loop orders can be found in the supplementary data®* to this
paper. The normalization constant A in eq. (6.13) is fixed such that Ly [,_ ___,=1. We
stress that our differential operators are exact in e.

Just like in the generic-mass case, we can rewrite our higher-order differential equation
for Ji1(z;€) in eq. (6.14) in the Gauss-Manin form in eq. (2.22). For this we write the
operator in terms of normal derivatives using eq. (2.36):

!
L= Bzl (6.17)
k=0

and we define By(z;¢€) similarly as in eq. (4.6), but now with the e-dependent entries of
By 1(#;€). From this one can read off the coefficients B;;(2) in the expansion given in

*You can download this from http://www.th.physik.uni-bonn.de/Groups/Klemm/data.php.
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Loop order [  Differential operator £;

1 14+e—2z—(1-42)0

2 (142€)(1+€—3z+z€) + (—2 — 3¢ + 102 + 10ze + 92%€) 0 + (1 — 2)(1 — 92)6?

3 (1+2€)(1+3€)(1+€—4z + 2z¢€) + (=3 — 12¢ + 182 + 60ze — 112 + 28z¢>
+6422€2)0 — 3(—1 + 102)(1 + 2€)6% — (1 — 42)(1 — 162)63

4 (1+26)(1+ 3¢)(1 + 4€)(1 + € — 52 + 3z€) + (—4 — 30 + 282 + 189z¢

+262%€ — 2252%¢ — T0€% + 3432¢€? — 22523€? — 506> + 84z2¢€® + 41422%€3)0
+ (6 — 632 + 2622 — 2252% 4 30¢ — 315z¢ — 6752%¢ + 35¢2 — 343z¢> — 36322¢>
— 22523€%)0% — 2 (2 — 352 4 2252° + 5e — 105z€ + 2592%€ + 2252°%¢) 6°
+(1—2)(1 —92)(1 — 252)0*

5 (14 2€)(1 +3€)(1 + 4e)(1 + 5e)(1 + € — 62 + 4dze) + (—5 — 60e + 40z + 448z¢
+115223€ — 255€2 + 16642€2 + 4722%€% — 345623€? — 4503 + 2128z€3 — 4608233
— 274€* 4 208z¢? + 28162%€*)0 + (10 + 90€ — 1122 + 115223 — 1008z€ + 23622%¢ +
115223e+255€2 — 2772262 — 1036823 €2 +225¢3 — 2128 z€3 — 486422 €3 — 460823 ¢3) 62
+ (=10 + 1682 — 23622 + 460823 — 60¢ + 1120z¢ — 85¢2 + 1848z€? — 297622¢>
—691222€2)03 + (5 — 1402 + 57602 + 15¢ — 560z¢€ + 392022¢)0*
— (1 —42)(1 —162)(1 — 362)6°

Table 2. The homogeneous differential operators £; . that annihilate the maximal cuts of the
banana integrals in D = 2 — 2¢ dimensions.

eq. (2.23). We observe that the limit of B;(z;€) exists for € — 0. The initial condition for
the equation is given by eq. (5.21). Hence, we can use eq. (2.18) and the results for the
Wronskian W(z) of section 4 to solve eq. (2.17) in terms of iterated integrals involving
periods of a Calabi-Yau (I — 1)-fold. The resulting expressions generalize the closed formula
for € = 0 from eq. (4.30) to higher orders in the dimensional regulator. Equation (4.22)
implies that the matrix ]§l7k(z) in eq. (2.18) is at most quadratic in the periods, to all loop

orders and for all orders in e.

