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The following are the lecture notes for a course about the moduli space of stable curves
given in the Summer of 2020 at the University of Bonn. In the course, we define the
moduli space and discuss its basic properties. We present many of the basic constructions
related to it, e.g. of gluing and forgetful maps, and explain a number of examples of these
moduli spaces in more details. Towards the end of the course we also cover the basics
about the intersection theory on the space and the definition of tautological classes inside
its cohomology groups.
Special thanks go to Bence Forras, Sjoerd de Vries, Isabell Hellmann, Thibaud van den
Hove and Pim Spelier for pointing out typos and giving feedback for this script, greatly
improving the quality!
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1 Introduction and Motivation

This course is an introduction to the moduli spaces of algebraic curves. The idea behind
these spaces is that they allow us to classify algebraic curves up to isomorphism.

To get some intuition what this could mean, let’s start with a more basic and familiar
example: finite-dimensional vector spaces V' over a field K. These mathematical objects
are uniquely classified by their dimension, since V' = V' if and only if dimV = dim V".
Thus it makes sense to write the following:

{fin. dim. vector spaces over K} /iso. — {0,1,2,...}, (1)
[V] = dim V.

This is a great classification: the left side looks complicated and scary but we understand
the right-hand side (the natural numbers) very well!

The above was an example from linear algebra, but for an algebraic geometer, a natural
question is to try classifying algebraic varieties up to isomorphism. In this course we will
look at algebraic curves, i.e. algebraic varieties of dimension one. Why dimension one?
It turns out that varieties of dimension zero are too easy: over an algebraically closed
field K they are disjoint unions of points (i.e. Spec(K)). On the other hand, varieties of
dimension greater than one turn out to be more complicated to classify, so dimension one
is the natural place to start.

To fix some conventions, we will say that a curve is a variety of pure dimension 1 and
a variety is a reduced, separated scheme of finite type over our base field (not necessarily
irreducible). For now, let us fix the base field to be the complex numbers C and let us try
to classify smooth, irreducible, projective curves over C, i.e. look at the set

M = {C smooth, irreducible, complex projective curve} /iso. (2)

Why did we require C' to have this list of properties? Some motivation:

e We ask C' to be smooth since singularities add complications and can destroy some
of the nice structures that smooth curves have, which will help us classify them. We
will relax this condition below and allow so-called nodal singularities.

e Once we assume C' to be smooth, being irreducible is equivalent to being connected’.
A possibly disconnected curve is the union of connected ones, so it makes sense to
classify these first.

e The assumption that C is complex is mostly for our convenience, much can be
extended to working over algebraically closed fields (sometimes of characteristic 0).
However, having C as the base field will allow us to draw some nice pictures, see
below.

e As for the assumption that the curve is projective, note that for every smooth,
irreducible, not-necessarily projective curve C” there exists an embedding C" < C'
into a smooth, irreducible and projective curve C' (see [Vak17, 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 C’). Again, this is something we will see later, for today we just
consider curves without the additional data of marked points.

IFor a connected, reducible scheme there must be a point contained in two irreducible components
(otherwise all these components would be disjoint, contradicting connectedness). Then one checks that
such a point cannot be smooth. This statement is true in more generality, see [Stal3, Tag 033M].
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What can we say about M? Is it finite or infinite? Can we hope to give a list of elements,
as in (1)?

Well, let’s start getting our hands on some elements of M. Below we will use that
apart from the Zariski topology on a complex curve C, the set C'(C) of complex (or closed)
points of the scheme C' also has a complez® topology. We'll treat this in more detail later,
so if you haven’t seen it, dont worry; for now it just allows us to draw some nice pictures
of curves.

Example 1.1 (The projective line). The most basic example is the curve P!, the projective
line. It is covered by Uy =P\ {[0: 1]} = At and U; =P\ {[1: 0]} = A', overlapping in
UpNU; = A\ {0}. This allows us to see that its complex points P!(C) are exactly given
by the two-sphere S?* (see Figure 1).
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Figure 1: The complex points of the projective line and its chart U,

A second source of examples are curves which are subvarieties of the projective plane P?
cut out by a homogeneous equation. It turns out that smooth curves cut out by equations
of degree one and two (lines and quadrics) are actually isomorphic to P!, so they don’t
give new examples. Thus, let’s go to degree three.

Example 1.2 (Plane cubics). Consider the family E; of cubic curves in P? defined by
E={X:Y:Z|eP: Y Z+X(X-2Z)(X-tZ)=0}, teC. (3)

One checks that for ¢ # 0,1, these curves are indeed smooth and with some work one
can show that their complex points E;(C) are isomorphic to a torus T = S' x S, for all
values t € C\ {0,1} = U (see Figure 2).

In the above examples, we saw that the complex points of the curves we considered
had a nice structure, being a sphere and a torus. This generalizes to arbitrary curves C' in
M: the complex points C(C) are a smooth, oriented compact real surface (also known as
the surface of a donut with g holes). This number g of holes® is called the genus of the
surface (and also of the corresponding curve C'). See Figure 3 for an illustration.

2The idea behind the complex topology is that for U C A™ an affine variety, the complex topology on
U(C) c A™*(C) = C" is the relative topology coming from C". For a general complex variety X with an
affine cover of U;, the set X (C) is covered by the U;(C) and their complex topologies glue together.

3To make this mathematically precise, one can define ¢ as half of the dimension of the first singular
cohomology group of the surface.
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Figure 2: The complex points of F;
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Figure 3: The complex points a curve C' of genus g

From an algebraic geometry point of view, the genus of a curve C' € M can be defined
as the dimension®

9(C) = dim H"(C,Q¢) (4)
of the space of sections of the cotangent line bundle Qf, of C.

Exercise 1.3. Use this definition to verify that the genus of P! is 0 and the genus of E;
is 1.

For the problem of classifying curves up to isomorphism, the genus is important since
two curves of different genera clearly cannot be isomorphic (in particular P* 2 E;). Indeed
we can write down a well-defined map

M —{0,1,2,...}, [C]— g(C) (5)

and given g € {0,1,2,...} define M, as the preimage of g under this map. In other words,
we have that M, is the set of isomorphism classes of genus g curves.

Returning to our examples above, it turns out that in genus zero our classification is
already complete:

Fact 1.4. Every smooth, irreducible complex projective curve C' of genus 0 is isomorphic
to PL.

In other words M, is the set with unique element [P!]. However, the situation is
already more complicated in genus one:

4Silly remark: note how we use the classification (1) via dimension for the vector space H°(C,QL)!



Fact 1.5. Every smooth, irreducible complex projective curve C' of genus 1 is isomorphic
to one of the curves E; (t € C\ {0,1} = U). Moreover, for t;,ts € U we have E;, = E,, if
and only if ¢, satisfies

1 1 -1
the dty, —, 1—t, : : . 6
? {1 t V1ot 4 tl—l} (6)

So while the topological space E;(C) is independent of ¢, it turns out that the algebraic
curves F; are not all isomorphic. In fact, we see that there are uncountably infinitely
many isomorphism classes of curves in M;! It turns out that the story continues similarly
for higher genus: for each g > 2 the set M, is uncountable (of the same cardinality as C).

So are we done yet? Is the course complete at this point? After all, we have classified
M, as abstract sets. It turns out that we can ask for more!

For this, we look back at the family F, parametrized by t € U. This is a very nice
family of curves (e.g. the equations defining E; depend continuously, in fact algebraically,
on the parameter t). Fact 1.5 tells us that every genus 1 curve appears as a member of
this family and gives a criterion which members of the family are pairwise isomorphic.
Starting with the family over U, we can try to get rid of this redundancy. One can define
an action of the symmetric group Ss on U such that the generators (12), (23) € S5 act by

(12)~t:%,(23)~t:1—t. (7)

Then the orbit of ¢; € U under Ss is exactly the set given in (6). Thus we have a natural
identification M; = U/S3, where U/S3 is the set of orbits in U under the Ss-action.
But this shows that we can hope to have more structure on M;! After all, the set
U =C\{0,1} is naturally a topological space, and in fact the set of complex points of
the scheme A'\ {0,1}. Also, the action of S3 is algebraic (e.g. the map

A"\ {0,1} — A"\ {0,1}, ¢t~ 1/t

is an algebraic morphism) and in fact it turns out that the quotient (A'\ {0,1})/Ss also

makes sense as an scheme. This scheme is given by the affine line A' and the quotient

morphism

(2 —t+1)3 .
2(t—1)? (®)

is known as the j-invariant®. This is an algebraic morphism and the fibres (of closed
points in A') are exactly the orbits of the action of S5 on U.

Looking back, we see that the scheme A! together with the data of the j-invariant
and the family F; is a much more satisfying answer to the problem of ”classifying genus 1
curves” than just saying that M is an infinite set. In particular it allows us to make the
following statements about curves of genus g = 1:

j AN {0,1} — A"t 28

e There exists an algebraic variety U = U, and a family C; of genus g curves
parametrized by ¢ € U, such that every smooth, irreducible projective genus g
curve appears as a fibre C}.

e The variety U, is smooth and connected, so any two genus g curves can be deformed
into each other using this family.

e There exists a variety M, and a surjective morphism U, — M, which identifies two
closed points t1, ¢y iff Cy, = C},, so the closed points of M, are in bijection with the
smooth, irreducible projective genus g curves up to isomorphism.

5There are good reasons for putting the factor 28, see the reference section below.



It turns out that all of these statements are still true for g > 2. The spaces M, appearing
in the statement then deserve to be called the moduli spaces of curves and those are the
objects of study in this course. However, there is also a surprising set of things which go
wrong or unexpected:

e Lor g > 2, the variety M, is not smooth. For g > 4 its singular locus corresponds to
the isomorphism classes of curves C' having a nontrivial automorphism.

e For g > 1, the family C}, t € U,, above does not descend to a family over M,. In
other words, we cannot write down a (reasonable) family of curves parametrized by
M, such that the member of the family associated to [C] € M, is isomorphic to C.
However, there does exist such a family over the complement of the locus of curves
having a nontrivial automorphism.

Thus in both cases automorphisms of curves are the source of trouble. In the course,
we will see how the theory of algebraic stacks, a generalization of schemes, resolves this
problem by viewing M, as a stack instead of a scheme.

The first part of our course will be to make precise what we mean by words like "moduli
space” and "reasonable family of curves” above and then to study the spaces M, that can
be defined this way. We will see how modern tools of algebraic geometry (e.g. deformation
theory) can be used in this study (e.g. to determine the dimension of M,).

The second part of the course will focus on studying the cohomology groups of the
moduli spaces of curves. Here, we will encounter a second issue, related to a quote by
Angelo Vistoli:

”"Working with noncompact spaces is like trying to
keep change with holes in your pockets.”

Indeed, for g > 1 the spaces M, are not proper, so their sets of C-points are not compact.
This means that their cohomology groups lack some nice properties, such as Poincaré
duality, which hold for compact spaces. We already saw an example above: identifying
M with Al its complex points are C, which is contractible and thus has the cohomology
of a point.

This issue can be resolved by finding a compactification of M, i.e. a space M,
containing M, as an open subset and working on Hg instead. For this compactification to
be helpful, it should itself be a moduli space of geometric objects generalizing the smooth
genus g curves which M, classifies.

Going back to the family E; of genus 1 curves parametrized by t € C \ {0, 1} can give
us a hint what these more general geometric objects could be. Indeed, why did we restrict
to t # 0,1 in this family? The reason was that putting t = 0,1 in the defining equation of
E; would give us a singular curve in P2, For instance, for ¢t = 0 we obtain

Ey={[X:Y:Z]eP*: Y’ Z+X*(X - Z)=0}.

The singular point is [X : Y : Z] = [0 : 0 : 1]. Let’s see how the curve looks like
in a neighborhood of this point: going to the chart {Z # 0} of P? with coordinates
[X :Y :Z] = [z:y: 1], the singular point is (z,y) = (0,0) and the equation becomes

y? + 2% (z — 1) = 0.

Around (0,0) we have x — 1 ~ —1 and so in a small neighbourhood of this point® the
equation looks like
Y —2* =0+ (y—2)(y+2) =0,
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Figure 4: A neighbourhood of the singular point in Ej looks like the union of the lines
y=xand y = —x

which is simply two lines meeting transversally.

Such a singular point is called a nodal singularity. Using the pictures of real surfaces
from above, we can illustrate how the set of complex points £;(C) changes as t approaches
0.

© 2 o
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Figure 5: The degeneration of the surface E;(C) ast — 0

Generalizing the moduli space M, of smooth curves C' we will study a moduli space
M, which allows the curve C' to have such nodal singularities. This space M, then turns
out to be proper (or compact), fixing the holes that we had in our pockets.

The goal of the second half of this lecture series is to show the beautiful structures that
appear in the cohomology groups of the spaces Mg. This is an area of active research, with
connections to many parts of mathematics such as graph theory, enumerative geometry
and the theory of integrable systems (to name but a few).

References and further reading (and watching)

A nice and mostly elementary discussion of the Facts about curves of genus zero and one
stated above can be found in Sections 19.3 and 19.9 of [Vak17]. The result that the set of
complex points of a plane cubic is isomorphic to a torus (which can and should be seen as
a quotient C/A of the complex numbers by a lattice A C C) has a beautiful connection to
the so-called Weierstrass p-function, e.g. explained in [Hai08, Section 5].

There is a video recording of a great one-hour introductory talk to the moduli spaces
of curves given by my PhD advisor Rahul Pandharipande at the ICM in Rio in 2018. It
does not only cover essentially everything that we are going to treat in this course, but it

6This can be made precise using formal algebraic geometry and completions of local rings, let’s not
worry about this now.


https://www.youtube.com/watch?v=LbNQHE2sJjk

also contains the Portuguese translation of a quote by Riemann (at 10:53) and a picture
of a passion flower taken by a PhD brother of mine (at 13:39), among other things.


https://youtu.be/LbNQHE2sJjk?t=653
https://youtu.be/LbNQHE2sJjk?t=819

2 Fine and coarse moduli spaces

2.1 Motivation

Before we discuss the moduli space of curves, we should first make sure we understand
what we even mean by "moduli space”. To start off, let us consider a familiar example:
the projective space P". It classifies lines through the origin (i.e. sub-vector spaces of
dimension 1) in C"*'. However, just writing

P" = {¢ : ¢ line through the origin in C"™'} (9)

is not enough: the right-hand side of (9) is a set, equal to the set P"(C) of C-points of P,
but it does not have the structure of a scheme.

So what makes the usual scheme structure on P the right one to make it a moduli
space of lines in C"™!? Let’s start with the topology: intuitively, for the lines

() o)

the sequence £,, of lines in C? ”converges” to the line 4.

2,
Lz
Ls
L

Figure 6: The sequence of lines ¢,, converging to the line ¢,

And indeed, the (complex) topology on P*(C) satisfies £, ———» {,. Similarly, for the
scheme structure on P" note that the family of lines

(o= ()=

parametrized by the variety A! has defining equations which are algebraic in the coordinate
t on A!. Because of this, we expect that the scheme structure on P? should satisfy that

the map
Al = P2t L, (10)

is an algebraic morphism, which again is true for the standard structure on P2. Gener-
alizing this example from X = A! to arbitrary schemes X, there should be a bijective
correspondence

Families of lines parametrized by X <— Morphisms X — P", (11)
(Li:te X) «— (X =P t— Ly).
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The crucial insight is that knowing the sets of morphisms X — P" for every scheme X
uniquely determines the scheme structure on P" (see Lemma 2.1 below). Thus, by the
equivalence (11) above, we can uniquely specify the scheme P by making precise what we
mean with a ”family of lines parametrized by X”.

2.2 Moduli functors and fine moduli spaces

The correct way to do this is using category theory. Denote by Sch¢ the category of
schemes over C, where for schemes X,Y € Ob(Schc) the set Mor(X,Y’) of morphisms
from X to Y is the set of algebraic morphisms X — Y over C. Then, for any scheme
M € Ob(Schg), we have a functor

hM : SchP — Sets, X +— Mor(X, M). (12)

Why the "op” above? This is because Mor(—, M) is a contravariant functor, i.e. given
g: X' — X we get a natural map hM(X) — hM(X’) in the opposite direction, given by
Mor(X, M) — Mor(X', M), (X L M) — (X' % X L ).

For M = P", the set h™(X) is exactly the right-hand side of (11). The statement of the
Yoneda Lemma is that the functor h™ uniquely determines the scheme M.

Lemma 2.1 (Yoneda’s Lemma). The functor

h~ : Sche — Functors(Sch” — Sets), (13)
M s hM

is a fully faithful embedding. In other words

e given schemes M, N, the morphisms M — N are in bijection with natural transfor-
mations hM — hY,

e in particular M = N iff hM = bV,

By this Lemma, we can see the category of schemes as sitting inside the category of
functors Schy” — Sets. Thus we will give these functors their own name.

Definition 2.2. A moduli functor h is a functor h : Sch’ — Sets. In other words, the
data we need to specify is the following:

e for every scheme X over C a set h(X) (the families parametrized by/over X),

e for every morphism f : X’ — X amap h(f) : h(X) — h(X’) (the pullback of families
under f),

e satisfying that h(idx) = idp(x) and that for X" 9, x' 4y X we have that the com-
position h(X) LEN h(X") Mo, h(X") equals h(X) Mg, h(X") (the compatibility
of pullback for identity and compositions).

Definition 2.3. A moduli functor h is called representable if it is of the form h = h™ for
a scheme M. This scheme M (which is unique up to isomorphism) is then called a fine
moduli space for h.

11



Example 2.4. We return to the example of projective space P", showing that it is
a fine moduli space for "lines through the origin in C**'”. Define a moduli functor
h : Sch’ — Sets by the following data:

e for every scheme X over C the set h(X) is given by

L —5 X x Crtt
h(X) = / ~ (14)
L

where L — X is (the total space of) 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"™! of
vector bundles such that the quotient is also a vector bundle). We take this set up to
isomorphisms, i.e. (L - X x C™1) ~ (L' 25 X x C"1) iff there is an isomorphism
L = L' of line bundles on X making the obvious diagram commute,

e for every morphism f : X’ — X we define the pullback by
h(f) : h(X) = h(XT),
(L5 X xC) s (f°L L5 (X x €1 = X' x CHY).

The compatibility conditions of the pullback are satisfied since clearly h(idx) = id(x) and

since for X” % X’ 5 X we have a canonical isomorphism ¢* f*L = (g o f)*L.

Finally we want to show that A is representable by P”, i.e. that we have a natural
equivalence h = h'" of functors. This exactly makes precise the equivalence (11) we
claimed before. Recall that to specify a natural equivalence h = h*" we must give, for
every scheme X, a bijection h(X) — h¥" (X) = Mor(X,P") such that for f: X’ — X the
diagram

h(X) —— Mor(X,P")

lh(f) lhﬂj’"(f) (15)
h(X") —— Mor(X',P")
commutes. What should the map h(X) — Mor(X,P") do again? Given
(i: L — X xC"h e h(X), (16)

for any x € X we have that i(L,) C {z} x C"™! is a line through the origin of C"*! and
so (16) should be sent to the morphism X — P" mapping z to [i(L,)] € P". But a priori
it is only clear what to do at closed points x € X and we should find a more algebraic
way to phrase this, allowing us to deal with more complicated X.

We take a small but interesting detour to do this. Fix a scheme X and an element
(L % X x C™1) in h(X). The injective map i of total spaces of vector bundles (whose
cokernel is a vector bundle) corresponds to a short exact sequence

0= LS 0% Q-0

of locally free sheaves on X7. Taking the dual, this is equivalent to an exact sequence

L\/

0+ LY < 0%+ QY+ 0

7 Alternatively, we can say it corresponds to a locally split injective morphism ¢ : £ — (9}“.
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of locally free sheaves. Since the kernel of a map of locally free sheaves is automatically
locally free, this is equivalent to just specifying the surjection ¢V : O%™ — LY. Such a
surjection is determined by specifying sections so, ..., s, € H°(X, £LY) without common
zero, i.e. not vanishing simultaneously anywhere on X. Then writing M = LY and
defining

M a locally free sheaf on X
h/(X) = (./\/l,so,...,sn) T 80,---58n EHO(X,M) sections /N (17)

without common zero

we have just described a map h(X) — h/(X). One checks that this map is a bijection,
that A’ is in fact a moduli functor and that the maps h(X) — h'(X) define a natural
equivalence h = h/. Thus we have reduced the problem to showing that A’ = hF".

The fact that a map ¢ : X — P" is equivalent to the data of a line bundle M on X
together with n + 1 sections without common zero (up to isomorphism) is proven in many
textbooks on Algebraic Geometry (see e.g. [Sch17, Corollary 12.10], [Har77, II, Theorem
7.1], [Vak17, Important Theorem 16.4.1.]). Let us recall the argument: starting with an
element (M, sg,...,s,) € h'(X) we can write down a map X — P™ by

0: X =Pz [so(x) :s1(x) ... su(2)]. (18)

A priori, the expression [so(x) : s1(z) : ... : s,(x)] does not make sense, since the s;(x) are
not functions but elements in the fibre M, of the line bundle M on X. But we can choose
any cover X = J, U; of X trivializing the line bundle and any isomorphism M|y, = Oy,.
Then on U; we can identify the sections s; with regular functions and the element
[so(z) : s1(x) : ... : sp(x)] does not depend on the choice of trivialization. Indeed, a different
choice of trivialization differs by multiplying all components of [so(z) : s1(x) : ... : s,(2)]
with the same nonvanishing function, so the corresponding element of P™ does not change.

Conversely, given a map ¢ : X — P" we define M = ¢*Opn(1). For the sections,
observe that Opx (1) has a space of global sections of rank n 4+ 1 given by

HO(P", O(1)) = (20, ..., )

and we define s; = ¢*(x;) € H°(X, M). One checks that the two correspondences
between (M, sg, ..., S,) (up to isomorphism) and ¢ : X — P" are inverse to each other
and ”functorial” (i.e. making the diagrams (15) commute). Thus they define a natural
equivalence b’ = hF", finishing the proof.

Remark 2.5. Instead of constructing the equivalence h = h®" via the functor //, a direct
construction is also possible: given an element (L — X x C"*1) in h(X) let L' C L be
the open set that is the complement of the zero section. Due to the assumption that 7 is
injective, it maps L' to X x (C"™1\ 0). Consider the diagram

L' —— X x (C"'\ 0) "= P"

PSS

where 7 is the composition of the projection X x (C"*!\ 0) — C"*!\ 0 with the quotient
map C"*\ 0 — P". One checks that the composition 7o : L' — P" is constant on the
fibres of L' — X. Intuitively, this should allow us to define a map ¢ : X — P™ completing
the diagram above by ¢(z) = (7 0 i)(f) for any ¢ € L' mapping to x. This intuition
indeed works, using the so-called fpqc descent (see [Stal3, Tag 023Q)]). So starting from
(L = X x C"*') € h(X) we constructed ¢ € Mor(X,P") and one checks that this induces
the same natural transformation h = h™" as in Example 2.4.
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Definition 2.6. Given a moduli functor i and a natural isomorphism h = h™ for some
scheme M, define the universal family U € h(M) to be the element in h(M) corresponding
to the canonical element idy; € Mor(M, M) = hM(M).

Exercise 2.7. Let h be a moduli functor with fine moduli space M and universal family

U e h(M).

a) Show that for any scheme X and any family F' € h(X) parametrized by X there
exists a unique morphism f : X — M such that the pullback of U under f is F, i.e.
hMHU) = F.

b) Show that for the moduli functor h from Example 2.4 with moduli space P", the
universal family is given by the ”tautological” line bundle

{((,v) eP* x C**' 1y € 0} = L —— P" x C*!
Pn/

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

¢) Show that for the moduli functor A’ from Example 2.4 with moduli space P", the
universal family is given by

(Opn (1), 20, ..., Tp)-

Easy exercise 2.8 (Fibre products as moduli spaces). Let mx : X — Z, 1y : Y — Z be
morphisms of schemes. For any scheme S define
such that 1y ooy = my o oy

h(S):(hX XhZhY)(S):{(UX,Jy): ox:S—=>X,op:5—->Y }

a) Show that h defines a moduli functor.

b) Prove that the fibre product X xz Y is a fine moduli space for h. What is its
universal family?

