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Introduction

The topic of this thesis is the intersection theory on moduli spaces of curves. More
precisely, the purpose of this work is to present the Chow ring of moduli spaces
of stable genus g curves and to study the relations between some classes which
will be called tautological classes. This is based on the concepts introduced by
Mumford in his article "Towards an enumerative geometry of the moduli space of
curves ’ﬂ All tautological classes belong to the tautological ring; the definition
of tautological ring was given by Faber and Pandharipandeﬂ: it is a subring of the
Chow ring generated by classes which are Chern classes of certain vector bundles
and that turns out to be naturally related to geometrical instances. In the final part
of the thesis we will focus on the special case of the moduli space of stable curves
of genus 2 and on its Chow ring, computing explicitly the intersection product of
the classes which generate the Chow ring of this moduli space.

In order to do that, we need first of all to introduce some preliminary notions;
before discussing the intersection theory of the moduli spaces M, and ﬂg, which
will be treated in Chapter 4] there are three introductory chapters in which we will
present some basics on moduli spaces and on intersection theory. Chapter|I]is
dedicated to illustrate the notions of fine and coarse moduli space in full generality,
Chapter[2]is dedicated to the special case of moduli spaces of curves and Chapter 3]
is a basic introduction to intersection theory and Chow rings of algebraic varieties.

As announced, the last chapter of the thesis, Ch. E], is the dedicated to the
moduli space of genus 2 curves and on its Chow ring A*(Hz).

Overview on the contents

The problem of classifying objects up to isomorphism is a recurring notion in
mathematics, let us think for instance of the classical problem of classifying
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finite-dimensional vector spaces up to isomorphism in linear algebra; analogously
in algebraic geometry it is natural try to classify algebraic varieties up to isomor-
phism, such as for examples smooth curves of a fixed genus.

The idea behind the definition of moduli space is then to find a variety that
classifies all objects under consideration up to isomorphism, and to reduce the
study of the isomorphism classes to the study of this space. Specifically, we
wish to construct a space parametrizing continuously varying families of objects
keeping in mind, as a model, the features of the projective n-space PP¢. that turns
out to be the space parametrizing lines in C"*! passing through the origin. There
is in particular one property of this example that suggests how to define moduli
spaces.

As we will see, for every subscheme X C P”, the families of lines parametrized
by X correspond to the morphisms of schemes from X to P”. In other words,
using categorical terminology, if we had defined a functor 7 which associates
to every subscheme X the families of lines parametrized by X, the previous
statement could be rephrased just by saying that the functor F is representable by
P". Hence, using category theory, it seems to be easy to generalize the particular
example of the projective space to define the general notion of moduli space just
by saying that, given a moduli functor 7, there exists a fine moduli space M if F
if representable by M.

However, in many cases, fine moduli spaces do not exist, and this happens also
for curves; hence, we have to introduce a weaker notion: coarse moduli spaces.
Let us call A™ the functor that assigns to each object X the set of morphisms
Hom(X, M); M is a moduli space if F =~ h™, isomorphism of functors, however,
if the functor F is not representable but there is a natural transformation of functors
F — hM and this is initial among such pairs with the same property, then M is
said to be a coarse moduli space for the moduli functor F.

In the thesis we are interested specially in moduli spaces of curves hence, after
the general case, we will turn our attention to the space of isomorphism classes of
curves. We are interested in particular in the moduli space parametrizing smooth
curves of genus g, and being this space not compact, to its compactification,
the moduli space parametrizing stable genus g curves. As already stated, the
fine moduli spaces for genus g smooth or stable curves do not exist (unless in
trivial cases) but the Theorem of Deligne-Mumford (Theorem [2.4.1] pag. [34)
guarantees the existence of coarse moduli spaces; more precisely we will define
the functors M., and ﬂg’n respectively as the functors assigning to each scheme
X the families of smooth and of stable curves with » marked points parametrized
by X. By the Deligne-Mumford’s theorem there exist coarse moduli spaces M, ,

and Mg,n for the functors M, , and ﬂg’n which are normal algebraic varieties
of dimension 3g — 3 + n. We can hence develop an intersection theory on these



varieties, studying their Chow rings.

The Chow ring is defined as the quotient of the cycle group Z(X) by ra-
tional equivalence, this was introduced by Wei-Liang Chow (Fig. in his
article of 1956 “On the equivalence classes of cycles in an algebraic variery’ﬂ
By definition the quotient has clearly a group structure, but moreover, if X is
a smooth quasi-projective variety, then there is a product structure on A(X)
that makes it into an associative, commutative ring, graded by codimension (by
Theorem [3.1.2] pag.[3.1.2). Hence it is well defined an intersection product be-
tween classes of A(X). Moreover, the following generalization of the classical
Bézout’s theorem holds: if A, B are subvarieties of a smooth variety X such that
every irreducible connected component C of the intersection has codimension
codim C = codim A + codim B, then for each component C there is a positive
integer m(A, B), which will be called the intersection multiplicity of A and B
along C, such that the product of the classes can be written as:

[A1[B] = ) mc(A, B)ICI.

After the necessary recall of the definitions of moduli spaces and of the basics
on intersection theory, we can finally enter into the main part of the thesis, which
is discussed in Chapter @ and Chapter [5]

We will follow the ideas presented by David Mumford (Fig.[Ib)), in his article
of 1983 “Towards an Enumerative Geometry of the Moduli Space of Curves:’ﬂ

The goal of this paper is to formulate and to begin an exploration
of the enumerative geometry of the set of all curves of arbitrary
genus g. By this we mean setting up a Chow ring for the moduli
space M, and its compactification ﬂg, defining what seem to be the
most important classes in this ring and calculating the class of some
geometrically important loci in Hg in terms of these classes. We take
as a model for this the enumerative geometry of the Grassmannians.

Mumford defined on the Chow ring of ﬂg some particular classes which
are Chern classes of some natural vector bundles that we have on ﬂg, and he
called these classes the tautological classes of ﬂg. Along the pages of his article,

he studied the relations among them in order to detect the dependency of these
classes. Indeed, all the tautological classes turn out to belong to a subring of the

Chow ring A(ﬂg) that Carel Faber and Rahul Pandharipande (Fig. called the
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(c) Rahul Pandharipande (1969 - )

Figure 1: Wei-Liang Chow, David Mumford and Rahul Pandharipande

tautological ring. This ring consists, according to the words of Ravi Vakiﬂ of
“all the classes naturally coming from geometry.”

It is expected that no natural questions coming from geometrical instances
reduces to questions in the nontautological part of the Chow ring, hence, it
is sufficient, for studying many interesting questions in geometry, to study the
tautological ring and the tautological relations among its classes.

We will conclude in fact Chapter [ with a proposition (Prop. #.8.5] pag.[.8.3),
which summarizes the tautological relations among classes deduced in the chapter.
Finally, following the last part of Mumford’s articleﬂ we will concentrate on the

5Vak03
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moduli space of genus 2 stable curves, and we will describe the structure of its
Chow ring, computing explicitly the intersection product of its classes.

Contents of the chapters

In this section, we will illustrate the contents of the chapters in more detail. The
first chapter (Ch.[I] pag.[I)) is devoted to an introduction to the notion of moduli
space, more precisely the notion of fine and coarse moduli space.

This will be done in a purely categorical setting hence, for a better compre-
hension of the notion, in the first couple of sections we will try to give an intuitive
idea of what a moduli space should be and which properties it should have. In
particular, in Section @], we will concentrate on the well-known example of
projective n-space; afterwards in sections [I.3]and [1.4] we will define respectively
fine and coarse moduli spaces; in the last section of the chapter (Sec. , we will
illustrate the example of the Picard group: we will show that it can be viewed as a
moduli space and this will naturally endow it with a scheme structure. The purely
categorical results will be presented without proof, more details can be found in
Appendix [A]

Chapter 2] deals with moduli spaces of curves. First of all we will fix notation
and we will recall the basic definitions; in particular we will try to justify why
we expect that the moduli space of stable curves provides a compactification of
the moduli space of smooth curves. In Section [2.4] we will then give the formal
definition of families of smooth and stable genus g curves with » marked points,
and we will state the Theorem of Deligne-Mumford (Theorem [2.4.1] pag. [34) on
the existence of coarse moduli spaces. At the end of the chapter, in Section [2.5]
we will describe some examples of moduli spaces of curves in low genus. The
moduli spaces of smooth curves of genus 0 with n marked points are relatively
easy to describe. However, for moduli spaces of stable curves with 3 or 4 marked
points, the situation is more complicated; hence, we will also introduce in this
section the combinatorial object that we will need to use for this purpose: the
stable graph associated to a stable curve.

Chapter [3| consists in a basic introduction to intersection theory on algebraic
varieties; we will first of all define the Chow ring of a variety in Section [3.1]
together with a structural theorem for the Chow ring (Theorem [3.1.2] pag.[ST). It
is very difficult to be able to compute the Chow ring of a variety using directly
the definition. This can be done in some simple case, as illustrated in Section @,
but in general we will need other tools. In Section [3.3] we will treat the Mayer-
Vietoris theorem and excision, and in the following Section [3.4] we will discuss
the behaviour of classes under pullback and pushforward maps. In Section [3.5]
we will then be able to state the theorem which generalize the classical Bézout’s
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theorem to the intersection of any two subvarieties A, B of a variety X, with
the property that every irreducible component C of the intersection satisfies:
codim C = codim A + codim B. Finally, in Section we will prove the result
that the Chow ring of the projective space is equal to Z [{] / (g’ ”“) , where ¢ is
the rational equivalence class of a hyperplane.

After the first three introductory chapters, in Chapter[d we will start to develop
the intersection theory of moduli spaces of curves. We will start by defining,
according to Mumford’s article, the tautological classes. The first couple of
sections is introductory. In Sectiond.T| we will give an intuitive idea of why we
may wish to restrict our attention to tautological classes, and in Section 4.2] we
will collect the definitions and the results on vector bundles that will be used in
the next sections. The tautological classes will be then defined in Sections 4.4]
and the tautological ring in[4.5] The remaining part of the chapter is devoted to
finding relations among these classes, and in particular to introducing the main
tool used by Mumford for this purpose: Grothendieck-Riemann-Roch formula
(Theorem[d.7.1] pag.[d.7.1), stated in Section[d.7] In the last Section 4.8 we will
finally deduce the tautological relations among classes.

In the last chapter of the thesis (Ch.[5) we will concentrate on the moduli space
ﬁz of stable curves of genus 2. In Section we will write the tautological
relations in the special case of g = 2 and n = 0. In Section we will see the
generators for the Chow ring of ﬂz and in the last Section e will write the
multiplication table for the generators of the Chow ring.




1 Moduli space

The purpose of this chapter is to introduce the notion of moduli space, more pre-
cisely of fine and coarse moduli space, and to present the main results concerning
them that will be used in the thesis. We’ll start with a couple of preliminary
sections whose aim is to give an idea what a moduli space should be and, after
treating the example of the projective space in some detail, we will formalize the
notion of fine and coarse moduli space in the next sections and[[.4] In the last
section [[.5] we will illustrate the example of the Picard group, showing that it can
be seen as a moduli space and it has a scheme structure.

1.1 An intuitive motivation

The basic idea underlying the definition of moduli space is quite simple: in order
to classify certain objects modulo an equivalence relation, it is natural to construct
the quotient space of equivalence classes and to study its structure. This is, as
said, the basic idea; this space, in fact, in order to be the moduli space of this
family of object should satisfy also other properties, we look in particular for a
space parametrizing continuously varying families of objects.

To classify algebraic curves up to isomorphism, it is natural to study the
structure of the set of isomorphism classes:

M = {C smooth projective curve}/=.

Classifying mathematical objects up to isomorphism is indeed a recurring
notion. A basic example is the classification in linear algebra of finite-dimensional
vector spaces up to isomorphism by their dimension. This yields a bijection
between the set of isomorphism classes and the positive integers:

finite dimensional
vector spaces

}/E — Z,
[V] » dimV
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Finite-dimensional vector spaces are uniquely classified by their dimension
hence V' = V' if and only if dim V' = dim V'. The classification obtained in this
way is certainly a good result since the space parametrizing finite-dimensional
vector spaces is the set of natural numbers, but we notice that the space of pa-
rameters is just a discrete set, the notion of continuously varying family is not
attained.

1.2 'The projective space P”

Let us see another example coming from algebraic geometry: the projective space
P

The projective n-space is the space of equivalence classes of vectors in C”
modulo proportionality and it parametrizes lines through the origin in the space
Cn+1:

P¢ =(C"\ {0})/ ~={1:lisaline through the origin in cmty.

As in the previous case, this quotient space provides a good model for the
space of lines, but in addition, this example in three aspects seems to be better
then the previous one of vector spaces modulo isomorphism.

First of all, the categorical object we obtain belongs to the same category
of objects we are working with: in algebraic geometry we usually work in the
category of algebraic varieties or in the category of schemes and the projective
space has naturally a scheme structure, it is not just a set.

The second reason is a topological one: projective space parametrizes con-
tinuously varying families of lines in C"*! ; we can consider the sequence of
lines:

1 1
1/n 0

L,= 0 ,Lyo=(1]0]),
0 0

the sequence (L,),n» as shown in the figure intuitively converges to the line
L,. In the complex topology of P” the sequence of points L, converges precisely
to L.

Finally, the third reason, the most important, why this example better interprets
the intuitive idea of a moduli space than the previous one, and that will also suggest
us how we could define this space categorically in terms of the representability of



1.2. The projective space P"

Figure 1.1: The convergence of lines L, in A?

a suitable functor, is this: we defined a family of lines L, that can be extended to
a family

- 3

1

t
g=<o>neN

0

parametrized by the variety A!; this family has defining equations that are algebraic
in the affine coordinate 7 on A, so this family corresponds exactly to a morphism

A\
V

Al 5 Pt L,,

which is a morphism of schemes according to the scheme structure on P”. Gener-
alizing this idea from X = A! to any arbitrary scheme, we have that the scheme
structure on P" is such that this is true not only for A': for every subscheme X,
the families of lines parametrized by X correspond to morphisms of schemes
from X to P”

Families of lines parametrized by X < Morphisms X — P~

(L |1€X) & (X >P" 1+ L). (1.1)

We will see in the next section[I.3]that the knowledge of the set of morphisms
from X to P” for every scheme X uniquely determines the scheme structure on P”,
this is in fact a classical result in category theory; hence, in order to make precise
the notion of moduli space, we have to make precise what mean by “family of
lines parametrized by X" Once defined this, the moduli space will be the unique
object (that will be in fact unique up to a unique isomorphism) that realizes the
bijection stated above.
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1.3 Fine moduli space

In order to make the idea sketched in the previous sections more precise, it will be
useful to interpret it in categorical language. All purely categorical results stated
here will be presented without proof; a more extended treatment of these notions
is included in Appendix

Let us denote the category of schemes over the complex field C by Schg,
the class of objects by Ob(Sch), and the set of morphisms from X to Y for
given X,Y € Ob(Sch.) any two schemes, by Hom(X,Y). For any scheme
M € Ob(Sch.), we can define the functor

h™ : Sch? — Sets
X +— Hom(X,M).

This is a contravariant functor. In fact, for any g: ¥ — X morphism of
schemes, we get a natural map in the opposite direction (the pullback map):
M (g): hM(X) — hM(Y), defined as

hM(g): Hom(X, M) — Hom(Y,M)
XL M - v xL M
[ = hM@E)(f) = fos.

A classical result in category theory, explained with more details in the Ap-

pendix [A] is the following:

Lemma 1.3.1 (Yoneda’s Lemma). The functor

h™: Sche — Fct(Sch? — Sets)
M - WM

is a fully faithful embedding.

For a proof see Theorem[A.3.2] and Section[A.3] page[106]

Remark 1.1. By the lemma above the category of schemes can be viewed as sitting
inside the category of contravariant functors from schemes to sets.

The lemma also implies the following properties :
e given X, Y schemes, there is a one-to-one correspondence between mor-

phisms of schemes from X and Y and natural transformations of functors
between hX and hY;

e X =~ Y (isomorphism of objects) if and only if A* = AY (isomorphism of
functors).
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The first is just the definition of fully faithful functor, the second is Corollary[A.3.3]
There is another notion that we need to recall :

Definition 1.1. A functor F € Fct(Sch” — Sets) is said to be representable by
M if F = h™ for some M € Ob(Sch,).

By the Yoneda’s Lemma we obtain immediately the

Corollary 1.3.2. Let F be a representable functor, then the object M representing
it is unique up to a unique isomorphism.

Remark 1.2. If we set M = P", then h™ (X)) is precisely the set on the right hand-
side of correspondence @) Moreover, if we define a functor F that assigns to
each scheme X the families of lines in C"*! parametrized by X, using categorical
terminology that correspondence can be rephrased exactly by saying that F' is
representable by M i.e. it is isomorphic to the functor A™. This is the way in
which we define moduli spaces.

Definition 1.2. A moduli functor F is a contravariant functor F : Sch’ — Sets.
More precisely, it is given by the following data:

e for every scheme X over C, a set F(X) (the set of families parametrized by
X);

e forevery morphism f: Y — X amap F(f): F(X) — F(Y) (the pullback
of families under f'), satisfying

— F(idy) = idpy, for all X € Ob(Sch);

— F(g)oF(f)= F(fog)foreveryg: Z - Y, f: Y — X morphisms
of schemes.

We can finally give the definition of fine moduli space:

Definition 1.3 (Fine moduli space). Given a moduli functor F, we say that the
scheme M is a fine moduli space for F if the functor is representable by M i.e.
F = M.

According to this definition, families of objects parametrized by X are just
sets associated to each scheme. Intuitively, if we want to classify for example
algebraic curves modulo isomorphism, the functor should assign to each scheme
a subset of the quotient space of curves modulo the equivalence relation, and this
is what we call the set of families parametrized by X. Hence, roughly speaking a
family of objects in a category C modulo the equivalence relation ~ parametrized
by some scheme X should mean a collection of objects X, one for each p € X
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which are reasonably patched together according to the structure of parameter
space.

Using category theory, we can make more explicit the previous definition by
rephrasing and relating it to this more intuitive notion of family of objects.

Definition 1.4 (Fine moduli space — second form). Let C be a subcategory of
Sch. and ~ be an equivalence relation on the objects of C that can be extended
to families, a fine moduli space for the moduli problem (C, ~) is an object M €
Ob(Sch) together with a family " — M which is universal in the following
sense: for each family 7 : Z — X there is a unique morphism f € Hom(X, M)
suchthat 2= X X, U := f*U".

We gave two different definitions hence we would like to prove their equiva-
lence.

Proposition 1.3.3. Definition[I.3|and Definition|I.4)are equivalent.

Proof. (=) Let us suppose M is a fine moduli space according to Definition|1.3
Since the functor F is isomorphic to M there exists a unique family V" — M
associated with the identity morphism id,, (this is the element in F'(M) corre-
sponding to the identity). If now E — X is any family, there exists, by definition
of representable functor, a unique morphism f : X — M corresponding to the
family in the one-to-one correspondence. Consider now the cartesian diagram:

Xx, U 23U

L

X —L sy wm

we get that X X,, U" — X is a family parametrized by X which induces the
morphism f. But, by the uniqueness of f, it follows that X X,, V" — X must
coincide with the family =. Hence, M is a fine moduli space according with
Definition [L4]

(<) The converse implication is then immediate. Since for every family
2 — X there is a unique morphism f : X — M, we have a bijection between
F(X) and Hom(X, M). Functoriality follows from the fact that 2 = X X, U’ is
the fibered product. ]

Remark 1.3. We defined moduli spaces in the category of schemes but all these
definitions could be generalized to categories in which products and fibered
products are defined (see Section[A.2).

We started this chapter by looking at projective space, we can now see that it
is really a fine moduli space for “lines through the origin in C"+!”,
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Example 1.1 (The projective space P"). First of all, we have to define the moduli
functor that assigns to each scheme the lines parametrized by X and then to prove
it is representable by P".

Let us start by defining the following functor:

F: Schf’cp — Sets

e on the objects: for every scheme X over C, we define

3

H XXC”+1

-

J

<

F(X) =4

where L — X is a line bundle on X which is a subbundle of the trivial
bundle X x C"™' - X (i.e. there is an injective map i . L — X X C't!
of vector bundles such that the quotient is also a vector bundle). The

equivalence relation defined on this set is the following: we set (L =
X xC™h ~ (L' S X x C™Y) if and only if there is an isomorphism of

line bundles L— L' making the natural diagram commute;

o~

XxC & L y L —> X xC!

—

e on the morphisms; given a morphism of schemes f : X' - X we define
the pullback as:

F(f): F(X) - F(X')
(L= X xC™) <f*L£> FHX X C™) = X' x C"+1> .