6.2 Discussion of the equal-mass operators in dimensional regularization

The Riemann P-symbols. Let us discuss some of the properties of the differential
operators £; .. Due to the e-deformation the indicials of the differential operators £; . shift.
As in the € = 0 case, one can collect the indicials at the singular points of the differential
operator in the Riemann P-symbol. For example for [ = 2, 3,4 we find:

1 1
0 % 1 00 0 16 4 o
1 0 0 —
Podlte —2¢ 20 3, Py Y ! .
€ €
1+3e1 1 €

1 1 6.18
1+¢ O 0 0 0
Pa<1l+2e1—4el1—4el—4ece
1+3e1 1 1 1

1+4+4e2 2 2 1+e€
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We can also give the general Riemann P-symbol at arbitrary loop order [. For even [

we have
1 1

0 (S LA (S 1 >

I+e 0 0 -0 0

1+ 2¢ 1 1 -1 0+e

1+ 3e 2 2 -2 1

Peven 14 e : (6.19)
1+(1—1)el—2 1—2 ) L—
14 le %—1—16%—1—l6"'%—1—l6%—1—|—6
whereas for odd [ we find
1 1 1

0 (+1)2 (—1)2 1 0

1+e 0 0 -0 0

1+ 2¢ 1 1 -1 0+e

1+ 3e 2 2 -2 1

Podd lL+e : (6.20)

-3
2

14+ (1—1)el—2 1—2 - 53 +e

14le é—l—le%—l—le---%—1—lelTT3’—l_Tle

One can easily prove that all Riemann P-symbols satisfy the Fuchsian relation in eq. (2.41),
recalling that the number of singular points is given by s = % + 3 for even [ and s = % +3
for odd [. Additionally, these Riemann P-symbols should be compared to the corresponding
quantities for € = 0 in eq. (2.44). In general, we observe that the indicials get shifted by
e-contributions such that the degeneracy of the indicials is gone. In particular, this lift
of degeneracy turns the MUM-point with indicials {1,...,1} into a regular point with
indicials {1 +¢,...,1+ le}, where all elements of the e-Frobenius basis are now given by
series solutions (free of logarithms). In contrast, the leading behavior of the special solution
does not change and is O(z), so it does not get an e-dependent local exponent as the other
solutions. The special solution is free of logarithms, too. With this indicial structure in
mind, eq. (5.21) suffices to fix all the coefficients in the linear combination of Frobenius
solutions. As a side note we mention that we can compute the determinant of the Wronskian
also for the e-Frobenius basis. Using the relation in eq. (4.5) we find:

—1/2

det W(2) = (zl_?’_(lﬂ)e IT (- kz)1+25> . (6.21)
keA®

The other identities computed in section 4 cannot be generalized (as least not easily) to

the € # 0 case, because Griffiths transversality does not hold for generic €. This can for

example be checked from the self-adjointness statement after eq. (3.61). To be more precise,

for [ = 1,2 the operators are for generic values of € self-adjoint. Only in D = 1,2, 3, i.e.,

€= —%, 0, %, also the operators for [ > 3 listed in table 2 are self-adjoint.
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Structure of the differential operators expanded in €. Here we give a brief account
of the e-expansion of the differential equations for the equal-mass banana integrals. More
precisely, we characterize the differential equations that govern the Jﬁf)(z) in eq. (5.22). We
know from ref. [73] for € = 0 that £;J;1(2,0) = —(I + 1)! z, where £; = ﬁl(o) = L =0 is the
Picard-Fuchs operator of degree [ (in 0, or ) that annihilates the Calabi-Yau periods, or

equivalently the maximal cuts of J; ;(2,0) = l(?) (z). This implies that El(o’inh) El(o)Jl((P =0,

with [,l(o’inh) = 0, — 1. Similarly, at order €' we find an I-th order operator El(l) such that:

1) »(0,inh) »(0) (1
e g ) = Pa), (6.22)
where P, 1(z) is a polynomial. Hence, there is a first order differential operator Cl(l’inh) that
annihilates this polynomial, which implies:

El(l,inh)ﬁl(l) Ez(o’inh)ﬁl(o) Jl(,ll) —0. (6.23)

Indeed, the higher-order contributions Jl(?) belong to iterated extensions of the original
(relative) Calabi-Yau system, and satisfy a differential equation of the form:

L,l(n,inh)ﬁl(n) o El(l,inh)/:l(l) El(O,inh)L,l(O) Jl(;b) _ 07 (624)

