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The names I gave him-wine, sometimes the cup.
At times he was raw silver, gold, refined.

A tiny seed, at times my prey, my trap-

All this because I could not say his name.

(Translation by Zara Houshmand in MOON & SUN: Rumi’s rubaiyat).

Sometimes I called it wine and sometimes its glass,

I called it gold and then just usual brass.

Sometimes I called it seed, some other time prey or even trap,
why this and that? So that I do not tell you its name.

(Author’s translation).



To my wife Sara Ochoa and my mother
Rogayeh Mollayipour






Preface

The guiding principle in this monograph is to develop a new theory of modular
forms which encompasses most of the available theory of modular forms in the
literature, such as those for congruence groups, Siegel and Hilbert modular forms,
many types of automorphic forms on Hermitian symmetric domains, Calabi-Yau
modular forms, with its examples such as Yukawa couplings and topological string
partition functions, and even go beyond all these cases. Its main ingredient is the so-
called ‘Gauss-Manin connection in disguise’. In the previous works, the emphasis
was on examples and their applications, ranging from classical modular form theory
to String Theory in Physics. The starting articles [Mov0O8bl[Mov12b] were dedicated
to the case of elliptic curves and modular forms. The case of Calabi-Yau threefolds is
the topic of the joint article [AMSY 16] and more details of this in the case of mirror
quintic Calabi-Yau threefolds has been extensively elaborated in the monograph
[Mov17b]. The article [Mov17cl] mainly emphasizes the case of hypersurfaces with
geometric questions in mind, such as Noether-Lefschetz and Hodge loci. Now, I feel
that one has to develop the general theory of modular and automorphic forms, for
the sake of its beauty and for the sake of completeness, even though in the moment it
does not claim to solve any established conjecture in mathematics, and it is not clear
how such a general theory might be related to some deep applications of modular
forms, such as in the proof of Fermat’s last theorem, or how it might enter into
Langlands program. The text is written with the feeling that such a job must be
done to pave the road for future investigations and applications. For this I would
express myself with the following quotation from A. Weil’s book [We199], “Where
the road will lead remains in large part to be seen, but indications are not lacking
that fertile country lies ahead.” The present text is independent of these previous
works, however, many of our motivations are spread among them. We have in mind
an audience with a basic knowledge of Algebraic Geometry and Hodge Theory.
Some basic knowledge in Complex Analysis, Algebraic Topology and Differential
Equations would be useful for a smooth reading of the text.

Hossein Movasati
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Chapter 1
Introduction

“When kings are building”, says the German poet, “carters have work to do”. Kro-
necker quoted this, in his letter to Cantor of September 1891, only to add, thinking
of himself no doubt, that each mathematician has to be king and carter at the same
time, (A. Weil in his book [Wei99)]).

The present book is the tale of a vast generalization of the differential equation

JE

CIT; = ﬁ(Ezz —Ey)

952 = §(E2E4— Ey) (1.1)
d

958 = 5(E2Es — Ef)

where E;’s are the Eisenstein series:

Ex(q):=1+b; }, <2d2H> q", i=1,2,3 (1.2)

n=1 \d|n

and (b1,ba,b3) = (—24,240,—504). Tt was discovered by Ramanujan in [RamI6]
and it is mainly known as Ramanujan’s relations between Eisenstein series. He was
a master of formal power series and had a very limited access to the modern mathe-
matics of his time. In particular, he and many people in number theory didn’t know
that the differential equation (9.11) had been already studied by Halphen in his book
[Hal86] page 331, thirty years before S. Ramanujan and another equivalent version
of the differential equation was derived by Darboux in [Dar78b]. Since then this
differential equation has been rediscovered over and over, and it seems that the tale
of its rediscovery will not end, and mathematicians of the future will have the joy
of rediscovering it again. For a collections of such rediscoveries see [CMN™ 18|| and
for one of the most celebrated applications of (I.I) in transcendental number theory
see Appendix [A]
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1.1 Gauss-Manin connection in disguise

My rediscovery of the Ramanujan’s differential equation was through the computa-
tion of the Gauss-Manin connection for families of elliptic curves. In 2003 I started
to think about Griffiths project [Gri70] in which he wanted to build a satisfactory
theory of automorphic forms for the moduli of polarized Hodge structures, also
called Griffiths period domain, see also [Mov08a]. However, as we read in [GS69,
page 254] “for some domains arising quite naturally in algebraic geometry, there is
no theory of automorphic forms.” It was not clear how the Griffiths’ replacement for
this under the name automorphic cohomology group, would play the role of classi-
cal automorphic forms. I started to think about its reformulation in a similar style
as in K. Saito’s article [SaiOl], that is, inverting functions formed by integrals and
obtaining automorphic forms. The role of multiple integrals with an arbitrary inte-
grand was mainly missing in the literature, and I realized that even in the elliptic
curve case, inserting elliptic integrals of the second kind in period maps, one gets
new functions similar to modular forms. In [Mov08bl, Mov08c|| I computed an or-
dinary differential equation in three dimensions and I knew that a solution of this
ODE involves the Eisenstein series E4 and Eg. But what was the missing function?
After few weeks of searching the literature I understood that I have rediscovered
the Eisenstein series E, together with the Ramanujan’s differential equation. This
rediscovery was worth as I started to introduce a new moduli space T and a new
period domain, and interpret the Ramanujan’s differential equation as a vector field
on both spaces.

The relation between modular forms in one hand and elliptic integrals and Picard-
Fuchs equations on the other hand is as old as the modern mathematics, however,
the first appearance of the relation between modular forms and the geometric incar-
nation of Picard-Fuchs equations under the name Gauss-Manin connection is in N.
Katz’s article [Kat73l]. The g variable of modular forms under the name canonical
coordinate has produced the theory of ordinary crystals with fruitful applications in
the arithmetic of elliptic curves, see Deligne’s article [Del81] and the references
therein, see also this article for a generalization in the case of K3 surfaces and
Abelian varieties and [Yul3]] for an attempt to use this in the case of Calabi-Yau va-
rieties. What is missing in all these heavily arithmetic oriented topics, is the moduli
space T. Soon I realized Darboux and Halphen’s work on the topic, and in partic-
ular, Halphen’s generalization using Gauss Hypergeometric function. Before going
beyond elliptic curves, in [Mov12a] I reproduced Halphen’s differential equation in
a geometric context. What I called differential modular forms in the mentioned arti-
cles, were called quasi-modular forms in [KZ93]]. The lecture notes [Mov12b] were
supposed to be a complete exposition of the topic. P. Deligne in|a personal commu-
nication (December 5, 2008) and in response to one of the early drafts of [Mov12b]],
called the Ramanujan’s differential equation between Eisenstein series, the Gauss-
Manin connection in disguise. This became the title of a series of articles mainly in
the case of Calabi-Yau varieties, [Mov17b,IAMSY 16, Movl17c,IMN18, HMY17].

After my works in the case of elliptic curves and quasi-modular forms I di-
rectly started to think about modular form theories for non-rigid Calabi-Yau vari-
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eties, skipping the case of K3 surfaces. The main reason was that the correspond-
ing period domains are not Hermitian symmetric, and so, the Griffiths project was
not working in these cases. However, for the surprise of many mathematicians,
physicists were producing many g-expansions attached to Calabi-Yau varieties and
with rich enumerative properties. D. Zagier in few personal communications ex-
pressed his long wish to relate such g-expansions to modular forms, but it was
not clear how this can be done. In 2014 T did a sabbatical year at Harvard and
this gave origin to my collaborations [AMSY 16, HMY17] with Shing-Tung Yau,
Murad Alim, Emanuel Scheidegger and Babak Haghighat with whome I learnt a
lot and this gave me the guideline in order to write the present book. I under-
stood that the special geometry used in Topological String Theory, see for instance
[CdIO91, [CDLOGPI14, [Str90, [CDF 97, [Ali134] is exactly the way physicist work
with moduli spaces and generalizations of Ramanujan’s vector field. Once again
it was clear that when physicists do not find what they need in mathematics, they
produce their own, even though it might not be in a polished format from a math-
ematician’s point of view. All these together with my earlier works gave me the
sufficient ingredients to formulate the new theory of modular forms attached to a
very particular class of Calabi-Yau threefolds, see [Mov15a, [Mov17b]. The present
book has the ambition of even going further and contruct modular form theories
attached to arbitrary families of projective varieties.

1.2 Prerequisites

For definitions and preliminaries in Hodge theory needed for the purpose of the
present text, the reader is referred to the first sections of Deligne’s lecture notes
in [DMOSS2]], Voisin’s books [Vo0102, [Vo103]] or the author’s book [Mov19|. The
reader who wants to follow this book with examples is recommended to have a look
in the case of elliptic curves developed in [Mov12b] and the case of mirror quintic
Calabi-Yau threefolds in [Mov17b].

The present text is not written linearly, and so, it is not recommended to read it
linearly. The reader is recommended to start reading a chapter of his interest and then
use a back and forth strategy to decipher objects and find the missing definitions.

1.3 A tale of love and madness

The present text is the tale of a kind of mathematics that I loved so much to write
it, and in the same time I had a feeling of madness: why should I invest so much
time on a topic whose fruitful applications, most probably, I will not see in my own
lifetime, a kind of mathematics that apparently only for me revealed itself beautiful,
a mathematics which looks like abstract nonsense. It seemed like a new land hidden
behind the ocean, I will have only the joy of its discovery and not its hidden golds.
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An editor of one of the author’s articles related to the present book, which was
previously rejected by many other editors, had to confess that after many and many
attemepts to find a referee, he was not able to find one. As usual something which I
enjoyed so much seemed to be not worthy of publication for others. It might be a tale
of love for useless beauty and so, it might sound a tale of madness. It is the failure of
my Grothendieck’s moment in which the desire for writting in the most abstract and
general context was high, but I felt the lack of capacity, time and motivation to do
so. On the one hand I believed that the generalization of automorphic forms, just for
the sake of generalization, is alone enough to justify this book. On the other hand I
was completely stuck with the huge literature on automorphic forms and I was not
able to pick a specific topic or conjecture and justify my text upon it. After studying
the history of the theory of modular forms, which is more than hundred and fifty
years of research, I came to the conclusion that it might not be possible to see the
arithmetic applications of the generalized modular forms in my lifetime. Instead, I
tried to push this text for applications in geometric objects like Noether-Lefschetz
and Hodge loci, which will be hopefully useful for a better understanding of the
Hodge conjecture. With all these contradictory feelings I took the job of writing this
text, elaborating only few boxes in the main goals of the present book sketched in
page [x| and I hope that at some point in the future it will be useful. At least I hope
that some other people will have the same joy of exploring as I had during writing
the present text.

During the preparation of the present text it happend that I made trivial and obvi-
ous mistakes, and they continued for years in the first drafts. This made me feel that
I am not the right person to undertake the job of writing it. For instance, at some

point I realized that for two functions A i) B % C, 1 have used f o g because of
its pictorial simimilarity between two notations, and this has not produced a single
contradiction in my thinking as the applications of this has been done with correct
order of f and g. At some point I tought I am doing mathematical nonsense, but then
I thought it does not matter, the joy of a mad man is more important for him than
the outside world.

In 2019 when the text was more than 200 pages, I asked the opinion of Prof. P.
Deligne about it, and he pointed out that I do not have a convincing proof for the
fundamental proposition (Proposition [2.4)) of the present text. For a moment I was
perplexed, I felt that the whole theory might be an abstract nonsense, however, I
went through it, and even though the proof of the fundamental proposition lacked
rigor, something beautiful was there, and I was not supposed to judge the whole
theory based on this. P. Deligne offered a proof based on some apparently well-
known facts in SGA3 Vol. II, however, understanding the details was beyond my
mathematical training.



1.4 Tupi words

1.4 Tupi words

There are many new mathematical objects in the present book which have not ap-
peared in the literature, except for few of them in the author’s previous works, and
so they might deserve a proper name. For this I started to collect names in Tupi. This
is an extinct language which was spoken mainly by natives of south and southeast
Brazil. At some point I gave up this linguistic project, as it needed time, effort and
an expert’s advice. Below, the reader finds a suggestion of tupi words for few math-
ematical objects in this book that I was able to gather. They are not used in the main
body, however, they might be used in the future developement of the mathematics

of the present work.

Aupaba
Ibicatu

Ibiporanga
Ibicui
Ibipiranga
Ybacoby
Itaquerejugud
Itacuatiara

Itapiranga

Ttaoby

Nhauumboca, Ocuera

Itaoca
Amanoca
Amanocuera
Jatapy

Ocatu

Ocuama
Ataudba

Amana
Amandy
Ata

[Homeland, origin], the domain V of a family ¥ — V of
smooth projective varieties, §3.6|

[Good land], the parameter space T of an enhanced family
X/T in

[Pretty land], the moduli space T in

[Sand], the moduli space S in

[Red land], Moduli of Hodge decompositions, §3.12]
[Blue sky], Generalized period domain U and I,
[Precious stone], the marked variety,

[Written or painted stone], Enhanced smooth projective va-
riety/scheme, §3.4]

[Red stone], A variety with Hodge decomposition defined
over a field,

[Blue stone], varieties introduced in §2.17|using infinitesi-
mal variation of Hodge structures. These are also called R-
varierieties and are natural generalizations of Calabi-Yau
varieties.

[House made of clay, House in the past], a family ¥ — V
of smooth projective varieties, §3.6]

[House made of stone], Enhanced family X — T,
[House of rain], Full enhanced family X — T,
[House of rain in the past], Weakly enhanced Varieties,@
[To make fire], Enhanced family with an action of a reduc-
tive group,

[Good house], Enhanced family with constant Gauss-Manin
connection, §6.13]

[Future house], The universal family X — T,

[Fire arrow], Modular vector fields in the moduli space T,
[Rain], The algebraic group G,

[Rain’s water], The orbits of the algebraic group G, §3.3]
[Fire], Reductive group G, §2.11]
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I wished to find better names for the following objects and I failed. Scheme theoretic
leaf in §5.4] Smooth and reduced leaf in §5.3] N-Smooth leaf in §5.8] Modular
foliations .# (C) in §6.3| Trivial modular foliation in §6.4} Modular foliation with
trivial character in Space of leaves .Z(C) in Foliation .#(2) in
and §6.10] Constant foliation in §6.12} Gauss-Manin connection matrix in §3.8]
Generalizations of Yukawa couplings Y in §6.11} Constant vector fields in §6.12}
Monodromy group I7, in §4.3] Monodromy covering H in §4.3] Generalized period

map P in T-map in t-map in Constant period vector C in §6.3]



Chapter 2
Preliminaries in algebraic geometry

Modern algebraic geometry has deservedly been considered for a long time as an
exceedingly complex part of mathematics, drawing practically on every other part
to build up its concepts and methods and increasingly becoming an indispensable
tool in many seemingly remote theories, (J. Dieudonné in [[Die72l], page 827).

2.1 Introduction

Research in modern algebraic geometry requires a hard training in its grandiose
foundation, gathered in the texts EGA, SGA and FGA, by Dieudonné, Grothendieck
and Serre among many other contributers. And once this is done, the new mathe-
matics to be created is hardly free of references to it. There are few practical rea-
sons to undergo this training. This includes the unification of Diophantine equations
(schemes over Spec(Z)) with complex analytic spaces, the need for spaces with
nilpotent functions, and to be able to talk about varieties and families of varieties
with a single notation. In the present text all these reasons are relevant, however,
we would like to avoid the unnecessary introduction of general machineries and
objects, and so, we highlight the basic concepts related to schemes needed for the
purpose of the present text. The strategy is to formulate definitions and propositions
in a scheme theoretic style, and once this becomes cumbersome, the language of
varieties over algebraically closed fields, and then of complex analytic varieties is
adopted and used.

2.2 The base ring and field

We consider a commutative ring R with multiplicative identity element 1 # 0. We
also consider projective varieties defined over R. This uses a finite number of ele-
ments of R, therefore, in practice we can assume that the ring R is finitely generated,
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and so
Zlty, b, ]

I

We assume that R is an integral domain. In other words, it is without zero divisors,
i.e. if for some a,b € R, ab =0 then a = 0 or b = 0. In particular, it is reduced, that
is, it has not nilpotent elements. The characteristic of R is the smallest p € N such

that the sum of 1 € R, p-times, is zero. It is either a prime number or zero. In the
Fplti,t, 7]
]

R:= , where I C Zlt1,t,- -+ ,1,], is an ideal.

first case we can write R = , where I is now an ideal in IF,[r1,12,- - ,1,].
In the second case, we have Z C R, and we define N to be the greatest positive

Loty
integer which is invertible in R and we have R = M The primes dividing

the number N are called the bad primes of the ring R. By our assumptions R is
Noetherian, that is, every ideal of R is finitely generated. We denote by k the field
obtained by the localization of R over R\ {0} and by k the algebraic closure of k.

Proposition 2.1 Let R be a finitely generated, commutative ring with multiplicative
identity element 1 # 0, of characteristic zero and without zero divisors. There exists
an embedding R — C which makes R a subring of C.

Proof. We take the quotient field k of R and construct an embedding of fields k — C.
Since we have a canonical injective morphism R < k of rings this would prove the
proposition. Let k be generated by aj,as,...,a, over Q. The proof is by induction
on the number r. The case r = 0 is trivial as we have a unique embedding Q — C.
Let us assume the proposition for r — 1. We define k to be the subfield of k generated
by ai,as,...,a,1. By the hypothesis of induction we have an embedding k < C.
Let
A:={Pck[x]|P(a,) = 0}.

If A = {0} then we choose a transcendental number b over k and we construct
k < C by sending a, to b. If not then A is an ideal of k[x]. This ideal is generated
by a unique monic polynomial P(x). We take a number b € C such that the minimal
polynomial of b over k is P(x) and send a, to b. O

When we choose a transcendental number a then we have an infinite number of op-
tions, whereas when we choose an algebraic number over k we have a finite number.
For this reason, the number of embeddings R < C is infinite if the transcendendtal
degree of the quotient field k of R is strictly bigger than zero. The main motivation
behind Proposition is the following version of Lefschetz principal. For a prop-
erty P talking about schemes (and foliations on them) defined over a ring R, we may
assume that R C C and it has finite transcendence degree over rational numbers.
Therefore, in order to prove P, we can use all the possible transcendental methods.

Later in we will need to fix a subring R C R. In most of the cases this is
going to be

R = Z[%], orR:=F),.

The quotient field of R is denoted by €. The most famous rings in the present text
are the following
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1 1
Ri=7\|t,t,t3,——s— |, Ri=Z || 2.1
b 6(27t32—t§)} M @D

This appears in the study of elliptic curves in Chapter 9]

2.3 Schemes over integers

A basic knowledge of algebraic geometry of schemes would be enough for our pur-
poses, see for instance the first chapters of Hartshorne’s book [Har77] or Eisenbud
and Harris’s book [EHOOJ.

We will need schemes T over R which are covered with a finite number of affine
schemes of type Spec(R;), i = 1,2,..., where R; is the ring in In most of the
cases T := Spec(R). For our purpose, we make the following definition.

Definition 2.1 A parameter scheme T over R satisfies the following properties:

1. The morphism of schemes T — Spec(R) is of finite type. This means that there
is a covering of T by open affine subsets T; := Spec(R;) such that R; is a finitely
generated R-algebra.

2. T is irreducible, that is, the underlying topological space does not contain two
proper disjoint nonempty open sets. In particular, T is connected, that is, it cannot
be written as a disjoint union of two nonempty open sets.

3. T is reduced, that is, T is covered by open sets T; := Spec(R;) such that R; is
reduced.

Note that by definition an integral scheme is reduced and irreducible, and so, a pa-
rameter scheme T is integral. The ring (resp. field) of regular (resp. rational) func-
tions on T is denoted by £[T] (resp. £(T)). The most general example of a parameter
scheme of the present text will be introduced in §3.6]

Definition 2.2 Let T be a parameter scheme over R. A point # € T is a prime ideal
p of R;, where Spec(R;) is some open subset of T. It is called a closed point if
p is maximal, and hence, the quotient R;/p is a field. This is called the residue
field. An R-valued point comes further with an isomorphism of rings R;/p = R, or
equivalently, a surjective morphism of rings a : R; — R, for which the kernel of a
is the prime ideal used in the earlier definition. The set of i-values points of T is
denoted by T(R).

2.4 Differential forms on schemes

We will need the sheaf of differential 1-forms in T. It is enough to define it for the
case of affine schemes T := Spec(R). In this case for the definition of Qg = ol
and also .Q% see Section 10.3 of [Mov19].
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Definition 2.3 The dimension of the parameter scheme T is the smallest number
a such that Q-‘l‘fl is the torsion sheaf and 7 is not. The sheaf Q7 is called the
canonical sheaf of T.

Recall that a sheaf on T is called a torsion sheaf if any section s of this sheaf is
anihilated by some non-zero section of &7 in the same open set as of s. In practice,
we take smooth parameter schemes of dimension a, and hence, Q?“ is the zero
sheaf. For singular T, Q%H might be non-zero and it is well-known as Milnor or
Tjurina module in singularity theory, see for instance [Mov19|] Chapter 10.

The canonical sheaf of T is an invertible sheaf, that is, in local charts it is free
of rank 1. Therefore, it comes from a Cartier divisor in T, see Hartshorne’s book
[Har77], Propsition 6.13, page 144. When R = ¢ is an algebraically closed field
then the dimension of T is the maximum dimension among irreducible components
of T. The following definition will be mainly used in Chapter 3]

Definition 2.4 Let T be a parameter scheme of dimension # and let £2 be a sub-
module of the &1-module QF for some m > 1. We have

QN\Q" CQf. (2.2)

and so we have an ideal sheaf ZI(Q) C O, which we call it the zero ideal, such that
the left hand side of (2.2) is equal to ZI(£2) - Q4. The zero scheme of Q is defined
to be

ZS(Q) := Spec(07/Z1(Q2)).

2.5 Vector fields

Definition 2.5 Let T be a parameter scheme. The sheaf of vector fields is
Or:=(27)"

An element in @1 (U) for some open set U C T, is by definition an &1 (U )-linear
map Q}(U) — 01 (U) and it is called a vector field in U.

If T is a smooth variety over an algebraically closed field £, a vector field can be
also interpreted as a section of the tangent bundle of T. The &r-module of vector
fields @t is isomorphic to the sheaf of derivations.

Definition 2.6 A map v : 1 — Ot is called a derivation if it is i-linear and it
satisfies the Leibniz rule

V(fg) :fV(g) +V(f)g7 fag c ﬁT~

We denote by Der(&7) the Or-module of derivations.
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Proposition 2.2 We have an isomorphism of O1-modules

©r = Der(07),

Vs (f o v(df)).
Proof. This isomorphism maps the vector field v to the corresponding derivation v
obtained by

V(f) =v(df). (2.3)

Since in local charts Q+ is genereted as &r-module by d Oy, the equality (2.3)) also
defines its inverse V +— v. 0O
In Der(&1) we have the Lie bracket [vo,vz], vi,va € Der(&r) defined by

[Vi,v2] :=viovy —vpovy.

We have to show that [vi,v;] is a derivation. It is PR-linear becuase v; and v, are.
The Leibniz rule

vi,v2](fg) = flvi,val(g) +&[vi,va](f)

is left as an exercise to the reader.

Definition 2.7 Let f: T; — T, be morphism of 9i-schemes and v;, i = 1,2 be

vector fields on T;, i = 1,2. We say that f maps v; to v, if the following diagram
commutes: X |
QT2 — QTI

1 1 (2.4)

ﬁTz — ﬁTl
where the down arrows are respectively v, and vy.

Note that for f as above we have the induced map in the sheaf of differential 1-
forms, however, we do not have a morphism &y, — Or,.

Definition 2.8 Let T, T, be two 93-schemes and v be a vector field in T;. A parallel
extension of v in T X Ty is a vector field Vv in T x T, such that under the first
projection T x T, — Ty it maps to v and under the second projection T x T, — T,
it maps to the zero vector field, see Figure[2.1]

Proposition 2.3 The parallel extension of a vector field exists and it is unique.
Proof. By definition &7 .7, = O, ®% 0T, and hence
Q1 .1, = Q1, @ O, + O7, O3 Q1. (2.5)

For a Or,-linear map v : .Q-}-l — O7,, iFs par.allel ex.tension Q‘}'lez — O7,xT,
evaluated at the first piece (resp. second piece) in (2.3)) is v ® Id (resp. zero). O
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T, x{b}

T x{a} Ti x{c}
o] R | e
R /

L) W e

]

Fig. 2.1 Parallel extension

There are some other differential geometric objects that will be useful later. The
definition of Lie derivative is taken from Cartan’s formula

L Q8 - QL L i=doi,+iyod (2.6)

where i, is the contraction of differential forms with the vector field v. We have the
identities

L) = Lo, 2, 2.7)

i) = [Loyiv, [=[ivy, L. 2.8)

2.6 Projective schemes over a ring

In the present text we will need another class of schemes which are usually pro-
jective. For simplicity, we first explain this for schemes over the ring R defined
in We work with finite schemes X over R and we write X /R or say that X
is an R-scheme. This means that X is covered with a finite number of open sets
Ui, i =1,2,...,s such that U; := Spec(A;) and each A; is a finitely generated R-
algebra. In practice, we will only encounter projective schemes

X C P} :=PY xz Spec(R)

which is automatically closed. This can be thought as
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X :=Proj(R[xo,x1,- - ,an]/I),

where I is a homogeneous ideal of the graded ring R[xo,xj,---,xy] with usual
weights deg(x;) := 1. Later, we will also consider arbitrary weights. We denote by

X=X xrk

the variety over the quotient field k of R. This is also called the generic fiber of X.
In a similar way .
XR =X XR k

is the variety over the algebraic closure k of k. For a prime ideal p of R, we denote
by
Xp =X XR R/p

the fiber of X over p € Spec(R). This is an scheme over the residue ring R/p. It
is also called X modulo the prime ideal p. For any other ring R C R we also define
Xg := X xg R which is an scheme over R. An R-scheme X is called smooth if Xj is
smooth. We denote by X (R) and X (k) := Xy(k) the set of R- and k-rational points
of X. For two R-schemes X|,X, we will consider morphisms, isomorphism and
birational maps of R-schemes X; — X».

We introduce the above notation for families of projective schemes. A scheme
over R gives us a morphism of schemes X — T, where T := Spec(R). In general,
we will take T a parameter scheme described in A pointt € T is a prime ideal p
of R;, where Spec(R;) is some open subset of T. This gives us the projective scheme
X, over R/p. In this way, we can talk about the family of projective schemes with
fibers X;,t € T. We will also use the follwing equivalent notations

{X e, XJT, XCPY, X-T.

Note that if p is a maximal prime ideal then R/p is the residue field. If R is a finitely
generated £-algebra and £ is algebraically closed then all the residue fields are iso-
morphic to £ and X can be identified with the set X (£) of its closed points.

Definition 2.9 Let X be a projective scheme over T and let 7 : X — T be the corre-

sponding morphism of algebraic varieties over the field €. A point 7y € T(¥) is called
a regular value of 7 if the derivative of 7 at any point xo € X (€) with 7(x) = 1o
is surjective. It is called critical otherwise. The corresponding fiber X;, is called re-
spectively a regular and critical fiber. The morphism 7 is called smooth if it has

only regular values.

For a more general definition of a smooth morphism of schemes see [Har77], Chap-
ter 3, Section 10.
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2.7 Algebraic de Rham cohomology and Hodge filtration

Let X be a smooth projective variety over the ring R. We are going to use the al-
gebraic de Rham cohomology Hj, (X) of X and its Hodge filtration, both defined
over R. The main references on this topic are the original article of Grothendieck
[Gro66], Hartshorne’s work [Har75]] and Deligne’s lecture notes in [DMOSS&2]. In
all these articles it is assumed that R is a field of characteristic zero, however, for
our purpose we need to relax this condition and work over a ring. This forces us to
assume that the ring R is the function ring of a smooth affine variety T := Spec(R)
over a field ¢ of characteristic zero. Moreover, the morphism X — T is smooth, see
Definition [2.9] For families of affine varieties one actually needs that the field ¢ to
be of characteristic zero, see [Mov12b/]§2.4 for the discussion of de Rham cohomol-
ogy of compact and punctured elliptic curves. In a personal communication with P.
Deligne (December, 13, 2010) he writes:* For affine varieties, dR cohomology is
indeed bad in char. p: usually infinite dimensional (H° contains all p-th powers of
functions). The projective case is better, and for an abelian variety of dimension g,
one gets the expected exterior algebra over H', which is of dimension 2g, extension
of H' of ¢ by H® of Q!, both of dimension g. ” Using Brieskorn modules for tame
polynomials which is a finer version of algebraic de Rham cohomology one can
also work with a general Cohen-Macaulay ring R and the family X — T might have
isolated singular fibers, see [Mov19]. We believe that we can relax the conditions
over ¢ in a great amount and even we could work over a ring R instead of £. How-
ever, for the lack of references in the literature we will limit ourselves to a field £
of characteristic 0. Further discussions of this type are being collected in the book
[Mov20al].

Definition 2.10 For a smooth projective scheme X of dimension n over the ring R
the algebraic de Rham cohomologies

H(X) :=1Im (Hm(x,g;/R) = Hm(x,g;/k))  m=0,1,2,...,2n,

are R-modules in a natural way, where k is the quotient field of R.

For other m’s by definition we have H}j (X) = {0}. Further, we have the cup product
which is a R-bilinear map

Hi (X) x Hyg (X) — Hy 7™ (X), (a,B) — aUB. (2.9)
In each Hf; (X) we have the Hodge filtration
0=F"""'cF"c...cF'cF'=H}(X)
which is defined by

F1 = FIHGR (X) = Im (H" (X, 2470) — H"(X, 95 ) ).
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Each F1 is also an R-module. The cup product and the Hodge filtration satisfy the
relations ' ' o
FHW (X)UF/HR(X) C FHRE™(X). (2.10)

The embedding X — IP”'X gives us an element
6 € F'H% (X) (2.11)
which we call it the polarization. For m even number we write

62 :=0U0U---U0 c HIR(X).
N—_———

P
7 — times

In particular, for m = 2n we get the element 6" in the top cohomology Hgﬁ (X). The
trace map
Tr: Hi2(X) — R

is an R-linear map. Let
L' :Hix(X) = Hi(X), a—auUe'.

The m-th primitive cohomology is defined to be

HIR(X)o :=ker (L' HIR (X) — Hjn ™ (X)) .
The cup product composed with the trace map gives us the bilinear maps

() Hfp (X) x Hin ™(X) = R, (o, B) = Tr(aUPB) (2.12)
and

(,) Hig(X) x HRr(X) = R, (a,B)— Tr(aupue™™™). (2.13)

Note that the second bilinear map depends on the polarization.

Definition 2.11 By abuse of classical notations we define
HI"I(X) == FIHR (X)/JF7H HR (X) = H (X, 21). (2.14)

We say that o € HJ% (X ) is of type (j,m— j) if o« € F/H, (X) and o & F/ T HT (X).
We write
Type(a) := (j,m— j).
The Hodge numbers are
hi/ .= dim H'(X,Q}), 0<i+j <2n.

The Betti numbers are

by 1= hnl’0+h'n71’l+---+ho’m. (2.15)
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The dimensions of the Hodge filtration of the de Rham cohomologies of X are
hy, = h"0 4 h" bl (2.16)

We use subscript m to denote objects attached to the m-th cohomology. When we do
not use other cohomologies we usually drop this subscript. For instance, we write
b = by, to denote the m-th Betti number. The following statements are well-known.

1. The number Tr(6") is the degree of the projective scheme X C Pj.

2. The top cohomology is a R-module of rank one and the trace map is an isomor-

phism of R-modules.

The bilinear maps [2.12]and (2.13) are non-degenerate.

4. Hard Lefschetz theorem: the map L~ : H/% (X) — Hin™(X) is an isomorphism
of R-modules.

5. Lefschetz decomposition: we have

W

) ~
SqHir ! (X)o = Hyg (X)

which is given by @©,L9.

In the complex context, R = C the trace map is just

1
Tr(@) := i) /X(C)a. (2.17)

The appearance of powers of 27i-factors in period manipulations is also formulated
in terms of the so called Tate twist, see Deligne’s Lecture notes [DMOSS82]. For the
purpose of the present text, it is more convenient to write these factors explicitly and
not to use the Tate twist notation. For a projective variety X over a field £ of charac-
teristic zero, there is no canonical inclusion of H*"~/(X) inside H, (X). Therefore,
there is no canonical isomorphism between Hjj (X) and @7 (H""~'(X). For ¢ = C,
such a canonical inclusion and isomorphism exist and are given by harmonic forms,
see for instance [[Vo0i02]].

Proposition 2.4 Let X;,t € T be a family of smooth projective varieties and let X , X,
be two regular fibers of this family. We have an isomorphism

(H(;FR(X)vF*7Ua 9) g (HgR(X0)7F57U760) (218)

Proof. Tt suffices to consider families over the field of complex numbers. Further, it
is enough to prove the isomorphism for X = X; with 7 in a small neighborhood
U = (T,0) of 0 € T for which we have used the usual/analytic topology of T. We
can take sections @,; of the cohomology bundle H/%(X/T) in U such that 67’s
are included in this basis, and moreover, it is compatible with the Hodge filtration.
However, we need that the cup product to be constant (independent of ¢) in this
basis which is not clear why this must be the case. The following proof is due to P.
Deligne (personal communication May 12, 2019).
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Let G be the linear algebraic group of automorphisms of (Hjy(Xo),U,0). By
Ehresmann’s fibration theorem we have C* isomorphisms X; = X, ¢ € U which
gives us unique isomorphisms i : (Hjz (X;),U, 0) = (Hjz (Xo),U, 0). Note that the
uniqueness follows from the fact that U is simply connected. The Hodge decomposi-
tion in Hjy (X;) is given by the action of the multiplicative group G,, = (C—{0},-):
multiplication by z°~9 on H?4. This composed with i gives us a holomorphic fam-
ily of algebraic group morphisms i; : G,, — G for all t € U. We need to prove
that i;’s are conjugate, that is, there is a holomorphic map g : U — G such that
i (z) = g(t)"lio(z)g(t). In order to prove this we use SGA3 Vol. II, see [DG70]. “TX
3 uses cohomology to obtain infinitesimal statements. XI 4 proves representability
of the functor M of subgroupschemes of multiplicative type. XI 5 puts it all together
to prove that for an affine smooth groupscheme G/S, and M the scheme parametriz-
ing subgroupscheme of multiplicative type, M is smooth over S and the action by
conjugation of G on M gives a smooth morphism (action, Idy) : G XM — M x M”,
(P. Deligne, personal communication, August 14, 2019). O

A very important fact is that there is no canonical way to choose the isomorphism
(2:18). This is the driving philosophy behind the present text and it is the main
starting observation for the creation of new theories of modular forms.

2.8 Block matrix notations

In many occasions we fix a number 0 < m < 2n and work only with the m-th coho-
mology of varieties. In this case, we usually omit the subscript m, for instance we
write b, = b. We will usually use b x b matrices. For a b x b matrix M we denote
by M, i,j=0,1,2,...,mthe h"~" x h""~J-J sub matrix of M corresponding to the
decomposition (2.15):

MOO MOI M02 . MOm
MlO Ml MIZ oo MIm
P 20 pq21 22 2i
M =[M"7)] = M~ M~ M~ --- M

M-mO M'ml M;nZ . Mmm
We call MY i, j=0,1,2...,mthe (i, j)-th Hodge block of M. For a b x 1 matrix M

we denote by M, i =0,1,2,...,m the h"~" x 1 sub matrix of M corresponding to
the decomposition (2.13)):
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For any property ”P” of matrices we say that the property “block P or "Hodge
block P” is valid if the property P is valid with respect to the Hodge blocks. For
instance, we say that a matrix M is block upper triangular if M/ =0, i > j. In many
occasions, writing the general matrix might be confusing and so we reproduce the
matrices for m = 3,4 or 5. The general format of the matrix can be easily guessed
and reproduced from this case.

2.9 Moduli space

Let k = € be an algebraically closed field and let X C PV be a smooth projective
variety over k. We want to talk about all possible deformations of X, and the moduli
space of X. However, the contruction of moduli spaces in Algebraic Geometry is
usually a hard task, and it needs mastering of many techniques such as Geometric
Invariant Theory, see [MFK94]. In this section we briefly describe what we need to
know about moduli spaces in a more intuitional language. Further discussion of this

topic will be done in

Definition 2.12 By an algebraic deformation of a projective variety X C ]P’kN over
k we mean any fiber of a smooth proper family {X;};eT, X; C ]P’f(\' of projective
varieties over k with T smooth and connected. This is obtained by taking a closed
subvariety of IP’kN x T and projecting it to T. If necessary, we might replace T with
an open subset of T.

Let M be a moduli of projective varieties X over k. By this we mean a set of alge-
braic varieties such that

1. For any two variety X;,X> € M, there is a proper family {X;},c1, X; C PV of
algebraic varieties over k such that X; and X, are two regular fibers of the family,
that is, for some 11,7, € T(k) we have X; =X;,, Xo = X,,.

2. Any algebraic deformation of X € M in PV and over k is in M.

For k C C it follows from Ehresmann’s theorem (and its generalization to singular
varieties) that all the varieties in M are diffeomorphic and so from the topological
point of view there is no difference between them. The algebraic structure distin-
guishes the elements of M. Hodge numbers do not depend on the particular choice
of X € M because they are topological invariants. “To say that “Hodge numbers are
topological” is abusive. In a family, 4”7 is (locally) constant because it is upper
semi-continuous (as the dimension of a coherent cohomology group), while their
sum for p 4+ g = n is constant, being topological by degenerescence of Hodge to de
Rham”, (P. Deligne, personal communication, May 12, 2019).
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2.10 Flatness condition

Let X be a projective scheme over a parameter scheme T. It seems that in our way we
will need to assume that X is flat. The geometric notation X — T is more convinient
for this puropose.

Definition 2.13 Let 7 : X — T be a morphism of schemes. It is called flat if for all
x € X with t := 7(x), Ox x is a flat O ;-module, that is, for any finitely generated
ideal I C O, the map I/ ® Ox , — Ox , is injective.

For more details on flat morphisms see Hartshorne’s book [Har77], page 253. The
first important property of flat morphisms is that the dimension of fibers does not
change, see [Har77] Proposition 9.5 page 256. In our study of foliations in Chapter
[5] we will consider fibrations that might have fibers of different dimensions and
hence they do not enjoy flatness. The following theorem is the main reason for us
to assume the flatness condition throughout the present text. We will discuss Hilbert

schemes in

Theorem 2.5 A projective scheme X C IP’I-}’ over a reduced and connected scheme
T is flat if and only if all the fibers of X — T have the same Hilbert polynomial.

See for instance [EHOQ], Proposition III-56, and the references therein.

2.11 Hilbert schemes

In this section we gather some well-konwn facts concerning Hilbert schemes. Our
main references are Eisenbud and Harris’s book [EHOO|] and Mumford, Fogarty and
Kirwan’s book [MEK94]. Let k be a field and X C ]P’ﬁ’ be a projective scheme. By
definition X is given by a homogeneous ideal

I C k[x] :=k[x0,x1,...,xN].

Definition 2.14 The Hilbert function of X is
HF(-) =HF(X,:) : N— N, HF(X,Vv) := dimg(k[x]/I)y.
The Hilbert series is
HS(r) =HS(X,1) := Y HF(X,v)t".
v

Theorem 2.6 (Hilbert) There is a unique polynomial HP(X,Vv) in v such that
HF(X,v) =HP(X, V) for all sufficiently large v.
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The polynomial in the above theorem is called Hilbert polynomial. For a proof see
[EHOOQ|], Theorem III-35, page 125. The following examples are useful to carry in
mind:

1. For the projective space X = IP’{:’ we have

1 V+N
HS(¢) :== ——=—, HF(v)=HP(v) = .
0= gy 1R =10 = (V1)
2. For a complete intersection X of type (dy,ds,- - ,d;) we have

(1—tM) (1 =12 (1 —1%)

HS(7) := (=

3. For a hypersurface X of degree d in PV:
1—1 V+N v—d+N
HS (1) == N ) - ( +

(LR HF(v)HP(v)( N N > (2.19)

We consider the set of all projective varieties X C IP’{:’ with a given Hilbert poly-
nomial P. In fact, we have the Hilbert scheme Hilbp(P") whose k-rational closed
points will be a good substitute for M introduced in

Let P be a fixed Hilbert polynomial. Let us consider the following functor:

h:{ schemes} — {sets}

where for a scheme T, h(T) is the set of schemes X C PY flat over T whose fibers
over points of T have the Hilbert polynomial P. The functor # is representable and
a more precise result is given below.

Theorem 2.7 There is a projective scheme Hilbp(IP’%’ ) C IP% over 7 and a closed
subscheme
W C P x Hilbp(P})

which is universal, that is, for any closed subscheme X C IP’% X T flat over T whose
fibers over points of T have the Hilbert polynomial P, there is a unique morphism
f: T — Hilbp(P)) such that X is the pull-back of W under the map

Id x f: P) x T — P} x Hilbp(P}).

For more details and further references on Hilbert schemes see the book [MEFK94]
Chapter 0, Section 35, see also [EHOO] page 263. An important feature of this theo-
rem is that Hilbp(IPY) is projective and so there is a homogeneous ideal / C Z[f] =
Zlty,t1,- -+ ,ty] such that

Hilbp(PY) = Proj(Z[t]/I).

The reductive group
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G :=GL(N+1) = Aut(PY)

acts from the left on IP’%’ and hence it induces an action on the Hilbert scheme:
G xz Hilbp(PY) — Hilbp(PY), (g,1) — gt.

This follows from the universal property of the Hilbert scheme.

2.12 Group schemes and their action

In this section we recall some basic definitions related to group schemes and their
actions. As usuall all schemes are over R. For missing definitions see [MFK94].

Definition 2.15 A group scheme G acts from the left on 7 : X — T (or simply
on X/T) if it acts from the left on both X and T and its action commutes with the
morphism X — T, that is,

GxX =X

{ { (2.20)
GxT—T

commutes, where the first down arrow is Id x 7. In geometric terms, this means that
n(gx)=gmn(x), xeX, geG.

It follows that the action of g € G on X induces an isomorphism X; — Xg;, X+ g-x

foranyreT.

In a similar way we define a right action. In Chapter 3| we will to consider the action
of two groups in the same time.

Definition 2.16 Let G and G be two group schemes acting on an scheme X from
the left and right, respectively. We say that the actions of G and G are independent
from each other if the canonical compositions

(GXxX)xG—=XxG—=X,
Gx(XxG) = GxX—=X,

are the same. In geometric words

g(teg)=(gt)eg, g€G,1eX geG. (2.21)
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2.13 Stable points

For the preparation of this section we have used Newstead’s book [New78], see also
his lecture notes in Guanajuato.| Let X C IP’ADQ be a projective scheme over R. We
consider a group scheme G which acts linearly from the left on X, that is, we have
a representation G — GL(N + 1), G acts on ]P’Q% through this representation, and X
is invariant under this action. It turns out that G acts on the space of polynomials
R[Xo, X1, -, Xy]. For a homogeneous G-invariant polynomial f, let

X;i= {x e X’f(x) 4 0} (2.22)

which is a G-invariant affine open subset of X.

Definition 2.17 A point x € X is called semistable for the action of G if there exists
a G-invariant polynomial f such that x € X;. It is called stable if it has finite stablizer
(or equivalently dim(G -x) = dim(G)) and there is an f as above such that G acts
on Xy and all the orbits of G in Xy are closed.

Definition 2.18 Let X and G as before. A morphism of Si-schemes ¢ : X — Y is
called a good quotient of X by G if

1. ¢ is an affine and surjective morphism. Recall that ¢ is affine if the inverse image
of every affine Zariski open set in Y is affine.

2. ¢ is constant on orbits.

3. For U a Zariski open subset of ¥, the induced homomorphism ¢* : Oy (U) —
Ox (¢~ (U))S is an isomorphism. Here, Ox (¢~ (U))C is the ring of G-invariant
functions.

4. If W is a Zariski-closed G-invariant subset of X, then ¢ (W) is also closed in Y.

5. If W, and W, are Zariski closed G-invariant subsets of X and W; "W, = 0, then
¢(W1)No(W2) =0.

In this case we write ¥ = G\\X. It is called a geometric quotient if it is a good

quotient, and an orbit space, that is, we have a bijection between the set of orbits
{G-x, x € X} and Y which maps G -x to ¢(G - x). In this case we write Y = G\X.

Let X* and X* be the set of semistable and stable points of X, respectively.

Theorem 2.8 Let G be a reductive group acting linearly on a projective variety X.
Then

1. There exists a good quotient ¢ : X*° — Y andY is projective.

2. The image Y* of the morphism @ restricted to X* is a Zariski open subset of Y
and Y* = G\X® is a geometric quotient of X°.

3. For x1,x € X*,¢(x1) # ¢(x2) if and only if

Gx1 N Gx N X¥=0.

4. For x € X*, x is stable if and only if x has finite stabiliser and G - x is closed in
X5,
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The fact that Y is projective implies that we have a natural compactification of the
orbit space X*. As a corollary of Theorem 2.8 we have

Proposition 2.9 Let f: X1 — Xo be a morphism of R-schemes, and consider an ac-
tion of the reductive group G from the left on f (see Definition|2.15) and two points
x1 € X1, x2 € Xp. Assume that f is a finite morphism, that is, there is a covering of
X> by open affine subsets U; = Spec(R;) such that f~'(U;) = Spec(R;) is affine and
R; is a finitely generated Ri-algebra. If x is stable (resp. semistable) for the action
of G then x1 is also stable (resp. semistable) for the action of G.

This, for instance, will be used in Theorem Note that families of projective
varieties over a Hilbert scheme is not finite, and so this observation cannot be applied
in this case. For this reason many times, coarse moduli spaces exist, however the
universal familes do not.

2.14 Group actions and constant vector fields

Let G be an algebraic group scheme over fR and let v be a vector field in G. We are
going to consider the parallel extension of v in G x G. For this we have to consider
v a vector field in the first or second factor of the product G x G. This will not be
important for the definition below:

Definition 2.19 The Lie algebra of G is

Lie(G):={ ve HY(G,0g) | the parallel transport of v
in G x G is mapped to v under the multiplication morphim G x G — G }.
In the rest of this section we will work with an algebraic group G over an alge-

braically closed field €. The reader might try to formulate and prove the scheme
theoretic version of what follows.

Proposition 2.10 If G is an algebraic group over an algebraically closed field € and
1 is its identity element then the evaluation at 1 € G map

Lie(G) — TG, (2.23)

induces an ismorphism of €-vector fields, where TG is the tangent space of G at 1.

Proof. The inverse of the map (2.23)) is obtained in the following way. Any element
g € G induces an isomorphism ig : G — G, x +— x-g. For a vector vi € T1G we can
consider an element v € Lie(G) such that vy € TG at the point g is the push-forward
of v under the isomorphisn

Dlig : TlG — TgG.

The vector field v is characterised by the fact that it is invariant under ig for all g.
The last part of the proof has inspired the definition of Lie(G). O
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Let us consider Lie(G) as a constant sheaf with values in Lie(G) defined in (2.19).
For simplicity we do not produce new notations. We have a canonical inclusion of
sheaves

Lie(G) C O¢

In a similar way, we have also a canonical inclusion of sheaves

Lie(G)" C QL.

Proposition 2.11 We have

O¢ = Lie(G) ®¢ O,
Q(l; = Lie(G)v R OG.

Proof. This follows from the fact that at each point g of G the elements of Lie(G)
evaluated at g form a basis of TgG. 0O

Definition 2.20 An element of the Lie algebra Lie(G) is denoted by g. Later, we
will also use another (reductive) group G and an element of Lie(G) is also denoted

by g.

Proposition 2.12 Let G be an algebraic group acting from the right on a variety T
non-trivially, all defined over an algebraically closed field €. There is a canonical
homomorphism of Lie algebras

i:Lie(G) — H(T,0r), g vy (2.24)

which is uniquely characterized by the following property: for g € Lie(G) viewed
as a vector field in G, its parallel transport in T x G is mapped to vy under the
morphism of group action Tx G — T .

Note that the proposition can be also stated for group schemes.

Proof. Let g € Lie(G) and consider its parallel transport § in T X G. The vector field
Vg as an element of (Q})V is the following. It sends the differential form o € Q-lr to
the pull-back of o under the action morphism T x G — T and then evaluated at §.
After this evaluation one gets a regular function in T x G and one has to check that
it is a pull-back of some regular function in T by the projection map T x G — T in
the first coordinate. O

One might be interested in cases, where the map i is an injection. For this one might
impose conditions on the the action of the algebraic group G, for instance, the action
is not trivial in the sense that the action morphism G x T — T is not constant (its
image is not a point). It is well-kown that if the action is free then i is injective, see
[Ham17, Proposition 3.4.3].
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Definition 2.21 Following [LMS87, Chapter IV], see also [Ham17, §3.4] we call v
the fundamental vector field corresponding to g € Lie(G). We also call i in (2.24)
the fundamental vector field map.

One can also describe vy in a more geometric fashion. For r € T let
J:G=T, jlg)=teg. (2.25)

Let us identify Lie(G) with the tangent space of G at 1 € G. For g € Lie(G) we have
to define vy, ¢ € T which must be a vector in the tangent space of T at . The
vector vy, is defined to be the image of g under the derivation of j. Note that under
the derivation of the action morphism T x G — T over the point (¢,1), the vector
(w,g) maps to w+vg ;.

Proposition 2.13 For a regular function f € Ot we have

d(foj)(g) =df(vg), Vg€ Lie(G),

where the first d refers to the differential operator in G and the second d refers to
the differential operatorin T .

Proof. This follows from the fact that under j the vector field g € ®¢ is mapped to
the vector field vg € @y. O

Later in §5.10|we will use the foliation .% (G) induced by the image of the map
(2:29). This is one of our main examples of foliations with leaves of different codi-
mensions.

2.15 Gauss-Manin connection

The Gauss-Manin connection from a topological point of view is simple to describe,
however, it becomes computationally complicated from an algebraic point of view.
The topological description is as follows.

Let X — T be a family of smooth projective varieties over C. By Ehresmann’s
fibration theorem, this is a locally trivial C* bundle over T, and hence, it gives us
the cohomology bundle

H :=U,eTH™(X;,C)

over T whose fiber at t € T is the m-th cohomology of the fiber X,, for more details
see [Mov19]] Chapter 6. This bundle has sepecial holomorphic sections s such that
for all t € T we have s(r) € H"(X;,Q). These are called flat sections. In a small
neighborhood Uof t € T we can find flat sections sy,s2,...,sp such that any other
holomorphic section in U can be written as s = 2?11 fisi, where f;’s are holomorphic
functions in U. The Gauss-Manin connection on H is the unique connection on H
with the prescribed flat sections:
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H(X,, Z)= Hp(X,)

Flat section

Fig. 2.2 Gauss-Manin connection

b b
V:H— Qr®¢. H, V (Zﬁs,-) =Y dfi®s,
i=1

i=1 i

see Figure for a pictorial description of Gauss-Manin connection. The alge-
braic description of the Gauss-Manin connection is done by N. Katz and T. Oda
in [KO68], see also Deligne’s Bourbaki seminar [Del69]. Its computation usually
produces huge polynomials and the available algorithms work only for families
of lower dimensional varieties with few parameters. For more on this topic see
[Mov12b]. In this text we will only need the following information about
the algebraic Gauss-Manin connection.

Let X — T be a family of smooth projective varieties over a field £ of character-
istic 0 as in §2.6] For a fixed 1 < m < 2n, the m-th de Rham cohomology bundle
H™(X/T), which one must look at it as a free sheaf on T, enjoys a canonical con-
nection

V:HRX/T) = Qi@ Hig(X/T), m=0,1,...,2n

which is called the Gauss-Manin connection of the family X — T. It satisfies the
following properties:

1. The polarization 8 € H% (X/T) is a flat section, that is,
V(0) =0, (2.26)
2. For oo € Hyg (X/T) and B € HyZ (X/T) we have
VieUB)=V(a)UB+aUV(B). (2.27)

3. We have . .
V(FIHR(X/T)) C F H (X/T), i=1,2,... (2.28)
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which is called the Griffiths transversality.
4. V sends the primitive cohomology H™(X/T)y to itself, and hence, it respects the
Lefschetz decomposition. This follows from item [T]and 2]

The Gauss-Manin connection induces maps

Vi Qr @0, Hin(X/T) = QI @p HIN(X/T), (2.29)
Viieaew)=da®o+(—1)aAVe, o € QF, oc HE(X/T),
fori=0,1,2,..., and it is an integrable connection, that is,
Vip10V; =0, i=0,1,2,.... (2.30)

2.16 Infinitesimal variation of Hodge structures

The infinitesimal variation of Hodge structures, IVHS for short, is a partial data of
the Gauss-Manin connection and cup product for families of projective varieties. It
is also a computable part of it by means of closed formulas, at least for hypersur-
faces. It was developed by Griffiths and his coauthors in a series of papers [CG80]]
[CGGHA&3], and it produced many applications such as Torelli problem for hyper-
surfaces, see also Harris’ expository article [Har85] on this topic. In this section we
introduce a slightly more general version of IVHS by considering the whole coho-
mology ring, whereas in the literature one defines it in a fixed cohomology. There is
a close relation between our IVHS and the theory of modular vector fields developed
in Chapter 6} This relation has been partially discussed in [Mov17c].

Let Y/V be a family of smooth projective varieties. By Griffiths transversality
theorem, the Gauss-Manin connection of Y /V induces maps

Vi Uev H* (%, Q)5) = Q) @4, Uiy H (v, Q05 Y), k=0,1,....m.
(2.31)
Here, we have used the canonical identification in (2.14). From now on we use the
notation
H" = H (v, Q).
One usually compose V; with vector fields in V and arrives at the blinear map in the

first entry of

§=8ux =0 : T,V — Hom (H{”*"v",H,’”*"*“‘“) , (2.32)

H[m—k,k < H:’ll_k,’k/ N Htin+m’—k—k’,k+k" (aaB) — o Uﬁ, (2.33)
1,1 nn ~ . o
0cH, ", Tr:H" =t Tr(a):= o (2.34)
The second entry is induced from the cup product 2.13)) in the de Rham cohomol-
ogy of fibers of Y /V and for simplicity we have also denoted it by U. The element
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0c H,l’1 is induced by polarization and Tr is induced by the trace map in de Rham
cohomology. We will drop the sub indices of §; being clear in the context where it
acts. In the literature instead of (2.33)) one mainly finds

Q=0umi=0 : H" ™ xH" ¢ k=01,..m, (2.35)
o(a,B) :=Tr(aUpUBO™™).
It is a non-degenerate bilinear map.

Proposition 2.14 We have the following equalities

d(w)od(v)=68(v)od(w), WweT,V, (2.36)
() (aUB)=8)(a)UB+auUd(v)(B), (2.37)
VaecH" ¥¥ BeH"¥¥ veTy,

5(1)(8) =0, ve T,V. (2.38)

Note that for Q the equality becomes:
Orr1(8(v) (), B) + Qi@ Sm—r—1(v)(B)) =0,

Va e H" " B eH Ry e T

Proof. The proposition follows from similar equalities for the Gauss-Manin con-
nection and cup product in cohomology, see (2.30), (2.27) and (2.26).

The equalities (2.36) and (2:37) in our context of enhanced families is given in (6.30)
and (3:22), respectively.

Definition 2.22 The collection of data (2.32)), (2.33) and (2.34) with (2.36), (2.37)

and (2:38) is called the infinitesimal variation of Hodge structures at the pointz € V.

For now we do not need the integral cohomology H™(Y;,Z) C Hj}(Y;) and so we
have omitted it from the above definition. One may use a theorem of Griffiths which
says that & is the composition of the Kodaira-Spencer map

T,V — H'(Y,,6y) (2.39)
with
8 =Sy =8 : H'(Y,0y,) — Hom (Hk(Y,,.Qg”k), Hk“(Y,,.Q;:”k’l)) (2.40)

Sui(V)(®) = iy,

where i, is the contraction of differential forms along vector fields. For the definition
of Kodaira-Spencer map see [Vo102[], 9.12 or [Mov20a]. Sometimes in the literature,
for the definition of IVHS, & in (2.32)) is replaced with & in (2.40).
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We will need the version of IVHS for primitive cohomologies. For this we will
need to define the part of H'(Y;,®y,) responsible for deformations of ¥, inside a
projective space. Note that we have

8,1 :H'(Y,,0y,) — Hom (H' (Y,,Q}), H*(Y,, 6y,)) (2.41)

and the polarization 6 € H'(Y;, Q).

Definition 2.23 The primitive part of the deformation space of Y; is defined in the
following way

H'(Y,,0y)0 := {veH‘(n,@y,) 8.1(v)(0) :0}. (2.42)

This is a natural definition because the polarization as a global section of HC%R(Y /V)
is flat for the Gauss-Manin connection. Note that the image of the Kodaira-Spencer
map is in H'!(Y;, ®y,)o, and so, we can also consider the Kodaira-Spencer map as

T,V — H'(Y;,6y)o. (2.43)

We may also define the primitive cohomologies
H (Y, Q) = {w er(Y,.ng*")’wues :0}, (2.44)

where s =n—m-+ 1 form <nand s = 1 for m > n, and it is easy to see that d sends
primitive pieces to each other.

2.17 R-varieties

This section is the continuation of §2.16] We define the notion of an R-variety which
is the generalization of many classical varieties in the literature, such as abelian and
Calabi-Yau varieties. For simplicity we use the notation X = ¥;. Let us consider the
direct sum

IVHS := ¢H" (X, Qy), (2.45)

equipped with the cup product U and polarization 8 € H'(X,Q}) and call it an
IVHS ring.

Definition 2.24 A linear map & :IVHS — IVHS is called an IVHS map if it satisfies
all the properties of § as before, that is, it sends the graded pieces of IVHS as in

(2:32) and it satisfies (2.37) and (2.38).

We denote by A the set of all such 5’s. Note that A is not a group and composition
of two 0’s is no more an IVHS map. By definition we have a linear map

H'(X,0x)0 = A, vies 8(v). (2.46)
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The property (2.36)) means that the two IVHS maps 6(v) and d(w) commute and it
does not appear in the above definition. We have canonical projections

A — Hom (Hk(x,ggyfk)o, H<(x, Qmk1 )0) , (2.47)

and denote its image by A,, .

Definition 2.25 A smooth projective variety X of dimension n over £ is called
an R-variety if there is 0 < m < 2n and 0 < k < m such that the composition
H'(X,0x)0 — A — A,k 18 an isomorphism of £-vector spaces. An R-family ¥ — V
is a family whose fibers are all R-varieties.

We could also consider direct sum of many A,, ; in which case we get an even more
general definition. For lack of examples, we content ourselves with Definition[2.25]
In general, the map is not surjective and so the following is a weaker version
of the above definition.