Since we have naturally that F(idy) = idp, and for every morphisms
g: X" > X', f: X' > X, there is a canonical isomorphism g* f*L = (go f)*L,
the compatibility conditions of the pullback are satisfied.

It remains to check that F is representable and more precisely that F =~ h™",
natural isomorphism of functors.
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In order to prove we have a natural isomorphism of functors, we have to give,
for every scheme X, a bijection between the set F(X) and the set of morphisms
Hom(X,P") such that, for every morphism of schemes f : X' — X satisfies the
following commutative diagram:

F(X) —— Hom(X,P")

F(f )l lhp” 72

F(X') —> Hom(X',P")

Giveni: L — X X C™! family in F(X), we have that for any point x € X by

definition i(L,) C {x} X C"*! is a line through the origin in C"! so it should be

sent to the morphism X — P" that maps x to the projective point [i(L,)] € P".
It is clear what happens for closed points x € X; let us see the general case.

Fix X any scheme and (L 5 oX x C™") a line bundle in F(X). The injective
map i of total spaces of vector bundles corresponds to the following short exact
sequence of locally free sheaves:

0—L>0O' -Q—0

where Q is the cokernel vector bundle. Taking the dual, we get:

0—Q'— 0O LY—0

Since the kernel of a map of locally free sheaves is locally free, this is equivalent
to just specify the surjection 1" . (9”X+1 — LY. Such a surjection is determined
by specifying sections sy, S|, ... ,s, € H*(X, L) without common zeroes. Then,
setting M = LY we can define another functor F' as follows:

Mis a locally free sheaf on X
F'(X)=3(M,50,815---55,) | 50515---5, € H(X, M) sections ¢/ ~
without common zeroes

In this way we obtained a map F(X) — F'(X). One checks that this map is a
bijection, that F' is in fact a moduli functor and that the maps F(X) — F'(X)
define a natural equivalence of functors, i.e. F = F'. Hence we reduced the
problem of the representability to showing F' =~ h™".

But this last fact is a classical result of the Algebraic Geometry (see e.g.
[Har97, II, Theorem 7.1]). Hence, by using the fact that F' =~ h®" by transitivity
we have the equivalence we were looking for.
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It turns out that the universal family is given by the tautological line bundle:

{l,v)eP"xC™*! |vel} =L — Prx C*!

The line bundle L above is isomorphic to Op.(—1).

Example 1.2 (Grassmannians). Generalizing the previous example, for n,k € N
fixed natural numbers, the Grassmannian Gr(k,C") is a fine moduli space for
k-dimensional vector subspaces of C", i.e. it is the object representing the functor
that assigns to each scheme X the locally trivial families of k-dimensional vector
spaces over X.

Once defined what fine moduli spaces are, we are interested in the existence
of these spaces. In general, given a moduli problem, the existence of a fine moduli
space is not guaranteed, this happens for instance when there is an object we want
to classify which has nontrivial automorphisms, as we can see with the moduli
space of curves in the following example.

Let us consider C; a curve which has nontrivial automorphisms; in this case
we can define a family C — X for which every fibre is isomorphic to C, but the
family C is not isomorphic to C, X X (an example how to construct such family is
illustrated in Example [I.3). Now, let us suppose by contradiction there exists a
fine moduli space M and a universal family U” — M then by definition there
would exist a morphism A : X — M such that C = A*U". Since each fibre is
isomorphic to C,, the map h factors through the closed point corresponding to
the isomorphism class of C,. But then we obtain C = h*U" = C, X X, whichis a
contradiction.

We can see such a construction in the following example.

Example 1.3. Let us give a concrete construction of such a family of curves over
C. Let C, be a curve and o be a nontrivial automorphism on C,. We can define
first an action of Z on C by setting:

k % z=z+2rik
for k € Z and z € C. Then we can define an action of Z on C X C, by
k % (z, P) = (z + 2zik, c*(P))

for P € C,. These actions commute with the projection C X C, — C and moreover
the quotient C/2zxiZ is isomorphic to C* = C \ {0} via the exponential map.
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Then, if we consider the quotient (C X C,)/Z, it gives a family of curves over
C* in which every fibre is isomorphic to C,. But the family cannot be isomorphic
to C* X C, because, otherwise, the action of Z on C, would be trivial and we
would get a contradiction.

Remark 1.4. We would like to remark that the existence of automorphisms for
some objects of the category does not prevent, in general, the existence of a fine
solution of the moduli problem. In fact let us consider this particular case; let C
be the category of finite sets, and ~ the equivalence relation defined by:

A~ B < #(A)=#(B).

Let D the category of all sets. Then the set N of natural numbers is a fine
moduli space for this moduli problem. In fact the tautological family " — N
given by attaching the sets 0, 1, 2, ..., n—1 over the integers n € N, is the universal
family over N for the moduli problem. Surely, the objects of C, which are just
finite sets, do admit automorphisms.

1.4 Coarse moduli space

In the previous section, we defined the notion of fine moduli space; we observed
that in many cases fine moduli spaces do not exist, for instance when we want to
classify curves with nontrivial automorphisms. Hence, we need a weaker notion
for a scheme to “approximately represent” a moduli functor: this is what will
be called a coarse moduli space. Since the request of the representability is too
strong, we substitute the natural isomorphism of Definition with a natural
transformation.

Definition 1.5 (Coarse moduli space). Given a moduli functor F, we say that the
pair (M, ®) is a coarse moduli space for F, if M is a scheme, and ® is a natural
transformation of functors ® : F — AM such that:

1. (M, ®)is initial among all such pairs with the same property, more precisely,
for every scheme M’ and every natural transformation @ : F — hM',
there exists a unique natural transformation ¥ : AM — AM’ such that the
following diagram commutes:

F i y pM

N

hM'
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2. the map @ induces a bijection on C-points:
Dgpecc) F(Spec(C))i h™ (Spec(C)) =~ Hom(Spec(C), M) = M(C)

Remark 1.5. Obviously, by definition, every fine moduli space is also a coarse
moduli space.

Remark 1.6. Another immediate consequence of the definition is that, since the
couple (M, @) is initial among those couples, if a coarse moduli space exists,
then it is unique up to a unique isomorphism.

Remark 1.7. We already observed in Remark [[. 1| that the functor 4~ embeds the
category of schemes in the category of contravariant functors from schemes to sets.
In view of the definitions given, we can rephrase this by saying A~ embeds the
category of schemes into the category of moduli functors. Functors which belong
to the image of h~ are the representable functors and they have by definition a
fine moduli space.

However, there are bigger classes of moduli functors having only a coarse
moduli space or even just a pair (M, @) satisfying only part 1. of Definition
This is represented in the following picture Fig[I.2]

(M, @) initial among ®: h — hM

Fine moduli
spaces

Moduli functors

Coarse moduli spaces

Figure 1.2: The Yoneda embedding of the category of schemes to the category of
moduli functors

In the next chapter we will concentrate on the moduli spaces of curves and we
will see that they have a coarse moduli space but not a fine one. Before studying
them, we conclude this chapter with another example that illustrates how the
moduli space structure could define a scheme structure on a group and how the
presence of automorphisms obstructs the existence of fine moduli spaces.

11
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1.5 The Picard scheme

Let us consider now the space that classifies line bundles up to isomorphism, the
Picard group of a scheme:

Pic(Y) = {L | L is an invertible sheafon Y}/ ~ .

Invertible sheaves form a group under tensor product hence this set, which is a
quotient of a group, has naturally a group structure; what we want to see is that,
in many situations, it has also a scheme structure inherited from the fact it can be
seen as a fine moduli space.

We start by defining the moduli functor associated to it; in order to do this,
we have to define first what a family of line bundles on Y over the base X is. The
most natural way to this is by taking the product X X Y and looking at the data of
line bundles up to isomorphism on X X Y.

Definition 1.6 (Absolute Picard funtor). Let Y be a scheme, we define the absolute
Picard functor by setting:

Pic, : Sch® — Set
X +— Picy(X) = Pic(X XY)

. Uxidyy
(f: X,—>X) — PICY(X) _— PICY(X)

L = fC

This is the most natural choice for the moduli functor but, if Y is nonempty, it
is possible to prove that it is never representable.

Proposition 1.5.1. Let Y be a scheme, Y # @, then the functor Picy defined above
is not representable.

Proof. Let X be any scheme with a nontrivial line bundle M (e.g. X = P! with
M =0Opi(1)). Let 7y : X XY — X be the projection on the first factor, we can
define then:

My = 13 M € Pic(X X Y) = Picy(X).

We claim that this object is nontrivial, i.e. not isomorphic to Oy, In fact,
since Y is supposed to be nonempty it has a C-point, the projection r, has a
section; then the pullback of M, under this section is M, which is nontrivial.

Let us assume, by contradiction, that Pic, were representable by a scheme
P together with a universal object U° € Pic,(P). Then, there exists a unique
morphism g : X — P such that (g X id, )*U" = M ; and similarly, there is a
unique morphism p : Spec(C) = {pt} — P associated to the trivial line bundle
o ie. (pXidy)*U' =0

ptxY ptxY*
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Let now (U,),c; be an open covering of X that trivialize the line bundle M.
Then the pullbacks M, of My to U; X Y are trivial. In other words, they are
pullbacks of O, under the maps U; — {pt}. Hence the unique map U; — P

associated to the bundle M, must factor through the map p: {pt} — P. We
have then a diagram of maps as follows:

X —2 P

TN
I_lieI U, — {pt}

Since the restrictions of the map g: X — P to the open coverings U, all
factor through p, the map g itself must factor through this morphism, but this
would lead to a contradiction in fact it would imply:

My = (g xidy) U = (g' xidy)"(p X idy)'V" = (§' X idy)* Opy = Oy
and this contradicts the statement that My is nontrivial. ]

As remarked before, also for the Picard group, the presence of automor-
phisms prevents the existence of a moduli space. In particular, in the proof
of Proposition [I.5.1| we reached a contradiction by using the nontrivial family
My € Pic(X X Y) obtained by pulling back a line bundle M & Pic(X) form the
base.

In this case however, we can obtain a fine moduli space by modifying the
definition of moduli functor given before;

Definition 1.7 (Relative Picard functor). We define the relative Picard functor
Picy o : Sch” — Set of the scheme Y by setting:

Picy o @ Sch” —  Set
X + Picy,c(X) 1= Pic(X X Y)/n}Pic(X)

where 7y © X XY — X is the projection onto the first factor, and 3 Pic(X) C
Pic(X X Y) is the set of line bundles that are pullbacks from X. Given f : X' —
X, the corresponding morphism Picy ,(X) — Picy ,c(X’) is still given by the
pullback £ +— f*L of line bundles under f Xid, (and this respects the equivalence
relation we quotient by).

For the relative Picard functor we have the following result:

Theorem 1.5.2. If Y is an integral, projective variety over C, then the functor
Picy ;¢ is representable by a separated scheme, locally of finite type, denoted as
well as Picy ;c.

13
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Proof. For a proof see [KleO5, Theorem 4.8]. ]

The theorem states that for any integral, projective variety Y over C the relative
Picard functor has a fine moduli space Picy ,c while the absolute Picard functor
does not. Anyway, we can prove now the following result:

Proposition 1.5.3. For any scheme Y such that the relative Picard functor Picy ;¢
has a fine moduli space Picy ;c, the natural map

@ : Picy — Picy,c = hMve
makes (Picy ¢, @) into a coarse moduli space for Picy.

Proof. To show property 1. of Deﬁnition let @' : Pic, — hM' be a natural
transformation, we have to prove that, for a given X, the map

Picy(X) — Hom(X, M)

induced by @’ factors through Pic, (X)/ my Pic(X). To this end, let £, £, be line
bundles on X XY satisfying £, = L, ® 3 M, for an assigned line bundle M on
X. Let moreover g,,g, : X — M’ be the maps induced from L, £, via ®'. We
are done when we showed g, = g,.

If (U,),c; 1s an open covering of X that trivializes M, then the pullbacks of
L,,L,to U, XY coincide for all i. By the functoriality of ®’, we get that

81y, = 821u;-

But since morphisms are determined by their restriction to an open cover we
can also deduce g, = g,.
For the second part of the definition:

Pic, (Spec(C)) = Pic(Spec(C) X Y) =
= Pic(Spec(C) x Y')/Pic(Spec(C)) = Picy/C(Spec(C)) = Pic(O).

O

Remark 1.8. The representability of the relative Picard functor has many conse-
quences:

1. A line bundle £ on Picy ,c X Y representing the universal family of the
moduli space is called a Poincaré line bundle. Given a C-point [M] €
Picy ¢, the restriction of £ to [M] X Y C Picy ,c X Y is isomorphic to M.
The line bundle L is unique up to tensoring with line bundles pulled back
from Picy /.
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2. The set Pic(Y') of line bundles on Y has a natural structure of abelian group,
where the multiplication is given by the tensor product of line bundles.
From this, we can deduce, Picy ;¢ has the structure of an algebraic group,
i.e. the natural maps:

Picy c X Picy,c — Picy ¢ Picy ,c — Picyc
(L)L 15D = [£,® L] L~ L

are algebraic morphisms which together with the inclusion [Oy] € Picy ;¢
define multiplication, inverse and neutral element of a group structure on
Picy c.

3. We denote by Picg ¢ C Picy ¢ the connected component of Picy ,c con-
taining the trivial bundle [Oy]. It gives a subgroup of Picy ,c. ForY = Ca

smooth, projective, algebraic curve, the scheme Picg c= Jac(C) is called
the Jacobian of C.

Example 1.4. For a point Y = {pt} = Spec(C) we have that for any scheme S
we get:
Pic,,,c(S) = Pic(pt X S)/Pic(S) = {[Os]}.

Hence
Picy o = Spec(C).

Remark 1.9. For Y = A" the same is not true even though Pic(A") = {O,. }.

Example 1.5. For any n > 1 we have that

Picg.;c = | [{Op(m))

mezZ

is a countable union of isolated points.

Example 1.6. Given an elliptic curve (E, p,) we have:

. 0 _
PlcE/C_E

and for A C E X E the diagonal, the line bundle

L =0 p(A\ E X p,) € Pic(Pic E)

0
E/c X

is a Poincaré line bundle over Pic% /e

15






2 Moduli space of curves

In this chapter we will concentrate on the special case of curves, defining moduli
functors and moduli spaces for algebraic curves over the complex field C. The
assumption that the curves are complex is mostly for convenience; many result
can be extended to any algebraically closed field, sometimes assuming it has
characteristic 0.

The goal of the chapter is to give an idea how moduli theory applies to
the particular case of curves in order to be able to give the statement of the
Deligne-Mumford Theorem (Theorem [2.4.1] pag. [34) that proves that under
certain hypotheses, moduli spaces for curves exist. We will start by making precise
the terminology that will be used, and showing, in a particular example, which
obstructions to the existence of a moduli space can occur. Then, in Section [2.3|
we will introduce the notion of stable curves that is needed to compactify moduli
spaces of smooth curves, and finally, in the Section 2.4 we’ll give the precise
definitions of family of smooth and stable curves, of their respective moduli
functors, and the statement of the Theorem of Deligne-Mumford on the existence
of coarse moduli spaces of smooth and stable genus g curves, respectively M, ﬁg,

and of smooth and stable n-pointed genus g curves M g’n,ﬁgm. A final section
will be dedicated to present some concrete examples of moduli spaces in low
genus (Section [2.5)); for this purpose we will introduce the notion of stable graph
and of dual graph of a stable curve, and we will see how we can use graphs to
describe, with combinatorial techniques the structure of low genus moduli spaces

My,

This chapter is intended to be an explanatory overview of the topic. For this
reason, many of the results stated are presented without proof.

17
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2.1 Terminology and notation

In this first section, we introduce the terminology and the notation that will be
used in the thesis.

Definition 2.1 (Variety). A variety is a reduced, separated scheme of finite type
over the base field (in our case C).

Definition 2.2 (Curve). A (complex) curve is a one-dimensional variety C —
Spec(C) : in particular it is a scheme of finite type over C such that all irreducible
components have dimension 1.

Definition 2.3 (Genus). Let C be a projective curve, we define:
1. the geometric genus p,(C) as:
p(C) := h"(C) = dim H(C,Q})

if C is smooth, where QIC is the cotangent line bundle of C; if C is singular,
we define its geometric genus as the genus of its normalization;

2. the arithmetic genus as:
p,(C) :=1—= y(C,0.) =1—dim H(C,0,) +dim H'(C, O,).
Proposition 2.1.1. If C is a smooth, irreducible, projective curve we have p,(C) =

Proof. Since C is irreducible and projective, we have that it is connected, hence
HY(C, O.); by Serre duality, moreover, H'(C,O.) = H°(C,Q.)". Then:

P,(C) = 1—dim H(C,0.)+dim H'(C,O.) = 1 - 1+dim H(C, Q)" = p,(C).
O

Remark 2.1. The smoothness condition is necessary. In fact, let us consider the
nodal cubic curve C C P? defined by

C={[X:Y:Z]1eP?| ZY*+ X’ - ZX?*=0};

in this case the geometric and the arithmetic genus are different.
Using the formulas for plane curves, we get:

_(d-1)(d-2) _@d-Dd-2) rr—1)
PO="—"—— nO="—— ;y
singularity

of order r
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hence 51 51
O==—"=1 C)=1-=—==0.
P.(C) 5 p(C) >

In conclusion, for C a nodal cubic we have p,(C) < p,(0).

Remark 2.2. We recall there is a fundamental relation between algebraic curves
and Riemann surfaces. Indeed, let us consider a smooth, irreducible, projective
curve C, and let S = C(C) be the set of its complex points endowed with the
complex topology. Then S is a compact, connected, complex manifold of com-
plex dimension 1; hence, viewed as a real manifold, it is a compact, connected,
orientable real surface without boundary.

e S is compact since the curve C is projective;

e the curve C is 1-dimensional over C, hence S is a 2-dimensional real
manifold:

e S is a smooth manifold since C is smooth as an algebraic variety;

e S is orientable since it is a complex manifold.

There is a complete classification of compact, connected, oriented real surfaces
without boundary, and this classification is provided by the topological genus,
in fact every Riemann surface is of the form of “a doughnut with g holes” (see
Figure for examples of low genus surfaces). For .§ = C(C) it turns out that
the topological genus of .S is equal to the geometric (or arithmetic) genus of the
algebraic curve C.

Another notion we need to recall is the notion of nodal curve:
Definition 2.4 (Nodal curve). Let C be a complex curve.

1. A closed point g € C is said to be a node if it satisfies one of the following
equivalent conditions:

e there exists a neighbourhood of g € C(C) which is analytically isomor-
phic a neighbourhood of the origin in the locus: {(x,y) € C* | x-y =
0} c C%

e the completion @c, , of the local ring of C at the point g is isomorphic
to Cllx, yll/(xy).

2. The curve C is said to be nodal if every closed point g € C is either a
smooth point or a node.

Example 2.1. The nodal cubic of Remark[2.1]is a nodal curve.
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(a) Surface of genus 0 (b) Surface of genus 1

6\6

(c) Surface of genus 2 (d) Surface of genus 3

Figure 2.1: Riemann surfaces of genus g

20
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0
Figure 2.2: The Riemann Sphere

For future reference, we introduce next a couple of basic examples of algebraic
curves: the projective line and plane curves, in particular plane cubics.

Example 2.2 (The projective line). The first example of algebraic curve we can
think of is the projective line P'. It is covered by the two open affine subsets:

Uy=P'\{[0: 1]} A" and U, =P"\{[l1:0]}xA',

overlapping in Uy n U, = A\ {0}. The complex points of the projective line are
the points of the 2-sphere S* by identifying the points of the form [1 : z] with
the points of the affine plane, under the inverse of the stereographic projection,
and the point [0 : 1] with the point at infinity, as shown in Figure 2.2} this is a
Riemann surface of genus 0.

Example 2.3 (Plane curves). A second source of examples are curves which are
subvarieties of the projective plane P? defined by a homogeneous equation of
degree d.

d =1 The varieties defined by degree 1 equations are lines, and they are all
isomorphic to P'.

d = 2 The varieties defined by degree 2 equations are conics and, if they are
irreducible, they are isomorphic to P'.

d =3 Plane cubics.

Let us consider the family of cubic curves (E,),.c C P? defined by

21



2. MODULI SPACE OF CURVES

22

E={X:Y:Z1eP| Y Z+X(X-Z)X -1Z)=0}, teC. (2.1)

Fort # 0,1 these curves are smooth and projective, and they are all homeo-
morphic to a torus T = S! X S!, a surface of topological genus 1 (Fig. .