E}n’mh) is of degree 1 in 6,

where L’}n) is differential operator of degree [ in 6,, while
and annihilates the polynomial inhomogeneity at the respective order €”. As the explicit
expressions for these differential operators quickly become lengthy, we will refrain from
displaying them here, but shall mention that, generically, also integer indicials different
from unity appear for solutions to the operator on the left hand side of eq. (6.24). With
increasing value of n, the vanishing order of the discriminant polynomial multiplying
the highest derivative increases as well. Besides that, the discriminant polynomial gets
multiplied with further polynomial factors, which, however, describe apparent singularities
of the differential system.

6.3 Numerical results at low loop orders

It is possible to solve the differential equation in eq. (6.14) in an efficient way even for high
values of [ and for higher orders in ¢. The method to solve such equations was reviewed
in section 2.3. As an example, we show in figure 3 the results for Jl(’?)(z) for2<]1<4
and 0 < n < 2for 0 <t =1/z < 40. The numerical results for [ < 3 are in principle
not new, and they agree with the previous results obtained in refs. [62, 70, 80, 107, 235].
The four-loop results are new and presented for the first time in this paper. Note that,
as expected, the imaginary part of Jl(g)(z) vanishes for t < (I +1)2. For [ = 2 there is a
logarithmic singularity at ¢ = 9, whereas for [ > 3 it is only a non-differentiable point, due
to the vanishing of the logarithmic Frobenius basis element at ¢ = (I + 1)2, as can be seen
from the Riemann P-symbols in eq. (6.18).

— 95 —



60 - b

40+ J

-100 | ]
-200F ]
-300F :

-400 | ]

1500 - 4
1000 - 1

500 - ]

500" — —— —
0 10 20 30 40

Figure 3. The banana integrals Jl(ff) for I = 2,3,4 (blue, orange, green) and n = 0,1,2 (upper,

middle and lower panels). On the z-axis we have drawn the variable t = p?/m? = 1/z. The solid

lines correspond to the real part, whereas the dashed lines represent the imaginary part.

7 Conclusion

Over the last decade it has become clear that multi-loop Feynman integrals are closely
connected to topics in modern algebraic geometry. Understanding the geometry attached to
a Feynman integral allows one to infer some of its properties, e.g., its differential equations,
the special functions it evaluates to, or the structure of the singularities and monodromies.
Very recently, it was shown that several examples of high-loop Feynman integrals are
associated to Calabi-Yau geometries, cf., e.g., refs. [72-78]. In particular, in refs. [72, 73],
some of us have applied methods from Calabi-Yau geometry and mirror symmetry to study
the properties of banana graphs with an arbitrary number of loops in D = 2 dimensions.
However, not much is known about Feynman integrals related to Calabi-Yau manifolds,
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mostly due to a lack of understanding of the relevant mathematics from the particle
physics side.

One of the main goals of this paper is to build a bridge between the worlds of Calabi-Yau
motives on the one hand, and of multi-loop Feynman integrals on the other. In section 3 we
have reviewed in detail the geometric concepts relevant to families of Calabi-Yau manifolds,
in particular the structure of their moduli spaces and the period integrals. While these
mathematical concepts are not new, our goal is to present them in a way that provides an
entry point into the subject for physicists working on Feynman integrals. We put a lot of
emphasis on illustrating abstract mathematical concepts on concrete examples of families
of elliptic curves, like the Legendre and Weierstrass family or the two-loop banana integrals.
We expect that the geometric concepts reviewed in section 3 will play an increasingly
important role in Feynman integral computations in the future.