Definition 2.26 A smooth projective variety X of dimension n over ¢ is called an R-
variety if there is 0 <m < 2n and 0 < k < m such that the folowing is an isomorphism
of E-vector spaces

H'(X,Ox)o — Hom (Hk (X, Qm=HY,, Hk“(X,Q)’?’k’l)o) . (2.48)
The class of R-varieties includes Calabi-Yau varities in §13.2] Abelian varieties in

§11.3| and smooth hypersurfaces of degree d and dimension n with d|(n+2) in
§12.4

2.18 Full Hilbert schemes

Let V C Hilbp(IF’Q’ ) be a Zariski open subset of a Hilbert scheme parametrizing
deformations of smooth projetive varieties Yy C P’g’ and and let Y — V be the corre-
sponding family of smooth projective varieties. Recall from §2.TT|that the reductive
group G acts from the left on V and its Lie algebra can be interpreted as a €-vector
space of vector fields vy in V. The following property seems to be valid in many
interesting cases such as hypersurfaces.

Definition 2.27 A Hilbert scheme Hilbp(P@’ ) is called full if the Kodaira-Spencer
map
T,V — H'\(Y;,6y)o (2.49)

is surjective for allt € V and its kernel is given by vector fields vq,, g€ Lie(G).

The surjectivity means that we capture all deformations of ¥; within the Hilbert
scheme. The assertion about the kernel is also natural becuase it says that via the
Kodaira-spencer map H'(Y;,0y )y is identified as a tangent space of the moduli
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space G\V at ¢. Our main example for full Hilbert schemes are parameter spaces of
hypersurfaces, see Chapter[12]






Chapter 3
Enhanced schemes

In one of the seminar programs that we had with the physicists at IAS, my wish was
not to have to rely on Ed Witten but instead to be able to make conjectures myself.
1 failed! I did not understand enough of their picture to be able to do that, so I still
have to rely on Witten to tell me what should be interesting, (P. Deligne in [RS14)]
page 185).

3.1 Introduction

In this chapter we introduce projective varieties enhanced with elements in their
algebraic de Rham cohomologies. Later, in §3.11|we will discuss the construction of
the moduli of such objects. Before doing this we have to anlayze enhanced varieties
in families and this is one of the main reasons why in this chapter we elaborate
the concept of an enhanced projective scheme. One can even do it in the context of
stacks, however, for the lack of motivation we avoid this. For a history and the main
references in the literature on this topic see the introduction of §3.11} Our main
examples are the case of elliptic curves, which is originally treated in the author’s
lecture notes [Mov12b], and the case of mirror quintic treated in the book [Mov17b].

3.2 A marked projective variety

Recall our terminology of algebraic de Rham cohomology in For the definition
of enhanced schemes we need to fix a field £ C R which in most of the cases is
going to be Q. For arithmetic purposes it would be essential to proceed with the
ring Z[%] for some natural number N, and not the field of rational numbers. In
general, we will consider parameter schemes T over ¢ for which T := Spec(R) is
going to be a particular case, see We also fix a projective scheme Xy over &.
From a geometric point of view, see we fix a point Xp in the moduli space M.

33
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Frequently, we will need to fix a basis

i, m=0,1,2,...,2n, i=1,2,...,by,
of the free ¢-module HJ (Xo). Let us write

am,l
am,Z
Oy i = O3

am,bm
This basis has the following properties

1. Itis compatible with the Hodge filtration of Hj, (Xo).
2. It is compatible with the Lefschetz decomposition of Hj,(Xp). In particular,
Copm = 0, UOB"™" m <nand o, = 6".

For many examples such as elliptic curves, we will take o, = %9", where d is the
degree of Xp. In the complex context this is equivalent to say that the integration of
o, over X is one.

We write the bilinear form (2.13) in this basis &,; and define

qu — [<am’ a};{” — [<a)n,i7 am,j>]’ m = 0, 1, ey n. (31)

In general, we define the b, X b, matrices &, ., ; with entries in £ through the
equality
bn11+m2

[0, Ut ] =Y Prny g i Oy myi (3.2)
i=1
Note that using Hodge blocks, the matrix @,,, ., ; has many zero blocks. For in-
stance, Py, 2,—m,1 is block upper anti-triangular, that is, it has the format

0000 %
000 %%
D, =100 % % %
0 % * % %
* ok K ok %

(a sample for m = n = 5). It is quite reasonable to take a basis of the de Rham coho-
mology of the marked point Xy such that the matrix @, has the simplest form, that
is, with many zero entries. This will be done case by case. Sometime our notations
such as Hlf (Xo)o, carry a subindex O which referes to primitive cohomology. We
sometimes omit this subindex, being clear in the context with which cohomology
we are working with, primitive or usual de Rham cohomology.
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3.3 An algebraic group

Recall that we have fixed an algebraic scheme Xy over the field £. The algebraic

group
G:= Aut(Hx (Xo), Fy,U, 6p)

is a group scheme over £ and plays an important role throughout the present text.
By definition, for m = 0,1,2,...,2n we have a b,-dimensional representation of
G. Using Hard Lefschetz theorem and by our choice of the basis of Hjg(Xo), by
and by, _,, dimensional representations are the same. We sometimes fix a basis o,
of Hj,(Xo) and write the representation of g as a b,, x b,, block upper triangular

matrix:
%k %k %

0 % * * %
gm = 00 x*x*
000 % %
0000 %

(a sample for m = 4). The matrix g, is defined through the equality

tr

g(04) = Gy - G- (3.3)
It satisfies the following equalities
8o Pugm = Prn- (3.4)

We have the usual left action of G on Hj,(Xp), however, we transform it into the
right action by taking dual of £-vector spaces:

Hip(X0)" x G — Hip(X0)", (0,8) — weg, (3.5)

where @ e g € Hj (Xo)¥ maps a € Hjz (Xo) to ®(g(a)). We can also see this right
action in the equality (3.3). The following proposition will be useful later in the
discussion of Hodge cycles. Recall the Hodge block notation of matrices in

Proposition 3.1 For m an even number, the map (2.13)) induces a well-defined non-
degenerate bilinear map

m

H?5 (Xo) x H2'3 (Xo) — &

and so

m

(&n2) " P “gn > =Pn *. (3.6)

Proof. The proof follows from (2.10) and (2.1T). It is non-degenerate because (2.13))
isso. O

When m is fixed in the context, we sometimes omit the subscript m and, for instance,
identify g with g,,. The Lie algebra of G is given by
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Lie(G) =

{8 € End(Hix (X0). Fy 60) gaUB + aUgB =0, Vi, B € Hjp(X0)}.  (37)

For more information on algebraic groups the reader is referred to [Bor91, [BorO1}
SprI8||. See also [Mur(3] for a fast overview of the main results for algebraic groups.
In many interesting cases such as elliptic curves and mirror quintic Calabi-Yau
threefolds, the algebraic group G is a Borel subgroup of GL(N).

3.4 Enhanced varieties

Recall our notations in of projective schemes over parameter scheme T,
which in turn, is a scheme over the field €.

Definition 3.1 An enhanced scheme is a pair (X/T, o), where X is a smooth pro-
jective scheme over T and ¢ is an isomorphism

* a * *
(Har(X/T),F*,U,0) =~ (Hig (Xo0), Fy U, 60) ®¢ OF. (3.8)
By (3.8) we mean the following. For each m there is an isomorphism of sheaves
o Hi§(X/T) — HJ} (Xo) ®¢ Ot such that
1. It respects the Hodge filtration, that is, for all p

o(FPHIR (X/T)) = FPHiR (X0) Q¢ Or.
2. It respects the cup product, that is,

oo Um) =a(o)Ua(m)

for all w; € Hjp (X/T), i=1,2.
3. Itsends 6 € Hi (X/T) to @ 1 € H% (Xo) @ O

Note that (3.8) induces isomorphisms in the level of fibers:

42
(Hir(X;), ", U, 6;) = (Hir(X0), Fy, U, 60)- (3.9

One usually take Xj a fiber of X — T over 0 € T and in this way the notation X for
a marked projective variety is justified.

One could generalize Definition [3.1] by adding more structure to X, such as
torsion point structure in the case of elliptic curves, fixed algebraic cycles in X,
morphisms from a fixed variety to X and so on. We will introduce such enhanced
schemes case by case. For instance see Chapter |10] for the case in which X is a
product of two elliptic curves.

Let us discuss Deﬁnition@]in the geometric context, that is, to define enhanced
families. The cohomology bundle Hj (X/T) and its Hodge filtration bundle be-
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comes trivial via the map . Further, we have a global section 6 € Ha (X/T). From
now on, when we talk about an enhanced scheme or family (X, &), we simply write

o
Hig(X/T) = Hig(Xo) ®e O7

instead of (3.8)), keeping in mind that ¢ preserves the Hodge filtration, cup product
and the polarization.

Definition 3.2 An enhanced projective scheme (X /T, o) is full if we have an action
of the algebraic group G from the right on both X and T such that it commutes with
the morphism X — T, and it is compatible with the isomorphism (3.8), that is, the
induced left action of G on Hj (X/T)

G X Hag (X/T) = Hgg (X/T),
(gos)(r) :=s(reg)eg™', g€ G, s€ Hp(X/T), 1€T
under the isomorphism ¢ is the canonical left action of G on Hj, (Xo) x Or:
G x (Hgr(Xo) X O7) = (Hr(X0) x O7), ge(0,f) = (g(®),gef).

Note that G acts from the right on T and from the left on the space of functions on
T and also the sheaf of sections of the cohomology bundle Hjy (X/T). In terms of
fibers of X — T, Definition [3.2]says that we have an isomorphism

fi: Xieg 2 X;, x> xeg !, (3.10)
and the following diagram commutes:
Hin(X) 55 Hi (Xieg)
dR\A drR\Areg

at\lr J/atog
Hjp (Xo) 5 Hjgp(Xo)

Therefore, we have an isomorphism of enhanced schemes over £
(thog7at0g)g (XtagOat)a [ET, gE Ga (311)

where o is the usual composition of functions.

Example 3.1 Our main example of full enhanced schemes is the following three
parameter family of elliptic curves. This is the main ingredient of the theory of
quasi-modular forms in [Mov12b]:

X y2—4(x—t1)3+t2(x—l1)+l‘3 =0,

1
T :=Spec | ¢ |t1,12,3, —5—= | |-
p ([1 2327t32—t§D

Note that X is written in the affine coordinate (x,y). The algebraic group G is
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o~{o)

and its action on X is given by

k’ee,kee—{O}} (3.12)

(x7y7t17t2at3) eg = (kzx_ k/k7 k3y7 l‘lki2 +k/kil ) t2k747 l3k76)7
for more details see [Mov12b]] Proposition 6.1 and Chapter 9}

Definition 3.3 A morphism (X;/T;,) — (X»/T»,B) of two enhanced projective
schemes is a commutative diagram

X1 = X

A \:
T1—>T2

such that
Hig(X2/T2) — Hgi(Xi/Th)

{ 1
Hir (Xo) ®e O, = Hig(Xo) ®e O,

is also commutative.

Remark 3.1 The most similar concept to our enhanced varieties is the notion of
frame bundle used in topology, see [Ham17, §4.4]. The compatiblity of ¢, ;’s with
the Hodge filtration and the constancy of the cup product make our notion much
finer than the notion of frame bundle. Moreover, note that due to the automorphisms
of projective varieties the projection T — T/G is not necessarily a fiber bundle.

3.5 Weakly enhanced varieties

In this section, we introduce the content of and removing the cup prod-
uct structure. The main reason for this is that many geometric problems related to
Hodge loci do not need the cup product structure of de Rham cohomologies. How-
ever, for the introduction of geometric automorphic forms and topological string
partition functions the cup product structure becomes an essential ingredient. The
new notations reproduced in this section are obtained by putting tilde on the old
notations.

Definition 3.4 We define the algebraic group
G := Aut(Hjx (Xo), Fy , 60)

and in a canonical way we have b,,-dimensional representations of G given by (3.3).
A weakly enhanced scheme (X /T, ) is given by
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* /T * o * *
(Hip (X/T),F*,0) ~ (Hr (Xo), Fy , 60) ®¢ O (3.13)

In a similar way as in Definition[3.2] we can define full weakly enhanced schemes.

We have many functions on the space T that can be constructed as follows Similar
to the case of enhanced varieties, we fix a basis of Hjy (Xo) as in §3.2] The pull-
back of this basis by the isomorphism & gives us global sections of H;R (X /T). We
denote it again by @, ;. The cup product in Hj, X/ T) is no more constant. We write
the equalities @I) and we get matrices @y, ,,; whose entries are functions on the
space T. Let

fiT— A (3.14)

be the map given by all such functions. Let us assume that we have a point pg € T
such that the fiber of X /T over pg is Xp and « in (3.13) indueces the identity map
n (Hjp (Xo), Fy', €0)-

Proposition 3.2 Let T := f~'(f(po)). We have a canonical enhanced family X/ T
such that the following diagram commutes:

T T

o1
X — X

Moreover, if X /T is full then X/ T is also full.
Proof. We define X := 7~ !(T) and X/T is the desired enhanced family. O

The map is a morphism of algebraic schemes over £ whose fibers are either
empty or enhanced families of projective schemes (with possibly different marked
varieties Xp). If there is no danger of confusion, we will drop tilde sign from our
notations above; being clear which we mean: enhanced or weakly enhanced case.
In particular, the algebraic group G will be either G (weakly enhanced case) or G in

$B.3]

3.6 Constructing enhanced schemes

Let #: Y — V be a family of smooth projective varieties defined over €. In this
section we construct a family X — T of (weakly) enhanced projective schemes using
7. This is done by adding additional parameters apart from those in V. Our main
example for w : ¥ — V comes from an irreducible component of a Hilbert scheme
and the corresponding family of projective varieties. We have to remove singular
fibers in order to get ¥ — V. We would like to construct the total space T of all
the basis of the de Rham cohomology bundles Hjx(Y:), t €V compatible with
the Hodge filtration. Once the variety T over ¢ and the canonical projection T —
V is constructed, X is the fiber product of ¥ — V and T — V. We give explicit
construction of affine charts for T and X.
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Around any point of V we can find a Zariski open neighborhood V¥ and global
sections ®f = [(u,’:l > wlr:ll? ey wfn.bm]“ of the relative de Rham cohomology sheaf

of Y /V such that f, at each fiber Hj; (;), t € V* form a basis compatible with the

Hodge filtration. Let Sk = [Sﬁm ;| be a Hodge block lower triangular by, x by, matrix

with unknown coefficients S’,‘n_i i We consider S¥

m,ij 3 variables and define

k._ k _ P
U '_Spec(k[sm’ij’det(S’,‘n)’ m=0,1,2,...,2n, 1,J-1,2,...,bm]>.

The variety U* is a Zariski open subset of AY, where
2n 1 5 o
N= Y S0+ ),
m=0 i

We consider the morphism of schemes )~(k — 'T'k over £, where
Xk = g7 (vk) x U,
Th = Vi, U

= Spec (ﬁv(vk) [s’,; m=0,1,2,....2n, i j= 1,2,...,me .

1
7 det(Sk )’
It is obtained from 7 : ¥ — V and the identity map U* — U*. We also define ot =
{af, m=0,1,...,2n} by

ok =850k, m=0,1,....2n (3.15)

and we get a full family X* / Tk of weakly enhanced projective varieties with a* as
global sections of the de Rham cohomology bundle of X* — T,

Now, the next step is to cover V with local charts V¥, k € I and get local charts
Tk keI for T,and XK, k eI for X, respectively. For each fixed k € I, we have a
collection of global sections &, k € I of Hjj (X¥/T*). The gluing of T¥’s and X*
in V¥ and 7~ (V) factors is just the usual one coming from the family ¥ — V. In
other factors it is done by assuming that the global sections o in their common
domains are equals. More precisely, if in V41 and V*2 we have taken global sections
®* and ®* then in V¥ NV*2 we have 0t = B5*2/ 9f? and the gluing in U* and
U*2 factors is done by

ky pkiky _ ¢ka
SmBm _Sm

which amounts to say that ot = ot*2. The morphisms X¥ — T* and global sections
ok glue to each other to give us X — T and global sections & of Hjp (X/T).

The construction of an enhanced family X — T from 7 : ¥ — V is similar and it
is as follows. In this case V¥ x; U* must be replaced with
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Gy (V) {S’jmj,m, m=0,1,2,....2n, i j= 1,2,...,bm}

Spec k k \tr] — bm1+m2 [6)) k _ 1.2 2
[amlu(amz) ]_Zizl ml.,m2.iaml+m2)i7 ml,mz—(), gy eyl

The ideal in the denominator is given by comparing the coefficients of w;’s in both
sides of the equalities written between ( and ). These equalities come from (3.2)). In
other words, there are many algebraic relations between the entries of S¥’s and with
coefficients in Oy (V¥) and we have to work modulo these relations. The following
theorem is the outcome of the above construction.

Theorem 3.3 Let m:Y — V be a morphism of projective schemes as in §2.6] We

have a commutative diagram
X=T

1 1 (3.16)
Y-V

of projective schemes defined over € such that

1. Xis the fiber produt of T >V andY — V.
2. X = T is a full family of enhanced projective varieties, and hence, there is an
action of G on both X and T which commutes with X — T.

3. The universal geometric quotients X /G and T /G exists as schemes over € and we
have ismorphisms X/G =Y and T /G =V such that

X/G = T/G
| | (3.17)
Yy -V

commutes, that is, the induced map X/G — T/G is justY — V.
4. The action of G on T and X is free and its orbits are given by the fibers of T —V
and X =Y, respectively.

The same is true replacing T with T and enhanced with weakly enhanced.

Remark 3.2 Sometimes it is more convenient to redefine the matrix S¥, to be its in-
verse, and hence, of in (3.13) is given by o = (S))~'@,,. In this way, the equality
[(ak a,’;_»} = &, turns out to be

S @un(S)" = (@) 1, 05, )]

The entries of the left hand side are quadratic polynomials in the entries of S’,‘n and
the entries of the right hand side are in &y (V*).
3.7 Enhanced families with an action of a reductive group

For constructing moduli spaces we need to add a new ingredient to the discussion
in That is, we let an algebraic group G (mainly reductive) act on V from the
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left so that G\V is a classical moduli of projective varieties X. In this section we
do this and we add more data to Theorem [3.3] A typical example in our mind is
the family of hypersurfaces of degree d in P"*! and the corresponding action of
G :=GL(n+1) induced by the linear action of G in P"*!. This will be discussed in
more details in Chapter[12]

Definition 3.5 An enhanced (or weakly enhanced) family (X/T, @) is equipped
with a left action of a (reductive) group G if

1. The group G acts on the morphism X — T of ¢-schemes, see Definition[2.15]

2. The action of G and G on both X and T are independent from each other, see
Definition

3. The induced action of G on Hj (X/T) under the isomorphism « in is the
identity in Hj, (Xo) times the action of G on T. In geometric terms, this means
that for all # € T and g € G, the following diagram commutes:

Hir(X:)
(o4
gt Hip (Xo0) (3.18)
gt
Hip (Xgr)

where we have the isomorphism X; — Xg;, x+~ g-x and g* is the induced map in
de Rham cohomologies.

The following is the continuation of Theorem 3.3]

Theorem 3.4 Let w:Y — V be a family of smooth projective schemes defined over
t and let G be a group scheme which acts on Y |V from the left. Let also X — T be
asin Theorem We have a left action of G on (X/T, ) in the sense of Definition
Moreover, the action of G commutes with the four maps in (3.16). The same is
also true for the weakly enhanced family X — T in Theorem

Proof. The proof is the continuation of the proof of Theorem Letg:Y, — Y,
be the isomorphism induced by the action of g € G and

g Hig(Ygr) = Hig (V1) (3.19)

be the induced map in de Rham cohomologies. A point of T is given by (¢, &), where
t €V and « is a basis of Hj (Y;). The action of G on T is given by

g'(tva) = (g'ta (g*)_la)7

see Figure Since X is the fiber product of ¥ — V and T — V and the action
of G commutes with both maps, we have the action of G in X in a canonical way.
By definition, the pairs (X;, ) and (Xg., Qg.) are isomorphic. Note that (g*)~!
(g~1)* is a linear map and so it commutes with the action of G on & and hence we

have (2.21).
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Hie(Y) Har(Yy )

->(g7")'a

“e
o
&

Fig. 3.1 An identification

It is useful to describe the action of G in local charts. Recall the local chart V¥
and sections ®¥ used in the proof of Theorem We write

* .k k
g W, = Bngw,,

where g* is the map in (3.19) and B,, 4 is a b;, x b, matrix with entries in Oy,. For
simplicity, we have assumed that 7, - are in the same chart V¥, The action of g € G
in Xk := 771 (V¥) x U¥ and T* := V¥ x U* is given by
k p—1
g-(x,S) = (g'xvsmBm,g)v

where x is either in VX or 77! (V*). This does not depend on the chosen charts T
and Xk, O

For the construction of the moduli of enhanced schemes the following will play
a crucial role.

Theorem 3.5 Let w:Y — V be a family of smooth projective schemes defined over
t and let G be a group scheme which acts on'Y /V from the left. Let also X — T be
as in Theorem If a point t € V is semistable (resp. stable) for the action of G,
then all the points in the fiber of T — V over t are also semistable (resp. stable) for
the action of G.

Proof. By construction 7w : T — V is a finite morphism of ¢-schemes, that is, there
is a covering of V by open affine subsets V¥ = Spec(Ry), such that 7~!(V¥) =
Spec(f{k) is affine and Ry is a finitely generated Ri-algebra. The theorem follows
from Proposition[2.9] O

The scheme T might have points which are not mapped to any stable or semistable
point of V, and it is highly recommended to study such points in T without referring
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to available results in V. We will use Theorem in order to construct the moduli
of enhanced varieties in cases where the classical moduli spaces are constructed.

3.8 Gauss-Manin connection

Recall the definition of Gauss-Manin connection in §2.13] Let us consider an
enhanced family X — T of smooth projective varieties. In this section we fix
1 < m < 2n and work with the m-th de Rham cohomology H™(X/T). We denote
by

V:HRX/T) = Qt @0, Hiy(X/T), m=0,1,...,2n

the algebraic Gauss-Manin connection of the family X — T. By our definition of
enhanced varieties we have automatically global sections &, ;, i=1,2,...,b, of
the the free &r-module sheaf Hj, (X/T) such that for any closed point z € T they
form a basis of H™(X,). Let

L t
Oy i = [am717 am,lv 7am,bm] '

)

Definition 3.6 We can write the Gauss-Manin connection in the basis q;;,:

V(o) =An® oy
Here, A, is a by, X b,,, matrix with entries which are global sections of Q}. We call
it the m-th Gauss-Manin connection matrix.

By Griffiths transversality we have
A =0, j>i+2 (3.20)

that is, it is of the form
*x000
x*x %00
Ap=1|*x*xxx0
* % % % %
* % % % %

(a sample for m = 4), where we have used Hodge blocks notation for a matrix, see

Recall V;’s in (2:29). We have
VioVo(tm) = Vi(Anty) =dAy @ 0y — A AV = (dA, — A AAR) 0y,
Since the Gauss-Manin connection is integrable, we have V{0V =0, and so

dAy = A A A (3.21)
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Proposition 3.6 Let g be an element of G. We have

tr

g AL =2gn An-g,".

that is, the pull-back of the Gauss-Manin connection matrix A,, under the isomor-
phismg:T—T, t—~regisghh-A,-g, ™

Proof. Since g is considered to be constant , we have
V(g 0n) = g V0 = (& Angn™) (& Om)-

From another side the pair (X;eg, Q) is, by definition, isomorphic to (X;, gk o),

see B.11). O
The Gauss-Manin connection and cup product satisfy the following equalities
ViwUop) =V(o) U +aUV(), acHp(X/T), i=1,2.
The polarization 6 € Hx (X/T) is flat in the sense that V& = 0 and hence
V(™) =0, 0<m<n.

Recall the constant matrix @, in (3.1). There are some natural £-linear relations
between the entries of A, that we introduce them below.

Proposition 3.7 The Gauss-Manin connection matrix A, satisfy
Ay @y + DAL = 0. (3.22)

Proof. The proposition follows after taking V from the equality @, = [(04,,, o,")].
O

Note that by our choice of the basis o, we have A,,_,, = A,,. The whole discussion
of this section, except Proposition [3.22] can be done for weakly enhanced families.

Let us describe the Gauss-Manin connection matrix in the local chart T* of the
variety T constructed in Theorem For simplicity, we remove the upper undex k
from our notations.

Proposition 3.8 The m-th Gauss-Manin connection matrix of X / T in a local chart
Tk constructed in Theorem is given by

An=dSy-S,' + S, -Bn-S,",
where B, is the Gauss-Manin connection matrix in the basis @,.

Proof. This follows from the construction of the global sections ¢ in (3.15) and the
Leibniz rule. O



46 3 Enhanced schemes

3.9 Gauss-Manin connection and reductive group

Recall our notations of an action of a reductive group G on the domain and image
of the morphism X — T introduced in

Proposition 3.9 Let g be an element of G. The pull-back of the Gauss-Manin con-
nection matrix A, under the isomorphism T — T, t — gt is A, itself, that is, the
entries of Ay, are invariant under the action of G. In particular, for any g € Lie(G)
we have A, = 0.

Proof. This follows from the equality Vo, = A, ¢, and the fact that for the en-
hanced family X — T, the global sections ¢ are G-invariant. [0

As a corollary of Proposition (3.8) we get:

Pr0p0s1tlon 3.10 Ifthe geometric quotient T.= G\T exisits then we have matrices
A, whose entries are global differential 1-forms in T, and such that the pull-back
of A, under the canonical map T — T is Ay,

We also call Am’s the Gauss-Manin connection matrices of G\X — G\T, however,
note that we do not claim that G\X as a scheme over ¢ exists. In general, universal
moduli spaces are rare, and most of the time we have only coarse moduli spaces.
However, in our context of enhanced varieties, it seems that the existence of T im-
plies the existence of the corresponding family over T.

3.10 Marked projective scheme

One of the great, and in the same time simple, discoveries in Hodge theory due to A.
Grothendieck and P. Deligne in the sixties was that the Hodge decomposition can-
not be defined in the framework of Algebraic Geometry over an arbitrary field, see
[Gro66, [Del71al [Del74]. However, the Hodge filtration can be defined. In the pas-
sage from Hodge decomposition to Hodge filtrations one loses harmonic forms for
the sake of defining objects by polynomials. This motivated many other cohomol-
ogy theories, such as étale and crystalline cohomologies, in Algebraic Geometry. It
turns out that for some special varieties the Hodge decomposition is also defined
over a base field. These varieties have usually so many automorphisms such that all
their periods up to a power of 27i factor are algebraic numbers. In this section we
explain this idea. Later, we will give an application of this topic in the codimension
of modular foliations.

Definition 3.7 Let X be a projective variety defined over a field ¢ of characteristic
zero. We say that X has the Hodge decomposition defined over ¢ if its algebraic de
Rham cohomologies over £ can be written as directs sums

Hgﬁ(X/E) :Hm,() @Hmfl,l @.“@Ho_’m
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for all m =0,1,2,...,2n such that for any embedding &€ < C of fields it becomes
the Hodge decomposition of the de Rham cohomologies of X¢ := X x; C.

If X is defined over £ and enjoys the above property, its Hodge decomposition might
be defined over an extension of €. This is why we have to consider € in the decom-
position. Note that the complex conjugation in de Rham cohomologies which maps
HP4 to H%P depends on the embedding € C C and we do not (or cannot) insert it
inside the above definition.

Recall our convention of Hilbert schemes in §2.11] For the purpose of the present
text we need the following property:

Property 3.1 Any irreducible component of a Hilbert scheme of projective varieties
has a point Xo with Hodge decompositions defined over ¢.

In the above property we are only considering components of Hilbert schemes
whose generic point parametrizes smooth projective varieties. We know that Fer-
mat varieties have the Hodge decomposition defined over €, see Proposition m
The same is expected to be true for CM principally polarized abelian varieties, see

Proposition 3.11 [f Property[3.1]is valid then we can choose the matrices @y, m, i
in (@ such that the only possibly non-zero Hodge blocks of @, m, ; are

( Py mpi)™2, (M1 +my — iy — i, iy +i2) = Type(Comy my.i)-

These are matrices with one line of possibly non-zero blocks parallel to the anti-
diagonal. In particular, &, is anti-diagonal with respect to the Hodge blocks, that
is

0o 0 - 0 @

0o 0 @m0

D, = : : A : (3.23)

with @~ = (—1)" "

Proof. The marked point Xy is going to be the one with the Hodge decomposition
defined over €. We replace £ with its finite extension such that this property holds.
Now, we take a basis of Hj, (Xo) compatible with the Hodge decomposition. This
basis is automatically compatible with the Hodge filtration. The cup product in this
basis gives us the desired format of matrices. O

In practice, we will take the following matrices
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00---01 00 ..01
00---10 00 ---10

D=1 |, Pp=] 1 1 i (3.24)
01 000 0 —1000
10000 10 000

for m an even and odd number, respectively, where [ is the identity matrix of size
compatible with our Hodge blocks notations.

Let us consider an enhanced scheme (X/T, o), where o is the isomorphism in
(3:8). We further assume that there is a point 0 € T such that the fiber Xo of X — T
over 0 has Hodge decomposition defined over &.

Definition 3.8 If Property[3.1|is valid then we define
Treal := {(X, ) € T(C) | &t is an isomorphism between Hodge decompositions}

The set Treq lives in the complex manifold T(C) and it is neither algebraic nor
complex analytic subset of T(C). It is a real analytic subset of T(C).

Proposition 3.12 For any t € T(C) there is an element g € G(C) such thatteg €
Treal'

Proof. This follows from the fact that any two enhanced varieties (X;, o), i=1,2
with X| = X, are transformed to each other by an action of G. In our proposition one
of the enhanced varieties is defined over C (due to the usage of Hodge decomposi-
tion) and so the statement make sense over complex numbers. O

Finally, when X, has the Hodge decomosition defined over E it is natural to define
the following algebraic subgroup of G:

G:= Aut(Hjg (Xo),H"*,U, 6) C G. (3.25)

3.11 Moduli spaces of enhanced varieties

One of the main motivations for us to introduce Hilbert schemes and the action of
reductive groups on such spaces, and developing our main topics with the presence
of a reductive group action is that, we wanted to avoid the construction of moduli
spaces. The theory developed in the present text will be best seen in the moduli T of
projective varieties enhanced with elements in their algebraic de Rham cohomolo-
gies as we presented in The main reason for this comes from the fact that both
classical automorphic functions and topological string partition functions can be re-
alized as regular functions on such moduli spaces. The author is not aware of any
literature in mathematics discussing the moduli space T except in his earlier works.
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A smaller moduli space S in the case of elliptic curves is essentially derived from
the two parameter Weierstrass form, however, the moduli T itself appears in the
works [Mov08b| [Mov12b]]. Computations on such moduli space in the case of ellip-
tic curves are done by Katz in the appendix of [Kat76l, however he does not define
the moduli explicitly. A general definition of such a moduli space for smooth pro-
jective verietis has been done in [Mov13]] in both contexts of algebraic varieties and
Hodge structures. In the case of Calabi-Yau threefolds, explicit computations on T,
without definining or constructing it, are done by string theorist in the framework of
special geometry, see for instance [CdIO91,[CDLOGPI91a, [Str90, (CDF 97, [ATi13al.
Its definition in this case is done in [AMSY 16]. The special case of mirror quintic
goes back to the author’s work [Mov17bl]. The present section is a continuation
of the algebraic geometry part of our previous work [Mov13]]. We slightly modify
our approach in [Mov13] by considering the whole cohomology ring of a variety,
whereas in the mentioned article we have basically considered the middle primitive
cohomology of a variety.

The priority in the present text has been to work with projective varieties over a
field £ of characteristic zero. In this way, we have emphasized more geometric ques-
tions rather than arithmetic ones. P. Deligne in a personal communication (Novem-
ber 23, 2010) has emphasized that in the case of elliptic curves, the moduli space
T is an algebraic stack, and for 2 invertible, it is actually an algebraic scheme over
Spec(Z[1/2]). This point of view in the case of elliptic curves and abelian varieties
is worked out in [Fon21]]. A possible applications of this general context might be
obtained from a combination of the results in [Ser97] for modular curves and gen-
eralizations of these in the framework of our moduli spaces, see [Mov15b].

We first develope the intuitional approach to the moduli space of enhanced pro-
jective varieties. Recall the set theoretical description of the moduli space M in
In this section we explain in geometric terms a bigger moduli space that we would
like to construct. For the purpose of this section we consider projective varieties X
over an algebraically closed field €. Recall that we have fixed a smooth projective
variety Xo over &.

Definition 3.9 The moduli space T is the set of all enhanced projective varieties
(X, @), where X is a smooth projective variety over ¢ and « is an isomorphism

(H(;FR(X)aF*7U76) g (H(;kR(XO)7FO*aU700)' (326)

Two such pairs (X;, 0;), i = 1,2 are equivalent if we have an ismorphism

* * B * *
(HdR(Xl)’Fl U, 91) = (HdR(X2)aF2 U, 92) (3.27)

such that o; = o o 3.

This definition introduces T as a set. The algebraic group G acts on T from the left
in a canonical way

TxG—-T, (X,0), g)— (X,goa), (3.28)
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where « o g is the composition of two maps. We transform it into the right action
by taking dual of €-vector spaces as in (3.3)) and we denote it by re g forz € T and
g € G. We have the isomorphism of sets

T/G~M, (X,a)— X

obtained by throwing away the structure . From now on we denote an element of
T by ¢ := (X, @) and we make the convention X; := X and ¢ := «. Therefore,

t=(X;,04).

Most of the times, we omit the subscript ¢ as it is clear from the context which X
and o we are talking about.

Remark 3.3 There is an alternative way to describe the moduli space T. We fix a
basis of Hjp (Xp) as in The pull-back of this basis by the isomorphism & gives
us a basis of Hj (X). We denote it again by o, ;. If there is no danger of confusion,
we use the notation & both for the isomorphism (3.8) and the set of differential
forms @, ;. The basis o satisfies the same properties as in and moreover the
cup product in Hj (X) is constant, that is, if we write (3.2) in this basis the matrices
D1, m,,i has constant entries and do not depend on the particular choice of t € T.

Remark 3.4 Let 7 : H — M be the de Rham cohomology bundle over M. The mod-
uli T is not the total space of all choices of basis for the fibers of 7 with the property
1 and 2 in Let @, be a basis of Hjp(X) as above and let f € Aut(X). By
definition the pair (X, ) is equivalent to (X, f*a) and so they represent the same
pointin T.

We now present the categorical approach to the construction of moduli space
of enhanced varieties. We would like to know whether T introduced earlier has a
structure of a variety, scheme etc. In the best possible scenario, T might be the
underlying scheme of a full family of enhanced varieties. The following property or
conjecture has been originally appeared in [Mov13]]. Many examples that we discuss
in the present text satisfy this property.

Property 3.2 There is a scheme T over £, an action of G from the right on T and
a full family X/T of enhanced projective varieties over £ which is universal in the
following sense:

1. For any family of enhanced projective varieties ¥ /S over £ we have a morphism
Y /S — X/T of enhanced varieties.

2. Any two such morphisms are related to each other by an automorphism of Y /S,
that is, there is @ : Y /S — Y /S such that

Y/s
¢
LoXxT
a
Y/S
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commutes.
3. IfY/Sis full then Y /S — X/T respects the action of G.

The main focus of the present text is not to verify the Property [3.2]in general, as
we are mainly interested in particular examples for which we can verify it by con-
structing explicit coordinates for T. This includes elliptic curves, curves of arbi-
trary genus, hypersurfaces, complete intersections, Abelian varieties, K3 surfaces
and many types of Calabi-Yau varieties. In all our examples there is a fibration
X — T, where T contains T in Property - as an open set. Using this family we
know how enhanced varieties degenerate. For many examples T and T are schemes
over Z[ﬁ] However, similar to Shimura varieties and many other moduli problems,
it is reasonable to think that they are in fact defined over other rings.

The €-algebra &1 of regular functions on the moduli T for many different projec-
tive varieties, are vast generalizations of algebras of automorphic forms, topological
string partition functions and more. In the case of elliptic curves & is isomorphic
to the algebra of quasi-modular forms, see [Mov12b]], and for mirror quintic Calabi-
Yau threefolds & contains elements which encode the Gromov-Witten invariants
of a generic quintic, see [Mov17b]. In general, for projective varieties whose pe-
riod domain is Hermitian symmetric, &1 is expected to be an algebra of differential
automorphic forms and for non-rigid compact Calabi-Yau threefolds, topological
partition functions are elements in &7, see [AMSY16]. Beyond these cases such
algebras are not studied at all.

Mumford’s geometric invariant theory may be applied in order to find moduli
spaces for which Property 3.2] is valid, see [MFK94]. In fact Mumford’s article
[Mum77] on stability of projective varieties is much more related to Property [3.2]
The set of all Chow stable projective varieties X C IF’%’ has a canonical action of

SL(N + 1,€) and the quotinet is the moduli of of projective varieties, let us denote it
by M. We throw away singularities of M and those points X in M with an automor-
phism which acts non-trivially on Hj, (X), and call it again M. The vector bundles
arising from de Rham cohomologies, Hodge filtrations and U product on them, are
defined over £. From this we can easily construct an open subset of T which corre-
sponds to enhanced varieties with X € M, and importantly, it is an algebraic variety.
We may also use the Hilbert scheme of projective varieties and an action of a re-
ductive group, see [Vie93]]. Mukai’s book [MukO3]] is more accessible for a general
audience.

Apart from the above classical approach for constructing moduli spaces, there is
a completely new idea in order to approach Property [3.2] As we will see in §6.11]
we can identify many natural vector fields and regular functions in T. In Chapter
[13] we will construct such objects in the case of Calabi-Yau varieties. If we take at
least one regular function on T then we can differentiate it along vector fields and
get more functions. All these new functions on T might give us an embedding of T
in some affine variety. For more details of this approach see Chapter[13]

We might add some other data to X such that the set of its automorphisms be-
comes finite. For instance, in the case of abelian varieties over €, we have to fix a
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point p € X(£). In general, the verification of the following would be useful for the
study of local properties of T.

Property 3.3 Let X C PN be a smooth polarized projective variety over € and let
G be the group of automorphisms of X C PV (it preserves the polarization) which
induces identity in the de Rahm cohomology Hyg (X ). Then G is a subgroup of the
group of automorphisms of all the elements in the moduli M of X.

For abelian varieties the above property follows from classical facts, see for instance
Lange-Birkenhake’s book [LB92]. In this case G is generated by x — x+a, a €
X and x — —x. For Calabi-Yau varieties it is proved in Theorem 12 page 694 of
Todorov’s article [[Tod0O3]|. In this case G turns out to be finite. From the above
property one may conclude that the moduli T is smooth.

We do not want to get stuck in construction of moduli of enhanced varieties be-
cause, first, this may distract us from our main objective, which is the properties
of modular vector fields and foliations and second, this can be done case by case
without using any machinery of moduli spaces, see for instance [Mov12b] for the
case of elliptic curves and [Mov17b] for the case of mirror quintic Calabi-Yau three-
folds. For this reason, from now on by X — T we mean a full family of enhanced
projective varieties. At the best case, when property [3.2)is valid, it is the universal
family of enhanced varieties.

3.12 Other moduli spaces

There are other moduli spaces of enhanced projective varieties, and in this paragraph
we want to discuss this. Apart from the moduli spaces T used earlier, we have also
the followings:

1. The moduli T; of the smooth projective varieties X /¢ equipped with a decompo-
sition
H:ﬁz(X) _ H}n,O @Hmil"l D @H],mfl EBHO,m
forallm =0,1,---,2n such that it gives us the Hodge filtration on Al (X), that
is,

Fm — Hm,O
Fanl — Hmil’O@Hmil’]

Fl _ Hm,O@Hm—l,l@.”@Hl,m—l’
FO = HL(X).

Further, o,
(HY,H"/") =0, i+i#morj+j#m
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Note that the Hodge decomposition is intrinsically defined, however, the above
decomposition is not intrinsic. The actual Hodge decomposition using harmonic
forms gives a point in T{. We call T; the moduli of Hodge decompositions.

2. The moduli T, of the smooth projective varieties X equipped with a decomposi-
tion

m

m(X)=F"T aw.

for all odd m. I do not see any canonical way to insert (-,-) in the definition of
Ts.

3. Let us fix an element Cy € Hj (Xo) (it can be also a one dimensional subspace
of Hj (Xo)) and define

GCO = Aut(H;R(Xo),FJ, U, 6o, Cop), (3.29)
which is a subgroup of G. In Chapter [ we will consider the quotient
T3 = T/GCO

which can be interpreted as a moduli space in the following way. It is the moduli
of triples (X, ot,C), where C € H} (X) and ¢ is an isomorphism as in (3.8) such
that it sends C to Cy. Two such triples (X;,C;, o), i = 1,2 are equivalent if there is
B asin (which does not necessarily send C; to C;) such that go oy = a0 8
for some g € G¢,.

We have canonical surjective maps T — T; — T,, T — Ts.

3.13 Compactifications

Once the moduli space T is constructed, it would be necessary to look for its par-
tial compactifications which describes the degenerations of the projective variety X
when it becomes singular. In this direction the following property is valid in many
examples.

Property 3.4 There exists a variety T over € such that

1. T is an open subset of T, .
2. the action of G on T extends to T,
3. and the quotient T /G is a projective variety (and hence compact).

Note that we do not claim that that there is a compactification of T itself. Apart from
T we will consider other moduli spaces such that the problem of full compactifica-
tion is a reasonable task. One of them is the moduli of Hodge decompositions which
is introduced in (3:12). In the case of elliptic curves such a compactification turns
out to be the weighted projective space P'23, see Another moduli space for
which the full compactification seems to be plausible is the moduli space T3. In the
case of elliptic curves and Co € HJ (Xo) with Co & F'HJx (Xo), T3 =T1.






Chapter 4
Topology and periods

M. Picard a donné a ces integrales le nom de périodes, je ne saurais [’en blamer
puisque cette dénomination lui a permis d’exprimer dans un langage plus concis
les intéressants résultats auxquels il est parvenu. Mais je crois qu’il serait facheux
qu’elle s’introduisit définitivement dans la science et qu’elle serait propre a engen-
drer de nombreuses confusions, (H. Poincaré’s remarks on the name period used for
integrals, see [Poi87|] page 323).

4.1 Introduction

Singular homologies and cohomologies for algebraic varieties over complex num-
bers cannot be defined in the framework of algebraic geometry because they do not
behave canonically under the automorphisms of the field of complex numbers. As
a result, the comparision of the algebraic de Rham cohomology and the singular
cohomology leads us to the notion of period, which is again out of the domain of
Algebraic Geometry.

In this chapter X C PV denotes a smooth projective variety of dimension n over
C. There is a canonical isomorphism between algebraic de Rham cohomology of X
and the usual de Rham cohomology of X defined by C* forms. Therefore, it makes
sense to talk about an integrals

/{Sae(c, 0 €Hy(X,Z), o€ HR(X).

We denote by 8P4 € H227™(X), the Poincaré dual of § € H,,(X,Z) defined by the
equality

/Sa:(Zni)"-Tr(aUSPd)::/ aUS™, Va e Hiy(X).
X
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4.2 Intersections in homologies

We consider H,(X,Z) as a Z-algebra with the product - of topological cycles
Hyp (X, Z) X Hypy (X, Z) = Hp,4my—20(X, Z)

(61,82) = 61 - 6.

Recall that by definition, the homologies we consider are defined modulo torsions
and hence are free. Usually we take a basis &,,; of the Z-algebra H,(X,Z). Here,
for fixed m, O, ;’s form a basis of H,,(X, 7). We further assume that the intersection
forms have a fixed matrix format, that is, if we write

61n1,i1 : 61112.1'2 = Zcml,mz,il,i27i5m1+zn2—2n,i 4.1)

l
then the coefficients ¢, m, i, ip,i are fixed. We write (4.1)) in the form
bﬂl] +bI)12

[8m] . 5,3{2] = Z lIlml,mz,ism]erszn?h (4.2)
i=1

where ¥, »,.; are constant b, X b,,, matrices and

5m,1
6mA,2

O = . ) (4.3)
6m7bm

For m; = m and my = 2n— m, the intersection of cycles composed with the canonical
map Hy(X,Z) = 7Z, gives us an intersection form

<'='> :Hm(X7Z) XHZn—m(X,Z) —7Z

which is non-degenerate. We define

le = [<6m,ia 52n7m.,j>}- (44)
The polarization of X gives a homology class [Y] = [PV "' NX] € Hy,_2(X,Z) which
is Poincaré dual to the topological polarization u := ﬁ 0:
6 = (2mi) - [Y]™.

Recall that 0 belongs to the algebraic de Rham cohomology HgR (X). The self inter-
sections of [Y] gives us
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for m an even number. In particular, for m = 0 the element [Y], € Hyo(X,Z) is
deg(X)-times the generator of Hy(X,Z) induced by a point. There is another in-
tersection form which we are going to use:

Hu(X,Z) x Ho(X,Z) = Z, (8,,8) = 8 -8 [Y]y,, m=nn+1,...,2n. (4.5)

2m>
The corresponding intersection matrix is denoted by
G,y := [(Smis Om )] (4.6)
By our definition of {-,-) in de Rham cohomologies we have
(81,80) = (2mi)" (8P, 85%), V8 € Hu(X,Z), & € Hop-m(X,Z), (47

(81,8) = (2mi) (8P4, 80, V81,8 € Hu(X,Z). 4.8)

Remark 4.1 By hard Lefschetz theorem the map Ha,—,(X,Z) — Hy(X,Z), 6 —
0 - [Y],,, is injective, however, it may not be surjective. It becomes an isomorphism
only after tensoring with Q. Therefore, we may not be able to take the basis 0, ; in
such a way that the matrices ¥, ¥ are equal. This is only valid for m = n. Over

rational numbers we can take Om = On—m-[Y]om, m=n,n+1,---,2n and hence

4.3 Monodromy group and covering

Let X — T be a family of smooth projective varieties over the complex numbers and
let Xp be a fiber of this at b =0 € T (marked projective variety). We define

Iy := Aut(H.(Xo,Z), -, [Yo]) (4.9
= { A:H.(X0,Z2) — H.(Xo,Z) Z-linear, respects the homology grading,
Vx,y € H,(Xo,Z), Ax-Ay =A(x-y), A([Yo]) = [Yo]}
It acts on J,, ;’s as a change of basis.
Definition 4.1 We have the monodromy map
m(T,0) =1z

which is a homomorphism from the fundamental group 7;(T,0) of T based at 0 to
I;. Its image I7 is usually called the monodromy group.
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We usually write I7 in a basis §,,;, i = 1,2,...,b,, and denote its elements by col-
lection of b, x by,-matrices with entries in Z. We also use I, for the monodromy
group I7; being clear in the context which we mean.

Recall the moduli space M of projective varieties introduced in

Definition 4.2 Let Il be the moduli of (X, §,[Y]), where X € M is a projective va-
riety, [Y] € Ha,—2(X,Z) is the homology class induced by a hyperplane section and

o: (H*(X,Z),', [Y]) = (H*(Xo,Z),', [YO])

is an isomorphism of the homology rings sending [Y] to [Yp]. Two such triples
(X;,6;,[Yi]), i=1,2 are equivalent if we have an ismorphism

(H.(X1,2),-. 7)) &

(Hi(X2,7Z),-,[Y2]) (4.10)
such that §, = & o . We denote by H a connected component of Il which contains
the triple (X, &9, [Yo]), where & is the identity map, and call it the monodromy
covering.

Similar to the case of enhanced varieties, one can replace 0 with a basis of H,(X,Z)
with fixed intersection matrices Py, s, ; in The group Iz acts on [ from the
left in a natural way and

I\H=M, (X,6) —X.

Let us assume that M is an analytic variety, possibly singular. The set I has also
a canonical structure of an analytic variety, not necessarily connected, and Iz acts
also on the space of connected components of . It turns out that the monodromy
group I7, C I7 is the stablizer of the point H in the space of connected components
of . All connected components of I are obtained by Hy, := ot(H), a € I7/I7;:

H = U(XGFZ/I‘ZHQ'

The pull-back of holomorphic functions in M by H — M gives us the first class
of holomorphic functions on H. Apart from this, we have also other holomorphic
functions on H constructed from periods. This is as follows.

Let us take holomorphic sections @y, @, ..., ®, of the Hodge bundle FPHl (X ), X €
M such that in an open subset of M they form a basis of F”HJji (X), or any other sub-
bundle of the cohomology bundle Hj over M. The following meromorphic function
is trivially independent of the choice of w;’s:

t: H--»C, 4.11)
1(X,8) = M (4.12)
det [ S a)j]

where we have chosen two subsets 8,4, i = 1,2,...,a and 8,,;,, i=1,2,...,a of
the basis 0., i=1,2,...,by, of H,(X,Z), and hence, T depends on these choices.
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Note that we regard 6 as a choice of a basis for H,(X,Z). In case X is a Calabi-
Yau variety of dimension n and a := h™? = 1, 7 is the mirror map used in Physics

. . O . .
literature. In the case of elliptic curves we have 7:= ;&7, where w is a holomorphic

1-form in X and &;, 6, is a basis of H;(X,Z) with 8; - 5, = —1. In this case it turns
out that 7 a bihololomorphism between H and the upper half plane in C which is the
origin of our notation. One can also get the Poincaré metric on the upper half plane
in a canonical way, see [Mov17b] Appendix B. For further discussion on H in the
case of mirror quintic see [Mov17b], §4.6.

4.4 Period map

Let (X/T,a) be an enhanced family of smooth projective varieties defined over
t C C. We are going to define the period matrix for each 0 < m < 2n. Let §,, be as
in . Each J,,; is a continuous family of cycles depending on 7. For simplicity,
in our notations we have omitted the dependence on ¢.

Definition 4.3 We integrate o/ over &, and get the period matrix
Py = Pult) 1= (2i) % [ aifi= (2mi) % [/ am,i] .
m Sm,j

The entries of P, are called periods defined over £. Note that by definition X/T, and
hence all @, ;’s, are defined over E.

Recall the constant matrix @, in (3.1) and ¥,,, ¥, in (4.4) and (4.6).
Proposition 4.1 For 0 < m < n we have

Dy = P,télyz;im%nfm%zgmpnr
In particular, for m = n we have

&, =Py P, (4.13)

Proof. For simplicity we write the equalities up to 2mi-factors. In order to take care
of such factors one has to use and (#.8). We have

Pu=| [ o] = ltoir 321

Let us write @, in terms of 62‘3:7
that is

., and let g, be the by, x by, change of basis matrix,

O = Qm5pd

2n—m

(4.14)
This q,, is the inverse of q in [Mov13]]. We obtain the equality
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— pd  \t d\1.tr _ /St tr _ gyt t
P = (83— m)™ O ) = (820> Om) |y = Wo— -
Combining both equalities we get

o, = Py 1 §Pd (4.15)

n—m-2n—m*
We have used the fact that the cup product in cohomology is Poincaré dual to inter-
section of cycles in homology. From another side we use

Dy = [(0m, 04)]
_ d d, -
= P;;%nlm[<62pn7m’ 52pn7tr;>]ql2ngmpm
= P:,:qlz;lm%nfm%;t:mpm'

Note that we have used (2.17). For m = n we have automatically ¥, = ¥,. O

Proposition 4.2 We have
dP,, =P, -AY (4.16)

and
Pn(teg) =P,(t)-gn, teT, geG. “4.17)

Proof. This follows after taking V of (@I3) and using V&P

onm = 0. The second
equality follows from the definition of period matrix. O

Remark 4.2 A full set of polynomial relations between the entries of all period
matrices P, is obtained in the following way. For 0 < m,my < 2n, we write the
equality in the following format. We define @, , to be the 1 X by, 4, matrix
with the entries @, », i, which are matrices, and for simplicity write

tr1
[O‘m1 U O‘m;] - d)mhmz Oy +my -

We use [@.15) and we get

PE';I %;l—ml [52”*’”1 ’ 62trrzfm2}lpz;t—rm2 sz = ¢m|7m2 (P}r:ﬁmzq’z;lf(mﬂrmz)éhfm.7m2

(4.18)
We have used the fact that the cup product in cohomology is Poincaré dual to in-
tersection of cycles in homology. These are not all polynomial relations between
periods. For instance, if all the members of the moduli space M have a Hodge cycle
varying continuously, then we will get more relations between periods. In general,
any algebro-geometric phenomena which occures for all the members of M might
produce algebraic relations between periods.

Remark 4.3 The period map is a local embedding at a point ¢ € T if there is no
vector v in the tangent space of T at ¢ such that A,,(v) = 0 for all m. This follows
from (@.16). Once the Gauss-Manin connection matrices A,, are computed, this can
be verified computationally. For a concrete example see §9.2]



Chapter 5
Foliations on schemes

It was a sequence of examples, examples and examples, until you feel that there
exists a common feature between all these examples, and then the theorem popped
up. At the beginning we had just the announcement but not the proof, (C. Camacho,
on the invention of Camacho-Sad index theorem in an interview).

5.1 Introduction

In this chapter, we collect all necessary material to deal with (holomorphic) folia-
tions on schemes. We will be mainly concerend with parameter schemes defined in
§2.3]or a neighborhood of a point in C". A foliation in our context is identified with
its module of differential 1-forms and so it is not just the underlying geometric ob-
ject. This is similar to the passage from a variety to a scheme. This distinguishes our
study from the available material in the literature which is mainly concentrated on
foliations of dimension or codimension one on complex manifolds. Therefore, most
of the material in this chapter cannot be found elsewhere. The Jouanolou’s lecture
notes [Jou79] may be a good start, however, it does include only codimension one
foliations. For an introduction to one dimensional holomorphic foliations, mainly
in the local context, the reader is referred to Camacho and Sad’s book [CS&7|] or
Loray’s book [Lor06]). Lins Neto and Scérdua’s book [LNS|| and Lins Neto’s mono-
graph [NetO7|] give a nice account of foliations in the projective spaces. Local study
of foliations of arbitrary codimension is partially discussed in Medeiros’ articles
[dM77, [dMOO] and [[CL16]. For a more arithmetically oriented text the reader is
referred to Loray, Pereira and Touzet’s article [LPT11, [LPT13] and Bost’s article
[BosO1]] and references therein. In the C* context, Camacho and Lins Neto’s book
[CLS8S5] and Godbillons’ book [[God91]] contain many geometric statements on fo-
liations, and depending on applications, one might try to find the corresponding
scheme theoretic counterparts.
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5.2 Foliations

First, let us recall the notion of a (holomoprhic) foliation. The adjective holomorphic
is just because of historical reasons and it does not mean that we are working over
complex numbers. We may also call them algebraic foliations as they are given by
algebraic expressions with coefficients in a ring. Recall our definition of a parameter
scheme T in In order to keep the intuitional and local aspects of foliations, we
will also consider the case T = (C",0), that is, T is a small open neighborhood of 0
in C". For simplicity we start with the affine case.

Definition 5.1 Let T be an affine parameter scheme over £. A holomorphic folia-
tion .Z in T is given by an O1-module Q C .Q} with the integrability condition (or
sometimes it is called Frobenius condition). We say that Q is geometrically inte-
grable if for all w € Q there is f € O, f # 0 (depending on w) such that

f-doecQinQ. (5.1)

We say that € is algebraically integrable if dQ C Q1 A Q, that is, in (5.I) we have
always f = 1.

In a geometric context, Q induces a foliation .# () in T. The Or-module Q may
not be free and we consider a set of generators @; € Q}, i=1,2,...,afor Q. The
following notations are also common:

F(o,m,...,0,), or F: 0=0, =0, -, 0,=0.

The geometric integrability condition is equivalent to the following. For all i =
1,2,...,athere are w;; € Q1+, j=1,2,...,aand f; € Or, f; # 0 such that

a
fi-dw; = w; ;N\ @;.
j=1

For algebraic integrability put all f; equal to 1.

Remark 5.1 In the literature, see for instance [LPT11,ILPT13], one mainly assume
that Q is saturated, that is, the inclusion 2 C .Q-}- has non-torsion cokernel. This
means that if for some 0 # f € O and @ € .Q+ we have f@ € Q then o € Q. As far
as one deals with the geometric aspects of holomorphic foliations, this assumption
is quite reasonable. However, our main examples of foliations in Chapter [6] do not
satisfy this condition. For a foliation .7 (£2) one can define another foliation .% (£2)

v

o= {weQ}‘er Or, f#0, fme.Q}

with the above mentioned property. Note that by our definition of parameter scheme
in ~, O has no zero divisors and the integrability of €2 follows from the integra-
bility of Q.
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Remark 5.2 The most general definition of a foliation must be done using submod-
ules of k-forms, see for instance [dM77, [dMOO, ICL16]. We are interested only on
foliations given by 1-forms as our main examples in Chapter [6]are of this form.

Let £(T) be the quotient field of &1 (the function field of T). We take s elements
out of @;, i=1,2,...,a such that ®;,®;,...,®, form a basis of the £(T)-vector
space

Q:=Q®q ¢(T). (5.2)

The integrability condition implies that
doiNoy Ao A---ANwg=0, i=1,2,....a.

Finally, let us make the definition of a foliation in an arbitrary parameter scheme:

Definition 5.2 Let T be a parameter scheme as in An integrable system in T
is given by a subsheaf 2 C .Q-}- of Ot-modules such there is a covering of T by
affine charts such that €2 is integrable in each affine chart.

One can easily verify that the integrability of £2 does not depend on the covering.
As before the notation .% (£2) is reserved to denote the foliation induced by .

Definition 5.3 We say that two foliations .% (2;) and .#(£2,) are (algebraically)
equal if the corresponding &r-modules Q; and 2, are equal. We say that they are
geometrically equal if

Q @, U(T) =2 @0, &(T).

5.3 Rational first integrals

The first example of foliations are those with a first integral.

Definition 5.4 A foliation .# () in T has the rational first integral f C €(T) (resp.
regular first integral f C €[T] ) if the &(T)-vector space Q2 ®¢ €(T) (resp. the O'r-
module ) is generated by d f.

Note that f is just a set with no sheaf or vector space structure. First integrals have
usually poles, that is why we work with both ¢(T) and €[T]. Moreover, for an O'r-
module Q with a first integral the integrability condition is automatic. In algebraic
geometry the main source of foliations are fibrations.

Definition 5.5 Let f : T — V be a morphism of finite type of schemes, that is, there
exists a covering of V by open affine subsets V;, such that f~'(V;) is covered by a
finite number of open affine open sets T;j and €[T;;] is a finitely generated €[V;]-
algebra. The foliation attached to f is F (), where

Q(T;j) := The ¥[T;;]-module generated by d(go f), g € ¢[V;]. (5.3)
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A foliation with a regular first integral f C €[T], where f = {f1, f2,..., fu} is the
foliation attached to the morphism T — A} given by (f1, f2, ..., fu). Another useful
source of foliations comes from group actions discussed in §2.12] We will discuss
these foliations in §5.10]

5.4 Leaves

Let T be either a parameter scheme or (C",0).

Definition 5.6 Let L be a subscheme of T (not necessarily closed) and % be its
sheaf of ideals. Let also F = 7 (Q) be a foliation in T. We say that L is a (scheme
theoretic) leaf of F if Q and Oy -d.9 projected to .Q-}- /I .Q-}- and regarded as
Ot/ -modules are equal. In other words, Q and Otd.¥ are equal modulo .9 Q}.

The following concept seems to be fundamental and non-trivial for singular leaves.