2.3 Application : The Picard scheme

Until now we only used the theory of moduli spaces to interpret known schemes as a fine
moduli space for some functor. Now let’s use it to actually define a new space. For this,
recall the definition of the Picard group of a scheme® X:

Pic(Y) = {L : £ an invertible sheaf on Y} /iso. (19)

It classifies line bundles up to isomorphisms. A priori, the definition (19) only makes sense
as a set (or a group with respect to tensor product ®). But it turns out that in many
situations we can find a nice scheme structure underlying Pic(Y") by seeing it as a fine
moduli space.

What should be the moduli functor? Given a scheme X we need to define what we
mean by a ”family of line bundles on Y over the base X”. The natural thing is to take
the product X x Y (the trivial family with fibre Y over X') and look at the data of line
bundles up to isomorphism on X x Y.

8In this section, all schemes will be schemes over C, all morphisms will be morphisms over C, all fibre
products will be fibre products over C etc.
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Definition 2.9 (Picard functor - first attempt). We define the (absolute) Picard functor
Picy : Sch®? — Sets of the scheme Y as

Picy (X) = Pic(X x Y).

Given f : X' — X the corresponding morphism Picy (X) — Picy (X’) is given by the
pullback £ — f*L of line bundles under f x idy.

This is a perfectly nice and reasonable moduli functor, except for the fact that it is
never representable (for Y nonempty).

Proposition 2.10. For Y # () the functor Picy is not representable.

Proof. Let X be any scheme with a nontrivial line bundle M (e.g. X = P! with M =
Op:(1)). Let mx : X XY — X be the projection, then we have the object

Mx = 1xM € Pic(X xY) = Picy (X).

Note that this object is nontrivial (i.e. not isomorphic to Oxyy). Indeed, since Y is
nonempty (and since C is algebraically closed) it has a C-point and so my has a section.
Then the pullback of M x under this section is M, which is not trivial.

Assume that Picy were representable by a scheme P with a universal object U €
Picy (P). Then by definition there exists a unique morphism ¢ : X — P with (g xidy )*U =
M. Similarly, there is a unique morphism p : pt = Spec(C) — P associated to the trivial
line bundle Oy, i.e. satisfying (p x idy )*U = Opixy-

Now let X =, U; be an open cover on which M is trivial, then the pullbacks My, of
Mx to U; x Y are trivial. In other words, they are pullbacks of Op;xy under the maps
U; — pt to a point. This implies that the unique map U; — P associated to My, must
factor through p : pt — P. We then have a diagram of maps as follows

X —2=P

[ (20)

“

|_|z' UZ — pt

Since the restrictions of the map g : X — P to the covering opens U; all factor through p,
the map g itself must factor through this morphism. But this is impossible since then we
have

MX = (g X ldy)*u = (g/ X ldy)*(p X ldy)*u = (gl X idy)*optxy = OXXy,
a contradiction to the statement that My is not trivial. O

Remark 2.11. The fact that Picy does not have a moduli space is a first example of a
general slogan’ in the theory of moduli spaces:

For moduli functors h, the presence of nontrivial automorphisms

often prevents the existence of a fine moduli space. (21)

As above, the rough idea is that automorphisms allow us to find a scheme X with an open
cover X = J, U; such that we can construct a nontrivial family F'y € h(X) by gluing
trivial families Fy, € h(U;) along nontrivial automorphisms Fy,|v,nv;, = Fu,|v,nu,. We
then reach a contradiction by using a variant of the diagram (20). As we will see later,
the theory of algebraic stacks was specifically invented to be able to deal with these kinds
of moduli problems.

9As with many one-sentence slogans, this is a bit too general to be true in all contexts and hard to
make precise anyway. It is more a guideline to build some first intutions.
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In the proof of Proposition 2.10 we were able to reach a contradiction for the repre-
sentability of Picy by using the nontrivial family Mx € Pic(X x Y') obtained by pulling
back a line-bundle M € Pic(X) from the base. Surprisingly, in this case we can solve all
our problems by just dividing out such pullback bundles in our moduli functor.

Definition 2.12 (Picard functor - second attempt). We define the (relative) Picard functor
Picy,c : Sch®® — Sets of the scheme Y as

Picy c(X) = Pic(X x V) /miPic(X),

where mx : X X Y — X is the projection on the first factor and 7% 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 Picyc(X) — Picy,c(X’) is still given by the pullback £ +— f*£ of line bundles
under f x idy (and this respects the equivalence relation we divided out).

Theorem 2.13. If Y is an integral, projective variety over C, then the functor Picy,c is
representable by a separated, locally finite type scheme Picyc.

Proof. See e.g. [Kle05, Theorem 4.8]. O
Remark 2.14. Assume we are given Y such that Picy/c is representable by a scheme
PiCy/(c.

a) A line bundle £ on Picy,c x Y representing the universal family on the moduli space
is called a Poincaré line bundle. Given a C-point [M] € Picy/c, the restriction of £
to [M] x Y C Picy,c x Y is isomorphic to M. The line bundle £ is unique up to
tensoring with line bundles pulled back from Picy/c.

b) The set Pic(Y) of line bundles on Y has a natural structure of an abelian group,
where multiplication is given by tensor product of line bundles. From this one can
show that Picy,c has the structure of an algebraic group, i.e. the natural maps

PiCy/(C X PiCy/(C — PiCy/(C, PiCy/(C — PiCy/C
([L4],[La]) = [£1 @ Lo] L— LY

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

¢) We denote by Pic?//(c C Picy/c the connected component of Picy,c containing
the trivial line bundle [Oy]. It gives a subgroup of Picy,c. For Y = C a smooth,
projective algebraic curve, the scheme Picd, sc = Jac(C) is called the Jacobian of C.

Example 2.15. a) For a point Y = pt = Spec(C) we have that for any scheme S we
obtain
Picy/c(S) = Pic(pt x §)/Pic(S) = {[Os]}.

This implies that
Pic,,c = Spec(C).

However, surprisingly for Y = A" the same is not true (even though Pic(A™) =
{Opn}). This follows from the existence [Liu] of a scheme X such that the pullback
Pic(X) — Pic(X x A') is not an isomorphism.

b) For any n > 1 we have that

Picprjc = [[{Op(m)}

mEZ

is a countable union of isolated points.
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c¢) Given an elliptic curve (E,pg), we have
Pic}c = E,
and for A C E x F the diagonal, the line bundle
L = Opxp(A — E x py) € Pic(Picyc x E)

is a Poincaré line bundle over Pic, /c-

2.4 Coarse moduli spaces

As we have seen, even reasonable functors like Picy can fail to have fine moduli spaces.
While in this particular example we were able to fix this by considering the relative Picard
functor, in general (and in particular for the moduli functors of curves that we will consider
soon) a fine moduli space is too much to ask. Thus we need a weaker notion for a scheme
to "approximately represent” a moduli functor.

Definition 2.16. Given a moduli functor h, a coarse moduli space is a pair (M, ®) of a
scheme M together with a natural transformation ® : h — A such that

a) (M,®) is initial among all such pairs, i.e. for any other scheme M’ and natural
transformation @ : h — h™' there exists a unique natural transformation ¥ : hM —
hM" such that the following diagram commutes

h L y hM
Y A (22)
pM'

b) the map ® induces a bijection
®(Spec(C)) : h(Spec(C)) = hM(Spec(C)) = M(C) (23)
on C-points.

Easy exercise 2.17. a) Show that every fine moduli space is also a coarse moduli
space (in particular, make precise what this statement means).

b) Show that given a moduli functor h, if a pair (M, ®) satisfying condition a) in
Definition 2.16 exists, this pair is unique up to isomorphism. In particular, coarse
moduli spaces are unique up to isomorphism.

In the next section we are going to introduce the moduli functors for families of curves
and we will see that they have a coarse moduli space, but not a fine one. A second example
of this are the absolute Picard functors Picy introduced in Section 2.3.

Proposition 2.18. For any scheme Y such that the relative Picard functor Picy,c has a
fine moduli space Picy/c, the natural map @ : Picy — Picy,c = hPiev/c makes (Picy,c, ®)
into a coarse moduli space for Picy.
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Proof. To show property a) from Definition 2.16, let ® : Picy — ™' be a second natural
transformation. We need to show that given X, the map Picy (X) — Mor(X, M’) induced
by @' factors through Picy (X)/7%Pic(X). So let £y, L5 be line bundles on X x Y with
Ly =Ly ® m5% M for a line bundle M on X. Let ¢;,92 : X — M’ be the maps induced
from L1, Ly via ®’. We are finished if we can show ¢; = ¢s.

For this note that given for any open cover X = |J, U; trivializing M on X, the
pullbacks of L1, Ly to U; X Y coincide for all i. By functoriality of @', this implies that
91|lu, = ga|u,- But since morphisms are determined by their restriction to an open cover,
we conclude g; = gs.

Property b) of Definition 2.16 follows since

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

Challenge 2.19. Prove or disprove that pt = Spec(C) is a coarse moduli space for Picy1 c.
See also my question on math.stackexchange.

Update: The question has been answered affirmatively within a day by two students
from the class! You can check out their answers under the link above.

Exercise 2.20. We want to study the moduli problem of classifying “two points on P!,
not necessarily distinct, up to projective linear transformations”. For this, consider the
moduli functor

h:Sch® — Sets, X = {s: X = P! xP'}/ ~ | (24)
where s ~ s if there exists G : X — PGL, such that

where PGLs acts diagonally on P! x P!,
Let pt = Spec(C), when we want to show that (pt, ®) for the unique natural trans-
formation ® : h — hP* satisfies condition a) from Definition 2.16, but not condition

b).

a) Assume we have a scheme U and s € h(U) such that s : U — P! x P! factors through
the complement P! x P*\ A of the diagonal A. Show that then there exists an open
cover U = |J, U; of U such that the restrictions s|y, are equivalent under ~ to the
constant section

so=([1:0],[0:1]): Uy — P* x P,

b) Let (M’,®') be a pair of a scheme and a natural transformation @ : h — h*'. Let
Y : pt = M’ be the morphism associated via &' to

(7:pt {OOAD, p1 o P?) € h(pt).

Consider the family
(spiypt = idpiypr : P! x P! = P! x PY) € h(P' x P')

and use the previous exercise part to show that the associated morphism ®’(sp1yp1) :
P! xP* — M’ factors through + : pt — M’. (Hint : Use the continuity of ®'(spiyp1).)

¢) Show that given any scheme X and s € h(X) there exists a morphism f : X —
P! x P! such that f*(spiyp1) = s. Use this to finish the proof that (pt, ®) satisfies
condition a) from Definition 2.16.
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d) Why does it not satisfy condition b)?

To summarize, we learned that the functor h~ embeds the category of schemes into
the category of moduli functors. Functors in the image are called representable and have
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 part a) of Definition 2.16. We
illustrate this in Figure 7.

Scwews, oves €

Figure 7: The Yoneda embedding of the category of schemes to the category of moduli
functors

Exercises

Exercise 2.21. As in Example 2.4, define a moduli functor A for ”families of k-dimensional
subspaces of C"” and show that h is representable by the Grassmannian Gr(k,n).

References and further reading

A nice introduction to moduli spaces in general, with applications to moduli spaces of
genus 0 curves, can be found in [KV07, Section 0.2]. A short introduction can also be

found in [HM98, Chapter 1A].
See [Kle05] for further discussions of Picard functors and schemes.
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3 Families of curves and their moduli

3.1 Smooth and nodal curves

Now we want to define moduli functors and spaces for algebraic curves. We start by
recalling some basics for curves over Spec(C), which will correspond to the C-points of
our moduli space.

Definition 3.1. A (complex) curve is a one-dimensional variety'’ C' — Spec(C). In other
words it is a reduced, separated scheme of finite type over Spec(C) such that all irreducible
components have dimension 1.

In the following, we will mostly be concerned with projective curves. For these, the
most important invariant is their genus, coming in two flavours.

Definition 3.2. Let C' be a complex projective curve.
a) If C' is smooth, its geometric genus is defined to be
p,(C) = KO(C) = dim HO(C, L),

where Q}, is the cotangent line bundle of C. For a singular curve C, its geometric
genus is defined to be the geometric genus of its normalization.

b) The arithmetic genus of C'is defined as

Pa(C) =1—x(C,0¢) =1 —dim H(C, O¢) + dim H'(C, O¢).

Proposition 3.3. For a smooth, irreducible projective curve we have p,(C) = p,(C).

Proof. We have H°(C,0O¢) = C since C is irreducible projective and H'(C,O¢) =
HY(C, QL)Y by Serre duality. This implies

pa(C) =1 —1+dim H°(C, Q)Y = p,(C). O
Exercise 3.4. Let C' C P? be a nodal cubic curve, e.g.
C={[X:Y:Z]eP: Z2Y?+ X® - ZX* =0}. (25)
Show that p,(C) = 0 and p,(C) = 1.

Digression 3.5 (Riemann surfaces). There is a second approach for studying algebraic
curves, going via Riemann surfaces. While this is not necessary to build the theory, it is
often useful to have in mind.

To start, let C' be a smooth, projective, irreducible curve. Consider its set S = C'(C)
of complex points with the complex topology'!. Then it turns out that S is a compact,
connected complex manifold of complex dimension 1. Thus, seen as a real manifold, it is a
compact, connected oriented real surface without boundary.

To give an idea why this is true:

10We take the convention that varieties are not necessarily irreducible.

HFor any scheme X of finite type over C, there is a mnatural complex topology (or even the
structure of a complex analytic space) on its set X(C) of C-points. For an affine scheme X =
SpecClz1, ..., z,]/(f1,---, fm) it is given by the topology on the common zero set V(fi,..., fm) C C*
induced from the complex topology on C™. The construction for general X goes via gluing these topological
spaces for an affine cover of X. See [Har77, Appendix B.1] or [Vak17, Exercise 5.3.G] for more details.
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,\/\‘ .- 1T 7
% “holon

Figure 8: The complex points a curve C' of genus g give a compact, connected oriented
real surface S without boundary with ” ¢ holes”

e S is compact since C' was assumed to be projective.

e The curve C' is 1-dimensional over C and hence S = C(C) is 2-dimensional over R

e S is a smooth manifold since C' is smooth as an algebraic variety.
e S is oriented since in fact it is a complex manifold.

There is a complete classification of compact, connected oriented real surfaces'? without
boundary. They are all of the form ”a donut with g holes” as in Figure 8 and the number
g > 0 is called the topological genus of the surface. For S = C(C) it turns out that the
topological genus of S is equal to the geometric (or arithmetic) genus of the algebraic
curve C.

As mentioned in the introduction, it will turn out that moduli spaces of smooth curves
are not compact. To find a larger moduli space which will be compact, we allow curves to
have nodal singularities.

Definition 3.6. Let C' be a complex curve.

a) A closed point ¢ € C' is a node'® if it satisfies one of the following two equivalent
conditions:

e There exists a neighbourhood of ¢ € C(C) which is complex-analytically
isomorphic to a neighbourhood of the origin in the locus {(x,y) : -y = 0} C C2.

e The completion 60,,1 of the local ring of C' at ¢ is isomorphic to Cl[z,y]]/(x - y).

b) The curve C is called nodal if every closed point ¢ € C' is either a smooth point or a
node.

Exercise 3.7. Show that the "nodal cubic curve” (25) from Exercise 3.4 is indeed a nodal
curve.

Let C' be a complex, projective and nodal curve. Then its normalization v : C — Cis
a complex, projective curve which is smooth (but possibly disconnected). The morphism

2In this context, surface means a 2-dimensional topological manifold.
13 Alternative names are nodal singularity or ordinary double point.
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v is an isomorphism over the smooth locus of C' and every node ¢ € C' has exactly two
preimages ¢, ¢” € C. We have the normalization exact sequence'*

0—= Oc — 1.0z — @ C, —0, (26)

q node of C

where the first map sends a (local) function f on C to fowv on C and the second map
sends a (local) function g on C' to (g(¢’) — 9(¢")), where ¢ runs through nodes of C' and
q,q" are the preimages'® of ¢ under v.

Easy exercise 3.8. Use the sequence (26) to show that for a complex, projective, nodal
curve C' with normalization C' — C' we have

Pa(C) = pa(C) + #{nodes of C}, (27)
or equivalently

pa(C) = py(C) + 1 — #{components of C'} + #{nodes of C'}. (28)

Figure 9: A nodal curve C and its normalization C, with py(C) = pg(é’) =5and p,(C) =8

Fact 3.9. The data of a complex, projective, nodal curve C' together with the tuple
(q:)5—, of its nodes, is equivalent to the data of its normalization C' together with the sets
({d},q/})i_,. In other words there is a unique way to ”glue” the components of C together
by identifying the pairs ¢, ¢/ to form nodes.

normalization

07 (Qz)le < s 67 ({CI;, qg,})le (29)

gluing

In particular, the data of a morphism ¢ : C'— X to some scheme X is equivalent to the

data of ¢ : C'— X such that ¢(q}) = ¢(¢/) for all 4.

normalization ~
p:C— X ¢ : rp:C— X st o(q)) = @(q)) Vi (30)

gluing

14To show exactness of this sequence, one uses that a) it suffices to check it stalkwise, i.e. after tensoring
with O¢, for p € C and b) that the map O¢, — @c,p is faithfully flat. This last point is how the
definition of a node comes into play.

5For this we need to choose an order on the preimages, alternatively we need to replace C, by
v (Cy @ Cyr)/Cy.
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In the next subsection, we will define families and then moduli spaces of nodal curves.
It turns out (see Remark 3.16) that in a family of nodal curves, the arithmetic genus of
the curves stays constant, while the geometric genus can change. For instance, in the
family E; of smooth plane cubic curves from Example 1.2, the general E; was smooth of
(arithmetic and geometric) genus 1, and the nodal cubic Fjy still has arithmetic genus 1
but geometric genus 0 (by Exercise 3.4).

So we see that smooth curves of genus g degenerate to nodal curves of arithmetic genus
g. However, it turns out that there are too many nodal curves of arithmetic genus g to
obtain a compact moduli space! More precisely, consider the following sequence of nodal
curves of genus 2.

Y
Ce c, c, C, o

Figure 10: An infinite sequence of nodal curves of arithmetic genus 2

If we had a compact moduli space of such curves, this would be a sequence of closed
points in this space. After taking a subsequence, this would need to converge (in the
complex topology) to some point of the moduli space, but intuitively the above sequence
of curves cannot possibly converge to a (finite type) curve! So allowing all nodal curves is
too much, but it turns out that things work out very well if we restrict ourself to so-called
stable curves. Here is the definition, including a variant for curves together with (marked)
points.

Definition 3.10. A connected, nodal, complex projective curve C' is called stable if the

group
Aut(C) ={¢: C — C : ¢ isomorphism} (31)

of its automorphisms is finite. Moreover, given py, ..., p, € C distinct smooth points of C|
we say that (C,py,...,p,) is stable if the group

Aut(C,py1,...,pn) = {p : C — C: ¢ isomorphism with ¢(p;) = p;} (32)
of automorphisms of C' fixing all p; is finite.

This definition makes some sense: we have seen before that automorphisms create
trouble when trying to find moduli spaces, so infinite automorphisms can create infinite
trouble! More seriously, let’s see that this definition prevents the counterexample from
Figure 10. For this we need some facts about automorphisms of curves, starting with the
case of smooth curves.

Fact 3.11. Let C be a smooth, complex, irreducible projective curve of genus g.

a) For g = 0 we have C' = P! and Aut(P!) = PGLy(C), where
PGL,y = { |:CCL Z:| S ]P)(Matgxgy(c) = P3: ad — bc 7& O}
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is the projective linear group. The action of PGLy(C) on P! is given by

{Z Z} [X Y] = [aX +bY s eX +dY].

Moreover, this action is 3-transitive, i.e. for pi, ps, p3 € P! pairwise distinct closed
points there exists a unique element of PGLy(C) sending them to 0,1,00 € P,
respectively. Or, formulated differently, the morphism

PGLy — (PY)?\ A,
A (AJ0:1], A1:1], AJ1:0])

to the complement of the big diagonal A C (P')? is an isomorphism.

[

b) For g = 1 the curve C' = E has automorphism group is isomorphic to Aut(F) =
E(C) x G for G one of the finite groups Z /27, 7./4Z or Z/67Z. The normal subgroup
E(C) C Aut(E) acts simply transitively, i.e. for p,p’ € E closed points there exists
a unique element of F(C) sending p to p'.

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

Easy exercise 3.12. Let C' be a smooth, complex, irreducible projective curve of genus
g and py,...,p, € C be distinct points. Show that Aut(C,py,...,p,) is finite if and only
if2g —2+n>0.

From this we can get a very explicit criterion for a nodal and pointed curve to be
stable.

Proposition 3.13. Let C' be a connected, nodal, complex projective curve C' and let
D1y -, Pn € C be distinct smooth points. Then (C, py, ..., p,) is stable if and only if every
irreducible component C, C C of the normalization of C' satisfies

e C, has genus 0 and contains at least 3 special points, i.e. preimages of nodes of C' or
markings p;, or

e C, has genus 1 and contains at least 1 special point, or
° 6@ has genus at least 2.

Proof. By Fact 3.9 together with the universal property of the normalization, an automor-
phism ¢ : €' — C of C is equivalent to an automorphism ¢ : C' — ¢’ mapping each pair
q;,q! € C of preimages of nodes to some other such pair. In particular, we get a group
morphism

Aut(C, p1, ..., pn) — Sym({components C, of C'}) x Sym({qj,qj :j=1,...,£}) (33)

sending an automorphism to the permutation on the set of components of C and the set
of preimages of nodes. Since this permutation group is finite, the group Aut(C,p,...,p,)
is finite if and only if the kernel K of the above map is finite. B B
But an element of the kernel is precisely a collection of automorphisms ¢, : ¢\, — C,
of the components of C' which fix all special points (i.e. the points ¢}, ¢ and the points
pi). Comparing with Fact 3.11 (or with Easy Exercise 3.12), we see that the group of
automorphisms of C, fixing a number m of distinct points of C,, is finite if and only if C,
is of genus 0 with m > 3, of genus 1 with m > 1 or of genus at least 2. O]
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Example 3.14. For the nodal curve in Figure 11, we see that its normalization has
three components of genus 0, 1, 2 respectively. They have 2,1 and 3 preimages of nodes,
respectively, and the genus 0 component has also a preimage of the marked point p; € C.
Checking with the criterion above, we see that C' itself is not stable (the genus 0 component
only has 2 special points), but (C,p;) is stable (together with the preimage of p; it now
has 3 special points).

N

@ C

Presm. R neden
prein.® P

Seged PontS

Figure 11: The nodal curve C' and its normalization C together with the special points on

C

Looking back at Figure 10 we see that only the first curve in the sequence is stable:
all others have components of genus 0 with only one special point on them. Thus this
sequence will not give a counterexample to the compactness of the moduli space of stable
curves!

3.2 Families and moduli spaces of smooth and stable curves

Now we define the notion of a family of curves. As we will see later, it is very natural to not
just consider the the curve C' itself, but the additional data of py,...,p, € C of n distinct
points. Moreover, we will treat families of smooth and stable curves simultaneously.

