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1 Introduction

In this thesis, we investigate the modularity of rank two attractor varieties X. Physically, these
manifolds are associated with special black hole solutions of type IIB supergravity. These black
holes have non-vanishing charges which means that the intersection

H*(X,Z)n (H*°(X) & H"*(X))

whose elements represent charge vectors must be non-trivial. For rank two attractor varieties, this
intersection is 2-dimensional. These varieties are rare and an important question is how one can
find them. A very beautiful method for doing this was proposed by Candelas et al. (2019) and is
based on arithmetic properties of Calabi-Yau manifolds. For this method, one looks at the local
zeta function of X, which can be obtained by reducing X to finite fields. It is conjectured that
if X is a rank two attractor variety with 1-dimensional complex structure deformation space, the
numerator of this local zeta function factorises to

(1 — appT + p*T?)(1 — b, T + p°T?).

Using this conjectured factorisation allows finding rank two attractor points in the complex struc-
ture moduli space for given families of one-parameter Calabi-Yau threefolds. Having calculated
the a, and b, for some primes p further allows associating automorphic forms to the variety. In
the simplest cases, these automorphic forms are just modular forms.

To modular forms one can associate periods and quasiperiods, which then give rise to transcendental
numbers. For elliptic curves, the periods of the holomorphic form are rationally related to the
periods and quasiperiods of the associated modular form. Klemm, Scheidegger, and Zagier (2020)
give numerical evidence that this also happens for rigid Calabi-Yau threefolds. The goal of this
thesis is to extend this to rank two attractor varieties. This means in practice that we associate
modular forms to rank two attractor varieties and then compare the periods of the holomorphic
form and their derivatives with the periods and quasiperiods of the associated modular forms.

Following this introduction, the second chapter gives a short overview of the geometry of Calabi-
Yau manifolds and explains their physical relevance. In particular, this contains the definition of
periods, which will be the most important tool for us. We conclude by discussing the attractor
mechanism. The third chapter introduces modular forms and explains how these give rise to period
polynomials. We also show how one can associate L-functions to certain modular forms. In the
fourth chapter we discuss the reduction of algebraic varieties to finite fields. We show how such
reductions give rise to local zeta functions, which have remarkable properties according to the
WEeil conjectures. We explain the deformation method which uses the periods for the calculation
of local zeta functions. Using the local zeta functions, we define the Hasse-Weil zeta function and
discuss cases where it is related to modular forms. We consider the case of elliptic curves in the
Legendre family as a first example in the fifth chapter. This chapter serves as an introduction
and hence the calculations are rather explicit. For elliptic curves, all the presented aspects are
proven and the goal of the following chapters is to generalise this to Calabi-Yau threefolds. In the
sixth chapter, we consider our main example, two similar families of Calabi-Yau threefolds which
have three rank two attractor points. We explain how these points were found by Candelas et
al. (2019) and show that the periods at these points are given by periods and quasiperiods of the
associated modular forms. We also use the periods to identify a modular form at a K-Point. In
the subsequent chapter, we are concerned with special families of Calabi-Yau threefolds known as
self Hadamard products. The considered cases all feature a rank two attractor point at which the
deformation method for the calculation of local zeta functions does not work due to a singularity
of the Picard-Fuchs equation describing the periods. For these examples, we go in the opposite
direction and use the numerical values of the periods to calculate the local zeta functions. We
conclude by summarising our results and pointing out directions for future research.






2 Geometry of Calabi-Yau Manifolds

Calabi-Yau manifolds are important geometries for the modeling of spacetime in string theory.
Moreover, their mathematical properties are interesting in themselves, and the collaboration of
physicists and mathematicians has been very fruitful for the development of the theory of Calabi-
Yau manifolds. In this chapter, we give a short introduction to the geometry of Calabi-Yau
manifolds. In particular, we explain that they come in families and define the notion of periods
as our primary tool for studying the complex structure deformations within these families. We
conclude with the discussion of attractor points, which are special points in the complex structure
moduli space that are related to black hole solutions in type IIB supergravity.

2.1 Basic Properties of Calabi-Yau Manifolds

This section gives a short physical motivation for considering Calabi-Yau manifolds and briefly
discusses their geometry. Looking at deformations of Calabi-Yau manifolds, we see that these
can be separated into complex structure deformations and Kéhler deformations. In this context,
we discuss the mirror symmetry conjecture, too. We conclude by sketching different methods to
construct Calabi-Yau manifolds.

Physical Motivation

The physical motivation for considering Calabi-Yau manifolds comes from string theory - a theory
of quantum gravity. In contrast to theories based on particles, the basic objects in string theory
are strings moving through spacetime. These are described by maps

¢ = M

where the 2-dimensional worldsheet ¥ and the spacetime M are both Lorentzian manifolds. To
describe a realistic low energy particle spectrum, one is lead to superstring theory, where one con-
siders bosonic and fermionic strings whose dynamics are governed by a supersymmetric action. A
tremendous simplification of the classical theory comes from the fact that this action is also con-
formally invariant. However, remaining conformal invariance in the quantized superstring theory
requires spacetime to be 10-dimensional. To be able to explain our 4-dimensional macroscopic
spacetime, one can make the ansatz that at least locally the spacetime is of the form

M =My x X

with the Minkowski space My and X being a compact Riemannian manifold, which in a suitable
sense should be small. In the simplest scenario, the metric on M is induced by metrics on My
and X. A strength of this setup is that the low energy particle spectrum is determined by the
geometry of X in the spirit of the Kaluza-Klein compactification. Candelas et al. (1988) have
shown that some remaining unbroken supersymmetry in this spectrum requires the existence of a
covariantly constant spinor in a spinor bundle over X. This can be used to define an integrable
complex structure J on X, which gives it the structure of a complex manifold. The metric g
on X is of type (1,1) concerning this complex structure and thus (X, J,g) is a compact Kéhler
manifold. Additionally, the existence of the covariantly constant spinor implies that g must be
Ricci-flat. In summary, unbroken supersymmetry implies that (X, J, ¢) is a compact 3-dimensional
Ricci-flat Kéhler manifold. This directly leads to the definition of Calabi-Yau manifolds. For more
information about the physical background, we refer to Becker, Becker, and Schwarz (2006).



2 Geometry of Calabi-Yau Manifolds

Definitions of Calabi-Yau Manifolds

We have seen that physically we are interested in 3-dimensional Ricci-flat K&dhler manifolds X.
These conditions imply the vanishing of the first Chern class ¢ (T'X). Calabi (1957) conjectured
that for any n-dimensional compact Kéhler manifold (X, J,w) with vanishing first Chern class
there exists a unique Ricci-flat Kéhler metric g such that the induced Kéhler form wy is in the
same cohomology class as w. This was later proven by Yau (1977) and motivates our definition
of an n-dimensional Calabi-Yau manifold as a simply connected n-dimensional compact Kéhler
manifold (X, J,w) with vanishing first Chern class.

Looking at the infinitesimal holonomy of the Levi-Civita connection induced by the Ricci-flat
Ké&hler metric g and using the simple connectedness, one can see that the global holonomy group
of n-dimensional Calabi-Yau manifolds is contained in SU(n). This gives a second equivalent defin-
ition of Calabi-Yau manifolds. Sometimes Calabi-Yau manifolds are also defined by the stronger
requirement that the holonomy group induced by the Ricci-flat Kéhler metric is equal to SU(n).
In this thesis, we will exclusively consider these Calabi-Yau manifolds. Following Candelas (1988),
one can show that in this case the Hodge numbers h*" vanish for 0 < i < n. Physically, these
Calabi-Yau manifolds give minimal unbroken supersymmetry.

The last equivalent definition which we use is that an n-dimensional Calabi-Yau manifold is a
simply connected n-dimensional compact Kéhler manifold with nowhere vanishing holomorphic
(n,0)-form . This form generates H™%(X) and we will refer to Q as the holomorphic form since
it is unique up to a rescaling. Candelas (1988) delivers a proof for this and the equivalence to the
other definitions.

Deformation of Calabi-Yau Manifolds

We are interested not only in a fixed Calabi-Yau manifold (X, J,w), but families of them obtained
by deformation. Note that we do not regard Calabi-Yau manifolds obtained by holomorphic
coordinate changes, i.e.

(X7, w') = (8(X), (671" (), (67" (w))

with diffeomorphisms ¢ : X — X', as distinct Calabi-Yau manifolds. The remaining deformations
can then locally be separated into deformations of the Kéahler class, where

(X', J) = (X, J)
as complex manifolds and deformations of the complex structure, where
(X' w') = (X, w)

as symplectic manifolds. The local structure of the moduli spaces parametrising these deformations
is well understood, and an overview can be found in Candelas and de la Ossa (1991). They show
that the moduli space locally is indeed a product

MCS X Mk

of the moduli spaces of the complex structure and the Kéahler form. Locally, these moduli spaces
are complex (real) manifolds of dimension

dimg Mg = ™71

dimp My = bt
Following Tian (1987) and Todorov (1989), the complex structure deformation space of Calabi-Yau
manifolds is smooth and unobstructed, i.e. each infinitesimal complex structure lifts to a global one.

In this thesis, we will only consider complex structure deformations. The two types of deformations
are related by mirror symmetry.



2.1 Basic Properties of Calabi-Yau Manifolds

Mirror Symmetry

For the discussion of mirror symmetry, we enlarge the structure of Calabi-Yau manifolds by a
B-fieldY]

B e H*(X,R)/H*(X,7Z)
which, together with the Kéhler form, gives the complexified Kdhler form
B +iw € H*(X,C)/H?*(X, 7).
The moduli space then locally decomposes as
Mes x Mk
where the moduli space of the complexified Kahler form is now also a complex manifold of dimension
dime Mg = At

For a non-rigid family M of Calabi-Yau manifolds, i.e. a family with A! # 0, the statement of the
mirror symmetry conjecture is that there exists a mirror family W such that the moduli spaces are
isomorphic, but the role of Kéhler deformations and complex structure deformations are exchanged

MCS(M) = Mck(W)
Mck(M> =~ MCS(W).

This implies that the Hodge numbers ! and h"~ 1! of the families are exchanged.

Physically, mirror symmetry relates equivalent theories defined on mirror pairs of Calabi-Yau
manifolds. For odd dimension n, this means that IIA string theory on M is equivalent to IIB
string theory on W. This makes mirror symmetry an important tool because certain calculations
can be easier for one of the two theories and mirror symmetry then allows to relate these results
to the other side. This e.g. allowed a famous computation of the numbers of rational curves on the
quintic threefold (see Candelas et al. (1991)).

Construction of Calabi-Yau Manifolds

For n > 1, there are no known explicit representations of the metric g for Calabi-Yau manifolds
with holonomy group SU(n). Making use of Yau’s theorem, the idea for the construction of
Calabi-Yau manifolds is to construct simply connected compact Ké&hler manifolds with vanishing
first Chern class. If one wants the holonomy group to be SU(n), this has to be checked in addition.
In the following we describe well-known methods of constructing Calabi-Yau manifolds. We refer
to Joyce (2001) for a more detailed treatment.

In algebraic geometry, results like the adjunction formula allow generating many families of Calabi-
Yau manifolds. For example, complete intersection Calabi-Yau manifolds are n-dimensional sub-
manifolds of products of projective spaces

CP™ x ... x CP"*

of total dimension N + n defined as the vanishing set of NV homogeneous polynomials p;. If this
vanishing set does not have singularities and the degrees add up to

N
Zdegpi =N+n+1,
i=1

the first Chern class vanishes, and, by choosing a Kéhler form, one has constructed a Calabi-Yau
manifold. This method can be generalised for weighted projective spaces. Further generalisations

1The B-field can be added to the worldsheet action as a background field to which the strings couple.
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are Calabi-Yau manifolds obtained as hypersurfaces in toric varieties. The Calabi-Yau manifolds
are then also described by combinatorical data and this description can simplify the construction
of the mirror manifolds.

There is also a notion of singular Calabi-Yau manifolds. For these, one exchanges the vanishing
of the first Chern class by the triviality of the canonical bundle. This is an equivalent condition
for smooth manifolds and also makes sense for certain singular manifolds. Having a singular
Calabi-Yau manifold, there may exist a crepant resolution, i.e. one which does not affect the
canonical bundle. Then one can use this to get a smooth Calabi-Yau manifold. This is also used to
construct smooth Calabi-Yau manifolds out of singular quotients of smooth Calabi-Yau manifolds
by a discrete group.

For the construction and the study of Calabi-Yau manifolds, there are powerful physical methods.
Witten (1993) introduced techniques by studying 2-dimensional N' = (2, 2) supersymmetric gauged
linear sigma models which have Calabi-Yau manifolds as moduli space of their vacua. For a recent
realisation with abelian and non-abelian gauge groups, we refer to Gerhardus, Jockers, and Ninad
(2018).

2.2 Periods of Calabi-Yau Manifolds

We focus on complex structure deformations of Calabi-Yau manifolds. We also restrict to the case
of one-parameter models, i.e. Calabi-Yau manifolds with A"~1! = 1. This is done for simplicity,
and everything we present in this section can be generalised to the case of higher-dimensional
moduli spaces. Throughout this section, we denote by

X —-M
a fixed family of n-dimensional Calabi-Yau manifolds with complex structure moduli spaceﬂ
M = CP"\Z,

where X is a finite set of values for which the Calabi-Yau becomes singular. In the following, we
define the notion of periods, which will be the most important tool to study the family X, and
discuss properties of these. For this, we follow Klemm (2018).

Definition of Periods

Based on the geometry of our family of Calabi-Yau manifolds, we can define several interesting
bundles. Examples include the bundle of k-cycles Hy(X,Z) with fibre Hg(X,,Z) over z € M or
the bundle of (p, q)-forms H?'9(X) defined analogously. The change of the fibres in these spaces
by going along paths in the base space M is also called the variation of Hodge structures and is
what we are interested in in the following. We will do so by studying the periods of our family.