Definition 5.7 For the ideal .# as above we define its integral to be

Int(.I) := {feﬁT(dfe S0t}

It can be checked that Int(.#) is an algebra and it is not necessarily an ideal. The
definition of Int(.#) is motivated by the following proposition.

Proposition 5.1 Let L be a subscheme of T and ¥ be its sheaf of ideals. For any
subset S C Int(.9) we have a leaf L whose sheaf of ideals is generated by .% and S.

Proof. This follows immediately from the definition of a leaf and the integral of an
ideal. O

We can repeat the construction in Proposition [5.1] and get more leaves. This phe-
nomena is present for modular foliations, see @

By our definition a leaf might be reducible. Therefore, it makes sense to talk
about irreducible leaves. Moreover, it might be also reduced. It is useful to write
Definition[5.6)in terms of generators. Let Q = (@, 0, ..., 0,) and I = (f1, fo,..., f5).
Then L is a leaf of .% if there are P,-j,P,-j € O7 and @, 0y € .(211- such that

(O] Pi1 P -+ Pig| |dfi oy 02 - O | | f1
() Py1 Py -+ P | |dfa 01 0 -+ Os| | f2
l=1. .. . N I o e (5.4)
Wy, PaIPaZ"'Pas dfs Og1 Ol -+ Olgg fs
dfi 1?11 1%12 ]?la o] iy O -+ Qug| | f1
df> Pyy Py -+ Py | | a2 o1 O -+ g | | f2

+ : Lo : (53)

v

dfs Psl PsZ Psa Wy dsl dsZ s O fs



5.5 Smooth and reduced algebraic leaves 65

The O1-module 2 is not necessarily free and L is not necessarily a local complete
intersection, therefore, combining the above equalities we only get linear relations
between w;, df; and f;’s. In the following by abuse of notation we will also say that

{fi=fr=--=f; =0} or Zero(f1, f2,- -, f5) is a leaf of .Z.

Example 5.1 For a foliation .% := .Z(df),df,...,df;) with a first integral f,
fo, oy fr CE¥[T] and cy,ca,---,cr € ¢, the subscheme L := Zero(f; — c1, /2 —
¢, fr —cx) C Tis aleaf of Z. In geometric terms, f; restricted to L is the con-
stant ¢;. In general, the fibers of a fibration T — V are leaves of the corresponding
foliation. The following question arises in a natural way: Is any leaf of .% necessar-
ily of the above format?

Example 5.2 Let us assume that .% is given by a single holomorphic 1-form @ in
T :=(C",0). For f € 01 with f(0) =0, {f =0} is a leaf of . if and only if

ow=P-df+ fa, forsome P € O, OCE.Q-]r, P(0) # 0.

Therefore, if 0 is a singularity of .# then f = 0 must be necessarily singular at 0.
We do not have a similar description of the case in which .# is generated by more
elements.

Proposition 5.2 Let T = (C",0) and consider two subschemes L;, i = 1,2 of T.
Assume that Ly UL, is a leaf of %. Then Li\Ly and L,\L are leaves of 7.

Note that if .%;, i = 1,2 is the sheaf of ideals of L; then by definition .#| - .%; is the
sheaf of ideals of L; U L,. Moreover, L;\L; is a subscheme of T\L,.

Proof. By our hypothesis 2 and 0'rd(.%).%,) projected to Q1 /.7, .9, QL are equal.
This implies that Q and %d(.#) projected to Q+/.#1Q1 are equal. For a closed
point p ¢ L, the stalk of % and &1 over p are the same and we conclude the desired
statement. [

The following questions arise in a natural way.

1. Are there two distinct leaves of a foliation % in (C",0) passing through 0? Note
that ‘distinct’ means that the corresponding ideals .#; and .#, are distinct. Even
with the stronger condition .#; C .%, the question does not seem to be trivial.

2. For a leaf L of the foliation .%, are irreducible components of L also leaves of
%7 In general, we may write the primary decomposition of the ideal sheaf of L
and we may ask whether its primary ideals give new leaves of .%.

5.5 Smooth and reduced algebraic leaves

In this section we consider foliations in T := (C",0). Let L C T be a germ of an
analytic scheme given by the ideal .¥ C 0.
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Definition 5.8 We say that L is smooth and reduced (of codimension s) if .% =
(f1,/2,---,fs), and the linear part of f;’s are linearly independent. By holomorphic
implicit function theorem this is equivalent to say that in some holomorphic coordi-
nate system (z1,22,...,z,) in (C",0) we have . = (z1,22,...,2)-

Another reformulation of the above definition is to say that L is a smooth local com-
plete intersection. Let % (@;, @y, . .., @,) be a foliation in T := (C",0) and let L be a
germ of a smooth and reduced leaf of .% of codimension s. By a holomorphic change
of coordinates, we can assume that L is given by the ideal .# = (z1,22,...,z;). In the
equalities (5.4) and (5.3) we can assume that the matrices P and P depend only on
Ls+15""" Zn- Let

X = (Z17Z27"'7ZS)3 y= (ZS+1a"' 7Zn)a = (X,y)~

Replacing (5.4) in (5.3) we getdf — P-Pdf € . Q} which implies that

~

Psxa()’)'Paxs(Y) = Lixs. (5.6)

Evaluating this at (zs41,- - ,2,) = 0 we conclude that s < a.

Proposition 5.3 The variety L:x = 0is a leaf of 7 () if and only if s < a, that is,
the codimension of L is less than or equal to the minimum number of generators of
Q, and

Wy x1 = P(Y)axsdxsxl + a(an)axsxxxly (5.7)

where we have a matrix Py, (y) with B.0). In particular, if F is given by one dif-
ferential 1-form then smooth and reduced leaves are of codimension 1.

It is natural to ask whether a leaf of .% through a point (if exists) is unique (even
in the scheme theoretic sense). We can answer this question only in the case when
the leaf is smooth and reduced.

Proposition 5.4 Let .7 be a foliation in T := (C",0) with a smooth and reduced
leaf L passing through 0. Any other leaf of % passing through 0 is equal to L.

Proof. Let us assume that there are two leaves L;, i = 1,2 of .%# passing through

0 and L; is smooth and reduced. By a holomoprhic change of coordinates, we can

assume that L; is given by the ideal %) = (z],22,...,z,). Let % be the ideal of L,.
We first prove that %, C .#|. By definition of a leaf we have

d-b C SO+ 7,QL 4+ 0rd 7.

We restrict the ideal % to 71 =z, = --- =z, = 0 and we get an ideal 7, in Ocn-m
with the coordinate system (z,41, - ,2,) whose zero set contains 0 € C" ™ and it is
closed under derivations with respect to variables z,.1,- - ,z,. By Proposition [5.5]

we have .#, = 0 and so % C 7).
Now, let us prove that .| C .%,. By definition of a leaf and .%, C .#] we have

dzi € $1QL 4 0rd S5, i=12,...,r.
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Let % = (f1,/2,---,fs). This implies that the C-vector space of linear parts of
f1,f2,..., fs contains 21,22, . ..,z,. After rearranging and taking linear combinations
of f;’s we can assume that the linear parts of fi, f2, ..., f» is respectively z1,22, ..., 2
We claim that

<f17f27"'7fr>:<Z17ZZ7-"7ZV>- (58)

This together with .%, C .#] implies that .#] = .%,. The equality follows from
the fact that the varieties given by both sides are smooth and of codimension r
and one is inside the other one. However, the following argument is better from a
computational point of view.

In order to prove we use the inverse function theorem for F : (C",0) —
(C",0), F = (f1,/2,---,fr) and regard z,.1,-- - ,z, as parameters or constants. The
containment C was already proved in the first paragraph and D follows from taking
the inverse of F. Note that F(0) = 0 is independent of the value of z,1,---,z, and
the derivative of F at 0 is the identity matrix. O

Proposition 5.5 Let .9 C O\cn ) be an ideal such that

Vie S, i=1,--,n, g—fef. (5.9)

Then either .9 =0 or .9 = O cn ).

Proof. Assume . # 0 and so we have a non-zero element f € .# whose leading
term ig its aTaylor zeries is apz)"' 257 - -az™ with ag # 0. After making the deriva-

200 we get an invertible element in .. O
1

ions 2oL 9m2

Proposition 5.6 Let % (Q) be a foliation in T := (C",0) and let L be a germ of a
leaf of F (see Definition [5.6). Then, L is smooth and reduced of codimension s if
and only if

1. we have

s+1 s+1
Z1 (/\ Q) c & (orequivalently) LCZS (/\ Q) ,

where Z1 and ZS are the zero ideal and zero scheme defined in Definition
and
2. we have
ZI(N°Q) = Ot (orequivalently ) ZS(N°Q)=0.

In other words, there are ®1,,, ..., 0, € Q such that
ZI(@ Aoy A+ Nas) = O.

In geometric terms, the first item means that the wedge product of , (s+ 1)-times,
vanishes at any point of L and the second item means that @; A m; A --- A @, does
not vanish at 0 € L, and hence, at any point of a neighborhood of 0 in L. However,
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note that the first geometric statement is weaker than the scheme theoretic statement
used in the proposition.

Proof. Let us prove =-. The first statement follows from the definition of a leaf.
Modulo .# Q+, Q is equal to the Or-module generated by d.# and we know that
the s+ 1-times wedge product of the latter is zero. In order to prove the second part
we use again the definition of a leaf and we have df; =g+ w;, i=1,2,...,s, g €
F QL o € Q. Therefore,

dfiNdfs A Ndfs— o ANan A+ AN € I QF

and we get the second statement.

Now, we prove <. For @;, i = 1,2,...,s given in the second item of hypoth-
esis we find f; € .# and g; € Ot such that @; — gidf; € f.Q}. We claim that
S ={f1,f2,---,fs) and it is smooth and reduced using f;’s. Our hypothesis on @;
implies that g; € 07 and at any point of L the linear part of f;’s are linearly inde-
pendent. Therefore, it only remains to prove that .# is generated by fi’s. We can
make a change of coordinate system in (C",0) such that f; = z;, i=1,2,...,s,
where z = (21,22, ,z,) is the coordinate system of (C",0). By our hypothesis the
O1-modules Q2 and O -d.# are equal modulo % Q}. For any f € ., we have

n

0
dzi Ndzp---Ndzg Ndf = Z a—fdm/\dzz---/\dzs/\dzi
i=s+1 'l

and by our hypothesis a € .#. This statement is stronger than to say that 2 3 van-
ishes at any point of L. This will be a crucial point in which we use the scheme theo-
retic language. Let . be the ideal of O(cn-s ) obtained by setting (z1,22,...,2;) =0

in all elements of . and let L. = Zero(j ). Our assertion follows from Proposition
replacing # of the proposition with .#. 0O

The “if”” part of Proposition [5.6| might be false if we do not use the scheme theo-
retic notation and it would be interesting to find an example for this. Inspired by
Proposition [5.6] we make the following definition:

Definition 5.9 Let T be a parameter scheme over ¢ and . = .% () be a foliation
of codimension s in T. We consider the inclusions

0 CZS(Q)C---CZS(NQ) CcZS(NTIQ) C---. (5.10)

The underlying reduced scheme of two schemes in (5.10)) might be equal. Neglect-
ing equalities we get

0="Ti1(C) S Te(C) S -+ S Ti(T) S To(C) = T(C) 5.11)

Any consecutive inclusion T; C T;y; with T; as in (5.11)) has the property that for
some s;, which only depends on i, T; = ZS(A%*1Q) and T; | = ZS(A% ). We call
(5.11) the flag singular locus of % ().
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Proposition 5.7 Any smooth and reduced leaf L of 7 lies inside T;(C)\T;11(C)
for some i.

Proof. This follows from Proposition[5.6] O

Remark 5.3 Something which does not seem to be true is the following. If a leaf
L of % contains a point p € T;(C)\T;;+1(C) then it must be entirely inside it. By
Proposition this is true if L is smooth and reduced, but in general it might be
false, see Figure[5.1] This motivates us to define the notion of an essential singularity
in Definition [5.121

5.6 Singular scheme of a foliation

In the literature when one says a foliation, then it is usually non-singular, and so, one
has reserved the term singular foliation for those with singularities. In the present
text a foliation might have singularities.

Definition 5.10 The codimension of a foliation .# (£2) is the smallest integer ¢ such
that AH1Q C .Q?Ll is a torsion sheaf but A°Q is not.

Note that T = (C",0) has no torsions and so the above definition in this case be-
comes A1 Q =0 and A°Q # 0.

Definition 5.11 Let T be a parameter scheme and .% () be a foliation in T of
codimension c. We define

Sing(.7 (Q)) :=ZS(A°Q),
where the zero scheme ZS is defined in Definition [2.4] see Figure[5.1]

It is left to the reader to describe the singular scheme of a foliation attached to
a fibration and an action of a group. Inspired by Proposition (5.4) we make the
folowing definition.

Definition 5.12 For a foliation .# on a smooth parameter scheme T, the set of its
essential singularities is defined to be

ESing(%) := { pE T((C)’ there is no smooth and reduced leaf of .% through p } .

Remark 5.4 The set ESing(.#) does not seem to be an analytic subset of T(C). It
would be natural to find a foliation with non-empty ESing(.%#). In the framework
of modular foliations in Chapter [6] the most simple example of a foliation for this
purpose seems to be modular foliations attached to either a rank 17 family of K3
surfaces described in [CD12], see also [DMWHI16], or principally polarized abelian
surfaces, see Chapter[13]
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5.7 Classical or general leaves

We might develope the theory of algebraic foliations on schemes, however, a folia-
tion in a geometric context makes sense when we are talking about its leaves, and
these live only in the complex manifolds. Therefore, in this section we consider the
complex and local context T = (C”,0). The first fundamental theorem in the theory
of holomorphic foliations is the following:

Theorem 5.8 (Frobenius theorem) Let % () be a foliation in T = (C",0) and
assume that  is freely generated by r differntial 1-forms and 0 is not a singular
point of F. There is a coordinate system (z1,22,...,z,) in T such that Q is freely
generated as Or-module by dzy,dzy,- - ,dz,. In particular,

L: z; = const, 7o = consty, - -+, 7, = const,

is a smooth and reduced leaf of F.

Proof. The proof in Camacho and Lins Neto’s book [CL85]], Appendix 2, can be
reproduced easily in the holomorphic context. O

The Frobenius theorem is no more true for points ¢ € Sing(.%#). For a study of fo-
liations in (C2,0) with an isolated singularity at 0 the reader might consult [CS87]
and [Lor06].

Definition 5.13 By a geometric local leaf of a foliation we mean any irreducible
component of the underlying analytic variety of the scheme theoretic leaf L in Def-

inition[5.6] The analytic variety L in (3.8) is called a general geometric local leaf of
Z.

Fig. 5.1 Singular set of a foliation
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Let us now consider a parameter scheme T over C, a foliation .# () in T and a
leaf L C T which might be inside Sing(%#). In general, the local analytic variety
L is not an open set of an algebraic subvariety of T and its analytic continuation
may result in complicated dynamics in the ambient space T (it can become dense
in the whole space). We usually remove the adjectives “geometric” and “scheme
theoretic”; being clear in the context which leaf we mean.

Definition 5.14 A global leaf L, of # passing through ¢ € T\Sing(.%#) is the union
of all local leaves L which are analytic continuation of the local leaf L passing
through ¢, that is, there is a finite sequence of local leaves L = Lg,L,--- ,Ly = L
with L; N L1 # 0. We will use L, for both local leaf through ¢ and the global leaf as
defined above, being clear from the text which we mean.

Chow theorem, which is a part of Serre’s GAGA principle [Ser56], says that closed
analytic subvarieties of projective varieties are algebraic. This statement is no more
true for subvarieties of non-projective varieties and in particular affine varieties.
Leaves of modular foliations give us a good class of counterexamples. A leaf of a
modular foliation in T may be closed, however, it may have a complicated behavior
near the complement of T in its projectivization.

5.8 N-smooth leaves

Let us consider a foliation in T := (C",0) and let L C T be a germ of an analytic
scheme given by the ideal .# C Oy. If both .# and L are given by explicit equations
then the property of L to be smooth and reduced boils down to many equalities of

(20,25 0 24)

(I

(c"0)

Fig. 5.2 Local charts of a foliation



72 5 Foliations on schemes

formal power series, see for instance [Mov19] §18.5, and we might check these
equalities up to a finite order. This motivates us to define the following concept.

Definition 5.15 For a natural number N € N, we say that L is N-smooth (and re-
duced of codimension s) if there are f1, f>,..., f; € -# such that the linear part of
fi’s are linearly independent and

I i, for o f) + MY

where .#cn is the maximal ideal of Ocn . In other words, . = (fi, f2,..., fs)
modulo power series which vanish at 0 of order > N + 1.

Note that for k < N we have ///éjé D ///gfrol and so N-smoothness implies k-
smoothness for all kK < N.
In Proposition [5.10] we will need the following theorem in commutative algebra:

Theorem 5.9 (Krull intersection theorem) Let I be an ideal in a Noetherian ring
R. Suppose either R is a domain and I is a proper ideal; or I is contained in the
intersection of all maximal ideals of R (Jacobson radical of R). Then N;;_,I" = {0}.

For a proof see for instance [Cla], [Milal].

Proposition 5.10 Let .% C Ocn g be an ideal and d € N be a natural number. There
is a natural number N € N, depending only on .% and d with the following property:
For any polynomial P € C[z1,22,...,2,) with deg(P) < d, if P € I + MD,, then
P e J, that is, if P € % modulo power series which vanish at 0 of order > N + 1
then P € 7.

Proof. Thering R := Ocn /7 is Noetherian and so by Krull’s intersection theorem,
see Theorem for any proper ideal / C R we have ﬁ;":llk = {0}. We use this for
the maximal ideal / of R which is is the image of .#» ¢ in R. From another side, the
vector space of polynomials of degree < d is finite dimensional, and its projection
V in R is also finite dimensional. Since I*’s are also (infinite dimensional) vector
spaces, there exisits N such that NNV = {0}. O.

In the case .# is a prime ideal, there is another proof of Proposition using
Noether’s normalization theorem, see [GPO7]], Theorem 6.2.16, see also [Mov17al.
The advantage of this proof is that it gives also an algorithm how to compute the
number N. The author knew of Krull’s intersection theorem after a web search by
keywords “local ring”, “ideal is closed”, “Groebner basis for formal power series”.
Theorem 5.11 Let T be a smooth parameter scheme over C and let % be an al-
gebraic foliation in T. There is an integer N, depending on T and % such that for
all point p € T and a leaf L of F through p, if L is N-smooth then L is smooth and
reduced.

Proof. Let F = % (Q) and & = (f1, f2,..., fx) be the ideal of the leaf L. By
definition of a leaf, the & ,-modules Q and (dfi,df>,...,dfi) are equal modulo
B Q‘}'. > Let us assume that L is N-smooth of codimension s < k and the linear part
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of fi,f2,..., fs are linearly independent. It turns out that the O ,-modules AFTLQ
and

(dfyy Ndfiy N Adfi | {inia,. i} C {12,000 ,k)) (5.12)

are equal modulo .# - Q:}fol. The O ,-module (5.12) is 0 modulo ///-{-V 0“ ~Q:}f01,
therefore, ' '
1o _ +1 N+1 s+l
ATIQ =0, modulo .¥ - Qrly +Mry Q7.

The O ,-module ASFTLQ is generated by algebraic differential forms whose in-
grediends are polynomials. Therefore, for N big enough depending on 2, we can
use Proposition and conclude that isin & - Qﬁ‘fol. The rest of the proof
is similar to the Tast part in the proof of Proposition @ Without lose of gen-

erality, we can assume that f; = z;,---, fy = z, are parts of a coordinate system
in (T,p). For any other f € .# we have g—{ €7, i=s+1,---,n After re-
stricting to z; = z» = -+ = z, = 0 and applying Proposition [5.5] we conclude that

S ={u,2,...,25). O

It would be extremely interesting to give a formula for N in the case of modular foli-
ations attached to families of hypersurfaces. This number seems to be readable from
the corresponding Gauss-Manin connection matrix. It would result in the discovery
of new components of Hodge loci, for which we might expect that the corresponding
Hodge cycles are not algebraic, see [Mov19] Chapter 18.

5.9 Foliations and vector fields

A holomorphic foliation can be also described in terms of vector fields. Recall the
preliminaries of vector fields on schemes in Let T be a parameter scheme as
in §2.3|and consider a finitely generated &'r-module 2 C Q1 and define the O'r-
module

@::{VEGT

iVQ:O}.

Proposition 5.12 The Or-module 2 is geometrically integrable if and only if O is
closed under the Lie bracket.

Proof. Recall that  is geometrically integrable if Q @ €(T) is integrable. In the
following we take @ € £ and vy, v, € ©. First we prove =. We have

Iy vy) @ = iy, © L, O = iy, 0y, d® (5.13)

for which we have used (2.8). The integrability condition implies that the right hand
side of this is zero.

We now prove <=. It is enough to prove it for T an affine parameter scheme. Let
w1, @,...,0, € Q} form a basis of the &(T)-vector space Q1 ® 4. &(T) and for
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s<a, o,w,...,0 form a basis of 2 @4, £(T). For o € Q let us write dw :=
Yi<jfij@; A o; for some f;; € €(T). It is enough to show that for s < i < j we have
fij = 0. By our hypothesis, the left hand side of (5.13)) is zero and hence the right
hand side is zero too. We have

OzMOMMMﬂWMW<Z:m@A@>.

s<i<j

Taking vector fields v; and v, dual to @; and @; we get f;; = 0 and hence the
integrability condition is satisfied. O

A holomorphic foliation in T is also given by a sub Lie Algebra @ of Gt in which
case we denote it by % (0). This will give us the notion of an algebraically inte-
grable foliation given by vector fields. We may also define geometrically integrable
Z (@) in which ® ®¢, £(T) is closed under the Lie bracket. In both cases, the cor-
responding set of differential forms is given by

Q:{meQ+

mw:O,W€®}.

The definition of a leaf of .% (®) is done using this £, however, it might be useful to
formulate such a definition without passing through differential forms. For instance,
a geometric intuition suggests that

Definition 5.16 A subscheme L of T is a leaf of .7 (®) if the Zariski tangent space
of L at any point ¢ € L is equal to 6.

It is left to the reader to compare this definition with Definition[5.6] Finally, note that
two distinct submodules 2 and €2 of Q+ might have the same &r-modules of vector

fields, that is, ® = @, and vice versa. For instance, in the affine line T := Spec(¢[r])
and trivial foliations Q = (p(¢)dt) and Q = (j(¢)dt), we have ® = ® = {0}. In a
similar way, for ® = (p(t)%)7 0= <ﬁ(t)%) we have Q = Q = {0}.

5.10 Algebraic groups and foliations

Let T be a parameter scheme and G be an algebraic group acting on T from the
right, all defined over an algebraically closed field €. Recall our notations in §2.14|
and notice that we have to adapt our notations to the right action of groups.

Definition 5.17 We define
i(Lie(G)) := {vg

which is the image of the map i in (2.24). It is equipped with the Lie bracket of
vector fields. We denote by .% (G) the foliation in T induced by i(Lie(G)) in T and
call it the foliation induced by the action of G on T.

geudq}cH%t@ﬂ. (5.14)
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Note that [vg,,vg,] = V|g, g,) for 81,92 € Lie(G) and so i(Lie(G)) is closed under
the Lie bracket. The following problems arise in a natural way:

1. Describe the leaves of .# (i(Lie(G))) in terms of the action of G. In particular,
describe smooth and reduced leaves. Recall that we have made a purely algebraic
definition of a leaf, see Definition [5.6 and the geometric intution might not be
enough for this purpose.

2. What is the singular locus Sing(.% (i(Lie(G))))?

3. Are all the points in T\Sing(.% (i(Lie(G)))) stable in the sense of geometric
invariant theory?

4. What is the flag singular locus of the foliation .% (i(Lie(G))) defined in (5.11})?

Answering these questions would require an intensive study of geometric invariant
theory, see [MEFKO94]. For t € T the orbit t ¢ G seems to be an algebraic leaf of
Z (i(Lie(G))) in the sense of Definition[5.16] This is true at least in the smooth part
of the orbit 7 @ G, because all the vector field vq € i(Lie(G)) are tangent to a smooth
point of ¢ ® G and they generate the tangent space of 7 @ G at that point.

Definition 5.18 A holomorphic foliation .% () in T is algebraically invariant un-
der the action of G if the induced action in .Q} sends (2 to itself. It is called geomet-
rically invariant if the induced action on .Q-lr sends 2 to some submodule Q| C .Q-lr
such that the foliations .# (2) and .#(£2;) are geometrically equal (see Definition

B-3).
The geometry behind the above definition is as below:

Proposition 5.13 For ¢ = C, a foliation F is geometrically invariant under the
action of G if and only if for all g € G, the action map iz : T — T, t —teg sends a
general local leaf of F to another general local leaf.

Proof. By definition iz sends the tangent space of .# att € T to the tangent space of
T at t e g. The result follows from the uniqueness of a leaf passing through a regular
point. 0O

In other words, G acts on the space of leaves of .7 . For a leaf L of .%, we may expect
that L e G’s are leaves of another foliation. This is in fact the case.

Proposition 5.14 Let % be a foliation in T given by the Ot-module R C Ot
and let us assume that % is geometrically invariant under the action of G. Then
(R+i(Lie(G))) ® e, €(T) is closed under the Lie bracket and hence induces a holo-
morphic foliation % in T. Further, for ¢ = C we have

1. All the leaves of F are inside the leaves of Z.
2. For any pointt € T, we have
L =L G, (5.15)

where Ly, resp. L, is the leaf of F, resp. F, through t.
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Proof. Only the first part is non-trivial. For this we do not have a purely algebraic
argument. Therefore, we use Lefschetz principle and assume that € = C. In fact, it
seems that R+ i(Lie(G)) itself is closed under the Lie bracket, however, our tran-
scendental proof below does provide this statement if R is a free &1-module. It is
enough to prove the statement locally around a point # € T which is not a singularity
of .%. There is a holomorphic coordinate system (z1,z2) € (C"~" x C",0) around ¢
such that .% in these coordinates is given by z; =constant. Therefore, the space of
leaves of .7 is given by z; € (C",0), and by our assumption, a neighborhood of the
identity in G, say it (G, 1), acts on z coordinate. By further holomorphic coordinate
change we can replace the zp-coordinate with (z2,z3) € C"™¢ x C? such that the in-
duced foliation by the action of (G, 1) in the space (z2,z3) of leaves of .Z is given
by z3 =constant. Now, a leaf of the foliation .% is given by z3 =constant. [

As an immediate corollary of the above proposition we have:
Proposition 5.15 If a leaf of F through t is algebraic then the leaf of % through t

is also algebraic.

Proof. This follows from the equality (5.15). O

5.11 % -invariant schemes

For a foliation .% in T the notion of .% -invariant subschemes of T are as natural as
algebraic leaves of .%.

Definition 5.19 Let us consider the sheaf of ideals .# C &1 defining the subscheme
V :=Zero(.#) and a foliation .# (2). We say that V is algebraically .# (2 )-invariant
if for all f € .7, df is in the O1-module generated by 2 and .# - .Q-}-:

dJ c I -Q++Q. (5.16)

If in a local chart we take generators . = (f1, f2,...,fs), 2 = (@, 0,...,®,) for
both &r-modules .# and €, then our definition is equivalent to the equality (5.3).
Note that a subscheme V of T is a leaf of .# if it is algebraically .%#-invariant and
QCI - Q+07-ds.

Proposition 5.16 Let .7 (Q) be of codimension c. If V is algebraically .7 (Q)-
invariant then

dINQNQN---NQ C I Q5 (5.17)
N—————
c times

Proof. This follows from the definition of the codimension of a foliation in Defini-

tion (3.10) and (3.16). O

It is desirable to find a definiton of .%-invariant subscheme V of T which corre-
sponds to a geometric concept. For instance, we may ask that in (5.5) one has to
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multiply df; with some g; ¢ .#. The correct definition must be done depending on
applications and we content ourselves to the following:

Definition 5.20 We say that V is geometrically .% -invariant if we have (5.17).

5.12 Transcendental numbers vs. variables

One of the basic ideas in Deligne’s proof of absolute Hodge cycles for abelian vari-
eties is the interchange between a transcendental number and a variable. Foliations
give us a convenient machinery to determine the situations in which a transcenden-
tal number is replaced with a variable and the variable, in turn, is replaced by any
number. In Hodge theory such transcendental numbers are periods of algebraic va-
rieties defined over Q. Since the integration is not an algebraic operation, the above
philosophy cannot be applied directly. For this purpose we use foliations. In this
section we explain a theorem which does this job for us.

Let = €(z1,22,-..,22) C C be an algebraically closed field of finite transcen-
dence degree over £.

Definition 5.21 The Zariski closure Z of (z1,22,...,2,) € C" over  is the zero set
(or the spectrum) of the ideal

{P € E[xl,xz,...7x,,]|P(zl,zZ,...,zn) = 0} .

It is easy to see that Z is an irreducible variety over €. The following is a classical
statement.

Proposition 5.17 Let Z be the zariski closurg of (zl_ ,22,--,2n) € C" over t. The
dimension of Z is the transcendence degree of € over L.

See for instance Lemma 1.7 in Deligne’s lecture notes in [DMOS82]]. The following
theorem enables us to regard a transcendental number as a variable. A basic idea is
that if in the middle of an algebraic structure, where only polynomials are used, if
you find a transcendental number like 7 or e then you can replace it with a variable
and hence by any other number in the base field.

Theorem 5.18 Let £ be an algebraically closed field extension of £. Let V be variety
over € and let .F be an algebraic foliation on Vi =V Qg t defined over t. Let also
Y C V; be an algebraic leaf of F defined over €. There are a variety Z, a foliation
F on'V x Z and an algebraic subset Y of V x Z, all of them defined over ¥, and a

point a € Z(¥) such that

1. The ﬁlzers of the projection w:V X Z — Z are Z -invariant.
2. Y is % -invariant and the leaves of 7 in Y are fibers of m;. }
3. Thetriple (V x{a},.F lyx(a),Y N(V x{a})) is isomorphic over £ to (Vy,.7,Y ).
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Moreover, if F is defined over E then all the pairs (V x {b},.# lvxipt), bEZ(E)
are isomorphic to (Vg,.7) under the map V x {b} — V induced by the identity.

Proof. First note that in the definition of .% and Y we have used a finite number of
coefficients and so we can assume that the field £ is of finite transcendence de oree
over &, that is, £ = €(z1,22,...,24)- Let Z be the affine variety as in Propositionm
In a local chart U of V, the foliation .% is given by differential 1-forms @;, i=
1,2,...,a. We can regard @; as a differential form on U x Z. Looking in this way
they may not give a foliation in U x Z, as the integrability may fail. However, the
set

{ay, i=1,2,...;a,df, f€0z(2)} (5.18)

satisfies the integrability condition. The foliation .# in the local chart U x Z of V x Z
is given by the differential forms (5.18). The algebraic set Y can be regarded as an
algebraic set ¥ in V x Z in a canonical way. The first statement follows from the
fact that the defining differential forms of .% contain all df, f € 0(Z). The second
statement is a direct consequence of the fact that Y is .# -invariant. The point a in

the third statement is the point (z1,22,...,2,) € Z(¥). O

Fig. 5.3 Leaves and transcendental numbers



Chapter 6
Modular foliations

1 have found a friend in you who views my labours sympathetically. ... [ am already a
half starving man. To preserve my brains I want food and this is my first considera-
tion. Any sympathetic letter from you will be helpful to me here to get a scholarship
either from the university or from the government, (S. Ramanujan in his letter to
G.H. Hardy, see [ORI6]]).

6.1 Introduction

In this chapter we introduce the notion of a modular foliation in the parameter space
T of an enhanced family of projective varieties. In order to motivate the reader
we will start considering foliations over the field of complex numbers, that is, £ =
C, and hence, we will freely use periods. However, as far as we are not talking
about non-algebraic leaves we can work with foliations on a variety over a field £
of characteristic zero or even schemes. A very fascinating and simple fact about
foliations is that many statements about them, which are apparently talking about
transcendental aspects, can be translated into purely algebraic statements. Since we
are going to work with a fixed (co)homology, we sometimes drop the sub index m
from our notations. Our main example in this chapter has been the case of elliptic
curves and their product, and so, it is strongly recommended that the reader read
this chapter together with Chapter[9|and Chapter [I0] simultaneously. For the case of
Abelian varieties (resp. hypersurfaces) the reader is recommended to read Chapter
(resp. Chapter simultaneously. In this chapter 6 denotes a continuous family
of cycles as in and so it must not be confused with a basis 6 = §,, of ahomology
as in Chapter 4]

79
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6.2 A connection matrix

What we need in this chapter is the Gauss-Manin connection matrix A in The
reader who is not familar with the concept of Gauss-Manin connections is recom-
mended to follow the content of this chapter for an arbitrary connection matrix as
follows. We will only borrow the terminolgy used in Chapter 3]

Let T be a parameter scheme over the field ¢ as in §2.3| Let also b,h"0 h7=11,
coo, hm=1 K0m pe patural numbers such that h’/ = h/s and b = h"™0 4+ hm— L1 ... 4
hlm=1 4 hO%™ We consider a b x b matrix A whose entries are (global) differential
1-forms (with no pole) in T and it is of the form

A% AL g0 ... 0

AIO All A12 0O --- 0
A:[AU]: AZO A21 A22 A23 e 0

AmO Aml Am2 Am3 L. A

where we have used the Hodge block notation for matrices introduced in We

further assume the following:
dA=AANA 6.1)

and for some constant (—1)"-symmetric matrix &
AD + DAY =0. (6.2)

We can imitate further the Gauss-Manin connection matrix, putting more structures
in this abstract context, such as the action of two algebraic groups G and G, etc.
Note that it would be also reasonable to consider the collection of matrices A, m =
0,1,...,2n instead of a single one. For a small open set U (in the usual topology)
of the underlying analytic variety T(C), we can find a b x b matrix P with entries
which are holomorphic functions in U and

dP =P-AY. (6.3)

The rows of P form a basis of the vector space of holomorphic solutions of dY =
Y - A" with Y as 1 x b matrix. We will use the notation of a period matrix for P as
in Chapter however, note that there is no family X/T.

6.3 The loci of constant periods

For a moment assume that £ = C and let us consider an enhanced family X/T and a
continuous family of cycles

6= {Sf}IE(T,t0)7 0 € Hy(X;,C).
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We consider such a family with coefficients in C but later we will work with coeffi-
cients in Q and Z. Let
CO
Cl
C=

C m

be a b x 1 constant matrix. We call it a (constant) period vector. We are interested

in the locus
/ o= C} , (6.4)
S

where the entries of o = [, 0, . .., 0" are global sections of H{} (X/T) coming
automatically from the definition of an enhanced family. We consider Lg as an an-
alytic scheme. Its defining ideal is generated by b holomorphic functions which are
the entries of [5o —C.

Ls = {t e (T,1)

Proposition 6.1 The O1-module generated by the differential forms in the entries of
A-C is algebraically integrable in the sense of Definition[5.1) and hence, it induces
a holomorphic foliation .7 (C) in T. The analytic scheme Lg in is a local leaf

of F (C) in the sense of Definition 5.6|

Proof. Note that Ls might be singular and for different &’s it might have different
codimensions. We have

d(A-C)=dA-C=AA(A-C),

which proves that the entries of A - C gives us an algebraically integrable submodule
of differential forms in T. Let

Fim /5 a—C. 6.5)

We have
df =A-C+A-f, (6.6)

which follows from
df:/sV(x:A/Soc:A-C—kA-f.

This implies the last statement. O

Definition 6.1 We denote by % (C) the holomorphic foliation given by the entries
of A-C and call it a modular foliation (associate to the period vector C and the
enhanced family X/T).

For the definition of a modular foliation we do not need the assumption £ = C.
Therefore, we can talk about a modular foliation .% (C) in T which is defined over



82 6 Modular foliations

£ under the condition that the enhanced family X — T and the constant vector C are
defined over . Recall the period map from §4.4]

Proposition 6.2 The local leaves of the modular foliation 7 (C) are given by
Le:P'C=C, (6.7)

for a constant vector C e CP. In other words, the local holomorphic first integral of
ZF (C) is given by the set of entries of P~ C.

Proof. Let §,, be as in [@3). We just write § = 8" - C, where C is a constant b x
I-matrix with coefficients in C and & is given in (4.3)), and integrate o over this
equality. The second statement follows from the first one or from the equalities

detr — _Pftl’ 'dPtr 3 Pftr — _Pftr A Ptr A Pftr — _Pftl’ 3 A7

multiplied with C from the right. O

Hopefully, the three different notations L,, the leaf of .%(C) passing through 7,
Ls defined in and L¢ as above, will not produce any confusion. We have used
and we have introduced the notion of a modular foliation in a generalized
period domain in the sense of the reference [Mov13|].

The notion of a modular foliation in the present text is slightly different from the
same notion introduced in [Mov11b]. In the context of the present text, the modular
foliation of [Mov11b] is defined in the following way.

Definition 6.2 Let C be a period vector with entries in . The modular foliation

Z(C) is given by the differential forms oy, @, ..., @y, where
b
V(a'C)=) oi@a.
i=1
The leaves of .% (C) are given by the constant loci of the periods of

b
oa'C= Z Ci - O,
i=1

1

that is, the constant loci of the entries of P - C. Note that C;’s are the entries of C,
whereas C'’s are Hodge blocks of C. The two notions of modular foliations .% (C)
and .% (C) are the same if we interchange the role of the Gauss-Manin connection
by its dual, that is, what is a modular foliation in the first sense and derived from
the Gauss-Manin connection matrix A is modular in the second sense and derived
from the dual A of the Gauss-Manin connection matrix and vice versa. Note that
the dual of the Gauss-Manin connection does not satisfy the Griffiths transversality.

The modular foliation % (C) may have singularities in T, that is, points 7y where
the wedge of all the entries of A - C vanishes. For curiosity, one may try to charac-
terize such a #o in terms of a property of the projective variety X;,. Throughout the
present text we will avoid Sing(.# (C)).
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Remark 6.1 The reader who does not like taking basis of vector spaces and like a
more intrinsic presentation of objects, may identify C with a €-linear map

C: H"(Xo/t) — .

This maps o, ; to the i-th entry of C;. In this way, C is interpreted as an element
in the m-th homology of X /£. Let & € H™(X;,C) be obtained after taking Poincaré
dual of & and then taking its pull-back by the isomorphism L'~ : H"(X,,C) —
H?'~™(X,,C) in the Hard Lefschetz theorem. For simplicity we use § instead of 5.
A leaf Lg of .7 (C) is the loci of parameters ¢ € T such that

1. 8 is a holomorphic flat section of H"(X/T) and
2. the image of d under the composition

* a % C®Id
Hig(X/T) = HRp(Xo)®e O7 = Ot (6.8)

—

maps to ¥ C O, that is, its derivation with respect to any vector field in T is zero.

Finally, the following definition seems to be useful in many instances.

Definition 6.3 A leaf L of the modular foliation .% (C) is homologically defined
over Q if the corresponding family of continuous cycles 6 = &, t € (T,#y) with
L =Lg is in H,(X,,Q), that is, it lives in homologies with rational coefficients.
It is weak homologically defined over Q if ¢- &, for some constant ¢ € C, is in

Hm (Xt7Q)

Note that in the above definition L might be a transcendental leaf. In case, L is an
algebraic leaf, we have also the field of definition of L which a priori has nothing to
do with the above definition. Moreover, for a period vector C, the modular foliation
Z (C) might not have any leaf defined over Q. We do not know any example of such
a foliation. The notion of a weak homologically defined leaf over Q, is inspired by
the notion of a weak absolute Hodge cycle introduced in Chapter[7}

6.4 Algebraic groups and modular foliations

Let X/T be a full family of enhanced smooth projective varieties. In this section
we describe the relation between the algebraic group G which acts on T and the
modular foliation .% (C) which lives in T.

Proposition 6.3 For an element g of the algebraic group G, the isomorphism T —
T, t—teg maps F (g C) to F(C). In the complex context, this means that it
maps a leaf of F (g7 C) 10 a leaf of F (C).

Proof. Using Proposition [3.6| we know that the pull-back of AC is g"Ag tC. We
know also that foliations induced by g Ag~*"C and Ag ' C are the same. Therefore,
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the pull-back of % (C) is % (g~ C). For £ = C the leaves of .7 (C) are described in
Proposition[6.1} Using (3.11)) we have

/ o= / gtra — gtr/ o= gtr(gftrc) — C7 (69)
Sreg 5 5

which implies the desired statement. Note that the action of g € G in X induces an
ismorphism X; = Xeg and &eg is the push-forward of & by this isomorphism. O

Let
Stab(G,C):={ge G|g"C=C} (6.10)

be the stabilizer of C and let Stab(G,C)¢ be the identity component, that is, the
connected component of Stab(G, C) that contains the identity element.

Proposition 6.4 For a pointt € T, the set t @ Stab(G, C) is contained in the leaf of
Z (C) through t.

Proof. For ¢ = C, this follows from (6.9). O

Definition 6.4 A modular foliation .# = .% (C) is called trivial if the leaves of .# in
T are all of the form ¢ e Stab(G, C)g, 7 € T, and hence, all the leaves are algebraic.

A strategy to prove that a foliation is trivial is by showing that it induces a zero
dimensional foliation restricted to the leaves of .%(2). The foliation .#(2) will be
introduced in §6.10} For a period vector of Hodge type, we may try to prove that
the differential forms in the matrix AZ~12CZ restricted to the leaves of .7 (2) are
linearly independent.

Let us now consider a full enhanced family X/T with an action of a reductive
group as in By Proposition [3.9] the entries of the Gauss-Manin connection
matrix A are invariant under the action of G. This implies that the modular foliation
Z(C) is invariant under G and the orbits of G are inside the leaves of .% (C). In this
case we might modify Definition [6.4]as follows:

Definition 6.5 A modular foliation % = .% (C) attached to a full enhanced family
with an action of a reductive group is called trivial if the leaves of .% in T are all of
the form

G -1eStab(G,C)g, t€T.

Note that by our assumption, the reductive group G is irreducible. It might happen
that a modular foliation .% is trivial in T\Sing(.#) but not in T and it would be
interesting to construct an explicit example for this. For a period vector of Hodge
type C, trivial modular foliations are related to isolated Hodge cycles that we will
discuss them in
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6.5 A character

In our study of modular foliations, it turns out that the algebraic group Stab(G,C)
defined in §6.4] can be replaced with

Gec:={geG|g"C=A(g)C, forsome A(g) € €"} (6.11)

which turns out to be more useful. It follows from the definition that G¢ is a sub-
group of G and
A GC — Gy

is a character of G¢. Here, G, = (£*,) is the multiplicative group of £. We will also
use G, = (&,+) for the additive group of €. The kernel of A is the algebraic group

defined in (6.10).

Proposition 6.5 The algebraic group Gc maps .7 (C) to itself. Moreover, it maps
the leafLngf to L.

Proof. Tt follows from the equalities
(Pg) "C=2(g)'P"C
forge Gec. O

Definition 6.6 We say that a modular foliation . (C) has a non-trivial character if
A is non-trivial, that is, its image is not a finite subgroup of G,,.

The universal family of enhanced elliptic curves and the corresponding modular fo-
liation given by Ramanujan vector field has a non-trivial character, see Chapter [0}
However, in the case of product of two elliptic curves, the modular foliation has a
trivial character, see Chapter [I0] This simple fact, will affect the way we study the
dynamics of modular foliations. We use Proposition with the group action G¢
and conclude that, the foliation .% (C) is inside another foliation of bigger dimen-
sion.

Definition 6.7 We define .#(C,A) to be the foliation % in Proposition con-
structed from F (C) and the action of G¢ in T.

Note that if the modular foliation . (C) has trivial character then
F(C,A) =Z(C).

The property of a modular foliation having a trivial or non-trivial character is re-
flected directly in its dynamics. In fact, this is the main reason behind the definition
of such a property.
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6.6 Space of leaves

In this section we only deal with the notion of a geometric leaf as in Definition[5.13]
Therefore, we discard first the scheme structure of L and then we replace it with one
of its irreducible components. In particular, the local leaves of the modular foliation
Z (C) are irreducible components of Lg given in and this format is obtained
after fixing a basis

Omi € Hy(X:,Z), i=1,2,...,b, te(T,1).

Recall that the discrete group I7 in acts on the basis §,,; of H,(X,Z) as an
operation of basis change. The foliation .% (C) may have singularities in T, and if
fp is not a singularity of .% (C) then L¢ is smooth and hence it is a local leaf in the
sense which is explained at the beginning of this section.

Proposition 6.6 Let Ly C Lg C (T,t1) and Ly C Lg, C (T, 12) be two local leaves.
If they lie in a global leaf L of % (C) (see Definition then there is A € I, such
l‘hal‘ACl = CQ.

Proof. If Ly = L, then P~'C evaluated on this set gives us both C, and C, and
hence these are equal. Otherwise, we take a path from #; to #; in L and consider
the analytic continuation of P~ C along this path. Note that both Le, and Lg are
defined fixing the same basis §,,;. O

There is no any reason why the converse of Proposition [6.6] must be true, that is,
two analytic sets Lz and L,¢ C (T, 1) for some A € I, might not have any com-
mon connected component. Moreover, we might have two local leaves in different
open subsets of T and with the same C such that they do not lie in a global leaf of
Z(C). Even in the local context Lz might have many irreducible components with
different codimensions. For elliptic curves (see we will actually show that the
converse of Proposition [6.6]is true, however, this is a very particular case. In gen-
eral, we expect that the set Uacr;, L,¢ consists of finitely many leaves of .% (C). This
is actually the case when the generalized period map is a biholomorphism (global
Torelli in our context). We will show this property for elliptic curves, K3 surfaces,
cubic fourfolds and abelian varieties, see §8.12]

Definition 6.8 Let us define

Z(C):= {C €CP|Lg #0, forsomezy € T and a choice of basis Smﬁ,} .
(6.12)
This is invariant under Iz-action from the left. The quotient I'z\.-Z(C) is called the
space of leaves of .#(C).

The set .Z(C) is the image of the multi-valued function P~*C from T to CP. This
multivalued function may be a disjoint union of infinitely many multivalued func-
tions. This is due to the fact that the monodromy group inside I'7, may have infinite
index. In . (C) we consider the topology induced by the usual topology of CP. For
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some examples such as elliptic curves, the set .Z’(C) is an open set in CP. However,
the space of leaves may not have any kind of good topology. For instance, we cannot
talk about a global leaf being near to another one, because locally one leaf may be
near to another one, however, their analytic continuation may result in dense subsets
of the ambient space. We use Theorem [6.6] and find that for the modular foliation
Z (C) with a non-trivial character A4, the space of leaves of the foliation .% (C, 1) is
given by
\Z(C)/Gy.

The advantage of .7 (C,A) is that .Z(C)/G,, C P*~! and P>~! is compact. For
the following proposition, we need to mention that we are working with the m-th

(co)homology, and so, we write the (co)homology subscripts if they are different
from m. Recall the matrices @, and ¥, in (3.1) and ({#.4).

Proposition 6.7 Let .7 (C) be a modular foliation. We have
;f«3<:{Cez@b|C”qumggimqﬁkmC::C”d@*c}. (6.13)

In particular, if the number C*®,,1C is not zero then the modular foliation F (C)

has a trivial character and £ (C) is not invariant under G,-action on CP given by
(a,C) = aC fora € G,, and C € CP.

Proof. The affirmation (6.13)) follows from Pt'C = C and Proposition If #(C)
has a non-trivial character then by Proposition [6.5] .Z(C) is closed under the Gy,
action on CP. This is in contradiction with (6.13) and C &, !C#0. O

Remark 6.2 For § as in the beginning of the equality (6.13)) is equivalent to
<5Z‘7 8t> - th@r;lc’

where (-,-) is defined in (4.3).

6.7 Moduli of modular foliations

For a constant a € ¢, a # 0 the foliation induced by .% (C) and .% (aC) are the same.
We use Proposition 6.3/ and we know that the foliations .7 (g'"C) for all g € G are
isomorphic. Therefore,

Definition 6.9 We define
MF,, := G\Pb~!,

to be the moduli of modular foliations in m-th cohomologies. Here, the action is
defined by
(g,C)—g"C, g€ G, CePP !,

For the study of Hodge cycles we also need the vector
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C=|ca € o, (6.14)

or

@
Il
(@)
Qe
o
o
3

(6.15)

=)

0
We call it a period vector of Hodge type. The following property in many examples
turns out to be true.

Property 6.1 For any C of the form (6.14) there is g € G such that g*"C is of the
form (6.13)), that is only the middle Hodge block might be non-zero.

It seems that Property|[6.1|has some relatlon with Property[3.1]and it might be verfied
using Prop0s1t10n We identify Ah i C Ab’” by the space of vectors
Let Stab(G, Al 23 ) be the stabilizer group of the set A i1

Definition 6.10 We call the quotient

m m
2 2 —

Stab(G, AR 2 )\Ph*'

the moduli of modular foliations of Hodge type.

This moduli space in many interesting cases such as hypersurfaces turns out to have
just one point. For an example see Chapter [T0]

For a modular foliation .% (C) attached to an enhanced family X/T and a constant
period vector C, we expect that an .% (C)-invariant algebraic subset V of T has a
geometric meaning in the sense that the fibers X;, t € V enjoy a particular algebraic
structure, such as the existence of an algebraic cycle, such that those ¢ outside V do
not enjoy such a structure. At this point it might be too early to formulate a precise
conjectural statement. In order to develop this idea further we have worked out two
examples, the case of elliptic curves and the case of product of two elliptic curves,
see Chapter[9]and Chapter[I0] In the first case we prove that any algebraic invariant
set for the modular foliation given by the Ramanujan vector field is necessarily
contained in the discriminant locus. In the second case, we construct a modular
foliation and we prove that the only algebraic leaves outside the discriminant locus,
are those derived from modular curves.
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6.8 Modular foliations and the Lefschetz decomposition

Let C be as in Since @, is also compatible with the Lefschetz decomposition
of HJ, (X;), we may rearrange the entries of o, and write

[m} tr
Q= a,?l,alki%...,amz_z[%} , (6.16)

where a , is abasis of m=24(X, ), or its image in H"(X;) under the cup product
with 87; being clear in the text which we mean. For instance, in the above equality
we have used the second interpretation. In a similar way we write

0
c(lzm Co X 8
m—2 0 Crln—Z
C= : = + L+
cl8] 0 0 3]
m=2[3] m=2[3]

and call it the decomposition of C into primitive pieces. By abuse of notation we
also write

C= C?,,+C}n,2+~-+c[%] .
m—2[7]

The vectors CZ

m—2q are called primitive (constant) period vectors.

Proposition 6.8 We have

Proof. In the algebraic context the proof is as follows. The Gauss-Manin connection
respects the Lefschetz decomposition, and so, the Gauss-Manin connection matrix
in the basis (6.16), is a block diagonal A = diag(A;, Am—2,---). This implies that
the set of entries of A - C is a disjoint union of A, 2,Cin2g, ¢=0,1,...,[5]. By
definition this is exactly the desired statement.

In the geometric context the proof is as follows. Let us take a contiunous family
of cycles 6 € H,,(X;,C) and write its Lefschetz decomposition

(3]
5t = Z 5t.m72qa
q=0

where & 24 € Hpn—24(X;,C) is a continuous family of primitive cycles. We have
the following identity of local leaves:
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(5]
L=(Ls, », (6.17)
q=0

which follows from
/a, G2y =0, ifp#q.

g

6.9 Some other foliations

The integrability of the Gauss-Manin connection gives us other interesting foliations
in T. The equality dA = A A A breaks into

dAY = A0 NAYT 4 APEAALT e ATA AT
and so

Definition 6.11 For a = 1,2,... the entries of the following matrices form an inte-
grable O1-module N
AV j—i<a—1.

We denote by .#(a) the corresponding holomorphic foliationin T. Fora=0,—1,-2,...

we denote by .#(a) the foliation induced by the entries of

A j—i>a,

For any vector field v, in T tangent to .#(2) we have

0x0000
00x000
00000
Av, = 0000=x0 (6.18)
00000 =

000000

where A,, is the contraction of the entries of A along the vector field v,, and for any
vector field v; in T tangent to .%(1) we have
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*xx0000
0x%x000
00x%x00
Ay, = 000 %0 (6.19)
0000 * %

00000 =

(samples for m = 5). Any vector field v, tangent to the leaves of Z(a), a =
0,—1,—2,—3,—4 satisfies

x0000 00000 00000
*+x000 *x0000 00000
Ay=|*x*x00], A, ,=[*x*x000]|, A, ,=[*x0000],
* %% %0 * % x 00 *%x000
* ok ok k% * ok ok x 0 *xxx00
00000 00000
00000 00000
A, ,=100000]|, A, ,=1]100000
*x0000 00000
*%x000 *0000

(samples for m = 4). Note that the foliation .%#(0) is given by the entries of

AL i=0,1,2,...,m—1. (6.20)

Proposition 6.9 We have
Fla)=F(b), a,b>3
and along the leaves of this foliation the period matrix P is constant.

Proof. By Griffiths transversality we have A/ =0, j—i > 2 and so for a > 3 the
foliation .% (a) is induced by all the entries of A. O

So far, we worked with a fixed m and so we removed the subscript m from our
notations. For the following definition we need m to be back, and so we write A,,, =
A, Zu(a) = F(a) etc. Note that for m = 0,2n, A, is the 1 x 1 zero matrix and
hence the corresponding objects are trivial.

Definition 6.12 We define
F(a) =N Fm(a), ac. (6.21)

Since in the generalized period domain the Griffiths transversality is not necessarily
integrable, the foliations .% (a) in that context are non-trivial even for a > 3, see
Chapter[8] Let .7 (G) be the holomorphic foliation attached to the action of G on T.
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Proposition 6.10 We have
F(G) C Z#(0)

In geometric terms, this means that the leaves of the foliation % (G) are contained in
the leaves of F(0), that is, for any vector field v tangent to % (G), v is also tangent
to all #(0).

We will prove this proposition later in Propostion From Proposition the
fact that g™ is block lower triangular and Griffiths transversality data in , it
follows that the &r-module generated by (6.20) is invariant under the action of G.
However, this does not imply Proposition [6.10] We may suspect that the leaves of
Z(G) are given by the intersection of the leaves of .%(0)’s, that is,

Conjecture 6.1 We have
F(G) =%(0).

The foliation .% (3) has to do with repeated elements in X/T. Let us consider a leaf
L of this foliation. The Gauss-Manin connection matrix A,, restricted to L is identi-
cally zero for all m, and so all the period matrices P,, restricted to L are constants,
see Proposition @} In particular, for any two points #;,#, € T the varieties X;, and
X, have the same Hodge structures. We get the following proposition:

Proposition 6.11 Ler X/T be an enhanced family and assume that the foliation
F(3) has a non-zero dimensional leaf L. Then all (X;, &), t € L have the same
period matrix, and consequentely, their Hodge structures are isomorphic.

It might be of interest to see whether (X;, o), t € L are all isomorphic to each other.
If not, this would give a counterexample to the local Torelli theorem.

Property 6.2 Let X/T be a universal enhanced family. Then all the leaves of F (3)
are zero dimensionals, that is, they are points.

Proposition 6.12 Let X/T be an enhanced family with the action of a reductive
group from the left described in We have

F(G) c F(3)

Proof. This follows from the fact that the Gauss-Manin connection matrix A is in-
variant under the action of G, see Proposition|3.6{ O

6.10 The foliation .7 (2)

The foliation .%# (2) plays an important role throught the present text. In the case of
elliptic curves it turns out to be given by the Ramanujan differential equation. Just
in this case we have verified the following property:

Property 6.3 For a universal family of enhanced projective varieties X/ T (if it ex-
ists) the foliation % (2) has no algebraic leaf.
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We give a plausible argument for the above property using Deligne’s global invarian
cycle theorem. If % (2) has an algebraic leaf then we have a proper smooth family
of projective varieties ¥ — V with global sections ¢,,;,1=1,2,..., of H (Y /V)
which form a basis and further the Gauss-Manin connection written in this basis
has the format (6.18), that is, if we write &, := [a?, &', -+, &™], where o/’s are the
Hodge blocks of o, then

V(o) =A" ot =01, m

for h=ii x hm=i=Li+1 matrices A1 with entries in Qy (V). In particular, for i =
m we have V(a') = 0 and so all the entries of o are flat sections. Let ¥ — V
be any smooth projective compactification of ¥ — V. Deligne’s global invariant
cycle theorem (see [Del71al], Theorem 4.1.1, théorem de la partie fixe”, [Del68],
[Voi07, [Vo113| and [Mov19] Chapter 6) implies that the restriction map

fo:H"(Y,Q) — H"(Y),Q)

is a morphism of Hodge structures and its image is equal to the set of monodromy
invariant cycles, therefore, the entries of &’ lies in its image. This implies that H%™
and hence H™V is in the image of f¢. It seems to me that fq is surjective and hence
all the elements of H™ (Y, Q) are invariant under monodromy. We conclude that all
the Hodge structures H™(Y,,Q), b €V are isomorphic, and hence, if we assume
the local Torelli for X/T we get a contradiction.

It must be remarked that a natural place to define the foliation .% (2) is the moduli
of Hodge decompositions defined in §3.12] In this space a vector field tangent to
.7 (2) has the property that when it is composed with the Gauss-Manin connection,
it sends the H” to HP~19*!, For the description of .%(2) in the case of elliptic
curves see §9.7

Let (L,0) = (CV,0) be a local leaf of .7 (2) and let .% (C) be a modular foliation
with C a period vector of Hodge type as in (6.19). Let also

fo
(-9

fl
which is introduced in We assume that f(0) = 0 and so the loci of constant
periods crosses 0 € L. The differential equation (6.6) restricted to L breaks into
pieces:

b

L



94 6 Modular foliations

dfd =A% f!
dfl _ A12f2
dFE-1 = A%-1E F% L AB-LECY (6.22)

dfn171 — Amfl,mfm
df"=0

Note that the Hodge blocks A’*! of the Gauss-Manin connection matrix in the
above equalities must be restricted to L.

Proposition 6.13 We have the equality

AZ-L3CE

. =df?" (6.23)

and this gives us the foliation F (C) restricted to L.