Definition 3.15. Given g,n > 0, an n-pointed family of (smooth/stable) genus g curves
over a scheme S is a tuple

(m:C — S;p1,...,pn: S —C) (34)
where

e 7 is a (smooth/flat), proper, surjective, finitely presented morphism of schemes such
that the fibre Cy over any geometric point s € S is a (smooth/stable), projective,
connected curve of arithmetic genus g,

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

We say that a second family (C'/S;p),...,p)) is isomorphic to (C/S;p1,...,py) if
there exists an isomorphism ¢ : C'— C” over S such that ¢ op; = p., i.e. such that the
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Figure 12: A family of stable curves

diagram

C L s O
N

commutes. Given a map f: T — S, we define the pullback of (C/S;p1,...,pn) under f
to be the family (Cp/T;p1r,...,pnr) for the fibre product Cpr = C' xg T with induced
sections p; v = (p; o f) X idr.

Cr — C

ll L)

T—>S

Remark 3.16. Most of the above definition should be very reasonable, but I want to
comment on two small points.

a) Over reasonable bases (i.e. locally Noetherian), the assumption of 7 being finitely
presented already follows from the map being proper. But we need it for technical
reasons (see point c¢) below).

b) Given that we ask all fibres Cy of the morphism 7 to be projective, it is tempting to
just require 7 being projective instead. However, this would lead to some technical
difficulties (e.g. being projective cannot be checked on a Zariski open cover of S).
However, it turns out to be true that for a stable family of curves, the morphism 7 is
locally projective, i.e. there exists a Zariski open cover of S such that 7 is projective
restricted to the open sets in this cover'®

16Idea of proof: we will later see that there is a so-called canonical line bundle w, of m and that the
family being stable guarantees that wx (>, p;) is ample on the fibres Cs. By EGA 1V3, 9.6.4 this implies
that this line bundle is m-relatively ample. Then this line bundle makes 7 projective locally on S.
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c¢) For the family of stable curves, we require the map 7 to be flat. In the case of
smooth curves we did not have to add this extra assumption since every smooth
morphism is automatically flat. One nice consequence is that for a flat, proper,
locally finitely presented morphism the Euler characteristic of the fibres is locally
constant ([Vakl7, ,Exercise 28.2.M]). This means that even if we did not ask all
fibres to have arithmetic genus g, we would at least know that their arithmetic genus
is constant on connected components of the base.

Definition 3.17. Let M,,, and M,,, be the moduli functors sending a scheme S € Sche
to the sets

My (S)={(rm:C— S;p1,...,pn : S — C): smooth curve over S}/iso,

Myn(S)={(r:C— S;p1,...,pn: S — C): stable curve over S}/iso.

of n-pointed families of smooth (or stable) genus g curves over S, up to isomorphism.
Given a morphism f : T — S, the induced maps

Myn(8) = Mgn(T), Mgn(S) = Myn(T)
are defined by the pullback of the families of curves over S to T

Easy exercise 3.18. Convince yourself that this defines a moduli functor. In particular,
check that the pullback of a family of (smooth/stable) curves is again (smooth/stable).

Theorem 3.19 (see [DM69, Knu83b]). Let g,n > 0 with 2g — 2+ n > 0.
a) There exist coarse moduli spaces M,,, and M,,, of M,, and M.

b) They are normal algebraic varieties of dimension 3g — 3 4+ n and there is a natural
inclusion M, , C M, as a nonempty, open and dense subvariety.

¢) The variety Mg,n is irreducible, projective and has quotient singularities'”.

d) The complement OM,, = M,, \ M,, of the locus of smooth curves, called the

boundary of M, is a (Weil) divisor'®.

e) The locus M;n C My, of [(C,p1,...,pn)] with trivial automorphism group
Aut<Ca b1, - - apn) = {ldc}

is an open and smooth subvariety. It is a fine moduli space for the moduli functor

ﬂgm of stable curves with trivial automorphism group and thus has a universal
family
_O
Con
{7 g
_0 —_—
M,, C My,

1"That means it has a Zariski open cover by varieties V/G for V smooth affine and G a finite group
acting on V. Here, if V is the spectrum of a ring R, the action of G on V induces an action of G on R
and the variety V/G is the spectrum of the ring R® of G-invariant elements in R.

18In general, the divisor ngn \ My, is not Cartier (see here). However, since Hgyn has quotient
singularities it is Q-factorial so a multiple of the divisor is Cartier.
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Figure 13: The moduli space of stable curves M, ., with the open set M,,, of smooth
curves and the boundary OM,,, illustrated

Remark 3.20. Using Easy exercise 3.12 we see that the reason for the requirement
2g — 2+ n > 0 of the theorem is precisely that it ensures that any smooth curve
(C,p1,...,p,) has finite automorphism group (so that indeed §) # M, ,, C M,,). In the
end, it is just a concise way to exclude the finite list of cases

(gan) = (070)7 (07 1)7 (O’ 2)7 (170)'

Concerning part ) of the Theorem, one can check that for 2g — 24+ n > 0 the set Mg’n of
curves with trivial automorphism group is nonempty if and only if (g,n) # (1,1),(2,0).

In order to help us digest this big theorem, we will start by looking at some concrete
examples of moduli spaces Mg’n in low genus in the next section. Along the way we will
also introduce some general concepts, like the dual graph of a stable curve. Later we will
discuss the main ideas of how to prove the various properties of Hgﬁn stated above.

References and further reading

A great introduction to (smooth) algebraic curves with an overview of the behaviour for
small genus is given in [Vak17, Chapter 19]. See also [Vakl7, Exercise 16.4.C] for the
automorphism group of P! and [Vak17, Section 21.7.8] for the finiteness of automorphisms
for g > 2 from Fact 3.11. See this great poster about automorphism groups of smooth,
complete curves over more general algebraically closed fields.

For an introduction to nodal curves see [ACG11, Chapter X, §2]. For some more
technical results about (nodal) curves, see [Stal3, Tag 0BRV], in particular subsections
14, 15 and 19.

28


https://www.ma.tum.de/_Resources/Persistent/0/3/2/c/032cccea9b56d654921f7c440a80096ba0926a16/2019-04-09_Bachelorposter_Martin.pdf
https://stacks.math.columbia.edu/tag/0BRV

4 Examples of moduli of curves and basic construc-
tions

4.1 Smooth curves of genus 0
Let’s start with the moduli spaces M, of smooth curves, which is defined for
20—24+n=-24n>0 < n=>3.

From Fact 3.11 a) we know that every smooth genus 0 curve C' is isomorphic to P'. Thus,
beginning with the simplest case n = 3, every curve (C,p1,ps,p3) € Mgs(Spec(C)) is
isomorphic to (P!, p1, p2,p3) € Mos(Spec(C)). Again by Fact 3.11 a) there exists an
automorphism of P!, an element of PGLy(C), sending py, pa, p3 to 0,1, 00. Thus we have

(Cap17p27p3> = (Plaplap%p?)) = (]P)laoa 1700)

Thus, up to isomorphism, there exists a unique smooth genus 0 curve with three distinct
marked points! Therefore, we expect that the moduli space M3 is a point. This turns
out to be true, but the proof (without using Theorem 3.19) is actually quite involved!

Proposition 4.1. The variety M3 = pt = Spec(C) is a fine moduli space for the functor
M3 and the universal family is given by

(m: P! = Spec(C);pr = 0,p2 = 1, p3 = 00 : Spec(C) — P) (36)

For the proof we are going to use the following result. Proving it is quite technical, so
we only give the proof in the appendix in the optional Section 4.6.

Proposition 4.2. Let 7 : C' — B be a smooth, proper, surjective, locally finitely presented
morphism of relative dimension < 1 with geometric fibres isomorphic to P!.

a) If 7 admits a section p; : B — C, then there exists a rank 2 vector bundle £ on B
such that C' is isomorphic to the projective bundle C' = P(E) over B.

b) If 7 admits two disjoint sections py, ps : B — C, then the bundle &£ splits as a direct
sum £ = L1 ® Ly of line bundles.

c¢) If 7 admits three disjoint sections py, pa, p3 : B — C', then we can take € = Op ® Op
above, so that C' is isomorphic to the trivial projective bundle C' = B x P!,

Proof of Proposition 4.1. By definition, we need to show that the functor M, 3 is isomor-
phic to hP*. Since for any scheme S the set h**(S) = {S — pt} has a unique element, this
means we need to show that any family of smooth genus 0 curves

(m:C — Sip1,pa,ps 2 S = C) € Mos(S) (37)
is isomorphic to the trivial family
(S xP' = 5;0,1,00: 8 — S x P, (38)

so that really there exists a unique element of M 3(S). By Proposition 4.2 we see that
indeed C' = S x P! over S. Then since the three sections py,ps,ps : S — S x P! are
assumed to be disjoint, they induce a map

A= (p17p27p3) S = (P1)3 \ A X PGLQ (39)
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to the complement of the big diagonal A C (P!)3, which by Fact 3.11 a) is isomorphic to
PGL,. Then an isomorphism S x P! — S x P! sending the sections p;, ps, p3 to 0,1, 00 is
given by

Sx Pt — S x P! (s,p)— (s,A(s) " .p).

This gives the desired isomorphism of the families (37) and (38). O

It turns out that once we understand the case n = 3, the case of general n > 4 is
actually not much more difficult. Indeed, given any curve (C,py,...,p,) € Mj,(C) we
still have C' > P! and there exists a unique element B € PGLy(C) of the automorphism
group of P! sending py, p2, p3 to 0,1, 00. Let p; = B.pj, then we have

<C7p17"'7pn) g (IP):L?O? 17m7pﬁ17"'7p;],)‘

The elements p),...,p,, € P! are pairwise distinct and also distinct from 0,1, 00 and
uniquely determine the isomorphism class of (C,py,...,p,)"”. This gives the following
result.

Proposition 4.3. For n > 3 the moduli functor M, is representable by the variety
Mo = (P'\ {0,1,00})" 7\ A, (40)
where A = {(g;); : 3i # j with ¢; = ¢;} is the big diagonal.

Exercise 4.4. Give a proof of Proposition 4.3, following the proof of Proposition 4.1.
What is the universal family over M ,,?

From the concrete description above we can actually now verify several of the statements
from Theorem 3.19:

e The space M), exists as a coarse (even finel) moduli space.
e It is normal (even smooth!) and irreducible of dimension 3¢ —3+n =n — 3.

e In fact one easily checks that every smooth genus 0 curve (C,py,...,p,) has trivial

automorphism group, so that M, C M&n. This explains the fact that it is a fine
moduli space and smooth instead of just normal!

Next we want to look at moduli spaces of stable curves in genus 0, to see if the nice
properties above (being smooth and a fine moduli space) extend. For this, we will now
define a very useful tool (working for any genus g), the dual/stable graph of a stable curve.

4.2 Stable graphs and gluing morphisms

Given a stable curve (C,py,...,p,), we want to define a combinatorial object I'c that
allows us to describe its shape, i.e. how many components it has, of which genus they are
and how they intersect among themselves. Consider Figure 14 for illustration.

We see there that the combinatorial object is a graph together with some decorations.
In the graph

e the vertices v correspond to irreducible components C', of C' and are decorated with
the geometric genus of the component,

YFor n = 4, the value p), is called the cross ratio of the points pi, ..., pa.
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Figure 14: A stable curve and the associated dual graph

e the edges correspond to nodes of the curve, where a node connecting two components
Cy, Cy (or C, with itself) gives an edge between v and w (or from v to itself),

e there are legs attached to the vertices v, numbered 1,...,n, describing in which
components C,, the markings py,...,p, € C are contained.

Now we set up the notation how to formally encode all this data. This involves a bunch of
sets and maps satisfying properties and as you go through the definition you should check
back to Figure 14 to match the parts of the definition to the picture.

Definition 4.5. A stable graph T is a tuple
I'=(WV,H,L,g:V - Zso,v: H—=V,u:H—H/{:L—{l,...,n}) (41)
where

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

b) H = H(I') is a finite set (the half-edges of I'). The map v : H — V associates to
each half-edge h 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 (i.e. 1ot =1idy). Thus H decomposes into
pairs of half-edges switched by ¢ and fixed points of «.

¢) The pairs e = {h, h'} of distinct half-edges exchanged by ¢, i.e. ¢«(h) = I/, are called
the edges E = E(I') of T.

d) The set L = L(I') C H is the set of half-edges fixed by ¢ (the legs of I') and
¢:L—{1,...,n} is a bijective map.
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e) The graph I' is connected, i.e. any two vertices can be connected by a path consisting
of edges®.

f) We require the stability condition that for each vertex v € V' we have

2g9(v) —2+n(v) > 0.

An isomorphism ¢ : I' — I" of stable graphs is a collection of bijective maps
oy V=V oy : H— H,
of their sets of vertices and half-edges which are compatible with the functions g,v,, i.e.

9 (ev(v)) = g(v),v'(er(h) = pv(v(h), ! (¢n(h)) = ¢u((h), € (pu(h)) = £(h).

Denote by Aut(I") the set of isomorphisms I' — I". This is a group, with group law given
by composition. Define the genus g(T") of T as the number

g0) = Y glv)+ 1+ #E(T) - #V(I), (42)

veV(T)
and the number of legs/markings n(I') as n(I') = n = #L(T").

Example 4.6. Let’s work out all these things in an example. Consider the stable graph
[' in Figure 15. Its data is given by

V(T) ={vo, v1,v2} and g(vo) = 1, g(v1) = 1, g(va) = 2,
H(T) ={hi1,...,h7} and v : H(T') — V(T") with
v o) = {h}, v (v1) = {hs}, v (vo) = {ho, ha, hs, he, B},
E(T) ={{h1, ha}, {hs, ha}, {he, h7}}, in particular
t(h1) = ho,t(ha) = hq,...,t(h7) = he, t(hs) = hs,
L(T") ={hs} and {(hs) = 1.

Concerning the automorphism group of I, there is an automorphism 7 = (ry,7g4) : ' = T
with

Ty (vo) = v1, v (v1) = v, T (v2) = Vo, T (1) = hs, T (hs) = hy, Ta(he) = hy, Ta(hy) = ho.

Similarly, there is an automorphism o, where oy, oy fix all vertices and half-edges except
for 74 (he) = hr, 7y (h7) = hg. You can check that these two commute and generate the
automorphism group

Aut(T) = (1,0) 2 Z/27 & 7] 27.
Finally we see that

g =01+14+2)+1+3-3=5and n(I') =1.

Exercise 4.7. Define the stable graph associated to a stable curve (C,py,...,p,). Check
your definition against the picture in Figure 14 and convince yourself that conditions e)
and f) of Definition 4.5 are satisfied. We give the definition below for completeness, but it
will be less confusing if you first try writing it down yourself.

20Mini-Exercise: make precise what this means.
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Figure 15: A stable graph I" with labeled vertices and half-edges (in red) and automorphisms
7,0 generating its automorphism group Aut(T") = (r,0) X Z/2Z & 7 /27

Definition 4.8. Given a stable curve (C,py,...,p,) its associated dual graph I' = I'¢ is
the stable graph defined as follows:

e The vertices v € V of I' are in one-to-one correspondence to the irreducible compo-
nents C, of C' (which canonically correspond to the components C, of the normal-
ization C').

V 22 {C, : component of C} = {C,, : component of C}

The map g : V — Zx( sends a vertex v to the genus g(C’ ) of the component in the
normalization.

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

H= H {ql, q”} U {pla s apn}
q node in C

v (@)={d¢"}

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 ¢
exchanges the preimages of nodes (¢(¢') = ¢”,1(¢") = ¢) and fixes the marked points

(¢(pi) = pi)-

e The legs L C H are precisely the marked points
L=Ap1,...,pn}
and the map ¢: L — {1,...,n} sends p; to i.

Easy exercise 4.9. Check that the genus g(I'c) of the dual graph of a curve (C, py,...,p,)
equals the arithmetic genus of C'.
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Exercise 4.10. Let (C,p1, ..., p,) be astable curve with dual graph I' and let (Cy, (qn)he () )vev ()
be the components of the normalization of C' with marked preimages of nodes and markings.
Then there is an exact sequence of groups

0— J[ Aut(Co, (gm)renw) = Aut(Cpi, ... . pn) — Aut(T). (43)
veV (T)

Can this sequence in general be extended on the right by 0, i.e. is the map to Aut(T")
surjective?

Exercise 4.11.  a) Show that a stable graph of genus g with n legs has at most 3g—3+n
edges. (Note: This follows from Proposition 4.14 below, and you might look at the
proof for inspiration, but there is a purely combinatorial argument for this statement,
just using the definition above).

b) Show that given g, n, there are only finitely many stable graphs of genus g with n
legs, up to isomorphism.

¢) For fixed genus g and number n of legs, convince yourself that there is precisely
one stable graph with no edge at all (the trivial stable graph). Compute a formula,
depending on ¢, n, for the number of isomorphism classes of stable graphs with
exactly one edge.

Remark 4.12. It turns out that stable graphs are incredibly useful when studying
problems related to stable curves and their moduli spaces, since they can describe important
information about the curves in a purely combinatorial fashion.

However, one issue one encounters is that the number of isomorphism classes of stable
graphs grows drastically with g,n. For instance, even for g = 1,n = 5 there are already
1576 isomorphism classes of stable graphs. How did I come up with this number? Have I
locked myself in my basement for a week, scribbling pages upon pages of stable graphs?
No, in fact a few years ago, I locked myself in my basement for 5 months and wrote a
computer program to count the graphs for me?!!

With the help of Jason van Zelm and Vincent Delecroix, this has by now grown into the
software package admcycles [DSv20] for the open source mathematical software SageMath
[S*20]. This package can perform intersection theory on the spaces M,,, and as part of
this, it can enumerate stable graphs. It can be used online without installation, and you
can click on this link to see some example computations, enumerating stable graphs up to
isomorphism.

I will occasionally show some examples using this program, but this will be an entirely
optional part of the course, and in particular I will not ask anything related to this in the
exam.

*Exercise 4.13. Check your answer to Exercise 4.11 ¢) for small values of g, n using the
software described above. You can also verify that the graph in Figure 15 has precisely 4
automorphisms.

One reason why stable graphs are useful is that the moduli space Mg,n decomposes as
a disjoint union according to possible stable graphs.

21Tf T had just been interested in this particular number of stable graphs, I could also have used an
existing computer program written by Aaron Pixton, but I wanted to perform some computations that
Aaron’s program could not do.
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Proposition 4.14. Let g,n > 0 with 29 —2+n > 0, then for any stable graph I" of genus
g with n legs, the set

M" ={(C,p1,...,pn) : T =T} 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,, =] M",
r
where I' runs through isomorphism classes of stable graphs. We have

dim M" = )" 3g(v) — 3+ n(v) = dim M,,, — #E(T). (44)

veV(T)

The sets M are called the strata of M,,, and the decomposition is called the stratifi-
cation according to dual graph.

To prove the Proposition, let’s recall from Fact 3.9 that a nodal curve C' is uniquely
determined by its normalization together with the data of the pairs of preimages of nodes
under the normalization map. Thus the curves (C,pi,...,p,) € M' can be uniquely
described by specifying the components C, of their normalization (v € V(I)) together
with the preimages of nodes and markings p; under the normalization map v : C—C.
This leads to the idea of gluing morphisms.

Proposition 4.15. Let I" be a stable graph of genus g with n legs, then there exists a
morphism

fp : Mr = H Mg(v),n(v) — Mg,n (45)

veV(T)

sending a tuple (Cy, (qn)rer(w))vev(r) to the curve (C,pi,...,p,) obtained by gluing all
pairs gp, qp of points corresponding to pairs {h, '} forming edges of I and setting p; € C
to be the image of the marking ¢,-1(;y belonging to the half-edge ¢~'(i) € H(T'). The

morphism &r is finite and its image is the closure M of MT.

Remark 4.16. The fact that the strata of Mg,n are parametrized under the maps &p
by products of smaller-dimensional spaces Mg(v),n(v) is sometimes called the recursive
boundary structure of Mgm. It is one of the most important features of the moduli space
of stable curves and the proofs of many results about Mg,n use it in a very essential way.

Example 4.17. In Figure 16 we see how the gluing map &r for a particular stable graph I'
works. It identifies the markings ¢, ¢, belonging to half-edges h, b’ of I forming an edge.

Idea of proof. For the domain of the map &r, one can check that Mr is a coarse moduli
space for the moduli functor Mr : Sch®® — Sets defined by

Mr(S) = ] Mo (). (46)

veVv(ID)

Then we can obtain the map &r above by constructing a natural transformation
& Mp — M,

between moduli functors and then using the properties of coarse moduli spaces.
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Figure 16: The gluing map associated to a stable graph I

Given a scheme S, the natural transformation Ep takes an element of Mr(9), i.e. a

tuple
(my 1 Cy = S, (qn : S = Cy)herm))vev(r)

of stable curves over S and glues them to a stable curve by identifying the sections
qn, qn corresponding to pairs {h, h'} forming edges of I'. The fact that this gluing can be
performed in families requires an argument (see e.g. [ACG11, Chapter X, Section 7]). As
an illustration, in the simplest case of having two curves m; : C; — S, mo : Cy — S glued
along sections ¢ : S — C4, g3 : S — (5, the glued family can be obtained as the union of
the images of (', (5 inside the fibre product C xg C5 under the maps

Cy

&X(QQOM)

01 Xg 02

Aﬂ'g) X idc2

Co

Once we construct the natural transformation Ep, we obtain the map of coarse moduli
spaces by considering the diagram

Mr e hﬁr
lgr | ér (47)

My —— WMo,

Here the horizontal arrows come from the fact that M and Mgm are coarse moduli spaces
of the functors on the right. By definition of a coarse moduli space, the composition
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My — hMsn of the morphisms on the left and bottom must factor through ‘the morphism
at the top, giving the map on the right as desired. From the definition of & we see that
ér does what we want on C-points of M.

As for the properties of &, note that it is proper since its domain is proper and its
target is separated ([Vakl17, Proposition 10.3.4]). Thus to show that it is finite, it suffices
to show that it is quasifinite ([Vak17, Theorem 29.6.2]). Given (C,py,...,p,) in the image
of £&r, what is the preimage? It is the set of tuples of curves (C., (qn)ner (v))vev ) Which
can be glued together to form (C,py,...,p,)-

C”@ e, T“—'— @‘——@4

Figure 17: Different choices to obtain a stable curve C' by gluing according to the graph T,
asC=CiUCyor C=0C1UCY

You can check that such a tuple can be specified by making two finite lists of choices:
first you specify the subset () of the nodes of C' which are obtained by gluing markings
in the preimage. Given this, you get a (possibly disconnected) curve C' by normalizing
the nodes in @**. Then you obtain the tuple (Cy, (gn)ner(w))vev(r) of curves by identifying
the connected components C,, of C' with the vertices v € V(I') and the preimages g, of
nodes and markings with the half-edges h € H(I"). Both the choice of nodes @) and the
identification of components and preimages are finite choices, so there are only finitely
many possibilities®.

To show that the image of & is the closure of M, first note that

M" = & (My), where My = [[ My@)nw € Mr.
veV(T)

Indeed, given a curve in M we can certainly obtain it by gluing a tuple of smooth curves
C, under the map &r (C, are the components of the normalization of C'). Conversely, any

22Normally, you cannot choose to "partially normalize” a variety at some points. If you want, you can
obtain the normalization C' by first normalizing all of C' and then gluing back together all nodes not in Q.