The main player for the definition of periods is the middle (co)homology of our family X. Having
a connection on the bundle H,, (X,Z) allows to parallel transport cycles along paths in the base
space. Due to the purely topological nature of the fibres, the parallel transport does not depend
on the chosen connection, and the homology for a closed path C in the base space depends only on
the generated homotopy class [C] € m1(M). The holomorphic form for our family is a section

Qe(H™(X))

which is unique up to multiplication by functions of z. To integrate this form, let us fix a basis
{1 7o} for Hp (X, Z) at some 29 € M. If we choose a contractible subset U C M which
contains zg, we can parallely transport this basis to any point in U. This gives us well-defined
sections

vi € N(Hn(X|u, Z))

2 M sometimes will be a multi-covering of the complex structure moduli space.
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with which we define the period vector by

H,L(Z) = / Qz-
vi(2)

Note that one can, and we will always choose the holomorphic form  so that the periods are
holomorphic functions of z.

While 1T is a well-defined function on the contractible set U, it will in general not be on M.
Analytically continuing IT along a closed path in M, we get the monodromy for that path. Since {2
is well-defined globally, we see that the monodromy is a result of the holonomy on H,, (X, Z). This
gives many restrictions on the monodromy of the periods. First of all, the holonomy on H,(X,Z)
can only consist of unimodular elements. Further, we have the intersection product

Y.t Ho(X.,Z) x Hy(X.,Z) —> 7

(v,7') — / ANY
X,

which is preserved under the holonomy. We can thus conclude that the monodromy of the periods
is a group homomorphism

M : (M) — Sp(bp,Z).

We will use the fact that the periods are the solutions of a differential equation for studying them.

The Picard-Fuchs Equation

We have seen that we can define the periods as holomorphic functions over a contractible subset
U C M. Taking the derivative of a period II; with respect to z, we again have a holomorphic
function which is an integral of a form in H™(X, C) over +;, too. Defining the periods over several
contractible patches allows us to define the Gau3-Manin connection

V:D(H"(X,C)® TM) — D(H"(X,C))

implicitly by
ML, (2) ::/ vEQ.. 2.1)
vi(2)

One can show that the Gaufl-Manin connection restricts to
V:T(FFH"(X,C) ® TM) — T(FF'H"(X,C))
with the Hodge filtrations
FFH™(X,C) =P H"(X).
i>k

This fact is known as Griffiths transversality and has two useful consequences. On the one hand,
it allows to get a basis of H"(X,C) by taking derivatives of the holomorphic form  and using
complex conjugation. On the other hand, we know that the set

{Q,Vv.Q,..., V)

cannot be linear independent locally over functions in z. Recalling the definition , the periods
are solutions of a linear differential equation of order at most b,,. This differential equation is called
the Picard-Fuchs equation. The type of the differential equation is very constrained from the fact
that its solutions are periods. For example, it is of Fuchsian type, i.e. it is a linear homogeneous
ordinary differential equation with holomorphic coefficients and only regular singular points. This
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means that we can use the Frobenius method to find a solution around each point. We explain how
this works in Section As we have already seen, another consequence of the geometrical origin
of the differential equation is that the monodromy group must be contained in Sp(b,,Z) up to
conjugation. The considered operators will further have a point of maximal unipotent monodromy
(MUM-point) at z = 0, i.e. a point where all local exponents are equal (and the holomorphic
form is chosen such that they are all 0 at that point). There is a lot more one can say about the
Picard-Fuchs operators for Calabi-Yau manifolds and people have been trying to find conditions
satisfied by these to construct them without referring explicitly to a geometry. These operators
are called Calabi-Yau operators and for more information we refer to van Straten (2017).

The Integral Symplectic Basis

In practice, we will obtain the periods as solutions of a Picard-Fuchs equation of order b,
LIT=0

where L is a differential operator of Fuchsian type. Locally, we use the Frobenius method to get b,
linear independent solutions {wy, ..., wp, }. We will then need to find linear combinations of these
solutions that correspond to the periods {IIy, ..., II, } with respect to an integer symplectic basis
{m, .-, } of H,(X,Z). We choose this basis so that the intersection product has the form

2:(_0]1 %)

Note that this integer symplectic basis can only be unique up to Sp(b,,Z) transformations. What
can help us to find an integer symplectic basis of periods are the monodromy matrices since we
already know that these must be in Sp(b,,Z) with respect to the canonical symplectic matrix
defined above. Up to an overall scaling, this can sometimes be sufficient and if there is some point
z € M around which one can obtain a period by direct integration this will then also fix the
constant]

Following Klemm (2018), it is believed that for 3-dimensional one-parameter Calabi-Yau manifolds
X with a MUM-point, one can use topological invariants of the mirror family X to fix an integer
symplectic basis up to an overall scaling. Without loss of generality, let z = 0 be the MUM-point.
Then the Frobenius basis of solutions of the Picard-Fuchs equation has the form

Jfo(2)
fo(2)log(2) + f1(2)
fo(2)1og*(2)/2 + f1(2)log(2) + fa(2)
fo(2)10g”(2) /6 + f1(2)log*(2)/2 + fa(2) log(2) + f3(2)
with power series f; satisfying fo(0) = 1 and f1(0) = f2(0) = f3(0) = 0. Let {e} be a positive
basis of H? (X' ,Z). The topological invariants of X we need are the triple intersection

/f:z/ eNeAle,
X

the evaluation of the second Chern class against e

) ::/ co(TX) Ae,
X

w(z) =

and the Euler number x(X ) With these, we can write an integer symplectic basis of periods up
to an overall constant as

X(X)¢(3) co 0 I
(27i)3 24-27i [CZDE
I ~ 24 m (@m)? 0 w (2.2)
1 0 0 0
1
0 57 0 0

3In most cases, this constant is not important since we can rescale the holomorphic form to get rid of it. However,
for our arithmetic considerations, this constant will matter since the period integrals should then be defined
algebraically.

10



2.2 Periods of Calabi-Yau Manifolds

where ( is the Riemann zeta function. Here, one can choose
K mod 2
2

This can also be used to find conditions for the topological invariants based on the Picard-Fuchs
equation and its monodromy.

Geometry of the Moduli Space

We have defined the periods as local functions on the complex structure moduli space, which
are associated with the variation of the Hodge structure of the middle cohomology. Due to
the local Torelli theorem, this can also be inverted locally to define coordinates of the complex
structure moduli space by using the periods. This means that there locally is a choice of cycles
{70, s Ypr-1.1} C H,(X,Z) such that the associated periods {Ilg,...,II»-1,1} are projective co-
ordinates of the complex structure moduli space. For Calabi-Yau manifolds of dimension n < 3,
there is also a global Torelli theorem which implies that the periods can be used to define global
coordinates of the complex structure moduli space.

The complex structure moduli space M can be given the structure of a Kdhler manifold by equip-
ping it with the Weil-Petersson metric. This is induced by the Kéhler potential defined by

e K = 2”/ QAQ =" TITY.
X

Note that the expression in terms of the periods is well defined globally even though the periods
are not.