Proof. The only non-zero block for A - C is the left hand side of (6.23). This im-
plies the last statement. The proof of the equality (6.23) is as follows. The loci of
constant periods is given by f0 =0, f' =0,---, f™ = 0. This and the last equality
in (6.22) imply that f™ is identically zero. Using other equations we conclude that
ol f % are all identically zero. Therefore, the last %' equalities in (6.22))
are trivial equalities 0 = 0. The 5 -th equation becomes (6.23). O

Proposition 6.14 The Zariski tangent space of L is the zero set of the linear part of

£

Proof. The first 5 equalities

dfi = Al pit] i:O,l,...,%fl

imply that the linear part of f/, i =0,1,...,% — 1 atOis zero. O

The derivatives of f’s with respect to z;’s are in the ideal generated by fi*!, how-
ever, this does not imply the entries of f* are in the ideal generated by the entries of
f*1 (this has inspired us to write down Definition|5.7). We can conclude this if, for
instance, there is a holomorphic vector field v; in L such that

dfi(v;)=B'f', B;icMat(h" " x h" " @), det(B')#0, atO0.

and hence, L is given by f2 ! = 0. This seems to be related to a class of singu-
larities called generalized quasi-homogeneous singularities. Let g be a holomorphic
function in (CV,0). The germ of the singularity {g = 0} is called a generalized
quasi-homogeneous singularity if there is a holomorphic vector field in (CV,0) such
that dg(v) = g, in other words, g is in its Jacobian ideal. For instance, for a weighted
homogeneous polynomial g, the singularty {g = 0} has such a property.
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6.11 Modular vector fields

Explicit computations of Gauss-Manin connection produce huge polynomial ex-
pressions with big coefficients and this makes difficult to study modular foliations
using explicit expressions, see for instance [Mov11b, Mov19] and the author’s web-
page for samples of such computations. However, there are vector fields in the pa-
rameter space T of enhanced families which helps us to understand the dynamics
and arithmetic of modular foliations and they have rather simple expressions. Ex-
amples of such vector fields are due to Darboux, Halphen and Ramanujan. We call
them modular vector fields. The main reason for this naming is that they live in the
moduli of enhanced projective varieties, and in many interesting cases such as ellip-
tic curves, abelian and Calabi-Yau varieties, the pull-back of such vector fields by
the special map transforms them into derivations with respect to parameters of the
underlying moduli space.

Let X/T be an enhanced family and v € ©. We denote by A,,, the composition
of the entries of A, with v. The entries of A, are regular functions in T.

Proposition 6.15 A vector field v in T is tangent to the modular foliation %,,(C) if
Auy-C=0

Proof. This follows from the fact that a modular foliation is given by the entries of
A,-C. O

The Gauss-Manin connection matrix A,, is usually huge, however, we can describe
many vector fields v in T such that A,, , is simple and in many cases it is a constant
matrix.

Definition 6.13 We define 0t,,(X/T) to be the set of vector fields v € @ such that
the Gauss-Manin connection matrix of X/T on the m-th cohomology is of the form

oYdl, 0 -~ 0
00 Y2 0
Ym,v = Am,v = .. ) (6.24)
00 0 --.ymtn
0 0 0o - 0
where Yj,y" is a b=l 5 hm=id matrix with entries in ¢'r. These are called

Yukawa couplings. This is equivalent to say that

Voo, =Yttt i=0,12,..,m. (6.25)

An element of 91,,(X /T) is called a modular vector field.

The Or-module IM,,(X/T) is finitely generated and the maps

Y 90, (X/T) — Mat(h™ =11 s i =i, g (6.26)



96 6 Modular foliations

are Ot-linear. Modular vector fields are algebraic incarnation of derivations with
respect to quotients of periods. The main motivation for the matrix format (6.24)
in the definition of a modular vector field comes from various sources. The case of
elliptic curves and corresponding Ramanujan vector field was observed in [MovO8b|
Mov12b]. In fact a similar observation for the Halphen differential equation is still
true, see [Movl12all. In the case of mirror quintic [Mov17b], one gets for the first
time a matrix with non-constant entries. Such a matrix format appears in
topological string theory and in particular in the context of special geometry, see for
instance [CAIOGP91b, [GMPI3], ICDF 93, [ATi13b].

Proposition 6.16 The matrices Yﬁ,; \}’ satisfy the equalities
Vi B e (Y =0, =12, m(627)

Proof. The proof follows from the equality (3.22)) for the Gauss-Manin connection
matrix. Recall that """ is a h" 7 x h*"™" matrix. O

Note that (®5" )t = (—1)"®p~"" and so can be written as

Yifl.,i¢i.,mfi _ (_])mfl (mei,m+lfi¢m7i+l,i71)tr (6 28)
my *m myv m . .
m+1 m—1
In particular, for an odd number m and i = mTH, the matrix &,,2 * % is antisym-
metric, and
m—1 m+1 m+1 m—1
Yur  ? P’ is symmetric. (6.29)
Proposition 6.17 For vi,v, € O we have
Am,[vl,vz] = [Am,vzaAmyvl] +vi (Am)VZ) —V2 (Ale ) (6.30)

Proof. For two vector fields vi,v, € 1 with the Gauss-Manin connection matrices
A and A, we have

V[\,lﬁvz] Oy = Vy, 0V, 0y — Vy, 0V, 4y
= Vvl AZam_szAlam
= ([A2,A1]+Vi(A2) —v2(A1)) .

O

Proposition 6.18 The Cr-module M,,(X/T) is closed under the Lie bracket and
Sforvi,va € M, (X/T) we have

Yot = V1 Yie) =2 (Y ) 6.31)
Youi Yo =YYl (6.32)

Proof. This follows from (6.30). O
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When two modular vector fields vi,v, € M, (X/T) commutes, that is, [vi,v2] =0
then we have o o
vi (Yo Ly = vy (YL, (6.33)

myNy m\vy

One may think that there is a matrix Yi,,_l’i independent of the vector field v; and v;
such that o o
Yi’;\}/ :Vj(Yir;l,l)v ] = 172

This can be done in the context of enhanced varieties over complex numbers, where
Ym M have holomorphic entries. This discussion is inspired from the case of Calabi-
Yau threefolds in [AMSY16] and more details will be given in Chapter[I3|and Chap-
ter[8l Let us define

M(X/T) := N2 M, (X/T). (6.34)

Recall the definition of foliations .% (a) in
Proposition 6.19 We have

Fn(2) = F (M (X/T)),

and hence

F(2) = F(M(X/T)).
that is, the foliation % (2) is given by modular vector fields.

Proof. This follows from the definition of a modular vector field and .7 (2). O

The Or-module M(X/T) is finitely generated and we would like to find a particular
basis of this &r-module. Recall that M = T /G is the classical moduli space.

Property 6.4 Let X/T be a universal enhanced family. The Or-module M(X/T) is
free and it has a basis

vi, i=0,1,2,...,dim(T/G)
with [vi,vj] =0 for all i, j.

We will verify this property in the case of principally polarized abelian varieties, K3
surfaces and many other particular cases. If all the Hodge numbers of the middle
cohomology are equal to one, then the &r-module is of rank at most one and this
property is valid, see [Nik15,IMN18||. Modular vector fields are not enough in order
to generate the O1-module @r. In the next section we are going to discuss the
missing vector fields.

Recall the fundamental vector field map in Definition 2.21]and the ¢-vector space
i(Lie(G)) C Ot obtained by the action of G on T and defined in . For many
examples, including elliptic curves and their products, principally polarized abelian
varieties, the following property is valid.

Property 6.5 Let X/T be a universal enhanced family. We have

Or=MX/T) @ i(Lie(G)) @ Or
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that is, any vector field in T is a Ot-linear combination of modular vector fields
and vector fields coming from the action of G.

The fact that in the above equality we have a direct sum follows from the format of
the Gauss-Manin connection composed with the elements of 91(X/T) and i(Lie(G))
and our hypothesis on the enhanced family X/T in Property However, it is not
clear why any vector field in T must be an &7-linear combination of the elements
in M(X/T) and i(Lie(G)).

Let us consider the action of a reductive group G for the enhanced family X/ T as
in By propositionﬁwe know that i(Lie(G)) € 9MM(X/T) and Y'l’;‘}él =0 for
all g € Lie(G), where i is the fundamental vector field map. Moreover, the action of
G on O, (g,v) — g.v, induces an action on M (X/T).

Proposition 6.20 For a modular vector field v € M(X/T) which is invariant under
the action of G, that is, g,v =V for all g € G, we have

[v,vg] =0, Vg e Lie(G), (6.35)

and the entries of Y,l,;\}’l are constant along the orbits of G in T.

Proof. The proof of the first statement is as follows. Let A : T — T, A(¢) = g-t.
The equality g.v = v implies that for any differential 1-form ® € 911— we have
o(v)(gt) =A*(o(v)) = (A*w)(v). For @ = df, where f € Oy is aregular function,
we get

df(v)(g1) =d(f(g1))(v),

where both d’s are derivations in T. Now, we take the derivation of this equality
with respect to g, evaluate it over the vector field g € ©g and use Proposition
to get the result. By we get vg (Y, ") = 0 for all g € Lie(G) which implies
the second statement. 0O

Proposition tells us that the entries of Yﬁ,f\}’ give us functions on the quotient
space G\T. These functions might be used in order to construct moduli spaces. For
further discussion in this direction see Chapter[I3]

6.12 Constant vector fields

Based on the study of many particular examples, we find another class of important
vector fields in the parameter space T of a full enhanced family X — T. In the
following the elements of € are called constants.

Definition 6.14 We define
C(X/T):={veOr|Ayy is constant forallm = 1,2,...,2n—1}.

and we call an element v € Ot a constant vector field in T (relative to the Gauss-
Manin connection of the enhanced family X/T).
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Proposition 6.21 Let X/T be a full family of enhanced varieties. The vector fields
vy, 9§ € Lie(G) defined in 2.24) are constant and so i(Lie(G)) C € (X/T), where
i(Lie(G)) is defined in (5.14). Further, the m-th Gauss-Manin connection matrix
composed with vg satisfies:

t
Am,vg = gn:a
and hence it is block lower triangular matrix.

Proof. We have a proof of the above proposition in the complex context and using

periods. It follows from (4.16) and (.17). We take the differential of (4.17) with
respect to g, evaluate it at g € Lie(G), and use Proposition in the holomorphic
context and get the equality:

de(I)(Vg) =P, 9m-
Now we substitute the above equality in (4.16) and get the desired result. 0O

The set € (X/T) of constant vector fields is a €-vector space and not an &1-module.

Proposition 6.22 The constant vector fields € (X/T) is closed under the Lie bracket.

The leaves of the corresponding foliation contains the orbits of the action of G on
T.

Proof. This is a consequence of Proposition ad
Definition 6.15 We call .% (%4 (X/T)) the constant foliation.

For elliptic curves, abelian varieties and in general for varieties such that their mod-
uli in a natural way is isomorphic to a quotient of a Hermitian symmetric domain by
a discrete group, the space of vector fields in T has a basis of constant vector fields
and hence, the constant foliation has only one leaf which is the whole space. There-
fore, a constant foliation measures how far classical moduli of projective varieties
are from the mentioned property. For further discussion see

6.13 Constant Gauss-Manin connection

The following class of varieties provide many interesting modular vector fields and
foliations.

Definition 6.16 Let X/T be a full family of enhanced varieties. We say that X/T
has a constant Gauss-Manin connection if the &1-module @ has a basis v;, i =
0,1,2,...,n with constant vector fields. In other words, we have

Or = C(X/T) @ Or.
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In Chapter [11{ we will prove that the full family of principally polarized Abelian
varieties has a constant Gauss-Manin connection. The same statement for the family
of quartics in P3 (K3 surfaces) will be proved in Chapter Particular examples of
elliptic curves and product of elliptic curves are the origin of the above definition.
Motivated by all these examples we further claim:

Conjecture 6.2 If the moduli of enhanced varieties of a fixed topological type X
has a constant Gauss-Manin connection then the classical moduli space M of X is
biholomorphic in a natural way to some I7\D, where D is a Hermitian symmetric
domain and 17, is a discrete group acting on D.

Of course, we have to define rigorously what means “in a natural way”. The con-
verse of this conjecture seems to be wrong and the case of Calabi-Yau threefolds
is a candidate for this claim, see §13.10} For Abelian variaties and K3 surfaces D
is the Griffith period domain parametrizing polarized Hodge structures in a fixed
H™(X,7Z)o, see for instance [Gri70]. Note that in Griffiths’ formulation we fix a
(primitive cohomology), whereas in our formulation in Chapter [8] we work with all
cohomologies H*(X,Z), and so our version of the Griffiths period domain is finer.
One may expect that D in Conjecture [6.2] is always the Griffiths period domain,
however, this does not seem to be the case. The reader is referred to [HelO1l Milb]]
for preliminaries on Hermitian symmetric domains.

6.14 Constructing modular vector fields

Recall the construction of the full enhanced family X/T in and the notations
used there. We have the &1-module 9(X/T) and we will also consider it as an
Oy-module. For this we take the pull-back of functions in V under T — V and then
we perform the usual multiplication of functions and vector fields in T.

Theorem 6.23 There is an isomorphism
f:60y = M(X/T) (6.36)

of Oy-modules such that the following holds.

1. Under the canonical map T —V f(v) in T is mapped tov in'V.

2. Forvi,va € Oy we have [f(v1),f(v2)] = f([vi,Vv2]).
3. The Ot-module M(X/T) is free of rank dim(V).

Proof. The main idea of the proof is taken from [MNI8|, [IMov17b]. For simplicity,
we will drop the sub-index m (cohomology grading) and the upper index k (chart
index) from our notations. We first define 0(X/T) in a similar way as we did it for
9(X/T) in Definition and prove that this &3-module is free. We are looking
for vector fields v € M(X/T). Since the Gauss-Manin connection matrix A in a
local chart is of the form in Proposition [3.8] we conclude that
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S=Y,-S—S-B,, (6.37)

where dot over a quantity means its derivation along v. In Hodge block notation and

for m = 4 this is of the format:
%0 o0 0 o o)\ /BPB 0o o o
s10.611 o o o ||BlO BN BIZ 0 o0
520 21§22 o o | B B! BZ BP 0
30 B3l 32 33

0 gl 42 43 g4

0 0 0 0o o
s10g11 9 o o
0

oY 0o 0o o0\ /% 0o 0o 0o o
00 Y2 0 o |[s0sh 0 0o o
Q20 21 @22 oo 0 v® o || 2 0 o
30 31 32 33 0 0 0 o0 v¥|[s0 23
S0 g4l g4z 43 g 00 0 0 0/ \s#0 g4 2 o83 M

The equalities in for Hodge blocks M/, i < j can be regarded as the defi-
nition of the vector field v for the variable S;; which is the (i, j)-th entry of S. We
define v;; to be the quantity in the (i, j)-th entry of the right hand side of (6.37), and
so, the (i, j)-entry of this equation is $;; = v;;. The equalities in for Hodge
blocks MU, j > i+2 are just 0 = 0. For Hodge blocks M***! we get the following
equalities:

B B! B2 BY B
5 B) B B B

it il oidmiit]
0 :Y\II,H- SH— RS _SI,IBCH' ,

or equivalently
Yiitl = giigiitl (Si+1,i+1)71 ' (6.38)

This means that we can define v for variables in V an arbitrary quantity and (6.38)
can be regarded as the definition of Y,. From now on we discard the usage of v as
a vector field in T and use it as a fixed vector field v in V. We substitutes Y\",”‘H ’s in
vij in order to get expressions of v;; in terms of S;; and regular functions in V. The
conclusion is that M(X/T) in a local chart is generated by

d
Fv) i=v+4V, Where\V/:Zvij—, (6.39)
i7 oS

and S;; runs through all (i, j) entries of S with i > j. Note that V depends on v. If
we take a basis vi, k =1,2,3,... of sections of @y in a local chart (if necessary, we
take such a local chart smaller) then we have a basis f(vi) of 9(X/T).

Now, we prove that D(X/T) itself is free of rank dim(V'). Recall the func-
tion f: T — Aj§ defined in (3.14) and the fact that T is a fiber of f. It is enough
to prove that any v € 9(X/T) is tangent to the fibers of f. The morphism f
is made of many pieces. It is more instructive to first consider the pieces as in
f=1(81,82,---,8n—1, ), where g, = [(¢, )] and (-, -) is defined in 2.13).

We drop the sub-index of g,, and write g = g,,. Let Q := [(®;, ®;)] and hence
f(t) = SQS™. Below, the dot over a quantity means derivation along v.

_ :
[0, )] = (s28™)
= SQS" +5QS" +SQST
= (YyS—SB)QS" +S(BQ + QB")S" +SQ(S*Y — B'S™)
=Y, P+ DY
< 0.
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The only non-trivial equality is the last one. It is equivalent to
Yi,i+l @iJrl,mfifl + @i,mfi(meifl,mfi)tr -0 (6 40)
\% \% - .

which means that we have to prove Proposition [6.16] for v. In order to prove this
equality we write the equality SQS' = & in the format SQ = PSS~ and we get

Si,iQi,m—i _ (pi,m—i(Sm—i,m—i)—tr7 (641)

or equivalentely
Smfi.,mfi _ ((Pi,mfi)tr(Si,i)ftr(gimfi)ftr. (642)

We substitute Yf;iH ’s defined in (6.38) in the left hand side of (6.40) and then sub-
stitute S” """ "’s from (6.42). Now the equality (6.40) follows from

0= Bi,iJrl.inLl,mfifl =+ .Qi,mfi(Bmfifl,mfi)tr

which is the equality corresponding to the Hodge block M~ in dQ =B-Q +
Q-BY.

In general, we have to do the following computation. We write the lower index
m of cohomologies, however, we drop the upper index k of charts. Let Q := [@;,, U
}" | which has entries in Hjg "™ (Y /V).

[O‘ml U a’tnrz] = (Sml [wml U wrtnrz]S:nrz)
= Sy QSp, 4 S, 28y, + S, 28,

= (Yo, vSmy = Sy By )RSty + S, (B, 2 + 2B}y )Syr.
S, (S, Yor = Bin, Sir)

my,v
_ tr tr tr
- Ylnl,VSml'Qsz +S’"1 QSmZsz,V

tr tr tr
= leyV[aml U amz] + [aml U amz]sz,v

bml +my

tr
= Z (leﬁvq)mhmzyi + (Pml-,mLisz,V) Oy +my,i =0

i=1
and in a similar way we argue the last equality. O
As an immediate corollary of Theorem [6.23| we have the following:
Proposition 6.24 The foliation .7 (2) is of dimension dim(V) and has no singular-
ities in T.

Proof. This is because .7 (2) is given by M(X/T). O
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6.15 Modular vector fields and IVHS

Let us consider the infinitesimal variation of Hodge structures in for an
enhanced family X/T. The advantage with enhanced families is that all €-vector
spaces in IVHS comes with a basis, except for T; T, for which we also take a ba-
sis a%, i=1,2,...,r. Note that these are not yet vector fields in T and we do
not take a coordinate system (f,7,...,t,) around the point # € T. We denote by
dti,dt,--- dt, € (1), := (T, T)" the dual elements, that is, dt,'(a%) =1lifi=
and = 0 otherwise. Recall the Gauss-Manin connection matrix A = A, of X/T and
its Hodge block format A = [A¥].

Proposition 6.25 If we write the Gauss-Manin connection matrix at the pointt € T
A=) B i (6.43)
j=1

then B;"i—1 is the W™= 5 W= =LiF 1 matrix of 5&%) written in the standard basis.
J

Proof. This follows from the construction of IVHS from the Gauss-Manin connec-
tion. O

As a corollary we have

Proposition 6.26 Let v € 9M(X/T) be a modular vector field. The matrices Yy "
are the data of infinitesimal variation of Hodge structures &,y in (2.32) written in
the standard basis.

For the first examples of modular vector fields, we have a uniqueness property which
is due to further constrains on regular functions in the entries of Y15, This has
also to do with choosing a natural basis of the &r-module 2t(X/T). We were not
able to formulate a general procedure leading to such a basis. Just in the case of
Abelian and Calabi-Yau varieties we were able to find natural generalizations of
Ramanujan and Darboux-Halphen vector fields.






Chapter 7
Hodge cycles and loci

One may ask whether imposing a certain Hodge class upon a generic member of an
algebraic family of polarized algebraic varieties amounts to an algebraic condition
upon the parameters, A. Weil in [Wei77|].

7.1 Introduction

In this chapter we are going to relate modular foliations to Hodge loci and weak
absolute Hodge cycles. We introduce a holomorphic foliation % (C) in a larger pa-
rameter space T attached to families of enhanced projective varieties. Irreducible
components of the Hodge locus in T are algebraic leaves of the foliation .Z (C).
Under the hypothesis that these are all the algebraic leaves, we get the fact that such
algebraic leaves are defined over the algebraic closure of the base field and that
Hodge classes are weak absolute in the sense of Voisin. These are also two con-
sequences of the Hodge conjecture. We study such foliations using modular vector
fields which are natural generalizations of the vector fields due to Darboux, Halphen
and Ramanujan. For an expository account on Hodge loci the reader is referred to
[Voil13L ICS11]] and the references therein. The reader who wants to see the content
of this chapter in a concrete example is invited to read Chapter |10} and the article
[Mov18]]. Throughout the chapter, all varieties and enhanced families are defined
over a subfield ¢ of C. The algebraic closure of ¢ is denoted by € and € is a field
extension of £ by some transcendental numbers.

7.2 Cattani-Deligne-Kaplan theorem

A Hodge locus in our context turns out to be an algebraic leaf of a modular folia-
tion and this is the main motivations for the present chapter. After Lefschetz (1,1)-
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106 7 Hodge cycles and loci

theorem, without doubt, the theorem of Cattani, Deligne and Kaplan in [CDK935] is
the strongest evidence to the Hodge conjecture.

Definition 7.1 LetY be a smooth projective variety. A Hodge class is any element in
the intersection of the rational cohomology H™(Y,Q) C H’,(Y) and F2 C HI& (Y),
where F7 = F %Hc’{f{(Y ) is the Z-th piece of the Hodge filtration of Hjf (Y).

Therefore, the Q-vector space of Hodge classes is simply the intersection H” (Y, Q)N
H?% =H" Y,Q) NF%. Now,letY —V bea family of smooth complex projective
varieties (¥ C PV x V and Y — V is obtained by projection on the second coordi-

nate).

Definition 7.2 Let F2 H, (Y /V) be the vector bundle of F > pieces of the Hodge
filtration of HJ% (Y;), t € V. The locus of Hodge classes is the subset of F 2 Hl& (Y /V)
containing all Hodge classes.

Note that F'2 H (Y /V) is an algebraic bundle, however, the locus of Hodge classes
is a union of local analytic varieties. Now, we define the Hodge locus in V itself.

Definition 7.3 The projection of the locus of Hodge classes under F %H(’fﬁ(Y /V)—
V is called the Hodge locus in V. An irreducible component H of the Hodge locus
in a (usual) neighborhood of a point #p € V' is characterized in the following way.
It is an irreducible closed analytic subvariety of (V,#y) with a continuous family of
Hodge classes 6 € H"(Y;,Q) NH?'% in varieties Y;,7 € H such that for points 7 in
a dense open subset of H, the monodromy of & to a point in a neighborhood (in the
usual topology of V) of ¢ and outside H is no more a Hodge class.

One of the main goals of the present text is to develop the theory of modular
foliations as much as possible and at the end to give a systematic proof (or a coun-
terexample) for the following consequence of the Hodge conjecture:

Conjecture 7.1 Let Y — V be a family of smooth projective varieties defined over
a field € C C. All the irreducible components of the locus of Hodge classes are
algebraic subsets of F %Hgl‘{(Y /V) defined over the algebraic closure of t.

In particular, the components of the Hodge locus in V are also algebraic. The alge-
braicity statement has been proved by Cattani, Deligne and Kaplan.

Theorem 7.1 (Cattani-Deligne-Kaplan, [[CDK95|]) The irreducible components of
the locus of Hodge classes in F%Hgﬁ(Y/V) are algebraic sets.

The main ingredient of their proof is Schmid’s nilpotent orbit theorem in [Sch73]]
together with some results in [CKS86]. All these are purely transcendental methods
in algebraic geometry, and hence, their proof does not give any light into the second
part of the Conjecture that is, any component of the locus of Hodge classes is
defined over the algebraic closure of the base field €.

The algebraicity statement for the locus of Hodge classes is slightly stronger than
the same statement for the Hodge locus. Let us explain this. We take an irreducible
component H of the Hodge locus. Above each point t € H we have a Hodge class
B and the above theorem implies that the action of the monodromy representation
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m (H,t) — Aut(H™(Y;,Q)) on B produces a finite number of cohomological classes
(which are again Hodge classes). This topological fact does not follow just from
the algebraicity of H. This will be used in Theorem which is the adaptation
of Theorem to our context of modular foliations. We are working with Hodge
cycles which lives in homologies in comparison with Hodge classes which live in
cohomologies. Both notions are related to each other by Poincaré duality.

7.3 Hodge cycles and enhanced families

Consider an enhanced family X — T. For a given family of projective varieties
Y — V we can use the methods introduced in §3.6and construct an enhanced family.

Definition 7.4 A cycle & € H,,(Xo,2Z) is called Hodge if
/ i =0, i=1,2,... h%+
%

where W3+ .= pm0 =Ll 4 .4 W3+L5 -1 Recall that the differential forms
Opi, i=1,2,..., h%*! form a basis F%“HS’I’Q(X,)for allt € T.

Using Poincaré duality a Hodge cycle is mapped to Hodge class in Definition[7.1} It
follows that the period vector of a Hodge cycle, that is

C::/ Oy,
&

is of the format (6.14). We have called C a period vector of Hodge type. If the
Hodge decomposition of X is defined over ¢ and ¢, is compatible with the Hodge
decomposition of X then C is actually of the format (6.13).

Definition 7.5 Let 6 = {8 },c(t0), & € Hu(X;,Q) be a continuous family of cy-
cles. We call

L(gZ:{IET

the (global) locus of Hodge cycles with constant periods. It is sometimes useful to
replace T with a neighborhood of 0 in T, and call it the local locus of Hodge cycles
with constant periods.

/5r o, = C, & is obtained by a monodromy of 50} (7.1)

From now on by Hodge locus in the parameter space T of an enhanced family X/ T,
we mean the locus of Hodge cycles with constant periods.

Remark 7.1 Let X/T be an enhanced family constructed from ¥ /V as in A
Hodge locus with constant periods in T is projected to a Hodge locus in V under the
canonical projection T — V, and the resulting map is not necessarily surjective.
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The following theorem is a consequence of Theorem and the regularity of the
Gauss-Manin connection.

Theorem 7.2 The set Ls C T is algebraic, and hence, it has finitely many compo-
nents.

Proof. Let @, be the submatrix of a,, containing the first % Hodge blocks (cor-
responding to zero blocks in (6.14)). The Cattani-Deligne-Kaplan theorem implies
that the local irreducible components of |, 5, Om = 0 are in fact algebraic. Let us take
one component of this locus, say H C T. We prove that restricted to H the entries of
/. 5, Otm are algebraic over the field of rational functions of H. This would be enough
to prove that the locus [5 o, = C is algebraic. We use again Theorem and in

particular the algebraicity statement in the Hodge bundle F %Ho’ﬁ'{ (X/T), and con-
clude that the monodromy of & results in finitely many cycles at each fiber. This
implies that the entries of | 5 O take finite number of values. In particular, they
satisfy polynomial equations with coefficients which are holomorphic (one valued)
functions in H. The regularity of the Gauss-Manin connection, see for instance Grif-
fiths expository article [Gr170] page 237, implies that such one valued functions are
in fact regular functionson H. 0O

Note that the locus with ¢ near to 0 and &, obtained by a monodromy in a neigh-
borhood of 0, is an analytic subset of (T,0) and so it has finitely many components.
In particular, Theorem implies that they are parts of finitely many algebraic
sets in T. Apparently such an algebraic set is of codimension h%*!, however, its
codimension is less than or equal h%“’%’l, see for instance Voisin’s book [[Voi103]]
Proposition 5.14 or [Mov19] Theorem 16.2. Recall that Ls’s are leaves of the fo-
liation % (C) defined in Recall also the definition of Ls = L¢ in (6.4) and

Theorem 7.3 If C € P°~1(Q) (equivalently if & up to multiplication by a constant
is in Hy,(X;,Q)) then all the components of the leaf Lg = Ls of % (C) are algebraic
subsets of T.

Proof. From Proposition we know that .% (C) has the local holomorphic first
integral f :=P~*C, and L¢ is the inverse image of C under f. In this way, this
theorem is just Theorem[7.2]in different words. O

Next, we note that not all period vectors of the form (6.14) arise from Hodge
cycles. The following proposition is inspired after reading [Voi0O7]] Remark 1.2.

Proposition 7.4 Let (X, ) be an enhanced variety. For m an even number and for

a period vector
1
C:= m/am
2ri)2 Js

arising from a primitive Hodge cycle 6 € Hy,,(X,Q)o, we have

(8,8) =C"ad'C >0, (7.2)



7.3 Hodge cycles and enhanced families 109

where @, is the matrix in (3.1). In particular, if X is a fiber of an enhanced family
then the corresponding modular foliation % (C) has a trivial character in the sense

of Definition|6.6]

Proof. We prove the first statement. We take the Poincaré dual of & and use the hard
Lefschetz theorem to obtain P9 € H™(X,Q)o, that is, §Pd Uymm = §Pd. Here,
u € H*(X,Z) is the cohomology class of a hyperplane section of X (topological
polarization). We write §°¢ = o' B and get

1
C= 7»1/0%
(2mi)2 J&

1 ' tr n—m
= (27‘[1')7 /X o Uo, Uu B
&, -B.

2mi)? - Py, - B

I ERNNE

—~

Note that 8 = 27i - u is the algebraic polarization. Therefore,

(8,6) :/ §PIASPI AU = (2mi)" (5P9, 6P9)
X

= (27i)"B*" (04, 0}y )B

= (2mi)"B" ®,,B=C"®, "' C.
Now, for m even and 6 a primitive Hodge cycle we know that 5rd e H07’7 and the
affirmation follows from the second Hodge-Riemann bilinear relations, see [V0102]
Theorem 6.32, page 152.

Now, we prove the second statement. Let A : G — G,, be a group morphism
such that for all g € G we have gifC = A(g)C. From another side we know that
gl d,,g,, = D,,. Combining these equalities and the fact that C* @, *"C is non-zero
we get A(g)>=+1. O

The argument used in the proof of Proposition [7.4] fails for non-primitive Hodge
cycles. Let us write the Lefschetz decomposition of 6P9:

Spd = Sm + Sm—z + - ) Sm—Zq € Hmizq(X7Q)0’

where each piece Sm_zq is a primitive Hodge class and they are orthogonal to each

other, and so, o o ] )
(8.8) = (BB (B2 Bus) 4o

By the second Hodge-Riemann bilinear relations (8,24, 0m—24) is non-zero, how-
ever, its sign is (—1)% 9, which at the end may result in (§,8) = 0. This means that
the corresponding modular foliation % (C) might have non-trivial character.
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7.4 Isolated Hodge cycles

Let V C Hilbp(PY) be a Zariski open subset of a Hilbert scheme parameterizing
deformations of a smooth projective variety Yy C IP’IEV and and let ¥ — V be the
corresponding family of smooth projective varieties. Recall from §2.T1|that the re-
ductive group G acts from the left on V. We have mainly in our mind the case in
which G\V is the moduli of the projective variety ¥, however, we do not assume
this for the discussion below. Since for # € V and g € G the varieties Y; and Y, are
isomorphic, the Hodge locus in V' is invariant under the action of G.

Definition 7.6 A Hodge cycle &) € H,,(¥y,Z), 0 € V is called isolated if the local
Hodge locus through 0 is a neighborhood of the orbit of G passing through 0. In
other words, the Hodge locus in G\V crossing 0 is the isolated point O itself.

We could also formulate a weaker version of the above definition without talking
about Hilbert schemes and action of reductive groups, in the following way. Let Y —
V be a family of smooth projective varieties. A Hodge cycle & € H,,(Yy,Z), 0 €V
is called isolated if for all s in the Hodge locus corresponding to &, we have an
isomorphism Y =2 ¥ of projective varieties over C. Note that we do not claim that
such an isomorphism is given by some automorphism of the ambient projective
space. Recall the notation in §6.4] and in particular Proposition [6.4] which says that
the orbits of Stab(G, C)o are contained in the leaves of the modular foliation .7 (C).

Definition 7.7 Let X/T be a full enhanced family. A Hodge cycle & € H,,(Xo,7Z),
0 € T is called isolated with constant periods C if the local Hodge locus Ls with
constant periods C through 0 is a neighborhood of 0 in the orbit of Stab(G,C)g
through 0. In case X/T is equipped with an action of a reductive group G as in
we say that & is isolated with constant periods C if Lg is a neighborhood of
G - 0eStab(G, C)o.

Note that 0 e Stab(G, C)g and G -0 e Stab(G, C)g in both cases above are contained in
the global Hodge locus Lg and in the above definition we say that near to 0, L5 does
not contain more points. The following proposition tells us that modular foliations
arising from isolated Hodge cycles might not be so interesting.

Proposition 7.5 Let X/T be a full family of enhanced projective varieties, & €
H,,(Xo,7Z) be an isolated Hodge cycle with the period vector C and F = F(C) be
the corresponding modular foliation. Further, assume that the stabilizer of all points
in T with respect to the action of G are finite. Then F is trivial in some Zariski open
subset of T in the sense of Definition

Proof. By our hypothesis the fiber of the local first integral f = P~tC: (T,0) — CP
of .Z over C is just the orbit of Stab(G, C)o passing 0. Since the function of dimen-
sion of fibers is upper semi-continuous, we conclude that the fiber of f over points
near to C is either empty or the orbit of Stab(G, C)y. However, by our hypothesis
the dimension of 7 e Stab(G, C)y is the same as the dimension of 0 e Stab(G, C). All
these together imply that the foliation .% (C) in a neighborhood (usual topology) of
0 is the same as the foliation .7 (Stab(G, C)g) given by the action of Stab(G, C)o.
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Since both foliations are given by algebraic differential forms, we have the same
statement in a Zariski open neighborhood. O

The theory of modular foliations developed in this book is mainly for non-isolated
Hodge cycles. This is the case for instance for all Hodge cycles of abelian varieties,
see P. Deligne’s lecture notes in [DMOS82]|. More strongly, he proves that a Hodge
cycle of an Abelian variety can be deformed into a Hodge cycle of a CM Abelian
variety.

In [MN18] we have constructed the universal family X/T of enhanced mirror
quintic Calabi-Yau n-folds, and for n even, modular foliations are trivial in the sense
of Definition[6.4] and hence, Hodge cycles are expected to be isolated. More gener-
ally, it is reasonable to expect that a general Hodge cycle in the middle cohomology
of a projective Calabi-Yau variety of even dimension is isolated. As an example, we
can take a smooth hypersurface of degree 6 in the five dimensional projective space.
Its fourth cohomology has the Hodge numbers 1,426,1751,426, 1. For many exam-
ples of (n,d) one can prove that a Fermat hypersurface of degree d and dimension
n has isolated Hodge cycles, see [Mov12b] Chapter 16.

Let X; and X; be two mirror quintic Calabi-Yau threefolds, see [Mov17b], or any
two Calabi-Yau threefolds which appear in the list of Almkvist-Enckevort-Straten-
Zudilin in [AVEvSZI0]. We take the tensor Hi (X1) ®c Hig(X2) which has the
Hodge numbers 1,2,3,4,3,2. 1. A leaf L of % (2) in this case is two dimensional
and restricted to L, a modular foliation .% (C) with C a period vector of Hodge type,
is given by three 1-forms which we might expect that they are linearly indepen-
dent, and hence, .% (C) is trivial. A similar procedure in the case of elliptic curves
produces non-isolated Hodge cycles, see Chapter [10}

In order to construct trivial foliations we might first construct isolated Hodge
cycles without using the parameter space T of an enhanced family. One example
is as follows. We take the n-dimensional Dwork family with n even, see and
[MNI18]]. A zero of multiplicity 5 of the holomorphic solution of the corresponding
Picard-Fuchs equation is a a Hodge cycle. Let us take n = 4 and so we have a
four dimensional projective variety X, with Hodge numbers 1,1,1,1, 1. The Picard-
Fuchs equation L of the holomorphic 4-form in X, is well-known and we can take
three solutions x;1 = [5 1, & € Ha(X;,Z) i =1,2,3 of L represented with explicit

formulas. We also define x;; = (za%)j ~!x;1. We are looking for a Hodge cycle 8 =

a10)+ax% — 83, ay,a; € Q. This is equivalent to say
arxiy +axxp —x31 =0, apxip+axx —x3 =0.
We get

X22X31 — X21X32 c —X12X31 +X11X32 c
b
X11X22 — X12X21 X11X22 — X12X21

Similar to computations in [Mov17b], we may take the inverse of one of the above
functions and substitute in the other one, let us call it f. We are looking for a rational
point in its domain such that its image is also rational.
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7.5 The converse of Cattani-Deligne-Kaplan theorem

We are interested to see whether the converse of the Cattani-Deligne-Kaplan theo-
rem is true. We have formulated this in the following statement. For the definition
of a period vector of Hodge type see (6.14).

Property 7.1 For an enhanced family X — T of projective varieties and a period
vector C of Hodge type, all defined over C, the irreducible components of the Hodge
locus in T are the only algebraic leaves of F(C).

Property [7.1] can be considered as the converse of Cattani-Deligne-Kaplan theorem
in the following way. If a locus of Hodge cycles with arbitrary coefficients is alge-
braic then such coefficients, up to multiplication by a constant, must be necessarily
rational numbers. This is the same as to say that if the set Lg in is algebraic for
a continuous family of cycles & € H,,(X;,C) then up to multiplication by a constant
O € Hy(X,Q).

Propertyimplies that the modular foliation .% (C) is not trivial in the sense of
Definition [6.4]in For a particular format of C this is essentially the same as to
consider non-isolated Hodge classes, that is, Hodge classes that can be transported
along a one dimensional analytic curve inside the moduli space of the underlying va-
riety. It is natural to expect that Property[7.1is satisfied in many cases such as abelian
varieties, as P. Deligne in [DMOSS82] has proved that Hodge classes for principally
polarized abelian varieties are non-isolated, and isolated Hodge classes may give
us counterexamples to the Hodge conjecture. For all consequences of Property
we need that C belongs to a subset U of P°~!(C) without any local, non-discrete
analytic subset inside. In particular, a non-constant holomorphic map from some
analytic variety to PP~!(C) has its image in U if and only if it is constant.

Property must be considered as a variant to Voisin’s hypothesis on the non-
existence of a constant sub-variation of Hodge structures in Theorem 0.6 in [VoiO7].
This is as follows. Let V C T be an algebraic leaf of .% (C) and hence by definition it
is irreducible. We have a holomorphic flat section & of HJj, (X/T) in a neighborhood
of V such that restricted to V, & is a linear combination of o, ;’s with constant
coefficients (see Remark [6.1)). Let B be the smooth part of V and Y be any smooth
projective compactification of the inverse image of B under X — T. For a fixed point
0 € B we have the monodromy representation

p : m(B,0) — Aut(H"(Xo,Q)). (7.3)

The cycle 8 € H"(Xo,C) is invariant under the monodromy. This implies that we
have a subspace H C H™(X(,Q) whose elements are invariant under p (7 (B,0))
and 0 € H ®g C. From another side, Deligne’s global invariant cycle theorem or
”théorém de la partie fixe”, see [Del71al], Theorem 4.1.1 or [Del68], tells us that the
space of invariant cycles

H"(X0,Q)P :== {8 € H"(X0,Q) | p(7)(8) =6, Vye m(B,0)}
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is equal to the image of the restriction map i* : H"(Y,Q) — H™(Xo,Q), where i :
Xo < Y is the inclusion map. Moreover, this is a morphism of Hodge structures.
Therefore, H lies in the image of i*. If we assume that dimgi*(H™(Y,Q)) = 1 then
dimg(H) = 1 and so & up to multiplication with a constant is in H"™(Xo, Q) which
is the affirmation of Property [7.1] It is also reasonable to make a weaker assumption
that the Hodge structure of H™ (Y, C) (or actually its image under i*) is trivial, that is
it has only the middle piece H 2% Then all the cycles in H"(Y,Q) are Hodge. This
implies that &y is a C-linear combination of Hodge cycles in H™ (X, Q) all of them
invariant under p (7 (B,0)). Let us write this & = Y'*_,¢;5;;, t € V. The function
Ci(t) := (O, 8iy), t € VisregularinV and C = Zf-‘zl ¢;Ci(r) is a constant vector.
It turns out that the foliation .7 (C;(0)) restricted to V (a leaf of % (C)) has only
algebraic leaves. We do not get the affirmation in Property

7.6 Weak absolute cycles

The notion of an absolute Hodge class is introduced by Deligne in [DMOS82].
Voisin in [Voi07] introduced the notion of a weak absolute Hodge class and observed
that this notion is more natural when one studies the Hodge locus. In this section,
we translate both notions into homological cycles and describe a consequence of
Property

Let &€ C C be an algebraically closed field and let X a smooth projective variety
over £. For o € Gal(€/Q), we denote by X, the underlying complex manifold after
the action of ¢ on the defining coefficients of X. We have also the map induced in
algebraic de Rham cohomologies:

o:HE(X/8) — HE(X/E), o~ 0.

Definition 7.8 Let X be a smooth projective variety defined over £ C C. The com-
plex numbers

P(,8):— (27:1')—%/6(», o € H (X /F).

are called the periods of & € H,,(X,Q). Such a cycle § is called weak absolute if
it has periods in £ and for any o € Gal(t/Q), there is a cycle 8¢ € Hy(Xs,Q) and
ag € C such that

0 (P(®,8)) =as-P(ws,85), Yo € Hx(X/E).

It is called absolute if moreover for all o, ag = 1.

Note that in general if X is defined over tand & € H,(X,Q) then the periods of &
are defined in an extension £ of £ with transcendental numbers. Hodge conjecture
implies the following.
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Conjecture 7.2 Let X be a smooth projective variety defined over € C C and § €
Hu(X,Q) be a Hodge cycle. We have

1. The periods of 8 are in E.

2. The cycle 0 is absolute.

3. If€ C Cis a field extension of € and 8 as a cycle for X /€ is absolute then it is
also absolute for X /k.

For algebraic cycles Conjecture[7.2]is trivially true, see [DMOS82] Proposition 1.5.
Note that the third item is a consequence of the first and second items. We have
reproduced it because for absolute cycles which are not Hodge it seems to be a
highly non-trivial statement. The first item can be used in order to study special
values of many functions which can be written as periods, see for instance [MRO6].
An interesting observation due to Voisin is the following:

Proposition 7.6 (Voisin [Voi07] page 948) For a weak absolute Hodge cycle we
have

2
ags S Q>07

Proof. 1tis easier to present the proof in cohomologies rather than homologies and
using integrals. Let 0 € H"(X,Q) be a weak absolute Hodge class. The Lefschetz
(or primitive) decomposition of & in both H”(X,Q) and HJ}, (X /€) is unique. We
conclude that the primitive pieces of & are weak absolute with the same ag as of
&. Now the affirmation follows from the second Hodge-Riemann bilinear relations.
O

We might expect that some isolated Hodge cycles are not absolute. This statement
must be easier to prove than the statement on the existence of algebraic cycles. For
this, we would need only to prove that a bunch of integrals are zero and at least one
integral with a proper factor of 27i is a transcendental number.

7.7 Consequences of Property

In this section we combine Property [7.1) and Theorem [5.18] and we prove the fol-
lowing theorem. It says that Property and Hodge conjecture have few common
consequences.

Theorem 7.7 Let X/T be an enhanced family defined over the field € C C and as-
sume that Property([7.1|is true for all modular foliation F (C) attached to X/T and
all period vector C of Hodge type and defined over £. Consider a modular foliation
Z (Q) attached to X/ T and with a period vector C of Hodge type and with an alge-
braic leaf L, both C and L defined over C. If L is homologically defined over Q (see
Definition and it contain a ¥-rational point ty of T then primitive parts of C, up
to multiplication with a constant, and L are defined over k.
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Proof. The leaf L is homologically defined over @, and so, we have a continuous
family of cycles § = {6 }iev, 0 € Hu(X;,Q) such that L = Lg and &, fort € L is
a Hodge cycle. Here U = (T,1y) is a small neighborhood of #y in T. Let us assume
that the theorem with § primitive and C a primitive period vector of Hodge type, is
true. This implies the theorem for arbitrary & as follows.

We use Proposition [6.8] and the notations used in its proof. Let

C:C1n+cm—2+"'+cm—2q+"'a 5t:6t,m+5t.m—2+'"+5t,m—2q+"'

be the primitive decomposition of C and &, respectively. The foliation .7 (C,,_2)
has the leaf L5t‘m72q and each & ,,—24 is a Hodge cycle. By Cattani-Deligne-Kaplan

theorem L, ,, is algebraic. We also know that it contains #y € T(¢). We apply the
theorem in the case of primitive cycles and conclude that for all g, Ls, . », and C,,,_o4

up to multiplication with a constant c,,—»4 € C are defined over £. This implies the
theorem for arbitrary &. Note that we do not claim that ¢,,_o,’s are the same for
all g. From now on assume that § is primitive and C is a primitive period vector of
Hodge type.

Next, we prove that if C is defined over €, and the algebraic leaf L of .% (C) is
weakly homologically defined over Q, see Definition then L is defined over .
Assume that this is not the case. By our assumption L is given by ¢- [5 &, = C for
some constant ¢ € C. By the second part of Theorem [5.18] we have varieties Z and
L C T x Z and the projection 7 : L — Z, all defined over £ such that L, = 77! (x), x €
Z is an algebraic leaf of .# (C). This means that we have families of algebraic leaves
for % (C). Further, for some a € Z, L, = L is the original leaf. From now on we only
work with L, NU with x € (Z,a).

Recall from Proposition [6.2| that .% (C) has the local first integral f := P7"C:
U — C such that for the leaf f~!(C) of .#(C) the corresponding continuous family
of cycles has coefficients in Q if and only if C has rational entries. Since L, N U
is a leaf of .#(C) in the sense of Definition the restriction of f to L, NU is
constant, and hence, we have finitely many constant vectors Cx’,g i=1,2,...such
that f restricted to connected components L, ;, i=1,2,...of L;NU is Cx),-. For this
affirmation we may take U smaller such that all the irreducible components of L, N"U
crosses 0 € T, however, for x € (Z,a) and x # a, L, U might have still finitely many
connected components. The conclusion is that the vector C, is a holomorphic multi-
valued function in x € (Z,a) and according to Property up to multiplication
with a constant it has rational entries. This means that C, = ¢,C;, where C; is a
constant vector with rational entries and ¢, is a multi-valued holomorphic function
in x € (Z,a). We conclude that L, is given by ¢y - [5 o, = C We use the fact that &
is primitive and so by Proposition

88 =c2C"d,"C>0

and so ¢, must be a non-zero constant in C. This implies that Z consists of just the
point a, and hence, L is defined over ¢.
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Let £ be the algebraically closed field over € generated by the entries of C and the
definition field of L (which may contain some transcendental numbers over B). We
use the first part of Theorem for the triple (T,.#(C),L) and obtain an affine
variety Z and a triple (T x Z, .%,L). Since the Gauss-Manin connection matrix
is defined over &, in the definition of a modular foliation the only transcendental
numbers over £ may occur in C. We can regard C as a vector with entries which are
rational functions on Z. In particular, we can evaluate over a Zariski open subset Z
of Z. From now on we replace Z with Z. Let C, be the evaluation of C over the point
x € Z. We have

F |T><{x}: ﬁ(Cx), xeZ.

Now we use Propertyfor the foliation .% (C,) and its algebraic leaf L, := 7~ ! (x)
and conclude that there is a continuous family if cycles & € H,,(X;,Q) and a multi-
valued holomorphic function ¢, in an open subset of (Z,a) such that the algebraic
leaf L, of % (C,) in U is given by

cx-/ o, = C,.
&

Since Hy,(X;,Q) does not contain any analytic subset of H,,(X;,C), the continuous
family of cycles & is the same for all x. This follows again by considering holomor-
phic family of local first integrals f, := P™%C,: U — C, x € (Z,a). We conclude
that the entries of ¢, | 5 Om — Cy, which are multi-valued holomorphic functions,
vanishes on the algebraic variety L.

Let IT : L — T be the projection map in T coordinate. The pull-back of the holo-
morphic function |, 5, Otm by the projection IT is ¢; ' C,, whose quotient of entries are
rational function on L. We conclude that a quotient g of entries of |, 5, Om Testricted
to the image of IT are algebraic functions, all of them defined over &, see Proposi-
tion But by our hypothesis the image of IT contains the -rational point 0 € T.
Therefore, all such g’s evaluated at 7o are in €. Performing pull-back by IT, we get
the fact that C, = ¢- C with ¢ € C and C € £°. This reduces the problem to the case
in which C is defined over £ and L is weakly homologically defined over Q. O

In the last step of the proof of Theorem we have used the following simple
proposition.

Proposition 7.8 Let f: X — Y be a surjective morphism of algebraic varieties over
an algebraically closed field € C C. If g is a holomorphic function in an small open
set U of Y such that go f is a restriction of a regular function of X /Eto f~'(U) then
g is also a restriction of a regular function of Y /€ to U.

Let us consider an enhanced family X/T over the field ¢ C C and a Hodge cycle
& € Hyu(Xo,Q) and define

C:= /50 O (7.4)
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and consider the modular foliation .% (C). One of the consequences of the Hodge
conjecture is that if Xo is defined over €, that is, if 0 is a t-rational point of T, then
C € (2mi) 5 B, see the first item in Conjecture

Proposition 7.9 Property implies that the period vector Cofa Hodge cycle of
X /€ up to multiplication by a constant is defined over ¥, that is C € P°~1(E).

Proof. We consider the modular foliation .% (C) and apply Theorem O

m
2.

Note that the Hodge conjecture implies that the transcendental factor of C is (27i)
This does not follow from Property Note that in the proof of Theorem we
strongly use the fact that (0t ;, O, j>’s are constant. This forces us to work with the
finer parameter space T and indicates that a similar statement for a weakly enhanced
family as in §3.5]might be false.

Theorem 7.10 Assume that Property is true for all modular foliation .7 (C)
attached to X/ T and all period vector C of Hodge type and defined over C. A Hodge
cycle of any variety X;, t € T(C) is weak absolute.

Proof. Let & € H,y(X;,Q) be a Hodge cycle and C := |, 5 Om- Let Ls be the leaf

of #(C) crossing the point ¢ € T. Theorem implies that L is algebraic. Let £
be the algebraically closed subfield of C generated by the coordinates of ¢ and C.
For ¢ € Gal(t/Q), we have the foliation .7 (C,) tangent to the algebraic variety
0(Ls). We take a local analytic irreducible branch L of ¢(Ls) crossing the point
o () and we have a continuous family of cycles 6, € H,,(X;,C), s € (T,0(¢)) such
that L C Lz. By Property up to some constant ¢, SS is in Hy,(X;,Q) and so

G(/@ o) =0o(C) :cc/5 Oy

o (1)
O

Let us be given a family of smooth projective varieties Y /V over £. We can use the
recipe in and construct an enhanced family X/T. If Property (7.1]is valid for all
constant period vector C of Hodge type then Theorem[7.7]and Theorem imply
that the Hodge loci in V are defined over €, Hodge cycles of the fibers of Y /V are
weak absolute and they have periods in the algebraic closure of the field of definition
of the fiber. However, Property seems to be stronger than these consequences
together. For instance, consider an example of .% (C) which is trivial in the sense of
Definition[6.4] All the leaves of .7 (C) in T\Sing(.% (C)) are algebraic, and they are
the orbits of G¢. Note that the notion of a trivial foliation is related to the notion of
an isolated Hodge cycle.






Chapter 8
Generalized period domain

You forget, he said, that all your curses are of limited duration;, one hundred and
fifty years from today, their force will be spent, A. Weil in “Mathematische Werke,
by Gotthold Eisenstein”, [Wei79|] page 398.

8.1 Introduction

We introduce the generalized period domain U which is the target space of period
maps from the parameter space of enhanced families. We also study modular folia-
tions, vector fields and the loci of Hodge cycles in U. Some of the material presented
in this chapter are taken from [Mov13]. In the previous chapters we have explained
that the moduli of enhanced varieties is a nice object in which modular vector fields
and foliations live, whereas classical moduli of varieties do not carry such rich struc-
tures. Going to the Hodge structure or periods of varieties, Griffiths introduced a
period domain which is mainly responsible for the variation of Hodge structures
on classical moduli spaces and hence it is not adapted to our case. The general-
ized period domain U is responsible for the variation of Hodge structures arising
from enhanced varieties. We have slightly modified the same notion in [Mov13] by
considering the whole cohomology ring of a variety. The main reason for this is
inspired from the case of abelian varieties. In order to study Hodge classes in the
middle cohomology of an abelian variety one considers the period domain of the
first cohomology (which generates the whole cohomology ring) and not the period
domain attached to the middle cohomology. Therefore, we will reproduce many ar-
guments of [Mov13] and in particular, we will explain our approach in comparison
to Griffiths period domain, see for instance [Gri70, Mov08al]. Another advantage of
U is that it does contain the full data of periods of a variety, whereas Griffiths period
domain contains the data of certain quotient of periods. In simple words, the space
U is the transcendental incarnation of the moduli space T of enhanced varieties in-

troduced in §3.11]

119
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Something which would perfectly fit into this chapter is the construction of a
similar period domain U starting from a Hermitian symmetric domain and an ac-
tion of an arithmetic group. This would give the differential equations of the corre-
sponding automorphic forms in a geometric context. We have not done this and the
interested reader may think on this starting from Deligne’s description of Hermitian
symmetric domains as the parameter space for certain special Hodge structures, see
[DMOS82] Del 79}, Milb].

8.2 Polarized Hodge structures

Recall from and that for a projective variety Xy /C of dimension n we have
the following algebraic data. The algebraic de Rham cohomology HJ (Xo), m =
0,2,...,2n its Hodge filtration F*H} (Xo), cup product U, polarization 6y and the
trace map Tr. All these satisfy many properties, such as Lefschetz decomposition,
Hard Lefschetz theorem and so on. Now consider an embedding € C C. From this we
get two additional structures. First, we get the complex conjugation in the de Rham
cohomology. This together with Hodge filtration give us the Hodge decomposition.
It satisfies the so called Hodge-Riemann bilinear relations, see for instance [Voi02}
Mov19]. Second, we can look at Xy as a complex manifold and hence we have the
embedding

H,(X0,Z) — H% (Xo)", 5l—>/6,

which is an isomorphism after tensoring with C.
Definition 8.1 We call all these data a polarized Hodge structure.

Note that the same notion in the literature usually refers to a part of the above data
with fixed m.

8.3 Generalized period domain

Recall the projective variety Xo/C which we have fixed in §3.10] We consider it as
a complex manifold and we define Vy to be the de Rham cohomology ring of Xy
equipped with cup product, Hodge filtration and polarization:

Vo := (H;R(Xo), FO*,U,G()).

We also define Vj 7z to be the ring of homology groups of X, together with the
intersection of cycles and the ploarization element [Yy] € Hp,—2(Xo,Z):

Voz .= (Hi(X0,Z), - ,[Yo])-

Let us be given an arbitrary embedding



8.3 Generalized period domain 121
u: VOZ — VO\/ (8.1)

which sends H,,(Xo,Z) to Hjk(Xo)". We define the abstract integral sign through
the equality

u(5)(a)):/8a), ® € Hix(Xo), 8 € Hyp(Xo, 7).

Note that this is just the definition of [ and no integration is taking place. The
Poincaré dual 6P € H% (Xo) of § € Hyu(Xo,Z) is defined uniquely through the
equality

/5(9:(27ri)”-Tr(a)U6pd), Vo € Hik (Xo).

Definition 8.2 The generalized period domain [1, respectvely U, is the set of all
embeddings (8.1)), respectively image of such embeddings, such that

1. the intersection of cycles in Vp 7 is Poincaré dual to cup product in de Rham
cohomology, that is,

SPUSPY = (8, -8,)PY, 81,6, € Ho(Xo,Z).
2. we get a polarized Hodge structure in the sense of Definition 8.1}

Clearly we have at least one element of U obtained by the fact that both Vg 7 and Vg
comes from the homologies and cohomologies of the fixed variety Xp.

From now on we also denote an element of U by u. Attached to u we have a
pair (Xy, ). Here, X, is some ghost projective variety (which does not exists),
however, we define its algebraic de Rham cohomology, Hodge filtration etc. to be
the same as of Xy and so we define ¢, to be the identity map

o (Hir(Xy), F,U,0) = V.

We also define H,(X,,Z) to be the image of the embedding . Note that there
is no variety X,, and we have introduced it in order to produce the same notation
as in the algebraic context. We are just imitating the algebraic context in the level
of periods. We may call X, a motif. In this way the generalized period domain is
the moduli of enhanced motives, and we can treat U as it was the moduli T of en-
hanced projective varieties. For the moment we do not feel the necessity of using
classical theory of motives in our context. Therefore, we will avoid the motive ter-
minology. The algebraic group G and the discrete group I acts from the right and
left, respectively, on [1:
Iy ~MAG.

The action of I in I1 is given by
A(u):=uoA™! AcIy, vuen,

and the action of G on I is given by
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(u,g) ~ueg:=uo(g’)!, uel, geG.

By our construction we have
Proposition 8.1 The actions of G and Iz, on Il commutes and are free.

By definition we have
U=1Iz\N

and we also use e for the action of G on U. We might have A € Iz, u € I and the
non-identity element g € G such that

A(u)=ueg

This means that the action of G on U might not be free. This is the case for instance
for elliptic curves, see §9.2] However, it is expected that the stablizer of a generic
point of U is the trivial identity group.

Definition 8.3 The moduli of polarized Hodge structures is defined to be

\M/G.

Definition 8.4 The Griffiths period domain is defined to be

D:=1N/G.

This is a slight modification of Griffiths period domain. For varieties such that the
cohomology algebra is generated by the elements of a fixed cohomology, our notion
of period domain and Griffiths period domain are the same. However, for other cases
our period domain is finer. We will still call D the Griffiths period domain. The set
I7\D is the moduli of polarized Hodge structures of fixed topological type and it
has a canonical structure of a complex analytic space.

8.4 Period maps

Let X/T be an enhanced family of projective varieties with X as a fiber over 0 € T.

Definition 8.5 We have the generalized period map
P:T—U

which is defined in the following way. By definition a fiber X of X/T comes with an
isomorphism o : Hj, (X) — Hjz (Xo). The inverse of the dual of this isomorphism,
callit (o) ~! sends H,(X,Z) to a lattice in Hj (Xo)" and this gives a unique point
of U.
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Note that this definition is in a complete harmony with our ghost notation (X, o).
Moreover, note that if P(Xj,a1) = P(X2, @) then () o (of)~! : Hjp(X1)" —
Hj (X2)" maps H,(X,Z) isomorphically to H.(X>,Z) , and hence, it is an ismor-
phism of Hodge structures. The following definition will be needed in Proposition

B.4

Definition 8.6 For m € NU {0} we say that the generalized period map P is m-
injective if all the components of

{(thtz) eTx T‘P(rl) = P(tz)}

except for the diagonal, are of dimension < m.

Let T be the monodromy covering of T, that is, T consists of (¢,0), wherer € T
and & : (H.(X,Z),-,[Y]) = (H.(Xo,Z),-,[Yo]) as in §4.3|for X :=X,.

Definition 8.7 The generalized period map
P: T U,

is defined in the following way: for7 = (¢,8) € T, X :=X, with § : (H.(X,Z),-,[Y]) =
(H.(Xo,Z),-,[Y]) as in Definition[4.2 and o : (Hjx (X),F*,U, 0) = (Hj (Xo), Fy', U, 60)
which comes from the definition of the enhanced family X/T. We get the the fol-
lowing diagram which is not necessarily commutative:

H.(X,Z) > H.(Xo,Z)
ix! lix, (8.2)
%
Hip(X)" & Hj(Xo)"

where ix and iy, are usual integration maps. The image P(7) of 7 € T under P is
(Otv)_lixoé_l.