ZNote: I am not saying that any choice of Q is allowed: if you choose the wrong set of nodes, you
won’t get the right number of connected components of C' or they won’t have the right genus or markings
pi. You can check that if the stable graph of C' is isomorphic to I', then @ must be the set of all nodes of
C' and the number of choices we have in the second step is exactly the size of the automorphism group
Aut(T"). Thus we expect that the degree of & to its image is generically #Aut(T").
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such gluing of smooth curves has stable graph I'. Since & is proper, its image is closed,
hence MT C & (Mv). On the other hand, since the moduli spaces of curves are irreducible,
so is the product M and thus the nonempty open subset Mr is dense in Mp. Finally,
this implies

{r(Mr) C &p(Mr) = MT.
]

Exercise 4.18. a) Show (without using Proposition 4.14) that the variety M has
dimension

dim Mr = ) 3g(v) — 3+ n(v) = dim M,,, — #E(T).

veV(T)

b) Show that the complement dM,,, of the locus M,, C M,, of smooth curves is
given by the union of the sets M' for T a stable graph with exactly one edge

— —T
My \ M= |J M.
[:#E(D)=1

*c) Show that for any stable graph I', the set M is a union of strata MT. Give a
purely combinatorial description of the IV which appear. (Hint: A particularly nice
way to put the answer to the second part of the question starts with ”Consider the
category whose objects are stable graphs of genus g with n legs and whose morphisms
I — I' are given by ...”. We are going to see this appear later when discussing the
intersection theory of M,,,.)

By Proposition 4.14, the M with #E(T) = 1 have codimension 1 in M,,, and they

are called the boundary divisors of Mgm. The stable graphs I" with #FE(I") = 1 are of one
of the two forms in Figure 18 (this is part of the solution of Exercise 4.11 ¢)).

_]—TQXA Ny = T%1 Ny TC’

wi—@EN. O
%A+%Z;%/ NAUN?,:({/II"ﬂ(&

Figure 18: List of stable graphs with precisely one edge; if g = 0 we require ny = #N; > 2
because of the stability condition and similarly for go = 0 we ask ny = #Ny > 2

The corresponding gluing maps take the form

M917n1+1 X M927n2+1 — Mg,n’

Mg—l,n+2 — Mg,n;
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and we denote by Ay n, = Ay, N, and A the images of the respective map. These are
precisely the irreducible components of the boundary of Mg,n.

Thus once we prove Proposition 4.14, the exercise above completes the proof of Theorem
3.19 d), stating that the boundary is a Weil divisor (where of course we assumed all the
other parts of the Theorem).

Proof of Proposition J.1/. We saw above that M"' is the image of Mp = [L, Myw)n)

under &p. Since Mr is nonempty and irreducible, so is M. Also, the closure M is the
image of M and by a slight extension of the argument above, one can show

er(Mp \ My) =M\ M.

Indeed, a tuple (C,, (gn)n)» € Mt \ Mr satisfies that one of the curves C, has a node, and
then the curve &r((Cy, (qn)n)v) € M has at least #FE(I") 4+ 1 nodes, and thus cannot have
dual graph isomorphic to I'. Since Mt \ My is closed and &r is proper, the set M \ Mt
is closed in M and thus MT is locally closed inside Mgm since it is open in the closed

set M. Finally, we have dim M = dim M7 since & is finite and thus the formula for
dim 3 follows from Exercise 4.18. O

4.3 Stable curves of genus 0
General results

Before we start looking at examples, let us use the new tool of stable graphs to prove that
automorphism groups of genus 0 stable curves are trivial.

Exercise 4.19. Let I' be a stable graph of genus 0.

a) Show that the undirected graph with vertex set V(I') and edges {v(h),v(h’)} for
{h,h'} € E(T') is a tree. (Hint: See e.g. here for the definition of a tree)

b) Show that Aut(I') = {idr} is trivial.

c¢) Show that any stable curve (C, py,...,pn) of genus 0 has trivial automorphism group
Aut(C,py,...,pn) = {idc}. (Hint: Exercise 4.10)

Corollary 4.20. For n > 3, the space Mo,n is a fine moduli space for the functor MO,n
and a smooth, irreducible projective variety of dimension n — 3.

Proof. By Exercise 4.19 we have M‘jm = My, so the statement follows from Theorem
3.19, in particular part e). O

Example: n =3

Let’s turn to some examples. From Exercise 4.11 we know that a stable graph in genus 0
with n legs has at most 3g — 3 +n =n — 3 edges. Thus for n = 3 the only stable graph is
the trivial one, which shows M3 = M, 3 = pt is a point.
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Example: n =4

For n = 4, every nontrivial stable graph has exactly one edge and by Exercise 4.19 above
it must have precisely two vertices vy, v (if it had only one, the edge would be a loop
at this vertex, so the graph would not be a tree, if it had more than two vertices, the
graph would not be connected). Each vertex is incident to one of the half-edges forming
the single edge and by stability we must have n(vy),n(ve) > 3. Since we have precisely
four legs to distribute (corresponding to the four marked points), every vertex must get
exactly two of them. To make a long story short, here are the possible stable graphs I'
with (g,n) = (0,4):

Figure 19: The stable graphs of genus 0 with 4 legs

By Proposition 4.14 we know that
Moy =M™ UM UM UM"™, (48)

where MT0 = My, =2 A'\ {0,1} and the M"¢ (i = 1,2,3) are irreducible, locally closed
subset of Mg 4 of dimension 0, i.e. points. Maybe by now you have (correctly) guessed that
M4 = PL. Indeed, this follows from Corollary 4.20 and (48) since P! is the only smooth,
irreducible, projective variety of dimension 1 which contains My 4 = A'\ {0, 1} as an open
subvariety?*. In Figure 20 you see a picture showing which points in P! correspond to
which stable curves.

In fact, since MOA is a fine moduli space, we know that the individual curves we drew
in Figure 20 actually fit together into a universal curve 7 : 6074 — MOA, the universal
family of curves for the moduli functor Mg 4. If you worked on Exercise 4.4, you know
that the universal family over My 4 is the trivial family M4 X P! — My 4. The correct
way to fill in the missing fibres over 0, 1,00 € M4 is shown in Figure 21.

Thus the universal curve is given by the composition

7 : Coa = Blo,0),(1.1),(c000)P! X P! = P! x P! — P' = My, (49)

of the blow-up map of P! x P! at three points and the projection from P* x P! to the first
factor. The sections pi,...,ps: Mos — Co4 are the strict transforms of the four maps

P — P' x P', ¢~ (g,0),(q,1), (q,0), (¢,9)- (50)

24The varieties M4 and P! are both smooth, irreducible projective curves, and such curves are
isomorphic if and only if they are birational. And indeed, both contain A\ {0, 1}.
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Figure 20: The moduli space My4 =2 P! of stable curves

The singular fibres of m over 0, 1,00 € P! are the unions of the strict transform of the fibre
of the projection P* x P* — P! and the exceptional divisor of the blowup, which meet
transversally and thus form a nodal curve.

Exercise 4.21. Show that indeed the singular fibres of 7 over 0,1,00 € P! are nodal
curves according to Definition 3.6.

On the exceptional divisor over (0,0) € P! x P!, you can check that the strict transforms
p1,p4 of ¢ — (q,0) and g — (q,q) go to distinct points, since the maps (g, 0), (¢, q) meet
at (0,0) with distinct tangent vectors®.

The general case n > 5
In the case n = 5 it turns out that
Mos = Blio,0),(1,1), (00,00 P X P.

Sounds familiar? Indeed, we have M5 = Cp 4. This is the beginning of a more general
story, which we summarize in the following theorem.

Theorem 4.22 ([Knu83a, Kee92|). Let Moﬂbe the moduli space of stable curves of genus
0 with » marked points and let 7 : Cy,, — M, be its universal curve.

a) For n > 3 we have Moﬂﬂ = 60771 and under this identification, the map
e MO,nJrl — Mo,n
is the so-called forgetful morphism?® of the marking n + 1.
b) The universal curve 607,1 — M(),n can be obtained from the projection
o, x P = Ty

by an iterated blowup along smooth codimension 2 subvarieties (see [Kee92, Section
1] for a precise description).

*5This uses the identification of the exceptional divisor with P(Z(o,)P' x P'), see [Vak17, Section 22.3]

for details.
26See the next section for the general definition of such forgetful morphisms.
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Figure 21: The universal family of curves over the moduli space Mg 4

Remark 4.23. a) Combining the two parts of the above result, we can construct
Momﬂ from Mom so starting with MOB = Spec(C) we can find all moduli spaces of
stable curves in genus 0 recursively. Alternatively, since we get a factor P! every time
n increases starting from n = 3, we can see that the above procedure will produce
M, as an iterated blowup of the variety (P)"3.

b) If you completed Exercise 4.4, you saw already that the universal curve over M,, is
isomorphic to My, x P'. This is naturally contained as an open subvariety of the
blowup 607n of Mo,n x P! from above. The universal sections p1, ...,y : Mo,n — 60,n
are then the unique extensions of the universal sections M,,, — My, x P! from
Exercise 4.4.

The next section will introduce the forgetful morphisms 7 : Mg,nﬂ — Mg,n mentioned
above for arbitrary g, n. We will see that they almost, but not quite, identify M, as the
universal curve over M, ,,. Again, our old enemies the automorphisms will ruin everything.

4.4 The forgetful morphism and the universal curve

Since Mg,n parametrizes curves C' together with marked points py, ..., p,, we might expect
that there exist morphisms 7 : Mgmﬂ — Mg,n sending (C,p1, ..., Pn, Pny1) to the curve
(C,p1,...,pn) obtained by forgetting the last marking. Below we will see that this certainly
works for smooth curves C', but that the condition that the resulting n-pointed curve is
stable requires some slight adjustment in our definition.

Easy exercise 4.24. For 2g—2+n > 0, show that there exists a morphism M , 11 — Mg,
of the moduli spaces of smooth curves, which on complex points is given by

Mg,nJrl((C) — Mg,TL((C)? (Cuph o 7pn7pn+1> — (C7p17 s 7pn)

What goes wrong when we try to write down the same map for arbitrary stable curves
(Cyp1,y -y DnyPny1)? Well, it can happen that (C,p1,...,p,) is no longer stable. Indeed,
the component C), of C' containing the marked point p,;; has one special point less than
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before in (C,p1,...,p,). Thus by Proposition 3.13 it can become unstable if g(C,) = 0
and C, had exactly 3 special points?”.
The left side of Figure 22 shows the various ways in which this situation can happen.

_CD C P conttackion N Cl

Stabilization

S e, @
2 o

Y -

COY e
- Pi i
Cy

Figure 22: The map ¢ contracting the component C, that becomes unstable by forgetting
the marking p,.1 of C' to a point ¢ € C’ ; the map in the opposite direction (taking (C’, q)
and inserting a component C, isomorphic to P') is called stabilization and will appear in
the proof of Proposition 4.25

Indeed, the other two special points on C), besides p,.1 can be
a) two preimages of nodes, or
b) one preimage of a node and one other marked point p;.

The right side of Figure 22 shows the solution to our problem of defining the forgetful
morphism - we need to construct a morphism ¢ : C - C’ contracting the component C,
to a point ¢ € C'. Then our forgetful morphism = : M, 1 — M, is given by

(Cip1,.. . Dn) if (C,p1,...,pn) is stable,
(C" o(p1),-..,¢(py)) otherwise.

W((Ca b1, 7pnapn+1)) = { (51)

2TThe case of g(C,) = 1 does not cause problems: it would require that p, ;1 was the only special point
of C,. If C = C, was smooth, we would be in the case (g,n + 1) = (1,1) which violates 29 — 2+ n > 0,
if C was singular then C, would have to contain at least one node (otherwise it would be an isolated
component of C, so C would not be connected).
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To define the map ¢ above, we can use Fact 3.9: the curve C” is obtained by taking the
normalization C' of C', removing the normalization of the component C, and gluing the
remaining components back together along preimages of nodes according to Figure 22.
In case a) above, the two preimages of nodes in C, are identified, in case b) we simply
remove the component C',. The morphism ¢ : C'— C’ is then defined via the second part
of Fact 3.9 from the natural map C' — C’, which contracts the normalization of C, to the
point where it was previously attached.

It is not a priori obvious that (51) is the right thing to do, or even that it gives a
continuous map. However, the next Proposition tells us that both are the case.

Proposition 4.25 ([Knu83a]). There exists a morphism 7 : M, — M,,, defined on
C-points by (51). Over the locus M(;n C Mgm of curves without automorphisms, this map

. . . ——0 . .
is isomorphic to the universal curve of M. The universal sections pi,...,p, : M, —

W_l(Mg’n) are given by the restriction of the gluing morphisms
Pi = §Fi : Mg,n — MOB X Mg,n — Mg,n—i—l

associated to the stable graphs

N 4.0\
T

Before saying something about the proof, note that the morphism 7 : WWLH — Mgm
above is the unique extension of the morphism M, 1 — M, , from Easy exercise 4.24
which really just forgets the marking p,.;. The uniqueness follows since the domain
M,y of 7 is reduced, the target M,,, is separated and since 7 is determined on the
open dense subset M, .1 C M,, 1 (see the "Reduced-to-Separated Theorem” [Vak17,
Theorem 10.2.2]). Thus you can see the Proposition above as saying that the extension
exists and that (51) gives us a modular interpretation, i.e. an interpretation what this
extension does on the geometric objects (stable curves) that our moduli spaces parametrize.

For the second part of Proposition 4.25 which allows us to interpret the forgetful map
7 as the universal curve over part of Mg,n you can have a look at Figure 23, where for
chosen points of the fibre of the universal curve we illustrate which (n + 1)-pointed curves
they correspond to.

Below we sketch the formal proof of Proposition 4.25, but even this sketch is rather
technical. So if you are happy with the picture and explanation above, feel free to skip it
for now.

*Sketch of proof. As in the proof of Proposition 4.15 we can construct the morphism
7w by defining a corresponding natural transformation MMH — ﬂgm and using that
M g.,i1, M, are coarse moduli spaces of the corresponding functors.
In fact, we can do this in two steps: we define a moduli functor Eg,n sending a scheme
S to the tuples
(7' :C" = S;pl,...,pl,q: S —C"), (52)

such that

44



Figure 23: Correspondence of points in the fibre of the universal curve over M;n with
(n 4+ 1)-pointed stable curves

o (7' :C" = S;py,...,p, : S — C) is a family of stable curves of genus g with n
marked points,

e ¢:S5 — ('"is any section of .

There is a natural transformation C,, — M,, which simply forgets the marking g
(and does not change the curve C'). On the other hand, Knudsen [Knu83a] constructs
isomorphism of functors

JR— contraction S
Mgt 2 *> Cyn, (53)

stabilization

and the natural transformation ﬂg,nﬂ = Eg,n — Mg,n defines us the morphism 7 :
Myny1 — M,,. For an excellent explanation of the details of the equivalence (53) see
[KV07, Section 1.3] (or look at [Knu83a, Proposition 2.1, Theorem 2.4] for the original
formulation and proof).
To summarize the sources above, the contraction map in (53) takes an (n + 1)-pointed
family of curves
(m:C — S;p1y .oy Poy P12 S — O, (54)

constructs a morphism ¢ : C' — C” which contracts the unstable components of fibres of
C — S asin (51). Then (54) is sent to (52) setting p, = pop; and ¢ = Y 0 Pyi1.

The stabilization functor in (53) does the opposite: starting with the family (52) it
modifies the fibres C?, of C" — S in which the section ¢ collides with one of the nodes
or one of the markings p, by inserting an extra component isomorphic to P! at the
point of intersection. This creates a new family of curves 7 : C' — S and the sections
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Dly- -y Pny1 - S — C are obtained from pl, ..., pl, ¢ as "strict transforms” under the map
C—C. ., .
Finally, we know that the locus M, is a fine moduli space for the functor M . It is

easy to see that the preimage W_l(M;n) C M(g)m 41 1s also contained in the set M;n +1 which
is a fine moduli space. Defining the functor E(g]m as the families (52) such that (C,p1,...,pn)
has only trivial automorphisms, this easily shows that 7T4(ﬁ27n) is a fine moduli space
— — —0
for C;n. On the other hand, one can write down a natural transformation Cg,n — hCn
making the universal curve U;n a fine moduli space of Eg}n. So both W‘l(M;n) and Cgm
are fine moduli spaces of the same functor 527,1, and thus they are isomorphic. From the
definition of the stabilization in (53) it follows that the gluing morphisms &, are obtained
from the stabilization of the family

—0 =0 -0 —0 = 0
(m:Chp—= M, 01, s Pnsq=pi: M, —C,,) €Cyn(M,,).

But setting ¢ = p; exactly corresponds to the i-th section of the universal curve, and this
completes the proof that p; = &, over MS,H. O

A final question remains: if 7 : Mg,nﬂ — Mg,n is not the universal curve outside the
locus of curves (C,pi,...,pn) € M,, which have only trivial automorphisms, then what
are the fibres over curves? For this let o : C' — C be such an automorphism fixing the
points py, ..., pp, then we have for any point ¢ € C' which is smooth and does not coincide
with one of the markings pq, ..., p, that

(C,p1, - Pns @) ~ (Coo(pr), ..., 0(pn),0(q)) = (C,p1, - Py 0(q)) € Mypir.  (55)

From this one can check that the closed points of the fibre 771((C,py,...,p,)) are in

one-to-one correspondence with Aut(C, py, ..., p,)-orbits of points in C, and so the fibre
is isomorphic to the quotient

7N (Copr, ..y pn)) = C/AU(C, pr, .., D). (56)
4.5 Genus 1

In comparison to the genus 0 case, the case of genus 1 is much harder: nice properties,
such as having a fine moduli space, are missing and there is - to my knowledge - no nice
recursive construction as for Mo,n- We content ourselves in looking at one nontrivial
example - the case of precisely one marking®® - and in pointing out the new phenomena
that arise from the fact that we can have automorphisms.

The case n =1

The following result makes precise some of the discussion in Section 1.

Proposition 4.26 (sece Proposition 4.18 in [Berl3]). The moduli functor M, ; has as
coarse moduli space the affine line M, ; = Al

*Sketch of proof. We must show that for any family of elliptic curves over a scheme S we
can construct a natural morphism S — A!. In the introduction we saw that this should be
related to the j-invariant of the elliptic curves. But a priori, this j-invariant only makes
sense for elliptic curves given as cubic curves in P!

Z8Note that the condition 2g — 2 + n > 0 implies that n = 1 is the simplest possible case for g = 1.
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To approach this situation, note that given a (smooth) elliptic curve (E,p) one can
use Riemann-Roch and Serre Duality to show

hO(E, Og(3p)) = 3, h'(E,0r(3p)) =0 (57)
and for any basis s1, S, s3 of sections of Og(3p) we obtain an embedding®

E < P? g [s1(q) : s2(q) : s3(q)]

of E as a smooth cubic curve in P? (see [Vak17, Section 19.9] for details).
Now we need to do this for families of elliptic curves. Given such a family

(m:E—S;p:S— FE)e Mpi(S) (58)

over some scheme S, we see as in the proof of Proposition 4.2 that (57) implies that the
pushforward V = 7,0Og(3p) is a rank 3 vector bundle over S. Let V' be the total space of
this vector bundle, then we have an open dense subset

U = {(s1, 82, 83) : 81, 52,83 € V, form a basis of V, = H*(E,, Og,(3p(s)))} C V xsV xgV.

Let Fy = E xg U be the pullback of £ — S under the natural map U — S, then the
pullback of V' to Ey naturally has three sections sy, s2, s3 (given by the coordinates on U),
and they define an embedding Eyy — P? = U x P2

For this embedding, we want to say that on each fibre there is a cubic equation on
P2, unique up to scaling, that cuts out the image of the elliptic curve in P2. And indeed,
denoting F the pushforward of Opz (3) under P}, — U, there exists a unique F' € P(F)
such that Ejp is the vanishing locus of F' in P%. Now what data is F'(u) at a point u € U?
It’s just the coefficients of a cubic curve in the corresponding projective space P2. But from
these coefficients you can compute the j-invariant of this cubic curve (and the formula is
invariant under scaling). This means that we obtain a map 3 : U — A'. But the value
of 3 is constant on the fibres of the morphism U — S - different points in the fibre just
correspond to different ways to embed the same elliptic curve in P? and the j-invariant is,
well, invariant under this. Using fpqc descent (see [Stal3, Tag 023Q)]), we then obtain a
morphism j : S — A! as desired.

We’ll not go into the details in how to verify that this natural transformation
Mg — RA' satisfies property a) of a coarse moduli space (being initial among natural
transformations My ; — hM for M a scheme). But concerning part b) of the definition,
the above proof showed that every elliptic curve (F, p) can be embedded as a smooth cubic
in P?, so if we accept that the j-invariant classifies those up to isomorphism, it implies
that M; 1 — A s a bijection on geometric points. O

Corollary 4.27. The moduli space M is isomorphic to P*.

Proof. By Theorem 3.19, the space M, is a normal, projective variety of dimension 1.
Being normal in dimension 1 means it is actually smooth, and as seen in Section 4.3, the
only such curve containing an open subset of A! is P O]

The point co € P! = Ml,l corresponds to the stable curve (Ey, pp) obtained by starting
with pg € P! and identifying two points (not equal to py) to a node.

2 Here we use that P? is a moduli space of line bundles together with 3 sections not vanishing
simultaneously, just what we saw in the proof of Example 2.4!
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The case n =2

Exercise 4.28. Figure 24 illustrates the forgetful morphism 7 : Wl,g — Ml,l with the
boundary of both spaces marked in red. For each of the points marked in blue, draw their
corresponding curves and their dual graphs.

—
—

—

MA(SL

m

——

v K

—_— A1

Figure 24: The forgetful morphism 7 : MLQ — Hu

A fun construction in n =9

Exercise 4.29. Show that for Q1,..., Q9 € P? general points, there exists a unique cubic
curve Fq going through @), ..., Qy. Show that this gives rise to a rational map
(]P)Q)g -2 Ml,gu (Qh s 7Q9) — (EQ7 Qla s 7Q9)' (59)

Show that this map is dominant, i.e. that the generic point of MLQ is contained in the
image. (Hint: This last part will involve showing that for any fixed smooth genus 1 curve
E, embedded in some way as a cubic £ < P? and Q1,...,Qy € E general points in E,
the curve E is the unique cubic through Q1,..., Qo).

Remark 4.30 (*, for people interested in birational geometry). The above exercise shows
that HLg is unirational, i.e. that it admits a dominant rational map from a projective
space. For g = 0 we already saw that all spaces My, have the stronger property of being
rational, i.e. birational to a projective space. This is the start of an interesting story: for
many (small) values of (g,n) there have been rational parametrizations of M, as in (59)
(see [Benl4, BV05, CF07, Far09, Log03, Ver05]). However, in general the spaces M,,, are
neither rational nor unirational:

e [t turns out that in genus 1, the Hodge number hn’o(Mul) is equal to 1, so there
exists a nonzero holomorphic 11—Erm on M 1. This implies that there cannot be a
dominant rational map PN --» M ;.
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e Classical results by Eisenbud, Harris and Mumford [HM82, Har84, EH87] say that
Mg is of general type for g > 24 and has positive Kodaira dimension for g = 23.
A variant of this result by Logan [Log03] says that for g > 3 the space Mgm is of
general type for all but finitely many pairs (g, n).

The birational geometry and specifically the Kodaira dimension of the moduli spaces of
curves are still an active area of research.

Non-existence of a fine moduli space / universal curve

To show that M, ; cannot have a fine moduli space, we will construct an explicit example
(m: E— S;p:S — E) of a family of smooth genus 1 curves over a base S, such that
the family is Zariski-locally trivial (i.e. a constant family) but not globally trivial. This
gives a contradiction: if M;; was a fine moduli space, the family would be the pullback of
the universal family over M;; under a unique map S — M; ;. The fact that 7 is Zariski
locally trivial would imply that on a Zariski cover of S this map to M, ; is constant (i.e.
factors through a point). Since a map is determined by its restriction to a Zariski cover,
the map S — M, itself would be constant. But the pullback of a family of curves under
a constant map is a trivial family, a contradiction.