Another important function on the complex structure moduli space is the Yukawa coupling or
n-point function. Using the Gaufl-Manin connection, we define this by

~~~

n-times dn
Z / QAVIQ, =TS —11.
X, dzm™

The expression in terms of the periods is again well defined globally. Also, note that Griffiths
transversality implies that

dk

nm’'y—TI=0

dzk
for k& < n. Following Klemm (2018), one can further show that one can choose the holomorphic
form and the coordinate z of M so that the Yukawa coupling is a rational function. We will always
work with such a choice. Another way to determine the Yukawa coupling up to a multiplicative
constant is to use the Picard-Fuchs equation. We explain this for the case where the Picard-Fuchs
operator is of order n + 1. Writing the Picard-Fuchs operator as

n+1

di
L= ;Ai@

with the normalisation A,4+1 = 1, we use Griffiths transversality to get

0=I"2Ln =1’y drt In+A,C
dz"+1 n 2.0 2

_ <”+ 1d | An> C. ..

2 dz

This determines the Yukawa coupling up to a constant. Having the Yukawa coupling, we can
determine the intersection matrix with respect to an arbitrary basis II of periods by solving

e dR - 0 Jk<mn
C,. . ,k=n.

11



2 Geometry of Calabi-Yau Manifolds

2.3 The Attractor Mechanism

Attractor points are special points in the complex structure moduli space of Calabi-Yau manifolds.
We follow Moore (1998) to motivate the physcial interest in these points and consider type 1IB
supergravityﬁ compactified on a family X of Calabi-Yau threefolds with complex structure moduli
space M. The vector multiplet scalars

z: My - M

determine the variation of the complex structure over the spacetime. Concretely, the spacetime
is modeled as a bundle with fibre {z} x X,y over x € M. Since b;(X) = 0, there is only one
abelian gauge field

G € O*(M,) ® H*(X,R),

where it is understood that it takes values in H? (Xz(z),R) over x € M,. This field strength is
required to be anti-self-dual with respect to the 10-dimensional Hodge star operator induced by
the metric on M, and the Ricci-flat K&hler metric on X, i.e.

GZ**lOG-

We are now interested in black hole solutions of the supergravity equations, which are static,
spherically symmetric, and asymptotically Minkowski. We further require these solutions to be
BPS solutions. Denoting the radial coordinate of the spatial part of My by r, we can infer that
the vector multiplet scalars z only depend on r. By the existence of D-branes, one can now show
that the total charge must be integral, i.e.

G )
/ 7:;}%00 GHS(XZOO7Z)7
S 21

2
oo

where S% denotes the spatial boundary of the Minkowski space. For the metric on My, we make
the ansatz

ds? = =2V M2 + 72V (4z)2.
Defining
Z:Rt = C

[ad €K/2/ Qz('r')
Yz(r)

with the Kéhler potential K, the holomorphic form {2 and the parallel transport v,(. of the
Poincaré dual of 4, the BPS condition leads to the attractor equations

d v 14 _
56 + 7’72 =0
eV zZ
H271 <€K/22/VZQ - 7,7/‘2Z|’7> =0. (23)

Here, 11! denotes the projection on H*!(X). For the spacetime to be regular, these equations
must evolve towards a fixed point z, for »r — 0. For a non-vanishing charge 4, (2.3) implies that
1214, = 0. We need a non-trivial intersection

H¥(X..,Z)n (H**(X.,) & H*(X.,))

for the solution to exist. Points z, in the complex structure moduli space for which this is true are
called attractor points. Depending on the dimension of the intersection, the attractor points are
said to have rank one or two. We later discuss how one can find attractor points of rank two and
what modularity properties the underlying Calabi-Yau manifolds have.

4This theory can be obtained as a low energy limit of type IIB string theory.
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3 Modular Forms and Period Polynomials

We will see that at special points in the complex structure moduli space, we can associate modular
forms to the underlying Calabi-Yau manifold. In this chapter, we want to explain what modular
forms are and how they give rise to period polynomials, which will later turn out to be connected
to the periods of the holomorphic form of the Calabi-Yau manifold. Modular forms are a vast
subject and we will only introduce aspects which we will use later. For a more general treatment,
we refer to Bruinier et al. (2008). In the sections about period polynomials, we very closely follow
Klemm, Scheidegger, and Zagier (2020).

3.1 The Modular Group

Modular forms are functions with specific transformation properties under the action of the mod-
ular group, and so we would like to review this here. The full modular group is

SL(2,Z) = {y € M2(Z)| dety =1}

with M5(Z) being the set of 2 x 2 matrices with components in Z. We will also consider congruence
subgroups I' C SL(2,Z) which are subgroups containing

I'(N):={y€ SL(2,Z)] v=1 mod N}

for some N € N*. Note that these have a finite index in SL(2,Z). The most important examples
for our application are the groups

To(N) :={y € SL(2,Z)| ¢, =0 mod N}

where we label the components of any v € GL(2,R) according to

_ [ ay by
T ( Cy  dy )

For any v € GL*(2,R), we define the action on the complex upper half-plane as a Mébius trans-
formation

and we also extend this action to elements in
P'(Q) == QU {oc}

with the usual arithmetic operations on the Riemann sphere. The reason for doing this is because
we want to consider functions on the extended upper half-plane

H:=HUPYQ)
whose quotient
To(N)\H

can be given the structure of a Riemann surface. The resulting space Xo(N) is called the modular
curve of level N and the set of cusps is defined to be the finite subset

To(N)\P'(Q).

13



3 Modular Forms and Period Polynomials

3.2 Holomorphic Modular Forms

The holomorphic modular forms we consider are holomorphic functions
fH—->C

with specific transformation properties under the congruence subgroups I'o(N) and growth condi-
tions at the cusps. To make this concrete, we introduce the notion of Dirichlet characters of level
N. We say that

x:Z—C
is a Dirichlet character modulo N if it reduces to a group homomorphism
x:(Z/NZ)* — C*

and satisfies x(n) = 0 for (n, N) # 1. From now on, we implicitly fix the level N and a Dirichlet
character x. Having defined the action of GL™(2,R) on the upper half-plane, we also define the
weight k slash operator acting on any smooth function on the upper half-plane by

(FIx)(7) = x(ay)(ey™ + dy) T f(37)
with k € N and v € GLT(2,R). Note that the slash operator respects the group structure, i.e.

flemleye = fle(n1y2)-

A weakly holomorphic form of level k € N under I'g(N) with Dirichlet character y modulo N now
is a holomorphic function f : H — C satisfying

fley = f ¥y € Lo(N). (3.1)

We are speaking of a weakly holomorphic form because we have not imposed any restrictions on the
growth of f regarding the cusps I'o(IV)\P'(Q). To refine the definition, we want to introduce the
notion of meromorphicity and holomorphicity of f at the cusps. We start with the cusp generated
by oco. For any level N, we have the translation operator

T::((l) i)ero(zv)

and the definition (3.1]) implies that f is invariant under translations. We say that f is meromorphic
at oo if it has a g-expansion

o0
f= Z anq" (3.2)
n=m

with the g-coordinate q(7) := €>™". We say f is holomorphic at oo if m > 0. Similarly, we want
to define the condition of meromorphicity and holomorphicity of f for any cusp. Let a € P}(Q)
represent a cusp and choose a v € SL(2,Z) such that v(co) = a. We say that f is meromorphic
(holomorphic) at the cusp represented by « if f|xy is meromorphic (holomorphic) at co. This
definition is independent of the choice of v and the representative «. This enables us to finally
define the vector space My (T'o(N),x) of weight k& modular forms under T'g(N) with Dirichlet
character x modulo N as the space of weakly modular of weight £ under I" which are holomorphic
at all cusps. These spaces are finite-dimensional and only non-empty for positive k. A very
important subspace will also be the space of cusp forms

Se(To(N), x) :=={f € Mx(To(N), x)| f vanishing at all cusps}

where the vanishing at co means that m > 0 in (3.2]) and analogously for the other cusps. For the
trivial character, we abbreviate the spaces of modular forms by leaving out the character.

Note that for any proper divisor M of N and D|(N/M) we have a map
Se(To(M),x) = Sk(To(N), x)
f=Jp
defined by fp(7) = f(D7). Modular forms which arise in that way are called old forms.
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3.3 Operators on Holomorphic Modular Forms

3.3 Operators on Holomorphic Modular Forms

Having introduced the spaces My (I'o(N), x) of modular forms, we want to define important oper-
ators acting on that space and explain how the composition of these operators behaves.

Hecke Operators

Hecke operators are not only very powerful for dealing with the spaces of modular forms but also
have direct relevance for modular forms coming from local zeta functions. For fixed level N and
character y, we define Hecke operators

T, : Mk(FO(N)a X) - Mk(FO(N)’ X)
for n € N with (n,N) = 1|H To do this we consider the set
M. N ={y € My(Z)| dety =n, ¢y =0 mod N}.

Any v € T'o(NV) induces a left action on M,, n, and we can thus consider the quotient I'g(N)\M,, n.
This quotient is finite and in Section [A-2] we show that a minimal set of representatives is given
by the set

{(8 2>6M2(2)|ad:n,0<b<d}. (3.3)

Note that this set does not depend on the level N, and one can directly see that it has cardinality
o1(n), i.e. the sum of divisors of n. We now define the action of the n’th Hecke operator by

f‘an =kl Z f|kM

MeTo(N)\Mn, N

Since f is modular, one can easily see that the sum does not depend on the chosen representatives.
The fact that the image of T,, lies in My (T'o(N), x) is (up to checking the meromorphicity at the
cusps) a consequence of the observation that

7 (To(N)\Ma,n )y = To(N)\Mn, v
for any v € To(IV). The effect of the Hecke operators on the g-expansion

e .
f= Z a;q"
=m

is particularly easy. Using the representatives in (3.3)), one gets

o] nkil ) ) d—1 o
f|an — X(n/d) aiqzn/d 627rzbz/d
dk
b=0

d|n i=m

——
déd\z

0o
Z Z X(r)rkila’inhaqi-

i=min(mn,0) r|(n,z)

One can further show that
T.T, = Ty for (m,n)=1

and that all Hecke operators can be diagonalised simultaneously on Si(To(N),x). We say that
f € Sk(To(N), x) is a Hecke eigenform if it is an eigenvector under the action of all Hecke operators
and, additionally, it is normalised so that a; = 1 in the g-expansion. We then directly see that the
eigenvalue of T, is just a,,. We further define the newspace Spe¥(T'o(N), x) as the space generated
by Hecke eigenforms which are not old (as defined in the previous section).

IThe Hecke operators can be defined for more general n but the case (n, N) = 1 will be sufficient for us.
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3 Modular Forms and Period Polynomials

Atkin-Lehner Involutions

To obtain as much computational control as possible over My (To(N),x), we introduce Atkin-
Lehner involutions. For any Q|N with (Q, N/Q) = 1, we define the group

1 (Qz Z

This group is of interest because it normalises I'g(IV), i.e. for any Wg € Wg we have
Walo(N)Wot =To(N)
and further, they are involutions in the sense that
W4 € To(N).
We define the action of Wg on My(I'o(N), x) by
Wq : f = fliWq

and call these Atkin-Lehner involutions. This action does not depend on the chosen element of Wg
and trivially is an involution. Additionally, one can easily check that for any f € My (To(N), x)
we have

FleTaleWa = xo () f s WolkTn
where the Dirichlet characters xq modulo @ and /¢ modulo N/Q are uniquely determined by
the decomposition
X = XQXN/Q-

In particular, this means that the image of a Hecke eigenform under an Atkin-Lehner involution
is again a Hecke eigenform. For a Hecke eigenform f € Si(I'o(IN), x), there is hence an eigenform
f such that

fleWa = Ao f-

We call \g the pseudo-eigenvalue, and Atkin (1978) shows that if f is a newform, then f is also
one and \q is algebraic and has absolute value one. For trivial characters, the pseudo-eigenvalue
is an ordinary eigenvalue which then must be +1.

Complex Conjugation

For f € Mp(To(NN), x), we define the complex conjugation by

My(To(N), x) = Mi(L'o(N),X)
fe=f
with

f(r) = f(=7).

The effect of the complex conjugation on the g-expansion simply corresponds to conjugating the
coefficients, and it trivially is an involution. One can easily see that it commutes with the Hecke
operators and Atkin-Lehner involutions. Following Atkin (1978), one further finds that for Hecke
eigenforms f € Spe¥(To(N), x)

flWn = AN T
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3.4 L-Functions of Modular Forms

3.4 L-Functions of Modular Forms

To cusp forms f € Sp(T'o(N), x) with g-expansion

° .
f=> ad
=1

we can associate a Dirichlet series

oo an
L(f, S) = E

n=1

Following Bruinier et al. (2008), this converges to a holomorphic function for Res > 1 + % which
can be extended analytically so that T'(s)L(f,s) becomes a holomorphic function on C. If f is a
new Hecke eigenform, the multiplicativity of Hecke operators implies that this Dirichlet series has

the Euler product

L(f,s) =[] = app™ + x(p)p*'72) 7"

where the product runs over all primes p. One can also show the converse, i.e. if L(f,s) has such
an Euler product, then f is a new Hecke eigenform. Further, L(f,s) can be shown to satisfy a
functional equation that relates L(f, k—s) with L(f, s). For f € Spe™¥(To(N), x), we call L(f, s) the
associated L-function. Later we will also introduce L-functions associated with projective algebraic
varieties and in some cases this allows us to associate modular forms to them. The Taniyama-
Weil conjecture further predicts that L-functions from algebraic varieties always coincide with
L-functions of automorphic forms, which are generalised modular forms. For a more detailed
discussion of this, we refer to Zagier (2016).

3.5 Period Polynomials

We now want to explain how holomorphic modular forms give rise to period polynomials. An
important observation due to Bol (1949) was that for any sufficiently smooth f : H — C, we have
Bol’s identity, i.e. for integers k > 1, we have

D M (fla—ky) = (D" )lky Vv € SL(2,R)

with the rescaled derivative D = ﬁd%. This can be proven easily by induction on k. We can
thus conclude that if f transforms modular with weight 2 — k, then the (k — 1)’th derivative
transforms modular with weight k. Inspired by this, Eichler (1957) studied the converse, namely
the modularity properties of the (k — 1)’th integral of a form of weight k. For this, we consider a