2.2 The classification of curves

After these preliminary definitions and examples, we can go back to the main
problem we want to discuss in this chapter: the existence of moduli spaces for
genus g smooth curves. The idea behind the study of these spaces is that this should
allow to classify algebraic curves up to isomorphism, describing the structure of

the set:
_ C smooth, irreducible,

N { complex projective curve } /[~

Remark 2.3. e The requirement that the curves are smooth is just for simplic-
ity, since singularities can add complications to our classification. Anyway,
we will relax this condition later admitting the curves to have nodal singu-
larities.

e Once we assume the curve C is smooth, irreducibility is equivalent to
connectedness hence, since a disconnected curve is the disjoint union of
connected ones, the problem of classification reduces to the classification
of connected curves.

e The assumption that the curve is projective does not affect the generality
of the classification, in fact, given any curve C’ there exists an embedding
C’ & C into a smooth, irreducible and projective curve C (see [Vakl17,
Theorem 17.4.2]). By dimension reasons, the complement C \ C’ is a finite
union of points and it will be easier to simply classify the data of C together
with these points from which we can reconstruct the original curve C’.
These will be curves with some marked points.

As remarked in the previous examples[2.2]and[2.3] the genus plays an important
role in the problem of classification. Two curves of different genera cannot be
isomorphic hence there is a well defined map:

G M - N
[C] — &(C]D = p,O)

where p,(C) is the arithmetic genus of C. The existence of this map suggests to
reduce the study of M to the study of the spaces:

M, =G"(g)
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defined as the preimage of g under the map G.

In other words, the initial problem can then be solved by studying the structure
of sets M, of isomorphism classes of genus g curves up to isomorphism for
each g € N; we would like to discuss if these spaces Mg are, or not, fine or
coarse moduli spaces for the corresponding moduli problem, i.e. if the functor
that assigns to any scheme X the families of genus g curves parametrized by X
admits a moduli space. For g = 0 the solution is trivial.

The space M,

Example 2.4. Since every smooth, irreducible complex projective curve C of
genus 0 is isomorphic to P!, (see [Vakl7, Section 19.3]) the set M, consists of
the unique element [P'], hence:

My = {[P']}

The classification is then completed in genus 0.

The space M,

The case of genus 1 curves is less trivial than the previous one. The family defined
in (2.1) at page [22] provides an example of curves of genus 1. We have moreover
the following fact:

Proposition 2.2.1. Every smooth, irreducible, complex, projective curve C of
genus 1 is isomorphic to one of the curves E, defined in (2.1) for some t €
C\{0,1} :=U. Moreover, fort,,t, € U we have E, = E, if and only if

1 1 -1 1
e t,— 1-1, , , . 2.2

Proof. For a proof see, for example, [Har9'/, Section IV, 4] or [Vak17, Section
19.8]. O

Remark 2.4. While the topological spaces of the C-points E,(C) are all homeo-
morphic to a torus for ¢ # 0, 1, it turns out that the algebraic curves E, are not all
isomorphic. More precisely, it follows from the previous proposition that there
are uncountably infinitely many isomorphism classes of curves in M.

The family (E,),., provides a good parameter space of curves, in fact the
equations defining E, depend continuously on the parameter ¢, every genus 1
curve appears as a member of this family, and finally, given two such elements,
we have a criterion to detect if they are isomorphic.
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We can get rid of this redundancy by considering the quotient of U by the
action of a suitable group; we define the action of the symmetric group Sym, on
U in the following way:

(12)-::% (23)-t=1—1

since (12) and (23) generate Sym, the action on the other elements is then:

(H-t=t
-1

(132)-t=(23)-(12)-t=(23)-%: ;

(123)-t=(12)-(23)-t=(12).(1_t)=%

LS
1—t t-1

Hence, the orbit of 1, € U under Sym; is precisely the set in (2.2) and we
have a natural identification:

(13) -t =(23)-(123) - t = (23) -

Ml = U/Sym3

where U /Sym, is the set of orbits in U under the Sym;-action.

The space of parameters U has naturally a scheme structure because U =
C \ {0,1} whose points are the complex points of the scheme A! \ {0, 1}.
Moreover, the action of Symj; is algebraic, hence it turns out that the quotient
(A1\ {0, 1})/Sym, also inherits a scheme structure.

This quotient scheme is given by the affine line together with the morphism:

jr A\ {0,1} - A!
2gﬂ—t+lf

t
2 —1)>2

that is known as the j-invariant. This is an algebraic morphism and the fibres of
closed points are exactly the orbits of the action of Sym; on U.

Resuming the facts collected until here, we found a precise description of
the space M, : the scheme A! together with the j-invariant morphism and the
family (E,), provides a solution for the problem of classifying genus 1 curves up
to isomorphism; in particular, we have the following statements for g = 1.

e There exists a variety U, = U and family C, of genus g curves parametrized
by ¢ € U, such that every smooth, irreducible, projective genus g curve is
isomorphic to a fibre C,.
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e U, is a smooth and connected variety, in particular two genus g curves can
be deformed one into the other by using this family.

e There exists a variety M, and a surjective morphism U, — M, which
identifies two closed points ¢, 7, if, and only if, C,1 ~ C,z; in particular the
closed points of M, are in bijection with the smooth, irreducible, projective
genus g curves up to isomorphism.

The space M, appearing in the previous statements seems to be a reasonable
answer to the problem of classification, and all these three statements are still true
for g > 1. However, the presence of nontrivial automorphisms of curves obstruct
the existence of a moduli space:

e for g > 2 the variety M, is not smooth; for g > 4 its singular locus
corresponds to the isomorphism classes of curves having a nontrivial auto-
morphism;

e for g > 1, the family (C,),EUg above does not descend to a family over M.
Hence there does not exist a family of curves parametrized by M|, such that
the member of the family associated to the element [C] € M, is isomorphic
to C. However, there does exist such a family over the complement of the
locus of curves having nontrivial automorphism.

From this observation we conclude the space M, described above is not a
moduli space for smooth genus 1 curves; the main result that we will present
in this chapter is intended to explain under which conditions a moduli space for
genus g curves does exist.

Before going on, we would like to make another observation: even in the case
g = 1, the set of C-points of M, being identified with A, is not compact, and this
is true also for genera g > 1. Without the compactness, their cohomology groups
lack some properties such as the Poincaré duality. In the example presented, the
space M, can be identified with A! which is contractible and has the cohomology
of a point. Hence, we look for a compactification of such spaces; given M,

defined as before, we look for a space ﬂg containing M, as a dense open subset
that should be itself a moduli space of geometric objects generalizing the smooth
genus g curves which M, classifies.

Going back to the family E, presented above, we can understand by this
particular example how to admit in our classification also some non-smooth
curves in order to make M, into a compact space. In fact, let us recall the curves
E, are parametrized by C \ {0, 1}. We excluded ¢t = 0, 1 because the defining
equations would give in these cases a singular curve in P2,
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For t = 0, we would get:
E,={[X:Y:Z]eP|Y’Z+ XX -2)=0}.

The point P = [0 : O : 1]is asingular point, hence the curve E|, is not smooth;
restricting to the affine chart of P? defined by { Z # 0}, and dehomogeneiting
with respect to the variable Z, the equation becomes:

V+xi(x—-1)=0

In a small neighbourhood of the origin (0, 0), x — 1 & —1, hence the equation
around the origin can be approximated by:

yz—xZ:O = (y—-x)y+x)=0,

that are just two lines meeting transversally in the origin.
This singularity is a node. The Figure 2.3a|represents this nodal cubic, and in
the Figure we can see how the torus E,(C) degenerates when ¢ tends to 0.
Analogously for r = 1, we have:

E1={[XZYIZ]E[FD2|Y2+X(X_Z)2:0};

the only singular pointis Q = [1 : 0 : 1]; if we restrict again to the affine chart
defined by { Z # 0} dehomogeneiting with respect to Z, we obtain the equation:

v +x(x—1)72=0.
After the change of variable

x = t+1
y B v

which moves the singular point to the origin of the plane (¢, v), the equation
becomes:

v+t -1)=0

which is again the equation of a nodal cubic. In this example smooth curves E,
degenerate to nodal curves when ¢ tends to O or 1.

Hence, by these observations, the natural way to try to compactify the spaces
M, of smooth curves C is by admitting curves have nodal singularities.

Then our new goal is studying the moduli functor of nodal curves up to
isomorphism and the existence of its moduli space.
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(a) The real part of nodal cubic in the affine plane

&

l

&
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(b) The degeneration of the family E, fort — 0

Figure 2.3
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Remark 2.5. We remark that this idea is consistent with the classification by the
arithmetic genus, in fact, in a family of nodal curves the arithmetic genus stays
constant, while the geometric genus can change. For example, in the family of
curves E, of smooth plane cubics, the general curve E, is smooth and for z # 0, 1:

P(C) =p,(C) = 1;

the nodal cubic E, still has arithmetic genus 1, even if the geometric genus is 0.

This remark can be generalized by saying that smooth curves of genus g
degenerate to nodal curves of arithmetic genus g; hence, the classification by the
arithmetic genus is well-posed.

2.3 Stable curves

The idea of studying moduli functors of nodal curves instead of smooth curves is
motivated by the fact that we would like to obtain compact spaces, as described
in the previous section. But let us consider the following sequence of curves:
let C,, be a smooth curve of genus 2, and let C, be the curve given by C, with n
spheres attached (as represented in Figure forn=0,1,2,3,4). The sequence
(C,),en 18 @ sequence of nodal curves of genus 2 corresponding to a sequence of
closed points in the relative moduli space. If we had a compact moduli space,
this sequence should have a convergent subsequence in the complex topology but
intuitively this sequence of curves cannot converge to a curve of finite type.

Hence, this example suggests that taking all nodal curves seems to be “too
much” in order to obtain a compact moduli space, and that restricting instead to
stable curves should better work. Let us first recall the properties of normalization
and then the definition of stable curve.

Let C be a complex, projective and nodal curve. Its normalization is then a
complex, projective, smooth curve C, together with a morphism v: C — C which
is an isomorphism over the smooth locus of C and such that every node g € C
has exactly two preimages ¢’, ¢” € C. Moreover, we have the normalization exact
sequence:

0— 0 —v,0;— P c,—0 (2.3)

g node
of C
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Figure 2.5: Example of curve with p,(C) =4 and p,(C) = 8

where the first map sends a (local) function f on C to fov on C and the second
map sends a (local) function g on C to (g(q") — g(¢"")), where g runs through the
nodes of C, ¢’, ¢" are the preimages of ¢ under v and where we choose an order
on the preimages.

Remark 2.6. Using the exact sequence in (2.3), we have:
p,(C) = pa(CN) + #{nodes of C}

p,(C) = pg(CN) + 1 — #{components of E} + #{nodes of C}.

Example 2.5. For example, if we consider the curve represented in Figure
we have:

p(C) = p (O)=4

p,(C) = pg(CN) + 1 — #{components ofCN} + #{nodes of C} =
=4+1-34+6=
=8

Remark 2.77. We observe that the data of a nodal curve C together with the set
of nodes {q,,¢q,, ..., qy} is equivalent to the data of its normalization C together
with the set of preimages: {~{ q;-q7}s - {dy-an }} because there is a unique way
to glue the components of C by identifying the points in the pairs {q/, g'} to form
nodes:

normalization

~ N
C, {qi}i]il <l— c, {{q;’q;l}}iﬂ
glueing

Hence, the data of a morphism ¢ : C — X is equivalent to the data of a
morphism @ : C — X such that ¢(q)) = @(q/") for all i.
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normalization _
@:C—>X————=¢: C— Xsuchthat 9(q) = @(q") (2.4)
glueing

We showed how the presence of automorphism can be a source of trouble.
For this reason we restrict to curves with a finite group of automorphism; we
introduce then the notion of stable curves.

Definition 2.5. A connected nodal, complex, projective curve C is called stable
if the group of automorphism

Aut(C) ={@: C - C| @ is isomorphism}
is finite.

Definition 2.6. Given p,, p,, ..., p, € C distinct points, we say that (C, p;, ..., p,)
1s an n-pointed curve; the points p,, ... p, are called the marked points.

A connected, nodal and projective n-pointed curve (C, p,, ..., p,) is called
stable if the group of automorphism of C fixing all p,

Aut(C,py,...,p,) ={@: C = C| ¢ isanisomorphism and ¢(p,) = p,Vi =1, ... n}

is finite.

We recall now some basic facts about automorphisms of curves. The reference
for these statements is [[Vak17]].

Basic facts 2.3.1. Let C be a smooth, irreducible, complex, projective curve of
genus g.

e For g = 0we have C = P! and Aut(P') = PGL,(C), where

PGL,(C) = { tf Z

€ P(Mat,,,(C)) = P* | ad — bc # 0} = GL,(C)/C*

is the projective linear group and the action of an element of PGL,(C) on
the elements of P! is defined by

lg’ 2].[}( Y] :=[aX +bY : cX +dY]

This action is transitive: for every p,, p,, p; € P! pairwise distinct closed
points, there exists a unique element of the projective linear group sending

30
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them respectively to 0,1, co € P!. Equivalently, we can say the following
morphism:

PGL,(C) — (PH)*\A
A ~ [AJO: 1], Al : 1],A[1 : O]],

where A C P is the diagonal, is an isomorphism.

o Forg = 1the curve C = E has a group of automorphisms that is isomorphic
to the semidirect product of the form Aut(E) = E(C) X G, for G one of
the finite groups Z [27,7]4Z,7 /6Z. The normal subgroup E(C) acts
transitively, hence for every p,p’ € E(C) there exists a unique element of
E(C) sending p to p'.

e For g > 2 the automorphism group Aut(C) is finite, of order at most 84(g —
1).

Every nontrivial automorphism of a curve C of genus g fixes at most 2g + 2
points. A consequence of this fact is the following:

Proposition 2.3.2. If (C,p,,...,p,) is a smooth curve and n > 2g + 3, then
Aut(C,py, ..., p,) = {id.}.

As a consequence of the basic facts recalled in[2.3.1] we have the following:

Proposition 2.3.3. Let C be a smooth, complex, irreducible, projective curve of
genus g; let p,, p,,...p, € C be fixed distinct points. Then Aut(C,p,, ...,p,) is
finite if and only if 2g — 2+ n > 0.

Proof. f2g—-24+n<0=>2g+n<2=ge€{0,1}andn <2 —2g. Then the
claim follows immediately from [2.3.1] O

From this proposition we can deduce the analogous for nodal n-pointed curves.
For simplicity we will call special points the preimages in C of the nodes and the
preimages of marked points.

Proposition 2.3.4. Let C be a connected, nodal, complex projective curve, and
P15 Pas ---» P, € C be pairwise distinct smooth points. Then (C, p,, ..., p,) is stable
if, and only if, every irreducible component C~U cC of the normalization satisfies
one of the following properties:

~

e C, has genus 0 and contains at least three special points, or

o C, has genus 1 and contains at least 1 special point, or

31



2. MODULI SPACE OF CURVES

. CNU has genus at least 2.

Proof. Combining the correspondence (2.4) of Remark [2.7) with the universal
property of normalization, we obtaLn that any automorphism ¢ : C — C cor-
responds to an automorphism @ : C — C mapping each pair (q/,q)") € C of
preimages of nodes to some other such pair. In particular, we get the following

group homomorphism:

Aut(C,p,,...,p,) — Sym({components ED ofg}) X Sym({{q},q;’} lj=1,... l})

sending an automorphism to the permutation on the set of components of the
normalization C and the set of preimages of nodes. Since the permutation groups
are finite, we can conclude Aut(C, p, ..., p,) is finite if and only if the kernel K
of the morphism described above is finite.

An element of the kernel consists in a collection of automorphisms ¢, : C~U -
CNU of the components of C which fix all marked points p; and fix or permute the
points ¢/, g (in the case they both belong to the same component CNU). In both
cases if we set m the number of points qi’ , ql.’ " and p,, we have the automorphisms
of the kernel are those fixing m points.

By Proposition |2.3.3| we have that the group of automorphlsms of C fixing
a number m of dlstmct points of C is finite if and only if C 1s of genus 0 with
m > 3, of genus 1 with m > 1 or of genus at least 2. This proves the claim. [

2.4 Moduli spaces of smooth and stable curves

In this section we will finally state the main result on the existence of moduli
spaces of curves, the Deligne-Mumford theorem. Before stating the theorem we
introduce the notions of family of smooth and of stable curves; this will allow
us to define precisely the moduli functor both for n-pointed genus g smooth and
stable curves and to present the statement of the theorem.

Definition 2.7. Let g, n € N, natural numbers; we define an n-pointed family of
smooth genus g curves over a scheme S to be the data of

(m:C—-> S;p,py--sp, s S—=0)
where:

e 1 is a smooth, proper, surjective, finitely presented morphism of schemes
such that the fibre C, over any closed point x € S is a smooth, projective
connected curve of arithmetic genus g;
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e the morphisms p,, p,, ..., p, are pairwise disjoint sections of .

Definition 2.8. Let g, n € N, natural numbers; we define an n-pointed family of
stable genus g curves over a scheme .S the data of

(w:C—-> S;p,pys--osp, s X =0)
where:

e 1 is a flat, proper, surjective, finitely presented morphism of schemes such
that the fibre C, over any closed point x € .S is a stable, projective connected
curve of arithmetic genus g;

e the morphisms p,, p,, ..., p, are pairwise disjoint sections of = with image
in the smooth locus of 7.

Definition 2.9. Given (C/S, p,,p,,...,p,),(C'/S, p’l,p’z, ,p;) two families of

smooth/stable curves, they are said to be isomorphic if there exists an isomorphism
@ : C — C' over S such that the following diagram commutes:

C ¢ el

ie. if gop, = plforalli=1,...,n.

Definition 2.10 (Pullback). Given (C/S, p,,p,, ..., p,) a family of curves over
S, and given f: T — S a morphism of schemes, we define the pullback of
(C/S,py,pss ..., p,) under f to be the family (C;/T,p, 7. Py 7> ---» P, ) Where
Cr is the fibered product: C; = C X¢ T, and the sections p,  are the induced
sections p; r = (p;of) Xid;.

A,

T —— S

We can now give the precise definition of the moduli functors:
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Definition 2.11. Given g, n € N natural numbers, we define the moduli functor
M, , and M, , as follows: for every scheme S € Ob(Schc), they associate with

it the sets:
_J & C—> S;p,py..spy S = 0)
MealS) = { family of smooth curves over .S /
— _ (w: C—-> S;p,pys--osp, s X =0)
Ma(S) = { family of stable curves over .S /

Given a morphism f : T — S, the maps
Mg, () M(S) — M(T)
M, (f): M(S) = M(T)
are defined by the pullback of the families of curves over .S to T'.
We can finally state the main theorem on moduli space of curves,

Theorem 2.4.1 (Deligne-Mumford). Let g,n € N natural numbers satisfying
2g —2+4+n>0. Then:

1. there exist coarse moduli spaces M, , and Hg,n respectively of M, , and

&.n’

2. they are normal algebraic varieties of dimension 3g — 3 + n and there is a
natural inclusion M, , € M, , as a nonempty, open and dense subvariety;

3. the variety M , , is irreducible and projective;

4. the boundary (3Hg,n = Hg,n \ M, ,, that is the complement of the locus of

smooth curves, is a Weil divisor;

7n’

—0 N
5. t.he locus M on E Mg, of n—pOl‘nted curves with trwla{ automorphism group
is an open and smooth subvariety. It is a fine moduli space for the moduli

—0
unctor M of stable curves with trivial automorphism group and thus
an P group
has a universal family

ra

—0 —0
cC —> M .
&N g.n

Remark 2.8. The hypothesis 2g — 2 + n > 0 in the statement of the theorem
ensures, by Proposition [2.3.3] that any smooth curve is stable. More precisely,
with this condition we are excluding the following cases:

(8:N) =(0,0),(0,1),(0,2),(1,0).

34



2.5. Examples of moduli spaces of curves

Under this assumption, the set M , of curves with trivial automorphism group
introduced in the Theorem @cond 5] is nonempty, if, and only if,

(g:m) #(1,1),(2,0).

2.5 Examples of moduli spaces of curves

We would like to conclude this chapter with some examples describing in some
details moduli spaces of curves of low genus.