For constructing 7, since the Zariski topology is very coarse we will need a slightly ugly
base S: it is a nodal curve consisting of four rational curves forming a chain, as indicated
in Figure 25. To obtain 7 let (Ey, po) be a smooth elliptic curve. By Fact 3.11 there exists
a nontrivial automorphism o : £y — FEy which fixes py *". We obtain the family 7 : £ — S
by gluing the trivial families U; x Ey, Uy x Ey over the indicated Zariski open cover of S.
The intersection U; NUs C S has two components, and we glue the families by the identity
of Ey on one component and by ¢ on the other. The fact that py is invariant under o
shows that the sections py : Uy — Uy X Ey and pg : Uy — Uy x Ej glue together over the
overlaps to a section pg : S — E.

Exercise 4.31. Show that the sections s : S — E of the morphism 7 : £ — S are in
bijection with the fixed points of the automorphism o. Conclude that 7 : £ — S is not
isomorphic to the trivial family S x Ey — S. (Hint: Use that every morphism P! — Ej is
constant. This follows from the more general fact that every morphism C' — D of smooth,
projective, irreducible curves with g(C') < g(D) is constant.)

4.6 *Proof of Proposition 4.2

Parts of the script indexed by a * are facultative, so they can be skipped on a first reading
and are not part of the exam material. Concerning Proposition 4.2, it is mentioned in
[KV07, Section 1.1.1], but proving it in the stated generality is actually quite nontrivial!
If you spot gaps or mistakes in the proof below or find better references for the statements
I cite, I would be happy if you write me an email.

* Proof of Proposition 4.2. For part a) note that since 7 : C' — B is proper and the
composition mop; = idg is a closed embedding, by the cancellation theorem for properties
of morphisms ([Vak17, Theorem 10.1.19]) the map p; is a closed embedding. Since the
image of p; is an effective Cartier divisor when restricted to each fibre, by [Stal3, Tag
062Y] it defines a relative effective Cartier divisor. Let £ = O¢(p;) be the associated line
bundle on C. We claim that £ = 7L is a locally free sheaf on B of rank 2. Indeed, for any

30Tf we identify FEy as the quotient E, = C/A of a C by a lattice A C C and choose py = 0, one such
automorphism is induced by the map C — C, z — —=z.
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Figure 25: Constructing a nontrivial family over the base S by gluing trivial families on
an open cover S = U; U U, along a nontrivial automorphism

point s € B the cohomology group of the fibre H'(C,, L,) vanishes, since after passing to
the algebraic closure k(s) of the residue field k(s) (which is flat and thus commutes with
formation of H') it is isomorphic to
HY(Cr L) = Hl(P;(T), O(1)) = 0.

By the Cohomology and Base Change Theorem (see [Vak17, Theorem 28.1.6., Exercise
28.1.D.] and note that the hypothesis of the base B being locally Noetherian can be
removed since 7 is assumed locally of finite presentation, see [Vak17, Exercise 28.2.M.]),
the sheaf & = 7L is indeed locally free. By going to a geometric fibre, we see that its
rank is

W (Crr L) = hO(IP’}ﬂ(—S), O(1)) = 2.

As in the proof of [Har77, V, Proposition 2.2.] one then shows that C' = P(&), completing
the proof of a).

Now in case b) assume we have an additional section py : B — C. As in part a) we
obtain a line bundle £ = O¢(p2) on C and we claim that the line bundle £Y ® L is a
pullback from the base, i.e. there exists M a line bundle on B with £V ® £’ = 7* M. This
follows e.g. by [Vak17, Proposition 28.1.11.] (note that we can remove the assumptions
on the base being reduced and locally Noetherian with the same arguments used in the
previous part). Let so € H°(C, L) be the section vanishing along p; and s, € H°(C, L)
the section vanishing along ps;. Then we have a map of locally free sheaves on B:

U:0gd MY = E (a,b)—~a-sy+b- 5. (60)
Here the section b - s, makes sense since

E=mL=mL' @1 M)=M"@mrL.
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On an open cover of B which trivializes £ (so that over the open sets U C B the space Cy
is isomorphic to Cyy = U x P!) it is easy to check that ¥ is an isomorphism. This open
cover also trivializes the line bundle M and then the sections sq, s; restrict to a basis of
the sections of £ on the fibres of 7 (since py, po are disjoint).

Finally, in case c¢) we have a third section ps and since it is disjoint from p;, p» we have:

M = pim" M = piLY @ L' = piOc(—p1 + p2) = Op.
Thus by the proof of part b) we can take & = Op @ Op. [

Remark 4.32. A morphism 7 as in Proposition 4.2 is a special case of a Brauer-Severi
scheme. By [Gro66, Théoreme 8.2] such morphisms are always étale locally isomorphic to
projective bundles, but not necessarily Zariski locally. An example for a family of smooth
genus 0 curves which is not a projective bundle is given by the universal plane conic,
defined over an open subset of P5 = P(H°(P? O(2))), see [Vakl17, Section 18.4.5].

References and further reading

A great introduction to moduli spaces of genus 0 curves is given in [KV07, Chapter 1].
You can also have a look at these lecture notes by Renzo Cavalieri. More material on
gluing and forgetful maps (though phrased in the language of stacks that we will see in
the next section) can be found in [ACG11, Chapter XII, Section 10].

The moduli problem of elliptic curves (£, p) has a much richer structure than you
would expect from the isomorphism M;; = P! that we give above. You can have a look
at the lecture notes [Hai08] for a much more complete picture.
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5 Moduli stacks of curves

We have seen in many instances that the existence of automorphisms prevents fine
moduli spaces from existing and we mentioned that it causes unpleasant phenomena (e.g.
singularities) in the coarse moduli spaces. The solution is that we define a generalization
of the notion of a scheme, called an (algebraic) stack, such that

e any scheme S can be interpreted as an algebraic stack (similar to the Yoneda
embedding allowing us to see schemes as particular examples of moduli functors),

e tools and results from algebraic geometry can be generalized to stacks (i.e. we can
define when an algebraic stack X is smooth, when a morphism X — X’ is proper,
ete),

b

e there exists an algebraic stack ./\_/lgﬁn serving as a "moduli stack of stable curves’
(i.e. morphisms from a scheme S to M,,, are exactly equivalent to families of stable
curves over S),

e the algebraic stack ﬂgm has many nice properties (e.g. My, is smooth, the
morphism M, ,, — Spec(C) is proper, etc.).

However, defining stacks and developing the language and results to talk about them
requires some serious effort, and goes beyond the scope of this course. So what I will do is
to give an outline of the ideas of the definition together with a guide where to learn more.
We'll then go on to treat the stacks essentially as a black-box, pretending that they are
schemes, with occasional remarks where we need to be more careful.

5.1 An outline of the theory of algebraic stacks

In Lemma 2.1 we saw that we can embed the category of schemes into the category of
moduli functors by sending M to the functor h = Mor(—, M). But we saw that the
moduli functors M, are not of the form hM for some M. The main reason is that given a
scheme S and an open cover S = U; U Us,, a morphism S — M to a scheme M is uniquely
determined by its restriction to U; and Us, but a family of curves up to isomorphism is
not necessarily uniquely determined by its restrictions to Uy, Uy. As we saw in Exercise
4.31, we can obtain a nontrivial family by taking two trivial families of curves over Uy, Uy
and gluing them along a nontrivial automorphism on the overlap U; N Us.
So we are looking for a definition of a new mathematical object Mg,n such that

e it makes sense to speak of a morphism S — M, , from a scheme S to M, ,, and
such morphisms are in bijective correspondence to isomorphism classes of families of
stable curves over .S,

e given two morphism fi, fo : S — M,,, corresponding to families 7, : C; — S and
my : Cy — S of curves, we have a notion of isomorphisms f; — f; corresponding to
the set of isomorphisms C; = C5 of families of curves over S.

Then in the example above, for the scheme S = U; U U,, a morphism S — Mg,n is
determined by its restrictions f; : Uy — ﬂgﬁn and fo : Uy — ﬂg,n together with an
isomorphism fi|y,~v, — folv,nw, (telling us how to glue the families on the overlap).

Looking at the requirements above, I claim that we have already seen mathematical
objects with such ”"morphisms between morphisms”, namely categories! Given categories
C1,Cy we have a notion of a functor f : C; — Cs, and given two functors fi, fo : C; — Cs
we have the notion of a natural transformation (or a natural equivalence) f; — fo.
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So the idea is that a stack is a category (with some extra data, satisfying suitable
properties). In our favorite example, the stack®® M, , is the category whose objects are
families of stable curves over a scheme:

Ob(M,,): (m:C = S;p1,...,pn: S — C) family of stable genus g curves. (61)

The morphisms in the category are a bit peculiar (we'll see in a few lines why this makes
sense): they are given by fibre diagrams (or pullbacks) of families of curves®?

1o
Mor(n": C" = S' 7 : C — §) = lﬂ/ lﬂ : (f, f) make C'/S’ a pullback of C/S

gL s
(62)
Note that there is a functor F' : Mg,n — Sch¢ to the category of schemes, sending
m: C — S to the scheme S and sending the morphism (f, f) in (62) to the morphism
f 8" — S. This functor has some very nice properties:

e the preimage of S € Sche (i.e. the objects of M,,, mapping to S) are precisely the
families (61) of stable genus g curves over S,

e given 7 : C' — S and any morphism f : S’ — S of schemes, there exists 7' : C" — S
and a morphism (f, f) mapping to the given morphism f under F,

e given the family 7= : C' — S, the set of morphisms (f f) from this family to itself
which map to the morphism f =idg : S — S are precisely the automorphisms of
the family m : C' = S of stable curves. This requires the small check that a map
f:C = C such that (f idg) makes the diagram in (62) into a fibre diagram is an
isomorphism. This is the reason why we chose the morphisms in M, to be pullback
diagrams.

We see that the fibre F~1(S) of F over S, defined as the category whose obJects are the
objects of ./\/lgn mapping to S and whose morphisms are the morphisms ( f f) sitting
over the identity f = idg, is a groupoid, i.e. a category in which all morphisms are
isomorphisms. Together with some more technical assumptions (see [Fan01, Section 3))
this makes (M., F' : M,,, — Schc) into a category fibred in groupoids over Schc.

Note that given a scheme M over C, the category Sch,; of schemes over M is also a
category fibred in groupoids: its map Schj; — Sch¢ sends X — M to X and a morphism
f X" — X of schemes over M to the morphism f : X’ — X of schemes over C. Note
that the fibre of Sch,; over a scheme X € Schg is precisely the category of morphisms
X — M. This allows us to draw a diagram as follows:

categories fibred in groupoids

M~—Sch), l(MvF)H(SHFfl(S)/iSO) (63)

Sche ————————— moduli functors
M—hM

31From now on, the symbol ﬂg,n stands for the category we describe here, no longer the moduli functor
from before.

32Below we omit the sections p1, ..., p, from the notation since it becomes too complicated otherwise,
but they are always part of the data and need to satisfy similar compatibilities.
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Here F~1(S)/iso is the set® of objects in the category F~1(S) up to (iso)morphisms of
the category. With what we said before, this immediately makes obvious that the diagram
(63) commutes. So we see that, extending the Yoneda embedding from Lemma 2.1, the
category of schemes can be embedded in the category®* of categories fibred in groupoids.
A morphism from a scheme S to a category (M, F) fibred in groupoids is then a functor

f fitting in the diagram
! > M
\ /

SCh(C

SChS

and you can check that a morphism f : § — Mg,n is exactly equivalent to specifying
a family 7 : " — S of curves over S. So the fundamental idea of fine moduli spaces
(that morphisms to them are equivalent to families for the moduli functor) is already
baked into the category theory above. But now, we also have a notion of morphisms
between morphisms: given f, f’: Schg — M, corresponding to families 7 : C'— S and
7w’ C" — S, we say that an isomorphism from f to f’ is a natural equivalence of functors
f" — f making the diagram above commute. This can be seen to be equivalent to giving
an isomorphism C' — C’ of families of stable curves over S.

To be useful, we need to make sure that we can ”do algebraic geometry with the
categories above”. It turns out that looking at arbitrary categories fibred in groupoids is
too general to do this. Therefore, we only look at particular types of such categories, called
(algebraic) stacks. These are categories fibred in groupoids that satisfy some additional
conditions (which allow us to do reasonable algebraic geometry with such categories).
The category Mg_n above turns out to be an algebraic stack, and instead of giving the
definition in full generality, let me just describe them in the specific example of M, ,.

Mg,n is a stack: Being a stack means that ﬂgyn has a ”sheaf-like” property. Assume
we are given a scheme S and an (étale) cover (U; — 5); together with families (m; : C; —
Ui); of curves. Assume moreover that we have a family (¢i; : Cilv,rv; = Cjluinu,)ij of
isomorphisms of the families of curves on the overlaps U; N U; = U; xg U;, which are
compatible on overlaps (i.e. they satisfy the cocycle condition @i, 0 ¢;; = @4, on triple
overlaps). Then these glue to a family 7 : C'— S over S and the family is unique up to
unique isomorphism®, see Figure 26.

Given stacks X,2),3 and morphisms X — 2) and 3 — 2), one can define the fibre
product X Xg 3. Then we say that a morphism ¢ : X — ) is representable if for every
scheme U and morphism U — ), the fibre product X xy U in the diagram

xXg)ULU

]

X —=—9

is isomorphic to a scheme X xoy U = S. Let P be a property of morphisms of schemes
invariant under pullback/base change (e.g. being a smooth morphism). Then we say

331f you like general nonsense: one probably has to restrict to small categories fibred in groupoids, let’s
ignore this here.

34There is a natural notion of a functor between two categories (M1, F), (Ma, F) fibred in groupoids:
it is a functor G : My — My between the underlying categories such that Fy o G = F}.

35In the general definition of a stack M, the families of curves over the U; are replaced by functors
Schy, — M and the isomorphisms ¢;; correspond to natural equivalences between the restrictions of
these morphisms to Schy,ny; -
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Figure 26: Gluing two families of curves on an open cover .S = U; UU; along an isomorphism
of the restrictions of the families on the overlap U; N U,

that a representable morphism ¢ : X — 2) of stacks has property P if for all U — ) the
morphism ¢y (of schemes) in (64) has property P.

If you know something about manifolds, you should see the morphism U — 2) as a
type of chart for ) by objects we understand well (we cover a stack using schemes, and a
manifold using open subsets of R™). Then the above says that we can check properties of
morphisms between stacks by checking them on all charts (and representable morphisms
have the magic property that the preimage of a chart of g is a chart of X).

Mg,n is an algebraic stack: Being an algebraic stack means that X has a particularly
nice chart: there exists a scheme U and a representable, smooth and surjective morphism
U — X (smooth and surjective are both properties invariant under pullback, so this
statement makes sense). To check this for M, ,, note that a morphism U — M, , is given
by a family 7 : C' — U of stable curves over the scheme U. The fact that this is surjective
means that every stable curve appears as a fibre in the morphism 7, while smoothness is
slightly harder to interpret®. Proving the existence of such a U — M, requires some
work (see [DM69, Section 5]), but we have seen an example of this at the very start of the
course: the family F; of cubic curves parametrized by ¢ € C from (3) gives rise to a family
of 1-pointed stable curves of genus 1

E=——={(X:Y:Z,t)eP*x Al : Y2Z + X(X — Z)(X — tZ) = 0}

D n (65)

Al

where the section p; is given by py(t) = ([0:1:0],¢). The corresponding map A! — M,

361f you know the definition of formal smoothness: the property of U — M, ,, being smooth requires that
for a ring R and an R-point R — U with fibre Cr under 7 and a deformation Cg/ of C'r over a square-zero
extension R C R’ of R, we can find a morphism R’ — U such that the composition R’ — U — M, ,, is
induced by the family Cg/ of curves.
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is a representable, smooth, surjective morphism.

Given an algebraic stack X with a representable, smooth, surjective cover U — X,
we say that X is smooth if we can choose the scheme U to be smooth (over C). More
generally, given any property () of schemes that can be checked on a smooth cover, we say
that X has @ if and only if U has Q.

For ﬂgm we can indeed choose U to be smooth, so Mgvn is a smooth stack. In fact,
the cover U — M, ,, can be chosen to be étale (not just smooth). An algebraic stack with
this stronger property is called a Deligne- Mumford stack. Such stacks are "really close to
being a scheme” and for the most part this will allow us to pretend that Mg,n behaves
just like a scheme which is a fine moduli space for the functor of families of stable curves.
One can show that for a Deligne-Mumford stack M and a point z : Spec(C) — M, the
stabilizer group Stab, of x (defined as the set of isomorphisms # — z from the morphism
to itself) is finite. Under mild conditions (M separated and in characteristic 0) it is
conversely true that an algebraic stack M with finite stabilizer groups at geometric points
is Deligne-Mumford. This exactly brings us back to the definition of ﬂg,n, since we asked
that the automorphism group Aut(C,p,...,p,) of a stable curve is finite. It was the
insight of Deligne and Mumford that this condition exactly ensures that the resulting
stack Hg,n has nice properties.

Finally, there exists a morphism M,,, — M,, from the stack M, to the coarse
moduli space Mg,n we talked about earlier. This morphism is proper, induces a bijection
on geometric points and has the property that any other morphism Mg,n — M to a
scheme M must factor through MM — MWL (this is the augmented version of the notion
of a coarse moduli space for a moduli functor).

Where to learn more about stacks

Here is a list of resources, ordered in increasing comprehensiveness, which you can use to
learn more about stacks:

e the paper ”Stacks for Everybody” [Fan01] by Barbara Fantechi (11 pages, a few
hours to work through, highly recommended),

e the course on the topic given by Prof. Georg Oberdieck in the Winter semester 2020
(one semester, also highly recommended),

e the book ”Algebraic Stacks” (in preparation, by Behrend, Conrad, Edidin, Fantechi,
Fulton, Géttsche und Kresch), found on the website of an old course by Andrew
Kresch (220 pages, a few months, a great resource for self-study),

e the Stacks project [Stal3] (about 7000 pages, several years of intense study, great
to look up results and particular topics, highly non-recommended to read from
beginning to end).

5.2 Upgrades of previous results

By using the language of stacks, many results about the moduli spaces of curves that we
saw before have a better version (i.e. nicer properties) when talking about the moduli
stacks. One caveat: of course, the brief and informal introduction to stacks given in
Section 5.1 is not enough to give a precise meaning to all the properties listed below. I
still hope you get an idea of their meaning, but you can take those as black boxes for now
(we will make them more precise as we need them).

Theorem 5.1. Let g,n > 0 with 29 —2+n > 0.
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a) The categories fibred in groupoids M,,, and M, , are (algebraic) Deligne-Mumford
stacks.

b) They are irreducible, proper and smooth of dimension 3g — 3 + n and there is a
natural inclusion M, ,, C M, as a nonempty, open substack.

c¢) The boundary oM, ,, = M,, \ M, is an effective Cartier divisor and even a normal
crossings divisor®’ .

d) The forgetful morphism 7 : M, 11 — M, ,, makes M, 1 the universal curve over
My, . In particular, this morphism is representable, proper, flat and of relative
dimension 1.

e) For a stable graph I" of genus ¢g with n legs, the gluing morphism

&M= ] Mownw = Mgan
veV(T)
is representable, finite and a local complete intersection®®
#Aut(I") onto its image M

. It has generic degree

Note that e.g. for the forgetful morphism, we originally constructed it by first giving a
natural transformation of the corresponding moduli functors (e.g. how to take am (n + 1)-
pointed family of curves and construct an n-pointed family from this). You can check
that the same construction defines a functor mg,nﬂ — ﬂgm between the corresponding
categories. The same discussion applies to the gluing morphisms &r.

References and further reading

The origin of the notion of a (Deligne-Mumford) stack is the original paper [DM69] by
Deligne and Mumford and Section 4 of this paper gives an introduction to this notion.

37Essentially, this means that étale locally the boundary looks like a union of some coordinate hyperplanes
in CV, but see [Stal3, Tag 0CBN] for a formal definition.
38This means it can be factored into a regular embedding followed by a smooth morphism.
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6 Intersection theory on the moduli of stable curves

As the genus g and the number n of markings increase, the spaces Mg,n quickly become
extremely complicated geometric objects. One way to study such complicated spaces is by
computing some topological invariants and in particular to study their singular cohomology
groups. By this last part we mean that you consider the set Mgm((C) of complex points of
the moduli space, with its complex topology, and study the cohomology groups

H*(Mg,n) = H*(ngn(C),Q). (66)

In Section 6.2 we will see that given a closed algebraic subset S C Mgm of complex
codimension ¢, we can associate to S a cohomology class [S] € H*(M,,,). For a second
algebraic set S’ meeting S transversally®, we then have that the class [S N S’] associated
to the intersection of S, S’ is equal to the cup product [S] — [S'] of their classes [S], [S'].
We will introduce these notions carefully in Section 6.2, but this is the origin of the word
"intersection theory”. We will also see a few places where it is more convenient to work
with the smooth stacks Mg,n instead of the moduli spaces ngn, but we’ll stick with Mgm,
for the most part and only use the stacks when we need them.

One class of examples of closed subsets S C M,, are the closures S = M of the
strata of Mg,n associated to a given stable graph I'. So we begin by studying these sets
and their intersections in more detail.

6.1 Intersections of strata

In Section 4.2 we saw that the moduli spaces Mgm admit a stratification by locally closed
subsets

M:UMF
T

according to stable graphs I'. In Proposition 4.15 we showed that the closures M are
parametrized by the gluing maps

&r : My = H Mg(v),n(v) — M%”'
veV ()

In this section we want to answer two natural questions concerning the sets M
a) Given a stable graph I', what are the stable graphs I of curves in the closure M7

b) Given two stable graphs I'y, T's, what is the intersection MiIne C MM?

As we saw above, question b) in particular will be related to the computation of the
intersection product [HFI] — [MFQ]. A good reference for these questions is [GP03,

Appendix A], where the answers were worked out in a formal way for the first time.

For question a) we can use that M = &r(Mr), so we need to understand how the
stable graph of the curve

fF((Cinpl,vv S apn(v),v)UEV(F)) (67)

depends on I' and the stable graphs I', of the curves (Cy,p10,- ., Pn(w)w)- In Figure 27
you see an example of this.

391f S, S are smooth, this means that at any point p € SN .S" we have T,M,,, = T,,S + T,5".
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Figure 27: The stable graph I of a curve obtained by gluing curves with stable graphs
Iy, Iy, via & is obtained by inserting the graphs I',,,I',, at the vertices of I'

Intuitively, it is quite clear what happens: you start with the dual graph I' and glue
the graphs I, into the vertices v of I'. Making this precise in the formal language of stable
graphs is a bit of a headache, which is why I give it as an exercise.

Exercise 6.1. Let I" be a stable graph and for v € V(T") let I', be a stable graph of genus
g(v) with n(v) legs together with an identification h : L(T',) = H(v) of the legs of T,
with the half-edges H(v) of v in I'. Define the graph I'" obtained by gluing the ', into
the vertices of I' and show that it is a stable graph. Convince yourself that for curves
(Cv, D105 - - - s D) w)vev(r) With stable graphs I',, the dual graph of the curve (67) is equal
to I.

Instead of describing the gluing of the graphs ', into I' explicitly, we define the notion
of a morphism I — T" of stable graphs which makes precise the notion that I'” can be
obtained from I' by gluing some graphs I', at the vertices v of I.

Definition 6.2. Let I', " be stable graphs of genus g with n legs. A morphism ¢ : " — T
is defined by two maps*!

v V(I') = V(D), o : HT) — H(I), (68)
satisfying the following conditions:

a) the map g is injective,

4OBwahaha.
“INotice the direction of the maps: ¢y goes from vertices of IV to vertices of I' while ¢y goes from
half-edges of T to half-edges of I'""!
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b) g sends edges of I' to edges of I
{h, 1"} € E(T') = {pu(h),pun(h)} € E(I').

Below we will denote by ¢g : E(I') — E(I"”) the corresponding (injective) map of
edges.