fixed f € Sp(T'o(N), X We say that f : H — C is an Eichler integral of f if
DFf=f.

We immediately see that the Eichler integral is only unique up to an element in VkC_Q, ie. a

polynomial of degree k—2 over C. Choosing an Eichler integral f, the associated period polynomial
7 measures the fail of modularity of f, i.e. we define

ri: T = Vi,
v flak(y = 1) = flawy — f.

One can easily check that the correction term is a polynomial of degree k — 2 by using Bol’s
identity. What we want to understand in the following is the effect that the ambiguity in choosing

2Qriginally, Eichler looked at the case with trivial character. A generalisation which includes non-trivial characters
can be found in Gunning (1961).
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3 Modular Forms and Period Polynomials

an Eichler integral has on the period polynomial. For this, it will also be useful to represent the
Eichler integral as

T

~ i)kl
B -

where the ambiguity now lies in the choice of the basepoint 79 € H. The associated period
polynomial then is

mi)e—1 7o
) = gy [ e (3.4

To understand the period polynomials dependence on the Eichler integral, we look at properties it
fulfils. First of all we find that

ri(¥y) = fla-sVle—ry' — F
= flowlo— Y = Flaw? + floiy' = f
=ri(Nla—x? +77(7)-
This motivates the definition of the group of cocycles
Zk(Lo(N),x) = {r : To(N) = Vio| 7(77") = r(3) 2=y + (")}

It is clear that the ambiguity in choosing the Eichler integral corresponds to elements in the group
of coboundaries defined by

Br(To(N), x) == {r : To(N) = ViZ s Ip € ViZ 5 1 7(7) = pla—s(y — D}.

There is one additional property the period polynomials fulfil. For this, we consider a fixed element
v € T'g(NN) which has a fixed point in H. Then there exists a polynomial p such that

r#(v) = pl2—k(y = 1).

This can be seen most easily by choosing 7y to be the fixed point in (3.4). Following Eichler (1957),
this additional requirement is only nontrivial in the case where Tr(v)? = 4, i.e. when 7 is parabolic.
One hence defines the parabolic cocycles

ZP™ (To(N), x) = {r € Z¥(To(N),x)| ¥ parabolic v € To(N) : r(7) € Vilalo—r(v = 1)}.
Now we know that any f € Si(T") gives a unique class

r7) € HE™ (Do), ) = T o)

which does not depend on the chosen Eichler integral. Eichler further shows that the map
Sk(To(N), x) = H™ (To(N), x)
[yl
together with its complex conjugateﬂ
Sk(To(N),X) = HZ™ (To(N), x)
f o 1)
induce an isomorphism
HZ* (To(N), x) = Sk(To(N), x) © Sk(To(N),X)- (3.5)

From now on, we will write 77 as ry and also abbreviate [rf] as 7y when there is no possible
confusion.

3The conjugate of a period polynomial is defined by 7(v)(7) := r(7)(7).

18



3.6 Operators on Period Polynomials

3.6 Operators on Period Polynomials
We want to use the isomorphism (3.5]) to define the action of the operators for holomorphic modular

forms on the parabolic cohomology group of period polynomials, too. For this, we consider a fixed
group ['o(N) and character .

Hecke Operators

We can define the action of T;, on HY* (Io(N), x) uniquely by demanding that
rile—kTn = Tpp,

for all f € Sp(T'0(N), x) and then extend by linearity. Using Bol’s identity, we find that

FleTn = DF Y (Flasi Th)

where f is an Eichler integral of f and thus nf~!f lo—x T}, is an Eichler integral of f|z7T,. For
v € I'g(N), we then have

Tt (V) = Z FlackMa—g(y = 1).

METo(N)\ My, n
Now let M; € T'o(N)\M,, n be the chosen representatives for ¢ = 1,...,01(n). Then
Miry = ~iMr i)

for some v; € T'o(N) and a permutation 7,. We can then read of that the action of the Hecke
operators on a general r € H* (Io(N), x) is given by

o1(n)

(rla—xTu)(7) = Y r(3i)la- kM (i)-

i=1

Atkin-Lehner Involutions

As in the preceding section, we lift the action of the Atkin-Lehner involutions to the space of period
polynomials. For any f € Si(To(NN),x) with an associated Eichler integral f, we have by Bol’s
identity

FliWq = DF " (flamWo)
and thus

Trwe (V) = Flo—kWola—r(y — 1)
rrWyWg )lz-1Wa-

Defining the slash operator acting on period polynomials for any normaliser W € SL(2,Z) of
Lo(N) by

(rla—kW)(7) = r(WAW )2 W,
we can write the action of the Aktin-Lehner involutions as

r— 7’|2,]€WQ.
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3 Modular Forms and Period Polynomials

Complex Conjugation

We have already seen that there is an isomorphism
HZ* (To(N), x) = Sk(To(N), x) © Sk(To(N),X)-

Now since f € Si(I'o(N),x) and f € Si(I'o(N),X) have the same Hecke eigenvalues, we are left
with a 2¢-dimensional subspace in Hy™ (o(N), x) if we consider all period polynomials with the
same Hecke eigenvalues. To separate these, we note that

5= (=1 1 ploe

=3 7)

is an involution of T'o(N). This can be seen, e.g. by choosing 79 = 7 in (3.4]). This action trivially
commutes with the Hecke operators the Atkin-Lehner involutions and is also an involution. We
can use the action

where

i (=1 |y e

to decompose each period polynomial into two parts
r=rt 4"

corresponding to their eigenvalues.

3.7 Meromorphic Modular Forms

We saw that to holomorphic modular forms f € Si(T'o(INV), x) we can associate unique cohomology
classes [ry] € HY* (Io(N), x) of period polynomials. Eichler studied not only holomorphic modular
forms, which he calls automorphic forms of first kind, but also automorphic forms of the second
kind, which are meromorphic modular forms

MP(Ty(N), x) == {F : H— C| F meromorphic and F|py = F ¥y € ['o(N)}
for which the integral

/TT(T — ) 2R (2)dz

0

does not depend on the path of integration. This means that F' is locally a (k — 1)’th derivative
and we hence define

SE(To(N), x) == {F € M***°(To(N), x)| F locally a (k — 1)’th derivative}.

One can easily see that elements in SJ***°(T'o(N), x) are not in 1 to 1 correspondence to cohomology
classes of period polynomials since adding elements from

DM M3 (To(N), x)
does not change the period polynomial. We thus define
Sk(To(IV), x) = Sp°(To(IV), x)/D*™ M52 (To (), x)-

This space is finite-dimensional and according to Klemm, Scheidegger, and Zagier (2020) there is
an isomorphism

Sk(To(N), x) = SkTo(N), x)/Sk(To(N), x) =: Sk(To(N), X).

The Hecke operators, Atkin-Lehner involutions, and the complex conjugation on Si(T'o(N), x) are
defined exactly as for holomorphic modular forms and satisfy the same relations. In Section [A4]
we explain how we find merormorphic forms F' € Sg(T'o(N), x) with the same Hecke eigenvalues
as a given Hecke eigenform f € Si(T'g(V), x). Note that we will always choose F' so that it only
has poles at the cusps.
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3.8 Rationality of Period Polynomials and the Legendre Relations

3.8 Rationality of Period Polynomials and the Legendre Relations

Given a Hecke eigenform f € Si(Io(IV), x), we obtain a unique cohomology class in Hy* (To(N), x)-
If x is trivial and thus f is well defined on Xo(N), it is stated by Klemm, Scheidegger, and Zagier
(2020) that the representative r; can be chosen such that

+ _ o+ 4

Ty =whr
where the polynomials r* () are defined over Q(f) for all v € T'y(N), i.e. over the field of rational
numbers extended by the fourier coefficients of f. How we make this choice is explained in Section
In this way, we obtain the periods w® of f, which are unique up to factors in Q(f). To f we
can associate a meromorphic form F' € Sg(I'o(N)) with the same Hecke eigenvalues and the same
coefficient field Q(f). The representatives of the period polynomial can then be chosen such that

rf = ntrE.
We call n* the quasiperiods of f. Note that the quasiperiods of f are only unique up to factors
in Q(f) and shifts by elements of w™Q(f) due to the non-uniqueness of F. In summary, we see
that a Hecke eigenform f gives rise to four transcendental numbers. These numbers satisfy the so
called Legendre-relations. These are most easily stated when F' is chosen such that it only has a
pole at co. Following Klemm, Scheidegger, and Zagier (2020), we then have

1

W(Wﬂf —wnt) e Q(f).

If F features poles not only at oo but also at other cusps, then Q(f) must be replaced by the
rationals extended by the coefficients of F' expanded around these cusps.

Later we want to generalise this to forms with non-trivial character. To do so, we consider these
as forms with trivial character with respect to the subset

I''(N) :={y €To(N)| ay,dy =1 mod N}

and observe that everything we stated remains true.
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4 Arithmetic Aspects of Calabi-Yau Manifolds

Given a Calabi-Yau manifold defined by the vanishing set of homogeneous polynomials in CPY
for some N, one may also consider the set over some finite field K, i.e. the vanishing set in KPY
To such a reduction, we can associate a zeta function. This function has remarkable properties
and also contains information about the smooth manifold. For special Calabi-Yau manifolds, it
further allows us to associate modular forms to the manifolds. In this chapter, we show how this
works by mainly following Zagier (2016) and also explain how the periods of Calabi-Yau manifolds
can be used to compute the zeta function. We conclude by discussing the application for special
Calabi-Yau manifolds.

4.1 Reduction to Finite Fields and the Zeta Functions

Let X be a non-singular projective algebraic varietyﬂ defined over Q. After a rescaling, we can
also take the coefficients in the defining equations to be in Z. The coefficients can now be uniquely
injected in ), C F,x which allows us to define the variety X/F,« over the finite field F,r. The
reduction to I}, is smooth| for all but finitely many primes p and the reduction to F,x will then also
be smooth for all k. We then say that p is a prime of good reduction. Note that if the reduction
is not smooth, this does not necessarily mean that the prime is a bad prime since there may exist
a different model for X which admits a smooth reduction to F,. Our main object of interest will
be the number of points of the manifold over finite fields, i.e. the numbers

Npr = | X/F |
for primes p of good reduction. With these, we define the local zeta function by
C(X/F,,T) = exp (Z P T’“)
k=1

This is first defined as a formal power series in 7. According to the Weil conjectures (see Weil
(1949)), which are now proven, this function has remarkable properties and contains information
about the topology of the complex manifold X:

- The local zeta function is rational and further has the form

C(X/Fy, T) =[] P(x /B, 1)V
=0

where the integral polynomials P; factors over C as
b;
Pi(X/F,,T) = H (1 — T

with b; being the ¢’th Betti number. We further have
Py(X/F,,T)=1-T
Py, (X/F,,T)=1—p"T.

- All zeros of P;(X/F,,T) have absolute value p~%/2, i.e. one has |ay;| = p*/2.

IThis includes all Calabi-Yau manifolds with full SU(n) holonomy for n > 3 (see Joyce (2001)).
2This can locally be checked by looking at the rank of the Jacobian as one can also do for varieties over R or C.
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4 Arithmetic Aspects of Calabi-Yau Manifolds

- Denoting the Euler number of X by x each P; satisfies a functional equation

1 Pi(T)
P n—i | — | = :|:1 .
’ (p > (pn/2T)b:

For the local zeta function, this implies

¢ (X/Fp, plT) = 0 (07T C(X/F,, T).

Following Deligne (1974), we further have that +,, = + for odd n.

Note that in the same way we can consider ((X/F,,T) with ¢ = p* for some integer k¥ > 0. The
WEeil conjectures then hold upon replacing p by q.

The fact that we obtained X/F, by reducing a variety defined over Q allows us to define global
L-functions

Li(X/Q,s H Pi(X/F,,p%)~"

which converge to meromorphic functions for Res > 0. Here, the product runs over all primes p.
In particular, there is also a definition of P;(X/F,,T') for bad primes which we omit here. In this
sight, we also call P;(X/F,,T) the local L-factors. In the same way, the Hasse-Weil zeta function
is defined by

((X/Q,5) Hc X/Fy,p~°)

which again converges for Re s > 0. It is conjectured that the global L-functions can be analytically
continued to meromorphic functions on the complete complex plane. Further, it is believed that
L; satisfies a functional equation relating L;(X/Q, s) and L;(X/Q,i+1 — s).

We already defined L-functions for new Hecke eigenforms, where it was a consequence of the
multiplicativity of the Hecke operators that the L-function can be written as an Euler product.
It is believed that the global L-functions of projective algebraic varieties defined over Q always
coincide with L-functions of certain automorphic formsﬂ In this thesis, we restrict to special
Calabi-Yau manifolds where the Hasse-Weil zeta function gives rise to modular forms.

4.2 Local L-Factors from Periods

The local L-factors can, by definition, be computed by counting the number of points N for
finitely many k. However, for higher dimensions of X and bigger primes p this quickly becomes
practically infeasible. In this section, we show examples where L, (X,/F,,T) for n-dimensional
families X of Calabi-Yau manifolds can be computed by using only the periods of X. This will
allow us to do practical calculations and shows that the periods contain information about the
reduction of X to finite fields.

The Legendre Curve

Let X be an elliptic curve defined over Q. The Weil conjectures (together with +1 = +) imply
that the local zeta function has the form

1—a,T + pT?
(1-=T)1 —pT)
for some a, € Z. The Weil conjectures also directly give Hasse’s theorem, i.e.
lap| < 24/p. (4.1)

3 Automorphic forms are a generalisation of modular forms.

((X/Fp, T) =

24



4.2 Local L-Factors from Periods

We now show how the periods of a family of elliptic curves can be used to calculate the zeta
function. From a practical point of view, this is not necessary but will serve as a motivation for
the case of 3-dimensional Calabi-Yau manifolds. We consider the Legendre family defined by the
vanishing sets X, of the polynomial

P.(X,Y,2)=Y?Z - X(X - 2)(X — 22)

in CP? for z € CP'\{0,1,00}. In Chapter |5} we consider this family in more detail and show that
the holomorphic period around z = 0 has the form

with

o ()’

Dwork found a way to calculate a p-adic unit root r,(z) € Z, by using the periods such that the
numerator of the zeta function for primes p of good reduction for X, is given by

Pi(X./F,,T) = (1 —1,(2)T) (1 b T) .

rp(2)
For a review, we refer to Katz (1973). In particular, we must have
p
= —— €7 C Zy.
ap(z) = rp(2) + ro(2) P

Dwork proved that this unit root is given by

_1y-1/2 ®o()
( 1) ZU()(tp)

rp(2) = |t=2

@o(t)

mo(i) Can be done

where Z is the Teichmiiller lift of z € Q. The p-adic analytic continuation of