Smooth curves of genus 0: M,

Let us start by discussing moduli spaces of smooth curve M, for given n € N
whose existence is guaranteed by Deligne-Mumford Theorem. The hypotheses of
the theorem are satisfied if:

26-24+n=-24+n>0 &< n>3

so let us start from the case n = 3. Since every smooth genus O curves C is
isomorphic to P!, then every curve with three marked points (C, p;, p,, p3) €
M 5(Spec(C)) is isomorphic to (P, p, py, p;). Moreover, since there exists
an automorphism of the projective line sending any triple of points p;, p,, p;
respectively to 0, 1, oo, we have:

(C9p19p2’p3) = (Pl,Pl’pz,p3) = (P1707 19 00)

Thus, up to isomorphism, there exists a unique smooth curve of genus 0 with
three distinct marked points. Therefore, the moduli space M|, ; should be given
by just a point. We have in fact the following:

Proposition 2.5.1. The variety M, ; = {point} = Spec(C) is a fine moduli space
Jor the functor M, ; and the universal family is given by

7. P! = Spec(C)
p;=0,p,=1,p3 =00 Spec(C) = P!

The general case for n > 4 is not more difficult than this one. Indeed, given
any curve (C, py, p, ..., p,) € My, we still have that C = P! since C has genus
0. Moreover, there exists a unique element B € PGL,(C) of the automorphisms
group of P! sending D1, D, D5 Tespectively to 0, 1, co. Hence, for p;. = Bpj, we
have:

(C.py,Pysoeesp) = (P10, 1,00, P, ..., p0).
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The elements p:‘, e, p; € P! are pairwise distinct and also distinct from 0, 1, co
and they uniquely determine the isomorphism class of (C, p,, ..., p,).
We have than the following:

Proposition 2.5.2. For n > 3 the moduli functor M, is representable by the
variety
My, =(P'\{0,1,00})"\ A,

where A = {(q,); | 3 i # j with q; = q;} is the diagonal.
The universal family of M, is given by
m:P'x (P'\{0,1,00})" 7\ A)

py=0,p,=1,py =00 Spec(C) - P'
(p4, pn) . SpCC(C)n_3 - ((Pl \ {0’ 1, oo})n—3 \ A)

Remark 2.9. We observe that in this case we have the following facts:
1. the space M, exists as a fine moduli space;
2. M, is a smooth and irreducible variety of dimension 3g —3 +n=n— 3;

3. every smooth genus O curve (C, py, ..., p,) has trivial automorphism group,

—0
hence M, C M . This also explain why in this case the moduli space is
a fine space and not just a coarse one, and why M, , is also smooth instead
of normal.

In order to study moduli spaces of stable curves we need to introduce the
notion of dual graph of a curve.

Stable graphs associated to nodal curves

A very useful tool for looking at moduli spaces of stable curves of genus g is the
dual graph of a stable curve. Given a stable curve (C, p,, ..., p,), the dual graph
is a combinatorial object I that allows us to describe the topological type of the
stable curve: how many components it has and of which genus, and how they
intersect among themselves.

The dual graph associated to a stable curve (C, py, ..., p,) is a graph with some
decorations; we start by giving an informal idea, the precise definition of dual
graph will be given in[2.14] In the graph associated to C we would like to have
the following correspondences:

o the vertices v correspond to irreducible components C, of C and are labelled
with the geometric genus of the component;
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e the edges correspond to the nodes of the curve, where a node connecting
two components C,, C,, gives an edge between v and w;

v w

e the legs, labelled from 1 to n, attached to the vertices correspond to the
marked points p,, ..., p,; they are attached to the vertex v if the respective
marked point belongs to the component C,,.

The rigorous definition of stable graph is the following:

Definition 2.12 (Stable graph). A stable graph " is given by the following data:

I'= (V,H,L,g: Vo”Zyy,v:H->V,i.: H->H,:L- {1,...,n})
where

1. V = V(I') is a finite set, the set of vertices, and g: V — Z, is a map
associating a genus to each vertex v.

\S]

. H = H() is a finite set, the set of half-edges. The mapv: H — V
associates to each half-edge & a vertex v(h), the vertex incident to h. We
denote by

H(v)={h € H | v(h) = v}
the half-edges incident at v and by n(v) = #H (v) the number of these
half-edges. The map:: H — H is an involution, thus it decomposes H
into pairs of half-edges switched by 1 and fixed points of 1.

3. The pairs e = {h, 1’} of distinct half-edges exchanged by 1 are called the
edges E = E(I') of T'.

4. The set L = L(I') C H is the set of half-edges fixed by 1, called the legs of
I"Themap!/: L —» {1,...,n} is a bijection.

5. The graph is connected.

6. The graph satisfies the following stability condition: for each vertex v € V'
we have:
2g(v) =2+ n(v) > 0.

Definition 2.13. An isomorphism of stable graphs ¢ : I' - I" is a collection of
bijective maps
oy V->V,py: H->H'

of their sets of vertices and half-edges which are compatible with the functions
g,u,1,1e.

&' (@) = g(v), V(@ (M) = @y (L(), (@ (h) = (M), I'(9(h)) = I(h).
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We denote by Aut(I') the set of automorphisms of a graph, that is a group with
the respect to the composition. We finally define the genus of a stable graph as:

g(D) = ( Z g(v)) + 1 +#E®T) — #V (D). (2.5)

veV ()
We can now define rigorously the dual graph of a stable curve.

Definition 2.14 (Dual graph). Given a stable curve (C, p,, ..., p,) the dual graph
associated to it is the stable graph I'. defined as follows.

e The vertices v € V of I are in one-to-one correspondence with the irre-
ducible components C, of C (which canonically correspond to the compo-
nents C, of the normalization C).

| = {CU | component of C } = {EU | component of C }

The map g: V — Z, sends a vertex v to the genus g <5U) of the compo-

nent in the normalization.

e The half-edges h € H of I' are in one-to-one correspondence with the
union of the preimages ¢’, ¢" € C of nodes g € C under the normalization
map v : C — C and the marked points p,, ..., p, € C.

HE H {ql’q”} U{pl""’pn}

gnode in C
vilig=(d 4"}

The map v: H — V sends half-edges of the form ¢’, ¢" to the vertex v for
the component C of the normalization containing them, and the half-edges
of the form p; to the vertex v for the component C, of C containing them.
The involution 1 exchanges the preimages of nodes (1((¢") = q¢”,1(q") = q’)
and fixes the marked points (i(p;) = p,).

e The legs L C H are precisely the marked points
L = {pla ,pn}
andthemap/: L — {1,...,n} sends each p, to i.

Remark 2.10. By definition the genus g(I",-) of the dual graph of a curve (C, p,, ..., p,)
equals the arithmetic genus of C.
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Example 2.6. Let consider the curve C of the Example with three marked
points:

it is a stable curve and the stable graph associated to C is given by:

D

P>

P3

We can compute, the genus of the curve using the dual graph and the formula

2.5} we have:

gD)= ) g)+ 1 —#ET) - #V (D)
veV (@)
=0+1+3)+1+6-3=
=38

which coincide with the genus computed in the Example [2.5)

Remark 2.11. As remarked at the beginning of the section, stable graphs are very
useful to study moduli spaces of curves with a combinatorial approach, as the
following theorem and examples illustrate. They can in fact describe important
information about the curves in a purely combinatorial way.

However, as it usually happens dealing with combinatorial techniques, the
number of isomorphism classes of stable graphs grows drastically with g and n.
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For instance, for g = 1, n = 5, the number of isomorphism classes that we have
is 1576. [Sch20] Anyway, for low g and n everything is treatable.

Theorem 2.5.3. Let g,n > 0 with2g — 2 + n > 0, then for any stable graph I" of
genus g with n legs, the set

M"={(C.py,....p) |ITc 2T} C M,

of curves with stable graph isomorphic to I" is a nonempty, irreducible, locally
closed subset of M , .. In particular, the space M ., is the disjoint union

M,, = ]F[ M",

where I runs through isomorphism classes of stable graphs. We have

dimM" = )’ [3g(v) -3+ n()] =dim M, — #E(T")

vev ()
The proof of the theorem is based on the existence of this glueing morphism:

Lemma 2.5.4. Let I" be a stable graph of genus g with n legs, then there exists a
morphism

ér: My = H M gy = Mg,
veV ()
which send an element (CU, (qh)heH(U)) to the curve (C, p,, ..., p,) obtained
vev () n
by glueing all pairs q,, q,, of points corresponding to pairs { h, h'} forming edges
of I, and setting p; € C to be the image of the marked point g, belonging to
the half-edge I='(i) € H(I). .
The morphism is finite and its image is the closure MT of M".

The following is just an idea of the proof:

Proof. It is possible to check the domain MF of the map & is a coarse moduli
space for the moduli functor

M : Sch” - Sets
S = Mp(S) = HUGV(F) M) (S)-
Then, we could obtain the map & defined above by constructing a natural trans-
formation L L
$r: Mp > M,

between moduli functors and using the properties of coarse moduli space.
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Let S be a scheme, the natural transformation é} takes an element of ﬂF(S),
that consist of a collection of stable curves over .S
<7[U . CU i S, (qh S - CU)hEH(F))UEV(F) )
and glues the curves of this element to a stable curve in ﬂg’n(S) by identifying
the sections g, g,, corresponding to pairs {h, i’} forming edges of I'.
For instance, in the case of two curves , : C; = S, 7, : C, = § glued along

sections ¢, : S = C;,q,: S — C,, the glued family can be obtained as the union
of the images of C, and C, inside the fiber product C; X¢ C,, under the maps:

o C,
ide, x(qm ‘/]onz)xidcz :

C, X5 G,

Once constructed the natural transformation .;?F, the map of coarse moduli
spaces can be obtained by considering the following diagram:

M, ——> hMr

I
L

Mg,n H hﬁg’"

The horizontal arrows come from the fact that ﬁr and ﬁg,n are coarse moduli
spaces of the functors on the right of the diagram; moreover, by definition of
coarse moduli space, the map MF — hMen (given by the composition of the
bottom row arrow with the map 5/;), factors through AMr, giving the desired
dashed arrow that makes commute the diagram.

From the definition of SAF we have that & acts on the C-points of HF as in
the statement of the Lemma [2.5.4]and it is possible to prove that it is finite.

It remains to check its image is the closure MT of MT; let M r= HUGV(F) M,y €

M ., then we have:
E(Mp)=M".

Indeed, given a curve in M we can certainly obtain it by glueing a collection of
smooth curves C, under the map & (for instance if C, are the components of the
normalization of C). Conversely, any curve obtained by glueing of smooth curves
in M has stable graph I'.
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In conclusion, since & is proper, its image is closed, hence
M" C & (Mp) = MT C &(Mp);

on the other hand, since the moduli spaces of curves are irreducible, so is the
product M- and thus the nonempty open subset M. is dense in M .. This allow
us to deduce the converse inclusion:

E(My) C E(Mp) = MT

and this proves the lemma. ]
We can now go back to the proof of Theorem [2.5.3]

Proof. We saw in the proof of Lemma that M" = &.(My) is the image
under & of My =[],y M.

g(v),n(v)*
We first observe that, since M- is nonempty and irreducible, so M is nonempty

and irreducible; moreover, also the closure M is the image of ﬁr. Repeating,
with some adaptation the previous argument we have:

E(Mp\ Mp)=MT\ M".

Since Hr \ M. is closed and & is a proper map, then MT \ M" is closed
in MT and thus M" is locally closed inside M ¢ SINCE it is open in the closed

subset M.
To conclude the proof it remains to check thef formula for the dimension but
one can see the formula hold for M- and since & is finite then:

dim MT = dim M} = dim M, — #E(I).
O

Definition 2.15. The sets M" are called the strata of ﬁg,n and the decomposition
is called stratification according to the dual graph.

From the previous theorem we can deduce the following corollary:

Corollary 2.5.5. A stable graph of genus g with n legs has at most 3g —3 +n
edges.

The irreducible components of the boundary of Hg’n are called the boundary

divisors. In fact they are the MT with #E (I') = 1, and by Theorem they
have codimension 1 in M .



2.5. Examples of moduli spaces of curves

The stable graphs I" with #E(I") = 1 are of one of the two forms:

N, N,

or

withg > 1, g,+¢g, =g, N,UN, = {1, ... n} satisfying the stability condition,
ie. if g, =0,n, = #N, > 2 and similarly if g, = 0 we ask n, = #N, > 2.

Stable curves of genus 0: Mo,n

Using the dual graph associated to a stable curve it is possible to prove that the
automorphism group of a genus 0 stable curves is trivial and to generalize the
result obtained for the moduli space of smooth curves.

Proposition 2.5.6. Any stable curve (C, p,, p,, ..., p,) of genus 0 has trivial auto-
morphism group:
Aut(c,pl’pza ’pn) = {ldC}

This yields the following:

Corollary 2.5.7. For n > 3, the space Mo,n is a fine moduli space for the functor
Mo,n, and it is a smooth irreducible projective variety of dimension n — 3.

—0 I
Proof. By the previous Corollary [2.5.6|we have M, = M, ,, so the statement
follows from Theorem of Deligne-Mumford (page [34). O

M,

We can finally discuss some concrete examples. For the space ﬂoﬁ, by the
Corollary [2.5.5] a graph of genus O with n legs has at most3g —3+n=n -3
edges. Hence, for n = 3 the only stable graph is given by the trivial one.
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This implies Mo,a = M, ; = {pt} is given by just a point.

My,

For n = 4, by Corollary [2.5.5] every graph has at most3g —3+n=-3+4=1

edge, hence I" can have 0 or 1 edges.
Moreover, for the stability condition, each vertex satisfies

2g(v) =2+ n(w) >0 < n() > 2;

then, each vertex must be incident to at least three half-edges.
There are two possibilities:

1. A graph with only one vertex of genus 0 and four legs.

2. A graph with two vertices of genus 0, two legs for each vertex and an edge
joining them.

These are the possible stable graphs I’ with (g,n) =1(0,4) :

By Theorem [2.5.3] we have that:

My, =MouMuMR UM

where MTo = M, = A"\ {0,1} and the M"i(i = 1,2, 3) are irreducible, locally
closed subset of ﬁoA of dimension 0, then points (in fact by Corollary 2.5.7
dim M, = 4—3 = 1 and by Theorem[2.5.3} dim M" = dim M, —#E(T) = 0).

Since P! is the only smooth, irreducible, projective variety of dimension 1
which contains M, = A"\ {0, 1} as an open subvariety we can finally conclude:
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2.5. Examples of moduli spaces of curves

My, =P

Since HOA is a fine moduli space, the curves which have as dual graph M
fori =0, 1,2, 3 fit together into a universal curve = : 60’4 — ﬁw, the universal
family for the moduli functor HOA.

By proposition @ we have that the universal family over M, is the trivial
family M, x P! — M,,,. How to fill in the missing fibres over 0, 1, oo in ﬁm is
represented in Figure |2__8ﬂ

Thus, the universal curve can be obtained in the following way: we consider
the blow-up map of P! x P! at the three points: (0,0), (1, 1), (o0, c0) and the
projection of P! x P! onto the first factor. Hence the universal curve is given by
the following composition:

L 1 1 1 1 | _ a1

The sections py,...,p, : HOA - Eo,4 are the strict transforms of the four
maps:

P! > P!xP!
qg — (g,0),(q,1),(q, ),(q,q.

The singular fibres of z over 0, 1,00 € P! are the unions of the strict transforms
of the fibre of the projection P! x P! — P! and the exceptional divisor of the
blow-up, which meet transversally and thus form a nodal curve.

as
1 # S9 Cous
) lp
(CPI == ﬂUA

0 1 o0

Figure 2.6: The universal family of curves over MOA

IThe picture is taken from [Zvol4]
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Curves of genus 1: the case of Mu

The case of curves of genus 1 is much harder than the genus 1 case and there is
no recursive construction as for Mo,n-

However, it is possible to make precise the example discussed in Subsection[2.2]
obtaining that M| | = A! and, as it should be being its compactification, deduce
that M, , = P'.

The moduli space Ml | is obtained from M, , by adding one point correspond-
ing to the singular stable curve represented in Fig.

N

Figure 2.7: The singular stable curve in aﬁm

ZFigure taken from [Zvo14]



3 Basics on intersection theory

This chapter is intended as a brief introduction to intersection theory. In the the
next chapters we will develop, following Mumford’s ideas ([Mum&3]), a theory
of intersection on moduli spaces of curves. Hence, in this chapter, we would like
to introduce, in many cases without proofs, the results that will be used later.

The model for the development of intersection theory is the classical theorem
of Bézout for plane curves; from this theorem we know that if two plane curves
A, B C P? intersect transversely, then they intersect in (deg .A)(deg B) points.
Moreover, once the notion of intersection multiplicity is introduced, the theorem
can be generalized: if A, B C P? are two plane curves without common compo-
nents, their intersection consists of a collection of (deg .A)(deg B) points counted
with multiplicities.

In modern geometry we need to understand intersections of subvarieties in
much greater generality, and this can be done by studying the Chow ring A(X) of
the ambient space X, an assigned scheme containing the varieties. The basic idea
is to associate to every subscheme A C X a class [A] € A(X) generalizing the
notion of degree of a curve in P?.

There are in fact two aspects of the Bézout’s theorem that seem to have far
reaching consequences if correctly generalized.

1. The cardinality of the intersection does not depend on the choice of curves,
it is sufficient to know the degrees of the curves to deduce in how many
points (if necessary counted with multiplicities) the two curves intersect.

Let us observe that, once assumed this invariance, let d and e respectively
the degrees of A and B, the claim of the theorem follows from the fact that
a union of d general lines meets a union of e general lines in d - e points.

2. The answer to the problem of the cardinality of intersection is a product:
d - e; this suggests that the space of classes should have some sort of product
structure.
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This leads to the definition of Chow group of a scheme; we will see that, under
certain assumptions, the rational equivalence class of the intersection A, B C X
depends only on the rational equivalence classes of the two subvarieties A and
B and this gives, in the particular case of the Chow group of a smooth variety, a
graded ring structure.

In this way, we will be able to obtain a generalized version of Bézout’s Theo-
rem:

Theorem 3.0.1. If A, B C X are subvarieties of a smooth variety X and codim(AN
B) = codim A + codim B, then we can associate to each irreducible component
C; of AN B a positive integer m¢ (A, B) in such a way that we have

[A][B] = Z mc (A, B) - [C].

The integer m is called the intersection multiplicity of A and B along C,.

Remark 3.1. Theorem [3.0.1]deals with the case where A, B are subvarieties which
meet only in codimension codim A + codim B (the case of dimensionally proper
intersection); it is possible, however, to generalize this result to the case where
the components of the intersection have arbitrary codimension.

3.1 The Chow ring

We can now turn to the definition and basic properties of the Chow ring of a
scheme. The goal of this first section is to give the prerequisites to understand the
definition of Chow ring and the theorem characterizing its structure.

We start by defining the group of cycles:

Definition 3.1. Let X be a scheme. We define the group of cycles on X, denoted
as Z(X), to be the free abelian group generated by the set of subvarieties of X.

Remark 3.2. The group Z(X) is graded by dimension; let Z,(X) be the group
of cycles that are formal linear combination of subvarieties (reduced irreducible
subschemes) of dimension k, which will be called k-cycles, then:

dim X

Z(x)= P z,(X).
k=0

Definition 3.2. A cycle Z = ) n;Y,, for Y, given subvarieties, is said to be

effective if all the coefficients n; are nonnegative. A divisor is an (n — 1)-cycle on
a pure n-dimensional scheme.



3.1. The Chow ring

Remark 3.3. We notice that it follows immediately from the definition that:
Z(X) = Z(X,.y);

i.e. Z(X) does not depend on the nonreduced structure X may have.

It is possible now to associate to any subscheme Y C X an effective cycle,
this can be done in the following way.
LetY,,Y,,...,Y, be the irreducible components of the reduced scheme Y,,;;

since the schemes are Noetherian, each local ring Oy ,, has a finite composition
series of length /,. We then define:

N

(Yy= Y1,

The coefficient /, is called the multiplicity of the scheme Y along the irreducible
component Y; and it will be written as: multYl_ ).

In a certain sense, cycles may be viewed as a coarse approximation to sub-
schemes.

The Chow group is defined as the quotient of the group of cycles modulo
rational equivalence; we have then to introduce first this equivalence relation:

Definition 3.3 (Rational equivalence). Let us define Rat(X) C Z(X) to be the
subgroup generated by all the differences of the form

(@ N ({1} X X)) = (@ n({r,} x X)),

where 1,1, € P! and ® is a subvariety of P! X X not contained in any fibre
{t} x X.

Two cycles are said to be rationally equivalent if their difference is in Rat(X);
two subschemes are said to be rationally equivalent if their associated cycles are
rationally equivalent.

We can finally give the following:

Definition 3.4 (Chow group). We define the Chow group of a scheme X to be
the quotient:
A(X) = Z(X)/Rat(X)

the group of rational equivalence classes of cycles on X. Given Y € Z(X) the
class of Y in the Chow group A(X) will be denoted by [Y] € A(X);if Y C X
is a subscheme of X, we usually write [Y] to denote the class of the cycle (Y')
associated to Y.
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Remark 3.4. For the moment, being a quotient of a group it is clear only the group
structure of A(X), and this is the reason for the name used.

From the principal ideal theorem it follows that also the Chow group is graded
by dimension:

Proposition 3.1.1. If X is a scheme then the Chow group of X is graded by
dimension; that is,

AX) = @ Ax)

where A, (X) is the group of rational equivalence classes of k-cycles.

Proof. Let ® C P! X X be an irreducible variety not contained in any fibre over
X, then, if we consider the affine open set U := ® N (N X X ) C @, the scheme
dn ({to} X X ) is defined by the zero locus of the polynomial 7 — 7,,, which is not
a zero divisor.