Recall the monodromy covering H in

Definition 8.8 The classical period map
P:H—D

is defined in the following way: for w = (X,0) € H with 8 : (H.(X,Z),-,[Y]) =
(H.(X0,Z),-,[Yo]) as in Definition we first consider an arbitrary enhancement
(X, ) with o : (Hgp (X),F*,U,8) = (Hy (Xo), Fy ,U, 8). We get the diagram 8.2]
which is not necessarily commutative. The image P(w) of w under the classical
period map is (") ~'ix o §~!. The choices of different enhancements o will result
in the orbit of G in 1, and hence, a well-defined element P(w) in D.

Note that if T is the universal family of smooth enhanced varieties then H=T/G
and the classical period map is induced by the generalized period map after taking
quotient by G.
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8.5 7 and t maps

The generalizations of automorphic forms in the present text are done in both al-
gebraic and holomorphic context. The discussion in this section provides a precise
translation from one to another. It gives us a bridge between the algebraic and holo-
morphic worlds.

Definition 8.9 A meromorphic map
T:D--»1T1 (8.3)

such that the composition D --» 1 — /G = D is the identity map, and it is an
embedding outside the set of its indeterminacy points, is called the T map and its
image is called the 7 loci.

There is no general recipe to define the T map. It has been constructed in the case
of abelian varieties, see mirror quintic Calabi-Yau threefolds, see [Mov17bl
Chapter 4]. The discussion in gives us the description of such a map for ar-
bitrary Calabi-Yau threefolds. The following proposition is a direct consequence of
the above definition.

Proposition 8.2 For any u € I there is a unique g € G such that
T(x)=ueg,
where x is the projection of uin D =T11/G.

Proof. Since T(x) and u induce the same element in D, there is a unique element
g € G such that 7(x) =uegholds. O

Let us consider a T map and recall the monodromy covering H in Letalso T
be the moduli of enhanced varieties as in §3.11]

Proposition 8.3 For any t-map, there is a meromorphic map
t:H--»T,

which is characterized by the fact that the following diagram is commutative:

-5 T
1 s

T

D — U

and the composition H --» T — T/G = M is the canonial map (X,8) — X. Here,
the down arrows are respectively the classical and generalized period maps.

Proof. Let T be the moduli of (X, 8, &). It is enough to construct the map  : Hl — T
such that
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H-5s T

3 b

D 5N
commutes and the composition H --» T — T/G = H is the identity map. This is
because T :=I7\T and U = I \. For a point w = (X,8) € H we first choose an
arbitrary enhancement (X, o). By Proposition there is a unique element g € G
and x € D such that 7(x) = P(X,8,a) e g. The point x is just the projection of
P(X,8,a) under N — D, and so, x = P(w). We replace (X, o) with (X, ) eg and
get T(P(w)) = P(X, 8, ). Therefore, we must define t(w) := (X,0, ) and with
this definition the above diagram is commutative. O

Definition 8.10 The map t in Proposition [8.3]is called the t map.

Remark 8.1 Since the action of G on I is free the map T : H — T is unique. If
we have two such maps §;, = 1,2 then P(t;(w)) = P(t2(w)), Vw € H. We have
a unique g € G such that Ty(w) =t;(w) eg and so P(t;(w)) = P(t;(w)) eg, and
so, g = 1. If the action of G on I1 is generically free then we might have a similar
statement for t.

Remark 8.2 Note that if the 7 map is holomorphic then the t map is holomorphic
too. This is the case, for instance, for abelian varieties. For mirror quintic both 7 and
t maps are meromorphic, see [Mov17bl, Chapter 4].

In §4.3| we have introduced few meromorphic functions in H. These might be used
in order to give a local coordinate system in H. The map t : H --» T with such a
coordinate system in H gives us solutions to modular vector fields in T. Moreover,
the image of t is going to be a leaf of the foliation .% (2) in

8.6 Action of the monodromy group

The monodromy group Iz acts on H from the left by composition of maps and it
is natural to ask for the functional equation of the t map with respect to this action.
Recall that dim(M) = dim(H) is the dimension of the classical moduli of Xj.

Proposition 8.4 Let m be the dimension of the classical moduli of Xy. If the gener-
alized period map P : T — U is m-injective ( see Definition[8.6) then

t(w) =t(A(w))eg(A,w), VAcIy, weH,
where g(A,w) € G is defined using the equality
A(T(w)) = T(A(w)) e g(A,w) (8.4)

obtained from Proposition[8.2) © = toP : H — N and and P is the classical period
map.
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Proof. Letw = (X,8) € H and t(w) = (X, ). Since the action of I and G on I
commutes, we can re write (8.4) as

A(T(w)eg(A,w)™ ) = F(A(w)),

which is F(w) e g(A,w)~! = F(A(w )) in U. Since the diagram in Proposition
commutes we have P (t(w )) g(A,w)" ' =P(t ( ( )). Now, we use the m- 1nject1V1ty
of the period map and we get (w) gA,w) ' =t(A(w)). O

8.7 Period matrix

Let o be a C-basis of Vy and 0 a basis Vj 7 as in Chapter Let u € T1. Since u comes
with an embedding in (8.1 and ¢, is the identity map, we have automatically a basis
of H,(Xy,Z) and Hj (Xy,) which we denote it again by 6 and «, respectively. We
define the m-th period matrix of u in the following way:

f5m?1 amvl .[5,,111 am72 T féml am7bm
[, @m1 Js,,0m2 =+ [, , Omb
Pt = (2m) % [L oy = om) % | T e e
Om : :
fém_bm 1,m fB bm U fém,bm am by,

If we have an enhanced family then we can replace ¢ with u and the integrations in
the above matrix are the usual ones. Instead of the period matrix it is useful to use
the matrix q,, defined by

d
O = Qm52p,, —m*
Then we have
tr
Pm = lPZn—m Q-

Combining these two equalities we have

o, =Pyt 50

2n—m - 2n—m-*

(8.5)

Remark 8.3 The entries of period matrices P,,, m =0,1,2,...,2n satisfy many
polynomial equations which have been described in Proposition [4.1] Considering
such entries as variables, this gives us an affine variety V C H ' oMat(b,,,C) de-
fined over Q. The generalized period domain [1 can be considered as an open subset
of V (using the usual topology of V).
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8.8 Griffiths period domain as a quotient of real Lie groups

In this section we first recall from [Del71b, (CK78]] some classical construction re-
lated to Griffiths period domain and then reformulate them in terms of the general-
ized period domain. Let

I, .= Aut(H*(X(),}K)7 - [YQ]), K=R,C,

which is defined in a similar way as with Iz, in (@.9). The group Iy acts from the left
on I, U and D in a canonical way. Let

Lie(I) = { g € Endg(H, (Xo,R)) (8.6)
R-linear, respects the homology grading,
Vry € Ho(Xo.R), gr-y+x-gy=g(x-y), a([X)) =0 }.
Note that for a fixed m this is just
Lie(I}) := {g € Endg (Hy(Xo,R))|Vx,y € Hn(Xo,R), gx-y+x-gy= 0} (8.7
For any point o € D, there is a natural filtration in Lie(I¢)
FiLie(It) = {g € Lie(It) | ¥ (FP) Cc FPT Ype Z}, i=0,-1,-2,...,

where F* is the Hodge filtration associated to o and gP9 is the Poincaré dual of the
linear map g. We get a natural filtration of the tangent bundle of D at a::

F~(Lie(It)) _ F~*(Lie(It)) Lie(It) _1,D.

hpry . -~ =7 =
1l = Foe(n)) © F(Lie(iz) © " FO(Lie(I2)

One usually calls Toﬁ’D the horizontal tangent bundle.
Recall that the marked projective variety Xy gives us a point in D. By abuse of
notation we also denote it by Xy. We define

Stab(I&, Xo) := {A e FR‘A Xy = Xo},
where we have considered X, € D.
Proposition 8.5 We have
Lie(G) = FO(Lie(It)) = Lie (Stab(Iz, X)) ,

where G is the algebraic group introduced in

Proof. The first equality is just the definition of G via Poincaré duality. The second
equality follows from the definition of the Lie algebra of a Lie group. 0O

Proposition 8.6 The subgroup Stab(I,Xo) of Ik is compact.
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Proof. See [Del71bl ICK78]|| or [Mov08a] Proposition 2. O

The map
o : I /Stab(Ir,Xo) = D, a(A) =A-Xp (8.8)

is an isomorphism and so we may identify D with the left hand side of (8.8). In
general, Stab(Ig,Xo) may not be maximal. It is connected and is contained in a
unique maximal compact subgroup K of Ix. When K # Stab(Ig,Xp), then there
is a fibration of D = Iy /Stab(Ig,Xy) — Ir/K with compact fibers isomorphic to
K /Stab(Ik,Xo) which are complex subvarieties of D. In this case we have Ty (D) =
T!(D) ® Ty (D), where T"(D) restricted to a fibre of 7 coincides with the tangent
bundle of that fiber.

Example 8.1 For mirror quintic Calabi-Yau threefols discussed in [Mov17b] the
period domain D is of dimension four. In this case Lie(G) (resp. F~'Lie(I¢)) is of
dimension 6 (resp. 8) generated by the matrices:

0000 ~-1000 0000
0-100 0000 ~1000
Av=10 0 1004270 000" M= |0 000
0000 0001 0010
0000 (0000 (0000
0000 0000 0000
As=10100]" 4= 1000 4= 0000
0000 0100 1000

(resp. those above and

010 0] 0000]
000 0 0010
A7=1000-1|" %= 0000
000 0 | 0000]

) In this example dimT}&D = 2, whereas the dimension of the moduli of mirror
quintics is 1. Note that F~'Lie(I¢) is not a sub Lie algebra of Lie(I¢:) as [A7,Ag] is
not inside Lie(Ig).

8.9 Gauss-Manin connection matrix

We consider the trivial bundle 5 = U x Vjy on U and call it the ghost cohomology
bundle. On J# we have a well-defined integrable connection

Vi = QY@g, H

such that a section s of 7 in a small open set V C U with the property
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s(u) € {u} x Hy(Xy,Z), uel

is flat. We will call this the ghost Gauss-Manin connection. Let o be a basis of Vj
as before. We can consider o, ; as a global section of .7# and so we have

Am,ll Am,12 T Am,lb,,,
Apot An2 - Apob, 0 |
Vot = A @ Oy, Ay = : _— : s Amyij € H (U, Q).

Apbnt Ambn2 * Ambubm
(8.9)
A, is called the (m-th) ghost connection matrix of V in the basis @,,. The connection
V is integrable and so

dA,, = A NAy,
which is X
dAm,ij: ZAm,ik/\Am,kja i,j= 1,2,...,b,. (8.10)
k=1

A fundamental system for the linear differential equation dY = A,,-Y in U is given

by Y = PI'. It is sometimes useful to write

A, =dPY.P*. (8.11)
In the next discussion, for simplicity, we drop the sub index m from our notations.
Proposition 8.7 We have the equality

1
Al ANApA---NAp = F(P)dpu/\dpzi/\---/\dpbi, i=1,2,...,b,

and hence

Proof. The proposition follows from the identity A = P~!.4P derived from (4.16)).
O

Note that we have
o =PpPtytrp, (8.12)

In particular, up to a minus sign we have:

det(P)

det(P) ==+ det(P)’

which is a constant.
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8.10 Griffiths transversality distribution

Motivated by the Griffiths’s transversality theorem we define
Definition 8.11 The Griffiths transversality distribution Fy in U is the &y sub
module of .QllJ generated by the differential 1-forms in the entries of

A j—i>2 m=1,2,...2n—1. (8.13)

These are %-entries of the Gauss-Manin connection matrices:

*x% % - % %
*x % % -+ % %

Am = Y|, m=012. 2

* %
% %

* % ¥ % o

* X

In general, the distribution .%,, on U is not integrable, see This is, for instance,
the case of mirror quintic Calabi-Yau threefolds, see [Mov11a] and the section on
the 7-locus.

Definition 8.12 A holomorphic map f : V — U, where V is an analytic variety, is
called a ghost period map if it is tangent to the Griffiths transversality distribution,
that is, for all 1-form ® in (8.13) we have f~'@w = 0.

Proposition 8.8 We have the following C-linear relations between the differential

forms (8.13):

m m
0= Y Afobi+ Y @AM it j<m—2.

k=m—j k=m—i

We have also

m m
O: Z Alk¢k]+ Z ¢l.k(A]k>tr’i+j:m_l,
k=m—j k=m—i

which includes the entries of AV, j — i = 1 and modulo the differential forms m
is:

0= Ai,i+l q)i+1,j + (pi,mfi(Amfifl,mfi)tr'
Proof. We have just opened the equality

0=d® =Ad+ PA"

This equality looks like (m = 4)
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xx##H# 0000 % 0000 % * % % K ok
* ok x # # 000 % % 000 % % X K % K ok
O= | *x*xx# O00x*x|+]100x%x*x # % x ok x
* ok kK ok 0 * % * % 0% % % % #H#xxx
* ok k% ok * ok kK ok ' EEEE. #H#H#xx

* indicates the entries which do not interest us and # indicates the entries where the
differential forms (8.13) appear. Now, we write the above equality for the entries %

described below
% % % * *

Yo %o * % *
% x * *x %
%k ok k%
% ok ok k%

and get the desired linear relations between the differential forms (8.13). We look
for the identities obtained from the entries % in:

* x x P %
* % P * %
* % % * %
% * x * x
x ok ok ok %

and obtain the desired linear relations for the entries of A¥+1 i=0,1,...,m—1 and
the differential forms §.13). O

Proposition 8.9 The distribution F,, is invariant under the action of G.

Proof. An element g € G induces a biholomorphism on U which we denote it for
simplicity by g again. From A = dP" - P~ it follows that

g*A — gtrAgftr.

This implies that g* sends the vector space generated by the 1-forms (8.13)) to itself.
To see this one may draw g""Ag~":

*0000 * x ### *0000
*xx000 x ok ok ## *x000
g Ag " = x%x%x00 xxxx# | [*xxx00
* % % x 0 EEEE * % % % (
x % K % % * % % % % * Kk ok ok

O

Remark 8.4 Proposition implies that in general the distribution .%,, has not the
expected codimension h%h? 4 h!7=1h3 ... 4+ hm=22h™ which is the number of

o;j in (3.13).
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Remark 8.5 The equality dA = A A A modulo the differential forms (8.13)) has the
form:

*x000 *x000 **xx00
**xx 00 * % x 00 * ok ok x 0
AA= | *xxx0 | A *xxxx0 ]| = | %% %% x*
%k ok ok ok ¥ % % k% ¥ %k k%
® ok ok k ok ¥ % % k% ¥ % % k%

Therefore,

dAj, i <H"F > K2 x=0,1,...,m—3

ijs

are in the .QllJ-module generated by the differential forms (8.13)). However,
dAFT2 = ARFEAATLFZ C modulo (8.14)
which violates the integrability condition.

Remark 8.6 In the case of mirror quintic the Griffiths transversality distribution
Frgr i =F (A92 A% A13) is of codimension 2 and it is not integrable. In order to see
this we proceed as follows. The matrix equality 0 = d® = AD + DA gives us six
independent equalities:

A13 *AOZ _ O, A23 +A01 — 07 AOO +A33 _ O7
AZ LAl =0, A2 4 A0 =, (8.15)
A3l _AZO _ 0,

derived from its (1,2),(1,3),(1,4),(2,3),(2,4),(3,4) entries, respectively. Using
dA = AAA we have

A13 /\A14/\A24/\dA13 _ A13/\A14/\A14/\A12/\A23,
ABAAMAAMAGAM = 0,
A13 /\A14/\A24/\dA24 — A]3/\A14AA14/\A23/\A34.

The right hand side of the above equalities is not zero.

Remark 8.7 If all the linear relations in Proposition [8.8] were independent from
each other we could conclude that the Griffiths transversality is a consequence of
the definition if an enhanced family. For instance, this is the case for the Hodge
numbers #?° = A% = 1, in which the collection of differential forms is just
o) p, and the equality in the (1, 1) entries is Aj, Pp; + Pp1Arp = 0. Since Py = Py,
is not identically zero, we conclude that A}y, is identically zero.

Remark 8.8 Is U an Stein veriety? The answer to this question can be the first step
toward the algebraization of U. To investigate this question one may start with the
article [LN99|] of A. Lins Neto in which a theorem of A. Takeuchi in 1967 and G.
Elencwajg in 1975 is used.
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8.11 Modular foliations and vector fields

From now on we can use all the discussion in Chapter [3] and [6] replacing T with
U. Instead of algebraic objects like X; we use their ghost versions like X,. The
only difference lies in the format of Gauss-Manin connections. In T the Gauss-
Manin connection due to Griffiths transversality has a special format with bunch
of zeros, whereas, in U we have the Griffiths transversality distribution introduced
in §8.10] We can now define modular foliations and Hodge cycles etc. in the same
style that we did it for T in Chapter[6] It is too premature to claim a kind of Cattani-
Deligne-Kaplan theorem for U, that is, to say that a locus of Hodge cycles with
constant periods is a part of a global analytic subvariety of U. However, it seems to
the author that the following statement is true: Let p : T — U be an analytic map
from an algebraic variety T to the generalized period domain U which is tangent
to the Griffiths transversality distribution. Then the pull-back of a locus of Hodge
cycles with constant periods by p is an algebraic subvariety of T. The possible proof
must be reconstructed from the arguments in [CDK935]).

Recall that the group I acts from the left on the generalized period domain 1
and U = I'z\IN. We are interested to find vector fields in I that are I'z-invariants
and hence can be lifted to vector fields in U. For simplicity, we sometimes drop
the subindex m from our notations. We denote a vector field v on the matrix space
Mat(b, C) with [v;;(P)]. In usual notations this is

d
vi= ;VU(P)E
For A € Iz, let us consider the map
fa : Mat(b,C) — Mat(b,C), P +— AP.
Since f4 is linear in P-coordinates, the vector field v in [1is I'z-invariant if
Alvij(P)] = [vij(AP)].

In particular, this is the case for vector fields of the form [v;;(P)] = P- B, where B is
a constant matrix. We use Remark [§.3] and conclude that the mentioned vector field
is tangent to M if B is in Lie(I¢) defined in (8.6).

Proposition 8.10 For a matrix B € Lie(I¢), the vector field |v;j(P)] = P - B gives
us a vector field in the generalized period domain U.

Recall that G acts from the right on U and so we have a canonical embedding
i :Lie(G) — H°(U,0y). (8.16)

Recall also from §8.8|that Lie(G) C Lie(I¢). We get

Proposition 8.11 For g € Lie(G) the vector field i(g) in the m-th period coordinates
of U is given by:
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vg(P) =Py gm
Proof. This is just the reformulation of Proposition O

Proposition 8.12 The Gauss-Manin connection matrix A,, composed with the vec-
tor field vg, g € Lie(G) is gy, that is,

(Am)vg = -
Proof. We have A,, = dP! - P, ' and so
(Am)vg = (Pugm)"Py" = gp-
O

Definition 8.13 A modular vector field v in U is a vector field such that (A,,), for
all m=0,1,2,...,2n is upper Hodge block triangular and all its Hodge blocks in
the diagonal are also zero.

8.12 Space of leaves

The foliation .#(C) in U has local first integral P~ C, that is, its leaves are the
inverse image of points by P~*C. We consider the global L¢, that is, we consider P
as a multi-valued function in U (the multi-valuedness arises from the choice of the

basis in homology), and
L = {u eu

The adjectives local or global will distinguish both sets from each other.

PtC= C}. (8.17)

Proposition 8.13 The global set Lg consists of finitely many connected compo-
nents.

Note that Proposition[8.13]is valid also in the algebraic context of enhanced families
X/T if we assume that the period map P : T — U is a biholomorphism. This hy-
pothesis can be verified for elliptic curves, K3 surfaces, cubic fourfolds and abelian
varieties. In general, partial compactifications of T might be used to prove statement

similar to Proposition

Proof. The generalized period domain I1 is an open subset (using the usual topol-
ogy) of the affine variety V of CP given by the quadratic polynomials in . Its
boundary in V is given by zeros of polynomials in the entries of P and its complex
conjugate P. These are points for which the Hodge-Riemann bilinear relations fails.
Any algebraic subset of V in holomorphic variables P intersects [1in a finite number
of connected components. In particular, for fixed C, C € CP the set
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Lch{PGH

has finitely many connected components. Its image under the canonical map 1 — U
is the set L definedin U. O

pirC = c} (8.18)

For A € Iy, the biholomorphism 1 — 1, P +— AP induces a biholomorphism
L,w¢ — L¢ and so in the quotient U := I\ they induce the same leaf of .7 (C).
Therefore, I acts on the set A of connected components of Lg. Note that such
components might have different dimensions. Let {[L;],[Lz], -, [Ls]} be the de-
composition of A into equivalency classes and

I7,:= {A €l

A(L,‘) L,’}, i= 1,2,...,5.

Proposition 8.14 The sum of indices of 17,;, i=1,2,...,s inside Iz is equal to the
number of connected components of Lg in U.

Proof. Using Proposition [8.13| we know that the map from I7/I7; to the set of
connected components of Lg given by A — A(L) is injective. Considering all i =
1,2,...,s we get the desired statement. [

8.13 Transcendental degree of automorphic forms

Let D C CV be an open Hermitian symetric domain and let I" be an arithmetic group
acting on D, see [Milb]. Let also j: D x I" — C* be an automorphy factor. It follows
from the Baily-Borel theorem in [BJB66] that the transcendental degree of the field
of automorphic forms for (D, I, j) is the dimension of D. One may also ask what is
the transcendental degree of the algebra generated by automorphic forms and their
derivatives. When I"\D is a moduli space of Hodge structures of weight w, we can
answer this question. The answer in this case is the dimension of the moduli space of
enhanced Hodge structures. We denote by z = (z1,22,.-.,zy) the coordinate system
in D C CN and by 0; := 3% the derivation with respect to z;. The field generated by
automorphic forms for I' ~ D and their derivatives under 0; is expected to be of
transcendence degree dim(T) over C. For D = H, the Siegel upper half plane and
I = Sp(2g,Z) this has been proved in [BZ01l BZ03].






Chapter 9
Elliptic curves

Though his [D. Northcott’s] thesis was in analysis under G. H. Hardy, he attended
Artin’s seminar, and when one of the first speakers mentioned the characteristic of
a field, Northcott raised his hand and asked what that meant. His question begot
laughter from several students, whereupon Artin delivered a short lecture on the
fact that one could be a fine mathematician without knowing what the characteristic
of a field was. And, indeed, it turned out that Northcott was the most gifted student
in that seminar, (J. Tate in [[RS11l] page 446).

9.1 Introduction

The case of elliptic curves is the founding stone of the present text, and therefore,
the content of this chapter must be read alongside any other chapter in this text. Un-
satisfied with P. Griffiths’ formulation of period domain [Gr170]], K. Saito’s formula-
tion of primitive forms [SaiOll] and N. Katz’s description of the relation beween the
Eisenstein series E; and the Gauss-Manin connection of a family of elliptic curves
[Kat73]], the author had to rewrite the case of elliptic curves in [Mov08bl, Mov08c].
Later, more details were gathered in the lecture notes [Mov12b]. The main objec-
tive in this lecture notes is to derive the theory of quasi-modular forms in the purely
geometric context of elliptic curves. Therefore, in this chapter I will omit many dis-
cussions regarding quasi-modular forms. Even the reader who is interested in Hodge
cycles and Hodge loci will find the content of this chapter relevant. The only geo-
metric phenomena which could happen for a single elliptic curve are either getting
singular or having a complex multiplication. Both phenomena are isolated points
in the moduli of elliptic curves. However, the dynamics of modular foliations and
the non-existence of algebraic leaves in this case become non-trivial topics. This
will prepare the reader to the content of Chapter [I0]in which we will encounter
the first non-trivial Hodge locus arising from the isogeny of elliptic curves and the
corresponding modular curves.

137
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9.2 Enhanced elliptic curves

It is a well-known fact that any elliptic curve over a field £ can be embedded in
the projective space of dimension 2. Therefore, we are going to consider degree 3
smooth curves X in P2. Note that an elliptic curve over £ by definition is marked
with a €-rational point 0 € X (£). We can neglect the polarization 6 in all of our dis-
cussions, because it is uniquely determined by Tr(6) = 3. We only need to discuss
the middle cohomology H i (X) and so we drop the sub index m from our notations.
For many missing details the reader is referred to [Mov12b].

An enhanced elliptic curve turns out to be a pair (X, {a, ®}), where o is a regular
differential form in X and @ € H}; (X) such that (¢, ®) = 1. In this case we have a
universal family of enhanced elliptic curves X — T, where

X:y2—4(x—t1)3+t2(x—t1)+t3=0, o= [dyx}’ o= {x;alx} 9.1)

which is written in the affine coordinate (x,y), and

1
T:=Spec| t|t;, 0,13, ——=| |-
P ( {1 2,13 27t32_t§]>

01
oo [0

We have

The algebraic group G is

()

and its action on T is given by

Kectkct— {0}} = Spec (e [k,k@ /1<D 9.2)

reg:= (k2 + Kk 0nk™* 13k7°),

k kK
t=(t1,h,3) €T, g= {0 k—l} eG.

The Gauss-Manin connection matrix of the family X/T is

3 1 3

A=—
A |Adt — thdA — (3 + ih)a 3ta+ llsz] ’

9.3)

A =271 —13, a =3n3dty — 2nrdts.

This computation with #; = 0 is well-known, see [Sas74] p. 304 or [SaiOl], (in
the first reference the formula has a sign mistake). From a historical point of view
another family of elliptic curves turns out to be important as well. From this family
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we are going to derive Darboux’s differential equation. This can be also served as
a motivation to enlarge our notion of moduli of enhanced projective varieties by
adding more ingredients in the definition of an enhanced variety. Let

X:y?—d(x—t1)(x—12)(x—13) =0, ot = [dx]7 -

[xdx
y

] , 94
y

1
T =Spec | ¢ |t1,12,13, D
e 2 ot e
The family X/T is the universal family for the moduli of 3-tuple (X, (P, Q),{a, ®}),

where (X, {o, }) is an enhanced elliptic curve and P and Q are points of X () that
generate the 2-torsion subgroup of X with Weil pairing e(P,Q) = —1. The points P

and Q are given by (11,0) and (#,,0). Its Gauss-Manin connection matrix is given by

dn — 1
L — 9.5
2(t1 — 1) (t; — 13) [t2l3—l1(l2+t3)l1}+ ©-3)
dn —I 1 n dts —13 1
2(h—t)(—1) [z —n(1+6) 0| 2(6—h)(—1h) [ha -6t +0) 6]

9.3 Modular vector fields

In this section we briefly recall the material of in the case of elliptic curves.
We first consider the family (9.1I). There are unique vector fields e, %, f in T such
that the Gauss-Manin connection matrix A of the family X/T along these vector
fields has the form:

10 01 00
S ) A T A

Since we know the explicit formula of the Gauss-Manin connection in (9.3), this
affirmation can be checked easily, and in fact, we can compute explicit expressions
fore, f,h:

2 L9 e e 12y 9
f=—@ 12t2)(9t1 (4111 6t3)at2 (61113 3t2)8t3’ (9.6)

d d d d
h=—-63-——4n— —2t|=—, e = —.
33[3 23[2 13[17 ¢ atl
The &-vector space generated by these vector fields equipped with the classical
bracket of vector fields is isomorphic to the Lie Algebra sl,, and hence, it gives
a representation of sl in the polynomial ring Q[t;,%,,#3] which is infinite dimen-
sional.

[h7e] =2e, [hvf] = -2f, [eaf] =h. 9.7
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Definition 9.1 We call R := — f in (9.6) the Ramanujan vector field.

One can check the relations directly, however, there is a geometric way to see
this by using the composition of vector fields with the Gauss-Manin connection ma-
trix. For this we use Propositionand we have for instance A (s ) = [A., As]. Note
that after composing with A the role of 4 and e is exchanged. A similar discussion
can be done for the family (9.4). In this case we have

Definition 9.2 There is a unique vector field D in T such that

w2
This is
D= (ti(2+13) —tzts)i + (12(t1 +13) —ms)i +(3(11 +12) _tltz)i~
ot on at3
and it is called the Darboux-Halphen vector field.

The algebraic morphism « : Ag — A% defined by

o:(t,n,8)~ (T4 Y, (T—t)(T—1;),4T—u)(T—0)(T-1n)), (9.8

1<i<j<3

where T := 1(t; +1, +13) connects the families and (9:4), that is, if in we
replace ¢ with ¢t(z) we obtain the family (9.4). The Gauss-Manin connection matrix
associated to (9.4) is just the pull-back of the Gauss-Manin connection associated
to (9.1, and so, the Darboux-Halphen vector field is mapped to Ramanujan vector
field under o.

9.4 Quasi-modular forms

The Eisenstein series are defined as follows:

4k
Ex(t)=1+ (—1)kFZGZk,1 (n)g", k=1,2,3, T€H, 9.9)
n>1
where g = ¢*™* and o;(n) := L d' and B;’s are the Bernoulli numbers:
B ! B, = ! B3 = !
1 6’ 2 30’ 3= 42’

S. Ramanujan in [Ram16] proved that

g =(81,82,83) = (a1E2,a0E4,a3E;s), (9.10)
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with i i i
TL T1 TL
Y it T Y guindd 2 “MEN3
((1],612,03) < 12 5 ( 12 ) 58( 12 ) ) )

satisfies the ODE’s
Hh= l12 — ﬁtz
R: < #p =4t — 613 R 9.11)
f3 = 61113 — %t%
where the derivation is with respect to 7. The constants a;’s have appeared in our
geometric treatment of Ramanujan differential equation R, and up to these constants,
(0.T1) is the same as (L.1).
In 1881, G. Halphen considered the non-linear differential system

H+iH =21t
i+i3 =203,
fH +1i3 =213

(see [Hal81b, [Hal81c| |[Hal81al]) which originally appeared in G. Darboux’s work
in 1878 on triply orthogonal surfaces in R? (see [Dar78b]). We write the above
equations in the ordinary differential equation form:

2 Zl‘](l2+l‘3)—t2t3
D:{ h=n(t+t)—nts . 9.12)
h=n(h+hn)—th

Halphen expressed a solution of the system (9.12) in terms of the logarithmic deriva-
tives of the theta series:

uy = 2(In64(07)),
uy = 2(1n92(0\17))/, = =
usz = 2(11193(0"5))/.

where ,

0,(07) := Y. q2(n+3)
1

03(07) =Y g™ 1

04(0]7) = X ..(—1)"q2"

,g=e"" 1cH.

9.5 Halphen property

For R=7Z,R,C etc. let us define

SL(2,R) := { t’ Z]

a,b,c,d € R, ad —bc = 1}
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and

Ir'd):= {A €SL(2,Z)|A = [1 O] modd}7 deN.

01

ab

c d} € SL(2,C), m € Nlet also

For a holomorphic function defined in H and A = [

(f [nA)(7) = (cT+d) " f(AT),

(f lmA)(T) = (cT+d) " f(AT) —c(cT+d) ™,
The following property of the differential equations R and D is known as the
Halphen property.

Proposition 9.1 If ¢;, i = 1,2,3 are the coordinates of a solution of the Ramanujan
differential equation R (resp. the Darboux-Halphen differential equation D) then

¢1 |éA7 ¢2 |2Aa (P |2Aa

(resp.
¢ bA, i=1,2,3,

) are also coordinates of a solution of R (resp. D) for all A € SL(2,C). The subgroup

of SL(2,C) which fixes the solution given by Eisenstein series (resp. theta series) is
SL(2,Z) (resp. I'(2)).

Proof. The first part of the proposition is a mere calculation and it is in fact true
for a general Halphen equation in §0.12] The second part is easy and it is left to the
reader. 0O

It is useful to consider the special case A = . Recall the Eisenstein

series (g1,82,83) in The following

(d'gl(d'f)v d2~g2(d~T), d3og3(d~f))

Vd 0
0 vd'

is also a solution of the Ramanujan differential equation. For more discussion on
Halphen property see [Mov12al.

9.6 Period domain and map

For the rest of our discussion in this chapter we will only consider the family (9.).
In this section we take £ = C. The generalized period domain in the case of elliptic

curves is
X| X
M:= { [ : 2]
X3 X4

xi € C, x1x4 —xox3 = 1, Im(x17%3) > O} (9.13)



9.6 Period domain and map 143

seems to appear in the literature for the first time in [Mov08b]. In the case of elliptic
curves the discrete group Iy, turns out to be SL(2,Z). This group (resp. G in (9.2)) )
acts from the left (resp. right) on 1 by usual multiplication of matrices. We also call

U:=SL(2,Z)\N
the period domain.
Theorem 9.2 The period map
L% [
P.T—U, t— IR AR (9.14)
lvzni [fyd} a3

is a biholomorphism of complex manifolds.

The first bracket [-] in (9.14) means the equivalence class in the quotient SL(2, Z)\ M,
and the other refers to a 2 x 2 matrix. We have chosen a basis 6,y € H;(X,Z) with
(8,7) = —1. Tt is well-defined because different choices of 8,y lead to the action of
SL(2,Z) from the left on N which is already absorbed in the quotient U. Theorem
[9.2] follows from the fact that the classical period map C — SL(2,Z)\H, which for
J € C it associates the quotient of two elliptic integrals attached to the elliptic curve
with the j-invariant j, is a biholomorphism and its inverse is given by the classical
Jj-function. For details see [Mov08c|] or [Mov08b].
The period map satisfies

P(reg)=P(r)-g, 1T, geG. (9.15)
The push-forward of the vector fields f, e,k by the period map are respectively given
by
d d
f=x ) + x4 o

e = x| 78)(2 +x3 73)647

d
h= +xX3=——x
2

X = —Xp=—— —_—
laxl 2 9x 0x3 48x4

Here, the vector fields act as derivations on the ring &y of holomorphic functions in
U. This follows from dP = PA!" and

[x2 0
dP(f) = |2 0}7

[0 x
e = |on].

_)C —X
dP(h) = x; _Xﬂ.
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9.7 Modular foliations

We analyze the modular foliations in the case of elliptic curves. The action of G on
A% — {0} has two orbits represented by

=[] B

The modular folation .% (C) corresponding to the first one is given by the Ramanujan
vector field R in and the modular foliation .%# (C) corresponding to the second
C is given by the vector field e. Therefore, the moduli of modular foliations consists
of two points. The Ramanujan vector field gives us also the foliation . (2) and so

FZ(2)=7(R)=Z(C), C:=[1,0]".
We call this the Ramanujan foliation. The singularities of .% (2) are given by

Sing(Z(2)) := {(a, 12a%,84%)|a € E}. 9.16)

We consider the foliation .% in A% given by the €-vector space generated by e, f, h.
The foliation .# is three dimensional and its unique general leaf is given by the
whole space A%. The vector fields e, i, f are tangent to the discriminant locus {A =
0} C Aj and

1 2 1 4 9
6t3) f — (613t] — =12)h+ (S1112 — 61713 — ~brt3)e = ~ A — 9.17
(6t3) f — (61311 32) +(312 i3 223)6 3495 (9.17)

2]

{n-0}
Sing )

Fig. 9.1 Singularities of Ramanujan vector field
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Therefore, Sing(:#) = {A = 0}. There is natural stratification of A} according to
linear independence of e, f,h which is given by

{(n,0,0) |t €€} C {A=0} C Aj.

9.8 Moduli of Hodge decompositions

The moduli of Hodge decompositions T in the case of elliptic curves is the set of
pairs (E,H*!), where E is an elliptic curve over ¢ and H*! # F'H} (E) is a one
dimensional subspace of Hle (E). It turns out that this moduli is the quotient of T
under the action

TxGp—T, (t1,00,83),k+— (k-1,,k* - 1,k> - 13),
and so, such a moduli space is
Ti =Py> —P{A =0}.

This has a natural compactification in the weighted projective space P'23 which is
the projectivization of A} with the coordinate system (7,1,,73) and weights deg(#;) =
i, i=1,2,3. The foliation .% (2) in T; induced by the Griffiths transversality can
be written explicitly in the affine coordinate system [1 : x : y] for P!'>3 with

n B3
xny) =[5, 5 |.
) ( )

This is as follows. The Ramanujan vector field R as an ordinary differential equation
gives us

1

{ X=1-(2x—6y+ £x?),
y=11-(3y— 32+ 3x).

Therefore,

1 1 1
F(2): <2x —6y+ 6x2) dy— (3y - gx2 + 4xy) dx=0. (9.18)

Proposition 9.3 The only algebraic leaf of the foliation 9.18)) in C? is the curve
27y —x* =0.

The reader who is familiar with foliations in two dimensional surfaces, might try to
prove this theorem using the Camacho-Sad index theorem, see for instance [LNS].
This can be done in the same way as one proves that the Jouanolou foliation has no
algebraic leaf. Our proof of Proposition 9.3 does not use this and it follows from
Theorem in which we use the moduli interpretation of the coordinate system


http://w3.impa.br/~hossein/WikiHossein/files/Singular%20Codes/2018-03-StratificationRamanujan.txt 
http://w3.impa.br/~hossein/WikiHossein/files/Singular%20Codes/2018-03-StratificationRamanujan.txt 
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(t1,t2,13). Note that the natural projectivization of the foliation (9.18) is in P1>3 for
which the line at infinity is not invariant. However, if we look at (9.18) in the usual

projective space IP? then the line at infinity is invariant. Note also that singular points
of the foliation (9.18)) in C? are (x,y) = (0,0),(12,8).

9.9 Algebraic group acting on modular vector fields
Let us consider the left action of the Borel group G on the moduli space T. It induces

an action of G from the left on the space of vector fields on T in a canonical way.

Proposition 9.4 We have

f.g l_k/ _klz_ f lk/

heg| =10 1 2K h|, g—[o 1}€G7
ceg 00 1 ||[e

feg 0 07 [f L 0

heg|( =101 0 h|, g:{Okl]EG.
cog 00k |

Proof. We just need to compute the derivation of the action

k K

AL = AL, (n,0,3) = (0K KK k™ k%), g = [o k!

s

O

The group G¢ with C = [1,0]*" in (6.11) turn out to be

k0 i
e ([ 2] 1ker ),

and the character A : Gc — G, is an isomorphism of groups given by [l(; kol] — k.

We conclude that

Proposition 9.5 The foliation % (2) is invariant under the action of g = [](; kol}

on T, that is, g maps a leaf of % (C) to another leaf.

Proof. The statement follows from f eg = k f. In fact, g maps the leaf Lg:P"C=
Cto L, 1¢. Note that we have used the particular format of C = [1,0]*". O

Note that T = T/Gc turns out to be the moduli of Hodge decompositions discussed
in The foliation .% (2) is our first example of a modular foliation with a non-
trivial character. We conclude that there is a foliation .% (C, A1) containing the leaves
of .7 (2) which is introduced in This turns out to be the foliation .Z (f,h).


http://w3.impa.br/~hossein/WikiHossein/files/Singular%20Codes/2018-03-SingularitiesFoliationRamanujan.txt
http://w3.impa.br/~hossein/WikiHossein/files/Singular%20Codes/2018-03-SingularitiesFoliationRamanujan.txt
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Proposition 9.6 If the leaf of .F (2) passing through p € C3 is algebraic then the
leaf of & (f,h) passing through p is also algebraic.

Proof. Note that [h, f] = —2f and so the distribution given by f and % in the tangent
space of T is integrable. The assertion follows from Proposition[9.5|and the fact that
the G,,-action used in this proposition is given by 4. O

9.10 Leaves

The period map in the case of elliptic curves is a biholomorphism between T and
U and under this biholomorphism the notations in Chapter [6] and Chapter [§] are
translated to each other. For instance, .% (2) in T is mapped to .% (2) in U. A leaf of
the Ramanujan foliation .% (2) in T is given by the equality

—tr
X x I | x| _ =
e [ - ] ¢ o1
for some constant vector C € C?\{0}. In particular, the set .Z(C) in (6.12) is
Z(C)={CecC? C#0}. (9.20)

Two such leaves LCI_, i = 1,2 are the same if and only if C, =AGC, for some A €
SL(2,Z). This means that the converse of Proposition is true in the case of
elliptic curves. The space of leaves SL(2,Z)\.Z(C) for points C with C;/C; € R
does not enjoy any reasonable structure. For further study of the dynamics of .7 (2)
see [Mov12a].
A leaf of .Z (f,h) is given by
. X2 1

L.: ) =, for some constant c € P". 9.21)
Two such leaves L., i = 1,2 are the same if and only if ¢; = Ac, for some
A € SL(2,7Z). Here, we have used the Mobius action of SL(2,Z) on P!. We ex-
pect that all the algebraic leaves of modular foliations are again moduli spaces of
certain structures in Algebraic Geometry. Viewed in this way, the following can be
considered as a first evidence to such a statement.

Theorem 9.7 No leaf of the Ramanujan foliation F (2) in T : C3\{2713 — 13 = 0}
is algebraic.

Proof. Using Proposition 9.6]it is enough to prove the same statement for .% (f, h).
Two leaves L., ,L., of Z(f,h) given in are the same if an only if A(c;) =
¢y for some A € SL(2,Z). If a leaf L. of #(f,h) is algebraic then the orbit of ¢
under SL(2,7)-action is a closed subset of P!. Otherwise, such an orbit have an
accumulation point b. This implies that the leaf L, accumulates on the leaf L, which
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is a contradiction. It turns out that such a closed orbit does not exist and the theorem
follows. 0O

9.11 An alternative proof of Theorem [9.7]

There are two essential steps in the proof of Theorem The first one is the fact
that the action of SL(2,Z) in P! has no finite orbit. The second one is the usage
of Theorem [9.2] From this theorem what we need is the following. The loci of pa-
rameters ¢ € T such that the quotient g % /Jy X% is constant for some choice of §
and y with (8,7) = —1, is a “connected” leaf of .Z (f,h). The connectedness may
fail in general and this set might be a union of infinite number of leaves. This must
be considered the most critical part of the proof which makes it hard for general-
izations. Another way to look at this issue is that for any family of elliptic curves,
which is not isotrivial, that is, all the smooth fibers are not isomorphic to each other,
the image of the corresponding monodromy group in SL(2,Z) has finite index. For
an algebraic leaf of R in T the monodromy group contains only A € SL(2,7Z) such
that Ac = c. Up to the action of SL(2,7Z), there are four possiblities for c:

—14+iV3

=i, +
C i 7

(9.22)
For the first (resp. the second) two ¢’s the group of such matrices A is a cyclic
group of order 4 (resp. 6). Therefore, such a group is far from having finite index in
SL(2,Z).

There are several other ideas which lead us to new proofs for Theorem[9.7} Since
they might be useful for further generalizations we mention them here.

The first idea is as follows. We know that the Eisenstein series E;, E4,Eg up to
multiplication with a constant form a solution of R. From another side we know
that they are algebraically independent over C. We can actually derive this from
Theorem [0.2] and the fact that the inverse of the period map can be expressed in
terms of Eisenstein sereis, see [Mov08b]. For an elementary proof see Theorem[A.9]
and [MRO05]. We conclude that at least one solution of R is Zariski sense. Now,
we use the Halphen property of R (see and conclude the statement for other
solutions, for more details see [Mov08c].

The idea of the second proof is as follows. Take any one parameter family of
elliptic curves which is not isotrivial, that is, all the smooth fibers are not isomor-
phic to each other. Leaves of R in T can be parameterized by elliptic integrals of
this family. The differential Galois group of the corresponding Picard-Fuchs equa-
tion is SL(2,C), and from this, we can deduce that the transcendental degree of
the field generated by such elliptic integrals is exactly three, and in particular, the
parametrization of leaves of R by elliptic integrals has three algebraically indepen-
dent coordinates over C, for more details see [Mov12b]]. A similar statement in the
case of mirror-quintic is proved using this method, see [Mov11a].
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The third proof is the following. Using the abelian subvariety theorem, one can
show that all the leaves of R in T intersects Q3 at most at one point. For more details
see [Mov08c]. The following is slightly stronger than Theorem[9.7]

Theorem 9.8 The leaves of the Ramanujan foliation F (2) in T := C3\ {2715 —1; =
0} are Zariski dense.

Proof. By contradiction let L be a leaf of .#(2) in T contained in P(t,t,#3) =0
for some polynomial P with coefficients in C for which we can further assume that
P is irreducible over C. We have L C {dP(R) = 0}, and since by Theorem[9.7] L is
a transcendental leaf, P divides dP(R). This means that P = 0 is tangent to R. From
another side using the equality dP(R) = P - Q, for some polynomial Q, we can take
the last homogeneous piece of P which satisfies a similar equality, and so, we can
assume that P is homogeneous. This is equivalent to say that dP(h) = deg(P) - P and
so P =01is aleaf of Z(f,h). In Theoremwe have shown that this foliation has
no algebraic leaf in T. O

9.12 Halphen differential equation

In a series of article [Hal81b|[Hal81clHal81al] Halphen studied the following system
of ODE’s:

t
H(a): ¢ §

t

(1 — (X])(l]l‘z +Ht3 —t2t3) —l—OC]l‘l2
(1 —)(tt1 +0at3 —t113) + Otzt%
(1—o3)(t3t1 + 1312 —1112) + OC3I§

(9.23)

1
2
3

with o; € CU{eo} (if for instance o = oo then the first row is replaced with —##, —
tit3 +tat3 +17). He showed the so called Halphen property for H(c).

Proposition 9.9 If ¢;, i = 1,2,3 are the coordinates of a solution of H(t) then

1 az+b c

ab
(cz+d)2¢’(cz+d)_cz+d’

cd

i=1,2,3, { }ESL(Z,(C)

are also coordinates of a solution of H(a).
Proof. The proof is based on explicit calculations and is left to the reader. O

Halphen concluded that it is enough to find one solution of H(c) and then used
Proposition to obtain the general solution. He then constructed a particular so-
lution of H( ) using the Gauss hypergeometric function.

Let a, b, c be defined by the equations:

| —ar — a—1
Y afbtce—2
b—1
11—
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| — o — c—1
3T a+b+c—-2'

We consider the following matrix of differential 1-forms in (¢1,72,13) € C3:
3
A=Y A, (9.24)
i=1

where |
Al=——— (9.25)
(1 —1)(t1 —13)
Ha+ce—Dn+(a+b—D3+(b+c—2)1) ,
antz+ (b— 1tz + (¢ — Dy, ,
—a—b—c+2
—(a+ec—Dn+(a+b— i+ (b+c—2)1)

and A, (resp. A3) is obtained from A by changing the role of #; and #, (resp.
and 73). It is a mere computation to see that A gives us an integrable connection on
C3, that is, dA = —A A A. From Lie theoretic point of view Halphen’s differential
equation should not be considered on its own but together with the attached sl,

structure, see for instance Guillot’s article [[GuiO7]. Let H = H(«) be the vector
field in C? corresponding to the Halphen’s differential equation (9.23) and

p] 3
f=-H, h:—;Ztia—, e:Zar,-'

The following is a mere computation.

Proposition 9.10 We have

01 10 00
v=foo) 2 fo 2a= o]

It follows that the C-vector space generated by e, f, h forms the classical Lie algebra
sly: [h,e] =2e, [h, f] = —2f, [e, f] = h. The reader is referred to [Mov12al] for the
geometric interpretation of the connection matrix A. In particular, one can find the
proof of the following proposition:

Proposition 9.11 The integrals

xdx
p/5 (X—tl)a(x—tz)b(x_h)c’ (926)

where 1

pi= (tl 7[3)—7(1—11—0)01 7t2)—%(1—a—b) (tz 7[3)—%(1—b—c)
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and 8 is path in C\{t1,t2,13} connecting two points in t\,tp,t3,°0 or it is a Pochham-
mer cycle, as local multi valued functions in t|,t2,t3 are constant along the solutions
of the Halphen differential equation H(c).

The following slight modification of the above discussion might be useful. Con-
sider the connection matrix

3
A=Y A, 9.27)
i=1
where
A e 1 |mant(ate—Dn+(a+b—1)3 —a—b—c+2
b (th—1)(t1 —13) ants+(b— 1)tz +(c— Dty (—a—b—c+2)n
(9.28)

and A, (resp. A3z) is obtained from A; by changing the role of #; and 1, (resp. #; and
t3). It is obtained from the connection matrix in (9.24) by subtracting it from d7p12><2,
where p is defined in Proposition[9.11] and , is the identity 2 x 2 matrix. The vector

field H such that for f := (a+b+c—2)"'-H we have Ay = [8 (1)] , is given by

it =(a— 1)tz + btz +chity
iy = ants + (b—1)t113 + cti1p . 9.29)
iz = atyts + btyis + (¢ — Dty

The integral

/ xdx
s (x—1)(x—1r)b(x—13)c’

where § is as in Proposition is constant along the trajectories of . For the
computer codes used in this section see the author’s webpage.

Finally, let us state and prove the generalization of Theorem [9.7] for the Halphen
differential equation:

Theorem 9.12 [f one of a+c,a+ b or b+ c is equal to one and a,b,c & 7 then
the leaves of the Halphen differential equation in C3\ U; j—1 23 i<j{t:—t; =0} are
Zariski dense.

Proof. We only sketch a proof. For more details see [Mov12a], see also [DGMS13]]
Theorem 3. The integral (9.26) for #; = 0,1, = 1,13 = z satisfies a second order
linear differential equation L whose monodromy group is inside SL(2,C). This is
essentially the Gauss hypergeometric equation. Moreover, since one of a+c,a+ b
or b+ c is equal to one and a,b,c are non integral it contains a nilpotent element

[(1) ﬂ , a # 0. This implies that the differential Galois group of L is SL(2,C).

From another side, the leaves of the Halphen differential equation in the Zariski
open set #; # t; can be parameterized by three algebraically independent elements in
the differential field generated by solutions of L. This finishes the proof. O


http://w3.impa.br/~hossein/WikiHossein/files/Singular%20Codes/2018-03-HalphenDifferentialEquation.txt
http://w3.impa.br/~hossein/WikiHossein/files/Singular%20Codes/2018-03-HalphenDifferentialEquation.txt
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In the proof of Theorem [0.12] what we actually need is that the Galois group of the
corresponding Gauss hypergeometric equation is SL(2, C). One might use the result
of Beukers and Heckman in [BH89|] and give a complete classification of Halphen
differential equations with Zariski dense general leaves.



Chapter 10
Product of two elliptic curves

The applications of modular curves and modular functions to number theory are
especially exciting: you use GLy to study GL1, so to speak! There is clearly a lot
more to come from that direction ... may be even a proof of the Riemann Hypothesis
some day!, (J. P. Serre in [[CTCOI]).

10.1 Introduction

This chapter deals with enhanced pairs of elliptic curves, their moduli space T and a
modular foliation .# on T. The reader interested in Hodge loci will encounter its first
non-trivial example, this is namely, the modular curve Xy(d) which parametrizes
pairs of elliptic curves with an isogeny of degree d. In our context we repalce Xo(d)
with a three dimensional affine subvariety V; of T, which itself is six dimensional.
We prove that V;’s are the only algebraic leaves of .% . This will be the first verifica-
tion of Property[7.1] This chapter is the continuation of the previous work [Mov15b]]
and §9] in which we have studied V,; using Eisenstein series.

10.2 Enhanced elliptic curves

We set X = X; x Xp, where X and X, are two elliptic curves over £. The sub index
i = 1,2 will attach an object to the first and second elliptic curve respectively. This
example does not fit exactly to the notion of enhanced varieties and their moduli
introduced in Chapter [3} It shows that we have to enlarge our moduli spaces T by
adding product structures or fixed algebraic cycles in X. In this example such fixed
algebraic cycles are given by {p;} x X5 and X; x {p,} for some p; € X;(£). For the
cohomology
Hip (X1 X X2) 1= Hip (X)) ©¢ Hi (X2)

153
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we use the basis
[0 ®@ g, 00 @ 0, 0 @ 0, ] @ ). (10.1)

This is compatible with the Hodge filtration
0=FCF*CF'cF'=HR(Xi xX2);,
where

F'H3 (X1 x X2); = F'Hig (X1) ®¢ Hig (X2) + Hig (X1) ®¢ F ' Hig (X2),
F?HR (X1 x X2); = F'HR (X)) @ F'Hlg (X2).

Therefore, the Hodge numbers are (h*’,h!! h%2) = (1,2,1). For the homology

group
Hz(Xl XX2,Z)]' = H, (Xl,Z) ®7z Hy (X27Z),

we use the basis
(6108, §©rN®&, noR™

The intersection matrices both in cohomology and homology are equal:

0001
0010
e=¥=|0 100l (10.2)

—-100 0
Note that both in cohomology and homology we have
<a1®a2,b1®b2>:—(al,b1>-<a2,b2>. (10.3)

This follows from the relation between the cup product in cohomology (resp. in-
tersection bilinear map in homology) and Kiinneth formula in cohomology (resp.
homology). For now, the reader may consider (T0.3) as a wedge product with four
pieces, and interchanging a, with b; contributes a minus sign to the product. Note
that the duality between homology and cohomology is given by the integration for-
mula:

/ a)1®wz::/ a)l-/ w, 6 € H(X;,7), a)ieH&R(X,»), i=1,2. (10.4)
J 8@ S &

10.3 The Gauss-Manin connection and modular vector fields

Let us now consider two copies X;/T;, i = 1,2 of the universal family of enhanced
elliptic curves (9.1). Let A;, i = 1,2 be the Gauss-Manin connection matrix of X;/T;
in the basis [o;, ®]", see (9.3). In the basis the Gauss-Manin connection
matrix of the family X; x X, — T x T is given by:
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A 0 (A2 0 (A2)11 (A2)12 O 0
0 (At 0 (A n (A2)21 (A2)2 O 0
(At)at 0 (A O 0 0 (A2)21 (A2)x
0 (A 0 (A2 0 0 (A2)21 (A2)x

A:

The Gauss-Manin connection matrix composed with the vector fields k;,e;, f;, i =
1,2,3 is of the form:

100 0] [0010] [0000]
010 0 0001 0000
An=1oo-1 0| A= loooo| " = [1000|
00 0 —1] 10000] 0100]
100 0] [0100] [0000]
0-10 0 0000 1000
Aa=1o o1 0| "= looo1] "= |0o000
00 0-1] 10000] 0010]

From these computations we can easily derive

F(2)=F(fi,fo)-

10.4 Modular foliations

For the product of two elliptic curves, the algebraic group G is given by

kiky kaky Kk KK
0 kik,! 0 Kk!
0 0 ki'ko k'R,
0 0 0 k'k!

G=G®G:= ki ko € €K K, ety (10.5)

where ® is the Kronecker product of matrices. It acts from the right on A‘E‘ by the
usual multiplication of matrices. For C € A‘é and g € G we have

Ceg:=g'"C= (10.6)

ko C 1, ki Ky Cy + kiky ' Co, ko Cy -+ Kyt Ca, KRS Cy 4Ky 1 Co + kRS C Ky iy T C

Proposition 10.1 The quotient (A} —{0})/G is isomorphic to the following set

1] o 17 [o] [o] [o
0| |a of [1] |o] |o
ol 111 ase=100 o1 ol il 1o (10.7)
a] |0 o] lo] o [
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Proof. We only use the definition (T0.6). For C € A, C # 0 if C; # 0 then in its
orbit under G we have a unique element of the form C = [1,0,0,a]"", a € £. The case
a=0is separated and it is the third matrix in (I0.7). If C; = 0 then C; - C3 is invariant
under the action of G. The four cases C; - C3 # 0, C; # 0&C3 =0, C; =0&C3 #0
and C; = 0&C3 = 0 give us the full classification. O

Remark 10.1 The map
A} x A} — AL, ([e1,02]™, [b1,b2]") = [e1b1,c1ba, c2by,cabo] ™

is invariant under the action of G on both sides. Therefore, we have four orbits of G
in A} corresponding to the product of [1,0]* and [0, 1]". This gives us the last four

Cin (10.7).

We are going to discuss only the modular foliation attached to the second C in (10.7).
For a brief discussion of other cases see Remark [10.2] For reasons which come from
[Mov15b] and will be explained in §10.7} instead of the second matrix in (10.6) we
define:

Cyi= _dl . (10.8)

0

Here, C; stands for both its entry, if d = 1,2,3 or 4, and this new notation. I hope this
will not produce any confusion. Let d,d € N be two natural numbers. Two modular
foliations .7 (C4), % (C;) are isomorphic through the action of G:

dy—1

@) 2 (10.9)
0 (9

see Propostion Therefore, we only need to study the foliation .% (C;) withd = 1.

For reasons that will be revealed next section, we will keep working with an arbitrary
d.

Proposition 10.2 The modular foliation % (Cy) with Cy in is given by the
vector fields

1
) 2C 8ig=hx®

d
glti!:d'cd: (E

hi+hy, d-fi+fr, e1+d-es. (10.10)
Proof. Using the explicit computations in §10.3]we have

0 -1 0
d 0 0
Ah] 'Cd: 1 aAfl'Cd: 0 7A€1'Cd: ol>
0 0 d
0 d 0
—d 0 0
Ay, -Ca= 1 s Ap-Ca= 0 s Ay Cq= 0
0 0 -1
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=4

dim

Fig. 10.1 Modular foliation for two elliptic curves

The space of vector fields v:= a1 hy +aze1 +a3 f1 +b1hy +brex + b3 fo with a;, b; € £
such that A, C, = 0 is generated by (10.10). O

Proposition 10.3 The singular set of % (Cy) in Ag X Ag consists of two irreducible
components of dimensions 2 and 3:

{(t1,0,07S1,0,0)|l‘17S1 € E}U
1 1
{(t1,00,13,11,12,3) 2715 — 15 = 2753 —s3 =d - (2t — 1 ) — (251 — 53 ) = O}.

Proof. Assume that at some point of A% X Ag the three vectors (10.10) are linearly
dependent. This gives us linear relations for h;,e;, f;, i=1,2

arhy +day fi +aze; =0, athy +axfr+daze; =0

and so such a point is in A x A. [For the rest of the proof we have used a computer.
O

Figure might be useful for analyzing the foliation .%(C,). The vector fields
e,h, f are tangent to V, where V is one of

{(11,0,0) € A3}, A= {(t1,12,13) € A}[2715 — 13 = 0}, or A3.

Therefore, the three vectors (T0.10) induce a foliation in V; x V5 for three choices
of Vi and V5. In particular, .% (C;) induces a foliation of dimension 3 in A x A with
the singular set as in Proposition[T0.3}

Remark 10.2 The modular foliations .% (C) with C being the last four matrices in
(T0.7) do not seem to be of interest. The foliation .% := .7 (C) with C being the first
matrix in (T0.7) is given by


http://w3.impa.br/~hossein/WikiHossein/files/Singular%20Codes/2018-03-SingularSet-TwoElliptic.txt
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]’l] —]’12, f[ —a-ey, a-ej —fz.