easily due to the Dwork congruences discussed, for example, by Mellit and Vlasenko (2016). For
primes p > 17, the Hasse bound (4.1]) implies that it is sufficient to calculate a,(z) mod p. By the
definition of the Teichmiiller lift, one has Z = z mod p and with the congruence

Crp4+s = CrCs mod p

we conclude that

p—1 _1/2 2
ap(z) = (=1)P~H/2 Z ( p ) 2F mod p.
k=0

One-Parameter Calabi-Yau Threefolds

Let X be a one-parameter Calabi-Yau threefold defined over Q. By the Weil conjectures (together
with £3 = +), we know that

Ps(X/Fp, T) =14 apT + BppT® + app® T + poT*
for some «y, 8, € Z bounded by
lop| < 4p*2, —2p® < B, < 6p”. (4.2)

For the case we consider in chapter @, following Candelas et al. (2019), the complete local zeta
function further has the form

Py (X/Fp, T)
1 =T7)1 —pT)"" (1 —p*T)""" (1 - p*T)

C(X/Fp, T) =
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4 Arithmetic Aspects of Calabi-Yau Manifolds

Now let X be a family of one-parameter Calabi-Yau threefolds with complex structure parameter z.
Further, X, should be defined over Q for z € Q and z = 0 should be a MUM-point. Samol (2010)
and van Straten (2019) conjectured the deformation method which we explain in the following
for the computation of P3(X,/F,,T). One can define cohomology groups to which the Frobenius
action

Fpr — Fpr
x>z
extends. In our case, this implies that we can write
P3(X,/F,, T) = det(1 — TF,(t))]t=2
with a 4 X 4 matrix
Fy(t) € Q[e]]™*

called the Frobenius and the Teichmiiller lift Z of z. This Frobenius can be computed in terms of
the Frobenius basis of solutions given by

fo(2)

. sy B+ )
fo(2)log”™(2)/2 + fi(2)log(2) + f2(2)

fo(2)1og®(2)/6 + f1(2)1og?(2)/2 + f2(2)log(z) + f3(z)

with power series f; satisfying fo(0) =1 and f1(0) = f2(0) = f3(0) = 0. Defining
B(2)i,j = ©7@;(2)[10g(x)=0

for 0 <i,5 <3 with © := z%, the statement is that the Frobenius is given by
F,(z) = B(z") ' F,(0)B()

with
1 0 0 O
0 p 0 0
FP(O) = O O p2 0
wp® 0 0 p?

and v, € Z,. What makes this method powerful is that the computation of the power series F,(z)
up to a certain p-adic order of the coefficients requires the expansion up to a finite order in z. This
is explained by the following observations in the case that the Picard-Fuchs operator does not have
apparent singularities:

- F,(2) is p-adically integral, i.e. Fj,(2) € Z[[2]]***.
- F,(2) mod p? does not depend on 7, and is polynomial in z.

- For each s > 3, there is a unique choice of 7, mod p*~3 such that F,(z) is rational in 2.
Moreover, the denominator of this rational function is given by an exponentiation of the
discriminant of the Picard-Fuchs operator.

Expanding up to higher p-adic order of the coefficients thus determines a unique v, € Z,. Following
Thorne (2018), it was observed that 7, is up to the ratio of topological invariants of the mirror
manifold given by (,(3), the p-adic zeta function evaluated at 3. It is believed that the appearance
of this value is related to that of {(3) in the matrix relating the Frobenius basis of periods to the
integer symplectic basis.

Due to the bounds given in (4.2), it is sufficient to calculate F,(z) mod p* for primes p > 11. In
practice, we will hence only determine v, mod p and calculate up to this order.

If the Picard-Fuchs operator has apparent singularities, the last statement remains true and allows
the computation of F,(z) for all regular points of the Picard-Fuchs operator. This method fails for
apparent singularities and this is why we need a different strategy in Chapter
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4.3 Modularity of certain Calabi-Yau Manifolds

Rigid Calabi-Yau Threefolds and K-Points

Rigid Calabi-Yau threefolds are 3-dimensional Calabi-Yau manifolds with A%! = 0, i.e. they do not
admit complex structure deformations. Thus, the deformation method seems not to be applicable.
It turns out that this is not correct since the singular fibres of one-parameter families of Calabi-Yau
threefolds can give rise to rigid Calabi-Yau manifolds. Following Samol (2010), it is expected that
if z € Q is a conifold there is a resolution X, of X, whichis a rigid Calabi-Yau manifold. A priori it
was not expected that the deformation method gives sensible results for points z corresponding to
singular fibres. However, it was observed that it does for conifold singularities. Following Thorne
(2018), the Frobenius Fj,(z) then has a vanishing eigenvalue and we get the factorisation

det(1 — TF,(8) iz = (1= pxpT)(1 — a,T + p*T?)
with x, = £1. The quadratic factor gives the L-factor of the rigid Calabi-Yau manifold
Py(X,/F,,T) = (1 —a,T + p°T?).
By the Weil conjectures, we further have

lap| < 2P3/2~

For K-Points, i.e. singularities of the Picard-Fuchs equation with local exponents (1,1, 2,2), Thorne
(2018) states that the Frobenius Fj,(z) has two vanishing eigenvalues which leads to the form

det(1 = TFy(t)|i=z = (1 — a7+ p*x,T?)

with x, = £1. He further says that for typical examples (but not always) a, gives rise to mod-
ular forms of weight 3 for some I'g(N). Note that these must have a non-trivial character since
holomorphic modular forms of odd weight do not exist for trivial characters.

4.3 Modularity of certain Calabi-Yau Manifolds

In this section, we discuss the modularity of elliptic curves and special Calabi-Yau threefolds. The
key object for this is the global L-function L, (X/Q, s).

Modularity of Elliptic Curves

Let X be an elliptic curve defined over Q. The Weil conjectures (together with +1 = +) imply
that the local zeta function has the form

1 —a,T + pT?

N S

for primes p of good reduction and some a, € Z. The Weil conjectures also directly give Hasse’s
theorem, i.e.

lap| < 2¢/p.
One can see that the L-factors

1
1— app—s +p—25+1

have the form of the L-factors of the L-function of a Hecke eigenform of weight 2 and it was proven
by Wiles that there exists a new Hecke eigenform f € S5V(T'o(N)) such that
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4 Arithmetic Aspects of Calabi-Yau Manifolds

Here, the level N is the conductor of the elliptic curve X. The converse is also true, i.e. one can

new

find an associated elliptic curve for each Hecke eigenform f € S5°%(I'g(NN)). The geometric origin
for this is that there is a modular parametrisation

¢: Xo(N) = X

mapping oo € Xo(N) to the identity of X and such that the pullback of the canonical one-form of
X is up to a rational factor given by 27ifdr. In particular, it follows that the values of the periods
of the elliptic curve and their derivatives are rationally related to the periods and quasiperiods of

f

Rigid Calabi-Yau Threefolds

The first case we want to consider are rigid Calabi-Yau threefolds defined over Q. By the Weil
conjectures (together with +3 = 4), we then have

Py(X/F,,T) =1~ a,T + p*T?
for some a, € Z satisfying
|ap| < 2p3/2.

We see that the global L-function L3(X/Q, s) has the form of a L-function of a weight 4 modular
form and Gouvéa and Yui (2011) indeed show that

L3(X/Q,s) = L(f,s)

for some f € S}°V(T'o(IN)). However, this relation is not as well studied as for elliptic curves. For
example, one does not know which levels IV one can get from rigid Calabi-Yau threefolds. Following
Candelas et al. (2019), it is believed that the geometric origin of this is a correspondence between X
and the Kuga-Sato threefold £) which is the 2-fold fibre product of the elliptic modular surfac
£ — Xo(N). Cusp forms of weight k under T'o(N) can be identified with (k — 1)-forms on £*~2)
and the modular form arises from pulling back the holomorphic form on X. The periods and
quasiperiods of f are the periods of 3-forms on £(?) and we hence expect to be able to express the
periods of the holomorphic form of X in terms of these.

Rank Two Attractor Varieties

In the following, we will consider the case where X is an attractor variety of rank two, i.e. we have
a splitting

HY(X,Q)=A® A,
for

Ac H*(X)® H*¥(X)
A, C H¥Y(X) @ HY?(X).

Candelas et al. (2019) show (based on the Hodge conjecture) that this implies the factorisation
P3(X[Fp,T) = (1= ap(pT) + p(pT)*)(1 = 0,T + p°T*)
for ap, b, € Z and the Weil conjectures give the bounds

lap| < 2p, |by| < 2p%/2.

4This is a special bundle which has elliptic curves as generic fibres.
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4.3 Modularity of certain Calabi-Yau Manifolds

Writing the factorisation in this form suggests that a, can be related to a weight 2 modular form
while b, can be related to a weight 4 modular form. This was proven by Gouvéa and Yui (2011),
and attractor varieties of rank two defined over Q give rise to modular forms

f2 € S2(I'o(IV))
f4 S S4(F0(N))

On the level of the Hodge structure, the attractor variety can be understood as a mix of a rigid
Calabi-Yau threefold with an elliptic curve and this is also visible in the global L-function Ls.
As for the case of rigid Calabi-Yau threefolds, the geometric origin should be a correspondence
between the Kuga-Sato threefold and X. The weight 4-form then arises also as it does for rigid
Calabi-Yau threefolds.

Following Candelas et al. (2019), it is further believed that there is a surface S sitting in the

diagram

Xo(N)xX > § — X

|

Xo(N)

with the natural projections such that the weight 2 form comes from pulling back the (2,1)-part
of V. and integrating over the fibres over Xo(N). In total, we expect to be able to express the
periods of the holomorphic form and all its derivatives in terms of the periods and quasiperiods of

f2 and f;.
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5 The Legendre Family

From the physical point of view, our main interest lies in studying families of 3-dimensional Calabi-
Yau manifolds. However, to make things simpler, we will start with the case of elliptic curves as
1-dimensional Calabi-Yau manifoldsﬂ The family of elliptic curves we want to consider is the
Legendre family. This is defined by the vanishing set X, of the polynomial

PX,Y,Z) =Y?Z - X(X - Z)(X — 22)

in CP%. Here, z € CP' is complex and parametrises the complex structure of the curv Calcu-
lating the Jacobian, one finds that the set of singular points is given by

¥ =1{0,1,00}.

5.1 The Picard-Fuchs Equation and its Solutions

Following Section [A.6] we can represent period integrals as

1
I(z) = / — U
T.((2)) =

Since h*! = 1, we expect the Picard-Fuchs equation to be of second order. We hence take the
second derivative of the period and using SageMath to decompose polynomials into ideals, we find
that

PPII() / 2X 72— XQZ)QM
(v(=)) p?

1 —3XZ30xP. + (X?YZ — LY Z3)0y P, + (—2X2Z2 + 2240 P,
1+2 P3 a
T(+(2))

4
1 3
_ 1 / 523—5)(22#
L+ 2 Jr(y2) p?

1 / LZ0xP. + HES YOy P — 2520, P, + 15225 (X22 — X 727)
T(+(2)

z(z—1)
1+2 P2 K
1 1 1—2—222
= - ——0.1I(¢
42(z—1) (Z)+z(z—1)(z+1) ®)
and so the Picard-Fuchs equation is given by LII = 0 with the differential operator
L=4(z—1)0%*+420 + 2

and © =z d . As expected, £ has only regular singularities. These coincide with the set ¥ where
X, becomes smgular. Note that this does not have to be the case in general. Calculating the
indicial equation for each singular point, we find that the Riemann symbol is

0 1 o
P<C 0O 0 1/2
0 0 1/2

1We do not consider 2-dimensional Calabi-Yau manifolds because some similarities to the 3-dimensional case get
lost when going to even dimensions.
2The vanishing set of P has to be thought of as the vanishing set of X(X — Z)Z.
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5 The Legendre Family

With the Frobenius method, we can easily find a basis of solutions for the Picard-Fuchs equation
around each singular point. Around z = 0, we find the holomorphic and the singular solution

wo(z) = i (;/2>2z’€ = o F (; ;1,2)

k=0

Z (_2/2> (log(z) + 4(Hak — Hy)) 2

k=0

w1(2)

expressed with the harmonic numbers Hj. Both solutions have the convergence radius 1, which is
the distance to the second singularity. Around z = 1, we find that we can write a basis of solutions
as

{wo(1l — 2),w1(1 — 2)}

and around z = oo as

To find the integer symplectic basis and the monodromy, we need to know how these bases are
related after analytic continuation. For the Legendre curve, it is possible to calculate the exact
transition matrices. Analytically continuingﬂ on the upper half-plane we find that

wo(z) \ _ log(16)/m -1/7 wo(l — 2)
w(2) ) 7\ log(16)/r =7 —log(16)/x ) \ @i(1-2)
_ ([ 1+ilog(16)/7 —i/m 1 w(1/2)
U ilog(16)*/m 1 —ilog(16)/m ) \Jz \ @i(1/z) )°
We now want to relate the solutions of the Picard-Fuchs equation to actual periods given by
integrating the holomorphic form over cycles from a basis {y1,72} of H1(X.,Z). We know that
any elliptic curve is a torus, and geometrically it is easy to fix two cycles that form a homology
basis for the torus. To be able to exploit this, we visualise the elliptic curve as a double branched
covering of C with branch points at {0,1, z} and the branch cuts chosen as in Figure

Figure 5.1: One sheet of the double branched covering of the Legendre curve.

We can see that ~y; is invariant under transporting z around a closed path around z = 0 and that
7o is invariant under transporting z around a closed path around z = 1. Up to a rescaling, we
hence find that the components of the period vector Il calculated with respect to v; and v, are
uniquely given by the analytic continuations of

I (2) ~ wo(2)
s (2) ~ wo(1 — 2).

3We always choose the branch of the logarithm such that the imaginary part is in the interval (—,7].

32



5.1 The Picard-Fuchs Equation and its Solutions

To find the relative constant between these solutions, we look at the monodromy. Going counter-
clockwise around the singular point z = 0, we get the monodromy

(et ) (1) (o)

and going counter-clockwise around the singular point z = 1, we get

(s )= (o 7)) (%)

Up to an overall scaling, we thus find that an integer basis of periods is given by

_ T 0 wo(z)
M(z) = < ilog(16) —i > < @1 (2) >
In fact, it is not difficult to obtain the holomorphic solution around z = 0 by direct integration

(see [A.7) which shows that the scaling above is correct.

In the integer basis, the monodromies M, for loops around singular points z have the form

10 1 -2 1 -2
(o) m=(o ) e (a 3)

As expected from the fact that composing the loops around 0 and 1 gives a loop which is homotopic
to the loop around oo, we have

MoM, = M.

We can also see that the complete monodromy group is the congruence subgroup I'(2), and we now
want to explain the origin of it from a different perspective. The complex structure parameter z
determines the complex structure

_ HQ(Z)
H1 (Z)

7(z2) ceH