¢) @p sends the legs of I' to the corresponding legs of T

EF/(QOH(h)) = fr(h) for h € L(F),

d) the map @y is surjective and compatible with ¢y
oy (vr (e (h))) = vr(h) for h € H(T),

e) given vy € V(I'), the preimage of vy under ¢y is a stable graph I', of genus g(vo)
with n(vg) legs. More precisely, the vertices V,, = ¢y' (vg) mapping to vy under ¢y
together with the half-edges H,, = vy (V,,) incident to these vertices and all edges
{h,W} € E(I'")\ pg(E(T')) with h,h’ € H,, form a stable graph I',, and this graph
has genus g(vy) and a number n(vy) of legs.

We illustrate a morphism [V — T" of stable graphs in Figure 28.

Figure 28: The data of a morphism IV — T illustrated; this is the morphism coming from
the gluing in Figure 27

Remark 6.3. a) The existence of a morphism IV — T is precisely equivalent to saying
that IV can be obtained from I" by gluing some stable graphs at the vertices of T"
(and these are the stable graphs I", appearing in part ¢) of Definition 6.2).
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b) Given a morphism ¢ : IV — T, there exists a natural gluing morphism
&0 : ./Vr/ — MF,

where for each v € V(I') the component of &, to t@ factor ﬂg(v)m(v) of Mp is given
by the gluing map &p, (defined on the factors of My associated to vertices of I in
¢y (). See Figure 30 for two examples of such gluing morphisms &,.

c¢) In the literature, a morphism I — T is sometimes called a I'-structure on I''. Other

names you might find are that IV is a specialization of T or that I' is a contraction
of I'.

d) You can check that there is a category whose objects are stable graphs I' of genus
g with n legs and whose morphisms I” — I" are as described in Definition 6.2. In
particular there is a natural way to compose morphisms ¢, ¢’ of stable graphs, by
setting

(po@)v =pvoupy, (poy)n=yhovn.
You can also check that the notion of an isomorphism of stable graphs defined in

Definition 4.5 is equivalent to the notion of an isomorphisms of this category*?. This
makes precise the hint given in Exercise 4.18 *c).

Exercise 6.4. a) Given a stable graph I and a set Fy C E(I') of edges of ', show
that there exists a stable graph I" and a morphism ¢ : [V — I" with pg(E(T")) = Ey.
Show that for a second graph I' and morphism @ : IV — I with gg(E(T)) = E,
there exists a unique isomorphism I" — r fitting into the diagram

In other words, the map I — I' is unique up to isomorphism. It is called the
contraction of the edges in E(I') \ Ej.

b) Show that every morphism " — IT" can be factored as a composition
I'=Dy 50 2. 25T, =T
of morphisms ¢, ..., ¢4 such that each ¢; contracts a single edge of I';_;.

Proposition 6.5. Let I' be a stable graph in genus g with n legs. Then a curve

(C.p1y...,pn) € M,, with stable graph T" lies in the closed set M if and only if
there exists a morphism IV — I'. In particular, we have

M= M (69)

42Unfortunately, the map ¢y now goes in the opposite direction compared to the convention of Definition
4.5, sorry about that.
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Proof. By Proposition 4.15, the set M is the image of the gluing morphism &r. By
Exercise 6.1 the stable graphs IV of curves in the image of & are precisely those obtained
by gluing stable graphs I, into the vertices of I" and by Remark 6.3 a) this is equivalent
to the existence of a morphism IV — T. O]

. — . A .
Since the closures M are union of strata M', it is now easy to answer question b)
above.

Corollary 6.6. Let I'y,I's be two stable graphs of genus g with n legs. Then we have

MinMt= ) M7 (70)

r
3 IV—=T1, IV =Ty
where the union goes over stable graphs IV admitting a morphism to I'; and T's.

Example 6.7. For g = 1,n = 2 we show in Figure 29 all isomorphism classes of stable
graphs and which morphisms exist between them. Note the cases where there are two or
four morphisms between these graphs (can you write them all down?). You can compare
this to the picture of Ml,g from Figure 24 and check that these morphisms precisely tell
you how the closures of the strata intersect. As an example of the statement of Corollary
6.6, we see that

M'NM? =M™

Figure 29: The stable graphs I'y,...,I'y in genus ¢ = 1 with n = 2 legs and morphisms
between them. There are four morphisms I'y — I's uniquely determined by the image
o (h) of one of the half-edges h of I'y, which can map to each of the four half-edges of Ty.
Note that we did not draw automorphisms of the graphs.

We answered questions a) and b) above to our satisfaction, but in the following sections
we will see that it’s useful to answer a refined version of question b).
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b’) Given two stable graphs I';, 'y, what is the fibre product

Notice how I sneakily formulated question b’) for the moduli stacks instead of the moduli
spaces? There is a good reason for this, which we will see below. To answer the question,
we will need to consider in more detail the stable graphs IV and maps I' — I'{, I’y above.

Definition 6.8. Given stable graphs I'1,T's, T, a (I'y, I'y)-structure on T is a tuple

(F,@l,QDQ) = (901 ' — Fl?QOQ ' — F2> (71)

of morphisms from I' to I'; and I's. The (I'y, I's)-structure is called generic if

ET) =¢1e(E(T1))Upsp(E(Ty)), (72)

i.e. every edge e € E(I') is the image of an edge in I'; or I'y under the morphisms ¢1, s.

Given a second stable graph I'" with a (I'y, I'y)-structure (I, ¢/, ¢,) we say that this
structure is isomorphic to (71) if there exists an isomorphism I' — I fitting into the
diagram

1

¢

I
2 N
r = s TV
Y‘ /2/
[y

Denote by &r, r, the set of generic (I'y, I'y)-structures (I', ¢1, ¢2) up to isomorphism.

Example 6.9. In Figure 29, let 3, : I's — '} and 3,5 : I's = I'; be morphisms as
indicated (we have two choices for ¢3_,2). Then

(I3, 0351, P3-52)
is a generic (I'y, I'g)-structure on I's.
Now we can answer question b’).

Theorem 6.10. Given stable graphs I'y, 'y of genus g with n legs, the fibre product

J—:Fl,m ; Mrz

l _l&m (73)

éry ’

of the gluing morphisms &r,, &, is given by

Fror, = 11 M. (74)

(Pyp1,02)€6r, 1y
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The restriction of the diagram (73) to the connected component Mr of Fr, r, associated
to (Fa ¥1, (102) € ®F1,F2 is given by

_ ¢ _
Mr i) Mr2

f«ml lﬁrl (75)

Mr, —— My,
éry ’

Proof. We are going to explain how the proof works on the level of C-points. For the more
general treatment of families of curves (which you need to define the isomorphism (74)),
see e.g. [Sv18, Proposition 2.14].

What is a point in the fibre product (73) above? It is the data of points

((Cy, (gn)ner)))vev ) € My, and ((CJ, (@ )her()))vev(rs) € Mr, (76)

together with an isomorphism

&, ((CV, (@h)n)o) = &ra((CV (@)n)e) = (C.p1, -, Pu) € Mg (77)

Note that here we use that we take the fibre diagram of stacks! If we had written everything
with the coarse moduli spaces Mr,, Mr, and Mg,n, the data of a point in the fibre product
would be given by two points (76) such that there exists some isomorphism (77). For the
stacky fibre product, the isomorphism (77) is part of the data! For more on the slightly
subtle definition of stacky fibre products, see [Fan01, Section 6.1].

We illustrate the data that we have so far on the left side of Figure 30 (we know so far
the collections of curves on the bottom left and top right and how to identify their images
under the gluing maps &, and &r,).

(ClPA-——-, Pﬁ\)

Figure 30: An illustration how starting from curves in Mr, and Mr, and an identification
of their images under &r,, {r, with (C,p1,...,ps), we construct a graph I' (on the right)
and an element of Mr (top left)
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Now observe that there is a particular subset N, r, of the nodes of the curve C' which
is the set of those nodes ny, 5y € C created either by identifying two markings qj,, ¢j, in
the map &, (for {h,h'} € E(I'1)) or from markings ¢, ¢;, under &, (for {h,h'} € E(I'9)).
These are the purple nodes in Figure 30 (which are the images of the red, green and blue
nodes).

We claim that there is a unique stable graph I" whose edges correspond to the nodes
in Np, p,. It is the graph obtained from the dual graph of C' by contracting all edges not
corresponding to nodes of Nr, r, (according to Exercise 6.4). The vertices v of I' correspond
to the connected components C, of the partial normalization of C' at the nodes in Ny, p,
(you see this partial normalization at the top left of Figure 30). The genus g(v) is the
arithmetic genus of the nodal curve C,. The graph I' has natural morphisms ¢; : I' — I'y,
@y : I' = I'y. For instance, on the level of edges the morphism ¢y 5 : E(I'y) — E(I)
sends {h, h'} € E(I'1) to the edge of I' corresponding to the node ny, y as above. Clearly,
the (I'y, I'y)-structure (I, 1, @2) is generic: the edges of I' were defined to correspond to
nodes of the form ng, sy, so each is either in the image of @1 g or v . Moreover, the
(I'y, T'g)-structure (I, 1, o) we constructed is unique up to isomorphism.

Finally, the curves C, (for v € V(I')) together with all marked preimages ¢; of nodes
in Nr, r, and markings py,...,p, give an element

((Co, (aﬁ)ﬁeH(r)))veV(F) € Mr. (78)

To summarize, what we described above is how to start with the data (76, 77) of a point in
Fr,r, and use it to construct (T, ¢y, ) € &, 1, and the point (78) of My. This recipe
defines you a map from the left-hand side of (74) to the right. On the other hand, the
maps &, , &, together with the universal property of the fibre diagram v, r, define you
a morphism Mr — Fr, ,. In this way, you define a map from the right to the left side
of (74). Using a finite amount of work (which you find in the proof of [Sv18, Proposition
2.14]) you can check that these maps are inverse to each other, finishing the proof. O

6.2 A crash course in intersection theory of complex algebraic
varieties

In this section we give an overview of the intersection theory (formulated in the language of
singular (co)homology) for algebraic varieties X over the complex numbers. For simplicity,
we will formulate things in the setting where X is a smooth, proper variety.

In the end we want to apply this to X = MW which is not a variety. Now it is possible
to define singular cohomology groups for stacks (see these lecture notes by Behrend) and
then one finds that e.g. for X = M,,, the map M,,, — M,,, induces (via pushforward,
see below) an isomorphism of cohomology groups H*(M,,) — H*(M,,). So in the end
it does not matter where you do your computations, but many of them are nicer on the
smooth stack ﬂgm. However, instead of learning about cohomology groups of stacks
properly, we will essentially pretend that they work just like those for schemes, with a
few minor adaptions that we will point out. I realize this is not optimal, but it does work
surprisingly well and in the references section I'll point out where you can learn how to fill
in the missing pieces.
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Singular homology and cohomology

Let X be a connected, smooth, proper variety over the complex numbers of complex
dimension d. We define its singular homology*® and singular cohomology groups as

where the set X (C) of C-points of X is equipped with the complex topology. The fact
that X is smooth means that X (C) actually has the structure of a smooth manifold, of
dimension dimg X (C) = 2d. In particular, we have

Hy(X) =0, H*(X)=0for k <0 or k > 2d.

The fact that X is defined over the complex numbers implies that X (C) has a natural
orientation.

Cap product and cup product

Given a homology class o € Hy(X) and a cohomology class o € HY(X), we can form their
cap product 0 ~ a € Hy_4(X) and often say that « acts on ¢ via this cap product. This
gives rise to a perfect pairing

Hy(X)® HY(X) = Hy(X) 2 Q0@ a+— 0 ~ a, (79)
allowing us to identify H*(X) = H.(X)" in a natural way. Here the isomorphism
Ho(X) = Q is given by the degree map

N N
deg : HO(X) - Q7 Zal[pl] = Zaia (80)
i=1 i=1
where we use the connectedness of X to conclude that all points P, € X (C) are homologous.
On the other hand, the group H*(X) has a natural ring structure with multiplication
given by the cup product —. This product respects the cohomological grading, i.e. we
have

H*(X)® HY(X) = H"(X), a® = a — S. (81)
The cap and cup-product satisfy the compatibility
o~ (a—p)=(c ~a)~p.

Remark 6.11. For Deligne-Mumford stacks such as X = M,,, the degree ‘map (80)
needs to be slightly adapted. It turns out that for a point P = (C, ps,...,ps) € My, the
class [P] of P should have degree

1 1
deg([P]) = #Aut(P) - #Aut(C,p1, ..., pn)’

and thus the degree map (80) becomes

N N
deg : Ho(X) = Q, ;aim] - ; #As—t‘(m. (82)
Example 6.12. For n > 0 consider the projective space X = P". Its cohomology ring is
isomorphic to
H*(P") = Q[H|/(H™), (83)
generated by H € H?*(P"). Thus H*(P") = Q- H’ for j = 0,...,n and all other
cohomology groups vanish. We’ll see several interpretations for the generator H below.

43When talking about non-compact varieties, it is often more natural to consider the so-called Borel-
Moore homology, see [Ful84, Chapter 19.1] for a discussion.
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Poincaré duality

Our assumptions on X (connected, smooth, proper) imply that the cup-product of cycles
of complementary dimension

HY (X))@ H* F(X) - H*(X)2Q, a®frr a— f (84)
is a perfect pairing. Here the isomorphism H??(X) = Q is given by sending a 2d-class a to

/Xa = deg(a) := deg([X] —~ a),

where [X] is the fundamental class of X (see the next paragraph).

The pairing (84) allows us to identify H*(X) = H?**(X)" and combining with the
pairing (79), we have a natural isomorphism H*(X) 2 H,y (X). Tracing through the
definitions, it is easy to check that this isomorphism is given by

H*(X) 5 Hog 1(X), ar [X] ~ . (85)
Example 6.13. In our example of X = P" the pairing (84) is given by
Q- H) & Q- H™) — Q- H", (\HY) @ (uH"™) > \uH"
for k =25 € {0,...,2n} even (and H*(P") = 0 for k odd).

Fundamental classes of subvarieties

The fact that X (C) is a connected, closed and oriented manifold allows us to define a
fundamental class [X] € Hoy(X), which is a generator of the one-dimensional vector space
Hou(X).

This can be generalized to (not-necessarily smooth) subvarieties Z C X. Any such
7 admits a finite triangulation in which the singular locus is a subcomplex (see [EH16,
Section C.2.1] and references there for details, see Figure 31 for a picture). This can be
used to define a fundamental class [Z] € Ha.(X), where e = dim¢ Z. Combining this with
the Poincaré duality isomorphism (85) we obtain

[Z] € H**(X), for ¢ = codimc Z = d — e. (86)

Note that the fundamental class [X] € H°(X) is the neutral element for the cup product,
ie.

[X] — a=aforall o € H*(X).
If Z C X is not a subvariety, but a closed subscheme (i.e. possibly nonreduced), we can

still define the cycle [Z]. For this, let Z3,..., Z, be the irreducible components of the
reduced scheme Z*¢, and for i = 1,...,7r let

m; = lengthy, Oz, 7

be the multiplicity of Z at Z; (see [Ful84, Appendix A.1] for a definition, for Z = V(f) a
hypersurface the number m; is just the order of vanishing of f at the generic point of Z;).

Then we define
Z m;[Z;] € H*(X).

Example 6.14. The generator H € H?(P") from Example 6.12 is given by the fundamental
class H = [P"7!] of any linear codimension 1 hyperplane P"~! C P". More generally, we
have H’ = [P"/] for a linear codimension j subspace P~/ C P". See Example 6.16 below
for an argument why all linear subspaces P*~! C P" are homologous.
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Sinopdone doow
= Subcoumpley oY
Hriowolohon

Figure 31: A triangulation of a complex variety X can be used to define a fundamental
class as the sum over the singular simplices of the triangulation; the orientation of X
tells you how the triangles need to be oriented, if X has singularities you can choose the
triangulation in such a way, that the singular locus is a subcomplex

Proper pushforward and flat pullback

Let X,Y be connected, smooth, proper varieties of dimensions d,e and let f: X — Y be
a morphism. Since the induced map f : X(C) — Y(C) is continuous, we have

e a pushforward
for Hy(X) = H(Y) (87)

of homology classes under f and

e a pullback
fr o HY(Y) = HY(X) (88)
of cohomology classes under f. Note that pullback is compatible with the cup
product, i.e. f*(a — B) = f*(a) — f*(B).

Using the isomorphism of homology and cohomology groups from (85), we can also see
the pushforward as a map

fo: H(X) = H*2e=d(y), (89)

Note that pushforward and pullback are functorial, i.e. for morphisms X 1oy & 7 we
have

9x(fea) = (g o f)eav, for a € H*(X),
f(g"B) = (go f)B, for B € H*(Z).

The most important basic compatibility between those operations is the projection for-
mula™. Tt says that for « € H*(X) and 8 € H*(Y') we have

[(f*B—a) =0~ fa (90)

4 Note that for arbitrary maps f : X — Y of topological spaces with o € H,(X) and 3 € H*(Y)
it is true that fi.(a —~ f*8) = (f.a) —~ B and the projection formula follows from this by inserting
o=[X]~a.
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For arbitrary topological spaces X,Y the story would end here. However, in our algebraic
setting and assuming some additional properties of f, we can write down more explicitly
how the maps f,, f* act on fundamental classes [Z] of subvarieties of X,Y. A reference
for the statements below is [Ful84, Chapter 1].

Assume® that f : X — Y is proper. In this case, given a subvariety Z C X the image
Z'= f(Z) C Y is a subvariety of Y and we have

(91)

deg(Z/2")-[Z'] if dimZ =dim 7,
flZ] = .
0 otherwise.

Here deg(Z/Z’) is the degree of Z over Z', which can be defined as the degree of the field
extension C(Z’) C C(Z) induced by the restriction of f to Z. It is also the number of
preimages in Z of a general point 2’ € Z'.

On the other hand, for f: X — Y flat and Z C Y a closed subvariety, let f~1(Z) =
X xy Z — X be the closed subscheme®® obtained by pullback via f. Then we have

fr121=1f(2)], (92)

where [f71(Z)] is the fundamental class associated to the subscheme f~'(Z) C X.
The operations of proper pushforward and flat pullback satisfy the following compati-
bility condition.

Proposition 6.15 (Proposition 1.7 in [Ful84]). Assume we have X, X’ Y)Y’ connected,
smooth, proper and a fibre diagram

X -, x

lf’ lf (93)

v 25y
with g flat and f proper. Then ¢’ is flat and f’ is proper and for all « € H*(X) we have
g fra=(f)(g) v € H(Y').

Example 6.16. Given F € C[X,, ..., X,]s a homogeneous degree d polynomial, let’s
show that the hypersurface S = V(F) C P™ cut out by F has class [S] = dH. For this,
consider the universal hypersurface H over the space P¥ = P(H"(P", O(d))):

H = {([Fl,p) €PN x P": p € V(F)} - P"
lm (94)
]P)N

The variety H is smooth, projective and connected (since 7y is a projective bundle) and
w1, mp are both flat and proper. Then we see that the composition (m2).(m)* sends the
class of a point [F] € H?*N(PY) to the fundamental class [V (F)] € H?(P") of its vanishing
locus. Since PV is connected, we have [F] = [X{] € H?V(PY) and thus

V)] = (m2)u(m0)*[F] = (m2)(m1) " [X5] = [V(X§)] = d - [Xo] = d - H € H*(P").

45Given that we assume X, Y to be proper, this is actually automatic! I still write the condition since
you can generalize this story to non-proper varieties, see [Ful84, Chapter 1.4].

46Note that indeed f~1(Z) can be non-reduced, e.g. for f: P! — P! [Xq: X;] — [X}: X]] = [X3 : X?]
and Z = V(X{) we have f~1(2) = V(X3).
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Chern classes of line bundles

Given a line bundle £ on X, we can associate a cohomology class ¢;(£) € H?(X) called
the first Chern class of £. While this makes sense for arbitrary complex line bundles on
manifolds (see [BT82, Chapter IV]), in our situation the map is particularly easy.

{ line bundles } { divisors
—

2
Lon X D:ZiaiDionX} H*(X)

(95)

Ox(D) « D=3 a;D; ———— %, a;[Di]

Easy exercise 6.17. Show that given line bundles £, Lo we have
(L1 ® Ly) = c1(L1) + c1(Lo).
Show that the dual £V of a line bundle £ on X has first Chern class
c1(LY) = —ci(L).

Higher Chern classes of vector bundles

The construction above can be generalized to vector bundles V of arbitrary ranks r, giving
us Chern classes c,(V) € H*(X) for k = 1,...,r (see [Ful84, Chapter 3]). We will
only need the case k = r applied to vector bundles V which are sums of line bundles
V=L & DL, Inthis case, the top Chern class is given by the cup product

cop(V) = &x(V) = c1(Lr) — - — a1 (L) (96)
of the first Chern classes of the line bundles £,.

Excess intersection formula

In the next section we will be interested in computing intersection products of cycles of
the form (&r).a for I' a stable graph and o € H*(My). The following (general) result
will be essential for this. Recall that a local complete intersection (l.c.i.) is a morphism
that can be factored into a regular embedding followed by a smooth morphism, see [Ful84,
Appendix B.7.6]. If the domain of a morphism is smooth, this condition is automatic (in
particular, the morphisms & are local complete intersection morphisms (of stacks)).

Proposition 6.18 (Proposition 17.4.1 in [Ful84]). Assume we have X, X' Y)Y’ con-
nected*”, smooth, proper and a fibre diagram

X L X
lf’ lf (97)
vy 25y

with ¢, ¢’ l.c.i. morphisms of codimensions d,d" and f proper. Then for a € H*(X) we
have

g fea = (f")s (cop(E) = (¢') ) € H*(Y"), (98)
where E is the rank d — d’ bundle on X’ given as the quotient
E = (f'YNyi vy /Nxix (99)

of the pullback of the normal bundle Ny /y of g by the normal bundle Nx./x of ¢'.

47Tt’s easy to see how you can drop the assumption of X’ being connected, and we will use the result in
this form.
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Concerning the definition of the excess bundle E: we are slightly cheating here, since the
definition for general l.c.i. morphisms g, ¢’ is slightly more involved (see [Ful84, Proposition
6.6]). However, if f, g are unramified the above definition makes sense, where the (duals
of the) normal bundles Ny~ /y and Ny, x can be defined via

Example 6.19. Let i : P! — P? be the inclusion of a line in P2, then we know 4,[P!] = H
and H? = [pt] is the class of a point. Let’s try to find the most complicated way to prove
this, by using Proposition 6.18. One sees that the fibre diagram (97) becomes

Pl id P!

i : (100)

Pl iy P2

Then we obtain (using the projection formula (90) and the fact that the fundamental class
[P'] € H°(P') is the neutral element with respect to the cup product on P')

H? = (i,[P1]) — (iu[P']) = i ("0, [P'] — [P']) = i. ("0, [P']) (101)
By the excess intersection formula (98) we compute the term *i,[P'] as
"1 [P'] = (id), (ctop(E) — (id)"[P']) = ceop(E) — [P'] = crop(E), (102)

with £ = Np /P2 JNp1 /pL = Np1 s/p2 the excess bundle. It remains to compute this normal
bundle, associated to the inclusion i : P! — P2, We can make our lives easy and use the
fact (see [Ful84, Example 2.5.5]) that for an effective Cartier divisor D C X we have
Np,x = Ox(D)|p, and obtain

Nerjpz = Op2([P])[pr = Op2(1) |1 = Op1 (1) = O (pt). (103)

If you instead like your life to be hard, you can also compute this normal bundle using the
Euler sequence of P? (see Exercise 6.21 ¢)). In any case, we see

Crop(E) = ¢1(Opi (pt)) = [pt] € H*(P')
and pushing this forward via i : P* — P? we indeed obtain [pt] € H*(P?).