Hence, by the principal ideal theorem, it follows that the components of the
intersection are all of codimension exactly 1 in @, and similarly for @ ({t,} X X).
Hence all the varieties involved in the rational equivalence defined by @ have the
same dimension. [

In the previous proposition we proved the graduation of A(X) by dimension;
if X is equidimensional we may define the codimension of a subvariety Y C X
as dim X — dim Y. This shows that A(X) could also be graded by codimension.

Let suppose X is a smooth equidimensional variety, the group of codimension-
¢ cycles modulo rational equivalence will be denoted as

AC(X) = AdimX—c'

After the notion of rational equivalence, there is another notion that has to be
introduced:

Definition 3.5. Let X be a scheme, let A, B subvarieties of X, we say that A and
B intersect transversely at a point p if A, B and X are all smooth at p and the
tangent spaces to A and B at p span together the tangent space to X at p; i.e.

T,A+T,B=T,X,
or equivalently
codirn(TpA N TPB) = codim T,A+ codim T,B.

Definition 3.6. We say that A, B C X subvarieties are generically transverse, or
they intersect generically transversely, if A and B meet transversely at a general
point of each component C of AN B.

Two cycles A = 3 n,A; and B = Y m; B, are generically transverse if each
A, is generically transverse to each B;.



3.1. The Chow ring

Definition 3.7. Given finitely many subvarieties A; C X, we say they intersect
transversely at a smooth point p € X if p is a smooth point on each variety A,
and codim([ T,A,) = X codimT,A,.

We say they intersect generically transversely if there is a dense set of points
in the intersection at which they are transverse.

Example 3.1. Ifdim A+dim B = dim X, then A and B are generically transverse
if and only if they are transverse everywhere; their intersection in fact consists of
finitely many points and they should intersect transversely at each of them.

If codim A + codim B > dim X, then A and B are generically transverse if
and only if they are disjoint.

We are now interested in the ring structure of Chow groups; according to the
intuition from Bézout’s theorem, we would like to have an intersection of classes
which define a product structure on the Chow group and that make it into a ring.
This is precisely the case, proven in [Ful98], if we assume that X is a smooth
variety.

Let us observe that Chow groups for quasi-projective varieties behave similarly
to homology theory: they are abelian groups associated to a geometric object that
are described by the quotient modulo the rational equivalence relation. In the
case of a smooth variety, the intersection product makes the Chow groups into a
graded ring, and in this case the Chow group will be called the Chow ring. This
is analogous to the ring structure on the homology of smooth compact manifolds
that can be imported, using Poincaré duality, from the natural ring structure on
cohomology.

Theorem 3.1.2. Let X be a smooth quasi-projective variety, then there exists a
unique product structure on A(X) satisfying the following condition:
if two subvarieties A, B of X are generically transverse, then

[A][B] =[An B].

This structure turns
dim X

A(X) = @ A°(X)
c=0

into an associative, commutative ring, graded by codimension, called the Chow
ring of X.

The construction of the intersection ring was based by Chow in its article "On
the equivalence classes of cycles in an algebraic variet)ﬂ', on the moving lemma,
of which we recall the statement. For proof of Theorem [3.1.2]see [Ful98| Section
8.3].

lICho56,
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Theorem 3.1.3 (Moving lemma). Let X be a smooth quasi-projective variety.

1. Foreverya, fp € A(X) there are generically transverse cycles A, B € Z(X)
with [A] = a and [B] = p.

2. The class [A N B] is independent of the choice of such cycles A and B.
Proof. For a proof see [Ful98, Section 11.4]. L]

Remark 3.5. The statement of the theorem is not necessarily true without the
smoothness assumption. Let consider, for example, X € P? a quadric cone. Then,
any two cycles representing the class of a line of X, meet at the origin, which is a
singular point of the cone, hence they cannot be generically transverse.

Kleiman’s transversality theorem

There is a particular situation in which the proof of the first part of the moving
lemma becomes easier. If there is a group of automorphisms acting on X transi-
tively, we can use it to move any two cycles to make them transverse. In particular
we have the following result:

Theorem 3.1.4 (Kleiman’s theorem in characteristic 0). Let G be an algebraic
group acting transitively on a variety X over an algebraically closed field of
characteristic 0, and let A C X be a subvariety.

1. If B C X is a subvariety, then there is an open dense subset U C G such
that g A is generically transverse to B for any element g € U.

2. If p: Y — X is a morphism of varieties, then for general g € G the
preimage @~ (gA) is generically reduced and of the same codimension as
A.

3. If G is affine, then [gA] = [A] € A(X) forany g € G.

Proof. (1.) The statement in (1.) is a particular case of (2.) with Y = B.
(2.) Let n, a, b, m be the dimension respectively of X, A,Y and G, and let x € X.
The map

G - X

g P &
is surjective by hypothesis and its fibers are the cosets of the stabilizer of x in G.
Since all fibers have the same dimension, this must be equal to m — n. Let now

I={(x,9,8) EAXY XG | gx =}



3.2. Techniques and computations

Since G acts transitively on X, the projection 7 : I' = A X Y is surjective, its
fibers are the cosets of stabilizers of points in X, which have dimension m — n by
the previous observation. It follows that the dimension of I" is:

diml'=a+b+m—n.

Moreover, the fibre over g of the projection 7 : I' — G is isomorphic to
@ '(gA). Thus, either this intersection is empty for general g or it has dimension
a + b — n, as required in the claim.

Now, since X is a variety, it is smooth at a general point and since G acts
transitively, this implies all points of X are smooth, hence X is a smooth variety.
Since any algebraic group in characteristic 0 is smooth ([Mum66]), the fibres of
the projection to A XY are also smooth, so I' itself is smooth over A, XY,,. Since
field extensions in characteristic 0 are separable, the projection I'\T';,, — G is
smooth over a nonempty open set of G, where we denoted by I';;,, the singular
locus of I". That is, the general fibre of the projection of I" to G is smooth outside
[y, If the projection of I'y;,, to G is not dominant,then ¢~'(gA) is smooth for
general g.

To complete the proof of generic transversality, we may assume that the
projection I'y;, . — G is dominant. Since G is smooth, the principal ideal theorem
shows that every component of every fibre of I' — G has codimension less than
or equal to the dimension of G, and thus every component of the general fibre has
codimension exactly dimG inI'. Since I';,, — G is dominant, its general fibre
has dimension dim[';,, —dim G < dimI" — dim G, so no component of a general
fibre can be contained in I';;, .. Thus @ !(gA) is generically reduced for general
geaq.

(3.) We will prove this part only for the case where G is a product of copies of
GL,, as this is the only case it will be used. For the general result, see [Bor91,
Theorem 18.2].

In this case G is an open set in a product M of vector spaces of matrices. Let

L be the line joining 1 to g in M. The subvariety

sing

Z={(@gxeGNL)XxX|g'xe A}

gives a rational equivalence between A and gA and this proves the third part of
the theorem. L
3.2 Techniques and computations

Definition 3.8. Let X be a scheme, we define the fundamental class of X, the
class:
[X] € A(X).
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This is always nonzero, and we have the following:
Proposition 3.2.1. Let X be a scheme. Then
1. A(X) = AX,.);

2. if X is irreducible of dimension k, then A,(X) = Z and it is generated
by the fundamental class of X. More generally, if X is not irreducible
and X, X,, ..., X,, are its irreducible components, then the classes [ X,]
generate a free abelian subgroup of rank m in A(X).

Proof. (1.) Since both groups of cycles and of rational equivalences are generated
by varieties, we have: Z(X) = Z(X,,,) and Rat(X) = Rat(X,,,;), hence the
claim.

(2.) By definition, the classes [X,] are among the generators of A(X). Moreover,
the group Rat(X) is generated by varieties in P! X X each of which is contained
in some P! x X. O

Example 3.2. This result allows to compute the Chow ring in the particular case
of zero-dimensional schemes. From the previous proposition it follows that the
only nonzero Chow group of a zero-dimensional scheme is the free abelian group
generated by its irreducible components, hence by the points in the support of the
zero-dimensional scheme.

Example 3.3 (Divisors). For I-dimensional varieties, it is possible to see that the
Chow group of 0-cycles on a curve is the divisor class group.

In fact the group of cycles rationally equivalent to 0 in Rat(X ) can be expressed
in terms of divisor classes.

Let us first suppose X is an affine variety, and let f € Oy be a nonzero function
on X. Then by Krull’s principal ideal theorem the irreducible components of the
subscheme defined by f are all of codimension 1, hence the cycle defined by this
subscheme is a divisor, called the divisor of f, denoted as Div(f).

Hence, if Y is any irreducible codimension-1 subscheme of X, and we denote
as ordy (f) the order of vanishing of f along Y, we have:

Div(fy= ) ordy(f)XY).

Y CXirreducible
codimy Y=1

Given f,g € Oy and a = f /g, we can define
Div(a) = Div(f/g) 1= Div(f) — Div(g),

which is well defined.



3.2. Techniques and computations

It remains only to extend the definition of divisor associated to a rational
function to varieties that are not affine; the field of rational functions on a variety
X is isomorphic to the field of rational functions on any open affine subset U C X,
hence, if a is a rational function on X, then we get a divisor Div(e ) for every
open dffine U by restricting a. These divisors agree on the overlaps then it is well
defined a divisor Div(a) on X.

In conclusion, to each rational function a on X it is possible to associate a
divisor on X: Div(a).

The next proposition expresses how the rational group can be described in
terms of the divisors of rational functions:

Proposition 3.2.2. Let X be a scheme, then the group Rat(X) C Z(X) is gener-
ated by all divisors of rational functions on all subvarieties of X. In particular, if
X is irreducible of dimension n, then A,_,(X) is isomorphic to the divisor class
group of X.

Proof. For a proof see [Ful98, Proposition 1.6]. [l

Example 3.4. By the previous Proposition it follows that two O-cycles on
a given curve C are rationally equivalent if and only if they differ by the divisor
of a rational function. In particular, the cycles associated to two points are
rationally equivalent if and only if there is a rational function defining such a
rational equivalence, and this is equivalent to say that C is birational to P'.

We conclude this section with the following proposition that characterizes the
Chow ring of affine spaces:

Proposition 3.2.3. Let A" the affine n-space, we have:
AA") =7 - [A"].

Proof. Let Y C A" be a proper subvariety not containing the origin of the affine
space, and let z,, ..., z, affine coordinates. Let define:

W = {(ttz) € A"\ {0})xA" | z€ Y} =V({f(z/t)| f(z) vanishes on Y }).

The fibre of W over a point r € A' \ {0} is Y, that is the image of Y under
the automorphism of A” defined by the multiplication by ¢.

Let now consider W be the closure of Win P! x A"; since W is irreducible
in an open and dense subset, then also W it is.

Since the origin does not lie in Y, there is some polynomial g(z) that vanishes
on Y and has nonzero constant term c; then, the function G(¢,z) = g(z/t) on
(A!\ {0}) x A" extends to a regular function on (P! \ {0}) x A" with constant
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value ¢ on the fibre {co} X A”. Thus, the fibre of W over the point # = oo is empty
and this proves the equivalence:

Y ~0.

3.3 Mayer-Vietoris and excision

The following section is dedicated to excision and Mayer-Vietoris theorems: these
theorems provide a couple of basic tools which allow to calculate the Chow rings
of many varieties. Using these results it is easy to find in fact generators for the
Chow groups of projective spaces and Grassmannians.

Proposition 3.3.1. Let X be a scheme. Then,

1. (Mayer-Vietoris) If X, X, are closed subschemes of X, then there exists a
right exact sequence:

A(X, N X)) — AX)) ® A(X,) — A(X, U X,) — 0;

2. (Excision) IfY C X is a closed subscheme and U = X \Y is its complement,
then the inclusion and the restriction map of cycles give the following right
exact sequence:

A(Y) — A(X) — A(U) — 0.

Moreover, if X is smooth, then the map A(X) — A(U) is a ring homomor-
phism.

Remark 3.6. As a preliminary, let us observe that the definition of the Chow group
can be reformulated by saying that there exists a right exact sequence:

ZP'x X)— Z(X)— AX)— 0,

where the left-hand map sends a subvariety @ C P! x X to 0 if ® is contained in
a fibre, and to

(@N ({1} x X)) =(@n({1,} X X))

otherwise.



3.3. Mayer-Vietoris and excision

Proof. (2.) There is a commutative diagram:

0 —> ZOY xP") —> Z(X xP') — Z(U XxP') —> 0

dy dx dy
0O —— Z) —— ZX) — > Z{U) —— 0
aU

~ ~

AY) ——— AX) —— AU)

in fact, the columns are exact by the previous remark, the map Z(Y) - Z(X)
takes the class [A] € Z(Y), for a given A C Y subvariety, to [A] itself considered
as a class in X. Similarly for the map Z(Y X P') - Z(X x P).

The map Z(X) - Z(U) is defined as the map that takes each free generator
[A] to the generator [A N U]; similarly for Z(X x P') - Z(U x P'). Moreover,
the second and the third rows are exact trivially.

The exactness of the first row and the surjectivity of the map A(X) - A(U)
the follows by diagram chasing, and this yields the thesis of part 2.

(1.) Letnow Y = X, nY,,and X = X, U X,. We have the following diagram:

0 — ZY xP) — Z(X, XP)@® Z(X, X P) —> Z(X xP!) —> 0

! J» I

0 — Z(¥) ——— Z(X) ® Z(X,) ————> Z(X) ——> 0

l | l

AY) ——— AX)Y B AXy) ———— > AX) —— 0

Arguing as in the previous part we obtain the thesis. ]

Corollary 3.3.2. Let U C A" a nonempty open subset, then
AU)=A,U)=Z[U].

In general it is quite difficult to compute Chow groups of a given variety and
the knowledge of them is often very partial; however, when the variety admits an
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affine stratification we can know them completely. This is precisely the case of
projective spaces and Grassmannians.

Let us recall the definition of affine stratification; this is a generalization of
the idea introduced it in the particular case of spaces M, , in Theorem 2.5.3|and
Definition 2.15]

Definition 3.9. e A scheme X is said to admit a stratification if X is the
disjoint union of a finite collection of irreducible, locally closed subschemes

U;:
x=Ju

1
i€l
and, in addition, the closure of each U; is a union of U, or equivalently, if
Ui meets U;, then U; C Ul

e The sets U, are called the strata of the stratification.
e The closures Y, = U, are called the closed strata.

Remark 3.7. Let us observe that the stratification can be recovered from the closed
strata Y}, in fact:

U, =Y, \ U YJ
vy,
Definition 3.10. A stratification of X, any scheme, with strata U, is said to be:

e affine if each open stratum is isomorphic to an affine space A;

e quasi-affine if each stratum U, is isomorphic to an open subset of some
affine space.

Example 3.5. A flag of projective spaces:
pogplgmgp”

gives an affine stratification of P"; the closed strata are the spaces P' and the
open strata are the affine spaces:

U =P \P'xA

Proposition 3.3.3. Let X be a scheme which admits a quasi-affine stratification,
then A(X) is generated by the classes of closed strata.
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Proof. Let us prove the proposition by induction on the number of the strata U,.
The inductive basis for a single stratum is precisely Corollary [3.3.2] Let us prove
now the inductive step.

Let U, be a minimal stratum. Since the closure of U, is a union of strata, then
U, must be closed. Hence, the open subset U = X \ U, is stratified by the strata
other than U,,.

By induction, A(U) is generated by the classes of the closures of these strata,
and by Corollary A(U,) is generated by the class [U,]. Now, by excision,
the sequence:

Z - [U,) = A[U,) = AX) — AX \ Uy) — 0

is right exact. Since the classes in A(U) of the closed strata in U comes from the
classes of the same closed strata in X, it follows that A(X) is generated by the
classes of the closed strata as we wanted to prove. [

In the case the stratification is an affine stratification we could have also more:

Theorem 3.3.4. The classes of the strata in an affine stratification of a scheme
form a basis for the Chow ring A(X).

3.4 Proper pushforward and flat pullback

From Proposition [3.2.2] it follows that if Y C X is a closed subscheme, then the
identification of cycles on P! X Y with cycles on P! x X induces a well defined
map between Rat(Y) — Rat(X), and thus a map A(Y) — A(X).
Hence the inclusion
itY =X
induces a map
AY) - A(X).

If we consider now the intersection of a subvariety of X with the open set
U = X \ Y, we obtain a subvariety of U, so there is a restriction homomorphism
Z(X) — Z(U). The rational equivalences restrict too, so we get a homomorphism
of Chow groups
AX) - AU).

This suggests that Chow groups could have a double behaviour with respect
to morphisms of varieties: a covariant and a contravariant behaviour depending if
we think them respectively as the analogous of homology or cohomology groups.

Let us recall that a smooth complex projective variety of dimension # is a com-
pact oriented 2n-manifold, in particular H,, (X, Z) can be identified canonically
with H?>"=>"(X, 7).
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If we think A(X) as the analogous of the ring H (X, Z), then we should
expect the functor that assigns to each variety the m-th Chow group is a covariant
functor from the category of smooth projective varieties to the category of groups,
assigning to each morphism of varieties a morphism between the respective Chow
groups. This allow to define a pushforward map preserving dimension.

If we think instead A(X) as the analogous of H*(X, Z), in this case we
should expect to obtain a contravariant functor, and a pullback map preserving
the codimension.

Let us observe that the two maps of the previous examples constitute a a
special case respectively of pushforward and of pullback of morphisms. In the
next two sections these notions will be explained in some detail.

Proper pushforward

Let f: Y — X be a proper map of schemes, then the image of a subvariety
A C Y isasubvariety f(A) C X. We are expected to use the morphism f to send
any cycle in A(Y) to a cycle in A(X).

If A C Y is asubvariety and dim A = dim f(A) then f,: A - f(A)is
generically finite, i.e. the fraction field k(A) is a finite field extension of k(f(A)).
Geometrically, this condition can be rephrased by saying that, given x € f(A),
the preimage Y = f qul (x) in A is a finite scheme.

In this case we have that the degree of the field extension:

n=[k(A) : k(f(A))]

is equal to the degree of Y over x for a dense open subset of x € f(A). This com-
mon value is called the degree of the covering of f(A) by A. We can then define
the pushforward as follows counting f(A) with multiplicity » in the pushforward
cycle:

Definition 3.11 (Pushforward of cycles). Let f: Y — X be a proper morphism
of schemes, let A C Y be a subvariety.

1. If f(A) has strictly lower dimension than A, we define: f,(A) = 0.
2. Ifdim f(A) = dim A and f|, has degree n, then we set f,.(A) = n-(f(A)).

3. For a generical cycle, we extend f, by linearity setting:

/. <Z mi<Ai>) = Zm[f*<Ai>'

This definition is compatible with rational equivalence and we have the fol-
lowing:
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Theorem 3.4.1. Let f . Y — X be a proper morphism of schemes, then the map
f.: Z(Y) = Z(X) defined above induces a map of groups:

[t AY) = A(X) foreachk =0,...,n
called pushforward maps.

Proof. For a proof see [Ful98, Section 1.4]. [

This theorem guarantees the existence of a pushforward map
[t AX) = A(X)

preserving dimension.
We conclude this section with the following proposition that gives a sufficient
condition for a class in A(X') being nonzero.

Proposition 3.4.2. Let X be a proper scheme over Spec(C); there is a unique
map:
deg: A(X) —» Z
[p] = 1
Y] » O
taking the class of each closed point p € X to 1 and vanishing on the class of any
cycle of pure dimension greater than 0.

Remark 3.8. If A is a k-dimensional subvariety of a smooth projective variety X
and B is a k-codimensional subvariety of X such that AN B is finite and nonempty,
then the map:
AX) - Z
[Z] + deg((Z][B)

sends [A] to a nonzero integer, and, in particular, no integer multiple of [A] can
be 0.

Flat pullback

Before defining the notion of pullback we have to give the following:

Definition 3.12. Let f : Y — X be a morphism of smooth varieties. A subva-
riety A C X is said to be generically transverse to f if the preimage f~'(A) is
generically reduced and codimy (f~!(A)) = codim,(A).

Then we can state the following fundamental theorem:

Theorem 3.4.3. Let f . Y — X be a map of smooth quasi-projective varieties.
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1. There is a unique map of groups:
[P AAX) - AYY)
[A] = f*([AD = [f7"(A)]

for every subvariety A generically transverse to f. The map f* is a ring
homomorphism and makes A into a contravariant functor from the category
of smooth projective varieties to the category of graded rings.

2. (Push-pull formula) The map f,: A(Y) = A(X) is a map of graded mod-
ules over the graded ring A(X). Hence, if a € AX(X) and p € A,(Y),
then:

f(fa-p)y=a-f.pEA_(X).
Proof. See [Ful98, Section 1.7]. O]

Example 3.6. Let us consider the case of the inclusion map of a closed subvariety
Y C X, and let us suppose that X and Y are smooth. In this case we have that, if
A is any subvariety of X, the element [A][Y ] is represented by the same cycle as
i*([A]). More precisely, we have the following equality:

[Al[Y] =i, G*[A]).