of the torus, and the monodromy of the periods corresponds to I'(2) transformations of 7. Locally
we can invert 7 to get z(7) which then gives a modular function under T'(2), also called a Haupt-
modul in this context. For |z(7)| < 1, one can check that the holomorphic period around z = 0
gives rise to a Jacobi theta function

_ m(x(r)

193(’7')2 .

which is a modular form of weight 1 under I'(2). Here, the Picard-Fuchs equation is a differential
equation of a modular form with respect to a Hauptmodul, and the monodromy group reflects the
congruence subgroup with respect to which these are modular. Also note that the six elements in
the quotient SL(2,7Z)/T(2) correspond to the fact that, given an elliptic curve, the associated z is
not unique. This can be seen by calculating the j-invariant

(1+2(2—1))3

i(2) = 2565

For a more detailed discussion about the relation between differential equations and modular forms,
we refer to Bruinier et al. (2008).
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5 The Legendre Family

5.2 Example for Modularity

As an example, we take the member
Xo: ZY? =X (X - 2)(X —22)

of the Legendre curve and discuss the modularity, as explained in Section [4.3

Modular Form and Periods

One can see that the reduction of X5 to I, is smooth for all primes p # 2. We know that the local
zeta function has the form

1—a,T + pT?

C(X2/Fp,T) = A=D1 -T)

and due to the modularity of elliptic curves, the a, are coeflicients of a Hecke eigenform f €
S2(To(N)) with N being the conductor of the elliptic curve. By counting the number of points
directly for some IF,x or using the method of Dwork explained in Section we can easily get the
local zeta function for some primes p. Searching for the associated modular form with PARI/GP,
one finds

f=(n(r)n(87))* € S3(To(32)).

In Section we give the associated meromorphic form [F] € S3(I'9(32)) as well as the period
polynomials. From the period polynomials, we can read off the periods w* and the quasiperiods
n*. By the modularity of elliptic curves, the values of the periods and its derivatives at z = 2
are related to these periods and quasiperiods of f. Around z = 2, the Frobenius basis for the
Picard-Fuchs equation takes the form

_ [ 14+0(8)
@ (2) = ( 5+ 0(8?)
with § = z — 2. The Yukawa coupling is given by

T

C.(z) = o)

This allows us to compute the exact intersection matrix in the local Frobenius basis

i 0 1
) < -1 0 ) '
Numerically, we calculate the transition matrix 7" which relates this basis to the integer basis by
I=Tw.

We indeed find that we can express the entries by
T ( 2wt + 2w~ —%Tﬁ + %777 )
2w~ %777 ’
and the so-called Legendre relations
T'ST =%,

for T are equivalent to the Legendre relations for the periods and quasiperiods. The precision
of the transition matrix has been tested with the Legendre relations which hold for at least 2000
decimal digits. The identification of the periods and quasiperiods holds for at least 2000 decimal
digits, too. Our result also explains the choice of the meromorphic form we made in Section
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5.2 Example for Modularity

i.e. we have chosen it such that the first derivative of the periods II only contains the quasiperiods.
As an aside, we would like to note that the choice z = 2 is special since the elliptic curve then has
complex multiplication. For the periods, this implies that there are relations between the real and
imaginary part. In our case, we have

w™ = —jwT

n~ =i(nt —2w™).

Additionally, invoking the Legendre relations, we can express the complete transition matrix in
terms of the number —2w™, which is known as the Lemniscate constant.

Modular Parametrisation

We follow Zagier (1985) to construct the modular parametrisation
¢ 1 Xo (32) — X5

explicitly. This should map oo to (0:1:0), and the pullback ¢*Q should give a rational multiple
of 2wifdr. For our construction, we go to the chart Z # 0 and use inhomogeneous coordinates
I

(z,y) = (%, %) Following Section we can express the holomorphic form by
2y

for y # 0. The modular parametrisation can now be described by two holomorphic functions
g, h : H — C modular under I'y(32) such that

o(1) = (9(1) + 1: h(r) : 1).

These functions are completely determined by the defining equation of the curve which gives

RP=g3—yg (5.1)
and the pullback of the holomorphic form
D
5p =1 € 5:(0o(32)), (5.2)

where the rational constant depends on the choice of the sign of h. These equations uniquely
determine the coefficients in the g-expansion of g and h, which can be calculated easily. The first
coefficients give

1
g:q7+q2+q6+0(q18)
1
h=—q*3—q—2q5—q9+0(q17)~

To prove that g and h are modular functions, one may identify these as rational functions in terms
of modular forms. (5.1)) and (5.2)) can then be proved since these translate to relations in the
finite-dimensional spaces of holomorphic modular forms.

Another possibility to get an analytic description of the modular parametrisations is to use the
periods directly. To do this, one realises Xo as C/A where A is a 2-dimensional lattice, whose
complex structure is that of X5. Choosing a basepoint 7y € H, the parametrisation can be defined
by

¢: Xo(N)— C/A
T 27i /TO f(z)d=.
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6 The Calabi-Yau Manifolds associated with AESZ34

We now turn to two one-parameter Calabi-Yau threefolds associated with the Calabi-Yau operator
AESZ34 in the list by Almkvist et al. (2005). For the construction of these manifolds, we follow
Hulek and Verrill (2005) and start with the vanishing set of

1 1 1 1 1
1—2(Xo+ X1+ Xo+ X3+ X (++++>
(Xo + X1+ Xp + X5 + X4) X, | X3 | X,

in CP*\{XoX;X2X3X, = 0}. Hulek and Verrill show that there is a resolution X, which then is
a Calabi-Yau manifold with Hodge diamond

1
0 0
0 45 0
1 5 5 1
0 45 0
0 0
1

Following Candelas et al. (2019), the singular model features a symmetry group G; = Z/10Z
generated by the action

1
Xiv1

Xi’—>

where the indices are to be understood mod 5, and this symmetry is also present for the resolution.
This group further contains the subgroup Go = Z/5Z generated by
X — X,H_g.

The quotients X := X, /G, with o = 1,2 are Calabi-Yau manifolds with Hodge diamond

1
0 0
0 4o +1 0
1 1 1 1
0 da+1 0
0 0
1

and hence the complex structure moduli space for these is 1-dimensional. Note that the group
action of G, is not fixed point free for all X, and one finds that the quotients become singular for

1 1
Y= —,—,1 .
zZ € {0,25,9, ,oo}

We derive the Picard-Fuchs operator £ for X, and its quotients in Section In the following,
we will treat both manifolds simultaneously by leaving « as a parameter.
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6 The Calabi-Yau Manifolds associated with AESZ34

6.1 Special Points in the Moduli Space

We consider special points in the moduli space where X¢ is modular, and the Hasse-Weil zeta
function gives rise to modular forms.

Conifolds
A derivation of the Picard-Fuchs operator £ can be found in It has the Riemann Symbol

]
O O O OO
N)»—l»—loc“’n‘;-.
N = = Olol=
N = = O =
l\')l\.')»—l»—lg

We can see that the singular points {2—15, %, 1, } are conifolds and should correspond to rigid Calabi-
Yau threefolds. Using the periods around the MUM-point z = 0, we compute the local zeta function
as explained in Section [£:2] As expected, we find the factorisation

P3(X2/Fp, T) = (1 + x(p)pT)(1 = apT + p°T?).
For z = 1/25, this gives rise to the Hecke eigenform
¢ —2¢> + O(q%) € S5 (Io(30))
and for z =1/9 and z = 1, one finds

n(r)*n(27)*n(37)*n(67)* € S (Lo (6)).

Computing the periods and quasiperiods of these modular forms, one will find that they are
rationally related to certain values in the transition matrix of the periods. This is explained in
more detail for hypergeometric Picard-Fuchs operators by Klemm, Scheidegger, and Zagier (2020).

K-Point

The point z = oo is a K-point. Following Thorne (2018), K-points are typically associated with
modular forms of weight 3. The deformation method does not work at z = oo and thus, if there
is an associated modular form, we need a different strategy to find it. We discuss this in the next
section.

Rank Two Attractor Points

We now discuss rank two attractor points of the two Calabi-Yau threefolds. Candelas et al. (2019)
argue that the Hodge conjecture implies that these should occur at algebraic values of z, and they
further conjecture that there are only finitely many. This means that we can describe the set of
rank two attractor points by the roots of a polynomial

G(z)=co+ciz+ ...+ cp2" (6.1)

with ¢; € Z. The strategy Candelas et al. (2019) use to find this polynomial and the associated
attractor points is to calculate the Frobenius F},(z) for all reduced parameters z € F,, and many
primes p and look for persistent factorisations of the form

Py(X2/F,, T) = (1 — appT + p°T?)(1 — b, T + p*T?)

as explained in Section [f:3] If z, is a rational rank two attractor point, one expects to see the
factorisation for all primes p of good reduction and hence for all but finitely many primes. If z, is
irrational, we only get a contribution to the number of factorisations for primes p where z, can be
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6.1 Special Points in the Moduli Space

reduced to IF,,. For the latter case, one expects that the a, and b, give rise to more complicated
automorphic forms.

In Figure one can see how often P3(X2/F,,T) factorises for some primes p. One can see
that it always factorises at least once, and this suggests the existence of a rational attractor point.
Looking at the values, one indeed finds that it always factorises for

and thus, a linear factor of G defined in (6.1)) is (72 + 1). Motivated by this, Candelas et al. (2019)
search for a quadratic factor and find factorisations for

z4 = 33 £ 8V17.

Considering probabilities for random factorisation, they also argue why these may be the only rank
two attractor points and thus

G(z) = (1 +72)(2* — 662 + 1)

would hold.
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Figure 6.1: Number of factorisations of Ps3(X2/F,,T) into two quadratics for primes 7 < p < 5000.

Searching for the Hecke eigenforms associated with the coefficients a, and b, at z = —1/7, one
finds

f2 =n(r)n(27)n(7Tr)n(147) € S2(To(14))
f1=q-2¢>+8¢" + 4¢* + O(¢°) € S4(To(14)).

For the irrational rank two attractor points z4+ = 33 4+ 8v/17, one expects the occurrence of more
complicated automorphic forms and, in this case, we have

fo=q— ¢ +2V-2¢"+ O(q") € S2(T'0(34), x34(33, "))
fr=q-2¢>+2V-1¢" + O(q") € S4(T'o(34), x34(33, ")),

where the character is labelled by the Conrey label (see Bucur et al. (2018)).
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6 The Calabi-Yau Manifolds associated with AESZ34

6.2 Periods at the Rank Two Attractor Points and the K-Point

We label the Frobenius basis of periods around zy by w,,. To go to an integer symplectic basis,
we use the topological invariants of the mirror of X¢ given by Candelas et al. (2019). With the
scaling known from Section we define an integer symplectic basis in terms of the Frobenius
basis around the MUM-point by

—8a¢(3) o 0 12a
(2m2)3 47 (271)3
2 0 -2 0
I = (27i)3 2 (2mi)? @o-
1 0 0 0
0 — 0 0

We analytically continue the periods along the upper half-plane and define the transition matrices
T,, for Imzp > 0 by

II="T,,w,,
where the Frobenius basis around regular points zg is defined by
1+ 0(8%)
§+ 054
5% + 06
5 4+ 0(8%)
with § = z — zg. We compute the Yukawa coupling as explained in Section and find that
12a
23(252—1)(92 —1)(z — 1)’
This allows us to compute the exact intersection matrix 3, in the local Frobenius basis. The
Legendre relations for the transition matrix then read

Y., = TEET,,.

wZO =

C...(z) = (2mi)?

In the following, we express the complete transition matrix for rank two attractor points in terms of
the periods and quasiperiods of the associated modular forms. The meromorphic forms are chosen
such that the periods of V2Q and V3Q do not contain the periods of the weight 2 form and the
weight 4 form, respectively. For the K-point, we identify some entries in the transition matrix as
periods and quasiperiods of a modular form and it is this comparison that allows us to identify the
modular form. The precision of the transition matrix has been tested with the Legendre relations
which hold for at least 2000 decimal digits. The identification of the periods and quasiperiods
holds for at least 2000 decimal digits, too.

z=-1/7
For the rational attractor point, the intersection matrix in the local Frobenius basis is
0 0 0 128
76 0 0 —384 —4004
— N3 L
B =eQ@riloE | g 384 0 —12307

—128 4004 12397 0

The periods w,:f and quasiperiods n,f for k = 2,4 can be found in Section With these, we can
write the transition matrix as

“8a 0 343a 147« wi nf 0 0 -5 -2 -2 0

il — 1715
T .—| 00 0 -636a —2040 wy ny 0 0 0 0 0 —gHe
-1/ 0 4 490 0 0 0 & @ I N
-5 2 245 49 0 0 @ 7y o o 2 B

with @F := 2miwi and 7 := 2mins. The Legendre relations for the transition matrix reduce to
the Legendre relations of the periods and quasiperiods given in Section
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6.2 Periods at the Rank Two Attractor Points and the K-Point

zy = 33 + 817

For the irrational attractor points, the intersection matrices in the local Frobenius basis are

0 0 0 —1140513311488
v a(2m’)3i{ 0 0 3421539934464  —166820802991556
= 221 0 —3421539934464 0 —883858774734317
1140513311488 166820802991556 883858774734317 0
0 0 0 —276615108864
o 0 0 829845326592 —40459987722620
VAT 0 —829845326592 0 —214367240374035 }
276615108864 40459987722620 214367240374035 0

The periods w,f and quasiperiods n,f for k = 2,4 can be found in Section To write the
transition matrix in terms of these, we now allow factors of /17 due to the irrationality of z4+ and

factors of v/—1 and /—2 because of the coefficient fields of the modular forms. We find that we
can write the transition matrix as

G oAb 0 0\ (1 —¥EIRI sy s 0
& @, 0 0 0 0 0 —34270351 + 831178117
T., = A+ 4 4 ~+ =+ 614233 | 292117
AR I ! ’ 1 by
0 0 @ 0 0 —3451 £ 83717 195830 5 8972809
with
4o 4o 9o —15c«x
A —30aa —9a —-16a 36«
7 -3 7 20 —-15
-5 4 9 —11
and
200 0 0 6a —v-1 0 0 0
A - 0 —-3a 2a 0 0 —v-1 (1) 0
- 0 -1 -5 0 0 0 7= (1)
-5 0 0 2 0 0 0 7=

Here, we also defined the rescaled periods and quasiperiods by

( o iy ) o 9(35904 — 10081 /=2 F (8708 — 2445v/=2)V/17) ( @y )C
= ~— ~— 2
Wa

Wy Ty 1088 7l
of af ) _ 204103V TF (5+25V-DVIT (o} if C
Wy Ny 2890 Wy Ty

with

1 0
Cy = 0 135 _ 5y/—1
7343982592 7802981504

1 0