Exercise 6.20. Assume that X,Y’ C Y are smooth subvarieties of a connected, smooth,
proper variety Y. Assume the intersection of X, Y" is transversal, i.e. for every 2’ € X NY
we have

T,Y =Ty X +T,Y'.

Show that the scheme-theoretic intersection X NY’ = X xy Y’ is reduced and of pure
codimension codimy (X) + codimy (Y”). Conclude that

X] — [Y] = [X nY].

In the example of Y = P? and X,Y’ C Y curves of degree d, e meeting transversally, use
this to show that X,Y” intersect in precisely d - e points (this is a variant of Bézout’s
theorem).
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Exercise 6.21 (hard, but rewarding). The morphism
Al 5 A%t (2= 1,12 — 1)
extends to the normalization f : P! — E of the nodal cubic curve
Ey={Y*-Z-X*(X+2Z)} CP?
see Figure 32.
a) Show that f,[P!] =3 - H € H?*(P?) so that (f.[P])? =9 H?> = 9[pt] € H*(P?).

b) Now let’s show this the hard way. First, compute the fibre product P! xp2 P! of the
map f with itself.

c) Use the Euler sequence of P? and the conormal exact sequence for the map f to
show that the normal bundle Np:1 p2 of the map f has degree 7 on P'.

d) Conclude that (f,[P'])? = 9[pt] € H*(P?).

a8 \ P2

b

- 2

Figure 32: The normalization of the nodal cubic curve FEj

6.3 The tautological ring of the moduli space of stable curves

Now we have all the ingredients we need to start our study of the cohomology groups of
the moduli spaces of stable curves. Our first goal here is to write down some interesting

cycle classes in H*(M,,,). For this, we have a bunch of tools at our disposal.
e As a modest start, we always have the fundamental class [M,,] € H°(M,.,).

e More generally, for every stable graph I" we have the fundamental class
r
]

(M| € H*(M,),

for e = #E(T), of the corresponding closed stratum in M, ,.
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e If we find some natural line bundle*® £ on MM, we can take its Chern class

c(L) € HX(M,,,).

e Once we built a collection of classes c; on various spaces M, ,,,, we can obtain even
more classes by

— taking cup products of existing classes,

— taking pushforwards and pullbacks of (products of) classes a; under the gluing
morphisms & and forgetful morphisms 7.

The next definition makes precise what we mean by the system RH*(M,,,) C H*(M,,)
of classes that you can obtain using the ingredients above. Its history goes back to the
original paper [Mum83| by Mumford, though the formulation presented below was first
given in [FP00] by Faber and Pandharipande. Due to the last point in the above list (we
can combine classes «; on different spaces M,, ,,, via the gluing and forgetful maps), it

will be natural to define the sets RH*(M,,) C H*(M,,) simultaneously for all g, n.

Definition 6.22. The tautological rings (RH*(Mg,))gn are the smallest system of Q-
subalgebras

containing the units 1 = [M,,,] € H°(M,,) and which are closed under pushforward by
all gluing morphisms
&t Mp = H My)nw) = Mgn (104)
veV(T)

and all forgetful morphisms*’

T Mypir — Mg (105)

The elements « € RH*(M,,,) are called tautological classes.

Remark 6.23. Let’s look more closely at the various parts of the definition and make a
couple of comments. In particular, while it might look that the definition omits some of

the ingredients we mentioned above (e.g. the classes [MF]), we'll see that all of those are

nonetheless contained in RH*(My,,).

a) The fancy word ”Q-subalgebra” just means that RH*(M,,,) is a Q-subvector space

of H*(My,,) which is invariant under cup product. In other words, given tautological
classes a, f and \ € Q, we have that

a+p, A-aand a—

are again tautological.

48 A similar story works for natural vector bundles V and their Chern classes ¢,(V) € H?*(M, ), though
unfortunately we won’t have time to see good examples of this.

49Note: instead of the classical morphism forgetting marking n + 1, we must allow morphisms forgetting
arbitrary markings 4, i.e. defined by (C,p1,...,pnt1) = (C,D1,...,Di—1,Pit1,--,Pnt+1) When C is
smooth.
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b) Let’s also expand what we mean by being ”closed under pushforward by all gluing
morphisms”. For this let I' be a stable graph and assume we are given some

cohomology classes a, € H* (M) nw)) for v € V(I'). We can then form the class

o= H(Wu)*%, for the projections 7, : Mp — Mg(v)m(v). (106)
veV

In other words, we pull back the classes «, from the factor Mg(v),n(v) to Mrp and
then take their cup product (this is sometimes called the box product of the classes
a,). Then we require that if all «,, are tautological, the pushforward

(Er)va € H (My,n) (107)

is also tautological. Applying this to the fundamental classes v, = (M (o) ()]s which

are tautological by assumption, we have o = [Mr] is the fundamental class of Mr.
Combining the formula (91) for the proper pushforward of fundamental classes with

Theorem 5.1 e), stating that & has degree #Aut(I") onto its image WF, we see that

_ 1 -
M ] = #Tt(l“)g*[MF] (108)

is a tautological class.

The above definition of the tautological ring is short and elegant, but not very explicit
(it does not give a convenient way to write down an arbitrary tautological class). Our
main goal for the remainder of this section is to give an explicit, finite set of generators of
RH *(Mg,n) as a Q-vector space. To state the corresponding result, we’ll need two more
ingredients : the so-called - and k-classes. Their definition uses in a crucial way the

universal curve over M.

Cg,n = Mg,nﬂ

pri (109)

My,

Definition 6.24. For i = 1,... n, the i-th cotangent line bundle IL; on Mg,n is defined
as
L; = p; <, (110)

where Q! is the sheaf of relative differentials for the morphism 7 and p; : ﬂgm — 59771 is
the section of 7 corresponding to the i-th marked point. We define the i-th 1-class

P = c1(ly) € H (M) (111)
to be the first Chern class of this line bundle.

To explain the name, consider Figure 33.
The preimage of (C,py,...,p,) € M, under 7 is isomorphic to C, and for ¢ € C' a
smooth® point of C, the sheaf Q! has fibre

QL|, = T:C.

%0The assumption that g is a smooth point is important: the rank 1 sheaf Q! is not even locally free
(i.e. a line bundle) at the nodes of C.
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Figure 33: The fibre of the sheaf Q! at the image of the section p; is equal to the cotangent
space

Thus, pulling back QL by setting ¢ = p;, we see that at a point (C,p1,...,p,) € Mg, the
line bundle L, has fibre
Lilcprypn) = Tp,C

equal to the cotangent space of C' at p;. This is the kind of natural line bundle £ on /ngn
we were talking about at the start of the section. And even though we did not mention the
classes ¢; in the definition of the tautological ring, it turns out that they are nonetheless
contained in it.

Proposition 6.25. The -classes ¢); are tautological.

Proof. Remember from Proposition 4.25 that the morphisms p; above are actually special
cases of gluing morphisms (for the graph I'; having two vertices of genus 0, g connected
by a single edge, with legs 7,n + 1 at the genus 0 vertex and all other legs at the genus g
vertex). Thus we have

[A] = (pi)*[ﬂg,n} € RHQ(ﬂg,n-&-l)- (112)

We claim that
Vi = —m ([A] — [A]), (113)

which would finish the proof (the tautological ring is invariant under cup products and
pushforwards by forgetful morphisms). To compute the cup product [A;] — [A;] we use
the excess intersection formula from Proposition 6.18. We start by computing the fibre
product of p; with itself. Since p; is a section of the separated morphism 7, it is a closed
embedding (see [Vak17, Exercise 10.1.M]). Thus the fibre product is just given by /ngn
itself.

id 7o
My, —— Mgy,

Js J» (114

_ P op—
Mg,n ? Mg,n+1

Alternatively, you can find the diagram (114) as a special case of Theorem 6.10 for
I'y =Ty =T. In any case, since the normal bundle ng o Mym of the identity is trivial,
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the excess bundle F is given by the normal bundle Nﬂg oMoyt of the map p;. But the

dual of this bundle is precisely given by

1

V _ & 1 1 o * 1 o
ngmvﬂg,n+1 =D ng,nﬁ»l /Qﬂgﬂn =D Qﬂ' - ]L”L (].]_5)

Now we’re in business and we can first apply the excess intersection formula to obtain

(p)"[A] = ) (i)« [Myn] = e1Nog,,, 31y 0sn) = (L) = —er(Li) = —¢,

and then conclude as follows

e ([A] = [Ad]) = m (p)o Mg = [A]) = 7 (pi)« (0:)"[A])
= —(mopi)bi = —(idxg, )i = —1hi.

Definition 6.26. For a > 0 define the a-th k-class k, as the pushforward
o = ((Yns1)™) € RH(M,0). (116)
Note that (t,,1)%! has cohomological degree 2(a + 1) on M, ;1 and since
dime My i1 — dime M, = 1,

we indeed have k, in cohomological degree 2a. Since v, is tautological, it follows that
K, is tautological.
Now that we have - and k-classes, we combine them with the gluing maps & to

obtain the generating set of RH*(M,,,).

Definition 6.27. Let I' be a stable graph. A decoration on IT' is a class « E_H*(Mp)
which is a product of x- and v-classes pulled back from the factors Mg,y n(v) of Mr. More
formally, it is a class

n(v)

o= 77':05”7 for a, = /gs;v’ll R ’KLZT;‘Z . {v,l . ¢fv,n(v) c RH*(Mg(v),n(v)>‘ (117)
I )

Given I" and a decoration « on I'; we define the decorated stratum class [I', a] to be the
pushforward

[T, a] = (&r)wo € RH*(Mg,p). (118)

Clearly, since all «, are tautological, the definition of the tautological ring implies that
also the [I', o] are tautological. Note that for dimension reasons we have H*(M () n(s)) = 0
for k > 2(3g(v) — 3+ n(v)). This implies that there are only finitely many nonzero classes
«, of the form above, since they vanish unless

Z Qy,j - €vj+ Z Joi < 3g(v) =3+ n(v).
J i

Note that since & is of relative dimension equal to the number e = # E(I") of edges of T',
we have [[',a] € RH*49)(M,,) for a € H?*(Mr). We can represent a decorated stratum
class by a picture of a stable graph decorated by powers of 1)-classes at half-edges and a
monomial in k-classes at vertices, as illustrated in Figure 34.

Theorem 6.28. The decorated stratum classes [I', o] form a finite generating set, as a

Q-vector space, of the tautological ring RH*(M,,,).
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Figure 34: A tautological class in RH?(Msy)

Proof. In Definition 6.22 we defined the tautological rings as the minimal system of

subspaces of H*(M,,,) satisfying a bunch of properties. So, to conclude we need to show

that the Q-vector subspaces S,, C H*(M,,) spanned by classes [I',a] have all these

properties. Indeed, then they must contain the minimal system RH*(M,,), but as we
saw they are themselves contained in RH*(M,.,), proving equality.

Some parts are straightforward: the S, are closed under addition and scalar multipli-
cation with elements of Q, they contain the units [M,,] (taking T' the trivial graph and
a = 1 the trivial product). Also, they are closed under pushforward by gluing maps &r:

given I' and decorated classes [I'y, | € Sg(w)n(w) o1 the vertices w € V(I'), we have

(&)« [ [T 0] = IV, ], (119)

w

where I is the graph obtained from I' by gluing in the T',, at vertices of T" (see Exercise
6.1) and the decoration « is obtained by distributing the decorations v, to the vertices of
I (remember that the vertices of [ are the union of the vertices of all I'y,). Thus we see
that the class (119) is again a decorated stratum class.

The only parts of Definition 6.22 that require serious work are showing that the spaces
Sgn are

a) closed under cup products,

b) closed under pullbacks by forgetful morphism 7 : Mg, 11 — M.

We will prove part a) in Corollary 6.32 below, and you will show part b) in *Exercise 6.36.
Thus, modulo these results, the proof is finished. O

For the proof of Corollary 6.32 we’ll need a few more preparations.

Exercise 6.29. Prove that for I' a stable graph, and ¢« = 1,...,n we have

&by = (my) Y € H*(My), (120)

where h € H(I') is the half-edge corresponding to the marking 7, incident to vertex
v € V(I'). Likewise, for a > 0 show that

ko= Y Tika € H(Mp), (121)
veV(T)

Hint: In particular for the statement about x-classes, you should have a look at Proposition
6.34 below.
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For the proof of Proposition 6.31 below we will need one more fact, about the normal
bundle for the gluing morphisms &r. It can be proved using deformation theory (we’ll
discuss this in the optional section about the proof of Theorem 5.1), but for now we’ll
have to take it as a black box.

Fact 6.30. Given a stable graph I', the gluing morphism &r is unramified with normal
bundle

Ne= P LieLy (122)
{h,h'}eE(T)
being the direct sum over the edges {h,h'} of I' of the tensor products of the tangent
bundles Ly, L), associated to the half-edges h, h'.

You find the proof that the £ are unramified in [Knu83a, Corollary 3.9].

Proposition 6.31. Let I'; be a stable graph of genus g with n legs and let [I'y, ] be a
decorated stratum class on Mg ,,. Then the pullback & [I's, ] is given by

Gilaal = Y (&) (§5,(0)  7ex) (123)

(F79017502)€®F1,F2

where 7oy (depending on (T, 1, 2)) is the top Chern class of the excess bundle on My
given by
Yex = 1T (—tn — ). (124)

{h,h'}ep1, 5(E(T1))Np2,2(E(T'2))

In particular, the class & [I', o] is contained in the tautological ring of Mr,, ie. asum of
terms

H Ty, for a, € RH*(MQ(U)W(U))‘

veV (')

Proof. This result is an application of the excess intersection formula from Proposition
6.18. Indeed, the maps &r,, &, are proper and l.c.i. by Theorem 5.1. We computed
their fibre product in Theorem 6.10 to be the disjoint union over spaces My for generic
(I'y, Ty)-structures (I, ¢1, p2). They fit in diagrams

Mr 25 My,
@ll e (125)

Mr, —— My,
éry ’

This explains the corresponding sum in the formula above. Applying Proposition 6.18, the
only part of the result left to show is that ., is indeed the top Chern class of the excess
bundle restricted to Mr.

Using Fact 6.30, we have

Ne,= P LioL). (126)

{h,hW'}€E(T'1)

Using that £, is a product of gluing maps (see Remark 6.3 b)), for graphs whose edges
correspond to edges in E(I") \ p2 g(E(I'2)), we obtain

N, = & Ly ®Ly,. (127)

{hW}EE()\p2,2(E(T2))
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Pulling back the normal bundle (126) under the map &,, and forming the quotient E of
this pullback by (127), we obtain

E = gzlj\/‘gFl /'/\/‘gwg = @ ILZ ® LZ’ (128)
{h,h/}GE(Fl)ﬂE(Fg)

The fact that 7. is the top Chern class of this vector bundle follows from Easy exercise
6.17, using that 1, = ¢1(ILy) and ¢ = ¢1(Ly). Finally, it is also clear that the expression
(123) is contained in the tautological ring of Mrp: the map &, is a product of gluing maps,
and by Exercise 6.29, the term £ () - 7ex is a combination of x- and ¢-classes on the

factors of Mp. O

Corollary 6.32. The product of two decorated stratum classes [I'1, @;] and [I'y, az] on
M, is tautological, and given by

[Ty, an] - [T, ] = Z 1,65, (on) - €5, () - Yex] s (129)

(T)p1,902) €61 1y,
with ey as in (124).

Proof. By the projection formula we have

[Ty, aa] - [T, an] = (&, ) - [Ta; aa] = (&ry )« ((§ry ) [Ta; a2)vr) -

Thus the result follows by taking the formula from Proposition 6.31, multiplying by o,
and pushing forward again. In the process we also use the projection formula for &,
together with the fact that {r) o &, = &r. O

Exercise 6.33. Verify the computations in the tautological ring of M3, shown in Figure
35.

The formula from Corollary 6.32 has been implemented in the software package
admcycles [DSv20]. You can check out some example computations here.

Proposition 6.34. Given a stable graph I' and v € V(I') let C, be the pullback

— Cy()n()

C,
l l (130)

My ——= M) )

of the universal curve on the factor Mg(v)m(v) to Mp. Then we have an isomorphism

Cy = Mr) (131)

where T'(v) is the stable graph with n + 1 legs obtained from I" by adding the leg n 4 1 at
vertex v. There exists a commutative diagram

\ g7n
% r ﬂl 5 . (132)
P} _F L) ./ng



https://share.cocalc.com/share/8652361db7630bcfe3e2195c62ca9cad62d85b78/Computations%20with%20decorated%20boundary%20strata.ipynb?viewer=share

A= o—o] , B=[co],C~ | 0—o
phe- o] Fo—o]

W =0 e RUC(N,,) , sce dim( Myz)=2

AB= E’J + ]:‘&@w@i)j

BB=-4[do| it [hes [+l ['eo |

el
AC-[o-g=a" |+ [o-0-g"]

Figure 35: Products in the tautological ring of M3,

where the square on the right is a fibre diagram and the map ® is the map gluing the
families C, along sections corresponding to half-edges of I'. In particular, the map @ is
surjective, proper, birational and an isomorphism over the locus in Cr where the map 7
is smooth. In terms of fundamental classes, we have

®. ) [Cu] = [Cr]. (133)

Proof. Looking back at the proof (sketch) of Proposition 4.15 and using our new language
of stacks, we can see that we defined the morphism & by constructing the family Cr — Mp
of stable curves over Mp. The fact that ﬂgm is the moduli stack of stable curves then
told us there is a unique map & such that Cr is the pullback of the universal curve over
Mgm. This explains the fibre diagram on the right side of (132). But the construction of
Cr precisely started with the disjoint union of curves C, and glued them together under a
map ®. This map is surjective and an isomorphism away from the locus of nodes in Cr
(in particular, it is birational) and since all C, are proper, the map ® is proper as well.
For the equality (133) note that the C,, map birationally (in particular of generic degree 1)
to the set of irreducible components of Cr, so (133) follows from the definition of proper
pushforward®!. O

See Figure 36 for an illustration of the diagram (132).

SlHere we are lying a bit more than usual: the stack Cr is not smooth, so to make full sense of this
statement one should use Chow groups (in the sense of [Ful84] or [Vis89]).
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Figure 36: The commutative diagram (132) from Proposition 6.34 illustrated

Proposition 6.35. There exists a commutative diagram

Tn+4+2
Mg,n+2
X
gt X1, Monir — Mgni (134)
| |
M — M
g,n+1 g,n

where 7, 7,11 are the forgetful morphisms of marking n+1, m,. 4 is the forgetful morphism
of marking n 4+ 2 and the map G is proper and birational and in particular satisfies

G*[mg,nJrQ] = [mg,nﬂ Xﬂg‘n mg,n+1i| . (135)

Proof. The proof is very similar to the proof of Proposition 6.34, where now we use that
the stable curve o o o
Mg,nJrl Xﬂg’n Mg,nJrl — Mg,n+1

defining the forgetful morphism 7 : mgmﬂ — Mg,n can be constructed by starting with
the universal curve MWH — mgmﬂ and contracting some components of its fibres
(which become unstable after forgetting the marking n 4+ 1) under the morphism G, as
outlined in the proof of Proposition 4.25. O]

*Exercise 6.36. Let m: M,,.1 — M,,, be the forgetful morphism of the marking n + 1.

a) Show that
ﬂ-*wi = wl - [AZ] and 7T*'Kéa = Rqg — z+17 (136)

where A; = (p;)«[M, ] is again the section of 7 associated to the i-th marked point.
(Hint: You can show these formulas using Proposition 6.35 together with the formula
(113) for the 1)-class.)
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b) Show that the pushforward
. (’ffﬁ RS 1. ﬁn) (137)

of a monomial in - and -classes is again a polynomial in k- and 1-classes on mgﬂ.
(Hint: Use the projection formula together with part a)).

¢) Show that the pullback 7*[I', ] of a decorated stratum class on M, is a combination
of decorated strata classes on M, 1.

d) Show that the pushforward m.[I',a] of a decorated stratum class on M, is a
combination of decorated strata classes on M, ,,.

This exercise not only finishes the proof of Theorem 6.28, but together with Propo-
sition 6.31 also shows that the tautological rings are invariant under pullback (not just
pushforward) by gluing and forgetful morphisms.

To summarize the content of this section: we defined the tautological ring RH*(M,.,,),
a subring of the cohomology H*(M,,) of M,.,. It is genererated by decorated strata
classes [I', @] and we obtained explicit formulas for

e the product [I'y, a1] — [I'2, as] of two decorated strata classes and

e the pushforward and pullback of decorated strata classes under gluing morphisms &p
and forgetful morphisms 7.

So inside the a priori mysterious cohomology ring H*(M,,) we have found a subring
in which we can do computations, described purely in terms of combinatorics of stable
graphs.

6.4 *A panorama of results about the tautological rings

The definition of the tautological ring from the last section opens up a whole box of
interesting questions: is every cohomology class on M, tautological? Can we give the

relations between the generators [I',a] of RH*(M,,,)? While we won’t have time to
explore these in detail, I wanted to finish by giving you a bit of an overview of the field.

The tautological ring in low genus

For g = 0 it is known that every cohomology class on Moﬁ is tautological. In fact, it is
shown in [Kee92] that the vector space H*(M,,,) is generated by undecorated strata classes
[I", 1] and that all relations between these classes can be obtained from the WDV V-relation
in H%(My,), illustrated in Figure 37, using forgetful and gluing morphisms.

For g = 1 it was shown in [Pet14] that every cohomology class of even degree on M,
(i.e. those in H*(M,,,) for some d) is tautological, but it was known before that there
are nonzero odd cohomology groups, the first one being H''(Mi ;) = Q (see [GP03,
Section 4.1]). Since all tautological classes have even degree, this shows that there can be
non-tautological cohomology classes on Mg,n.

Finally, for g = 2 the paper [GP03] gives an (explicit) closed algebraic subset B C My 99
of complex codimension 11, such that its fundamental class [B] € H?*(Mayzy) is not
tautological. On the other hand, [Pet16] shows that this is the first possible example in
genus 2: all even cohomology classes on ﬂz,n are tautological for n < 19.
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fo—et; 1| = fo—et, 1|
= Ef ,41 e RH Moy

Figure 37: The WDVV relation on MOA; can you see how to prove it?

Remark 6.37. In fact, we know (almost) everything to understand their proof that [B]
is not tautological: for the boundary divisor gluing map

§: My X My — Mag

it is shown in [GP03] that the preimage of B under ¢ is precisely the diagonal A C
ml,ll X Ml,n. Since this has the correct complex codimension 11, it follows from
Proposition 6.18 that ¢*([B]) is a nonzero multiple of [A]. But it is a general result from
cohomology that the class [A] of the diagonal has a formula

A= coc e H (M x Min),

€

where (e;); and (')’ are Poincaré dual bases of H*(My ;). Since H''(M ;) # 0 by
the remark above, we have a nonzero term from H 11(M1711) Q@ H ll(ﬂml) appearing
above. This shows that [B] is not tautological: otherwise, by Proposition 6.31 the pullback
¢*[B], a multiple of [A], would have to lie in the tautological ring of M 11 X My ;. But
this only has terms coming from RH?*¥ (M ;) ® RH?®(M;), so that no term from

HY(M11) ® H"Y(My1;) could appear.

See [FP13] for more results about tautological and non-tautological cohomology classes

on M,,.

Tautological relations

From Theorem 6.28 we know that the decorated strata classes [I', a] generate the tauto-
logical ring RH *(ﬂg,n) as a Q-vector space. However, in general they will not form a
basis, but there will be linear relations between them (as we saw in the example of the
WDV V-relation in Figure 37). To verify if two tautological classes are equal, we need to
understand these.