It seems that this foliation has no algebraic leaves in T as this is a particular case
of Property Note that the phenomenon of an isogeny between elliptic curves is
controlled by the modular foliation % (C,), see Note also that .# induces a
foliation in P1:>3~1=2.=3 This also follows from computing G¢ defined in (6.11)
and Proposition [6.5]

10.5 Period domain

The period domain in the case of product of two elliptic curves is
U:=U; x Uy, =SL(2,Z)\M; x SL(2,Z)\My, (10.11)

where U;, i = 1,2 are two copies of the period domain (9.13)) in the case of elliptic
curves. The period matrix for (Py,P;) € M x N is the Kronecker product of P,
and Pj:

x1Pa, XZPZ) . (10.12)

P:=PioP;= (x3P2, x4P>

We consider the modular foliation .# := .7 (C) with C = Cy, d = 1. The leaves of
the modular foliation .% in U is given by CP = C' for constant 1 x 4 matrices C
with coefficients in C. This can be written as an equality of 2 x 2 matrices:

: 01
PYfPy = [_1 0} : (10.13)

where f is a constant 2 x 2 matrix whose rows written one after another give us C.
Therefore, the local first integral of the foliation . is the function

f:U—Mat(2x2,C),

_ 0 1|._
f(PlaPZ) = Pltr |:1 0:| P21'

We have actions of SL(2,7Z) on M;, i =1,2. This means that analytic continuations
of f will result in the muliplications of f both from the left and right with elements
of SL(2,Z).

10.6 Character

Recall the group Gc in (6.11)) and let C; be as in (10.8).

Proposition 10.4 The algebraic group Gc, has two connected components
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Gc = Gc,,+ UGc,, -,

ki K, ky K
Gc £ = [ 11:| X |: }1
@€ { 0k 0 k;

The character A restricted to Gc ..+ 1s 1 and restricted to Gg,, — is —1.

where

ky = €ky, k’z_ed-k’l}.

Proof. The proposition follows directly from the definition of G¢ and the explicit
expression of the algebraic group G in (10.5). O

In the case of product of two elliptic curves, A is a discrete character, in the sense
that its image is a finite subgroup of G,,. For such characters we have .#(C,1) =
7 (C). We have computed the algebraic group Gc, and we have seen that it is of
dimension two, containing one copy of the multiplicative group G,, and one copy
of the additive group G,. Its subgroup Gc, ;. containg the identity element acts in
each leaf of .# (Cy). This will be used in §10.10]in order to transport .7 (C4) into a
four dimensional ambient space.

10.7 Modular curves as three dimensional affine varieties

We recall from [Mov15b] the following definition.
Definition 10.1 The affine variety V; C T x T, is the locus of isogenies

fZX1—>X2, deg(f):d, f*a)z=d~(1)1, f*(X2=O£1. (10.14)

Here, f* : Hix (X2) — H}z (X1) is the map induced in de Rham cohomologies.

For an isogeny f as above let also fi : H(X1,Z) — H,(X»,Z) be the map induced
in homologies. Note that the definition in [Mov15b] is done using f*®, = w; which
is slightly different.

Proposition 10.5 The graph of an isogney f : X1 — X, is represented by the homol-
ogy class
SR fit — N ® fib1 € Ha(X] XXz,Z)j, (10.15)

(up to + sign) and its Poincaré dual is
d-o @0 — o @ € Hig(Xi X Xa) .

Proof. Let § € Hy(Xi x X»,7); be the homology class of the image of the map
X; = X1 xXo, x— (x,f(x)). We have

1 -
— [/061®0627/(X1®(Dz,/w1®062,/w1®(02] =1[0,d,-1,0],
2ri | Js 5 5 )

where we have used [y a1 A @ = 27i and (10.14). For instance,
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/061®062=/ (Xl/\f*Otz:/ o Aoy =0.
5 X X
O

Proposition 10.6 The set V,; is a leaf of 7 (Cy).

Proof. Note that the projection 7; : Vg — T;, i = 1,2 is a 01(d) := Y41 degree
covering of T; and V, is a subvariety of T| x T, of dimension 3. The statement
follows from the period computation in Proposition [I0.5] and the definition of a
modular foliation in Proposition[6.1} O

10.8 Eisenstein series and modular curves

Consider the Eisenstein series s; = Ey; in (1.2). Recall that the map s = (s1,52,53) :
H — C3, up to multillication of s;’s with explicit rational numbers, is a solution of
the Ramanujan vector field. We denote by

v(d):=d]]1 +1)

pld p
the Dedekind y function, where p runs through primes p dividing d.

Theorem 10.7 Fori=1,2,3 and d € N, there is a homogeneous polynomial P; ; of
degree i - y(d) in the weighted ring

Q[ti,sl,sz,53], Weight(ti) =1, Weight(sj) =j,j=123 (10.16)

and monic in the variable #; such that #;(7) := s;(d - 7),s1(7),52(7), s3(7) satisfy the
algebraic relation:
Py i(ti,s1,52,53) = 0.

Moreover, for i = 2,3 the polynomial P, ; does not depend on s;.

Note that the map 7 — d - T in ¢ variable is g — ¢?. The above theorem for i = 2,3
must be considered classical, however, for i = 1 it has been mainly ignored in the
literature. For a proof see [Mov15b, Theorem 1]. We consider s;,#;, i = 1,2,3 as in-
determinate variables and for simplicity we do not introduce new notations in order
to distinguish them from the Eisenstein series. We regard (¢,s) = (t1,t2,3,51,52,53)
as coordinates of the affine variety A%, where £ is any field of characteristic zero
and not necessarily algebraically closed. It can be shown that the curve given
by I;> = I;3 = 0 in the weighted projective space ]P’SC2 3:2:3)
(2,13, 82,53) is a singular model for the modular curve

with the coordinates

Xo(d) :=Ip(d)\(HUQ), where
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Io(d) == { {‘“ “2] € SL(2,7)

as aq

a3 =0 (mod d)}

3
Computing explicit equations for Xy(d) in terms of the variables j; = 1728##
2743

3
and jp = 1728% has many applications in number theory and it has been done
027403

by many authors, see for instance [Yui78]] and the references therein.

Theorem 10.8 The variety V; (see Definition in T1 x Ty is given by the zero
set of the ideal
(ax,1a2,1a3) C Kk[s,1],

where 1y ; is the pull-back of Py ; by the map
(t,12,13,81,52,53) = (d 11, 721, d73 13, 51,50,53).

The proof can be found in [Mov15b].

10.9 Algebraic invariant sets

The main result of this section is Theorem[I0.9] This is the first verification of a gen-
eral conjecture which is formulated in Property It turns out that the verification
of this property involves the study of dynamics of modular foliations.

Theorem 10.9 Any algebraic leaf of the foliation
F(h+h, d-fi+f, et+d-e), dEN

in Ty x Ty is of the form Ly, where L ; parametrizes pairs of enhanced elliptic curves
(Xl, 061,(1)1) and (XQ,OCQ, (02) with

fiX) =X, deg(f)=d, ffop=did ey, ffop=d d a.

In the coordinate system (t,s), this is the zero set of the ideal (Q1,02,03) C K[s,1],
where Q; is the pull-back of Py ; by the map

(t1,02,13,81,82,83) > (a1 -1, ax -1, a3-13, §1,52,83),
L_n;jyb .
anda;j=dz""'dz2, i=1,2,3.

Proof. Using (10.9) and Proposition [6.3] we know that under the map T| x Ty —
Ti xTa, (¢,5)— (t,5)e gdf;, the foliation .7 (C) is mapped to .7 (Cy). The first
foliation has the algebraic leaf V; which is mapped to

Lj=Vyegs), deN. (10.17)
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Therefore, L;’s are algebraic leaves of .7 (Cy).

Now let us prove that L ;’s are the only algebraic leaves of .7 (C;). We do not have
a purely algebraic proof for this theorem, in the sense that it does not work over an
arbitrary field £. We consider the complex context £ = C and study the dynamic of
F(Cy). Since the vector fields A, e, f are tangent to the discriminant locus A = 0 in
A%, we know that the modular foliation .% (C,) is tangent to the hypersurfaces

{A=0}xA}, A}x{A=0}

and hence A x A}, A3 x A are 7 (C,)-invariant. Let L be an algebraic leaf of F (Cy)
in T x T,. This implies that the closure L of L intersects these two hypersurfaces in
Sing(.% (C4)), which is given in (10.3). Note that a non-algebraic leaf can accumu-
late in both singularities and other leaves. Recall the notation of leaves of modular
foliations in Using this notation the set of algebraic leaves Ly, d € N is the
same as the set of L¢, [C] € P3(Q). Note that in the latter set, there are many
repetitions. Our theorem follows from the next proposition.

Proposition 10.10 A leaf Lg of #(Cy) in Ty x T accumulates on another leaf in
A} x AUA x A} if and only if [C] ¢ P3(Q).

Proof. Let us prove the non-trivial direction <= of the proposition. We study the
behavior of the leaves of .# (C,) under the composition

A3 x A3 = (A3 x A})/G= P! x P! 2 (SL(2,Z)\H*) x (SL(2,Z)\H"),

where H* := HUQ and G is the algebraic group (10.5). The last isomorphism
is obtained from the isomorphism of the period map in Theorem Let us
denote by oo := SL(2,Z)\Q the cusp of SL(2,Z)\H*. A leaf L¢ of the modu-
lar foliation .% (C,) is mapped to a locally analytic curve X in (SL(2,Z)\H) x
(SL(2,Z)\H). If L¢ is algebraic in Aj x A] then so it is X in the compactified
moduli (SL(2,Z)\H*) x (SL(2,Z)\H*). From this we are going to conclude that
C € P(Q). Let C = [a1,a2,a3,a4]*". The definition of L¢ includes the equality
Js o1 @ o = 0, where

0 =100 +md p+am Y @6 +asy .

This implies that for 7, = ?" Zﬁ, k=1,2 we have
Ve K
_ _|la a3
»n=A(11), A:= {—az —614} , (10.18)

where A(7;) is the Mobius transformation of 7;. By an analytic continuation ar-
gument the equality (T0.18) can be transformed into 7 = B1AB,1; for By,B; €
SL(2,Z). We know that X is a closed algebraic curve in the compctification
(SL(2,Z)\H*) x (SL(2,Z)\H*). From this we only use the following: for a fixed
[71] € SL(2,Z)\H* there are finite number of [1,] € SL(2,Z)\H* with (10.18). This
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is translated into the following group theory problem:
#SL(2,Z)\ (SL(2,Z)-A-SL(2,Z)) < oo. (10.19)

This happens if and only if the matrix A, up to multiplication with a constant, has
rational entries. O

A better analyzing of the above proof reveals that the curves X for C ¢ P3(Q) has
a very complicated behavior in the compactfication P! x P! of the classical moduli
of two elliptic curves. Such curves can be also described by differential equations,
see for instance the box equation in [CDLWO09|, [DMWH16], however, attaching a
geometry to such differential equations seems to be hopeless.

One of the most important pieces in the proof of Theorem [10.9]is (I0.19). For
further generalization, the following problem must play an important role. For a
discrete subgroup I' C GL(n,C) classify all n x n matrices with complex entries
such that

#I\(C-A-T") < co. (10.20)

10.10 A vector field in four dimensions

Recall the notations in and Cy in (I0.8). From now on we take C = C,; with
d = 1. The foliation .# (C) induces a one dimensional foliation in the quotient space

(A% X A%)/ch7+ = P2’3’2’3’1, (I,S) — [tz;l3;Sz;S3;l1 —S1], (10.21)

which is of dimension four. Since the foliation .% (C) is given by the vector fields
in and from this e; 4 e, and &y + hy are tangent to the orbits of G¢, 4,
only fi + f> will contribute to the tangent space of % (C) as a foliation % in the
quotient space (T0.2T)). In order to compute this foliation explicitly we take the affine
coordinate system

( ) ( 15 13 52 53 )
X2,X3,¥2,¥3) ‘= B 5 )
2y (t1—s1)? (=51 (1—s1)? (1—s1)3

and consider two Ramanujan differential equations (9.11)) in (#1,#,,3) and (51,52, 53)
variables. We make derivations of x; and y; variables and divide them over #; — s;
and conclude that the foliation .%# in the quotient space and in the affine
chart (x3,x3,y2,v3) € C* is given by the quadratic vector field:

1 0 1, 1 d
<2x2 —6x3 + 6()62 —yz)x2) 872 + <3X3 — gxz + Z()CQ —yz)X3) 87)63 (10.22)

1 J 1, 1 J
- (2)’2 —6y3 + 6()’2 —xz)y2> Tyg - (3)’3 - g)’Q + Z()’2 —Xz)y3> Tys
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There are no x1,y; variables and the indices for x; and y; are chosen because of their
natural weights. For further details on this vector field and its foliation see [Mov18]].

10.11 Elliptic curves with complex multiplication

We discuss the case X x X, where X is an elliptic curve. In this context, for the first
time we will have isolated Hodge classes corresponding to isogenies, and trivial
modular foliations. We consider the reduced de Rham cohomology and homology
as below:

Hig (X) @¢ Hig (X)

Hi(X xX); = ,
axl )i ta Qo —o @)

H(XxX,Z);=(6@n—n®8)" in H(X1,Z) @7 H (X, Z).

Here 01 ® ¥ — 71 ® 01 is the homological cycle corresponding to the diagonal map
X — X x X (up to sign) and ) ® @; — @1 ® o is its Poincaré dual. In the definition
of the reduced de Rham cohomology we can neglect ® and assume that the products
are commutative. We consider the basis oo, o @, @ @; for H(%R(X x X);. The
intersection form in this basis is given by

The enhanced moduli space of X x X is the same as the moduli of elliptic curves.
We get the following representation of the algebraic group G of elliptic curves

v K K2 kk' k2
[Okl} — |0 1 2kk

0 0 k2

The orbits of G acting on Az have representatives

1 0 0
, 10, |al,act (10.23)
0 1 0
We have also
020 000 100
A,=1(001]|,Ar=|(100]|,A;,=[{0-10
000 020 001

Let C be the last vector in (10.23)) with a # 0. There is no linear relations between
A.C, A¢C, A,C and so the modular foliation % (C) is of dimension zero.



Chapter 11
Abelian varieties

Le présent Mémoire est consacré a ’edtude des surfaces remarquables, introduites
dans la Science par M. Picard, et pour lesquelles les coordonnées non homogenes
d’un point quelconque peuvent s’exprimer en fonctione uniforme, quadruplement
périodique, de deux parametres [...] nous désignerons ces surfaces sous le nom de
surfaces hyperelliptiques, (M. G. Humbert in [Hum93]).

11.1 Introduction

The quotation above from Humbert’s article refers to the first appearances of abelian
surfaces in mathematics under the name “hyperelliptic surfaces”. The term soon was
discarded as “after Weil’s books, the term ‘abelian varieties’ had taken precedence”,
(D. Mumford, personal communication, January 15, 2016). We develop the theory
of modular foliations and vector fields on the moduli space T of enhanced princi-
pally polarized abelian varieties. If there is no danger of confusion we simply use
“abelian variety”, being clear that it is polarized. The literature on abelian varieties
is huge and the reader may consult [LB92, Mil86/ Mum66, MumO8|, [FC90] for miss-
ing details.

The content of present chapter was first formulated in [Mov13, §4.1] and later
the author gave the idea of the proof of existence and uniqueness of modular vector
fields in a complex geometric context in his personal webpage. T. J. Fonseca in
[Fon21]] developed these initial ideas in the framework of algebraic stacks and gave
applications in transcendental number theory, similar to applications of Ramanujan
vector field by P. Nesterenko in [NPOI1]].

165
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11.2 De Rham cohomologies

Let X be an abelian variety of dimension n over a field £ of characteristic 0. The de
Rham cohomology ring (Hj (X),U) of X is freely generated by H (X):

Hifp (X) = AL Hig (X), m=1,2,--- 2n. (11.1)

Therefore, the Betti numbers b,,, m =0, 1,...,2n are respectively

2n 2n 2n
L (1)(m>(2_1)1

We choose a basis &, 0, ..., Gy, for Hlp (X) such that a1, &, ..., 0, form a basis
of FIH; (X). A basis of HJ (X) is given by

0 =0 NQy N NG, 1<dp <ip <-o- <y < 2n.

The quotient F”/FP*! in the Hodge filtration of the m-th de Rham cohomology
Hj, (X) has the basis o with

I1<ii<ip<-ip<n<ip < <ip<2n

Therefore, the Hodge numbers h"0, h"= L1 ... hO™ are respectively

()6 GG 6)G)

In particular, the Hodge numbers in the middle cohomology m = n are
2 2 2
n n n
() () ()
11.3 Polarization

The embedding X C PV gives us an element 6 € Hjy (X) which we have called it
the polarization. It gives us the bilinear map

() t Hig (X) x Hig(X) = &, (o, B) :=Tr (aUBUO" ), (11.2)

which is non-degenerate.

Proposition 11.1 In some basis o, i =1,2,...,2n of Hip (X) with 1,00, ...,0, a
basis of F'H}y (X), we have

0 =0 N0yt +0p A\ Qpy3~+-+ 0 A0y (11.3)
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and in particular, the intersection form is of the form

(o, 0)] = P, where @ := [_OI {S’} . (11.4)

Proof. Let &, i=1,2,...,2n be as in §|11.2 Since 6 € F'H% (X) we can always
write 0 in the form 6 = a; A B, + 0 A Buio + -+ + A Boy, for some B, €
Hlp(X). We prove that o, f,+;’s form a basis of Hlx (X). This follows from the
equality

0" =nlog ABu1 N0 ABus2 A== A0y A By

Therefore, we can make a change of basis and we set §; = a;,;. We have

_ 0, ifli—j|#n
. . n—1 _ )
oG Aa;NO {}16", i=n+ti
We further make a change of of basis replacing ¢, i = 1,2,...,n with ﬁ(x)ai and
we get the desired matrix format (TT.4). Note that we have used
deg(X) = Tr(0"). (11.5)

O

Proposition 11.2 An enhanced principally polarized abelian variety X is uniquely
determined by
X, 0,00, , 0]

such that o, i=1,2,...,2n (resp. i = 1,2,...,n) form a basis ofH(}R(X (resp.
F'HL (X)) and [(04,@)] = D, where (-,-) and 0 is defined by and

Recall Definition[3.7] In the case of abelian varieties we will not need to fix a marked
variety, however, if the reader insists he may try to prove the following: A CM
abelian variety has a Hodge structure defined over ¢.

Remark 11.1 An abelian variety is an R-variety in the sense of Definition in
§2.17] For this we take m = 1 and k = 0. Note that the map (2.47) in this case is

& : A — Hom (H°(X,Qy), H'(X,20)),

which is not surjective, and hence it is not an R-variety in the sense of Definition
[2.26] Its image is characterized by the equality

01(8o(v)(a1), B) + Qo(et, 8 (v)(B)) =0, @, B € H'(X,Qy), veEA,
where Q is defined in (2.35).
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11.4 Algebraic group

The algebraic group G for polarized abelian varieties is

/
G— { [g kkt,} € GL(2n,¥)

Y (kk’”)”} C Sp(2n,8),

where the form of g € G is derived from the facts that g respects the Hodge filtration,
and hence g?' = 0, and g'"dg = &. The algebraic group G is of dimension
n(n—1)

. o 2
dim(G) =2n 5

(11.6)

It is also called Siegel parabolic subgroup of Sp(4,¢). The Lie group of G is given

by
k/tr — k/} .

This is derived from the fact that g € Lie(G) is upper triangular with respect to the
Hodge blocks and g*"® + &g = 0 for g € Lie(G).

Lie(G) = { [’5 _’;;t,] € Mat(2n,£)

Remark 11.2 The Siegel parabolic group G over the ring Z/NZ, N € N appears
in a natural way as quotient of Sp(2n,Z) by its Siegel congruence subgroup:

IF"(N) := {A €Sp(2n,Z)

A=y {; :] } C Sp(2n, 7).

Note that G is formulated in an algebraic context (algebraic de Rham cohomol-
ogy, etc.), however, F02" (N) is formulated in a topological context (monodromy, ho-
mology etc.). For some properties of the Siegel congruence group see for instance
[Shul§].

11.5 Homology group

Let Xo C IP" be an abelian variety of dimension n over complex numbers. As a
complex manifold Xj is biholomorphic to a complex torus C" /A, where A = Z®; +
7+ -+ Zay, is a lattice. We take a basis 6;, i = 1,2,...,2n of H;(Xo,Z). For
instance, &; is the loop in Xy obtained by the identification of the initial and end
points of the vector w;. A basis of Hy,(Xp,Z) is given by
5,‘1 /\51‘2/\"'/\5,'m7 I <ip <- <lp,

which are diffeomorphic to m-dimensional real tori. Note that wedge product in
homology is a special feature of tori, and for an arbitrary variety we do not have
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such a natural structure. We assume that
A=8ANON--Abyy

is a basis of Hy,(Xp, Z) induced by the orientation of Xy due to its complex structure.
This gives us an isomorphism

Tr: Hyy(X0,Z) — Z, Tr(o) :=n, where a:=nA.

This data is enough to describe the intersection J; - §; of cycles ; € Hy,, (Xo,Z) and
0j € Hy,(Xo,Z). The intersection &; - §; is zero if the union of ingredient sets of J;
and J; is not {8y, 0,- - - , 02, }. In particular, this happens for m; +my < 2n. In other
cases it is an element in H,,, 4,—2, oObtained by removing A from the ordered set
of ingredients of &; and §; and then taking the wedge product of the rest. We have a
natural isomorphism

o~

Hm(X(),Z) — Hzn,m(Xg,Z), o — O (11.7)

where gl is obtained by removing §; from A, without changing the order of its in-
gredient elements. This resembles a kind of Hard Lefschetz theorem over Z and
without using a polarization element. This map transforms the wedge product into
intersection of cycles, that is,

— ~ o~

(Si/\5j=6i'6j. (11.8)
Let Yy C Xp be a hyperplane section of Xj and

Wl= Y a;(~1)"5AS; € Hana(Xo,Z), aij €L
1<i<;j<2n

be the induced homology class. In H; (Xp,Z) we get an anti-symmetric bilinear map
H; (Xo,Z) X Hj (X(),Z) — 7, <5,'7 5j> = Tr(6,- A\ 5j A\ [Yo]) = ajj. (11.9)

In cohomological terms, we have ug := [Vo]P4 € H?(Xo,Z) and (TT.9) is obtained
from
uo € H*(Xo,Z) = Hom(H; (X,Z) AH,(Xo,Z),Z).

The data (H;(Xo,Z),Tr,{-,-)) is equivalent to the whole homology ring with a po-
larization element. By abuse of notation we also call (T1.9) the polarization. We also
define

I7, = Aut(H(Xo,Z),Tr, (-,-)). (11.10)

In a basis of H;(Xo,Z) its matrix is of the format
W [ 0 D,

_Dn O], DnZdiag(dl,dz,...7dn), d1|d2|---|dn.
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see for instance the references in [LB92]], §3.1.

Definition 11.1 We say that Xj is principally polarized if all the integers d;’s are
equal to 1. In other words, the bilinear map (-, -) has a symplectic basis.

For principally polarized abelian varieties we have

ab

I7=Sp(2n,Z) = { [c d} € GL(2n,Z)|ab"" = ba"", cd" = dc"", ad" —bc*" =1,

(11.11)
In the case of abelian varieties we redefine the notion of Poincaré duals.

Definition 11.2 The Poincaré dual of § € H; (X, Z) is an element §P¢ € H'(Xo, Q)
such that

1
<w,6pd>:2—m/6w7 Yo € Hiz (Xo), (11.12)

where the bilinear map (-, -) is defined in (I1.2).

There are two important issues which must be observed. First, since
H'(X0,Q) = H"'(X),Q), § = §Uug ™!

might not be isomorphism using Z instead of Q, the Poincaré dual may not live in
H'(Xo,Q). Second, the bilinear map is not necessarily dual to (T1.2), that is,
(8P4, 8%9) and (8, 8,) might be different. In practice, we will need the first bilinear
product and not the second one which is commonly used in the literature. Therefore,

w = (6P, 867 (11.13)

has entries in Q. For principally polarized abelian varieties ¥ has entries in Z and
the reason is follows. By the hard Lefschetz theorem we have an embedding

H'(X0,Z) — H* ' (X0,Z), & Uug " (11.14)

Proposition 11.3 The abelian variety Xy is principally polarized if the map (11.14)
is surjective. In particular, the Hard Lefschetz theorem for principally polarized
abelian varieties is valid over Z, that is, H'(Xo,Z) — H**(Xo,Z), &+ 8U

uy ', i=1,2,...,nis an isomorphism of Z-modules.

Note that the above map for i = 0 is not surjective and this is the only case in which
the hard Lefschetz theorem fails.

Proof. The second part follows from the first part and the fact that H*(Xp,Z) is
generated by H'(X,Z). O

The conclusion is that for proncipally polarized varieties we can assume that

[0 -1,
- Ln 0 } (11.15)
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and we may discard the bilinear form (TT.9) and replace it with (§;, 8;) := (6°¢, & ;’d>
which is automatically Poincaré dual to (T1.2).

11.6 Generalized period domain

Recall the notion of a generalized period domain in Chapter [8] We take a basis
o, i=1,2,...,2n of Vy := H(}R(Xo) as in §11.2) and §11.3| and a basis 6;, i =
1,2,...,2n of Vo 7 := Hi(X0,Z) as in §11.5} Moreover, we only consider princi-
pally polarized abelian varieties as in Definition [T1.1] For an element of the period

domain 1 we have
PI: |:/ (XJ:| = |:)C1X2:|’
5; X3 X4

where x;,i = 1,...,4, are n X n matrices. We use Proposition@for m =1, in order
to find relations among the entries of x;’s. By Proposition[TT.3|we have ¥ = ¥5,_| =
Y,._1, where ¥, is defined in . We have also ¥~ = ¥, therefore

¥ = Ptryp (11.16)
which is the following polynomial relations between periods
0 —1,] _ [xrxf] [0 =] [x1 x2
L 0]  [X x| |L 0] |x3x
_xgrxl — xﬁrx3 x§'x2 — xﬁrx4
_xf{xl — X3 X — x5 x|

We have also

Cox 'xtlr xgr 0 -1, |X1 %
[<OC,,06J~>] wrarl |l o i
42 A4 n 3 M
_xgr)ﬁ — xtlrfg xgr)fz — xtlr)?4
X — s iy — x|

We can redefine 1 through x;’s as follows:
Definition 11.3 The generalized period domain [T is the set of all 2n x 2r matrices

X1 X . . .
[ ! 2} satisfying the above properties:
X3 X4

tr tr tr tr
X3X] = X] X3, X3 X2 —X| X4 = —1Ip,
x1,% € GL(n,C),
V—1(x{% —x{'%3) is a positive matrix.

We also define U := I\, where Iy, is defined in (TT.TT).
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The matrix x := x1x3 !'is well-defined and invertible and it satisfies the well-known
Riemann relations.

Definition 11.4 The set of matrices x € Mat"*"(C) with

X' = x, Im(x) is a positive matrix.

is called the Siegel upper half-space and is denoted by H,.
The group Iy, acts on H by

ab

cd

{j ﬂ x= (ax+b)(cx+d) ", [

]EFZ,xEH,,

and we have the isomorphism
U/G — Iz\H,,

given by

X1 X _
[ ! 2:| —>x1x%1.
X3 X4 -

Remark 11.3 The quotient I7\H, is the moduli of principally polarized abelian
varieties of dimension n, and its singular locus is fairly studied in the literature,
see for instance [GMZ12] and the references therein. Since the action of Iz in I1
is free, the study of the singular locus of U := I'z\I is reduced to the study of
the singular locus of [1 itself. Note that 1 is an open set (usual topology) of the
affine variety given by (IT.16). For small n’s the description of singularities of I1
can be done by computer. For instance, for n = 2 we can use the procedure slocus
of SINGULAR and verify that I is smooth. The algebraic moduli T for n =2 is
explicitly constructed in [Mov20b].

11.7 Moduli of enhanced polarized tori

For a point x of 1 we associate a triple (A, 6, o) as follows. We have A, := C" /A,
where A, is the Z-submodule of C" generated by the rows of x; and x3. We have
cycles §; € Hi (A, Z), i =1,2,...,2n, which are defined by the property

] = L8]

where z;, j = 1,2,...,n, are linear coordinates of C”". There is a basis o, =
{ai,00,...,00,} of Hlx (Ax) such that

] =)
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The polarization in H; (A,,Z) = A, (which is defined by [(5;, 8;)] = ¥p) is an element
6, € H*(A,,Z) = \7_, Hom(A,,7Z). It gives the following bilinear map

() Hig(A) < Hig(4) = C. () = 5 [ aupuer!

which satisfies [(0;, o)] = .

The triple (A, 6y, a,) that we constructed in the previous paragraph does not
depend on the action of I from the left on 1. Therefore, for each x € U we have
constructed such a triple. In fact, U is the moduli space of enhanced principally
polarized abelian varieties.

11.8 Moduli of enhanced abelian varieties

The moduli M of principally polarized abelian varieties of dimension n over £ is
a quasi-projective variety over Q, see for instance [MEKO94]. It is also denoted by
27, in the literature. One first construct a family of principally polarized abelian
varieties ¥; C PVt € V for a full Hilbert scheme V, and then one proves that under
the action of the reductive group G = GL(N + 1) all principally polarized abelian
varieties are stable, and hence, the geometric quotient G\V exists as a scheme over
Q. One can even construct the moduli of abelian schemes over a ring and construct
the corresponding moduli stack, which is mainly known as Deligne-Mumford stack,
however, due to the lack of motivation we avoid this in the present text and refer the
reader to T. J. Fonseca’s article [Fon21]] and the references therein.

Let X — T be the full enhanced family constructed from ¥ — V in and
Theorem gives us the coarse moduli space T := G\T of enhanced principally
polarized abelian varieties and we claim the following.

Conjecture 11.1 There is a universal family X — T of enhanced principally polar-
ized abelian varieties of dimension n.

Note that the moduli space M is not fine, that is, there is no universal family over M,
however, the moduli space of principally polarized abelian varities with a full level
n-structure n > 3 is fine, see [MFKO94, Theorem 7.9] and [Fon21, §10.3], and so a
similar statement as in Conjecture[TT.T]in this case is an easy exercise. For the main
puposes of the present text we do not need to solve Conjecture Proposition
tells us that the Gauss-Manin connection matrix A := A,, for m = 1, can be
transported to T, and this is all what we need to reproduce the theory of modular
vector fields and modular foliation in T. In the rest of this chapter by abuse of
terminology, we will talk about a universal family of enhanced principally polarized
abelian varieties X/ T, knowning that only T and A exist as algebraic objects over
Q.

The dimension of the moduli of principally polarized abelian varieties is w
and the dimension of the algebraic group G is given in (I1.6). We conclude that the
dimension of the moduli T of enhanced principally polarized abelian varieties is
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dim(T) =21 +n.

Let us now consider the moduli space T over complex numbers and identify it with
its points. The period map tursn out to be

P:T—U, t»—>{/ (x,-] , (11.17)
j

2nx2n

where 7 is identified with (X, ) as in
Theorem 11.4 The period map (11.17)) is a biholomorphism of complex manifolds.

Proof. This follows from the fact that the classical period map M — Sp(2n,Z)\H,
is a biholomorphism. O.

11.9 Modular vector fields

Recall that the moduli space T and the Gauss-Manin connection matrix A are de-
fined over Q.

Theorem 11.5 There are unique vector fields v;j,i, j=1,2,...,n,i < j defined over
Q in the moduli space T of enhanced principally polarized abelian varieties such
that

Ay, = Cijs (11.18)

where A,; is the Gauss-Manin connection matrix composed with the vector field
v;j and C;j is the constant matrix define as follows. All the entries of C;; are zero
except (i,n+ j) and (j,n+1i) entries which are —1. In other words, the Gauss-
Manin connection V satisfies

Vv,-jai:_anJrja Vijaj:_an+ia l7J:1727n

and V,; 0 = 0 otherwise. Moreover, the Lie bracket of two such vector field is zero.

The main idea behind the proof of the above theorem is taken from [Mov13]]. It also
appeared in the author’s webpage in 2013. Later, T. J. Fonseca in [Fon21] proved
Theorem[I1.3lin the framework of moduli stacks.

Proof. Using Theorem[IT.4]which says that the period map is a biholomorphism, it
is enough to prove the existence and uniqueness of v;; in the period domain U. Note
that the statement that v;;’s are defined over Q follows from this and the fact that A
is defined over Q.

Since U := I\, we prove the theorem in 1 and moreover we prove that such
vector fields are invariant under the action of I ;. The Gauss-Manin connection ma-
trix in I is of the form A := dP' - P~ Therefore, we are looking for vector fields
v;; such that

dP(vij) = P-Cl-t;. (11.19)


http://w3.impa.br/~hossein/WikiHossein/files/Problems/2013-10-Siegel%20Quasi%20Modular%20Form.html 
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This equality can be used to define the vector field v;; in the space of 2n x 2n ma-
trices. We need to prove that it is tangent to [1 and it is also I-invariant. The first
statement follows from (TT.16) and the equality Cfj @ + @C;; = 0. The second state-
ment follows from Proposition [8.10} The statement on Lie brackets of v;; follows
from Proposition [6.17]and the fact that the Lie bracket of matrices C;;’s is zero. [

The vector field v;; is the algebraic incarnation of derivation of Siegel modular forms
with respect to 7;;, where 7 = [7;;] is an element in the Siegel domain H,,. We define
the 7 map:

T H, =N, (%) := (11 OI”>
n

and call its image in I1 the 7 locus. The Gauss-Manin connection restricted to the 7
locus is given by dT- T . If we compose it with the vector field % then we get the
ij

matrix C;;. For simplicity, we write 7 = T; being clear in the text whether 7 refers to
a point in H, or the T map.

The Lie algebra of Sp(2n,t) consists of 2n x 2n matrices g with coefficients in €
such that g*" @ + &g = 0, where @ is the matrix in (TT.4). It follows that

b =b, :c}.

a b

Lie(Sp(2n,¢)) = { L a“] € Mat(2n,Q)

It is a direct sum of two sub Lie algebra

00| &
oo e

{g Z”] ,a’ =a.

A basis of the first group is given by the matrices C;; in Theorem The second
group will produce the constant vector fields vg, g € Lie(G). Theorem implies
that families of abelian varieties have the constant Gauss-Manin connection.

and

11.10 Modular foliations

By definition the foliation .%#(2) is given by the Q-vector space of vector fields
vij, 1<i< j<n.Theactionof Gon A%’l — {0} has two orbits represented by

—
(=)

=
—
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The modular foliation .% (C;) is given by the vector fields
vij, 1<i<j<n, vg, g"C; =0, geLie(G), (11.20)
and the modular foliation .% (Cy) is given by
vij, 1<i<j<n—1, g, g"C;=0, g€ Lie(G). (11.21)

Note that Ay, C; = 0 is automatically satisfied. Note also that (IT.20) consists of
g € Lie(G) whose first column is zero.

In we have computed Hodge numbers of abelian varieties. It turns out that
both numbers b, and h"0 4+ h*~11 ... h33 grow faster than dim(T) := 2n® +
n. This may suggest that for generic C € AE" the modular foliation % (C) is zero
dimensional. However, this is not the case. Recall that for abelian varieties we have
the constant Gauss-Manin connection

Der(T) = €(X/T)®¢ 61, €(X/T) = Lie(Sp(2n, t)).

We consider the canonical left action of G on A%". By taking the wedge product we

gain a new action:
m

Gx AP — AP, AP = N\ AP (11.22)
1

For m > 2 the corresponding quotient
MF,, := G\AD"

might not be discrete. This is the moduli of modular foliations defined in We
also need to consider the canonical action of the Lie algebra Lie(Sp(2n,¢)) on A%”
and the resulting action on the wedge product space:

Lie(Sp(2n,€)) x Ay" — AP, (g,C) — geC. (11.23)

For C € A?”’ we have

Y

(C):y‘( vg € Lie(Sp(2n,t)) ‘ geC=0 )

Therefore, the codimension of the foliation .% (C) is dim¢ (Lie(Sp(2n,t) ¢ C) and so
it is natural to define the following filtration of AE"’:

MF () := {c e Abn

dimg (Lie(Sp(2n,€)) e C) < a}, (11.24)

.- C MF,(a) C MFy(a+1) C--- C MF,,(2n% +n) = A",

The set MF,,(a) is a closed algebraic subvariety of A?’”. We take a basis g;, i =
1,2,...,2n%> +n of Lie(Sp(2n,£)) and define the b,, x (2n> + n) matrix whose
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columns are g;C. The variety MF,,(a) consists of C’s such that the matrix B has rank
< a. Therefore, it is given by the determinants of all (a+ 1) x (a+ 1) sub matrices
of B. The study of Noether-Lefschetz loci in the case of abelian varieties is partially
done in [DL90] and it is of interest to translate such results into the framework of
modular foliations.

11.11 Differential Siegel modular forms

In this section we recover the theory of Siegel modular forms in our framework. The
reader is referred to [KI1i90, [Fre83),[Maa71]] for more information on Siegel modular
forms.

Definition 11.5 The algebra of (algebraic) differential Siegel modular forms is by
definition €[T], that is, that algebra of global regular functions on the moduli of
enhanced pricipally polarized abelian varieties of dimension 7.

In order to relate this definition to classical Siegel modular forms, we work over the
field of complex numbers and consider the holomorphic map H,, — T which is the
composition of the maps:

-1
H,,—>I'I—>UP—>T.

The first map is the T maps given by

T -1,
H[ln 0}

and the second is the canonical map. Note that the period map P is a biholomor-
phism.

Definition 11.6 The algebra of (holomorphic) differential Siegel modular forms is
by definition the pull-back of the algebra of algebraic differential Siegel modular
forms ¢[T] by the map H,, — T.

In order to recover the algebra of Siegel modular forms in the framework of en-
hanced principally polarized abelian varieties we need to introduce the following
moduli:

Definition 11.7 We define S the moduli of (A, , 6), where A is a principally po-
larized abelian variety of dimension n and with the polarization 8, and  is a holo-
morphic differential n-form on A.

In a similar way as in §11.8]we know that S is a moduli scheme over €. We have a
canonical morphism of £ schemes

TS, (11.25)
(Xv[a17a27"' 7a2n]7 6) = (Xval/\aZ/\"'/\aznae)' (1126)
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This map is surjective and hence we have an inclusion €[S] C £[T]. Recall that the
algebraic group G acts on the space T and hence on ¢[T]. If we impose a functional
equation for f € £[T| with respect to the action of G then we may decpmpose £[T]
into graded pieces. We will do this just in the case of S. It inherits from T an action
of the multiplicative group G,,.

Definition 11.8 The algebra of (holomorphic) Siegel modular forms is by definition
the pull-back of £[S] by the composition H,, — T — S. A function f € ¢[S] is called
an (algebraic) Siegel modular form of weight k € N if

flteg)=f(t)-g7", VgeGy. (11.27)
Its pull-back to Hi, is called a (holomorphic) Siegel modular form.
The following propositon justifies the name Siegel modular form.

Proposition 11.6 A holomorphic function f : H,, — C is a Siegel modular form of
weight k € N if and only if

ab

det(ct+d) ¥ f ((at+b)-(ct+d)™") = f(), de

} € Sp(2n,Z). (11.28)
The algebra of Siegel modular forms can be defined over Q and in this way we can
say:

Theorem 11.7 The moduli space S is a quasi-affine open subset of the affine scheme
Spec ( the algebra of Siegel module forms in H,, for Sp(2n,Z)) . (11.29)

Proof. For a large k € N, a basis of Siegel modular forms fy, f1,..., fv of weight k
gives us an embedding Sp(2n,Z)\H, — CN*1. O

The case n = 1 corresponds to classical modular forms and it is discussed in Chapter
[ For n = 2, the algebra of genus 2 Siegel modular forms is

C[£47g67(€10a<g]27(€35} / ((5325 = P(£47é067(510a<€]2)) )

where &4, 85,610, 612, €35 are generalization of Eisenstein sereis and P is an explicit
polynomial, see [[gu62].

For n =1 the algebra of classical modular forms (without growth condition) is
QI[Es,Eg, %], where A := ﬁ (E3 — E?). In this case we have the invertible element
A in this algebra and its logarithmic derivative is E;:

A/

—=E, '=¢g—. 11.30
A 25 q dq ( )
For n > 2 all the non-constant Siegel modular forms have zeros in H,, and hence
the only invertible Siegel modular forms are constants, see [Wei87|]. Moreover, by

a result of Bertrand and Zudilin in the articles [BZ01, IBZ03|] we know that field
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generated by Siegel modular forms and their derivations has transcendental degree
2n% 4 n over C. Since this is exactly the dimension of the moduli space T, it turns
out that any mermorphic function in T is algebraic over the field generated by £[S]
and the derivation of its elements along the vector fields v;;. It might be still too
early to expect the following conjecture. In a private communication, T. J. Fonseca
has also shown doubts about its truness.

Conjecture 11.2 For n > 2 the algebra of differential Siegel modular forms is gen-
erated by the algebra of Siegel modular forms and their derivations under %
1

One may look for a weaker version of the above conjectute which is easier to state
it in the algebraic framework.

Conjecture 11.3 The t-algebra €[T] is generated by €[S] and the derivation of its
elements along the vector fields v;j and vector fields v4, g € Lie(G).

Our geometric point of view gives a natural context for the study of differential equa-
tions of Siegel modular forms, for some explicit differential equations Resnikof’s
articles [Res70al Res70b]. If Conjecture [T1.2]is false, one may try study the degree
of the field of differential Siegel modular forms over the field generated by Siegel
modular forms and their derivations. Our construction of modular vector fields in
might be useful for this study.

The Shimura varieties parameterize certain Hodge structures, and a smaller class
of them called Shimura varieties of PEL-type, are the moduli of abelian varieties
with polarization, endomorphism, and level structure, see [Del71b), [Milb| [Ker14]
and the references therein. Constructing T as a moduli stack in the case of a Shimura
variety seems to be doable as the literature in this case is abundant. One special case
is the moduli of abelian varieties with real multiplication. In this case one has the
theory of Hilbert-Blumenthal modular forms, and the differential equations of such
modular forms have been studied in [PelO5]]. The construction of functions on T
and the corresponding modular vector fields will give us the algebra of differential
Hilbert-Blumenthal modular forms. For the existence and uniqueness of such vector
fields in this case see [Fon21]].






Chapter 12
Hypersurfaces

1 see the process of mathematical creation as a kind of recognizing a preexisting
pattern. When you study something-topology, probability, number theory, whatever-
first you acquire a general vision of the vast territory, then you focus on a part of
it. Later you try to recognize “what is there?” and “what has already been seen by
other people?”. So you can read other papers and finally start discerning something
nobody has seen before you, (Y. Manin in The Berlin Intelligencer, 1998, p. 16-19).

12.1 Introduction

In this chapter we focus on enhanced smooth hypersurfaces of degree d and dimen-
sion n, and their moduli space T. The algebra €[T] of global regular functions in
T only in the case of elliptic curves (n,d) = (1,3), quartic surfaces (n,d) = (2,4),
and cubic fourfolds (n,d) = (4,3), will be related to automorphic forms and their
derivations. In these cases we will describe the differential equations of such auto-
morphic forms in terms of modular vector fields. Beyond these cases it is not clear
whether €[T] can be as useful as any theory of automorphic forms. Instead, we will
focus on the study of Noether-Lefschetz and Hodge loci in the moduli space T.
Using Griffiths theorem on de Rham cohomology of hypersurfaces, we construct
explicit coordinates on T and we show that most of the hypersurfaces have isolated
Hodge cycles and hence the corresponding modular foliations are trivial. A simpli-
fied version of T is introduced in [Movl17c|]| and the content of this chapter can be
considered as a better and more complete presentation of this article.

12.2 Fermat hypersurface as marked variety

Recall that for some special varieties, the Hodge decomposition might be defined
over the base field, see Definition This is going to be the case of Fermat vari-
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eties:
X=x: xd+x{+ 421, =0. (12.1)

We remind the description of the de Rham cohomology and Hodge filtration of
hypersurfaces in [Gri69] and in particular the Fermat variety in [Mov19], Chapter
15. Let

1:={0,1,...,d—2}""",

n+1ﬁ.+1
Ag = ZIIT Bel
i

In the affine chart xp = 1
L: x‘f—l—x‘zl—l—---—i—xzﬂ =-1,

a basis of the de Rham cohomology Hj(X)o C Hjjy (L) is given by

n+1 —1)i-! _
g = xP <Z( d) xidxl/\dxg/\-~~/\dx,~/\-~~/\dxn+1>, ﬁE[,Aﬁ ¢ N,
i=1

(12.2)

bi xgz . xPr1 is a monomial. A basis of FrHI=kgm (X)o is given by

B._
where x¥ := x| ]

g, AB <k, AB %N.

Proposition 12.1 The Hodge decomposition of the Fermat variety is defined over
rational numbers.

Proof. For the Fermat variety X = X¢, it is enough to prove that the primitive de
Rham cohomology H)j(X)o has the Hodge decomposition defined over Q. The inte-
gral formula in [Mov19], Proposition 15.1, implies that

=0, 0 p inHR(L), (12.3)

where
d—2—-B:=d-2-p1,d=2—P,--).

Since A;_,_g =n+1—Ag, abasis of F/*1=kH}(X)j is given by

g, Aﬁ >n+1—k, Aﬁ ¢ N.

We conclude that a basis of H"!1=*k=1 .= prtl=knFn-kjs given by wg, k—1<
Aﬁ <k. O

Proposition 12.2 The cup product in the basis g, B €1, Ag ¢ N of Hlj (X4 is
given by
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05 Uy = {q)ﬁﬁ£) 0", fOVAB =n—+1 _Aﬁ/7 with 4513!!3/ €eQ (12.4)

otherwise

wgUB? = 0. (12.5)

Proof. The equality (12.3) follows from

.a) UG%:/ wg =0,

where Z., is an intersection of a linear P2 ! ¢ P"+! with X. Since wg, k—1<Ag <
k forms a basis of the piece H"*!=%k~1 of the Hodge decomposition of Hli (X)o, if
Ap +Ap # n+1 then wg U g = 0. The rationality of @ g follows from the fact
that wg, 6 and the cup product are defined over Q. O

The cup product matrix in the basis {wg, B € I, Ag € N, } is of the Hodge block

form
0 00--- 0 o

. 0 00 @1 0
Q=@ = . : s (12.6)
000--- 0 0

where @" " is an h’*~ x h"~ matrix with rational entries. One can use the explicit
construction of the cup product in algebraic de Rham cohomology, see for instance
[Mov20a], and Carlson-Griffiths description of the algebraic de Rham cohomology
of hypersurfaces in [CG80Q] page 7, in order to compute the entries @ explicitly. For
now, we make a change of basis in wﬁ’s such that for n even, @ is written as the
following type of anti-diagonal matrix

0000J
000J0

®=00700 (12.7)
0J000
J000O

(a sample for n = 4). Here, J is the anti-diagonal matrix with 1 in its anti-diagonal
entries and zero elsewhere, and I is the identity matrix. For this we have to work
over Q(+/a) for some rational number a € Q, see Proposition For n odd after
a change of basis we have

0 00J
0 0J0O

o= o ool (12.8)
~J 000

(a sample for n = 3).
For a smooth hypersurface defined over Q and of even dimension n, we have a
bilinear map
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H>3(X)ox H?3 (X)o — Q, (12.9)

o U
(o, an) — len .

Proposition 12.3 There is a positive non-zero rational number a which depends
on d and n, and such that for X over € := Q(y/a), H>'3(X)o has a basis o; with
[(04, 0j)] being the identity matrix.

Proof. The bilinear map (-,-) is non-degenerate, and by second Hodge-Riemann
bilinear relations, we have (®, @) > 0 for all non-zero ®. In order to find an orthog-
onal basis we start with a non-zero @; € H2°2(X)y and replace it with a| @;, where

a1 = ({0, ))_% Then we repeat this with the space orthogonal to @;. O

12.3 The algebraic group

Recall the general definition of the algebraic group G in Since for a hypersur-
face, only the middle cohomology is non-trivial, we set b = b,,, and so bg :=b—1
is the dimension of the primitive cohomology of X, (and not the 0-th Betti number
of Xp). We identify g € G with its representation in the n-th primitive cohomology
of Xy := X,f and hence with by x by matrices:

G:= {g € GL(bo, )

g block upper triangular and g" &g = db} . (12.10)

This implies that we have a surjective morphisim of groups

O(hg?) = O(hg * £) := {g € GL(h330,8)|g" - g = identity matrix}  (12.11)

is the orthogonal group. We have also a canonical immersion O(hg ’%) — G which
follows from the fact that the Hodge decomposition of the Fermat variety is defined
over € (see Proposition [12.1)), and hence, we have the inclusion (3:23).
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12.4 Enhanced hypersurfaces

For a smooth hypersurface X /£ in P!, we use Lefschetz theorems and we know
that only the middle cohomology is non-trivial in the sense that

¢, m+#niseven
m ~ s
Hgr (X) = {o, m # nis odd

For the middle cohomology we use Lefschetz decomposition and we conclude that
for n an odd number H}fy (X )o = H} (X) and for n an even number

Hi (X)
Hip (X)o = ;IRG%

— HiR(L).
The primitive cohomology can be also embedded in Hf; (X). For this we redefine

H (X))o = {w = HgR(X)‘@,G%} - o} .

Definition 12.1 An enhanced hypersurface is a pair (X, o), where X is a smooth
hypersurface and o = [0y, 02, .., 0, ] is a basis of Hj (X)o with

1. The basis o is compatible with the Hodge filtration of Hjjy (X)o.
2. The intersection matrix [(o, ;)] is the constant matrix (12.6).

Let V¢ C £[x]; be the affine variety parameterizing non-singular hypersurfaces. We
take w: Y — Vnd the full family of hypersurfaces over Vf . Recall the construction
of the full enhanced family X/T in Theorem and Theorem and in partic-
ular, in the proof of these theorems. We use the Griffiths theorem on the de Rham
cohomology of hypersurfaces, see [Mov19], for construction of such an enhanced
family. From now on we are going to work with a full enhanced family X — T of
hypersurfaces.

Remark 12.1 Hypersurfaces with k := ndﬁ € N have Hodge numbers 0,---,0,1,

hk+1m—=k=1 ... and they are R-varieties in the sense of Definition For instance,
a smooth cubic tenfold in P!! has Hodge numbers 0,0,0,1,220,925,220,1,0,0,0
and its moduli is of dimension dim(H'(X,®x)) = 220, see [Mov19, Chapter 15]
and Chapter|[I2] It might be interesting to classify all odd dimensional hypersurfaces
such that

e wl o, el
H(X,0x) — {A € Hom (HZI(X,QXZ ), H'T (X,Q, ))

0(50) (@), B) + 0, 8()(B) =0, @ peh’™ (x,2")},

is an isomorphism, where Q is defined in (2.33)). This would give us other type of
R-varieties in the context of hypersurfaces.
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12.5 Modular foliations of Hodge type

Recall the definition of constant periods of Hodge type and the corresponding mod-
ular foliation .7 (C) in

Proposition 12.4 All the modular foliations % (C) of Hodge type with C as in (6.19))
are isomorphic.

Proof. The subgroup of the algebraic group G sending constant periods of Hodge

type (6.13)) to themselves contains the orthogonal group O(hg z 2) Since the orthog-
onal group act transitively on the unitary ball, the action of G on constant periods of
Hodge type is transitive. Now, the affirmation follows from Proposition[6.3] O

The conclusion is that we have just one modular foliation of Hodge type .% (C).

Definition 12.2 We define .7 = .7 (C), where C has zeros every where except in
the first entry of the middle Hodge block, where it is 1 in this entry, and call it the
modular foliation for hypersurfaces.

Conjecture 12.1 For n > 4 an even number and d > <( >> the modular foliation

F4 is trivial in the sense of Deﬁnmon

This conjecture is motivated by the study of Hodge cycles of the Fermat variety.
For n,d as in Conjecture the generic Hodge cycle of the Fermat variety is
conjectured to be isolated, see [Mov19, §16.8], and so it does produce a leaf of
Zd which is an orbit of Stab(G, C). Despite this fact, note that inside Sing(.Z) we
might have a non-trivial foliation.

12.6 Moduli of enhanced hypersurfaces

In this section we want to construct the moduli of enhanced hypersurfaces. Before
this we recall some useful information regarding the classical moduli of hypersur-
faces. We closely follow Mukai’s book [Muk03]], Chapter 5. For many missing def-
initions and proofs see this and [MEK94]].

Let £[x]; = €[x0,x1,...,X:+1]s be the space of homogeneous degree d polyno-
mials in n + 2 variables xgp,x,...,Xx,+1 and with coefficients in £. Note that the
projectivization of this space is the Hilbert scheme Hilbp(]P”gH), where P is the
Hilbert polynomial of hyepersurfaces in (2.19). For f € £[x]; we denote by X the
hypersurface in P"*! given by f = 0. We consider the action of the reductive group
G:=GL(n+2)on V%

G x t[x]y — €[x]y, (g,f)+> gf:= the polynomial f evaluated at x*"g.

The following theorem has been proved in Mukai [Muk03]] Theorem 5.23, page 170
and it is attributed to Jordan in [Jor80] and Matsumura and Monsky in [MMG64].
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In Mumford, Fogarty and Kirwan’s book [MEK94[ §2, page 80, it is attributed to
Kodaira and Spencer [KS58|, Lemma 14.2.

Theorem 12.5 Any non-singular hypersurface X of degree > 3 and dimension n >
2 given by a homogeneous polynomial f € €[xo,x1,...,Xnt+1]q is invariant under at
most finitely many g € GL(n+2).

Let V,fl C t[x], be the affine variety parameterizing non-singular hypersurfaces:

d._ L
V. := Spec (E [t, A(t)}) , (12.12)

where ¢t = (1) is a collection of all parameters with 7o for each monomial x* of
degree d and A = A(¢) is the discriminant function on 7. By the above theorem all
the points in V,fl have a finite stabilizer. The variety Vnd is affine and so all its points
are stable for the action of GL(n +2) on V¢, see [Muk03] Corollary 5.14 page 166
and Corollary 5.24 page 171. Therefore

Definition 12.3 The quotient
M? := GL(n+2)\V¢ (12.13)

has a canonical structure of an algebraic variety over ¢ and it is the moduli of smooth
hypersurfaces of degree d and dimension #.

In the literature we also find the action of SL(n+ 1) on £[x]; without mentioning
the geometric meaning of this. We next explain this, and in particular its geometric

interpretation in the case:

e n+2

eN. (12.14)

For f € €[x], f # O consider the following meromorphic differential (n + 1)-form
in AfT%:
B Y (—1)xdx;

Q = (12.15)
For the action of g € GL(n+ 1) in £[x]; we have
g Qp :=det(g) Qg (12.16)

The differential form Q; induces an (n + 1)-form in P{*! if and only if
occurs. The residue of Q in X C IP)’E’H is a basis of the one dimensional space
H" K+ 1,=1 of the Hodge decomposition of X. For k = 1, X is a Calabi-Yau variety
and such a residue is a holomorphic differential n-form in X. It follows from
and the Griffiths theorem on the cohomology of hypersurfaces that H?*¢ = 0 for g <
k — 1. We are interested in the moduli S of pairs (X, a), where X is a hypersurface
of degree d and dimension n and 0 # o € H" **1A=1(X). If we write (X, &) in a
coordinate system this is as follows. The group GL(n+2) acts on the set of pairs
(f,a82r), f €txly, a€ Gy, inanatural way:
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g (f,aQy) = (g f,ag"Qy).

and we are interested in the corresponding quotient. It turns out that it is the same as
the the quotient of the action of the group SL(n+2) on £[x],;. Moreover, the trivial
Gy-action on pairs (X, o) (multiplying o with a constant) is translated to the right
action of G,,:

E[x]d X Gm — E[x]d,
(f,g) — feg:= the polynomial f evaluated at (gxo,gx1, " ,EXn+1)-

It commutes with the action of SL(n+2) on £[x],, and so, we have the action of G,,
on the quotient space SL(n+ 2)\€[x],.

Theorem 12.6 The quotient
S:=SL(n+2)\V¢ (12.17)

is an affine variety over £ and the G,,-action on S is also defined over ¢.

The affine variety S is called the moduli of holomorphic differential forms. This
naming makes sense for the case (12.14) with k = 1, however, we will use it in
general. Note that we can recover the classical moduli of hypersurfaces by taking
the quotient:

M? =S/G,,.

For a proof of Theorem [12.6] see [MukO03], §5.2. By Hilbert’s theorem the ring
£[t]SM"*+2) of polynomials in 7 and invariant under the action of SL(n 4 2) is finitely
generated. We take homogeneous polynomials Fy, F,--- , Fs € E[I]SL("”) and con-
sider the map

S— AL, 1= (Fo(r),Fi(t),....F(t)),

which realizes S as a quasi-affine subvariety of ASE“. Moreover, the action of G,, in
S is compatible with the action of G,, in A‘;“:

(f07f1a"-afs).g = (ngangdlflv"'7gdes>7

where d; := deg(F;). It turns out that the classical moduli space M¢ is a subvariety
of the weighted projective variety P(4-41--45) Tn [Muk03] and many other texts, it
seems that S has been used as an auxiliary object for the study of Mjf , however, in
the present text and for cases it is the little brother of our main moduli space
T. The case of elliptic curves in Theorem [I2.6] thatis,n =1, d =3, k=1,is a
classical statement. The geometric quotient SL(3)\V} exists. It is

S = Spec(¥[t2, 13, )

2 3
27t5 —t;

and the action of G,, on S is given by (t2,23) g := (g *,g%3). For this, we
take a tangent line at an inflection point of the elliptic curve X and by an action
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of SL(3), put the inflection point at [0 : 1 : 0] and the line at x, = 0. In Mukai
[MukO3|], Example 5.26, page 172, this simple observation is attributed to Aronhold
in [Aro50].

Let H? — V¢ be the n-th algebraic de Rham cohomology bundle, that is, its fiber
over the point fis Hjp (X), where X is the hypersurface in P**! given by f = 0. Let
us define T to be the set of all enhanced hypersurfaces (X, o) with X as before, see
§12.4, This is the total space of all possible choices of & in the fibers of H? — V<.
The group SL(n+ 1) acts in T in a natural way and we have

Theorem 12.7 The moduli of enhanced hypersurfaces
T:=T/SL(n+1). (12.18)
is an algebraic variety over €, with the action of the algebraic group G on T.

Proof. In our way of constructing enhanced families in the group SL(n+2)
acts in each chart Up, and all the points in Uy have finite stabilizer. Therefore, SL(n+
2)\Uy is an affine variety with the action of the algebraic group G, all defined over
€. The quotient T is obtained by gluing these affine charts. O

Note that T is not necessarily affine. When we choose sections of the cohomology
bundle, we can at most say that they form a basis in fibers for a Zariski open neigh-
bourhood in the base space V¢, that is, they might not form a basis in all fibers. This
forces us to study T in charts.

We note that the parameter space of hypersurfaces is full in the sense of Defini-
tion

Proposition 12.8 Let V¢ be the parameter space of smooth hypersurfaces of dimen-
sion n and degree d in ]P’ZH. The Kodaira-Spencer map

TV — H' (X, 0x)0 (12.19)
is surjective and its kernel is given by vector fields vg,, g € Lie(G).