C4 = ( 0 —88731327636+4-65414683821+/—2
140579843017716458497834

where the sign choice of /17 depends, as in the definition of the periods and quasiperiods in Section
[A79] on the attractor point z4 we consider. The Legendre relations for the transition matrix again
reduce to the Legendre relations of the periods and quasiperiods given in Section
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6 The Calabi-Yau Manifolds associated with AESZ34

z =00

For the K-point z = oo, there may exist an associated modular form of weight Eﬂ To find this,
we compute the transition matrix Ty, relating the Frobenius basis

Jfo(9)
w (5) — fO(d) 10g((5) + fl((s)
> f2(9)
f2(0)1og(8) + f5(9)

with fo(0) = § + O(62), f1(8) = O(8?), f2(d) = 62 + O(62) and f3(5) = O(63) to the integer
basis II. We then compute the periods of modular forms in S§%(I'o(N), x) for low levels N and
characters y and search for equality to values in the transition matrix up to rational factors. This
search suggests that the associated modular form is given by

f=q+¢+0(¢g%) € S5 (To(15), x15(14, ).

We can express the second and the fourth column of the transition matrix by

o +207) ol + 27%)
a(—2w™ — 6w™ a(—2n~ — 6yt
7,=| O - U I 7727’7 ")
w” Fwt n-+nt

Here, wt € R and w™ € iR are the periods of f with the normalisation defined by r; = wtr* +

w™r” with
16 -3 15 3 ({16 -3
+ - L _Z - _
r <<75 —14))‘27 3 " <<75 —14))‘ Tl

We did not explicitly construct a meromorphic form associated with f, but the n* should be the
quasiperiods of f. With the intersection matrix

0 0 450 —225
22 0 0 225 0
3354 | —450 —225 0 —-26 |’

225 0 26 0

Yoo = a(27i)?

we find that

IThe character must be non-trivial, since there are no holomorphic modular forms with odd weight and trivial
character.
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7 Rank Two Attractor Points of Self Hadamard Products

In this chapter, we consider special Calabi-Yau operators constructed as the self Hadamard products
of degree two Calabi-Yau operators. The operators feature an involutional symmetry where one of
the fixed points is both an apparent singularity and a rank two attractor point. The deformation
method for the computation of the zeta function does not work at apparent singularities and we
use the numerical values of the periods to compute the zeta function by finding the associated
modular forms.

7.1 The Hadamard Product

For the definition of the Hadamard product of families of varieties, we follow Samol (2010). Let
X — CP! and Y — CP! be two families of varieties. Further, let Z be the blowup of CP! x CP*
in (0,00) and (00,0). Then there exists a compactification

w:Z — CP!
of the multiplication map

C*'xC*—=C"
(s,t) = s t.

Using this, we define a new family X x Y — CP! by pulling back X x Y — CP' x CP' with the
projection Z — CP' x CP*:

XxY — XxY

| !

7z — CP! x CP!
m|
CP!

We call X xY the Hadamard product of X and Y and one can easily see that the fibre has
dimension dim X + dimY + 1. We now want to see what the Hadamard product does on the level
of the periods. To simplify things, we consider the case that locally X and Y; are defined by the
hypersurfaces

Fy(z) =
Gi(y)

The fibre (X *Y'), is then given by all points (z,y, s,t) satisfying

0.

F?(x):()v Gf(y):()a st—2z=0.

In the spirit of Section [A.6] we further assume that there are holomorphic periods

_ nx _ c- k
o= R

S

g(t) = / = = > git".
b k=0
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7 Rank Two Attractor Points of Self Hadamard Products

Letting {(s,t) € S x S} denote a tube around st = z, we can write down a period of the
Hadamard product as

T1(z) = 1 / nx Any Ads Adt
(270)2 J1(vx)xT(ry)xs1xst  FsGi(st — 2)
1 o k4l
(27Ti)2 Z fkgl »/.;1><Sl st—z s

k,1=0

=3 frge® = (fx9)(2).

k=0

If f and g are annihilated by differential operators £x and Ly of Fuchsian type, then the Hadamard
product f % g is also annihilated by a differential operator of Fuchsian type. A proof for this can
be found in Stanley (1999, p. 194). We define Lx * Ly to be the lowest order Fuchsian operator
annihilating fxg. In general, the Hadamard product of two Calabi-Yau operators does not have to
be a Calabi-Yau operator again. However, there are examples of fourth order Calabi-Yau operators
which are the Hadamard product of second order Calabi-Yau operators. In the following, we restrict
to fourth order Calabi-Yau operators which are self Hadamard products, i.e.

L=Lx*Lx

for some second order Calabi-Yau operator Lx.

7.2 Rank Two Attractor Points

Let E — CP'\X be a family of elliptic curves with a symmetry
E,=2F 4 (7.1)
for some v € Z. Now consider the self Hadamard product X = E x E with the fibre X, given by
(x,y) e Es x By, s-t=z.
There is an obvious isomorphism

X.=2X_
72z

induced by the involution . This also exists for other Hadamard products, but for simplicity
we restrict to self Hadamard products. The isomorphism acts on the cohomology, and for the fixed
points z = :I:% this may split the middle cohomology into two parts with fixed Hodge structure.
A splitting at this point was first observed by Elmi (2020) and, in the following, we consider ten
examples where the splitting happens over Q and the varieties are rank two attractor varieties. In
these examples, one fixed point is a conifold singularity while the other one, the rank two attractor
point z,, is an apparent singularity of the Picard-Fuchs equation with local exponents {0, 1,3,4}.
This point is rational and hence we expect to find modular forms of weight 4 and 2 under T'o(V)
for some level N. However, at apparent singularities, the deformation method explained in Section
does not work. We do the following to find the modular forms:

- We use ([2.2) to numerically find a basis in which the monodromy is rational.

- We read of the transcendental numbers w} € R and w; € iR appearing in I1(z,). The same
is done for the projection II*!T’(z,) to read of wy € R and w; € iR.

- Starting with low level N, we compute the periods of all Hecke eigenforms in S3°%V(T'o(NN))
and S§°V(To(N)) until we find rational equivalence to wi and wj. These forms are then our
final candidates.

The modular forms we found in this way are listed in Table [71] For the identification, we worked
with a precision of at least 2000 decimal digits. The Calabi-Yau operator associated with the AESZ
label can be found in the list of Almkvist et al. (2005).
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7.2 Rank Two Attractor Points

AESZ Zx Ny | Ny Constraints on fo Constraints on fy
100 1/8 14 14 a3 = —2
101 1 11 22 az = —7
103 —1/9 90 180 (131,77 0,11) = (—4, 0) (a7, a11) = (—28, 24)
107 -1/32 48 48 as =6
115 -1/256 32 32 az =8
144 -1/72 306 | 306 | (as,ar,az23)=(0,2,6) as =12
145 -1/729 54 | 108 as = —3 (as,a7) = (9,-1)
155 -1/4096 128 | 128 (az,a5) = (—2,2) (as,a5) = (—2,—6)
165 -1/27 27 54 as =12
166 -1/186624 | 864 | 864 | (as,a7,a11) = (1,-3,-3) | (as,a7,a11) = (—19,13,65)

Table 7.1: Sufficiently many constraints on the Hecke eigenvalues such that fo € S3V(T'o(N2)) and
fa € S3°%(T'o(Ny4)) appearing at the rank two attractor z, are uniquely determined.

The unit root method of Dwork, introduced for the Legendre curve in Section is applicable to
one-parameter Calabi-Yau threefolds - Samol (2010) gives an application of this. Candelas (2020)
offered us an implementation of this method. We observe that the method works at apparent
singularities and gives rise to the coefficient of the associated weight 4 forms. Exemplary, we
checked the coefficients for all primes of good reduction out of {5,7,11,13}. These always coincide
with the coefficients of the modular forms we found.

It should be noted that the calculation of the topological invariants of the varieties by demanding
integral monodromy yields positive Euler numbers of the mirror for the last seven examples (107
- 166), which suggests that these cannot be one-parameter models.
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8 Conclusion

After an introduction to the geometry of Calabi-Yau manifolds and the theory of modular forms
and period polynomials, we have explained how algebraic varieties can be reduced to finite fields
and how this gives rise to the Hasse-Weil zeta function. We have shown how this can relate Calabi-
Yau manifolds and modular forms for the examples of elliptic curves, rigid Calabi-Yau threefolds,
and rank two attractor varieties. We then started with the example of the Legendre family of
elliptic curves. After a general discussion of the global structure of the periods, we went to one
specific member of the family and found the associated modular form. As expected, the periods of
the holomorphic form and their derivatives were rationally related to the periods and quasiperiods
of the modular form, because there exists a modular parametrisation of the elliptic curve. We have
shown two ways to explicitly obtain such a modular parametrisation: by constructing meromorphic
functions and by giving an analytic description in terms of integrals of the modular form.

We reviewed how one can find three attractor points in the complex structure moduli space of
two Calabi-Yau threefolds associated with the Calabi-Yau operator AESZ34. One of the attractor
points is rational and gives rise to holomorphic modular forms under T'g(14) with trivial charac-
ter. We calculate the periods and quasiperiods of these forms and show that the periods of the
holomorphic form and all of their derivatives are rationally related to these. The two irrational
attractor points give rise to modular forms under I'y(34) with non-trivial character. For the com-
putation of the periods and quasiperiods, we treat these as modular forms with trivial character
under I'1(34). We again find that the periods of the holomorphic form and all of their derivatives
can be written as linear combinations of the periods and quasiperiods of the modular forms. In
this case, this does not work over Q, but we have to extend by /17, v/—2 and v/—1 due to the
irrationality of the attractor points and the coefficient fields of the modular forms. For all three
attractor points, we calculate the intersection matrix in the local Frobenius basis and find that
the Legendre relations of the transition matrix are equivalent to the quadratic Legendre relations
between the periods and quasiperiods. At the K-point z = oo, the deformation method does not
work and we identified a modular form of weight 3 associated with this point by comparing the
numerical values of the periods and their derivatives to periods of modular forms.

We considered ten degree four Calabi-Yau operators corresponding to self Hadamard products of
degree two Calabi-Yau operators. These feature an involutional symmetry where one of the fixed
points is an apparent singularity. This fixed point is also a rank two attractor point, but due
to the presence of the apparent singularity, the deformation method cannot be used to calculate
local zeta functions. We determine the associated modular forms and thus also the local zeta
functions by comparing the numerical values of the periods of the holomorphic form to the periods
and quasiperiods of modular forms of low level. For all of the considered cases, this gives unique
candidates for the modular forms and we have good evidence suggesting that these are correct.

The topic of rank two attractor points leaves much space for further research in physics and math-
ematics. For example, they are also used for flux compactifications in string theory (see Kachru,
Nally, and Yang (2020)), and we believe that they are associated with conformal supergravities.
Another related field is that of Feynman integrals in quantum field theory. Following Klemm,
Nega, and Safari (2019), these can sometimes be realised as integrals over the holomorphic form
of Calabi-Yau manifolds, e.g. there is a Feynman diagram associated with AESZ34. For special
configurations of the parameters of the Feynman diagram, the underlying Calabi-Yau manifold is a
rank two attractor variety and thus the periods and quasiperiods of modular forms appear in phys-
ical amplitudes. Mathematically, one ambiguous goal would be to find correspondences between
rank two attractor varieties and Kuga-Sato threefolds, which would ultimately explain the nu-
merical observations we made. Other possible research directions are given by generalisations to
multi-parameter models and more complicated forms of modularity of Calabi-Yau threefolds.
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A Appendix

A.1 The Frobenius Method

The Frobenius method allows us to find expansions for the solutions of differential equations of
Fuchsian type around every point z € CP'. We give a short overview on how to do this and refer
to Ince (2008) for more details. We consider a Fuchsian differential operator

L= Zn: Py.(2)0F

k=0
with © = z%. Suppose we want to find the solutions of the differential equation
Lf=0

around some point, say z = 0. For this, we first look at solutions of the indicial equation
n
> P(0)r* =o0.
k=0

The solutions {ry, ..., 7, } of this equation are called the local exponents, and for each local exponent
r one can find a holomorphic solution of the form

f(z)=2" i apz”
k=0

by solving the recursion relation for the (not necessarily unique) coefficients ay. At singular points
zi, it can happen that the indicial equation has multiple roots. To cover this case, assume that
at some point, say z = 0, we have a local exponent r with multiplicity n,. Then there are power
series go, ..., gn,—1 with leading exponents > r that give rise to n, solutions of the form

i
(log 2)*
fi(z) = Z Tgi—k(z)

k=0

for i =0, ...,n, — 1. In particular, the local exponents give the behaviour of the solutions for z — 0
and the form of the monodromy around z = 0. Hence, it is useful to store this information for all
singular values z1, ..., z,, of the differential equation in the Riemann symbol

Z1 e Zm

T1, . Tma
P

T1, Tmy,

Note that there can be singular points z; of the differential equations at which none of the solutions
is singular. We call these points apparent singularities.
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A Appendix

A.2 Representatives for I'o(N)\ M, N
We want to find representatives for the quotient I'o(N)\M,, y with
My N ={y € My(Z)| dety=mn, ¢y =0 mod N}

and (n, N) = 1. We first show that we can choose the representatives to satisfy ¢, = 0. For this,

we start with a general element
a b
( kN d ) € My

(v i)
k a .
@V @R

The resulting element has c, = 0, but we still need to show that there are x,y € Z such that