The flat case

Let us finally consider the flat case, i.e. the case of a flat morphism of scheme
f:Y > X.

The flat case is simpler than the projective one almost for two reasons: the first
is that the preimage of a subvariety of codimension c is always of codimension c,
hence the first hypothesis to have that a variety is generically transverse to f is
always satisfied, and the second is that rational functions on the target pull back
to rational functions on the source.

We have for a flat morphism of schemes the following:

Theorem 3.44. Let f . Y — X be a flat map of schemes. The map f* . A(X) —
A(Y) defined on cycles by setting:

(A = (f1(4) for every subvariety A C X

preserves rational equivalence and thus induces a map of Chow groups preserving
grading by codimension.

Proof. See [Ful98, Lemma 1.7.1] [l

Remark 3.9. Obviously if X and Y are smooth and £ is flat, the two pullback map
agree.



3.5. Intersection multiplicity

3.5 Intersection multiplicity

In conclusion we have the following generalized version of Bézout’s theorem:

Theorem 3.5.1. Let A, B C X be subvarieties of a smooth variety X such
that every irreducible component C of the intersection A N B has codimension
codim C = codim A + codim B. For each such component C there is a positive
integer mq(A, B), called the intersection multiplicity of A and B along C, such

that:
1. [A][B] = ZmC(A, B)[C] € A(X);

2. mc(A, B) = 1 if and only if A and B intersect transversely at a general
point of C;

3. mq(A, B) depends only on the local structure of A and B at a general point
of C.

Definition 3.13. Let A and B be two subschemes of a given scheme X; they are
said to be dimensionally transverse if for every irreducible component C of AN B
we have: codim C = codim A + codim B.

Two cycles A = }'m;A; and B = Y n;B; are said to be dimensionally
transverse if A; and B; are dimensionally transverse for every i, j.

The following proposition explains the relation between generic transversality
and dimensional transversality.

Proposition 3.5.2. Let A and B subschemes of a variety X, they are generically
transverse if and only if they are dimensionally transverse and each irreducible
component of A N B contains a point where X is smooth and A N B is reduced.

Proof. Let A and B generically transverse. Then, by definition each irreducible
component C of A N B contains a smooth point p. Hence, C is smooth at p and
thus, in particular C is reduced at p.

Viceversa, let C be an irreducible component of AN B. Since the set of smooth
points of X is open, and since by hypothesis C contains one, the smooth points
of X contained in C form an open and dense subset. But A N B is generically
reduced hence the open set where C is reduced is also dense, and the same is true
for the sooth locus of C. This there is a point p € C that is smooth both on C and
on C. It remains to check that A and B are smooth at p.

Let us consider the tangent space to C at the point p; it is the intersection of
the tangent spaces T,A and T,B in T, X . Since C and X are smooth at p,

dim C = dim TpC = dim TpA + dim TpB — dim TpX
= dim TpA + dim TpB —dim X.
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By hypothesis:
dimC = dim A 4+ dim B — dim X.

Since dim7T,A > dim A and dim 7, B > dim B, we must have necessarily that
dim A = dim TpA and dim B = dim TpB,

and this proves A and B are smooth at p as well. O]

3.6 The Chow ring of P”

We conclude this chapter with a concrete example of Chow rings of a smooth
algebraic variety. We computed above the Chow ring of affine space and of affine
subvarieties; the case of projective space is much more interesting.

For the projective space we have the following theorem:

Theorem 3.6.1. The Chow ring of P" is
AP = Z L1/

where £ € AY(P") is the rational equivalence class of a hyperplane; more gener-
ally the class of a variety of codimension k and degree d is d¢*.

Remark 3.10. Notice that, in particular, the theorem implies that A™(P") = Z for
0 < m < n, generated by the class of an (n — m)-plane.

From the previous theorem it is also possible to deduce the following two
results:

Corollary 3.6.2. A morphism from P" to a quasi-projective variety of dimension
strictly less than n is constant.

Proof. Letg: P" — X C P" be the map of the statement, which we may assume
to be surjective onto X. The preimage of a general hyperplane section of X is
disjoint from the preimage of a general point of X. But if 0 < dim X < n then
the preimage of a hyperplane section of X has dimension n — 1 and the preimage
of a point has dimension greater then 0. Since any two such subvarieties of P"
must intersect, this is a contradiction. ]

Corollary 3.6.3. If X C P" is a variety of dimension m and degree d, then
A,([P"\ X)=Z/(d),

while if m < m' < n then
A, (P"\ X)=Z.

In particular, m and d are determined by the isomorphism class of P" \ X.
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Proof. By the excision we have the following exact sequences:
A(X)— AP — AP\ X)— 0.

Furthermore A, (X) = Z by Prop. while A_,(X) =0 form < m’ < n. By
Theorem we have that A;(P") = Z for 0 < i < n, and the image of the
generator of A, (X) in A, (P") is d times the generator of A,(P"). The result of
the corollary then follows. [
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4 The tautological ring

In the previous chapters we introduced the notion of moduli space, focusing
specifically on moduli spaces of curves, and the notion of Chow ring of an
algebraic variety together with the main tools of intersection theory.

We can finally start to develop the intersection theory of moduli spaces in
a more systematic way. The next steps will be the definition of the tautological
classes, and the study of the relations among them; this is needed in order to be
able to compute the intersection numbers between the classes.

These are the ideas presented in the first part of Mumford’s articld} the second
part of it is dedicated to the special case of Chow ring of the moduli space ﬂz.
The application of the general results in the case of the moduli space of curves of
genus 2 will be discussed in Chapter [5] of the thesis.

Before starting the detailed discussion on the tautological ring, let us observe
that moduli space can be considered from many and different points of view;
they can in fact be defined also as smooth Deligne-Mumford stacks or as smooth
complex orbifolds. From now on, we will refer to moduli spaces considering them
as smooth orbifolds, and all the result stated will be thought in this context. The
notion of orbifold is recalled in Appendix [B] pag.

From now one, when we refer to the Chow ring A* or to the cohomology ring
H*, they are always taken with coefficients in Q.

4.1 Tautological classes: an intuitive motivation

In order to study the topological structure of moduli spaces of curves, it is natural
to look at their cohomology rings and Chow rings. Notice that, since both the
generators and the relations of the Chow ring are subsets of the respective sets in
cohomology, there is a natural map:

AF — H?*

IMum83|
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where the index for Chow groups corresponds to the complex codimension, hence
its appears doubled in cohomology groups.

However, since in general homology and cohomology are difficult to treat,
following the idea of Mumford, it appears that a fruitful approach to the study of
full cohomology ring as well as the Chow ring A*(Mg,n) 1s to restrict our attention
to a special subring, i.e. to the ring generated by some special classes. Mumford
in fact, in the beginning of his article “Towards an enumerative geometry of the
moduli space of curveaﬂ” writes:

The goal of this paper is to formulate and to begin an exploration
of the enumerative geometry of the set of all curves of arbitrary
genus g. By this we mean setting up a Chow ring for the moduli
space M, and its compactification ﬂg, defining what seem to be the
most important classes in this ring and calculating the class of some
geometrically important loci in ﬂg in terms of these classes. We take
as a model for this the enumerative geometry of the Grassmannians.

Following this idea, Mumford defined the tautological classes, which consists,
according to the description given by Ravi Vakil, in [Vak03|], of all the classes
naturally coming from geometry and this gives rise to a subring of the Chow
ring, called the tautological subring, denoted by R*(ﬂ&n) c A*(ﬂg’,,) All this,
according again to Vakil’s article should work for three reasons at least:

e many interesting questions in geometry boil down to the tautological sub-
ring;

e no natural questions seem to reduce to questions in the nontautological part
of the Chow ring;

o the tautological subring has, at least conjecturally, a great deal of structure.

We expect, then, that any calculation on the Chow ring that comes from
geometric instances will require only the knowledge of the tautological ring.
Although it is known that for large g and n the rank of the tautological ring
is much smaller than that of the full cohomology ring of ﬂg’n, most naturally
geometrically defined classes happen to be tautological and it is actually not so
simple to construct examples of nontautological classes in the Chow ring (for
a construction of a nontautological class one can see the article of Graber and

Pandharipande [GPO1])).

2Mum§3.
3Mumford in his article only defined tautological classes, as said in the introduction the
tautological ring was introduced later by Faber and Pandharipande in [FPO5].



4.2. Preliminary notions

Following Mumford’s idea, we can generalize the description of the Chow
ring for Grassmannians in order to identify a natural set of tautological classes
inside the Chow ring of moduli spaces, and to find some tautological relations,
that are relations between tautological classes. We are expected to obtain in this
way a sort of presentation of the tautological ring.

There are different examples of classes that are expected to be tautological.

w-classes These classes are defined as Chern classes of certain natural vector
bundles on the moduli space.

A-classes Another natural vector bundle on moduli spaces is obtained by extend-
ing to the whole ﬂgﬂ the Hodge bundle which associates to any smooth
curve the g-dimensional vector space of differentials: we obtain then a
vector bundle A on H&n; the Chern classes of this vector bundle define the
A-classes.

k-classes These are the classes which appeared in the original definition of tau-
tological ring given by Mumford, that can be obtained by push forward of
y-classes by the projection from the universal curve; for these classes we
will give an equivalent but different definition.

4.2 Preliminary notions

In the next sections we will introduce tautological classes; to do that we need
several notions that will be collected in this section. More precisely we will define
here: forgetful and attaching maps, the relative cotangent line bundle (pag. [71),
the Hodge bundle (pag. [71)) and Chern classes (pag[72)).

Forgetful and attaching maps
Forgetful maps

The idea of a forgetful map is quite simple; we would like to assign to a genus
g stable curve (C, py, ..., p,,,,) the curve (C, p,, ..., p,), simply forgetting last m
marked points. The problem is that the curve obtained may not be stable.

Let us assume that 2g — 2 + n > 0, thus, either the curve (C, p,,...,p,) is
stable, or it has at least one genus 0 component with one or two special points.
If this is the case, this component can be contracted to a point and we can now,
for the curve obtained, ask again if it is stable or not. If not, we can find another
component to contract. Since the number of irreducible components is finite and
it decreases with each contraction, we get that we can obtain a stable curve after
finitely many steps.
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At the end we will obtain a stable curve (é\ ,Pi»---» D,) together with a stabi-
lization map:

(C.p1s s py) = (Co Dy s D).

Definition 4.1. We define the forgetful map

p:ﬂ - M

g.n+m g.n

as the map that assigns to a curve (C, p;, ..., Pp,,n) € M the stabilization of

g,n+m
the curve (C, py, ..., Dp,).
We have the following:

Proposition 4.2.1. The universal curve Eg,,, — ﬂg,n and the forgetful map

M, .1 = M, , are isomorphic as families over M, ,.

Proof. See [Knu83|. [l

Attaching maps

Let I U J be a partition of the set {1,2,...,n + 2} into two disjoint subsets such
thatn+1e€l,n+2¢€ J,andlet g,,g, € Nsuchthatg, + g, = g.

Letus denote by M, ; the moduli space of stable curves whose marked points

are labelled by the elements of I, and analogously with ﬂgz, ; the moduli space
of stable genus g, curves with marked points labelled by the elements of J.

Definition 4.2. We define the attaching map of separating type
q: Mg,,[ X Mgz,.l - Mg,n
to be the map which assigns to two stable curves the stable curve obtained by

identifying the marked points labelled with numbers n + 1 and n + 2.
We define the attaching map of nonseparating type

q: J\/lg_l,nJr2 - Mg’,,

to be the map which assigns to a stable curve the stable curve obtained by identi-
fying the marked points labelled with numbers n + 1 and n + 2.
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The relative cotangent line bundle

Let us consider _ L
p: C an = Mg’n

the universal curve over ﬁg,n; let A C Eg,n be the set of nodes in the singular
fibres.

Over C,, \ A there is a holomorphic line bundle £ cotangent to the fibres of
the universal curve. We claim that this line bundle can be extended to the whole
universal curve.

Locally around the node we can choose coordinates such that the node is of
the form p : (x,y) — xy. The line bundle L is then generated by the sections d—xx

and % modulo the relation:

d(xy)_dx-y+x~dy_@ ﬂ_

Xy Xy Xy X y

0.

Since the restriction of the 1-form d(xy) on every fibre of p vanishes, the line
bundle thus obtained is indeed identified with the cotangent line bundle to the
fibres of Eg,n.

We can then give the

Definition 4.3 (Relative cotangent line bundle). The extension of the line bundle
L to the whole universal curve is called the relative cotangent line bundle.

Let us observe that the restriction of the line bundle £ to a fibre C of the
universal curve is a line bundle over C. In particular, if the curve C is smooth,
then L, is the cotangent line bundle and its holomorphic sections are the abelian
differentials, i.e. holomorphic differential 1-forms. Generalizing the definition
of abelian differential to stable curves we are lead to the definition of the Hodge
bundle.

The Hodge bundle

Definition 4.4 (Abelian differential). We define an abelian differential on a stable
curve C as a meromorphic 1-form a on each component of C satisfying the
following properties:

e the only poles of a are the nodes of C;
e « has at most simple poles;

e the residues of the poles on two branches meeting at a node are opposite to
each other.
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Example 4.1. Let us consider the Riemann sphere with two points identified and
a marked point. On the Riemann sphere we have the coordinate z such that the
marked point is at z = 1, and the identified points are situated at z = 0 and
z = o0. In this coordinate, the abelian differentials on the curve have the form:
ﬂ% and the residues at z = 0 and z = oo are equal to A and — A respectively.

Since the space of abelian differentials has the same dimension for each fibre
of the universal curve, we can give the following definition:

Definition 4.5 (Hodge bundle). We define the Hodge bundle A over ﬁg,n to

be the rank g vector bundle whose fibre over ¢ € ﬂg’n is given by the space of
abelian differentials on the curve associated to ¢.

Remark 4.1. More generally it is possible to consider meromorphic forms on
a stable curve with poles of orders k,, k,, ..., k, respectively at marked points
X, X,, ..., X,; In this case we are considering meromorphic sections of the cotan-
gent line bundle £ with poles as in the previous definition on the nodes and we
will say shortly they are the sections of L(} k,x;).

Chern classes

Chern classes are particular characteristic classes which we associate to complex
vector bundles.

Let p: E — M, be a complex vector bundle of rank r, with base space M a
compact, orientable, smooth manifold of real dimension .

Definition 4.6. e A section of the vector bundle p is called a generic section
if it intersects the zero section O, transversally.

e Two sections are said to have transversal intersection if at each point of the
intersection, the tangent spaces of the sections generate the tangent space
of the ambient space.

We can define Chern classes in terms of the zero sets of generic sections; for
a generic section s, we denote with Z(s) the zero set of s. Since s is transverse to
the zero section, Z(s) is a submanifold of M of complex codimension r, and of
real codimension 2r.

By Poincaré duality, the class [Z(s)] € H,_,,(M) corresponds to a cohomol-
ogy class in H*(M).

Definition 4.7 (Chern class). Let p: E — M be a vector bundle of rank r with
base space M, let s be a generic section, we define:



4.3. The y-classes

the Euler class or the " Chern class of the vector bundle:

e(E) =c,(E) :=[Z(s)] € A"(M) C H"(M),

the i™™ Chern class
c(E) = [Z(Sl NSy A A sr—i+l)] € A(M) C H*(M)
for s,,s,,...,5,_ ;4 generic sections.

Remark 4.2. Notice that Z(s; A -+ A s,_;,;) can be viewed as the set of points
p € M where the sections s,(p), s,(p), ..., s,_;,(p) become linearly dependent.
We also have that:

C(E) = [Z(s; A+ As))].

We set then

and we define:
Definition 4.8. The sum
c(E)y=1+c/(E)+c,(E)+--€ H'(M,Z)
is called the rotal Chern class of E.
The following theorem collects the main properties of Chern classes:

Theorem 4.2.2. There is a unique sequence of functions c,,c,, ... assigning to
each complex vector bundle p: E — M a class ¢, € H*(M, Z) depending only
on the isomorphism type of E and satisfying:

1. ¢,(f*E) = f* (c,(E)) for a pullback f*E;
2. c(E, @ c(E,)) =c(E))Uc(E,);

3. ¢(E)=0ifi >k E.

4.3 The y-classes

We can finally go back to the initial program and introduce some tautological
classes; let us start with the y-classes.
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Definition 4.9 (Cotangent line at marked points). Let £ be the cotangent line
bundle introduced in Section[4.2] and let

p: Eg’n—n/\/l

g.n
be the universal curve over o foreveryi = 1,...,n we can consider
s; ¢ Mg’n - Cg,n

to be the section of £ corresponding to the i"® marked point, so that pos; = id.
Then we define the line bundle:

L, = s L)

Remark 4.3. We obtained in this way , L, L,, ..., L, holomorphic line bundles

over M, .. The fibre of L, over a point x € M, , is the cotangent line to the curve
C, at the i marked point.

Definition 4.10 (y-classes). We define the y-classes as the first Chern classes of
the line bundles L,

v, =c,(L,) € A\M

g.n’

Q).

y-classes in genus 0

For moduli spaces ﬂo,n of curves of genus 0, it is possible to construct an explicit
section of the line bundle £, and consequently to express its first Chern class y;,
as a linear combination of divisors.

Given pairwise distinct i, j, k € {1,2,...,n}, let us denote by 5i|jk the set of
stable genus O curves with a node separating the i marked point from the j" and

the k™ (see Fig. [4.1).

Figure 4.1: An element of the divisor 6,

The set 6, is a divisor on ﬂo,n and we denote by [5,.| jk] € Al(ﬂo,n) its class

in the Chow ring. Then we have the following:
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Proposition 4.3.1. On ﬂo,n we have, for any j,k € {1,2,...,n} \ {i}, the
following equality:

W = 8

Proof. In order to construct a holomorphic section of L,, we construct first a
meromorphic section a of the cotangent line bundle £ over the universal curve
and then we take its restriction to the i section s,; the class y, will be then
represented by the divisors of its zeroes according to the definition of Chern class.

Let us observe that each fibre of the universal curve is a stable curve, and
on each stable curve there is a unique meromorphic 1-form with simple poles at
the j™ and k™ marked points with residues 1 and —1 respectively, the existence
being guaranteed by Weierstrass’ product theorem for compact Riemann surfaces.
This form gives a section of L on each stable curve and the collection of all these
defines the desired section a on L over the whole universal curve.

Let us now consider the following picture taken from [Zvo14]:

0.0
¢
oW
a stable genus O curve C is a tree of spheres; one of these spheres contains the
j™ marked point and another one contains the k. Since the curve is connected,
there exists a chain of spheres connecting these two.
On every sphere of the chain, the 1-form ¢ has two simple poles, one with

residue 1 (at the j™ marked point or at the node leading to the sphere with it) and
one with residue —1 (at the k™ marked point or at the node leading to the sphere

with it). The 1-form then vanishes on the spheres that do not belong to the chain.

In conclusion a determines a nonvanishing cotangent vector at the i" marked
point if and only if the i marked point belongs to this chain; equivalently, we
have that |, vanishes if and only if the curve C contains a node which separates
the i™ marked point from j and k™ ones. This is equivalent to say that the curve
C belongs to 6, ;- Moreover, by a local coordinates computation it is possible to
check that |, has a simple zero along 6, ;, and this concludes the proof. ]

Lemma 4.3.2. Let D, be the divisor of the i special section in the universal
curve p: C - M . Then we have: p, (D) = (—y,)k.
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4.4 Tautological classes on moduli space

In the previous section we defined y-classes on the moduli space _g’n; we are
going to define in this chapter the other classes introduced in the presentation
of the chapter. Before to do this, we need to define some tautological classes on
the universal curve C, ,, the tautological classes on M, , will be constructed by

g.n’

pushforward of these classes.

Definition 4.11 (Tautological classes on C, ,). e D, is defined as the divisor
given by the ith section of the universal curve. More precisely, D, is the
divisor such that the intersection of it with a fibre C of C, , is the i marked

point on C. By abuse of notation we denote by D, € Al(C, . Q) also the

8,n’
class of the divisor.

e D is the divisor definedas D = )" D,.
o K =c (L) e Al(Eg’n, Q), where £°® = L(D) = L ®y_Ox(D) is the
line bundle £ twisted by the divisor D.

e A is defined as the codimension 2 subvariety of Eg’n consisting of the nodes

of the singular fibres. By abuse of notation we denote by A € A%(C, ,, Q)

g.n’
also its class.

e Let N be the normal vector bundle to A in Eg’n. Then we define:
Ay = (e (N) A,

Before introducing the tautological classes on ﬂg,n we just recall the following
proposition on the intersection that will be used later:

Proposition 4.4.1. Foral 1 <i,j < n, withi # j we have:
KD,=D,D,=KA=D,A=0¢€ A" C,,)

Proof. The divisors D; and D; clearly do not intersect so the intersection of the
corresponding classes vanishes and this proves D, D; = 0. Similarly, since the
marked points are distinct from the nodes, the divisor D, does not intersect A,
hence also D;A = 0.