Proof. For hypersurfaces we have H'(X,0x)o = H'(X,0x), except for (n,d) =
(2,4). In this exceptional case H' (X, @)y is of codimension one in H' (X, Oy ). For
the second statement see [Vo103, Lemma 6.15]. O

12.7 Hypersurfaces with a finite group action

In this section we take a finite group G acting on IP”E’H. In practice, this will be
a subgroup of the automorphism group of the classical Fermat variety X = X,‘f of
dimension n and degree d given in (I2Z.1). The group S,» of all permutations in
n+2elements {0,1,...,n+ 1} acts on X¢ in a natural way. An elementin b € S,
acts on X¢ by permuting the coordinates:
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(xo,xl,...,xH]) — (xho,xhl,.. . ’xhn+l)'

Multiplication of the coordinates by d-th roots of unity provides other automor-
phisms of the Fermat variety. Let

WS g = g X g X -+ % g [diag (i), (12.20)
—

(n+2)— times

where
o= 1{1,00, 57"} (12.21)
is the group of d-th roots of unity and diag (L) is the image of the diagonal map

:u'd_>“'s+27 CH(CaCaaC)

The group ,u['l’” /Uy acts on X¢ by multiplication of coordinates:

(CO; Cl IRERR Cn+1)a (XOuxl yeee 7xn+1) = (§0x07 C1x17 ceey Cn+1xn+1)~ (12.22)

Let us define the free product group
G4 = (W52 /1a) * Snas (12.23)

which is a subgroup of the automorphism group of the Fermat variety X¢. Let G C
Gg be any finite subgroup. Our main examples for G are

G:={Cew | i G =1}, (12.24)

for the case d = n+ 2 and the permutation group G :=S,+|. The group G acts on
the space V¢ of smooth hypersurfaces V¢ in a canonical way and we define

Vg = {t cvd

g-t:t,} (12.25)

that is, Vi parametrizes hypersurfaces X with G C Aut(X). By definition the Fermat
point 0 € V¢ is in V. For the group (12.24) the corresponding family of hypersur-
faces is give by

X : on8+2 +t1xrlt+2 +... +t,,+1x,’1‘ﬁ — typ3XpX1 ... Xy =0, (12.26)

which is called the Dwork family. For the permutation group G = S,1, we will
consider the case d = 3. The corresponding family of hypersurfaces is given by

X to( 4+ )+t (xx + )+ 13 (xoxixn +---) =0, (12.27)

where - - - means the sum of all possible monomials obtained from the leading mono-
mial by permuting the variables. We call X; the Deligne’s family, as working with
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hypersurfaces with large automorphism group is proposed by P. Deligne, (personal
communication, February 20, 2016).

An automorphism of a smooth projective variety leaves the Hodge filtration in-
variant and hence it is natural to consider the invariant part of Hlf (X)

Hlp(X)C = {weHgR(X) ‘ o= vGeG} (12.28)

and the induced Hodge filtration. This is also called the invariant cohomology of X.

Proposition 12.9 A basis of Hy(X)C for a member X = X, of the Dwork and
Deligne families and for t in a neighborhood of the Fermat point are given by

(0x1 -+ Xy 1)1 Q
f* ’
(_xoxl .. .x3k7l’l72 + . )_Q
f* ’
respectively, where - -- means the sum of all possible monomials obtained from the

leading monimial by permuting the variables. It is compatible with the Hodge filtra-
tion. For the Dwork family dim(Hy (X)®) = n+ 1 and the Hodge numbers are

k=1,2,...,n+1,

111,01,
—_—————
n+1— times
and for Deligne family dim(H (X)¢) =n+1-2 [%] and the Hodge numbers

are

ana"'ao ) 1717"'71 ) ana"'ao .
—— N—— ——
[%4]- times n+1-2["H]- times [*H]- times

Proof. This follows from Griffiths theorem on the cohomology of hypersurfaces in
[Gri69]], see also [Mov19]]. O

12.8 Automorphic forms for hypersurfaces

Let S be the moduli space of holomorphic differential forms constructed in Theorem
We denote by £[S] the ring of regular functions on S.

Definition 12.4 A regular function f € €[S] is an automorphic form of weight k if
fltog)=g™f(1), V€S, g€ G

The following theorem says that in which cases Definition [[2.4] has to do with au-
tomorphic forms on some Hermitian symmetric domain. Recall the definition of
Griffiths period domain in Chapter [§]
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Theorem 12.10 The Griffiths period domain D arising from the middle primitive
cohomology of a smooth hypersurface is a Hermitian symmetric domain if and only

if (n,d) is in the Table

(n,d) |Hodge numbers of the primitive cohomology |Dimension of the moduli
(1,d>3) (d71)2(d72)7 (d—])z(d—Z) (d+1)2(d+2) 9

2.4) 1,19,1 9

(3,3) 55 10

(3,4 30,30 45

4,3) 1,20,1 20

(5,3) 21,21 35

Table 12.1 Hypersurfaces with a Hermitian symmetric domain D

Proof. The Hodge numbers of a hypersurface satisfy h0 < h"=11 <... <h"~ [5].[5]
and the Griffiths transversality implies that the corresponding period domain is Her-

mitian symmetric if and only if the Hodge numbers are of the format0,---,0,1,a,1,0---

for n even, and of the format 0,---,0,a,a,0---,0 for n odd. Classical formulas for
the Hodge number of hypersurfaces imply the desired statement. 0O

The dimension of the moduli space of hypersurfaces is

d+n+1

dim(M?) = ( o
n

)—(n—i—Z)2

The dimension of the Hermitian symmetric domain for n odd in Tablemm “(LZH),

where @ = h"Z"7" is the non-zero Hodge number. Therefore, in these cases and
except for (n,d) = (1,3),(1,4), the period map is not surjective. Similar to the one
dimensional case in which a curve is replaced with its Jacobian and the Jacobian is
replaced with a polarized abelian variety so that we get a biholomorphic period map,
we can also repeat this process in other cases using Griffiths’ intermediate Jacobian.
In the present text we are only interested in the even dimensional cases which are
(n,d) = (2,4),(4,3). In the next sections we are going discuss these cases in more
details.

12.9 Period domain

The cohomologies of a smooth hypersurface in P"*! in dimensions below and over n
is generated by the polarization 6 € H§R (X), and hence, our version of the Griffiths
period domain in Definition [8:4] is the same as Griffiths’ original definition. The
cases with Hodge numbers in Theorem[T2.10]are of special interest. The generalized
period domain for Hodge numbers O, --- ,0,m,m,0--- 0 is discussed in Chapter@

,0
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In this section we disucuss the case of Hodge numbers 1,m,1. We make a slight
modification of the material in Chapter [§]as follows.

Let Xo be a projective smooth variety of even dimension n over C such that its
middle cohomology has Hodge numbers O,---,1,a,1,0---,0. By Poincaré duality
and Hodge index theorem the homology H,(Xo,Z) together with the intersection
of cycles is unimodular and it is of signature (3,a — 1) (resp. (a,2)) for 5 an odd
number (resp. even number). The lattice of Hodge cycles Hodge,, (Xo,Z) is also non-
degenerate and of signature (1,b) for some b < a— 1 (resp. (b,0) for some b < a)
for 5 an odd number (resp. even number). We take a non-degenerate sublattice L C
Hodge,, (Xo, Z) of signature (1,a — 1 —m) for 5 an odd number (resp. (a —m,0) for
% an even number) and define

Voz = {6 c Hz(XO,Z)‘<5,L> - 0}.

Since L is non-degenerate, L ® L' has finite index in H,(Xo,Z), and hence, the Z-
module Vj 7 is equipped with a non-degenerate, not necessarily unimodular, sym-
metric bilinear form inherited from H,(Xo,Z), and of signature (2,m) for 5 odd and

signature (m,2) for % an even number. Let LP4 C H'% (Xo) be the set of Poincaré
duals of elements of L. In the cohomology side we define:

Vo= (LP9)L = {6 € HgR(xo)]<5,LPd> - o}.
The integration map
Vo.z, — VO\/, o /
' 1)

is well-defined and we proceed the same discussion as in Chapter with this Vp 7
and Vp. We take basis 0i,..., 842 of Vo z and a1, 0, . .., 04y y2 of Vo with

¥ =[(6,6))], @=[(0y0;)]
The generalized period domain I consists of (m+2) x (m+2) matrices:
po0 pO1 p02
P:-= PIO Pll P12
P20 P21 P22

(written in the Hodge block notation corresponding to 1+ m + 1) such that

@ = Ptrytrp (12.29)
and
POO tr ﬁOO
plof w-tr B0} 5 0. (12.30)
p20 ﬁzo
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The group
I := Aut(Vz, (-,-)) 2 {A € GL(m+2,Z) | A" WA = ¥}

written in the basis &§;, i = 1,2,...,m+ 2 acts from the left on I with the usual
multiplication of matrices and U := I"\T1.

We use x = [x],X2,...,Xm+2] to denote the first column of P. The Griffiths period
domain is just the projectivization of the space of first columns of P:

D={}] P! | xp " =0, x>0} (12.31)

In the literature one mainly find the following format of the period domain D. Let
Wy, = VO\,/Z be a non-degenerate lattice of rank m + 2. We have

D::]P’({wew(c‘@,w) =0, (0,®) >0}).

Both definitions are related by writing

m-+2 d
W= in5l-p , xi € C.
i=1

Note that [<5ipd, 8}9d>] = Y~ The group I7 acts from the left on D. The quotient
I7\D is the moduli of polarized Hodge structures of type 1,m, 1.

12.10 K3 surfaces

For a detailed exposition of K3 surfaces the reader is referred to [Dol96]. A com-
plex compact smooth surface X with the trivial canonical bundle Q2 and with
H'(X,Q) = 0 is called a K3 surface. Using a result of Siu in [Siu83] we know
that a K3 surface is Kihler and hence its only non-trivial cohomology carries
a Hodge decomposition. Using Serre duality we know the Hodge numbers are
(h?9 h!1 h92) = (1,20, 1). The homology H,(X,Z) is torsion free and together with
the intersection of cycles is isomorphic to the K3 lattice

HO®H®H® (—Eg)® (—Eg),

where H is the two dimensional lattice with the gram matrix {_01 _Ol} and Ey is the

eight dimensional lattice with the gram matrix
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201000 0 0
020-1000 0
10 2100 0 0
0 -1-12-10 0 0
000-12-10 0 (12.32)
0000 -12-10
00000121
(00000 012

see [Ser78]. By Lefschetz (1,1) theorem, the elements of the lattice NS(X) :=
H?(X,Z)NH"! are Poincaré dual to the Néron-Severi group of divisors in X. More-
over, since H'(X,Q) = 0 this is also the Picard group which is the group of line
bundles in X. For an algebraic K3 surface, the signature of NS(X) is (1,a) for some
a <19, and hence, the Picard rank of the surface is 1+ a. For instance, for a generic
quartic in P3 NS(X) = Z - u with u-u = 4.
Let L be an even non-degenerate lattice of signature (1,19 —m), m > 0. Our main
example for this is
L={_2n), n>2 (12.33)

which means that L = Z - u with (u,u) = 2n. A lattice polarization on the K3 surface
X is given by a primitive embedding

i:L < NS(X), (12.34)

whose image contains a pseudo-ample class, that is, a numerically effective class
with positive self-intersection. This gives us a line bundle / in X such that four
linearly independent sections sg, s1,52,53 of [ give us a generically one to one map
X — P3 whose image is given by a polynomial of degree 4. After the works of many
authors we have the following theorem.

Theorem 12.11 The coarse moduli space # of L-polarized K3 surfaces is a quasi-
projective variety over C and the period map

M — ITz\D

is a biholomorphism of analytic spaces.

see [Dol96] page 11. It is natural to expect that .# is a quasi projective variety
defined over Q or Z[]. This is only done in the case (I2:33) for which one uses a
Theorem of Viehweg, see Let S be the moduli space of pairs (X, ¢ ), where
X is an L-polarized K3 surfaces and «; is a holomorphic 2-form on X. In many
examples the following is true:

Conjecture 12.2 There is a universal family X — S of L-polarized K3 surfaces
enhanced with a holomorphic differential 2-form.

An immediate translation of Theorem [I12.11] into the context of enhanced lattice
polarized K3 surfaces is that the generalized period map
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T—U (12.35)

is a biholomorphism. Moreover, if the above conjecture is true then we have a uni-
versal family X — T of enhanced L-polarized K3 surfaces.

Theorem 12.12 Let X/T be a universal family of of enhanced L-polarized K3 sur-
faces. There are unique vector fields vi, k=1,2,..., h(l)’1 in T such that

08 0
Ay=[00 -5 (12.36)
00 0

Proof. The proof in the period domain U is similar to the case of Abelian varieties,
see Theorem|[I1.5|and it is left to the reader. For the algebraic description of modular

vector fields in T for L in (I2.33)) see §13.60 O

12.11 Cubic fourfolds

For missing details in this section see Hassett’s article [HasO0]. The generalized
period map P : T — U in the case of cubic fourfolds becomes an open immersion,
and so, the modular vector fields constructed in Proposition can be transported
to T. We get a similar statement as in Theorem[12.12]in this case.

Theorem 12.13 Let X/T be a universal family of of enhanced cubic fourfolds.
There are unique vector fields vy, k=1,2,..., h%’z in T such that
08/ 0
A,=100 -8 (12.37)
00 O



Chapter 13
Calabi-Yau varieties

Every time I gave a counterexample [to Calabi Conjecture], it failed in a very deli-
cate manner, so I felt it cannot be that delicate unless God had fooled me; so it had
to be right now. I changed my mind completely, and then I prepared everything to
try to solve it, (S.-T. Yau in Kavli IPMU News No. 33 March 2016).

13.1 Introduction

In this chapter we will prove the existence and uniqueness of modular vector fields
for Calabi-Yau varieties of arbitrary dimension. This has been formulated in Prop-
erty [6.4]in Chapter[6] For Calabi-Yau threefolds this has been proved in [AMSY16]]
using certain manipulations of periods in mirror symmetry, and so, the proof might
not be accessible for a general mathematics reader or it might not be considered a
polished mathematical proof. Our proof in this chapter simplifies many arguments
used in [AMSY16], and it works for Calabi-Yau varieties of arbitrary dimension
and defined over any field of characteristic zero. In even dimension we aim to use
modular vector fields in order to study Hodge cycles.

Modular vector fields are algebraic incarnation of derivations with respect to the
so called flat coordinate system on the moduli of Calabi-Yau varieties. Such a co-
ordinate system was first introduced in the physics literature for Calabi-Yau three-
folds, see [CdIOGP91b, BCOV93|  BCOV94], and in the mathematics literature it
was used in the proof of the Bogomolov-Tian-Todorov theorem, see for instance
Todorov’s expository article [Tod03]. Recall from Chapter [9] that in the case of el-
liptic curves such a coordinate is the variable 7 in the upper half plane and % in the
moduli of enhanced elliptic curves is incarnated as the Ramanujan vector field.

197
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13.2 Preliminaries

For the main purposes of the present text we will only need the following definition
of a Calabi-Yau variety.

Definition 13.1 A smooth projective variety X C IP’IEY of dimension n over £ is called
a Calabi-Yau variety if its canonical line bundle Q¢ is trivial.

Throughout the text we will not need the extra condition
H'(X,0x)=0, 0<i<n.

Only the condition H?(X, Ox) = 0 for n > 3 might be useful for some discussions.
For instance, from this we deduce that the primitive deformation space H'!(X,®x)o
of X (see Definition is equal to the usual one H'(X,®yx). For Calabi-Yau
twofolds (K3 surfaces) note that the dimension of H2(X ,Ox) is one, and so, we
cannot drop 0 from our cohomology notations. There are two important aspects of
a Calabi-Yau variety.

1. The vector space H’(X, Q") is one dimensional and it is generated by a holomor-
phic nowhere vanishing differential n-form w. In particular, the Hodge numbers

satisfy
hn,O —1= hO.n.

2. Using Serre duality we have:
H'(X,0x) 2 H" (X, Q8 0 Qy) = H" (X, Qy). (13.1)
In particular, the dimension of the deformation space of X is equal to the Hodge
number h"~ 11,

The Serre duality also manifests itself in the IVHS for smooth Calabi-Yau varieties.
Recall the map in (2.40).

Proposition 13.1 For a smooth projective Calabi-Yau variety over ¥, the following
part of IVHS
8.0t H'(X,0x)o — Hom (H°(X,Q}), H' (X, Q5 ")o) (13.2)

is an isomorphism of €-vector spaces.

Note that for n > 3 we have H' (X, Q1 1o = H' (X, Q1 1).

Proof. We know that HO (X ,Q;) is one dimensional, and so, the right hand side
of (I3:2) is canonically isomorphic to H' (X, Q% ). We give a proof in the com-
plex context £ = C. Since the canonical bundle of X is trivial, we can take a gobal

holomorphic nowhere vanishing n-form @ in X. In a local holomorphic coordinate
system (z1,22, - -,2,), We can write @ = dz; Adzp A+ -+ Adz, and the map

i0:0x =y vis i
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is an isomorphism of holomorphic coherent sheaves, because for

V:Zvi(z)ai, we have ivw=Zv,’(z)(—l)’;lgz\i.
i=1 < i=1

i

This induces an isomorphism in H'. By Serre’s GAGA the same isomorphism is
valid for Cech cohomologies with Zariski topology of X. The affirmation for the
primitive part of H' follows from the fact that the following diagram commutes:

(X0}

H'(X,0x) =% H' (X, 47
6l Jon
H2(X,0x) 3 H2(X,QP).

This in turn follows from
0=i,(0N®)=i,0 N®—0OANi,0O,

forv € H'(X,0y). Note that 8 € H'! (X, Q}) and so it contributes (—1) in the above
formula. It must not be confused with its C* counterpart which is a 2-form . 0O

By Proposition [I[3.1] a Calabi-Yau variety is an R-variety with m =n and k =0 in
the sense of

13.3 R-varieties and modular vector fields

Recall the notion of an R-variety in We are interested in R-varieties becuase

they give us some important information about the corresponding modular vector
fields.

Proposition 13.2 Let Y /V be an R-family of smooth projective varieties in the
sense of Definition |and let X/T be the corresponding enhanced family con-
structed in @and 3.71 Assume that the Kodaira-Spencer map T,V — H ! (Y;,6y,)o

is surjective for all t € V. Then the map Yp, " 0, (X/T) — Mat(hgn_kﬂﬁk_l x
hg'_k"k, O'1) defined in is a surjective morphism of Ot-modules.

A slight modification of the proof of Proposition[I3.2] might give us a similar state-
ment for R-varieties in the sense of Definition 2.25]

Proof. By Theorem we know that the Kodaira-Spencer map at a point ¢ € V' is
the composition

5oy B e
T,v 4 T, T ™ Hom (Hk(x,ggg K)o, H (X, l)o),
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where X = X;. Since anf.l’k is just 5m,k with its image written in the standard basis of
the enhanced family X/T (Proposition [6.26)), the result follows from the surjectivity
of the Kodaira-Spence map. O

Let i and j be integers with 1 <i < hg_kﬂ’k_l and 1 < j < hg'_k’k and let us take
the hm =k 1A=L s hm=kk matrix M;; such that its entries are all zero except its (i, j)-
entry which is 1. Proposition gives us a vector field v;; in T with an—vl,,k = M;j.
This vector field might not be unique. We are going to discuss the uniqueness issue
in the case of Calabi-Yau varieties, see Theorem We will discuss the moduli
of enhanced Calabi-Yau varieties using the available results on the classical moduli,
however, the contruction of vector fields v;; as above suggests that we might be
able to construct the moduli of enhanced R-varieties in the following way which
seems to be completely new. Let us consider the action of a reductive group G for
the enhanced R-family X/T as in Starting from v;; constructed above, we
have to construct modular vector fields v € 9(X/T) in T which are G-invariant.
By Proposition all the entries of Y, " are constant along the orbits of G.
Further derivations of these functions along G-invariant vector fields produce more
functions constant along the orbits of G. We might hope that all these functions
would be enough to construct the quotient G\ T as an affine scheme.

13.4 Universal family of enhanced Calabi-Yau varieties

The classical moduli of Calabi-Yau varieties X is fairly well-understood both in the
complex and algebraic context. In the complex side we have the following.

Theorem 13.3 (Bogomolov-Tian-Todorov) The moduli space M of complex po-
larized Calabi-Yau manifolds X is smooth and of dimension N := dimH' (X, Q" !),.
Moreover, a holomorphic coordinate system for M around a point to € M, X;, =X

is given by ©:= (11, Ty, , Ty ), where
/
iy

(0]
01

T = (13.3)

for some cycles 6;; € Hy(X;,Z) with t € (M, 1y) and @ is the holomorphic n-form on
X[.

For a summary of results in this direction see Todorov’s expository article [TodO3|],
see also [IM10] for an algebraic proof of this theorem. For the affirmation concern-
ing construction of 7;’s, see Tian’s article [Tia87|] Corollary 1, page 664. Note that
Tian uses a period domain which is different from the Griffiths period domain and
it essentially encodes the periods of w, see [[T1a87|] page 637. In the Physics litera-
ture, see [CdIOGP91bl BCOV93,BCOV94], and for many examples of Calabi-Yau
varieties, we find a precise description of how to choose the topological cycles J; .
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This description is necessary if we want to find relations between Theorem[I3.4]and
periods of Calabi-Yau varieties. This is only done in the case of Calabi-Yau varieties
of dimension < 3, see [AMSY16].

In the algebraic side, E. Viehweg has constructed the coarse moduli space of
polarized smooth Calabi-Yau varieties as a quasi-projective variety, see [Vie93.
His method is based on Mumford-Hilbert geometric invariant theory (GIT). He has
shown that smooth Calabi-Yau varieties X; C PV, € V for an irreducible com-
ponent V of a Hilbert scheme, are stable under the action of the reductive group
G = GL(N + 1), and hence, the geometric quotient G\V exists as a scheme over €.
According to [Tod03] pages 700 and 707, the first moduli is just a local holomorphic
chart of the second moduli for £ = C.

In order to construct universal families of enhanced Calabi-Yau varieties we are
going to take an irreducible component V of a full Hilbert scheme of Calabi-Yau
varieties X C ]P’Q' defined in Our main example for this is the parameter space
V of smooth hypersurfaces of dimension n and degree d =n+2 in P’é“ or the
Dwork family discussed in In Proposition we have proved that the pa-
rameter space of hypersurfaces is full. Let X — T be the full enhanced family con-
structed from ¥ — V' in §3.6[and Theorem|3.5]gives us the coarse moduli space
T := G\T of enhanced Calabi-Yau varieties and we claim the following.

Conjecture 13.1 There is a universal family X—=T of enhanced Calabi-Yau vari-
eties.

Despite the fact that we have not solved the above conjecture, Proposition [3.10]tells
us that the Gauss-Manin connection matrices A, can be transported to 'T', and this
is all what we need to reproduce the theory of modular vector fields and modular
foliations in T. In the rest of this chapter by abuse of terminology, we will talk
about a universal family of enhanced Calabi-Yau varieties X/ T, knowning that only
T and A,,’s exists as algebraic objects over ¢ (we will use T instead of T etc.). It
must be remarked that according to Todorov [TodO3|] Theorem 33, there exists a
universal family over a finite covering of the classical moduli space of polarized
smooth Calabi-Yau varieties.

13.5 Modular vector fields for Calabi-Yau varieties

We are now ready to state our main theorem on modular vector fields for Calabi-Yau
varieties.

Theorem 13.4 Let X/T be a universal family of enhanced smooth projective Calabi-
Yau varieties of dimension n. There exist unique global vector fields v;, j =
1,2,..., hgfhl in T and unique hgiﬁl’kl x hy ™" matrices Yﬁ,,f\}", i=1,2,....mm=

1,2,...,2n— 1 with entries as global regular functions in T such that
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ovpl, 0 - 0
00 Y- 0
Ay =Ymji= 100 (13.4)
—1
00 0 - yptm
00 0 - 0
with
Yol =10,0,...,0,1,0,...,0], 1isin the j-th place (13.5)
Vi b= (et () (13.6)
ViYoo) =Y ), (13.7)
Yo Yok =Yg Von (1338)

Proof. The existence is already proved in Proposition in which we have used
Theorem This also gives the matrix format (I3.5). The intersection matrix
@, is taken in the standard format (3.24)). Therefore, (13.6), (13.7) and (13.8) fol-
lows respectively from (6.28)), (6.31) and (6.32). For (6.31) we need to prove that
[vj,vk] = 0. In summary, we only need to prove that v;’s are unique and commute
with each other. If we have given two such vector fields v; and V; then forv :=v; —V;
we have Yg}v = 0. Moreover, if we have two such vector fields v; and v; with differ-

ent j,k, it follows from (631) applied for i = 1 that Y, = 0 becasue Y3}, and

n,[vj,

. 1
Yp\, are contant matrices. Therefore, for v := [v;,vs] we have Yo =0.

We prove that if v is a vector field in T with ng\l, = 0 then v must be necessarily
the zero vector field. We have V, a; = 0, where ; is the first element (a basis of
H") of the standard basis of H, R (X3, )- We proceed the proof over complex numbers,
that is, ¢ = C. Let y: (C,0) — T be an arbitrary integral curve of the vector field v
with ¥(0) = fo. In order to prove that v = 0 it is enough to prove that ¥ is a constant
map. It follows that all the integrals

/6 oy, 6 € Hn(Xy(x),Z)

X

do not depend on x and hence are constant numbers. Let 7 : T — M :=T/G
be the canonical map to the classical moduli space of Calabi-Yau varieties. By
Bogomolov-Tian-Todorov theorem we know that M is smooth of dimension N :=
hgfl’l, moreover, a coordinate system for M around the point 7(fp) is given by

.
7:= (1,7, - ,Ty), Where T, := {ZZ 05]1
t € (T,tp). We conclude that woy is a constant map, and hence if we identify

t €T with (X;,0,,---) then Xy(x) = Xy, does not depend on x. Now, we use

for certain cycles &;, € H,(X;,Z) with

Vool = Yi,’,{tla,’;rl. We take the pull-back of this equation by ¥ and regard all
the involved quantities depending on x. The operation V, turns out to be the usual
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derivation <. We write the Taylor series o), = Y7 ox/ 0}

. j> where the entries of

ol ;s are elements in Hg (X;,) independent of x. The conclusion is that the Gauss-

Manin connection V,, leaves the Hodge filtration invariant and hence Yin'f,rl are all
zero, and hence, the Gauss-Manin connection matrix A,, of X/ T composed with v is
identically zero and the elements of the standard basis o of Hj (X;) do not depend
on x. This means that y is a constant map. O

As a corollary of Theorem [I3.4] we have

Theorem 13.5 For a universal family of enhanced smooth projective Calabi-Yau
varieties X/ T, the vector fields v;, i=1,2,..., hgfl"l are linearly independent at
each point t € T and the Ot-module M(X/T) of modular vector fields is freely
generated by v;’s. In particular, the modular foliation % (2) has no singularities
and it is of dimension hg_l’l.

Proof. The first statement follows from (I3.5). The argument for the second state-
ment is as follows. Let v € M(X/T) be a modular vector field and let Yg}v =
[ai,az,...,aN]. For v =v — Zﬁil a;v; we have YS}V = 0 and the same argument as
in the last step of the proof of Theorem shows that v = 0. The last statement
follows from the fact that any vector field tangent to the foliation .% (2) is modular.
O

After a partial compactification of T one might get singularities for the foliation
F(2), see for instance the case of elliptic curves in Chapter@

The cases of Calabi-Yau 1,2,3 and 4-folds are of special interest. The Calabi-
Yau 1-folds are elliptic curves and Theorem [[3.4] is reduced to the existence of
the Ramanujan vector field discussed in §9.3] In the next sections for our matrices
(13:4)) we are going to use the notation of [AMSY16]. We define 5,: (resp. 5,@) to be

the 1 x hgfl’l (resp. hgfl’l x 1) matrix with zeros everywhere except at its (1,k)-th
(resp. (k, 1)-th) entry which is one.

13.6 Modular vector fields for K3 surfaces

The Calabi-Yau two folds are K3 surfaces. In this case it is also fruitful to enhance
X with some fixed curves in its Neron-Severi group. This is well-known under the
name ‘lattice polarization’ and it is discussed in §12.10} A version of the following
theorem has been proved in [Alil7] using ideas from period manipulations of mirror
symmetry. For Dwork family of K3 surfaces it is also proved in [MN18].

Theorem 13.6 Let X/T be a universal family of K3 surfaces. There are unique
vector fields vy, k=1,2,..., h(l)"1 in T such that

08 0
A,={00 -8 (13.9)
00 0
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Note that for K3 surfaces there is no non-constant Y and they belong to the class
of varieties with the constant Gauss-Manin connection, see §6.12] The intersection
matrix in this case is taken to be

001
®:=1010
100

where I =1, 11,11 is the identity matrix. We get the following generalization of sl

0 hO
Lie algebra. This is namely the £-vector space generated by vector fields

vg, g € Lie(G), v, k=1,2,...,h".

After composing with the transpose of the Gauss-Manin connection matrix we get
the following representation of this Lie algebra

* ok *
g € Mat(N x N, ) g=|**xx], g"P+Pg=0 }, (13.10)
0 * *

where N := 1+ h(l)"1 + 1 and it contains Lie(G). Note that g** = gy.; = 0 follows
from the (N, 1)-entry of the equality g*"® + &g = 0.

13.7 Modular vector fields for Calabi-Yau threefolds

Theorem [I3.4] in the case of Calabi-Yau threefolds is inspired from many period
manipulations in mirror symmetry.

Theorem 13.7 (Alim-Movasati-Scheidegger-Yau, [AMSY16]) Let X/T be a uni-
versal family of enhanced smooth Calabi-Yau threefolds. There are unique vector
fields v, k= 1,2,...,h(2)7l in T and unique regular functions in T, Y, i,j.k=
1,2,..., h(z)’1 symmetric in i, j,k such that

08/ 0 0
00 VY O
Av=100 o 5 | (13.11)
00 0 O
with
Vi|Yi2i3i4 :ViQYi1i3i4~ (1312)

Note that in this case we have taken
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0 001
0 010

®:=| 0 o0l (13.13)
-1 000

and if h':Y = 0 then we do not need to use the primitive cohomology notation and
2,1 2,1

so hy =h=".
0

13.8 Modular vector fields for Calabi-Yau fourfolds

For applications in Hodge theory and in particular the study of Hodge loci, we high-
light Theorem[I3.4]in the case of Calabi-Yau fourfolds. There has been some interest
in Calabi-Yau fourfolds in the physics literature for which we refer ro [HMY17] and
the references therein. It might be possible to generalize the period manipluations
of periods in the case of Calabi-Yau threefolds to higher dimensions, and in this we
reprove Theorem [I3.4]and its particular case of Calabi-Yau fourfolds.

Theorem 13.8 Let X/ T be a universal family of enhanced smooth projective Calabi-

Yau fourfolds. There are unique vector fields v, k=1,2,..., hg’] in T and unique
regular functions in T

Ykij7 l,k: 1,27...,h8)1, ]: 1727"'?th2

symmetric in i,k such that

08/ 0 0 0
00Yy 0 0
Avk =100 O —ij,' 0 (1314)
00 0 0 -5
00 O 0 0
with
VrYkij = VkY”'j7 (1315)
forrik=1,2,....h" j=1,2,... ht?.
Let C be a period vector of Hodge type as in (6.13):
0 1
0 0
c=|c|, cz=| .. (13.16)
0 .
0 0

For simplicity we have assumed that all the entries of the middle Hodge block C3
are also zero except for the first entry which is 1.
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Proposition 13.9 The foliation % (2) N % (C) is of dimension zero and its singular
set is given by

Sing (F(2)N.Z(C)) = {det[Yi Mt = 0} .

3,1

Proof. A vector field Zz(’: | fkVk is tangent to the mother foliation .7 (2) if

hy!
Y fiA, C=0.
k=1

The special format of C implies that all the Hodge blocks of A, C are zero except

for the middle one which is [Yy1] 31 . O
0

13.9 Periods of Calabi-Yau threefolds

Apart from the polynomial relations between the entries of P, described in Propo-
sition 4.1 we do not know any other relation which might be used in the definition
of the period domains [1,U in order to make it samller dimension. For Calabi-Yau
threefolds with constant Yukawa couplings the following discussion might be devel-
oped into a precise formulation of extra polynomial relations. The main sources for
this section are [AMSY 16/ |Alil7]. For the special case of mirror quintic and in gen-
eral Calabi-Yau threefolds with Hodge numbers of the third cohomology all equal
to one, similar discussions are developed in [Mov17bl] with different notations.

Let M be a moduli space of Calabi-Yau threefolds X with # = h>!(X). Let also
H be a connected component of the moduli of (X, ), where X € M and § stands for
a symplectic basis 01,8, ...,0441,042* , 012 of H3(X,Z), that is

0 1
58, = (D)% (1) |
[5:-3) L 1yx (ht1) 0

Note that this moduli space might have infinitely many components, for instance,
this is the case of mirror quintic, see the discussion in [Mov17b] §4.6.

Proposition 13.10 ((AMSY16], Proposition 3) For (X, 8) in an open dense subset
of H there is a unique enhanced variety (X, ) such that the period matrix is of the
form

11 Fj 2Ry~ X1 uF

08 F; FF—Y!  uF;
| == | T 13.17
[./5].“’] T los g (13.17)
00 0 -1
IF,

for some holomorphic function Fy in T which is called the prepotential and F; := FEE
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The functions 7; are those which are used in Bogomolov-Tian-Todorov theorem
(Theorem [I3.3). In the first line of the equality we claim that

<f51w I Js0 f5h+lw f5h+2w f52h+lw f5zh+2w> _

Jso [0 5o T o’ o 7 [fo [jo
R dFy h K

1717177"'77’ PR 72F— Ti

( b h 871 81;1 0 l:ZI '817,-

for a holomorphic (3,0)-form @ on X. Evidently, due to the quotient, this does not
depend on the choice of @. Propostion[I3.10|gives us a meromorphic map

t:H--»T, (X,8)— (X,q). (13.18)

For (X,0) we first choose an arbitrary enhancement (X, &). For the period matrix
P:= /5, @;] there is a unique g € G such that Pg is of the form (T3.17). For this we
have divided over many periods |, 5, 0j which might be zero, and the meromorphic
points of the map (I3:18) is due to these zeros. For further details in the case of
mirror quintic see [MovI7b] §4.6, §4.7. We call (I3.18) the special map. Here, the
adjective ‘special’ is taken from the special geometry of mirror symmetry.

Proposition 13.11 (JAMSY16]], Proposition 5) For the period matrix in (13.17)
we have

0 dt; 0 0
h -
Attt i = 8 8 Zk:lg;lkdfk d(ft" (13.19)
1
00 0 0

Proof. This follow from (13.17) after performing explicit matrix multiplication. O

Recall from §13.7| the modular vector fields vi, k= 1,2,...,h in the moduli T of
enhanced Calabi-Yau threefolds.

Theorem 13.12 The modular vector fields v ’s are tangent to the image of the map
tin (13.18)) and 9%/( is mapped to vy under the derivation of t.

Proof. This follows from Proposition [I3.T1] Theorem and the uniqueness of
the vector field v,. 0O

13.10 Calabi-Yau threefolds with constant Yukawa couplings

Recall the algebraic Yukawa couplings in It might be useful to describe the
functional equation of Y with respect to the action of G. By Proposition we
know that the pull-back of the Gauss-Manin connection matrix A under the isomor-
phismg: T— T, t+—>rtegisg'-A-g~% If v; is a modular vector field in T and g, vy
is its push-forward then we have g - Y - g7 = A(g,v;) which is not in the desired
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format of the Yukawa coupling matrix, and hence, g.v; is not modular. We might
work out further in order to get the functional equation of Y;j. It seems that such
a functional equation does only depends on the Hodge numbers and not the under-
lying Calabi-Yau varieties, see for instance the case of Calabi-Yau threefolds with
(B30, h*1) = (1,1) in [Mov17b, §2.4 §7.8]. This means that the algebraic Yukawa
couplings Y, might not be constant, even though the Yukawa coupling which are
mainly used in Physics and are written in terms of period might be constant.

Definition 13.2 We say that a Calabi-Yau threefold (or in fact its moduli) has con-
stant Yukawa couplings if there are constants c;j, symmetric ini,j k=1,2,..., h21
such that the variety

~

T: Yig—cin=0, i,j,k=1,2,...,h*" (13.20)

is non-empty and the modular vector fields v;, 1 = 1,2, ... h*' are tangent to T.In
other words, the quantities v;(Yjx) restricted to T are zero.

Let us consider Calabi-Yau threefolds such that prepotential Fp is a polynomial of
degree at most 3 in 7y, 7o, . . ., Tp. By Proposition[I3.11] the pull-back of the algebraic
Yukawa couplings Y, by t is Fjj which is a constant c; . This implies that the
image of t is inside T given by (I3.20). This might suggest that the algebraic Yukawa
couplings are constant in the sense of Definition [I3.2] For Calabi-Yau threefolds
with constant Yukawa couplings, there are many polynomial relations among the
entries of the period matrix P(z), r € T, and this indicates that one might be able to
define smaller dimensional period domains.

Conjecture 13.2 A moduli of Calabi-Yau threefolds is a quotient of a Hermitian
symmetric domain (constructed from periods) by an arithmetic group if and only if

the corresponding algebraic Yukawa couplings are constants in the sense of Defini-
tion|[3.2]

The conjecture must be formulated precisely, as the term ‘constructed from peri-
ods’ is ambigous. Note that Conjecture is analogous to Conjecture which
is formulated for arbitrary projective varieties. Due to the enumerative meaning of
Yukawa couplings Y, in the case of Calabi-Yau threefolds we have reformulated
it again. The main idea is that Calabi-Yau threefolds with constant Yukawa cou-
plings are like K3 surfaces and abelian varieties. For them there is a new period
domain which is much smaller than the Griffiths period domain and such that the
period map is surjective. There is a list of examples for which Conjecture [I3.2]
is true or expected. This includes C. Schoen’s fiber product of two rational el-
liptic surfaces in [Sch88|] and Borcea-Voisin’s examples [Bor97, [Voi93], see also
[EK93} Roh09, |GvG10]. In a personal communication (February 5, 2018) E. Schei-
degger informed the author most of the references cited in this paragraph. In many
of these examples a common feature is that they do not admit a maximal unipo-
tent monodromy. This can be rigorously proved for a class of Calabi-Yau threefolds
which we discuss in §I3.T1] Another class of Calabi-Yau varieties which might fit
into our discussion, is those which are cyclic covers branched over a (2n+2) hyper-
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plane arrangements in a general position in P". A particular family of such Calabi-
Yau varieties can be also constructed as a quotient of a product of higher genus
curves, see [SXZI13][§3] and [SZ10]]. This is informed to the author by Tsung-Ju
Lee (personal communucation, January 15, 2019). For these classes of Calabi-Yau
varieties it seems that some of the Yukawa couplings are constant and some are
not. In the case of K3 surfaces, where we do not have Yukawa couplings, the de-
scription of the moduli space as a quotient of a Hermitian symmetric domain by an
arithmetic group, and the corresponding automorphic forms needed for inverting the
mirror map, has been discussed in [HLTY18]. It is also interesting to investigate the
relation of Conjecture[I3.2] with the description of Hermitian symmetric domains in
[Yau93].

The following statement which is similar to Proposition might be helpful
for understanding Conjecture[13.2] For lattice polarized K3 surfaces we define H in
a similar way as for Calabi-Yau threefolds.

Proposition 13.13 (JAli17] Proposition 7.1) For (X, ) in an open dense subset of
H there is a unique enhanced lattice polarized K3 surface (X,a) such that the
period matrix is of the form

1TjF0

[/ al} =108 7|, (13.21)
3 000

for some degree two homogeneous polynomial Fy in T;’s.

Proposition for Calabi-Yau threefolds with constant Yukawa couplings and
Proposition[T3.13|suggest that there might be some relation between these two con-
texts. For instance, there might be a birational map between X; x X X X3/G; and
Y1 x Y2/Gy, where X;’s (resp. Y;’s) are three lattice polarized K3 surfaces (resp. two
Calabi-Yau threefolds) and G (resp. G») is a finite group acting on their product.

13.11 Calabi-Yau equations

Conjecture seems to be non-trivial even in the case of Hodge numbers h’*~/ all
equal to one. In this section we discuss the classification of such Calabi-Yau three-
folds with constant Yukawa couplings in the sense that the prepotential Fy becomes
a polynomial of degree 3, see the comments after Definition[T3.2] We follow the no-
tations used in [Mov17b] which is different (in particular those related to periods)
from the notation of an arbitrary Calabi-Yau threefolds used in this chapter.

Let us consider a family X,z € P! of Calabi-Yau threefolds with h!> = h>»! = 1
and with possibly finitely many singular fibers.

Definition 13.3 The periods [5 @*°, §, € H3(X;,Z) generate a C-vector space of
dimension < 4, and we assume that this dimension is exactly four, (for many ex-
amples of Calabi-Yau threefolds such that this vector space is of dimension two
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see [[Cv17]]). This implies that they generate the solution space of a Picard-Fuchs
equation of order four:

3
L:=6"-Y ai(z)6' =0, (13.22)
i=0

where 6 = za% and g;’s are rational functions in z. The Picard-Fuchs equation
(13:22) is called a Calabi-Yau equation (of order 4).

We define: | |
as = 1a§+a2*§9“37 as(z) = e2 /0@ (13.23)
Griffiths transversality implies the following equality
1 1 3 1
ay = —5a2a3—gag+902+1a3903—592a3- (13.24)

see [Mov17b] Proposition 15 and Remark 9. The algebraic condition (13.24)) can be
written as

1
a, = f§a3a4+9a4. (13.25)

where ay4 is given in (I3:23). The condition (13.24) is not changed when a solution
of L (equivalently @) is multiplied with a holomorphic function f. In particular,
for f =as in we get a new differential equation with a3 = 0. In this case we
have a4 = ap and becomes

a) = 9a2. (13.26)

Proposition 13.14 A Calabi-Yau equation L with a constant Yukawa coupling is the
third symmetric power of a second order Fuchsian linear differential equation:

L:6%—b(2)0 —bo(z) =0. (13.27)
that is, L = sym>L.

Proof. Let us assume that the Yukawa coupling of X,, z € P! is constant. It turns
out that the prepotential Fy a polynomial of degree < 3 in 79 and

oF 92Fy )
. _9h _ 9k 13.28
T (97()’ (] afg ) 81’8 ) ( )
_ ok 82F0 . dFy
n-f <afo—T°afg> = 2R~ (1329

where we are using the following 7-locus format
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T0 1 0 0
1 0 0 0

T= T 7 1 0 (13.30)
T —Th+T —Tyl

used in [Mov17b|] Chapter 4. By our assumption in definition [I3.3] the degree of

Fy in 1y is exacly 3. We have 1 := %7 T = % and T, = % for four linearly

independent solutions x;;, = 1,2,3,4 of L. If we write xp; = yg and x; = y(z)yl
we conclude that the solution space of L is generated by yg, y(z)yl,yoy%,y?, where
yo,y1 form a basis of solutions of a second order differntial equation (I3.27). This
implies that L = sym3L. In a personal communication (June 14, 2018), S. Reiter
kindly reminded the author that the third symmetric product sym>L of an arbitrary
second order linear differential equation L is given by:

sym’L : 0% —6b,0° + (116 — 46, — 10b) 6% + (13.31)
(—6b7 +7b18b; +30bob) — 100by — 62b1) 6
—18b3bo + 6boOby + 15(0bg )by +9b3 — 36%by
This implies that bg, b; are rational functions in z and L is Fuchsian. O

Proposition 13.15 The third symmetric product of an arbitrary second order linear

differential equation satisfies (13.24).

Proof. This can be verfied directly from the formula (13.31). Another proof is as
follows. The second order Fuchsian differential equation can be transformed
into SL-form by substituting y by fy, where 0 # f satisfies 6 f = 15, (z) f. Then by
[IKSYO91l p. 166]

0%y = p(2)y, p(z) = bo+ b7 — 16b,. (13.32)
For by = 0 (I337) is just
sym’L : 6* — 10by6% — 100by6 +9b3 —362by
This satisfies automatically (13.26). O

Example 13.1 This example is take from [Bv95] page 525. The product of 3 ellip-
tic cubic curves in IP? is an abelian threefold. The periods of its mirror satisfy the
Picard-Fuchs equation

L:= 0*—32(64+2960 +560% +540° +276%) +
8122(276% + 5460 +40)(6 + 1) —21877°(30 4+5)(30 +4)(6 +2) (6 + 1).

In a personal communication (February 17, 2018), Duco van Straten informed the
author about the following Picard-Fuchs equation with a constant Yukawa coupling.
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L:=6*—127(40+1)(40+3)(186> + 180 +7) +
2436:2(40 +1)(46 +3)(40 +5)(46 +7).

We would like to classify all Calabi-Yau equations, and once this is done, we may
try to classify the underlying Calabi-Yau threefolds with Hodge numbers hi3— =
1. This might be as hard as the Hodge conjecture and construction of algebraic
cycles. We have to collect properties for the Picard-Fuchs equation L which has been
derived from the underlying geometry. This job with non-constant Yukawa coupling
and conjecturally integral instanton numbers is undertaken by Almkvist, Enckevort,
van Straten and Zudilin in [AVEvSZ10], and up to the writing of the present text they
were able to find approximately 400 such equations. Calabi-Yau equations L with
constant Yukawa coupling are not included in their list. In Proposition[I3.15|we have
already seen that L = sym>L, where L is a second order differential equation. One
needs more data from the underlying geometry in order to charachterize Calabi-Yau
equations with constant Yukawa coupling. Here, are some suggestions.

Let L be the a second order differential equation as in (T3.27). The monodromy
I' © GL(2,C) of L satisfies

I'=A(sym’I')A™" C Sp(4,Z)

for some 4 x 4 matrix A with det(A) # 0. Even if I C SL(2,7) we may have A with
this property which has not rational entries. We have to classify all degree three Fy
such that

Im(7% + %) <0 (13.33)
Re(t1(—tm+171) — 0t — (To(—T0+71) —0)%) — | — 0T+ T |2 <0. (13.34)

These are the positivity conditions of the Hodge structure H>(X,) = H @ H*' @
H'> @ H, see [Mov17b] §4.3. Further, we may assume that the family of Calabi-
Yau threefolds X, (or the holomorphic function | 5. ®>?) is not a pull-back under a
rational map p : P! — P!,

Since the Yukawa coupling is constant, one may try find some constrains for

Calabi-Yau equations from genus 1 instanton numbers. Such numbers are encoded
in the following expression

1 a1l X _
Fiol =~ log ((621)1)6213 diae H(bi—z)*l> (13.35)
1

Here, b;’s are singularities of L and *;’s are some constant ambiguities. The number
h'! and y are (1,1) Hodge number and Euler number of X, respectively. In the
absense of the geometric object X, they might be also considered as ambiguities.
When X, has a singularity, let us say z = 0, with maximal unipotent monodromy,
we have a receipe to define g-coordinate around z = 0 and inside the log one has a
g-expansion of the form (up to multiplication with a constant):
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oo oo

ﬁ Z,‘,,d, a1 H s az =¢° H Zr\nd’ (13.36)

n=1 s=1 n=1

Since the Yukawa coupling is constant we have ny = 0 for all s > 1 which is used in
the above equality. However, for Calabi-Yau equations with constant Yukawa cou-
pling we do not have maximal unipotent monodromy. This follows from Proposition
[[3.14] which implies that the differential Galois group of L is a proper subgroup of
Sp(4,C), for further details see [MovI7b]§7.6. Even though, we have L = Sym>L
and one might use the g-coordinate constructed from the solution of L around a
point z = 0 with maximal unipotent mondromy for L. In this case one can develope
modular form theories attached to L in a similar style as for Gauss hypergeomet-
ric equation, see [DGMS13|. It turns out that for a class of Gauss hypergeometric
equations the corresponding modular form theory has a basis with integral Fourier
coefficients if and only if the corresponding monodromy group is arithmetic, and
hence, we have a finite list of them, see [Mov17b] Appendix C and [MS14]. This
might be the case for second order differential equations L. computed from Calabi-
Yau equations.






Appendix A

A geometric introduction to transcendence
questions on values of modular forms

TIAGO J. FONSECA

A.1 Introduction

One of the most striking arithmetical applications of Ramanujan’s relations between
the normalised Eisenstein series E», E4, Eg (see [Ram16]] and [NPO1]] Chapter 1),
namely

| dE;, E3—Es; 1 dEy FE;E4—Es 1 dEg FE)Eq—Ej ®
2wi dt - 12 7 2midt 3 C 2miodt 2

is the following algebraic independence theorem proved by Nesterenko in 1996.

Theorem A.1 ([Nes96]) For every T € H= {z € C|Imz > 0}, we have
trdegoQ(e*™*, E (1), E4(7), Eq(1)) > 3.

This means that among the four complex numbers ™%, E» (1), E4(t), and E(7)
there are always three of them which are algebraically independent over Q.

Nesterenko’s result is remarkable both in its short and powerful statement as in
its proof method. In the next sections, we explain some applications of Nesterenko’s
theorem and the main ideas of its proof. For other accounts of Nesterenko’s proof,
the reader may consult, besides the original paper [Nes96], the collective volumes
[NPO1]] and [EGKOS]. Here, we shall emphasise the special role played by the dy-
namics of the algebraic differential equations (R) in the guise of Nesterenko’s ‘D-
property’.

To help the reader with no background in Transcendental Number Theory, we
shall start with a brief overview of some of its main concepts and results. Let us
point out, however, that some major results such as Baker’s theorems or Wiistholz
analytic subgroup theorem are not discussed. For more complete and better written
introductions to this same subject, we refer to the classic [Bak75], or to the more
recent [MR14].

In the last section, we give a very short introduction to ‘periods’ and discuss some
general transcendence questions related to Nesterenko’s theorem. Periods are com-
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plex numbers given by integrals in algebraic geometry which have recently gained
much attention of the Number Theory community due to their deep connections with
the theory of motives. This places Nesterenko’s theorem in a larger context and al-
lows us not only to better appreciate its content, but also to dream and speculate on
future generalisations.

A.2 A biased overview of transcendence theory

Transcendence theory is one of the oldest, and reputedly one of the most difficult,
domains of Mathematics. Here, we can only scratch the surface.

A.2.1 First notions

In mathematics, ‘transcendental’ is the antonym of ‘algebraic’. Accordingly, a com-
plex number « is said to be franscendental if it is not algebraic — that is, P(a) # 0
for every P € Q[X]\ {0}. Similarly, we say that a function f (seen either as a for-
mal Laurent series in C((¢)) or as a meromorphic function on some open domain
of C) is transcendental if it is not an algebraic function: P(z, f(z)) # 0 for every
P e C[X,Y]\{0}.

The following definition generalises these notions.

Definition A.1 Let k C K be a field extension. We say that elements o, ...,0, of
K are algebraically independent over k, or that the set {ay,...,a,} C K is alge-
braically independent over k, if

P(al,...,an);éo

for every polynomial P € k[Xi,...,X,] \ {0}. When n =1, we rather say that o is
transcendental over k.

Some of the most traditional choices of fields k and K are:

k K
arithmetic case|Q C
functional case|C|C((z1,...,tn))

These give origin to the two main branches of transcendence theory: arithmetic tran-
scendence (or transcendental number theory), and functional transcendence. Albeit
essentially distinct, these two branches are subtly, and often mysteriously, inter-
twined.

Remark A.1 One could also replace the field of formal Laurent series C((¢1, .. . ,))
above by the field of meromorphic functions on some open domain of C”. In the
one variable case, it is common to consider C(¢) as the base field k. Our framework
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includes this one, since fi,..., f, € C((¢)) are algebraically independent over C(t)
if and only if fy =1, f1,..., f, are algebraically independent over C.

Closely related to the notion of algebraic independence, is the quantitative notion
of transcendence degree of a field extension.

Definition A.2 Let k C K be a field extension. A subset S of K is algebraically
independent over k if every finite subset of S is algebraically independent over k. The
transcendence degree of K over k, denoted by trdeg, K, is the maximal cardinality of
a subset of K algebraically independent over k.

For instance, let us assume that K = k(o,...,0,). Then trdeg,K < n. To as-
sert that trdeg; K < n — 1 is equivalent to assert that there exists a non-trivial alge-
braic relation, with coefficients in k, between «,...,o,. If 1 <r <n, to assert that
trdeg, K > r is equivalent to assert that some subset of r elements of {a,...,a,} is
algebraically independent over k.

Example A.1 (Exponential function) Consider ¢ as a formal variable and let
d=Y Decq)
m=0 m!

be the exponential power series. Then 7 and ¢’ are algebraically independent over C.
In other words, ¢’ is transcendental over C(r). We prove this by contradiction. If ¢/
were algebraic over C(¢), then there would exist a minimal integer d > 1 for which
there are polynomials Py, ..., P; € C[X] satisfying

d

Z Pj(t)ejt =0.

Jj=0

By differentiating with respect to ¢ and by subtracting the resulting equation from d
times the original equation, we obtain

(Pj(1) + (j —d)P;(1))e" =0,

e

0

J

so that the leading coefficient is now Pj(z). By induction, we would obtain poly-
nomials Qy,...,0s-1 € C[X] (not all zero; check!) such that ):;{;6 Qj(z)e =0,
thereby contradicting the minimality of d.

In general, the notion of algebraic independence admits the following scheme-
theoretic interpretation. Let k C K be a field extension, and consider a K-point @@ =
(ou,...,0,) € A{(K). Then, ai,..., 0, are algebraically independent over k if and
only if the image of

o : SpecK — A}

is dense in A} for the Zariski topology — that is, if ¥ C A} is a closed k-subvariety
such that & € Y (K), then ¥ = AJ.
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This point of view allows us to give concrete geometric significance to functional
transcendence. For instance, algebraic independence of one variable functions cor-
responds to Zariski-density of parameterised curves. To fix ideas, let U be a neigh-
bourhood of 0 € C, and let ¢y,...,@, be holomorphic functions on U. We thus
obtain a holomorphic curve

0= (@1,...,0,) : U — C"=AL(C).

To say that ¢y,..., @, (seen as formal power series) are algebraically independent
over C is equivalent to say that the image of the curve @ is Zariski-dense in A¢..

Example A.2 (Exponential function, revisited) It follows from the above discus-
sion that the transcendence of ¢’ over C(¢) is equivalent to the Zariski-density of the
image of the holomorphic curve

¢:C—C2 72— (z,€%).

Geometrically, this can be proved as follows. Assume that there exists an irreducible
algebraic curve C C Aé = SpecC[X,Y] containing the image of ¢. Since ¢**" =
1 for every n € Z, C intersects the line V(Y — 1) at an infinite number of points:
(2min, 1) € C? forn € Z. As C and V (Y — 1) are both irreducible, this is only possible
if C=V(Y —1) (by a weaker form of Bézout’s theorem). This would imply that
€ = 1, which is clearly absurd.

A.2.2 Arithmetic transcendence and Diophantine approximation

It is widely acknowledged that functional transcendence is easier than arithmetic
transcendence. Indeed, while results concerning functional transcendence date back
to the founding fathers of calculus (see [[And17] Footnote 1, p. 2), the first transcen-
dence proof of explicitly defined numbers appears in Liouville’s landmark paper
[LioS1].

The fundamental insight of Liouville was to establish a link between arithmetic
transcendence and Diophantine approximation.

Theorem A.2 (Liouville) If a real number « is algebraic of degree d > 1 over Q,

then there exists ¢ = c(ot) > 0 such that

> C
g4

a_i
q

q
for every rational number of the form p/q, with p,q € Z coprime and q > 0.

Proof. Let P € Z[X] be an irreducible polynomial of degree d such that P(a) =0,
and take p/q as above with | — p/q| < 1. By considering the Taylor expansion of
P at o, we obtain
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PO (o)

o (p/q—a)| <M|p/q—al

N

IP(p/q)| = |

i=1

where M = Y, |P%)(a)/i!|. Since P is irreducible, we have P(p/q) # 0; since it
is of degree d and has integral coefficients, we have ¢?P(p/q) € Z\ {0}, so that
|P(p/q)| > 1/q". We can thus take ¢ = min{1,(2M)~'}. O

For instance, the above result gives the transcendence of ot = ¥, 107",

Remark A.2 [‘The fundamental theorem of transcendence’] The seemingly in-
nocuous observation, used in the above proof, that the absolute value of a non-zero
integer is at least 1 is at the heart of virtually every proof in arithmetic transcendence
(cf. [Mas16]).

Liouville’s theorem can be regarded as a general transcendence criterion. Some
other general algebraic independence criteria in terms of Diophantine approxima-
tion exist. Nesterenko’s proof of his theorem on values of Eisenstein series, to be
discussed below, relies on the following particular case of Philippon’s sophisticated
criteria [Phi86].

For a polynomial P € C[Xj,...,X,], we denote by ||P|| the maximum of the
absolute values of its coefficients.

Theorem A.3 (Philippon) Let n > 2 be an integer and oy, . .. , &, be complex num-
bers. Suppose that there exists an integer r > 2 and real constants a > b > 0
such that, for every sufficiently large positive integer d, there exists a polynomial
Qu € Z[X1, ..., Xs] \ {0} of degree deg O, = O(dlogd) satisfying

log|Qall« = O(d(logd)?)

and
—ad” <log|Q4(o,...,00)| < —bd".

Then
trdegQQ(al yeey Q) >r—1

Geometrically, we may interpret the hypotheses of the above result as an approx-
imation condition of & by hypersurfaces in Ag, in terms of their degree and their
‘arithmetic complexity’.

A.2.3 Schneider-Lang and Siegel-Shidlovsky

The connection between transcendence and Diophantine approximation suggests a
closer inspection on values of analytic functions. Indeed, properties of such func-
tions such as growth conditions, and differential or functional equations, can provide
additional tools to the study of the approximation properties of their values.
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Historically, this vague idea culminated in two precise and general theorems,
those of Schneider-Lang and Siegel-Shidlovsky, which deal with entire or mero-
morphic functions over C satisfying some algebraic differential equation, a growth
condition, a functional transcendence statement, and some hypotheses of arithmetic
nature.

We next state both theorems and derive some consequences, without saying
anything about their proofs. The idea here is simply to help the reader to put
Nesterenko’s theorem in perspective (see Section[A.4.3|below).

A.2.3.1 Schneider-Lang

Given a real number p > 0, we say that the order of an entire function f on C is
< p if there exist real numbers a,b > 0 such that

£ (2)] < ae’

for every z € C. A meromorphic function on C is of order < p if it can be written
as a quotient of two entire functions of order < p.

Theorem A.4 (Schneider-Lang, cf. [Wal74] Thm. 3.3.1) Let p;,p> > 0 be real
numbers, K C C be a number field, n > 2 be an integer, and f1, ..., fn be meromor-
phic functions on C such that the ring K[f1,..., f,] is stable under the derivation
d%. Let us further assume that:

1. f1 and f> are algebraically independent over K;
2. fiisof order < pj, fori=1,2.

Then, if S denotes the set of o € C such that, for every 1 < j <n, & is not a pole of
fjand fi() € K, we have:

card(S) < (p1+p2)[K : Q.

In essence, this theorem simply asserts that fi,..., f, can only take too many
simultaneous algebraic values if there is an algebraic relation between them.

Remark A.3 The Schneider-Lang criterion also admits geometric generalisations
replacing differential equations by algebraic foliations. See [Her|] and [Gas13|].

As a first corollary, we can recover the following classical result which brings
together the pioneering works of Hermite and Lindemann on the transcendence of e
and 7.