T Y >
k a e T'o(N),
( ~@r Y

and multiply from the left with

i.e.
k

(a,k)N: 1

T a +
(k) Y

This is a linear Diophantine equation which has solutions if and only if (a,kN) = (a,k). This is
true since

ad —bkN =n

implies that (a, N)|n and since (n, N) = 1 we have (a, N) = 1. Thus, we have shown that any
element in the quotient I'o(NN)\M,, y can be represented by elements of the form

-(58)

Since —1 € T'o(N), we can demand that d > 0. Using the translation operator 7' with

. [ a b+kd
we further find that we can restrict to 0 < b < d. We conclude that a generating set of I'o(N)\ M, n
is given by
{y € M3(Z)| aydy =n, 0 <b, <d,}.

Checking that this generating set is minimal is trivial. This generating set does not depend on the
level N, and one can now easily see that the cardinality of the quotient is given by

[To(N)\Mp,n| = 01(n),

i.e. it is given by the sum of divisors of n.
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A.3 Conventions for Period Polynomials

A.3 Conventions for Period Polynomials

For our application, we will need to calculate period polynomials for weight £ = 2 and k = 4.
For k = 2, there is no ambiguity and the period polynomial for f holomorphic or meromorphic is
uniquely given by

r(7y) = 2mi /7 " f(z)dz

70

and does not depend on the choice of 9. For k > 2, we fix the representative of the period
polynomial by choosing 79 = oo in (3.4)). Following Klemm, Scheidegger, and Zagier (2020), the

corresponding Eichler integral f can then also be expressed by

_ A1 k—1 T 1 To+1

f(r) = ((l:-)2)' </TO (z—7)F2f(2)dz + o1 5 By_1(z — T)f(Z)dZ)
and this expression does not depend on 7y because the Bernoulli polynomials satisfy

By(z +1) = By (z) + na™ L.

This is very convenient for practical calculations, because 7y can be chosen such that this integral
converges quickly without the need to expand f to very high order. However, in general this does
not work for meromorphic F since the constant term of the boundary polynomial will depend on
the path of integration. In this case, we can use the rational polynomials 7+ obtained from the
holomorphic modular form f. When # is chosen such that there are no p* € Vk(c_2 satisfying

pEla—k(y = 1) =r=(7),

we can choose the boundary term uniquely by requiring proportionality of the period polynomial
of F to r*(v).

A.4 Finding Meromorphic Forms

To find a meromorphic form F' € Si(To(NV), x) associated with a Hecke eigenform f € S (To(N), x),
we make an ansatz for F' and the boundary terms in D*~1MIn°(T(N), x). First, we write

F=-
h

with G € Sgyr, (To(N),x) and h € My, (To(N)). The hope then is that for &k high enough, we
can find the correct meromorphic form associated with f. To find a form with correct eigenvalues
under T;,, we consider for the boundary terms elements

Dszli
hn

with
9 € Mo_jink, (Co(N), x).

This can be motivated by looking at the pole order of the elements after applying T;,. Checking
whether our ansatz gives a possible candidate for the meromorphic form reduces to linear algebra.
The computational effort can be reduced by considering the correct Atkin-Lehner eigenvalues of G
and h. To be able to check the vanishing residues of F' at all poles, we will restrict A to have zeros
at the cusps, i.e. we construct h as an eta-quotient. For this, we follow Rouse and Webb (2015).
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A Appendix

A.5 Finite Fields and p-adic Numbers

Recall that a field is a set K with the operations + and - with the following properties:
- (K, +) is an abelian group whose neutral element we call 0.
- (K*,-) = (K\{0}, ") is an abelian group whose neutral element we call 1.
- The distributive lawd1]
a-(b+c)=a-b+a-c
(a+b)-c=a-c+b-c
hold for all a,b,c € K.

Common examples which are not finite are Q, R, and C. The characteristic of a field is defined as
the smallest n > 0 such that

1+..4+1=0
——

n-times

if such an n exists. Otherwise, it is defined to be zero. All finite fields must have a characteristic
n # 0 and one can easily show that the characteristic must be a prime number. Further, one can
show that any finite field with characteristic p must have order p* for some k > 0 and that these
are unique up to isomorphisms. We denote a field with p* elements by Fpe. For k = 1, one can
choose

F, ={0,...,p—1}

with addition and multiplication modulo p. To have a representative for k > 1, let p denote a root
of a monic irreducible polynomial of degree k£ in F,. We can then write

]Fpk = {ao +a1p+...+ ak_lpk71|ai S IFp}

with the obvious multiplication and addition.

Another field of interest for us are the p-adic numbers Q, for primes p. These are the completion
of the rational numbers Q with respect to the p-adic norm | - |,. This norm is defined by

|33‘p = piap(m)

where a,(x) is the exponent of p in the prime factorisation of . It can easily be shown that this
defines a non-Archimedean, i.e. it is a norm which further satisfies

|+ ylp < max(fzlp, [yl,) Yo,y € Q.

In pratice, it is convenient to think about a p-adic number x € Q, as a unique expansion
(o]
Z k
T = anp
k=m

with a € {0,1,...,p — 1}, m € Z, and a,, # 0. The p-adic norm is then given by |z|, = p~™. An
important subset of the p-adic numbers are the p-adic integers defined by

Zp = {x € Qp| ||, < 1}.
For z € IF,, the Teichmiiller lift is the unique Z € Z,, such that

ZP =% and Z =z mod p.

1 As usual, the operation - has higher precedence than +.
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A.6 Representing Period Integrals

A.6 Representing Period Integrals

For n-dimensional Calabi-Yau manifolds X,, which are described as the vanishing set of a poly-
nomial P, homogeneous of degree n + 2 in CP™*! and with complex structure parameter z, one
can represent integrals of the holomorphic form over cycles v, € H,(X,,Z) by higher-dimensional
integrals in the ambient space CP" . For this, we use the Leray coboundary map

T.: H,(X.,Z) — H,41(CP"T\ X, 7Z),

which assigns a unique tube T, (7,) to the cycle v,. With projective coordinates (Xy, ..., Xn+1) of
CP"™!, we symbolically define

n+1
1 . _
= — —1)'X;dXog Ao AAXG A AdX e,
=5 ;:0( ) o/ A +1

which enables us to form well-defined integrals

f
—ih (A1)
/Tz(%) P

for polynomials f homogeneous of degree (n+ 2)(k —1). Of course, not all choices of f and k give
different integrals. If f can be decomposed in the Jacobian ideal Jp,

n+1
f=Y_ fid:P.,
i=0
we can use Stokes theorem to get
n+1

n+1
fiOi P, 1 / 0 fi
p= .
g/mm PE k—lg T.(v.) PE

This reduction of the pole order is also known as Griffiths—Dwork reduction.

For odd n, one can show that all integrals of forms in the middle cohomology, i.e. forms in
H"%*(X,), can be represented by the integral (A.1)fl Together with the Griffiths-Dwork re-
duction, this then establishes a group isomorphism

C[Xoy woer Xnt1)(naoyh—1y/Jp. = H"FF(X,).

Normalizing the holomorphic form accordingly, we can directly write down the period with respect
to ; as

1
IL;(2) :/ Q. :/ - (A.2)
7i(2) T.(7i(2) *=

As claimed before, we see that with this choice, the periods are holomorphic in z. Further, one
can locally choose the Leray coboundary map T to be constant in the sense that for 2’ close to z
the elements T, (v;(2)) and T./(;(2’)) are equal and lie in

H, 1 (CP"T\(X, U X..),Z).

This means that if we differentiate the expression (A.2)), we only need to differentiate the integrand.
This allows to obtain the Picard-Fuchs equation by decomposing polynomials in certain ideals and
using the Griffiths-Dwork reduction.

2For general n, this only gives the primitive part of the cohomology.
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A.7 Holomorphic Period for the Legendre Family

For the Legendre family, we can calculate the period associated with ~; in Figure by direct
integration. Note that this corresponds to the holomorphic solution of the Picard-Fuchs equation
around z = 0, because it has trivial monodromy around that point. For simplicity, let 0 < z < 1
and z € R. For the integration, we go to the patch Z = 1 such that

1 1
27i /T(%) V2o X(X -1)(X —2)

The path ~; corresponds to X going from 1 to co on the upper sheet and returning on the lower
one. Thus, we see that the tube around that path can be realised by the points (X,Y) in

I, (2) = dX AdY.

{(X,£/X(X —1)(X —2)+0) € C?} X €[0,00) and |§| = €}
with 0 < € < 1. The contributions from both sheets are equal and hence

1> !
lL(Z):E/1 dX%d552+25\/X(X_1)(X—z)
1

/100 dX VXX -1)(X —2)
(_2/2> (==)" /100 dXX’”l\l/ﬁ

k=0

_ i (;/szk

A.8 Obtaining the Picard-Fuchs Operator AESZ34

|
(]

Away from the singularities, we can describe the manifold X, underlying AESZ34 by a quotient
of the vanishing set of

1 1 1 1 1
PZ(X) = X0 X1 X0 X3X, (1 —Z(X0+X1 +X2+X3—|—X4) (X + Y + Xi + f + ){4)>
0 1 2 3

in CP*. We go to the patch with X, # 0 constant and want to compute the period

1 1
11 = —— Xod X7 AdX dX dX
1(2) 2m’/(m P.(X) 0dX1 AdXg ANdX3 AdXy

for z small with T'(v;) being described by 4-torus
{(X1, Xo, X3, X4) € CY[ | X1| = [Xao| = | X3 = | Xu| = ¢}

with € < |Xp|. We now use that the integral does not depend on the value of X, and insert a
factor

1 1
X

1= — ¢ dXg—
omi X,

such that the integral becomes

1 1
dX dX dX dX. dX
<2m 7{ 0% 17{ Qfé ?’f{ 4X0X1X2X3X4

k
1 .
E (X0+X1+X2+X3+X4)(++++>) 2",
=0

Xo X1 X2 X3 X4
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The integrals will pick out the residue at the origin which we can easily evaluate since up to
non-constant terms

1 1 1 1 1)\\" k! ’
X X X X X Tt T T ~ T )
(( 0+ X1+ Xo + X3+ X4) (XO Tt T X4>> ZZ (ko!k1!k2!k3!k4!>

=

Thus, we conclude that the holomorphic period around z = 0 is given by

00 k! 2
me=eir' Y | Y () |2
kolkikolks!ky!
k=0 Zki:k 0-N1-~h2:~N3:~4

To find the Picard-Fuchs equation, we search for a fourth order differential operator £ annihilating
the holomorphic period. Making the ansatz

with polynomials P, and © = z%, we find that

L =6* — 2(350* + 700% 4+ 6302 + 280 + 5) + 2%(© + 1)%(25902 + 5180 + 285)
—22523(0 + 1)%(© + 2)2.

A.9 Meromorphic Forms and Period Polynomials

We list the meromorphic forms and conventions for the period polynomials which we used for
I'p(14), T'v(32), and T'o(34) below. We checked the eigenvalues of the meromorphic forms under
T3 for at least 10000 terms in the g-expansion. The accuracy of the periods and quasiperiods has
been checked with the Legendre relations which hold for at least 2000 decimal digits. For the
computations, we used PARI/GP.

Lo(14)

We consider the Hecke eigenforms
fa = n(m)n(2r)n(7T)n(147) € S3°(To(14))
fi=q—2¢%+8¢> +4¢" + ... € SI°V(I'o(14)).

We find that associated meromorphic forms [F3] € S2(T'g(14)) and [Fy] € S4(T'g(14)) can be
represented by

Go 181
o= 22, 200
2 f22 + 3 f2

G
Fy= -2 +1267f,
2

with

Gy =q — 2¢* — 3¢® + 53¢* +107¢° — 210¢° 4 49¢" + 117¢°% + O(¢°) € Ss(To(N))
G4 =8¢% — 35¢° — 4q* + 198¢° + 734¢° + 2062¢" + 14424¢® + 9873¢° + 35118¢'°
— 56083¢'! + 27856¢2 — 182362¢'3 — 51976¢'* — 3689694 + 83904416
— 68498¢"7 + 288580¢"® + 430179¢"° + 1741480¢%° + O(¢*!) € S12(To(NV)).
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We define the periods and quasiperiods by
T =WETE FwpTy
TR =T T

with r,f given for a set of generators of I'y(14) in Table The Legendre relations then read

1 _ _
%(W;%—%W;):Q
1 3528
+ - -
W(% Ny — Wy 774)—T~
v 3 (v) s (7) i (7) i (7)
((1) 1) 0 0 0 0
9 -2 37 3, 1
(14 _3) 1 1 2y L P-4
41 -11 3272 | 407 _ 16 16r |, 5
<56 _15> 0 2 —T—FT—ﬁ 10T2—T+7
29 -9 26r 4 23t l4r | 5
<42 _13> 0 2 6T+ EE -3 H -3
11 —4 202 | 5t _ 1 2 5, 1
(14 _5) -1 L =S +a-a F-auta
(_01 _01) 0 0 0 0

Table A.1: Values of period polynomials for generators of I'g(14).

I'o(32)
We consider the Hecke eigenform

f = (n(4r)n(87))* € S5 (I (32)).
We find that an associated meromorphic form [F] € S3(T'g(32)) can be represented by

F =

= Q

+2f

with
_77(327')16
n(167)8
G =¢" + O(¢*?) € S5(T0(32)).

€ My(Ty(32))

We define the periods and quasiperiods by

ry= whrt +wr™

re =gt e

(5 )= (5 )

The Legendre relations then read

with the choice

1 1
iyt — T =
oW W) =g
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T'o(34)
We consider the Hecke eigenforms
fo=q—¢*+2V=2¢" + O(q") € S5°"(To(34), x34(33,-))
fi=q-2¢* +2V=1¢> + O(q") € S (To(34), x34(33,-))-
We find that associated meromorphic forms

[FQ} S SQ(FO(34)7 X34(337 ))
[F4} S S4(F0(34), )(34(337 ))

can be represented by

G
Fy=—2 + as fo

h
G
Fy= 74 + oy fa
with
2 5 1 11
p 1T ATT) g (3ay)

n(7)>n(347)°

Gy = — 153229813751¢° — 459689441253¢' + (3531532108992 — 1145079286032y —2+)q*"
+ (878733286943 — 582046493424+/—2)¢"® + (—419043845690 + 582046493424+/—2)q"?
+ (1363878385002 + 1284305025696/ —2)¢*° 4 (—313817089303 4 166856185848/ —2)¢*!
+ 0(q*%) € Ss(To(34), x34(33,))

G4 =(179835 — 20050v/—1)¢% + (1491309 + 53250/ —1)¢" + (—1046167 + 16944+/—1)¢®
+ (4189224 + 238802v/—1)¢” + (—4766998 — 138514y/—1)¢"°

+ (18982341 + 708738v/—1)g"* + (—25952086 — 2061970/ —1)g"?

+ (24204759 — 277294+/—1 )q13 + (—51353479 — 5440012y/—1)¢'*
+ (97939573 — 11555407/ —1)¢"® + (—118945037 — 13052668/ —1)¢*°
+ (97844466 — 9018588v/—1)¢'7 + (—326491115 — 289267961/—1)¢'®
+ (150895777 — 9775724/ —1 )q19 + (—501710900 — 42278510+/—1)¢*°
4 (—29394278 — 24284642+/—1 ) + (—811045661 — 57899918/ —1)¢?>
+ (447002106 — 21771500y/—1)¢? ) + (—809721452 — 61744526+/—1)¢**
+ (76325603 4 9834864y —1)¢?® + (—546262747 — 17599808/ —1)¢°
+ (1320354189 + 99786514/ —1)¢?" + (149488926 + 107252912y/—1)¢*®
+ (759963306 + 70310964v/—1)¢>* + (—840148004 + 59824116+/—1)¢*
+ (2698122690 + 238994596/ —1)¢>! + O(¢*?) € Sg(T'0(34), x34(33,-))

and

oy = — (41392107 + 1442848/~ 1 + (10047969 + 350256«/—1)\/?)

oy = (63552263336460 + 47553595658235v —

3264
+ (15942061865268 + 11752838193173+/—2)V/17).

The signs of v/17 in oy and a4 are chosen according to the point z = 33 £+ 8/17 for which we
calculate the transition matrix. We again define the periods and quasiperiods by
rpo=wirl HwpTe

[ SR
TF, =M T M Ty
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where we normalise so that

it (—373 24)): 9 9v=2

( —544 35 2 4
-373 24 )\ _ 9V/-2
—544 35 2
(( 103 —20 >) _5027% 33147 = 322

= V-1
170 —33 85 1445 + 1445 * (

- -33 1 o9 27
T4 << _a4 1>)—27 -1
Note that the rationality of the r,f only holds for elements in I'1(34) C T'g(34), i.e. when the

Dirichlet character becomes trivial. As expected, we find that 75 is then defined over Q(v/—2) and
rE over Q(v/—1). The Legendre relations read

)
+
Ty

_15472 n 10187 99
85 1445 1445

1 & oV
S (Wi —wy ) = — o (88926424 + T327582485V/~2)
17
I (Wing —winf) = —%(42217409 + 19534088v/—1).
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