For the remaining equalities, notice that the restriction of the line bundle £°¢
to D, is trivial; indeed, the sections of £°¢ are 1-forms with simple poles at the
marked points, and the fibre at the marked points is the line of residues so it is
canonically identified with C.
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So now, the intersection K D; is the first Chern class of the restriction of
L2 to D,, hence it vanishes. Finally, L'°¢ restricted to A is not necessarily
trivial, however its pullback to the double-sheeted covering A is trivial. Therefore
KA =0. O

The tautological classes on Hg’n

We can now concentrate our attention on the tautological classes on the moduli
space M, .. Letp: C,, — M, be the universal curve. On the moduli space
M, , we can define the following classes:

k-classes «, = p, (K™") € A™(M,,).

w-classes y, = —p, (D7) € A'(M,,).

s-classes 6, , = p,(A,,) € A2HH(M, ).

A-classes A, = c;(A) € A’ (ﬂg’n) where A is the Hodge bundle and c; is the i
Chern class.

Remark 4.4. Let us observe that, with the exception of the A-classes, the tauto-
logical classes on M, , are pushforwards of tautological classes on C, , and their
products.

Remark 4.5. Let us also notice that by Lemma4.3.2] the definition of y-classes
given here coincide with Definition d.10| given above.

It is also possible to check that this definition of k-classes coincide with the
definition given by Mumford as discussed in the first introductory section.

Example 4.2. By definition 6,y = p,(4), where
AO,O = A

is the class corresponding to the divisor of nodes. Hence 6, is the pushforward
of A via p.

4.5 The tautological ring

In the first introductory Section {.1] we described the idea of Mumford to reduce
the study of intersection theory on moduli spaces to the study of intersection of
tautological classes.

After the definition of tautological classes, we can then define the tautological
ring, according to the definition given by Faber and Pandharipande in [FP11]:
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Definition 4.12 (Tautological ring). We define the system of tautological rings:

(R*M,.) € 4°(M,,.))

&.n

as the smallest system of (Q-subalgebras satisfying the following: the system is
closed under pushforward by forgetful and attaching maps.

This definition can be extended:

Definition 4.13. We define the tautological ring of any open subset U of ﬂg’n to
be the image of R (Hg,n) under the restriction map A*(ﬂg’n) - A*(U).

Remark 4.6. The first definition of tautological ring was given in [FP0O5] and it
was the following.

Definition 4.14. We define the system of tautological rings:
(RM,,) € 4°(M,,))
g,n

as the smallest system of Q-subalgebras satisfying the following:

L.y, ¥y, ..., ¥, € R*(ﬂg’n);
2. the system is closed under pushforward by forgetful and attaching maps.

However, Faber and Pandharipande in [FP11]] observed that condition 2. in
Def. implies 1. hence the definition can be reformulated as in Def. #.12]

There is a canonical quotient:

Q [ ¥ o, = R*(M,,) = O;

the kernel of q is the ideal of relations among the y classes.

Let us notice that, for example, the classes represented by boundary strata
all lie in the tautological ring since they are images of the fundamental class
under attaching maps. Also the self-intersection of a boundary stratum lies in the
tautological rings for the same reason.

In the previous section we introduced some classes that have been called
tautological, the following theorem justifies the name:

Theorem 4.5.1. The classes k,,, 6, ; and A; all lie in the tautological ring.
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Proof. Letr : ﬂg,n = ﬂg,n be the forgetful map. In this case we have that

_ m+1
60 = 7).

Moreover, the class 6, , is the sum of pushforwards under the attaching maps of the
class (W, + W) (W, W,10)', hence all these classes belong to the tautological
ring.

The classes 4;, as we will see as a consequence of Theorem [4.8.4] can be
expressed via the y, x and é classes, hence it will follow that they lie in the
tautological ring too. [

4.6 Characteristic classes and Grothendieck group

Before going on, we need a short overview on characteristic classes of vector
bundles.
Let us start by defining them. Let X be a complex manifold and

L - X
be a vector bundle of rank k.

Definition 4.15. We say that the L can be exhausted by line bundles if there exist
a line subbundle L, of L, a line subbundle L, of the quotient L/L,, and so on,
until the last quotient is itself a line bundle L,.

This is equivalent to ask L to have a complete flag of subbundles, with graded
pieces L, L,, ..., L,. The simplest case is L = € L.

Definition 4.16 (Chern roots). Let L be a vector bundle on X; if L can be
exhausted by line bundles, the first Chern classes

r. =c (L)
are called the Chern roots of L.

Definition 4.17 (Total Chern class, Todd class, Chern character). Let L be a
vector bundle on X with Chern roots r,7,, ..., r,. We define:

the total Chern class as:

k
o(L) = [T +r:
i=1

the Todd class as: )

(L) =[] er,.ri o

i=1
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the Chern character as: )

mm:Zﬁ

i=1

The homogeneous degree i parts of these classes will be denoted respectively by
¢, td; and ch,. In particular ¢;(L) is called the i Chern class of L.

Remark 4.7. Definition}4.7|and Definition of the i Chern class are equivalent;
Definition #.8|and Definition of total Chern class are equivalent.

The knowledge of the total Chern class together with the first i-ths classes of
a vector bundle allows to compute the Todd class and the Chern character, with
the exception of ch,, which is equal to the rank of the bundle.

Let us start with the study of the Chern character; we have the following
equality:

k
mm:Zw:
i=1

—1+r+ﬁ+ﬁ+ﬁ+m +m+1+r+£+i+§+m
N TR TR k ! !

From the previous equation it follows:

chy =k ch1=2ri ch2=%2ri2

Moreover we also observe that:

Sr=c  Srn=a Y rrn=c.

i<j i<j<k

Hence the collection of these equalities allows to compute explicitly the Chern
characters as in the following:

Example 4.3. Let us compute the first three ch,, ch, ch in terms of the first three
Chern classes:

ch1=2ri=c1
1 » 1 2 1,
Ch2_§zri —§<Zri> —Zrirj—zcl—cz.

i<j
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Similarly we can compute ch;:

2 () B
2 i<j 2i<j<k

3 - lc ¢y + =¢5.
17 55172 53

Proposition 4.6.1. The Chern character of a vector bundle L of rank k can be
written as:

C

_1
6
_1
6

ch(L) =k +c, +% (cf—cz) + é (C? -3¢,¢,43 03) +

" i (Czlt _4 cf ¢, +4c,cy+2 c% —404) + high order terms... (4.1)

Remark 4.8. Notice that in particular for a line bundle £ we have that k = 1,
hence there is only one Chern root:

ry=c(L)

and the Chern character is given by:

L) L) o)
+ + +

ch(L)y=e"=1+c¢c,(L)+ o1 3 a0

In this case we have:
ch, = 1
i
X

For Todd classes, let us recall that the function f(x) = —— can be written as
the following series:

X X B2n 2
—1-X4 "
e — 1 2 ) ™

n>1

where B, are the Bernoulli numbers:
1 1 1 1 5 691
6 2

hence we get:

i i Bn n
wn=T1(z) -1 (1 -5+ Tz
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In particular:
1 1
td, = ~3 E rp==3Cn

d, = % Zrirj-i-% Z(ri)z — % Z rz"}"'% (Z ri>2_é 2 rir; = 11—201 +% Gy

i<j i<j i<j

More generally:

td(L) = 144 ¢ 4L (c2 +02)+i ¢, Cy

2 12 24 (_CT+4C?C2+3C§+C1C3_C4)+--~

1
+_
720
Remark 4.9. 1t is possible to prove that the Chern character is additive i.e. given
E,, E, vector bundles:

ch(E, ® E,) = ch(E,) + ch(E,)

Remark 4.10. Let L be a vector bundle, since ch(L) is a symmetric polynomial
in the Chern roots, it is possible to prove that ch(L) is a well-defined element of
A*(X)g = A" (X)® Q.

Analogously the Todd class too belongs to the Chow ring.

The Grothendieck group

For an easier comprehension of the Grothendieck-Riemann-Roch formula, in
this section 4.6] on the Grothendieck group, and in the next Section d.7| with the
statement of GRR formula, the Chern classes, Chern characters and Todd classes
will be considered as cohomology classes. Hence the full section will be treated
in cohomology.

Anyway, as we will observe in Remark [4.TT] the same result could be obtained
also in the Chow ring.

Definition 4.18 (Grothendieck group). Let X be a complex manifold, and let us
consider the free abelian group generated by all vector bundles defined over X.
In this group, to any three vector bundles sitting in a short exact sequence:

0=V —-=V,—-V,—0

we assign the relation:
Vi=Va+Vy=0.

We define the Grothendieck group K°(X) to be the group of vector bundles
modulo this relation.
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Hence, the Chern character, being additive, determines a group morphism
from the Grothendieck group to the cohomology group:

ch: K°X) - H*(X,Q).

Let p: X — Y be a proper morphism of complex manifolds, then it induces
a map between cohomology rings:

p.t H'(X,Q) > H'(Y,Q)
for example, it is defined for any cycle C C Y in general position, by

(p.a,C) = {a,p”(O)).

The morphism p induces also another morphism between the Grothendieck
groups: let X be the fibre over a point y € Y and V' a vector bundle, we can
consider the cohomology spaces H*(X y» V). For each k, these vector spaces can
be glued together into a sheaf over Y, that will be denoted as R*p,(V'). We the
define:

p(V)=Rp, (V)= R'p,(V)+ Rp,(V)— .

Now we have the following diagram:

KO(X) -3 H*(X,Q)

| I

K'Y) —— H'(Y,Q)

It is natural to ask about the commutativity of this; the answer is given precisely
by the Grothendieck-Riemann-Roch (GRR) formula: it is not commutative but it
can be made to commute by adding a multiplicative factor td(p).

4.7 Grothendieck-Riemann-Roch formula and
technical lemmas

We collected now all the elements to state Grothendieck-Riemann-Roch formula
(GRR).

Let p: X — Y be a morphism of complex manifolds with compact fibres and
let V' a vector bundle over X.

We denote by td(p) the following:

td(TVX)

W) = ey
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Theorem 4.7.1 (GRR formula). Let F € K°(X), then the following equality
holds:

ch(p,F) = p, [ch(F) td(p)].
Proof. [Ful9§| L]

Remark 4.11. In the statement of Theorem and in the previous section
M4.6] we considered the Chern character of a complex manifold X as a class in
the cohomology ring H*(X, Q), therefore all the treatment has been done in
cohomology. Anyway, the same can be done in the Chow ring; in this case the
GRR-formula states the commutativity of the following diagram:

KO(x) 9% 4+ x. @)

| |-

KO(Y) Wd() A*(Y,Q)

For the proof of the GRR-formula in the Chow ring one can see the article of
Borel and Serre [BS58]].

We collect in this section also some lemmas that will be used to establish
relations among classes:

Lemma 4.7.2. Let D C X be a smooth subvariety of codimension 1, then we

have:
1 D

tdO,) 1—eD

Proof. We can in fact consider the following short exact sequence:
0— Oy(-D)— Oy — O, — 0;

recalling that td(©,) = 1 and that Todd classes have the multiplicative property
in short exact sequences we get the claim of the lemma. [

Lemma 4.7.3. Let A C X be a smooth codimension 2 subvariety and let v, v,
be the Chern roots of its normal vector bundle. Then, if B, are the Bernoulli
numbers we have:

1 —14A Z B,, Vlzk_l + ng_l
td(O,) 2! v+,

k>1
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Proof. Let us consider a tubular neighbourhood of A. Since the characteristic
classes are topological invariants of vector bundles, the characteristic classes of a
sheaf supported on A depend only on its resolution in the neighbourhood of A in
Eg’n, which is topologically as the neighbourhood of A in the total space of the
normal bundle N. For the normal bundle we have the following exact sequence
of sheaves (given by the Koszul resolution):

O—>/\2NV—>NV—>(9N—>(9A—>O

where O, is the sheaf of holomorphic functions on the total space of N. Hence
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we have:
1 _ td(N"Y) VY V, eVt — 1 _
tdOy)  td(APNY) €=l er—1 vi+v,

V1V2 eV1+V2 — 1
vi+v, (e —1D(e2—1)

ViV, eVt — oY1 4+ oY1 — ]
v+, (e = 1)(e2—1)

_ vy, [ e =1 (e =1
v+, [ (e = T)(e® - 1) (en — 1)(en — 1)
_ V1V2 evl
v+, (e - n' (eVz —~ 1)
S Le T PRV
vity, | (e — 1) (e2—1)
Vivo Va Vi Vi Va

vitv, vi+v, en—=1 v +vy, e2-1

v V. V. v B v
- W '1__1_‘_2 2k 12k S N
vi+v, v+, (2k)! Vit Vv,

k>1
Z B
[1 (2:;' ng]

k=1
_ v Va ViV MG B ViVa
Vit Vv, v1 +v, 2(vi+vy) vi+v,  2v,+v,y)
+ 2 (21?;' i :2 i :1‘/2 -
k>1 1 2
_ V2 " Vi l Vive, Vi, Vi
Vity, vitv, vitvy, 2(vi+vy)  2(vi+Vvy)

2k 2k
+Z By, ViV, t Vv, _
k) v+,

2k—1 2k—1
=1+vv232k Nt =
2Ly v+,

k>1

k>1
2k1 2k—1
+v
=1+A- 2 '
e (2k) v+ Vv,

Let now, A, D, and £1°2 as defined in Definition m;
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Lemma 4.7.4. We have:

log
td(p) = td(f ) .
td(O) I1,_, td(Op,)
Proof. For a proof see Cor. 3.26 in [Zvo14]]. [

4.8 Tautological relations

In this section, following Mumford’s article we would like to apply the GRR
formula to the case where the morphism is the projection from the universal
curve p . C Mg ,» and the vector bundle over C an is the trivial line bundle
O :=0; 3 1n order to discover some relations among classes, getting the so

called tau?ological relations.
Taking a look at the GRR formula,

ch(p,F) = p, [ch(F) td(p)]

in order to discover relations among classes we need to express the left-hand side
and the right-hand side of this formula via the y, k', 6 and A classes on moduli
spaces.

The left-hand side: p,©O

Proposition 4.8.1. Let C be a stable curve, and O be the trivial line bundle over
C, . ; let A be the Hodge bundle, and C be the trivial line bundle over M, , then:

g,n’ g:n’

O =C—A".

Proof. The proof is a consequence of the fact that R'(p, ©) is the dual of the
Hodge bundle, which implies the claim. O]

As a corollary we are able to rewrite the left hand-side of the GRR formula:

Corollary 4.8.2. Let O and A as above, then:
ch(p,©) =1 — ch(AY).

Remark 4.12. We observed before that the classes ch; can be expressed using the
first i Chern classes: c;; since these are by definition the A classes, this corollary
allows to express the left hand-side of the GRR formula for (9— in terms of
A-classes; to get our goal we have now to be able to write the rlght -hand side in
terms of the other classes.
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The right-hand side: td(p)

The right hand-side of the GRR formula involves td(p); let us start by writing
td(p) using K, A and D,’s with the following proposition:

Theorem 4.8.3. Let K, A, D, defined as in Definition 4. 11}; then we have:

2k 1+V2k1

1
td(p)=1—§< - D >+Z(2k)‘[ ZDZ"+A B

k>1
Proof. First of all, by Lemma.7.4] we have:

td(L'o)

td(p) = - ;
» td(O,) H,-=1 td(Op,)

the Todd class of £!°¢ can be computed to get:

K

td(L£°2) =

and of are given by Lemmas4.7.2

d((DA) td(©p,)
and[4.7 3| respectively. Hence, putting there results together we then obtain:

Moreover, the expressions of

td(£°%) _
td(©) [T, td(©))

n yA=t 2t
K D, + v
+A ,
eK—lgl—e—Di< Z(2k)' VitV )

taking into account Proposition .4.1| we get the following equality:

B v2k—l+v2k—1
td(p) = 1+< -~ 1>+ -1 A 2k 1 2 ).
()= = Z <1—e-D ) ( Sk v+,

Expanding the power series we have the claim:

td(p) =

2k 1+V2k 1]

1 B
td(p)=1—§<K—2D,->+;(2—lik)![ ZD”‘+A o
[l

88



4.8. Tautological relations

In conclusion, according to the GRR formula, the push forward p, of td(p) is
equal to the class 1 — ch(AY), since ch(©) = 1:

2k 1y 2k—1
1—ch(AY) = p, 1--( ZD>+Z ZD2k+A "%
(2k)! v+,
(4.2)
More explicitly, using the fact that:
ch (AY) = ch, (A) if k is even
« —chy(A) if kis odd
P(K*) = Ky,
v = p.(D),
and defining:
V2k=1 4y 2k=1
AN LS T
%1 = P ( v+ v, )
we obtain the following crucial theorem:
Theorem 4.8.4. We have the following:
chy(A) = g; (4.3a)
ch,, (A) = 0; (4.3b)
By, 2%-1 | cA
hy,_((A) = (2k)' Koy Z v, +05_ ] - (4.3¢)

Proof. For the proof of the equality in degree zero, by (4.2) we get:

1 —chy(AY) = 1 —chy(A) = ——p*( ZD) = —%(2g—2+n—n)= I—g
hence:

chy(A) =g

Using the relation:

[»/2]

= Y 05 <” ! ) W) + 1)
=0
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we can finally express the class 52 ., Via the standard classes o, ; with the following

equality:
2k—-1-1
2k 1 Z( 1)12k -1 —l < l > 52k—2—21,l-

This theorem together with the observations of Remark allows to get the
desired relations among the tautological classes we were looking for. In particular,
we can write them explicitly for low classes.

Proposition 4.8.5. We have the following relations:

1 n
A= B <’<1 - Z v + 50,0) ; (4.4a)
i=1

1

Ay = 2/1%, (4.4b)

L=ipo L K—il[/3+5 - 36 (4.4c)
3 6 1 360 3 ~ i 2,0 0,1 * *

Proof. For the equality (#.4a)); by Example [4.3] we have:
Ay =c¢;(A) =ch(A).
Moreover by Theorem 4.8.4] with k = 1:

B

_ b 1 Al —

11 - 11 1 -
=5 |%K - Wi+<_<>5o,o> == | K1 2 Wit 0o

and this proves the first equality.
For the second equality (4.4b)), again by the computation of Example 4.3 we
have:

Ay =C(A) = ! 02 —ch, ;/l% — chy;
moreover by Theorem ch2 = 0 hence:

_1p
For the third equality (#.4c), Example §.3] gives:
A3 = ¢5(A) = 2 ch, —%,ﬁ + M, = éxf +2chy;
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on the other hand, using Theorem with k = 2 we get:
B, ‘

n 1
_ L s 3 (3! _
=730 [’% ;Wi+<l=0( 1)3_1< / 6310 || =
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> The moduli space ﬂz

5.1 The tautological relations in genus 2

First of all, we can specialize the calculations of the previous chapter to the case
of genus 2.
From the Hodge bundle A we get the two A-classes:

A € A'(M,)
A, € AX(M,)
and by Proposition {.8.5|they satisfy:

1.2

Moreover, from the class K on Ez, we get:
K, € A'(M,), fori =1,2,3.
Considering the space ﬂz, since it does not have marked point y-classes are

zero.
Proposition [4.8.5]also gives the following equality:

A = 1—12(1(1 +6) (5.1)

where 6 = 8,y — X.'_ W, = 6y is the fundamental class of M, \ M,. Let us
observe that ﬂz \ M, has two components: Ay and A, :

e A, the closure of the locus of irreducible singular curves;
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e A, the locus of singular curves C, U C,, with C;, N C, = {pt} and p,(C)) =
P.(Cy) = 1.

Hence, by definition:
5 =[A] +[4].

In codimension 3 we obtain moreover the following equality, by Prop 4.8.5]

Mumford, using a formula for the Chern classes of the conormal bundle gets
the following equality:

pAy— K- p*A + K> = [AY] = 0;

(for a proof see [Mum83, §5]). Multiplying this by K and K?, we get the following
formulas:

K-pid,—K*-p*A, +K>=0
K?-p*A—K?>-p A, +K*=0

and taking 7z, we finally get:

Ky = Kydy — Kj Ay = %xfal. (5.2¢)

Combining now (5.1)) and (5.2b) we can express both k, and 4, in terms of
09,0y -

Proposition 5.1.1. We have the following tautological relations:
104, = 6, + 206, (5.3a)
Sk =6y +79,. (5.3b)
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Proof. For the proof of (5.3a), we have by (5.1):

1 1 1

M=K+ (80 +6,) =
= 211—2/11 + 1—1250 + é51 =
P P
hence:
(1- é) A = %50+ éal > %/11 _ %50 + éal
and finally, multiplying by 12:
104, =6, + 26,.