The first new and original result of this paper is a compact analytic expression for all
master integrals for the equal-mass banana integrals in D = 2 dimensions for an arbitrary
number of loops [. In eq. (4.30) we have expressed these master integrals in terms of the
periods of a one-parameter family of Calabi-Yau varieties and integrals of these periods
(multiplied by a rational function). This representation is the immediate generalization of the
representation of the two- and three-loop integrals in terms of iterated integrals of modular
forms [49-52, 61, 77, 78]. This is the first time that complete analytic results for higher-loop
banana integrals in D = 2 dimensions are presented. We find it remarkable that one can
obtain compact analytic results valid for arbitrary loops: so far, only very few (non-trivial)
families of Feynman integrals for arbitrary number of loops and general kinematics have
been obtained, cf. e.g., refs. [236-243]. Our results extend this collection by a new infinite
family of integrals, and it is the first example of such an infinite family that cannot be
expressed in terms of multiple polylogarithms. We emphasize that a solid understanding of
the geometry associated to equal-mass banana integrals in D = 2 dimensions, in particular,
the Picard-Fuchs operators, the large momentum behavior described by the [-class [73]
and the quadratic relations from Griffiths transversality, was crucial in deriving eq. (4.30).

The second main result of this paper is the generalization of the results of ref. [73] to
include dimensional regularization. In section 5 we have presented a method to describe the
Picard-Fuchs differential equations satisfied by [-loop banana integrals with arbitrary values
for the propagator masses in D = 2 — 2¢ dimensions. We emphasize that, due to the large
number of scales, these differential equations may be challenging to obtain with conventional
techniques and computer programs. At the same time, we have obtained the leading
asymptotic behavior in the large momentum limit, which provides a convenient boundary
condition. In section 6 we have presented an efficient alternative method to derive the
Picard-Fuchs differential operator in the equal-mass case in dimensional regularization. The
corresponding differential equations can be solved efficiently (at least for the first few loop
orders), either using the Frobenius method to obtain fast-converging series representations,
or analytically in terms of iterated integrals of Calabi-Yau periods by extending the results
of section 4. This opens the way to obtain for the first time complete results for all
equal-mass banana integrals, for an arbitrary number of loops, in all kinematics regions, in

dimensional regularization.

- 97 —



Let us also give some outlook for future directions of research. First, in section 4
we have obtained for the first time analytic results for Feynman integrals that involve
(iterated) integrals over a Calabi-Yau period. Since this class of integrals generalizes in a
natural way the iterated integrals of modular forms that appear at two- and three-loops, we
expect iterated integrals of Calabi-Yau periods to play an increasingly important role for
Feynman integral computations in the future. Unlike the case of modular forms, however,
not much is known about such iterated integrals even in the mathematics literature, and it
would be interesting to study them in more detail from a purely mathematical standpoint.
Second, it would be interesting to explore in how far the techniques based on Frobenius
bases and Picard-Fuchs differential ideals we have used in this paper can be applied to
solve other Feynman integrals. First steps in this directions were taken in refs. [87-89], but
a complete understanding in how far these techniques can be practically applied is still
an open question. Finally, it would be interesting to understand more generally when a
Feynman integral is associated to a Calabi-Yau geometry or motive, or if (and which) more
complicated geometric structures play a role. In refs. [74-76, 123] several infinite classes of
multi-loop integrals associated to Calabi-Yau varieties have been identified, though starting
from two loops in the non-planar sector [37, 244] and three loops in the planar sector [204],
geometries associated to Riemann surfaces of genus g > 1 have been identified, and the work
of Belkale and Brosnan has shown that the hypersurfaces defined by the vanishing of the
first Symanzik polynomial are of general type [245]. For the future it would be interesting
to have a clear understanding, and possibly a classification, of the geometries relevant to
quantum field theory computations.
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A Ideals of differential operators in one variable

Let Q(z) be the field of rational functions in one complex variable z, and R is the ring of
differential operators of the form £ = 3" a;(2)9%, a;(2) € Q(z), 1 <i < p and ay(z) # 0.
We call p := ord(L) the order of £, and a,(z) := Disc(L) its discriminant.

Proposition 1. R is a principal left-ideal domain, i.e., every ideal in R is of the form
RLy for some Ly € R.