Corollary A.1 (Hermite-Lindemann) For every z € C\ {0}, we have
trdegQ(z,€°) > 1.

Proof. Let fi(z) =z and f»(z) = €. Clearly, both f] and f, are of order < 1 and
the ring Q[f1, f2] is stable under d% We have already seen in Examplethat fi
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and f, are algebraically independent over C. By absurd, suppose that there exists
o € C\ {0} such that both & and e* are algebraic, and set K = Q(a,e®). Then S
would contain the infinite set {nc | n € Z}, thereby contradicting Schneider-Lang’s
theorem. 0O

Taking z = 27i, we obtain the transcendence of 7; taking z = 1, we obtain the
transcendence of e.

In the same spirit, we can prove Schneider’s theorem characterising ‘bi-algebraic’
points for the j-invariant, seen as a holomorphic function on the Poincaré upper
half-plane H = {7 € C | Im7 > 0}.

Corollary A.2 (Schneider) If T € H is not quadratic imaginary, then

trdegQ(7,j(7)) > 1.

Note that, if 7 € H is quadratic imaginary, i.e., Q(7) is an imaginary algebraic
extension of Q of degree 2, then it follows from the classical theory of complex mul-
tiplication of elliptic curves that j(7) is algebraic (see, for instance, [Sil94] Chapter
1D).

Proof. Suppose that T and j(7) are both algebraic. Since j() is algebraic, which
means that the elliptic curve corresponding to 7 can be defined over the field of
algebraic numbers Q C C, there exists a lattice A = Z®; + Zw, C C such that
T= %‘ and g2(A),g3(A) € Q. Here, g2(A) and g3(A) are the ‘invariants’ of the
Weierstrass elliptic function £, so that we have the differential equation

Py (2)* =405 (2)° — g2(A) oa (2) — g3(A).
Set

(f1(2),/2(2), f3(2), fa(2)) = (924 (2), 24 (12), 2 (), 7 (12))

and let K be a number field containing , j(7), and the field of definition of all 2-
torsion points on the elliptic curve E over Q(j(7)) such that E(C) = C/A. Then
KIf1, f2, /3, f4] is stable under derivation and

1
fi(nowy + Ewl) €K
forevery j=1,...,4 and n € Z. Since each f; is of finite order (cf. [MR14] Chapter
10), it follows from Schneider-Lang’s theorem that fi and f, cannot be algebraically
independent over K. This implies that there exists m € Z such that ma is a period
of f2(z) = g4 (72), so that there exists a,b € Z satisfying

(0]
mmp; = a—r —&—bg.
T T

Since T = @, /w1, we get mt> —bTt—a=0. O
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Exercise A.4 The Gelfond-Schneider theorem asserts that for algebraic numbers
a ¢ {0,1} and B € Q, of is transcendental. Derive this result from Schneider-
Lang’s theorem. Hint: consider the functions ¢* and eP=.

A.2.3.2 Siegel-Shidlovsky

We say that a power series
I
n=

defines a Siegel E-function if:

—_—

. there exists a number field K C C such that @, € K for every n > 0;

2. for every € > 0, we have maxs |o(a,)| = O(n®"), where © runs through the set
of all field embeddings of K into C;

3. for every € > 0, there exists a sequence of strictly positive numbers (g, ),>0 such

that g, = O(n®") and g,a; is an algebraic integer of K for every 0 < j <n.

The second condition above implies that f defines an entire function on C. The
prototype of an E-function is the exponential function €%, but other remarkable ex-
amples include some special cases of hypergeometric functions, such as Bessel’s

function = (1) )
— n Z n
Jo(z) = n;) n!2 (5) ‘

Theorem A.5 (Siegel-Shidlovsky; cf. [Bak75] Ch. 11) Letn > 1 be an integer and
f1,--., fn be entire functions on C whose Taylor coefficients at the origin all lie in
a same number field K C C and for which there exist rational functions g;; € K(2),
1 <i,j <n, such that

dfi ¢
/i ) siifi

dz =
for every 1 <i < n.If, moreover:

1. fi1,...,fn are algebraically independent over K (z), and
2. each f;is a Siegel E-function,

then, for every non-zero algebraic number o € C which is not contained in the set
of poles of g;j, we have

trdegg K (f1(0), .. fu(@)) = .

Besides the arithmetic and the growth conditions, Siegel-Shidlovsky’s and Schneider-
Lang’s theorems differ in an essential aspect: in Siegel-Shidlovsky the differential
equation must be linear over K(z). This more restrictive hypothesis yields, on the
other hand, a stronger result of algebraic independence, while in Schneider-Lang we
can only obtain transcendence. Observe however that the hypotheses of both results
are structurally very similar.
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Example A.3 The Bessel function Jy introduced above satisfies the linear equation

d*Jy | dJ
2670 0 2
— +z— Jo=0.
b4 02 +z &z +27Jo
Applying Siegel-Shidlovsky’s theorem, we obtain that for every algebraic o € C,
Jo(or) and Jg () are algebraically independent over Q.

Remark A.5 As Schneider-Lang’s theorem (see Remark [A.3|above), there are also
geometric generalisations of Siegel-Shidlovsky’s theorem; see [Ber12] and [Gas10].

A.3 The theorem of Nesterenko

Both in Schneider-Lang and in Siegel-Shidlovsky results, functions (holomorphic
or meromorphic) are assumed to be defined on the whole complex plane C. This
rules out any immediate application of these methods to functions defined on proper
domains of C, such as modular functions.

Note that Schneider’s theorem (Corollary [A.2] above) is indeed a theorem on
the values of some modular function, but its proof relies fundamentally on elliptic
functions. Schneider himself, in his famous memoir [Sch57] (p. 138), asks if it is
possible to recover his result through a direct study of the j-function.

Schneider’s question remains unanswered, but we dispose nowadays of other
transcendence results on modular functions with truly modular proofs. The follow-
ing statement was conjectured by Mahler [Mah69b] and proved by Barré-Sirieix,
Diaz, Gramain and Philibert [BDGPY6|.

Theorem A.6 For every T € H,

trdegQQ(ezmr,j(r)) > 1.
This implies that j(7) is transcendental whenever e*™7 is algebraic. Observe
the appearance of the ‘modular parameter’ ¢ = ¢>™7 instead of 7. Shortly after,
Nesterenko generalised the above result in his famous theorem on values of Eisen-
stein series [Nes96|.

Theorem A.7 For every T € H, we have
trdegQQ(ez””,E2(17),E4(17),E6(r)) > 3.

Taking, for instance, T = i, we obtain the algebraic independence of ™, 7r,I"(1/4)
over Q. We refer to Nesterenko’s original paper [Nes96] for more applications. In
Section below, we shall interpret Nesterenko’s result in terms of periods of
elliptic curves.
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A.3.1 Nesterenko’s D-property and a zero lemma

Let X be a smooth affine variety over C equipped with a vector field v € I'(X, Ty /C).
We say that a closed subvariety Y of X is v-invariant if v restricts to a vector field on
Y. In other words, if v is seen as a derivation on the ring of regular functions Oy (X),
and if Iy denotes the ideal of O (X) corresponding to Y, then Y is v-invariant if
V(Iy) Ccly.

Example A.4 Consider the vector field
d d

V=——+y—
ox Y dy
on AZ = SpecClx,y|. It is clear that V() is a v-invariant subvariety of AZ. Let
us prove that this is the only one. For any v-invariant subvariety Y, we can write
Y = V(P) where

P(x,y) = RPo(x) + Pi(x)y+ -+ Fu(x)y",  Pu(x) #0
is an irreducible polynomial dividing

9P 9P

V(P) = g +y7y

Since deg P = deg, P, +n = degv(P), we must have v(P) = AP for some constant
A € C\ {0}; that is

Pi(x) 4+ jPi(x) = AP;(x)  (j=0,...,n)

It is not hard to conclude from our hypotheses that A = 1, P (x) = P;(0) is constant
# 0, and P = P;(0)y. In other words, ¥ =V (y).

Definition A.3 Let X be a smooth dffine variety over C, v € I' (X, Tx ¢ ) be a vector
field on X, and
o:UcC—X(C)

be a non-constant holomorphic integral curvep_-] of v defined on some connected open
neighbourhood U of 0 € C. We say that ¢ satisfies Nesterenko’s D-property if there
exists a constant ¢ > 0 such that, for every v-invariant closed subvariety Y of X,
there exists a regular function f on X vanishing on'Y and satisfying

ordp(fog) <c.

Lemma A.1. For X, v and ¢ as in the above definition (with or without D-property),
let Y be the Zariski closure of @(U) C X(C) (i.e., Y is the smallest subvariety of

1 By this, we simply mean that the derivative of ¢ at every z € U is a multiple of Vo(z)-
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X such that @(U) C Y(C)). Then Y is v-invariant. In particular, any @ satisfying
Nesterenko’s D-property must have Zariski-dense image in X.

Proof. Let f be aregular function on X vanishing on Y'; we must prove that g := v(f)
also vanishes on Y. Let A be the holomorphic function on the open subset of U where
Vo(z) 7 0 such that ¢'(z) = A(z)v(,), so that

A(2)(g09)(2) = (fo9)'(z) =0.

Since U is connected and ¢ is not constant, we obtain g o @ = 0. Since the image of
¢ is dense in Y, we conclude that g vanisheson Y. 0O

Conversely, if the image of ¢ is Zariski-dense in X and if there exists a finite
number of subvarieties Y1, ...,Y,, C X for which every v-invariant subvariety ¥ of X
containing ¢(0) is contained in some Y;, then ¢ satisfies the D-property. This is how
Nesterenko’s D-property is verified in practice.

Example A.5 We have already seen in Example [A.2] that the image of the integral
curve

¢:C— AL(C), 2— (z,€%).

of the vector field v of Exampleis Zariski-dense in Aé. Since v admits at most
a finite number of invariant subvarieties (actually, there is only one!), we conclude
that ¢ satisfies the D-property.

Remark A.6 Alternatively, one could remark that the Zariski-density of the image
of z— (z,¢%) implies the Zariski-density of the image of

Pa:z— (2+a,€%)

for any a € C. This ‘stronger’ statement immediately implies Nesterenko’s D-
property for ¢ since any leaf of the holomorphic foliation on D(y) = A%\ V(y)
induced by v can be parameterised by some ¢, (cf. Lemmal[A.T).

Remark A.7 A famous theorem of Darboux and Jouanolou (see, for instance,
[Dar78a], [GhyO00]) implies that any vector field v on a smooth algebraic surface
X admitting a holomorphic integral curve with Zariski-dense image has at most a
finite number of v-invariant subvarieties. Thus, when dimX = 2, Nesterenko’s D-
property is actually equivalent to the image of ¢ being Zariski-dense in X.

The raison d’étre of the D-property is that it gives a sufficient condition to an
integral curve to satisfy certain ‘zero estimates’ which are useful in Diophantine
approximation. Here is a precise statement.

Theorem A.8 (Zero Lemma) Let X be an open affine subscheme of A}, v €
I'(X,Tx,c) \ {0} be a vector field on X, U C C be a neighbourhood of 0, and
¢ : U — X(C) be a holomorphic map satisfying the differential equation
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do
Z?Z = Vo (P
If @ satisfies the D-property, then there exists a constant C > 0 such that, for every
polynomial P € C[xy,...,x,] \ {0}, we have

ordg(Po @) < C(degP)".

The above result was proved in this geometric form by Binyamini [Bin14] and is
based on Nesterenko’s original result in [Nes96], Paragraph 5. It also admits more
general versions (see [Fonl19|], Appendix B).

Binyamini’s approach is based on intersection theory of analytic cycles. We iso-
late the main technical details in the form of the following lemma.

Lemma A.2 (cf. [Bin1d4]). With notation as in Theorem[A.8] there exists an additive
function multy, the intersection multiplicity with ¢ at p = ¢(0), which takes an
effective algebraic cycle Z of X and associates a natural number (or +oo)

multy(Z) € NU {+oo}

satisfying the following properties:

1. multy(Z) only depends on the analytic germ of Z at p;

AfZ=V(P)NX, for some P € Clxy,...,x,]\ {0}, then multy(Z) = ordo(P o ¢);

AfZ = p, then multy(Z) = 1;

. For any closed subvariety Y of X for which p € Y, and any polynomial P €
Clx1,...,x,] \ {0} vanishing identically on 'Y, we have multy(Y) < ordo(Po @) -
mult, (Y);

5. For any closed subvariety Y of X, and any polynomial P € C|xy,...,x,]\ {0} van-
ishing identically on Y for which v(P) does not vanish identically on Y, we have
multy(Y) < multy (Y -V (v(P))), where Z; - Z, denotes the intersection product of
algebraic cycles;

6. There is an integer ny > 0 such that, for every closed subvariety Y of X not
contained in a v-invariant subvariety of X, if d > 1 is the smallest integer for
which there exists P € C[xy,...,x,] \ {0} of degree d vanishing identically on Y,
then min{n | V"(P) = v(v(--- (v(P))--)) does not vanish identically on Y } < ny.

AN Wb

Let us now sketch Binyamini’s argument assuming the above lemma.

Proof (Proof of Theorem[A.8). Let P € Clxy,...,x,] \ {0} be a polynomial of de-
gree d > 1. We want to show that ordy(P o ¢) < Cd" for some constant C > 0 not
depending on d or P.

Setz! = V(P)NX. The idea is to construct, by induction, cycles 7k of codimen-
sion k, for 2 < k < n, satisfying

2 Here, mult,(Y) denotes the Samuel multiplicity of the variety Y at the closed point p € Y. It is

given by S(T) = %T" 4+ O(T4™"), where d = dimY, and S € Q[T is the unique polynomial

such that S(n) = length(6y,, /m/3*!) for every n € N.
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1. multy(Z*) < multy(Z*+!) + cdeg Z¥, where c is the constant of the D-property,
and

2. forevery 1 <k<n-—1, deng+1 < (d+co) deng, for some constants cg,c; >0
(not depending on d or P).

Once this is done, we have:

ordy(P o @) = multy(Z')
< multy(Z*) + cdegZ
< multy(Z*) + c(degZ* +degZ")

<multy( Z" )+c(degZ" ' +-- +degZ")
0—cycle

< c(degZ"+degZ" '+ +degZ')

<c((d+co)"+(d+co)" '+ 4 (d+co))

<cn(l+cp)'d",

so that we may take C = cn(1+cp)".

Let us now see how the sequence of cycles Z* is constructed, and where the
D-property comes in. By induction, suppose that Z¥ has been constructed; let us
construct Z¥+1, We write

7k =7k 7

where, by definition, the irreducible components of Zf are those of Z* which are
contained in some v-invariant subvariety of X. Now, write Zﬁ =Y, m;Y;, and, for
every i, let d; > 1 be the smallest integer for which there exists a polynomial P; €
C[x1,...,x,] \ {0} of degree d; vanishing identically on ¥; (note that d; < d). Let
n; = min{n | v'(P,)|y, Z 0}. Since, by definition, ¥; is not contained in a v-invariant
subvariety, n; is finite. Then we define

ZN =Y miY -V (Vi (R)).
i

Finally, (i) follows from properties 4 (combined with the D-property) and 5, and (ii)
follows from 6. O

Exercise A.8 Write down a complete proof for the Zero Lemma in dimension 2.
A.3.2 Mahler’s theorem and the D-property for the Ramanujan
equations

We shall now study the foliation induced by the Ramanujan equations and prove the
corresponding D-property.
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We start with Mahler’s theorem asserting that the j-invariant satisfies no alge-
braic differential equation of second order or lower (see [Mah69a]]). More precisely,

if we denote
1 d

T 2midt
Mahler proved that the holomorphic functions on H
7,677, j(7),0,j(7),6% (1)
are algebraically independent over C.

Lemma A.3. We have
Q(j,0,6%)) = Q(E», E4, Es).

Proof. Since j € Q(E4,Es), it follows immediately from Ramanujan’s equations
that Q(j,0,0%j) C Q(E, E4, Es). Explicitly:
E; EZE —E)E}E¢+4E4E} +3E}
J=1728 4 9j= 1728 40 92j =088 40 L tI6 TN
E} —E} E} — E} E} —E}

The above formulas can be inverted. Recall that A = 152 (E3 — E2) and that
O6logA = E; (this follows from Ramanujan’s equations). Writing j = Ef /A and
j—1728 = Eg/A, and using the Ramanujan equations, we get

2

E
Glogjz—E—j,Glog(j—l728): :

so that
E4=0logj-0log(j—1728), Es = —(0log j) - 0log(j — 1728) € Q(j,6).

Finally,
E; = 60logA =3601logEs — 6Ologj € Q(j,07,6%)).

O

It follows from the above lemma that Mahler’s theorem is equivalent to the fol-
lowing statement.

Theorem A.9 The holomorphic functions on H
T,ezmr,Ez(T),Eh(‘L'),EG(T)
are algebraically independent over C.

Our proof is different from Mahler’s, but it is still fairly elementary. It relies
on the following simple geometric considerations (see Remark [A.9] below for the
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original motivation). Let T be the open affine subscheme of A3, = SpecCl[t;,2,1]
where té’ - t% # 0 and consider the surjective map

3
5
VR
3 —12

T — AL, (t1,12,13) — 1728

If G denotes the subgroup scheme of SL(2,C) of upper triangular matrices, so that

G(C) = { (xol y> € SL(2,C)

X

xeCX,yEC},
then G acts on T by

-1
(t1,12,13) ® (xo )yc) = (—12Xy+xzt1,x4t27x6t3)-

This action clearly preserves the fibres of 7. In fact, T is ‘almost’” a G-torsor over
Atlc- A general context for the group G and its action are presented in

Lemma A.4. For every z € C andt € T(C) such that ©(t) = z, the morphism
G— 7 l(2) g—reg
is finite and surjective.
Proof. Exercise. 0O
We are now ready for our proof.

Proof. SetX = Aé x T, and denote p =mopr, : X — A}C. We must prove that the
image of the holomorphic map

¢H—>X(C)’ T (TvezmraEZ(T)aE4(T)aE6(T))
is Zariski-dense in X. Note that ¢ is well defined since Ramanujan’s A function

E4(1)? — Eo(1)?

A =
(7) 1728

never vanishes on H; moreover, (po ¢)(t) = j(7) for every 7 € H.

Since p and j are surjective, it suffices to prove that the image of ¢ is Zariski-
dense in every fibre of p. It follows from Lemma [Azf] that, for every 7 € H, the
map

feiAExG—p7l(j(7)),  (a,b,g) > (a,b, (E2(7), Ea(7),Es(7)) 0 )

is finite and surjective, so that @(H) N p~!'(j(t)) is Zariski-dense in p~'(j(t)) if
and only if 7 !(@(H)Np~'(j(r))) is Zariski-dense in AZ x G.
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Using the (quasi)modularity of E», Ey, and Eg, one easily verifies that ;! (¢(H)N
p~'(ji(7))) contains the set

Se = {(y- 7,617 g ) € C* x G(C) ‘}/: (‘C’ Z) €SL(2,Z), ct+d # o}

where

so that it suffices to prove that S; is Zariski-dense in Aé x G for any 7 € H.
As a first reduction, observe that it suffices to prove that the set

{(e*™"7 gy 1) € Cx G(C) | y € SL(2,Z), cT+d # 0}
is Zariski-dense in A(%: x G. Indeed, if we denote ,y = ( (1) Y) -y for every y €
SL(2,Z) and n € Z, then

('J’n . T’ezmny-r?gn%r) — (},, T _i_n’ezmy.r’gm)

and our claim follows from the Zariski-density of Z C C in A(lc.
We now perform a second reduction: it suffices to prove that the set

{(€*™% ,¢) € C? | (a,¢) € Z2, ged(a,c) = 1}
is Zariski-dense in AZ. Indeed, let P € C[t,x,y]\ {0} be such that
P(™7 gy 1) = P(2™7 ct4-d,—c/2mi) = 0
for every y € SL(2,Z). Writing P = ):?’:0 P;(t,y)x/, with Py # 0, we obtain that

N
) Pi(e*™ T —c/2mi)(cT+d +cen)) =0
i=0

01
Multiplying the above equation by (¢t +d +cn)~" and letting n — o0, we obtain

for every v € SL(2,Z) and n € Z, where , = y- <1 n> We can assume ¢ # 0.

Py(e¥Fie —c/2mi) =0

for every y € SL(2,Z), and our claim follows.

Finally, suppose that there exists a polynomial P(x,y) = ley:o Pi(y)x/ € C[x,y],
such that P(e*™¢ ¢) = 0 for every (a,c) € Z* with ged(a,c) = 1. Taking, for in-
stance, ¢ to be a prime p > N + 1, we see that P(x, p) is a polynomial of degree N
p=1

il iP
having at least N + 1 roots: l,ezmﬂ yeen ,ezm P, so that P(x,p) = 0. As there are

infinitely many prime numbers greater than N 4 1, we conclude that P=0. O
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Remark A.9 The affine space T can be identified to the moduli space of isomor-
phism classes of complex elliptic curves E endowed with a basis b = (@,n) of
Hli (E) such that @ € HO(E,.Q}(/C) and (w,n) = 1 (where ( , ) denotes the cup
product on algebraic de Rham cohomology) in a way that the holomorphic map
T+— (Ea2(7),E4(7),E(7)) corresponds to

¢:H— T(C), T+— [((C/Z+1Z, (0, n7))

where @; = 27idz and 1; = ﬁpr(z)dz - Ezl—(;)%tidz (cf. Chapter @ and [Fon21]]
Section 8). Under such moduli-theoretic interpretation, the group scheme G acts by
right multiplication on the basis b seen as a row vector. Note that T admits a natural
map to the moduli stack of complex elliptic curves .#; | and that T is a bona fide G-
torsor over .71 1. In the above proof, we replaced .# ; by its coarse moduli scheme
Atlc’ at the cost of weakening this ‘torsor property’ (cf. Lemma .

Corollary A.3 Every leaf of the holomorphic foliation on T(C) induced by the vec-
tor field

V:(x%fxz)i_i_(xlxg—x3)i+x1x3—x% 0

12 dx 3 dx) 2 o3

is Zariski-dense in T.

Proof. Let (c,d) € C*\ {0} and define

¢eq(t) = ((cr+d)2E2('L') + %(er—kd), (ct+d)*E4(7), (cr+d)6E6(T)) .

One may easily check that ¢, 4 satisfies the differential equation
0. q=(cT+ d) o Ocd

so that its image is a leaf of the foliation defined by v.

By Theorem the image of each @, 4 is Zariski-dense in T. Thus, to finish
our proof it suffices to show that any point of T lies in the image of ¢@. 4 for some
(c,d) € C*\ {0}.Lett € T(C) and choose T € H such that 7(¢) = j(t), so that z and
(E2(7),E4(7),E6(7)) lie in the same 7-fibre. By LemmalA.4] there exists g € G(C)
such that

t= (EQ(T)7E4(T),E6(T)) eg.

To conclude, we simply remark that any element of G is of the form

g= ((c”od)] ﬁf?) € G(C)

for some (c,d) € C?\ {0}, so that

1= (Ex(7),Eq(7),E6(7)) 08 = Pc.a(7).
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O

Finally, for the next theorem, we consider E,, Ej4, _E6 as functions of g € D =
{z€ C|z| < 1} under the change of variables ¢ = ¢***. Note that 6 = qdiq.

Theorem A.10 Consider the vector field w on Aé: given by

d  (F-x) d (ax2x—x3) d  xix3—x3 0

e T T o 3 on 2 on

and consider the holomorphic curve
¢:D—AYC), g (4,E2(q),Ea(q),Es())
satisfying the differential equation
0p =woo.
Then @ satisfies Nesterenko’s D-property.

Proof. Since we already know from Mahler’s theorem that the image of ¢ is Zariski-
dense in AE‘:, it is sufficient to prove that there’s only a finite number of maximal
w-invariant subvarieties containing @(0) = (0,1,1,1). Actually, we shall prove that
every w-invariant subvariety containing p is either V (x¢) or it is contained in V(x% —
x3).

Consider the projection

AL — AL, (x0,x1,x0,x3) — (x1,%2,33).

Let Y C Af be a w-invariant subvariety containing p. Then 7(Y) # 0 is v-invariant,
where v is the ‘Ramanujan vector field” of Corollary[A.3] It follows from this corol-
lary that either 7(Y) C V(x3 —3) in A}, or 7(Y) = A}. In the first case, we have
that ¥ C V(x3 —x3) in A¢. To conclude, we only need to prove that 7(Y) = A2,
implies that Y = V (xp).

Now, if w(Y) = A}, then Y has dimension at least 3, so that Y = V(P) for a
unique irreducible polynomial

P=fuxo+---+ fixo+ fo

with f; € Clx1,x2,x3], and f, monic. Since Y is w-invariant, there exists Q €
C[xo,x1,x2,x3] such that w(P) = QP. By considering the degree in x(, we see that
0 = g € Clxp,x1,x3], and we get the equations

v(fj) = (&=

forevery j=0,...,n. Again using Corollary[A.3] we conclude (exercise) that f; = 1
and f; =0forevery j# 1,ie,P=x). O
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By combining the above theorem with the Zero Lemma (Theorem [A.8), we ob-
tain the following corollary.

Corollary A.4 There exists a constant C > 0 such that, for every polynomial P €
Clxo,x1,x2,x3] \ {0}, we have

ordg—oP(q, E2(9). E4(), Es(q)) < C(degP)".

A.3.3 Sketch of Nesterenko’s proof

Nesterenko’s proof is rather long and intricate, but its general structure is not dif-
ficult to understand. In what follows we outline the main steps of Nesterenko’s ap-
proach.

We see E», E4, Eg as holomorphic functions on the unit disk through the change
of variables ¢ = ¢*™7. To avoid any confusion, we adopt the following convention:
g will denote a generic variable in D, and z € D a point, so that E»(g) is a function
and Ey(z) is a complex number.

Let z € D\ {0}. We want to prove that

trdegQ(z, E2(2), E4(z),E6(2)) > 3

and the main idea is to apply Philippon’s algebraic independence criterium as stated
in Theorem above. This means that we have to construct a sequence of polyno-
mials Qg € Z|xg,...,x3],d >> 0, satisfying

1. degQq = O(dlogd),

2. log[|Qull = O(d(logd)?), and

3. —ad* <10g|Qu(z,Ex(2), Ea(2), Eo(2)| < —bd"*

for some constants a,b > 0 (not depending on d). The first step in obtaining the
sequence (Q4)4>>0 is the construction of the so-called auxiliary polynomials.

Lemma A.5. There is a constant ¢ > 0 such that, for every integer d >> 0 there
exists a polynomial Py € Z|xo, ... ,x3] satisfying

1. degP; =d,

2. log||Ps||« = O(dlogd), and

3. ordy—0Pu(q, E2(q), E4(q), Es(q)) > cd*.

Proof (Sketch of the proof). For every multi-index J = (jo, ..., j3) with [J] = jo+
-+ j3 < d, write

4" E2(q)" E4(q)2Es(q)" = Y ti44' € Z[q].

i>0

Note that #; ; are rational integers because the Taylor coefficients of Ey; are. Let
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P= Z VJ)CIEZ[XQ,...,)Q,]
[J]<d

be a polynomial with ‘unknown coefficients’ v;, so that

P(q,Ex(q),E4(q),Es(q)) = Y < Y ti,J"J) q' € Z[q].

i20 \|J[=d

Let r = | 4;d*|. To find P such that ord,—oP(q, E2(q), E4(q), E6(g)) > r is equivalent

to solving the following r linear equations over Z with s = (df‘) variables:

Zti,m:O, i=0,...,r—1.
[J]<d

To get a bound on the size of a solution (v;), we apply the ubiquitous Siegel’s
lemma.

Lemma A.6 (Siegel; cf. [Wal74] Lemme 1.3.1 or [MR14] Lemma 6.1). Let s >
r > 0 be integers and T € M,s(Z) be such that ||T || < b. Then, there exists v €
75\ {0} with ||v||e < 2(25b)"7~7) such that Tv = 0.

To finish, we just need to prove that max;<,_y <4 |@is| = 0(d?). This follows
from the fact that the Taylor coefficients of Ey;, which are given up to a constant by
the arithmetical function 6—1(m) = ¥.q)m m**~1 have polynomial growth; namely,

we have the trivial bound oy (m) < m?. O
Exercise A.10 Complete the above proof.

For the next step, let us denote f;(q) = Py(q,E2(q),E4(q),Ec(q)) and my =
Ol‘dq:ofd.

Lemma A.7. There exist o0 > 3 > 0 and, for d >> 0, a sequence ky = O(dlogmy)
satisfying
—amg < log\fcﬁk")(Z)] < —Bmy.

This is the most technical, and most analytical, part of the proof. The main point
in obtaining the bound —am, < log ‘ fék‘i ) (z)‘ can explained through the following
intuitive argument. If all the Taylor coefficients of f; at ¢ = z up to a sufficiently
large order are too small, then its first non-zero Taylor coefficient at ¢ = 0 will have
absolute value < 1, thereby contradicting its integrality (cf. Remark[A.2)). Of course,
the difficulty here consists in precisely quantifying ‘too small’ and ‘sufficiently large
order’. Once this is established, the other bound log ‘ ftgk")(z)‘ < —PBmy is a mere
consequence of the Cauchy inequalities. We refer to [NPO1] Chapter 3, Lemma 3.3
for details.

Finally, we use the existence of the Ramanujan equations. Consider the derivation
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2 p) _ ) —x2 9
wex 2y (A —x) d  (ax—x3) d  xixz—x;
0xg 12 dx 3 oxa 2 0x3

and define, for every k > 1,
whl = 125wo(v—=1)0---0 (w—(k—1)).

We set
Q4= W[kd]Pd S Z[)C()7 e ,X3].

Since k; = O(dlogmy), it is clear that degQ; = O(dlogmy), and that log || Q4| =
O(d(logd)(logm,)). Moreover, the identity of derivations

q¢"—=00(60—-1)o---0(0—(k—1))
where 6 :qdiq, implies that

(129)% 1) (q) = Qu(q, E2(q),Ex(q), Es(q)).

Using Lemma[A.7] we immediately deduce the bound
—omg — Yk <10g|Qa(z, E2(2), Ea(2), E6(2))| < —Brma — Yka

where ¥y = —log|12z| > 0.
To conclude, we observe that k; = O(dlogm,), that d* = O(m,) by LemmalA.5)
and that my = O(d*) by Corollary

Remark A.11 The use of ‘auxiliary polynomials’ is an essential step in Nesterenko’s
proof. Similar ideas occur in most results in Diophantine approximation or transcen-
dental number theory. The reader may consult [Mas16] for a thorough exposition of
the role of auxiliary polynomials in number theory.

A.4 Periods

Roughly speaking, a period (or an arithmetic period) is an integral that appears in
algebraic geometry over Q. The set of all periods forms a countable subset of C —
actually, a subring — containing all the algebraic numbers, but ‘most’ of the periods
are transcendental numbers. It is the subtle connection between these numbers and
algebraic geometry that allows us to make sense of their structure and their symme-
tries.

Most of the general theory is still largely conjectural, but the omnipresence of
periods in number theory (regulators, special values of L-functions, etc.) and high
energy physics (Feynman amplitudes) makes the study of periods one of the most
attractive subjects in current mathematics.
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A.4.1 Definition
There are several equivalent definitions; we start with the more elementary ones
given in [KZ01].

Definition A.4 A real number @ is a period if it can be written as an absolutely

convergent integral
t
o= / L dn -dty
o(t,..

where P,Q € Q[t1,...,t,], Q #0, and o C R" is a domain given by polynomial
inequalities with rational coefficients. A complex number is a period if its real and
imaginary parts are periods.

For instance,

T */ dtidt and log2 = /
2412<1 1<1<2 T

are periods. A less trivial example is
o i / dtidtydts
=1 0<ti<tr<nz<t (1 —11)iat3”

Exercise A.12 The algebraic number \/2 is a period, since it can be written as
B dt

N 2<2 2

Similarly, show that any algebraic number is a period.

One can show that we can replace rational numbers by algebraic numbers, and ra-
tional functions by algebraic functions (with algebraic coefficients) in the definition
of periods.

More generally, let Q C C be the algebraic closure of Q in C, and consider a tuple
(X,D,®,0), where X is a quasi-projective variety over Q, Y is a closed subvariety of
X, weI'(X, QX/Q) is a closed algebraic n-form on X vanishingonY, and ¢ C X (C)
is a singular (topological) n-chain with boundary do C Y (C).

Proposition A.11 For every tuple (X,Y,®,0) as above, the number

|

is a period. Conversely, every period is of this form.

Proof. See [HM17] 12.2. O
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Yet another way of defining periods, which makes explicit their ‘motivic’ nature,
is as follows. For a pair (X,Y) as above, we can consider its relative algebraic de
Rham cohomology (see [HM17] Chapter 3)

H(;lR (X7 Y)

which is a finite dimensional Q-vector space, and the singular cohomology of X (C)
relative to the closed subspace Y (C) C X (C) with Q-coefficients, also called relative
Betti cohomology,

Hp(X,Y)

which is a finite dimensional Q-vector space. Then, a theorem of Grothendieck says
that, after base change to C, there is a canonical comparison isomorphism between
these two cohomology groups:

comp : Hig (X,Y) ®5C — Hp(X,Y) ®q C

Now, a period is simply a number that appears as an entry of the matrix of comp
with respect to some Q-basis of H (X,Y) and some Q-basis of Hj(X,Y).

Note that ¥ can be empty, in which case we simply denote H}jy (X) and Hj(X).
For the proof of the equivalences between all of these different definitions of periods,
we refer to [HM17]] Section 12.2.

A.4.2 Elliptic periods and values of quasimodular forms

Let E be an elliptic curve over Q given by a Weierstrass equation
E:y =4 —ux—v (u,v € Q, > —27v* #0)
and consider the following algebraic differential forms on E:

dx dx
0=—, N=x—.
y y
Note that @ is regular on E (form of the first kind), while 1 has a pole at infinity (of
order 2) with vanishing residue (form of the second kind). We can see (®,7) as a
basis of the algebraic de Rham cohomology H[}R (E) under its classical identification
with the space of forms of second kind modulo exact forms (see [HM17]] Chapter
14).
Let (1,72) be any oriented Z-basis of the first homology group H;(E(C);Z).
Here, ‘oriented’ means that the intersection product y; - 5 = 1. We can then consider
the four complex numbers

wl:/w’ wz:/w, m=/ @, M=/ T1.
n )23 N )23
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Classically, m; and @, are known as ‘periods’ of E, while 11 and 1, are called
‘quasi-periods’. Under the above modern definition, they are all periods.

Example A.6 Consider the elliptic curve E : y> = 4x> —4x and let y; € H,(E(C);Z)
be the class of the connected component of E(R) containing the 2-torsion point
(1,0).

~

-

0.5 0.5 15 2

o

N

Then
©° =% b d I'(1/4)2
w1:/a):2/7x =<2 :(/),
7 J1 VAax? —4x 0 V1—1t 2421

where to compute the last integral we used Euler’s formula for the Beta function
1
B(a,b ::/ N1 =) g = Re(a),Re(b) >0 A4l
(a,b) = | (1 —1) F<a+b)(()())()

the fact that I'(1/2) = /7, and Euler’s reflection formula:

T

I(1/4)(3/4) = T

Let us remark @; computed above is a very classical object in the theory of elliptic

integrals: it is half of the length of Bernoulli’s lemniscate (x> 4+ y?)? = x> —y?.

One of the fundamental problems in the theory of periods is to understand all
the algebraic relations such numbers can satisfy. For instance, in the case of elliptic
curves, we have Legendre’s relation:

W M2 — N = 27,

which holds for every E. Are there any other relations? In particular, are these num-
bers transcendental? Are some of them algebraically independent?

Conjecture A.1 (Grothendieck’s period conjecture for elliptic curves) With the
above notation,
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2 if E has complex multiplication

trdegQ@(wu@zanlam) = {

4 otherwise

Recall that E has complex multiplication if its endomorphism algebra End(E)
strictly contains Z. The geometric idea is that such extra endomorphisms of E cor-
respond to algebraic cycles (correspondences) on E x E which force algebraic rela-
tions between periods.

Exercise A.13 An endomorphism ¢ : E — E defined over Q induces an additive
map
op, H(E(C);Z) — H,(E(C);Z)

preserving the intersection product, and a Q-linear map

Pir - Hir (E) — Hig (E)
preserving the subspace of differentials of first kind H(E, .Qli, /@) and the de Rham
cup product. Show that this induces an identity of the form

(c2)(m)=(am) (65

with a,b,c,d € 7, ad —bc = 1, and r,s € @;Conclude that if E has complex

multiplication, then T is quadratic imaginary, Q(oy,m,m,m2) = Q(w,m), and
Q(i,m) is algebraic over Q(2mi, wy).

Loosely speaking, Grothendieck conjectured that algebraic cycles in powers of
some algebraic variety X are the only way of producing algebraic relations between
periods of X (see [And04] 23.4.1 for a more precise statement). For elliptic curves,
Schneider proved that each one of w;, >, 1 and 7, are transcendental numbers,
and Chudnovsky proved the uniform bound:

trdegQQ(wuwz,ﬂlﬂh) >2

for any elliptic curve, therefore establishing Grothendieck’s period conjecture for
complex multiplication elliptic curves (see [Wal06] and references therein).

Proposition A.12 With notation as above, if T = @,/ @, then Im(t) > 0 and

O\ (M o \4 o \°
Ex(7) =12 (5o ) (5o ). Ea(e) = 12u ) Eo(7) = —216v (5 )
2(7) 2mi/ \2mi 4(7) “\2mi 6(7) "\ 2mi
Proof. The proof is based on the classical theory of elliptic and modular func-
tions. Let A = Zw; + Zw, C C. Then A is a lattice and it follows from Weier-
strass’ uniformisation theorem that u = g»(A) and v = g3(A). On the other hand, if
Ar:= @) 'A = Z+ 7, then

(2mi)*

gZ(Ar) = 12

Ey(1), 83(A7) = —
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By homogeneity, we get
£2(Ac) = g2(0'A) = 0 g2(A) = 0fu
and similarly for g3. This proves that
Eq(7) = 12u (%)4 Eo(1) = —216v (%)6
For E;(7), we use the formula (see [Ser78] eq. (46) p. 96)

12 ’ 1
Baf) = - (2mi)? ;; (m+nt)?

where ¥/ means that (m,n) # (070)[3:-1 Now, by using the following expression for
the Weierstrass zeta function {4, (a primitive of —g@,,)

Ca.(z ***ZZ <Z_m erm—;nrJr(m—i-an)z)'

n m

we obtain

ZZ (m+n7)? /WAf Jdz = —oi1m.

n m

where the last equality follows from the identity

(DfZJOAf (z) = o (@12).

Ea(r) =12 (27171) (2117;) '

It follows from tEe above formulas and from Nesterenko’s theorem that, for every
elliptic curve over Q,

We conclude that

a

i
trdegQQ< > (01.,n1'> =

27’ 2mi

this improves the theorem of Chudnovsky, and thus also proves Grothendieck’s Pe-
riod conjecture for complex multiplication elliptic curves (cf. Exercise [A.T3).

3 Beware that the above sum does not converge absolutely, so that the order of the summation is
important!
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A.4.3 Open problems

Currently, the study of periods is an active and rapidly developing domain of num-
ber theory. Among the important recent achievements in the field there is Brown’s
theorem on multiple zeta values (see [FG] for a thorough introduction).

There remains countless open questions concerning periods. Besides Kontse-
vich’s and Zagier’s introduction [KZO01[], Waldschmidt’s survey [Wal06] contains
a good summary of what is known and what is not regarding transcendence. Here,
we focus only on values of (quasi)modular forms.

We have seen that Nesterenko’s theorem proves, in particular, Grothendieck’s
period conjecture for complex multiplication elliptic curves. A careful analysis of
the period conjecture for certain 1-motives attached to elliptic curves (see [Ber02l])
suggests the following statement.

Conjecture A.2 For any T € H, we have

A 3 ifri dratic i .
trdegQ(27i, ‘L',ezmT,Ez(T),E4(T),E6(T)) > ifeis q.ua Tanc imagmary
5 otherwise

Moreover;, we have equality if j(t) € Q.

This conjectural statement essentially contains everything that is known or that
there is to know concerning algebraic independence of values taken by quasimodu-
lar forms at a same 7T € H. For instance, both Nesterenko’s theorem and Schneider’s
theorem on the j-function follow from the above conjecture.

Exercise A.14 Check that Conjecture[A.2|implies Nesterenko’s theorem and Schnei-
der’s theorem.

Remark A.15 A natural question is to ask what happens for elliptic modular forms
of higher levels. From the point of view of transcendence, we don’t get anything
new. The values of higher level quasimodular forms (or modular functions) are al-
gebraic on values of level 1 quasimodular forms.

A proof of Conjecture [A.2]seems out of reach, but we can also turn our attention
to higher dimensional notions of modular forms, such as Siegel or Hilbert modu-
lar forms. Understanding their values amounts to understanding periods of abelian
varieties, a generalisation of elliptic curves. This also includes periods of higher
genus curves, since the cohomology in degree 1 (de Rham or Betti) of a curve is
canonically isomorphic to the cohomology of its Jacobian.

We next exhibit some explicit examples of higher genera abelian periods.

Example A.7 Let us consider the hyperelliptic curve C over Q whose affine part is
given by the equation y> = 1 —x°. The chart at oo is given by the equation s> =1° —r,
where (x,y) = (1/t,s/t*). We now show how to compute the periods of C.

For k = 1,2,3,4, define the differential forms
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_pdx
@ = xk ! —.
Y

One can check that m; and w, are of first kind (i.e., everywhere regular), whereas
@3 and @y are of the second kind (i.e., all the residues vanish). Each of these forms
define an element of Hle(C), and since they have distinct orders at oo, they must
be linearly independent. As dimHJ (C) = 2 x genus(C) = 4, they form a basis of
HY(O).

Now, consider the path

€:10,1] — C(C), u— (u, vV 1—ud).

Using the automorphisms 7 : (x,y) — (x,—y) and o : (x,y) — ({x,y) of C, where
¢ denotes a primitive Sth root of unity, we may define a loop y at p = (0,1) € C(C)

by

1 1

c:=¢-(tog)  -(0otog)-(0oE) ",

where - denotes path composition and ~! the operation on paths that reverses direc-
tion. We compute (cf. formula (A.4.1)):

1 (k1
—B(5,2).
/gw" 5 (5’2)

As T 0y = —y, and 6"y, = C* oy, we conclude that

/ya)k:/ga)k—/gr*a)k—k[g(cor)*wk—/eo*wk:?(1—{5)8 (lg,;)

Exercise A.16 Forl=1,2,3,4, lety:= o'y € H|(C(C),Q) = H}(C)". Show that
(V1,-.., 1) forms a basis of H (C(C),Q), and that

_ 2001y _pyp (k1
(o= 5000 -¢98(5.5).

Note that these can be expressed in terms of the I function via Euler’s formula
A 4

Here already not much is known. For instance, the period conjecture applied to
the above example predicts that 7w, I'(1/5), and I"(2/5) should be algebraically
independent over Q, i.e.,

trdegg(7,1°(1/5),1(2/5)) = 3. (A4.2)
Currently, only the weaker
trdegq (m,I°(1/5),I'(2/5)) > 2

is proved (see [Vas96] and [Gri02]).
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Remark A.17 If we restrict our attention to linear relations, instead of arbitrary
algebraic relations, then a general result is known. A theorem of Wiistholz (based on
his analytic subgroup theorem) shows that every Q-linear relation between periods
of an abelian variety must come from an endomorphism of the abelian variety. This
has been recently generalised by Huber-Wiistholz [HW] to 1-motives.

We have seen that interpreting periods of elliptic curves as values of modular
forms can be useful, via Nesterenko’s theorem, to understanding their algebraic in-
dependence properties. We can ask if a similar approach can be generalised to higher
dimensions. As it was already remarked above, values of Hilbert or Siegel modular
forms can be expressed in terms of periods of abelian varieties; our question then
boils down to asking if Nesterenko’s methods can be generalised to such modular
forms of several variables.

Given the prominent role played by the Ramanujan equations in Nesterenko’s
method, one is naturally lead to the study of the differential equations in these higher
dimensional contexts. This is indeed the point of view adopted by Pellarin [Pel05]]
for Hilbert modular forms. The case of Siegel modular forms was studied by Zudilin
[Zud00], via explicit equations involving theta functions, and by Bertrand-Zudilin
[BZO3]] via derivatives of modular functions. Recently, a geometric approach to such
problems has been proposed in [[Fon21].

Recall that the Ramanujan equations can be interpreted as a vector field on some
moduli space of elliptic curves with additional structure, and that this admits a natu-
ral generalisation to moduli spaces of abelian varieties (see Chapter[TT)). In [Fon21],
we also develop a similar theory for the Hilbert moduli problem.

For instance, consider the real quadratic field Q(v/5). By considering ‘principally
polarised abelian surfaces with real multiplication by Q(\@ )’, we obtain a smooth
quasi-affine variety T over Q of dimension 6 endowed with commuting algebraic
vector fields vy, v, (generalising the Ramanujan vector fields), and a canonical ana-
lytic map

@ :H> — T(C)

satisfying the differential equations
bip=viop  (j=12)

where

-1 -1
elzl(x@]a—ﬁla) and 9221,<1+‘@ 9 1=V a).

27mi a7y o7y 27i 2 o1 2 0T

This differential equation satisfies many of the remarkable properties the usual Ra-
manujan equations satisfy. For example, ¢ can be shown to have integral coefficients
in an appropriate g-expansion. Moreover, every leaf of the holomorphic foliation on
T(C) defined by v; and v, are Zariski-dense in B¢ (cf. Corollaryabove).

One can moreover relate the values of ¢ with periods of abelian surfaces with
real multiplication by Q(+/5). This allows us to reformulate the period conjecture



244 A Transcendence questions

in terms of bounds on the transcendence degree of the fields generated by values of
¢, in the same spirit of Nesterenko’s theorem. As it is shown [Fon21]], a successful
adaptation of Nesterenko’s method to this higher dimensional setting would yield in
particular the conjectural statement (A.4.2)).

Remark A.18 Although we don’t make explicit mention to modular forms, it can
be proved that ¢ is indeed related to modular forms and their derivatives as in the
Bertrand-Zudilin approach. We refer to [Fon21]] Section 15 for a precise statement.

There are many technical difficulties in obtaining sufficiently strong algebraic in-
dependence statements for the above higher dimensional generalisations of (E>, E4, Eg),
the main obstacle being the presence of positive dimensional ‘special subvarieties’
in moduli spaces of abelian varieties.

Let us also remark that Nesterenko’s method relies on a very restrictive growth
condition satisfied by the Eisenstein series, namely the polynomial growth of their
Fourier coefficients (see Section[A.3.3]above). It turns out that this condition can be
replaced by a much more flexible, geometric, notion of growth based on Nevanlinna
theory (see [Fon19]), which is suitable to generalisation.

Here, a curious problem emerges. It is shown in [Fon19] that to any collection
of holomorphic functions fi,..., f, on the complex unity disk D satisfying an alge-
braic differential equation (with the D-property), an integrality property, and a mild
growth condition, Nesterenko’s method applies to give

trdeg@@(fl(z)a" . 7fn(Z)) >n—1

for every z € D\ {0}. This comprises Nesterenko’s result if we take (f1, f>, f3, f4) =
(q,E2(q),E4(q),Es(q)), but in principle it could have other applications. It turns
out that no other essentially different example (i.e., not related to elliptic modular
forms) is currently known. This is surprising, given the rather general shape of the
hypotheses.

It could be, however, that quasimodular forms are essentially the only functions
on the disk satisfying the above conditions. If one could prove this fact, this would
yield a rather exotic characterisation of quasimodular forms, making no explicit
reference to modularity.
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(X, o), enhanced scheme ,

D, Griffiths period domain, |122]

Ey, Eisenstein series, [[40]

Fi, pieces of Hodge filtration,

H'(Y,,8y,)o, Primitive part of the deformation
space,

HJi (X), algebraic de Rham cohomology,

Hg (X)o, primitive cohomology,

H/"™=J(X), pieces of Hodge decomposition,
1K

Hjp (X )G, invariant cohomology,|191

Lg, Locus of Hodge cycles with constant
periods,

Lg, leaf of a modular foliation, @

L, leaf of a modular foliation, @

N-Smooth,

Om k- intersection pairing in infinitesimal
variation of Hodge structures,@

Vo, a C-vector space, [[20]

V4, the parameter space of smooth
hypersurfaces,

Vo,z. a lattice,

X (R), the set of R-valued points of X,

X¢, Fermat variety,|182)

Xo, a marked variety, [33]

X\, generic ﬁber,@

Xy, modulo a prime ideal,

[v1,V2], Lie bracket of vector fields,

G, a group scheme, [21]

G, an algebraic group, [33]

G, a subgroup of G,[83]

D, Darboux-Halphen equation, [T4T]

D, Darboux-Halphen vector field,[140]

Der(0r), the sheaf of derivations in T ,

Z , foliation,

Z(2), a foliation, [90]
F (), foliation,

Z (C), modular foilation,

F(C, 1), afoliation ,

ZZ, the modular foliation for hypersurfaces,
186!

ﬁgr, Griffiths transversality distribution, m

F(a).p0]

Gy, additive grouo,@

I'(d), modular group,

I2"(N), Siegel congruence group, [168

I;.I7, monodromy group,

Gy, multiplicative group, [83]

H, Halphen differential equation, [T49]

4, Ghost cohomology bundle,

HF(-),HS(-),HP(-), Hilbert function, series
and polynomial,

Hilbp (P}, Hilbert scheme, [20]

HS(t), Hilbert series,

#, Ideal sheaf,[10]

%,, Lie derivative,

Lie(G), Lie algebra,

Lie(G), Lie algebra of G,

MF,,, moduli of modular foliations, [87]

.Q-’i-, The sheaf of differential i-forms on T,|§|

G, a reductive group, 20] 1]

R, Ramanujan vector field, @

% (X/T), the set of constant vector fields,

i(Lie(G)), the Lie algebra induced by group
action, [74]

M., (X/T), modular vector fields,

R-family, 30]

R-variety, [30]

SL27, full modular group ,[T42]

T, a parameter scheme or moduli space, [0} A9]

T(R), R-valued points of T,|§|

T;, subscheme of T,[68§]

Tr, trace map, [[3]
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S, moduli of holomorphic differential forms,
[188]

S, a moduli space, [T87]

@, The sheaf of vector fields, m

Xu, ghost enhanced variety, [121]

Yi i Yukawa coupling, H

ZI(L), zero ideal,

7ZS(£2), zero scheme,

o, am, Oy, ;, a basis of de Rham cohomology,

oc:flf2 , a basis of primitive cohomology,

b,,, Betti numbers,

G, An algebraic group,

M, a moduli space,

Mf,, moduli of smooth hypersurfaces, m

C, period vector,

CZFZ & Primitive constant period vector,

U, Cup product, [[4]

8, a continuous family of cycles,

8P4, Poincaré dual,

Opm,i, a basis of homology,

O k» Infinitesimal variation of Hodge
structures,

ESing(.%), the set of essential singularities of
7,169

g.&m. an element of the algebraic group G,@

g € G, an element of the group scheme,lzl

g, an element in Lie(G) or Lie(G),

A, Gauss-Manin connection matrix, 44

hi+, Hodge numbers,

D, Py my i intersection matrices, |3E|

W, ¥, my i» intersection matrices in homology,

Int, integral of an ideal, [64]

IVHS, IVHS ring, 29]

A, the set of IVHS maps, @

A > image of IVHS maps,@

k, ¢, field, @

A, a character,

(+,-), blinear maps in (co)homology,

Z(C), space of leaves,

V, Gauss-Manin connection,

V., Gauss-Manin connection,

U, generalized period domain,|121

M, generalized period domain,

M, period domain for ellipric curves, [142]

P, classical period map.,[123|

P, period map,

P(w,d), period,

P(u), P(z), period matrix,[126]

P, P, Period matrix, [59]

q, period matrix, [126]

d,qm, less used period matrix, @

1g € G, an element of the group scheme, [21]

R,R, aring,

H(ot), Halphen equation, [I49]

sing(.# (£2)), singular set of a foliation, [69)
€(T), The field of rational functions on T, [9]
€[T], The field of rational functions on T, [9
Stab(G, C), stablizer,

7 loci., [124]

7 map.,[124]

7, T map.,[124]

0, polarization,@
Qz, 03, 04, theta series, [141]
G, an algebraic group,

T, monodromy covering, |123

t map, [123]
t, t map, [123]

u, an element in the period domain, @

H,,, Siegel upper half-plane of dimension n,

v, a vector field, [T0]

h,e, f, classical generators of the Lie algebra
slp, m

iy, contraction with v,[T2]

m-injective,[123]

O(a, ), orthogonal group,

slp, Lie algebra,

hfn, dimension of pieces of the Hodge filtration,

A basis compatible with ... ,[34]

Absolute Hodge cycle,[T13]

Action of a group, 21]

Additive grouo, 83|

Algebraic de Rham cohomology, [4]

Algebraic deformation of a projective variety,
K

Algebraically .Z -invariant,

Algebraically equal, [63]

Algebraically invariant,

Automorphic form, [T9]]

Bad primes, @

Betti numbers, [T3]

Block upper triangular, [T§]
Bogomolov-Tian-Todorov theorem, @

Calabi-Yau equation, 210]

Calabi-Yau variety, [[98]

Canoical sheaf, [T0]

Cartan’s formula, [12]
Cattani-Deligne-Kaplan theorem, [106]
Charachteristic, 3]

Character, @

Classical period map, [123|
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Codimension of a foliation, [69]
Complete intersection, [66]
Connected scheme, 9]

constant foliation,

Constant Gauss-Manin connection, m
Constant vector field, O8]
Continuous family of cycles,
Contraction, [12]

Critical fiber.,[T3]

Critical value, B

Cup product, [T4]

Darboux-Halphen vector field,
Darboux-Halphen equation, [T4]]
Dedekind y function,

Deligne’s family, [T91]

Derivation, [10f

Differential forms, 9]

differential Siegel modular forms, m
Dimension,

Dwork family, [T90]

Eisenstein series, [T40]
Enhanced elliptic curve, [T3§]
Enhanced family, [37]
Enhanced hypersurface, [T83]
Enhanced scheme, [36]
Essential singularity, [69]

Family of projective schemes, [[3]
Fermat variety,

Fiber, [13]

Finite morphism, 23] 3]

Finite scheme, [[2]

Finite type,[9]

Finitely generated, [§]

First integral, [63]

Flag singular locus, [68]

Flat coordinate system,[197]

Flat morphism, [[9]

Flat section, [23]

Foliation,

foliations attached to morphisms,@
Frobenius theorem, [70]

Full enhanced scheme, [37]

Full Hilbert scheme, 30]
Fundamental vector field, 23]
Fundamental vector field map, 23]

Gauss-Manin connection, 26|
Gauss-Manin connection matrix,@
Genearalized period domain, [T21]
General local leaf, [70]

Generic fiber,[T3]

Geometric leaf, [70]

Geometric quotient,
Geometrically .% -invariant,
Geometrically equal, [63]
Geometrically invariant, [73]

Ghost cohomology bundle, [T2§]
Ghost connection matrix, [T29]

Ghost enhanced variety, [T21]

Ghost Gauss-Manin connection, [[29]
Ghost period map, [T30]

Good quotient, 22]

Griffiths period domain, [T22]
Griffiths transversality, 27]

Griffiths transversality distribution, [[30]
Group scheme, 21]

Halphen differential equation, [T49]
Halphen equation, [T49]
Halphen property, [[42] [T49]
Hilbert function,[T9]

Hilbert polynomial,

Hilbert scheme, [20i

Hilbert series, [19]

Hodge block, [T7]

Hodge class, [I06]

Hodge cycle,[107]

Hodge decomposition, 46|
Hodge filtration, [T4]

Hodge locus, [106]

Hodge numbers, [T3]
Holomorphic foliation, [62]
Homologically defined, [83]
horizontal tangent bundle, [T27]

Ideal sheaf,
Infinitesimal variation of Hodge structures, 27}
Integral domain, [§]

Integral of an ideal, [64]

Integral scheme,ﬂ

Invariant, [76]

Invariant cohomology, [T91]

Irreducible, 0]

Irreducible scheme,

Isolated Hodge cycle, [T10]

Isolated Hodge cycle with constant periods,
IVHS map,[29]

IVHS ring,[29]

Kodaira-Spencer map,
Krull intersection theorem, [72]

Leaf, [64] [71]
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Lefschetz principal,[§]

Lie Algebra, 23]

Lie bracket, [TT]

Lie derivative, [12]

Linear group action, [22]

Local leaf,

Locus of Hodge classes, [T06]

Locus of Hodge cycles with constant periods,

Marked variety, [33]

Modular foliation, [8]

Modular foliation for hypersurfaces, [T86]
Modular vector field, 93]

Moduli of algebraic varieties, [T8]
Moduli of Hodge decompositions, [53]

Moduli of holomorphic differential forms, [T8]

Moduli of modular foliations, [87]

Moduli of modular foliations of Hodge type,
88

Moduli of polarized Hodge structures, [122]

Moduli of smooth hypersurfaces ,[T87]

Monodromy covering, [58} [123]

Monodromy group, [57]

Morphism of enhanced schemes, [38]

Multiplicative group, [83]

Noetherian ring, ]
Non-trivial character, 83]

Orthogonal group, [T84]

Parallel extension, [T1]
Parameter scheme, [9]

Period, [TT3]

Period domain,

Period domain for ellipric curves, @
Period map, [122]

Period matrix, [59} [126]

Period vector, [8T]

Period vector of Hodge type, [88]
Plarization, [T66]

Poincaré dual, [T21]

Point of a scheme, [9]
Polarization, [[3]

Polarized Hodge structure, [T20]
Primitive cohomology, [T3]
Primitive period vector, [89]
Projective schemes, [I2]

Ramanujan foliation,@

Ramanujan vector field,[T40]
Rational first integral,
Rational point,[T3]
Reduced, [§]

Reduced scheme, [9]
Reductive group, 21]
Regular fiber, [[3]
Regular first integral, [63]
Regular value, [T3]
Residue field, ]
Riemann relations, [T72]

Scheme theoretic leaf, [64]
semistable, 22]

Siegel congruence group, [T68]
Siegel modular form, [T78]
Siegel parabolic group, [168]
Siegel upper half-plane, [I72]
Singularity of a foliation, [69]
Smooth and reduced, [66]
Smooth morphism, [T3]
Smooth scheme, [T3]

Space of leaves, [36]

Special map, 207]

stabel,

Theta functions, [T4]]

Top cohomology, [T3]
Torsion sheaf, [T0]

Trace map,[T3]

Trivial character, B3]

Trivial modular foliation, [§4]

Universal family of enhanced Calabi-Yau
varieties, 20T]

Universal family of enhanced elliptic curves,
138

Universal family of enhanced principally
polarized abelian varieties, [T73]

Vector field, [T0]

Weak absolute Hodge cycle,[T13]
Weakly enhanced scheme, [38]
Weakly homologically defined, 83|

Zariski closure, m

Zero divisor,

Zero ideal, [T0]

Zero scheme of a sheaf, [T0]
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