Similarly, to prove (5.3b)), using by the first part of the proposition that 104, =
oy + 26, we get:

S5k, =104, + 8, = (8 +26,) + 6, = 6, + 75,

and this proves the claim. [

Remark 5.1. As k, is ample, this implies moreover that M, is affine.

Let us finally resume the tautological relations obtained for the classes of ﬂz:

Theorem 5.1.2 (Tautological relations for M,). The tautological classes of M,
satisfy the following tautological relations:

104, = §, + 25,;
S5k, =8+ 78,;
1o
Ky, = AT+ 446,
1
Ky = 5&?51.

Remark 5.2. Let us observe that all the tautological classes of R*(ﬂz) can be
expressed via 6, and §,.
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5.2 Generators of A*(ﬂz)

In the case of moduli space of curves of genus 2 we can give also a description
of the Chow ring. The following two sections are dedicated to the study of the

intersection product in A*(M,); we start by describing the generators of A*(M,,).
We have in particular the following theorem:

Theorem 5.2.1. The space ﬂz is the disjoint union of 7 cells:

My = M, [ [ nrag) [ [ nra ) [ ] intao0) [T 1800 TT { oo} [T {Conr } -

In particular, A*(ﬂz) is generated by:
1. 1 in codimension 0;
2. 8,6, in codimension 1,
3. 0y, Op; in codimension 2,
4. the class [x] of a point in codimension 3: let us call this class p = [x].

Proof. We sketch the proof following Mumford’s article; to get generators of
A,(M,) we would like to use the fact that, if Y C X is a closed subvariety, we
have the following exact sequence:

AQY)— AX)— AX\Y)—0.

It is known, by [Igu60], that M, is isomorphic to C*> modulo the action of
Z /57 defined by:

(x,y.2) > (£x,8x,8y).
The map:
A, (C?) = A,(M,)

1s surjective hence:
A (M,) =0 if k < 3.

Thus: L
A (A) B AL(A) — A (M)

is surjective too if k < 3. In particular, if k = 2 we obtain that Az(ﬂz) is generated
by 6, and &,, which are the classes respectively of A, and A;.

Let us define now the following codimension 1 subsets. For clarity we include
after the definitions, the pictures of Mumford’s article:

A = Closure of curve in Mz parametrizing
0o irreducible rational curves with 2 nodes



5.2. Generators of A*(ﬂﬁ

Curve in ﬂz parametrizing curves
C,UC,,where C, N C, = {x},

C, 1s elliptic or rational with one
node and C, is rational with one node

£

curves in Agg curves in Agy

A, contains, besides the irreducible curves illustrated, also the two reducible
curves of the following picture:

Cooo:

Coo1:
p z
p‘} P P

Figure 5.1: The pictures of Cy,, and C,
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Let us observe now that Int(A,) = (Al \ Am) is the locus of curves of the
form C; n C, where C, N C, = {x},C,,C, smooth elliptic. It is isomorphic to
the symmetric product of two copies of the moduli space of 1-pointed genus one
smooth curves: SymM ,, and this is known to be isomorphic to C*:

Int(A,) = C*.

Moreover, Int(A,) = A, \ (AOO V] Am) is the locus of irreducible elliptic
curves with one node, which can be viewed as the space M , of triples (E, py, p,),
where E is a smooth elliptic curve of genus 2 and p,, p, € E, p; # p,, modulo
the involution interchanging the two points.

We already observed that each genus 1 curve is isomorphic to an elliptic curve
of the form:

¥ = x(x — D(x = A), with A #0, 1.

If we take p, to be the point at infinity, and p, = (x, y), interchanging p,
with p, is equivalent to mapping the point (x, y) to the point (x, —y). So we get a
surjective map:

{(x,2) | A#0,1} — Int(A).

Combining all this, we obtain the following results:

A A\ A )=0 for k <2,
A (A \ (A UA)) =0 fork<?2.

Thus A, (Hz) is generated by:

8o = [Ag] and 8y = [Ay] .

Finally, since ﬂz is unirational, all points are rationally equivalent. [

5.3 Multiplication in A*(ﬂz)

We can now conclude the chapter by giving the multiplication rules of A*(ﬂz).
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Theorem 5.3.1. The ring A*(ﬂz) has a Q-basis consisting of 1, 6y, 6,, 8y9> 091> P
and a multiplication table given by:

5

6 = 5500 — 26, (5.5a)
60, = 6, (5.5b)
1
6 = —13% (5.5¢)
1
60000 = —ZP (5.5d)
1
1
1
0,0y = —— 5.5
1901 4817 (5.52)

Remark 5.3. The multiplication table of Theorem 1| for A*(Mz) can be given
also using 4,. More precisely, using the identity: 10/1 = 0, + 20,, it is possible
to get the following equivalent multiplication table:

60 = %500 — 26, (5.6a)
806, = 8y, (5.6b)
00001 = %p (5.6¢)
oA =0 (5.6d)
8, = %501 (5.6¢)
oA = é500 (5.6f)

(5.64), (5.6b) and (5.6¢)) are the same as (5.5a)) ,(5.5b) and (5.51).
For (5.6d):

BpoA1 = B *

For (5.6¢)):

1 1 1 1
And finally for (5.6f):

1 1 1 <5 1 1 1 1 1

= by 1050+50 551 10 5500 - 2501)‘*‘5501 = 6500_5501'*‘5501 = 8500'

1 1 1 1
_50+500‘—51=—E'Z

10 5 P+

11
1.1p=0,
58P

lp_ 1y 11 1

5111:51' 5 1 10 5'550125501.

6oy =
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Obtaining the multiplication table of the Theorem from the identities (5.6a)-
(5.61) is an analogous computation.
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A Basics on category theory

A.1 Categories and functors
Definition A.1. A category C consists of the following data:
1. aclass Ob(C), whose elements are called the objects of C;

2. for each pair of objects A, B € Ob(C), a set Hom.(A, B), whose elements
are called morphisms of A into B, represented with an arrow f : A — B;

3. for each triple A, B, C € Ob(C), a mapping called composition law:

o: Hom.(B,C) X Hom.(A, B) — Hom.(4,C)
(&, f) +— gog

satisfying the following axioms:

a) ASSOCIATIVITY: if A, B,C,D € Ob(C)and f: A—> B,g: B— C,
h: C — D are morphisms, then the composition law is associative,
Le. (hog)o f = ho(gof);

b) IDENTITY MORPHISM: for every A € Ob(C), there exists an element
id, € Hom.(A, A), called identity morphism such that foid, = f and
id,og = g forevery B € Ob(C), f € Hom.(A, B), g € Hom.(B, A).

Definition A.2. A morphism f: A — B is said to be an isomorphism if there
exists g : B — A such that: fog =1d; and gof = id,. If there exists, g is said
to be an inverse of f.

Remark A.1. The inverse, if it exists, it is unique.

Definition A.3. Let C and D be categories. A covariant functor F: C — D
is given by the following data: to every object C € Ob(C), the assignment of
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an object F(C) € Ob(D) and to every morphism f : C — C’ in C a morphism
F(f): F(C) - F(C’) in D, satisfying the following axioms:

e if f: C—> C'and g: C' - C” are morphisms in C then
F(gof) = F(g)oF(f);

e F(id.) = id(, for every object C € Ob(C).

Definition A.4. Let C and D be categories. A contravariant functor F : C —
D assigns to every object C € Ob(C) an object F(C) € Ob(D) and to every
morphism f : C — C’in C a morphism F(f): F(C') - F(C) in D, satisfying
the following axioms:

e if f: C—> C'and g: C’' —» C” are morphisms in C then
F(gof) = F(f)oF(g);

e F(id;) = id(, for every object C € Ob(C).

Example A.1 (The dual category). Let C be a category, we define the dual category
or the opposite category of C the category C defined as follows:

e Ob(C?) = 0b(C);
e Hom,,(A, B) = Hom/(B, A)

e if "o" is the composition law in C we define the composition law "x" in CP
as:

[f * glecar = [g0f ] (A.T)

The verifications to prove that C is a category are all straightforward, they
Jollow for completeness.

Let f°? € Hom,,,(A, B), g’ € Hom.,(B, C), h®” € Hom_,,(C, D); we have
to prove that the composition law defined in (A.1)) is associative and the existence
of an identity morphism for each object. For the associativity, recalling that
[ € Hom ., (A, B) if and only if f € Hom (B, A), we have:

h? (g% % f7) = (fog)oh = fo(goh) = (h™ * g7) x f
where the second equality holds in the category C for the associativity of the

composition law "o" and the associativity is proven.
For the identity, since C is a category, for each object A € Ob(C) there exists

an identity id, € Hom¢(A, A); we claim that, id}, € Hom.,(A, A) is the identity



A.1. Categories and functors

of A in the category C?. In fact, let 7 € Hom,,(A, B), and g € Hom,,(B, A),
we have:

fop * leP — idAOf — f — fop
id? « g% = goid, = g = g”
and this proves CP is a category as well.

Remark A.2. A contravariant functor F : C — D is a covariant functor F : C® —
D. In the follow we’ll denote the contravariants functors in this way.

Definition A.5. Let F: C — D be a covariant (contravariant) functor. For
all A,B € Ob(C) the functor F induces a mapping F,;: Hom.(A4, B) —
Homy,(F(A), F(B)) (F,p: Hom.(A, B) — Homy,(F(B), F(A))), defined by
F,z(f)=F(f)forevery f: A— B.

The functor F is said to be:

1. faithful if all the maps F,p are injective for every A, B € Ob(C);
2. full if all these maps are surjective;
3. fully faithful if all these maps are bijective;

4. essentially surjective if for every D € Ob(D) there exists C € Ob(C) such
that F(C) = D.

Definition A.6 (Natural transformation of functors). Let C, D be categories and
F,G: C — D be covariant functors. A natural transformationn . F — G is the
assignment to each object A € Ob(C) of a morphism 7, : F(A) — G(A) such
that, for every morphism f : A — B in the category C the following diagram is
commutative:

F(4) =% F(B)

m| 1w

G(A) W G(B)

Definition A.7 (Natural isomorphism). A natural transformation of functors
n: F — G is called a natural isomorphism if n, . F(A) - G(A) is an isomor-
phism for every A € Ob(C).
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A.2 Product and fibered product

Definition A.8 (Product). Let C be a category. We say that the category C admits
products if for each pair of objects A, B € Ob(C) there exists an object P € Ob(C)
together with two morphisms 7, : P - Aandzz: P - B

P
A B

satisfying the following universal property: for each Q € Ob(C), with morphism
q,: O = Aand qz: Q — B, there exists a unique morphism f: Q - P
making the following diagram commutes

Corollary A.2.1. If a product (P, r,, ) exists, then it is unique up to a unique
isomorphism.

Remark A.3. This is a direct consequence of the universal property; in fact every
object defined through a universal property is unique up to a unique isomorphism.
For this reason, we’ll prove the uniqueness only in this case, the case of the fibered
product is analogous.

Proof. Let A, B € Ob(C), and let (I1, #,, ) and (P, p4, pg) two products. For
the universal property of the product applied to the two product spaces, we obtain
that there exist aunique f : I1 — P and aunique g : P — IT making the following
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diagrams commute:

IT P
v ¥
Ty p g Pa Nl PB
Py Pp Ty g
A B A B

wyo(gof) = (my08)of =pyof =m,

It follows that

wpo(gof) = (mgog)of = pgof =7y
and analogously
pso(fog) =p,. ppo(fog) =pg

hence (go f) and (f og) make commute the following diagrams:

IT

P
V &

A P i Pa I PB
I I

< Pa P P >

Aé— T —> B A B

T4

But the identity morphisms id, and idy; satisfy the same universal property
then, by the uniqueness of such maps:

gof =idy fog =idp
and this proves that P = IT up to a unique isomorphism. [l

Definition A.9 (Fibered product). Let C be a category. We say that the category
C admits fibered products if for each triple of objects A, B,C € Ob(C) and
each pair of morphisms ¢,: A — C, ¢z: B — C, there exists an object
P € Ob(C) together with two morphisms 7, : P - Aand 7z: P — B such
that the following diagram commutes:
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P
A B
C
satisfying the following universal property: for each Q € Ob(C), with morphism
q,: O — Aandqy: O — B, making the following diagram commutes,

o
Ay Y(B
c

there exists a unique morphism f: Q — P making the following diagram

commutes
)
Z lk
qa p qp
Tp g
A B

Remark A.4. Since it is defined by a universal property, the fibered product, if it
exists, it us unique up to a unique isomorphism.

A.3 Yoneda Lemma

Let C be a category and let us denote with C* := Fct(C, Set) the category of
contravariant functors from the category C to the category of sets.
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For every A € Ob(C) we define the following contravariant functor:
ht: C? — Set
X + Hom(X,A)
(f: X >Y) v Hom(, A) L, Hom(X, A)
® = fH@)=g@of

since every morphism f : A — B induces a natural transformation f, : h* — hP
we can then define the following covariant functor:
ho: C —= C"
A — h* =Hom(-—, A)
fs
A B
¢ = f@)=fop

The proof of the Yoneda Lemma is essentially based on the following result

Lemma A.3.1. For every F € C*, we have:

Homg,(h.(A), F) = F(A)

(A.2)
for every element A € Ob(C), functorially in A.

Proof. Let us start by defining the map that induces the bijection (A.2); let n €
Hom.(h-(A), F) be a natural transformation between A.(A) = h* and F. For
every X € Ob(C), by definition of natural transformation, we have a morphism
ny . Hom(X, A) - F(X), so let consider the morphism

n, . Hom(A, A) = F(A)

Then, we define the following map:

®, : Homg\(h-(A), F) — F(A)
n = nA(idA)

We have to prove now this map is a bijection. Let us start from surjectivity;

let a € F(A), we look for a natural transformation # such that @ ,(x) = a. Given
X € Ob(C) we define:

Ny . he(A)(X)=Hom(X,A) - F(X)
[ F(f)a).
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The collection of all such (17x) yconc, define a natural transformation. In fact,
given X,Y € Ob(C) and f : X — Y, if we consider the following diagram:

Hom(Y, A) —X3 F(Y)

f*\L \LF(f)

Hom(X, A) —— F(X)

given ¢ € Hom(Y, A), we have:

(F(f)ony @) = F(f)ny(@)) = F(f)(F(@)a)) =
= (F(f)oF(p)(a) = F(pof)(a) = ny(pof) = ny(f* (@) = (nyof ") e)

hence the diagram commutes and the # defined above is a natural transformation.
Moreover, clearly this # satisfies ®(7) = a. In fact:

®,(n) =n,Gd,) = F(@idy)(a) = idF(A)(a) =a

hence this is the natural transformation we were looking for. For the injectivity,
let us suppose ¢ is a natural transformation such that @ ,(£) = a. We claim that
& =n. For any X € Ob(C), and for any f € Hom(X, A), we have the following
commutative diagram:

Hom(A, A) —2% F(A)

f*\L l/F(f)

Hom(X, 4) —— F(X)

Since the diagram commutes:
Ex(f) = Ex(f7(dy)) = (ExofHd,) =
= (F(f)og)(idy) = F(f)(£,4Gd ) = F(f) (@) = nx(f)

and this proves that @, is also injective hence it is a bijection. It remains to check
this is functorial in A, i.e. given B € Ob(C), and a morphism f : A — B, the
bijections defined above make the following diagram commutes:

Hom,..(ho(B), F) —%3% F(B)

h}l \LF(f)

Homc, (he(4), F) —— F(B)
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Let us recall that every morphism f: A — B induces a covariant functor
h;: he(A) = hc(B); moreover h, induces a pullback

1 - Home,(he(B), F) — Home, (he(A), F).
Given 5 € Hom,.,(h(B), F) we have:
(@ 40h")(n) = D 4(h(n) = @ (goh,) = (0 £)(id ) = 1,(f)
(F(f)o®p)(n) = F(f)(P@g(n) = F(f)ng(idg))
to conclude we only have to prove the equality:

na(f) = F(f)ngQidp)).

To do this, let consider the following commutative diagram, this commutes
since # is a natural transformation:

Hom(B, B) —23 F(B)

f"\L \LF(f)

Hom(A, B) —— F(A)

hence, by the commutativity, we have:
n4(f) = ns(f*(idp)) = (im0 f*)(idp) = (F(f)ong)(idp) = F(f)(np(idp))
and this concludes the proof. [
We can finally close the section with the
Theorem A.3.2 (Yoneda Lemma). The functor h is fully faithful.
Proof. Letset A := h.(Y), then by Lemma we have immediately:

Hom,.(ho(X), he(Y)) = Hom(X, Y).

From Yoneda Lemma we can deduce the following:

Corollary A.3.3. Let h™ the Yoneda functor as above, then:

X2YinC < hW¥=hn'inch
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B Orbifolds

Definition B.1 (Orbifold chart). Let X be a topological space. A complex orbifold
chart on X is the assignment of a map:

U/G>V CX,

where U C C" is a contractible open set endowed with a biholomorphic action
of a finite group G, V' C X is an open set, and ¢ is a homeomorphism between
U /G and V considered as topological spaces.

Definition B.2 (Subchart). An orbifold chart
UGSV CX
is said to be a subchart of ”
U/G—-VCX
if
o V' CV;

e there is a group homomorphism G’ — G and a holomorphic embedding
U’ — U such that:
1. the embedding and the group homomorphism commute with the group
action;

2. the G’-stabilizer of every point in U’ is isomorphic to the G-stabilizer
of its image in U;

3. the embedding commutes with the isomorphisms ¢ and ¢’.

Definition B.3. Two orbifold charts V; and V, are called compatible if every point
of ¥V} NV, is contained in some chart V; that is a subchart of both ¥, and V.
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We can finally give the definition of orbifold.

Definition B.4 (Orbifold). A smooth complex orbifold is a topological space X
endowed with a maximal atlas of orbifold charts.

Definition B.5. Let X be an orbifold and x € X a point. The stabilizer of x is
the stabilizer in G of a preimage of x in U under @in some chart.

Remark B.1. The previous definition is well-posed; if we choose another chart or
another preimage we will get an isomorphic stabilizer, though the isomorphism is
not canonical.

The definition of morphism of orbifolds in full generality would lead us to
many technical difficulties, however it is easy to define a morphism of orbifolds
in the case where the fibres of the morphism are manifolds. Even of this is only a
particular situation, it will be enough for our purposes.

Definition B.6. Let X, Y be orbifolds. A map of orbifolds f: X — Y with
manifold fibres is the data of a continuous map between the underlying topo-
logical spaces f XY together with the choice for every y € Y of a chart
®,: U,/G — V, containing y, of a holomorphic map F: U, — U, of alifting
of the G-action on U, to U, commuting with F" and of an isomorphism ¢, of

U, /G with an open suborbifold of X, such that @, oF = f oQ,.

B.1 Orbifolds and moduli spaces

The link between moduli spaces and orbifolds is given by the following theorem:

Theorenii.l.l. There exists a smooth compact complex (3g — 3+ n)-dimensional
orbifold M, ,, a smooth compact complex (3g — 2 + n)-dimensional orbifold C, ,,

andamapp: C,, — Hg,n’ such that

1. M,, C ﬂg’n is an open dense suborbifold and C,, C Eg,n its preimage

under p;
2. the fibres of p are stable curves of genus g with n marked points;
3. each stable curve is isomorphic to exactly one fibre;

4. the stabilizer of a pointt € ﬂg’n is isomorphic to the automorphism group
of the corresponding stable curve C,.

For more details one can see [HM98, Chapter 4].



B.1. Orbifolds and moduli spaces

Definition B.7. The space ﬂg’n is called the Deligne-Mumford compactification

of the moduli space M, ,. The family p: Eg,n - ﬂg,n is called the universal
curve.

Definition B.8. The set ﬂg’n \ M, , parametrizing singular stable curves is called
the boundary of M,,,.

Remark B.2. Le us notice that the boundary is a suborbifold of ﬂg’n of codi-
mension 1, hence a divisor. Anyway, the term boundary should not lead to any
confusion: as already stated ﬂg,n is a smooth orbifold and the boundary points
are as smooth as any other point of it.

A generic point of the boundary corresponds to a stable curve with exactly
one node. If a point ¢ corresponds to a stable curve C, with k nodes, there are k
local components of the boundary that intersect transversally at . Each of these
components is obtained by smoothening k£ — 1 out of k£ nodes of C,. Hence, the

boundary is a divisor with normal crossings in ﬂg’n. The figure below (Fig.|[B.1),
which we took from [Zvo14], shows two components of the boundary divisor in
M, , and the corresponding stable curves.

38888

Figure B.1: Two components of the boundary divisor in ﬂg’n
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