Proof. Let T C R be an ideal. We need to show that there is Ly € Z such that Z = RLg. If
T is the zero or trivial ideal, Z = 0 or Z = R, then the claim is obviously true. We therefore
assume from now on that 7 is neither zero nor trivial.
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Define
dr = min{ord(L) : L€ Z and L # 0} >0, (A.1)

where the inequality follows from the fact that Z is neither zero nor trivial. It is easy to see
that there is £y € Z such that ord(Ly) = dz and Disc(Ly) = 1. We now show that this £
generates 7.

Let £ =" ;a;(2)0% € I, ap(z) # 0. We need to show that there is L € R such that
L = LLy. We proceed by induction in ord(£) =p > dz.

o If p = dz, it is easy to see that ord(L — a,(2)Ly) < dz. Therefore we must have
L —ap(z)Lo=0.

o If p > dz, we assume that the claim is true for all operators in Z of order up to p — 1.
We have ord(L — a,(2)0?97 L) < p, and so by induction hypothesis there is £; € R
such that £ — ap(Z)ag_dI,Co =L1Lp.

B Maximal cuts of equal-mass banana integrals up to three loops

In this appendix we present closed formulas for the periods w;;(z) for [ < 3 in terms
of algebraic functions and complete elliptic integrals of the first kind. We focus on the
large-momentum region 0 < z < 1/(I 4+ 1)2. The expressions in other regions require careful
analytic continuation, cf. refs. [70, 80, 107].

At one loop, there is only one period, which is an algebraic function:

z

ng(z) = \/ﬁ

Under analytic continuation, the square can change sign. The monodromy group is
thus nganl = Zo.

At two loop order, the maximal cuts of J3 1(z;€) can be expressed in terms of complete
elliptic integrals of the first kind, cf. ref. [30]. We introduce the shorthand notation:

(Vz-1)@Bvz+1)"

(B.1)

We then find:
2z
WQ,O(Z) = K(l — /\) s
m\/1— 2722 + 182+ 812
s (B.3)
w2,1 (Z) = K()\) .

V1— 2722 + 182 + 8,/

The monodromy group is I'g,,, = I'1(6) [40, 49, 162]. The periods in eq. (B.3) can be
expressed in terms of Eisenstein series of weight one for I';(6) [40, 49].
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At three loops the Picard-Fuchs operator is a symmetric square, and the periods can
be written as products of complete elliptic integrals of the first kind [80, 246]. If we define:

3223/2
A p—
VT =162 -8 (VT -4z —2yz) 2 +iVI— 4z .
\ 3223/2 (B.4)
2 VI =162 +8 (VI -4z —2yz) 2 —iV/I— 4z’
we have:
A1 \2
w3,0(2) = 4; K(A1) K(A2),
VAL VA1 Ay
w31(2) = — 21 2K K(L - A2) — 41 iK(A)K(N2),
T d (B.5)
1
W372(Z) = =V )\1)\2 K(l — /\1) K(l - )\2 —|- \/ /\1)\2 K )\1 1 — /\2)

6
- é VAw K(w) K(A)

The monodromy group is I, = To(6)™ [79]. To(6)™? contains I';(6) as a subgroup, and
the periods in eq. (B.5) can be expressed in terms of Eisenstein series of weight two for
r'y(6) [61, 77, 78].

C The Lauricella hypergeometric series F¢

As mentioned in section 5, the [-loop banana integral in dimensional regularization is a
linear combination of a specific kind of multivariate hypergeometric series, which were first
described by Lauricella [247]. For completeness, we shall briefly elaborate on these facts in
the present appendix.

Consider the series in square brackets in eq. (5.18), first for j = (1,...,1). It can
be recognized as a Lauricella hypergeometric series in [ + 1 variables z; [247] (see also
refs. [248, 249]):

l
Fé+1)(a,b;cl,...,cl+1;zl,...,zl+1) = Z Jn (O)n H —. (C.1)

l
neNLH H +1 Ci)ni i1
The case at hand is described by
a=1+(I+1)e+74, =1+1le+6, ci=1+40;+¢€. (C.2)

Up to the overall normalization, eq. (5.19) reduces in the [ = 2 case to eq. (123) of
ref. [41], which in turn corrects the result presented in ref. [219]. Recurrence (or contiguity)
relations with respect to the a,b and ¢ parameters (see, e.g., eq. (6.4.17) of ref. [248]) then
imply algebraic relations between banana integrals with different propagator exponents. A
systematic account of this is given in ref. [250].
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Lauricella reports a system of second-order linear partial differential equations satisfied
by eq. (C.1) [247]. Focussing on ¢ = 0, we give an independent and simple construction
of a family of equivalent or sub-systems in section 5.2, and discuss special features of the
specific hypergeometric system obtained for eq. (C.2) such as the relation to the (relative)
Calabi-Yau period system in D = 2 dimensions. Note that, according to ref. [247], the
general solution of Lauricella’s differential system

[04(0k + ek — 1) — 20+ a)(O+ )] F =0, (C.3)

where k = 1,...,l4+ 1 and 0 = Zg;ll 6, depends on 2t1 integration constants. In the
generic case, the different elements of a fundamental system can be labelled by j € {0, 1}

and read explicitly

1 I+1 I+1
F; = H A Fg*l) (a + Zjl’-cg, b+ Zjéc’i; grer + 1 (L+¢)) ey dnen + 0 (1 + c;L)) ,
i—1 i=1 i=1

where ji:=1-j and g=1—¢. (C.4)

The z; arguments suppressed in eq. (C.4) are left unchanged with respect to eq. (C.1). We
observe that the terms in square brackets in eq. (5.18), including the monomial prefactor
and the j = 0 solution, precisely correspond to the 2!*! fundamental solutions in eq. (C.4)
identified by Lauricella, once the appropriate identification of parameters in eq. (C.2) is
made. This observation is true for a generic choice of 9, i.e., generic propagator exponents
1+ d;, and by the considerations following eq. (5.6) this applies mutatis mutandis also in
the presence of massless extra propagators.

The coincidence of all series solutions in the e = § = 0 limit does not mean a drop in the
dimension of the solution space of eq. (C.3), but rather indicates the need for considering
logarithmic solutions. For a = b =c¢; = -+ = ¢;31 = 1 the solution space of eq. (C.3) yet
extends the space of period integrals of the holomorphic (I — 1)-form on the associated
Calabi-Yau (I — 1)-fold and the relative period extension associated with the chain integral
over the simplex oj.

We shall also mention that the series in eq. (C.1) converges for

Wzt + -+ [Vaal <1, (C.5)

independently of the values of a,b and cy,...,c,, i.e, this also defines the domain of
convergence of the series obtained for other values of j in eq. (5.18). Partial results for
the analytical continuation to other domains can be found in refs. [219, 248, 251, 252].
In general, the singular locus of the Lauricella system of ref. [253] is determined by the
zeroes of
I+1 I+1
<H zk> 11 (1 +> ek\/%> ) (C.6)
k=1 €1,s€41=%1 k=1
It might be worthwhile pointing out that this is the discriminant (Landau variety) of the
banana integrals. The fundamental group of the complement of this singular locus was
recently studied in ref. [254]. For more (mathematically rigorous) studies of the Lauricella
system see also refs. [249, 255-257].
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A Laplace type representation. Before closing this appendix, we note that there is a
Laplace type integral for the Lauricella function Fé?H [248], reading

(I+1) ) .
Fom(a,bsery .o cq15 21505 Z141)

1 00 S B B
_1“(a)1“(b)/0 /0 e s T g Fi(— ez st) <o 0F1 (=5 cqa; 2ig st) dsdt . (C.7)
Here a and b must have positive real parts. Also
1—c
oFi(—;¢2) =T(c) 272 I.—1(2V/2) (C.8)

can be identified with a modified Bessel function of the first kind. For the case in eq. (C.2),
setting € = § = 0, we recover the statement of ref. [73] that the holomorphic Calabi-Yau
period around the MUM-point is (up to an overall factor) given by the double Borel sum of
the (14 1) symmetric power of the series associated with Iy.
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