A first set of relations (for the restrictions of the generators [I', a] to the moduli space
M, C M, of smooth curves, for n = 0) was conjectured by Faber and Zagier and proved
by Pandharipande and Pixton (see [PP13]). Later Pixton proposed a generalization of
these relations to all M, ([Pix12]). These have by now been verified to hold first in
cohomology ([PPZ15]) and later in the Chow rings®® ([Jan17]). It is conjectured that the
system of relations proposed by Pixton is complete, e.g. that it contains all tautological
relations. However, as of now this conjecture is still quite open!

52If you know about Chow rings: analogous to Definition 6.22, the tautological rings R* (My,n) in Chow
can be defined as the smallest system of subrings of the Chow rings of M, ,, closed under pushforwards by
gluing and forgetful maps. All the proofs we presented can still be carried out in this setting, in particular

R*(M, ) is generated by decorated stratum classes I, o). The cycle class map R*(Mg ) — RH*(M, )
is surjective (essentially by definition) and we do not know a single example where it is not injective.
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The intersection pairing and integrals of i/-classes

While we have seen in Corollary 6.32 how to express the intersection products [I'y, aq] -
[y, ap] of tautological classes in terms of decorated strata classes [, o], we haven’t yet
seen how to compute the intersection pairing

RH2d<ﬂg,n) & RH*B9=3Fn=d) (Mg,n> — Q, [Fh 041] X [F27 042] — [Fl, Oél] : [Fz, @2],

ﬂg,n
(138)
since this requires a formula for the degree

/MM[F, al €Q

of a decorated stratum class [I', a]. Since [I', o] is a pushforward of a product of monomials
o, in K- and 9-classes on the factors M) nw) of Mr, it follows that

/Mg,n[r’a]: 11 /M av'

vevV(r) Y Mo@)n(v)

Thus we are reduced to computing integrals of the form

/ Kiélzlu-./{/ze ¢11w£" (139)

Mg n

But k-classes are essentially forgetful pushforwards of powers of 1)-classes, and using
Exercise 6.36 b) you can verify that it is possible to write (139) as a linear combination of
integrals

(o) = / YRS (140)
./\/lg,N

involving only -classes, for some N > n. In [Kon92], Kontsevich proved an earlier
conjecture of Witten about the intersection numbers (140), essentially giving a way to
determine all of them recursively. See [Koc01, Section 3.3] for a nice introduction.

Tautological formulas for interesting cycle classes on M, ,

One of the nice things about the tautological ring is that many cohomology classes on
Mg,n arising from some geometric construction happen to be tautological. In this case,
we can find a formula for them, i.e. express them as a linear combination of clases [T, a.
Having such a formula makes it easier to perform computations with them (e.g. compute
intersection numbers, compare them with other classes, etc.).

A first example are the so-called A-classes. They are obtained from the Hodge-bundle
E, a vector bundle of rank g on Mg,n whose fibres are given by

E‘(C,pl,m,pn) = HO(C> QlC)v (141)
for C' smooth®®. We define the \-classes as the Chern classes
i =c(E) € H*(M,,), fori=1,...,g.

In [Mum83], Mumford uses the Grothendieck Riemann-Roch formula (a vast generalization
of the classical Riemann-Roch formula we applied to line bundles on curves) to calculate

53For a nodal curve C, the cotangent sheaf Q}; in (141) must be replaced by the canonical line bundle
wce'.
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an explicit formula for the );, showing that they are indeed contained in the tautological
ring.

A second method for obtaining interesting cohomology classes is to find some algebraic
subset of Mg,n and to take its fundamental class. A particularly nice example are the
hyperelliptic loci H_ypg C Mg. They are defined as the (Zariski) closure of the locus

Hyp, = {C : C is hyperelliptic} C M, (142)

of smooth hyperelliptic curves®. It turns out that Hyp, is an irreducible, closed algebraic
subset of M, of codimension g — 2, so that we obtain

[Hyp,] € H*972(M,). (143)

For g = 2 we find that every smooth genus 2 curve C'is hyperelliptic, so that [Hyp,] = [Ma].
For g = 3, the cycle [Hyps] was first computed by Eisenbud and Harris in [EH87]. Their
method was very simple: it was known that H*(Ms) = RH*(M3) and so by Poincaré
duality, the intersection pairing

RH*(M3) ® RH(M;) — Q

is perfect. Hence the class [Hyp,] € RH? (Mg,n) is uniquely determined by its intersection
with a generating set of RH'°(M3). Using different techniques, Faber and Pandharipande
compute the class [Hyp,] in [FP05] and in fact show that [Hyp,] is tautological for all g!
Finally, explicit formulas for [Hyp;] and [Hypg] were found in the paper [Sv18] by myself
and van Zelm, using essentially the same technique as Eisenbud and Harris, but now aided

by our computer program [DSv20].

References and further reading (and rewatching)

A great reference for morphisms of stable graphs, fibre products of gluing maps and the
formula for the intersection product of tautological classes is [GP03, Appendix A]. See
also Section 2 of my own paper [Sv18] for a slightly more detailed discussion of the same
material.

Good references for intersection theory are the classical book [Ful84] by Fulton and
a more modern treatment [EH16] by Eisenbud and Harris. Reading them, you will
notice that what we do in Section 6.2 is actually just a slightly disguised version of
algebraic intersection theory, the theory of the Chow groups A*(X) of an algebraic variety
X. It can be formulated purely in terms of algebraic geometric notions (no need for a
complex topology). Roughly, for X smooth, the group A*(X) is generated by classes
[S] of subvarieties S C X and you divide by an equivalence relation called rational
equivalence. These groups have an intersection product (defined algebraically) and in the
setting of Section 6.2 (X connected, smooth and proper and defined over C) admit a ring
homomorphism

cl: A*(X) - H*(X)

sending the class [S] € A*(X) to the fundamental class [S] € H*(X) we discussed above.
Many of the operations we introduced (proper pushforward, flat pullback, etc) can be
defined already on the level of Chow groups A*(X).

The theory of Chow groups has also been generalized to algebraic stacks (see [Vis89]
for the treatment of Deligne-Mumford stacks and [Kre99] for more general algebraic
stacks). This is the appropriate theory to use when studying intersection theory on ﬂg,n.

% Recall that C is hyperelliptic if it admits a map C' — P! which is generically of degree 2.
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7

Starting July 6th 2020 there will be an online reading group ”Intersection theory on stacks
organized by Reinier Kramer from the MPI Bonn. If you are interested, you can write an

email to Reinier.
For a much more comprehensive overview about the tautological rings, see the survey

paper [Pan18] by Pandharipande. Now that you are more familiar with the moduli spaces
of curves, you can also consider rewatching his ICM lecture, which I recommended in

Section 1.
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7 *Ideas of proof for the main theorem

Until now, we have treated the two main theorems about the properties of the moduli
spaces M, and the moduli stacks M,,, (Theorems 3.19 and 5.1) essentially as black
boxes, without discussing how to prove them. In this optional section, we’ll try to see the
main ingredients of the proofs. These require advanced techniques from different areas of
modern algebraic geometry, each of which merits their own lecture course. So we’ll focus
on the global picture and give references which contain the details.

7.1 Construction of the coarse moduli space of curves

Let’s start by explaining how to construct the moduli space Wg of curves of genus g > 2
using Geometric Invariant Theory (GIT). A reference for this section is [HM98, Section
4.CJ.

The basic idea is that we first construct an auxilliary moduli space Fg, parametrizing
a stable curve C' together with some additional data, then form a quotient of K, by the
action of an algebraic group, dividing out all possible choices of this extra data. We’ll
explain most of the story starting with the case of smooth curves C, and in the end
comment what needs to be done for stable curves. Fixing an integer k£ > 5, the auxilliary
space for the moduli M, of smooth curves is

®k

Ky = {(C’ p:C = P): ¢ non-degenerate embedding, ¢*Opr (1) = wg

C smooth, irreducible curve of genus g }

where we = Q¢ is the canonical line bundle of C' and
r=02k—-1)(g—-1) -1

Also recall that C' C P" is non-degenerate if C' is not contained in any hyperplane of P".
Now why should we like K, better than M,? The reason is that K, parametrizes
subschemes C' C P of the fixed variety P" and Grothendieck ([Gro61]) constructed™ a
fine moduli space Hilb(IP"), the Hilbert scheme of P, parametrizing all subschemes of P".
Then K|, is simply a locally closed subscheme® of Hilb(P") and forms a fine moduli space
parametrizing tuples (C, ¢ : C' — P") as above.
Now let’s see how to recover M, from K,. First we have

deg(wE") = 2k(g — 1).

Since k > 5, the line bundle w%’k has degree greater than 2¢g + 1 and thus it is very ample
([Vak17, Section 19.2.11]), its first cohomology vanishes ([Vak17, Section 19.2.5]) and we
have

R(C,wEF) =2k(g—1)+1—g=r+1.
Thus the morphism ¢ : C — P" is a non-degenerate embedding with ¢*Op-(1) = w%’k
if and only if ¢ is given by a complete linear system of w%k. In other words (see also

Example 2.4), the data of ¢ is equivalent to the choice of a basis sy, ...,s, € H(C, w%k)

55Tf you are unhappy that we construct the space M, by using the existence of yet another moduli
space Hilb(PP"): after a long and technical proof, the existence of the Hilbert scheme follows from the
existence of the Grassmannian variety Gr(m,n), and this can really be constructed by hand, gluing affine
spaces along explicit open subschemes.

%6Roughly, being smooth, irreducible and non-degenerate is an open condition and satisfying Op-(1)|¢ =2

wgk is a closed condition.
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up to scaling. The fact that w%k is very ample automatically implies that any such ¢ is a
closed embedding. Thus we see

[s0:...: 8] € P(H(C,wEF)®Er+1)
K, =< (C,[sp:...:8:]): 89, ..., S, form a basis of
H(C,wet)
The group PGL,; acts on K, by leaving the curve C invariant and acting in a natural
way on the tuples [sq : ...s,]. This action comes from a bigger action PGL,; ~ Hilb(P")
associated to the natural action PGL,; ~ P". Inside K, for a fixed C this action is
simply transitive on the set of all possible choices [sq : ... s,] (any two choices of basis are

related by a unique base change in PGL, ;). Thus, if we manage to define a reasonable
notion of “quotient” in algebraic geometry, we should have

K,/PGLyy1 = M,

The fact that K, indeed admits such a quotient which is again a scheme can be proved using
Geometric Invariant Theory. This is a theory developed by Mumford (see [MFK94]) to
prove the existence of such quotients under suitable conditions. Checking these conditions
for K, is the hard technical core of the proof, which we will not discuss further.

To go from the case of smooth curves to the case of stable curves ', we should take
we above to be the canonical sheaf of C' (see [Vak17, Chapter 30]). The canonical sheaf is
a coherent sheaf associated to any projective variety. For a nodal, connected projective
curve C' it turns out to be a line bundle we and it has the amazing property that we is
ample if and only if C' is stable. Moreover, in this case w%k is very ample for n > 3. Then
we can define K, C Hilb(IP") similar as above and the argument still works.

Several properties of the coarse moduli space Hg now follow from this construction. For
instance, the fact that each component of the Hilbert scheme is projective together with
the machinery of Geometric Invariant Theory implies that the quotient Mg = 79 /PGL, 14
is in fact also a projective variety.

The above construction is also interesting from the perspective of algebraic stacks: it
turns out that K, is smooth (this can be shown using methods from Section 7.2 below,
see [HM98, Claim (4.39)]) and the morphism K, — M, is representable, smooth and
surjective (see [DM69, Section 5]). So the construction of K, is part of the proof that M,
is an algebraic stack. Moreover, this atlas fg — Mg shows that the stack Mg is smooth
since fg is smooth.

7.2 Dimension and smoothness

To understand why the stack M, ,, has dimension 3g — 3 4 n, a powerful tool is given by
deformation theory. This is a theory developed for understanding the local structure (e.g.
dimension and smoothness) of moduli spaces or stacks M. Its core idea is to consider the
functor of points of M on schemes of the form Spec(A) for A a local Artinian®™ C-algebra
with residue field C. The simplest such algebra (apart from C itself) is given by the dual
numbers

A =C[e/(e).

The following exercise shows that for the dual numbers A, understanding the A-points of
M (for M a scheme) allows us to understand the Zariski tangent spaces at points of M.

5TRecall that a finitely generated C-algebra is Artinian if it is of finite dimension as a C-vector space.
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Exercise 7.1 (see Exercise 12.1.I in [Vakl7]). Let M be a complex scheme and let
p : Spec(C) — M be a C-point of M. Show that the elements of the Zariski tangent space

TyM = (mpagp/miy )", with mag, C O, the maximal ideal
are in bijection with the space
More (Spec(Cle]/(€%)), M),
of morphisms Spec(C[e]/(¢?)) — M such that the composition with
Spec(C[e]/(€*)) — Spec(C), e — 0
equals the inclusion p : Spec(C) — M.

So let’s try to see why for a smooth curve C' € M, (for g > 2) the tangent space
TeM, has dimension 3g — 3. By the exercise, elements of this tangent space correspond
to maps Spec(A) — M, with image {C}, for A = C[e]/(€?). Since M, is a moduli stack
of smooth genus g curves, these are equivalent to families C — Spec(A) of smooth genus g
curves such that the pullback Cy — Spec(C) by the closed embedding Spec(C) — Spec(A)
is isomorphic to C.

C ——¢C

l l (144)

Spec(C) —— Spec(A)

Actually, this is a special case of a so-called first order deformation, and it makes sense
to treat it in some more generality. For this, let X be a complex variety, then a first
order deformation of X is a flat morphism X — Spec(A) together with an identification
Xo = X of X with the fibre Ay of X over Spec(C) — Spec(A). We illustrate the situation
in Figure 38.

To understand the set of first-order deformations of a smooth variety X, we’ll make a
bunch of observations.

a) Since (e) C A is the unique prime ideal, the underlying topological space of Spec(A) is
a single point, and Spec(C) — Spec(A) is an isomorphism on the level of topological
spaces. Similarly, since Xy C X is cut out by the square-zero ideal (€), it is not
difficult to see that the morphism & — X is also an isomorphism of topological
spaces. So the Zariski-open subsets U of Cy are in bijection with the open subsets
U of C. Moreover, it is true that U is affine if and only if U is affine (see [Ser(6,
Lemma 1.2.3]).

b) It turns out that first-order deformations & — Spec(A) of smooth, affine schemes
U are very simple: each such deformation is isomorphic to the trivial deformation
U = U x Spec(A) — Spec(A) (see [Ser06, Theorem 1.2.4]). Thus if we choose an
affine open cover U; of X, each element of the corresponding affine cover U; of X will
be the trivial deformation U; = U; x Spec(A) of U;. Note that this is independent of
the particular first-order deformation X : we can first choose the cover U; of X and
know that every deformation X will be trivial on each of the patches U; of X

Thus all the information of the deformation X — Spec(A) is contained in the data
of the isomorphisms

¢ij : Uij x Spec(A) = Uy; x Spec(A) (145)
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U; U WU

Figure 38: A first order deformation X" of the smooth variety X/C together with an open,
affine cover U; of X and the induced cover U; = U; x Spec(Cle]/(€?)) of X

describing how the trivial deformations U; x Spec(A) are glued on the overlaps™.
Apart from the usual cocycle condition ;i © p;; = ik, the morphisms ¢;; must also
satisfy

©ij|Ui;xSpec(c) = 1dy;

since this is how they are glued in the special fibre X over Spec(C).

c¢) Since X is separated, the intersection U;; = U; N U; of the affine opens U;,U; € X
is again affine. Then U;; = Spec(B) and U;; x Spec(A) = Spec(Ble]/(¢?)). One can
check (see [Ser06, Lemma 1.2.6]) that the isomorphisms ¢;; above are exactly given
by ring morphisms

Ble|/(€*) = Ble]/(€"), (z + ey) = (x + ey + (@),

where 7;; € Derc(B, B) is a C-linear derivation on B. Such derivations n;; are
equivalent to vector fields v;; € H(Uy;, Tu,;)-

d) To summarize: for the fixed affine cover U; of X, we can associate a system
(vij € H(Uy3, Tu,,))is

of vector fields on the overlaps U;; to any first-order deformation of X. The fact
that the gluing maps ;; satisfy a cocycle condition is equivalent to requiring a

58 As you see, the idea of obtaining non-trivial objects by taking a collection of trivial objects and gluing
them along a compatible system of isomorphisms on overlaps is quite pervasive.
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corresponding cocycle condition for the fields v;;. Tracing through the construction,
one can check that the data of the first-order deformation X — Spec(A) (up to
isomorphism) is equivalent to the corresponding element

(vi)ij € H'(X, Tx)
in the first Cech cohomology of the tangent bundle Tx of X.

Going back to the case X = C € M, we conclude

C — Spec(A) first order
deformation of C'

ToM, = { } ~ HY(C. T, (146)

Finally, by Serre duality we have

rY(C, Te) = hH(C, w(v;) = h'(C, (W)Y @ we) = h°(C,wE?)
=deg(wi)+1—-g=2(2g—2)+1—g=3g—3,

where again we use that the higher cohomology of w%Q vanishes since it has sufficiently
high degree. So that’s the magic formula for the dimension of M, that we have been
looking for!

Let’s discuss some extensions of the story above.

Pointed curves

Looking at pointed curves (C,ps,...,pn) € My, is not much more difficult: similar
arguments as above (see [HM98, Section 3B]), show that

T(C,Pl ----- pn)Mgn = Hl(Cv Tc(—p1 e pn))a

and by an analogous computation to above we get the dimension 3g — 3 + n.

Stable curves

The deformation theory of stable curves C' is slightly more involved: the first-order
deformations of C' are given by the Ext-group Extf, C(QIC, O¢). Let T be the stable graph
of C' and let

(Co, (qn)heH(@) Jvev(D)

be the set of components of the normalization of C' with ¢, the preimages of the nodes.
Then the Ext-group above fits into an exact sequence

0= P HY(Co.Te,(— Y an) = Exty (0,00) = D T,,(C)@T,, (C) — 0.
veV(T) heH (v) {h,W}€E(T)

(147)
Here the subspace space on the left corresponds to locally trivial first order deformations
of C' (which preserve all singularities), whereas for each node ¢ € C' (corresponding to the
edge {h,h'} € E(I')) the one-dimensional space T, (Cy,) ® Ty, ,(C,) detects whether the
deformation smoothes the node infinitesimally. Note that the direct sum of the spaces
T,,(Cy) ® Tg,,(Cy) is precisely the fibre of the normal bundle

Ne= D Liely

{h,h/}YeE(T)
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of the gluing morphism ¢r that we presented in Fact 6.30. This is no coincidence: in the
exact sequence (147), we have that the tangent space of M at the point

(Cy, (gn)n)o = (Cy, (qn)rer @) )vev () € Mr

is given by

P H'(Co.Te,(= D ) = Tcuiann. Mr
)

veV (T heH (v)

and o
EXtéC (Qlc«, Oc) = Tc./\/lg

so indeed the direct sum of the T,, (C,) ® T,

g (Cw) is equal to the fibre of the normal
bundle of &r.

Higher-order deformations and obstructions

We saw that first-order deformations (over A = Spec(Cle]/(€?))) allow us to compute the
tangent space of a moduli space M. By looking at higher-order deformations (over more
general Artinian C-algebras A), we can also say something about its local structure, and
for instance detect if M is smooth.

For this recall that a scheme (or stack) M of finite type over C is formally smooth if
for every surjective map A" — A of Artinian local C-algebras with kernel I of C-dimension
1 and every map Spec(A) — M there exists a map Spec(A’) — M such that the diagram

Spec(A) < > Spec(A’)

\ > .

M

commutes (see [Stal3, Tag 02HY]). Applying this to M = M,, we need to show that
every family of smooth curves over Spec(A) can be extended to Spec(A’).

In this case, we can use a criterion which is valid in a more general situation: if X is a
smooth variety such that H*(X,Tx) = 0, then any deformation of X over Spec(A) can
be extended to Spec(A’), for A, A" as above (see [Ser06, Section 1.2.5]). One says that
deformations of X are unobstructed in this case. For X = C' a smooth curve, we clearly
have the vanishing H?(C,T¢) for dimension reasons, which shows that M, is formally
smooth.

Infinitesimal automorphisms

Now we saw that given a smooth, projective variety X, the first and second cohomology
group of X told us important things about deformations of X. But it seems we skipped
a case here: what about the zeroth cohomology? Indeed, it tells us something about
(infinitesimal) automorphisms of X!

To make this precise, we note that the group Aut(X) of automorphisms of X can be
given a natural scheme structure. This works by identifying an automorphism ¢ : X — X
with its graph I', C X x X and then realizing Aut(X) as an open subscheme of the Hilbert
scheme Hilb(X x X) parametrizing all subschemes I' C X x X. Then it turns out that at
the identity idy € Aut(X) we have

T Aut(X) = H(X, Ty).

92


https://stacks.math.columbia.edu/tag/02HY

Looking at the example of X = C a smooth curve of genus g, we check

3 for g =0,
dim H°(C,Tg) =< 1 for g =1,
0 for g>2.

Comparing with Fact 3.11, this corresponds to the statements that PGLy = Aut(P!) has
dimension 3, the automorphism group of a genus 1 curve E had dimension 1 (containing
E itself), and the automorphism group of a curve of genus at least 2 is discrete.

Summarizing again, for X a smooth projective variety, we saw that there exist corre-
spondences

HY(X,Tx) +— infinitesimal automorphisms of X,
H'(X,Tx) < first-order deformations of X,
H?*(X,Tx) < obstructions to extending deformations of X.

To conclude this section, here are two fun exercises which show that deformation theory
can also be applied to other moduli spaces that we have already seen before.

Exercise 7.2 (Dimension of the Jacobian). Fix a smooth genus g curve C' and consider
the Jacobian Jac(C) = Picy s the moduli space of degree 0 line bundles on C'. In analogy
with (146) above, show that there exists a correspondence

~ L first order deformation

TOCJaC(O) = { of OC on C' x Spec(A) } =~ H (C, Oc) (148)

Note that you need to define what a first order deformation of O¢ on the trivial family
C' x Spec(A) — Spec(A) means. Conclude that the tangent space of Jac(C) at O¢ is
g-dimensional. Since Jac(C') is a group scheme and we are in characteristic zero, it is
automatically smooth (see [Stal3, Tag 047N]), so this actually implies that Jac(C) is
smooth of dimension g.

Exercise 7.3. Show that the tangent space T,P" of P" at any closed point p is n-
dimensional, by using the description of P" as a moduli space together with Exercise
7.1.

7.3 Density of the locus of smooth curves and local structure of
the boundary

Let’s start with something basic that we never checked carefully: that the set M, ,, of
smooth curves is open in M,,,.

Proposition 7.4. Let 7 : C — B be a family of stable curves. Then the locus By C B of
b such that the fibre C, is smooth is an open subset of B.

Proof. By definition, the locus C*™ C C of points where the morphism 7 is smooth is open
in C. Its complement, the set of nodes in C, is closed and since 7 is proper by assumption,
the locus

Bsing _ 7T(C \ Csm) g B
is also closed. But then By = B\ B*" is indeed open. ]

Corollary 7.5. The inclusion i : M,,, — M, is representable and an open embedding.
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Proof. For any B — M., corresponding to a family 7 : C — B of stable curves over
B, the pullback of i under B — /Vg,n is precisely the open embedding By C B from
Proposition 7.4. Thus i is representable (since By is a scheme) and an open embedding
(since this property can be checked on a smooth cover of M, by schemes). ]

Another fact we haven’t discussed yet is that M,,, is nonempty for every g,n with
29 — 2+ n > 0. For this it suffices to show that for every g > 0 there exists a smooth
curve C' of genus g, since then (by Easy Exercise 3.12) the curve (C,py,...,p,) has finite
automorphisms for 2¢g — 2 + n for any distinct pq,...,p, € C.

To construct a curve of any genus g > 0 let

)\1,...,)\29+2€C

be 2¢g + 2 distinct values, then the unique smooth projective curve C' containing the affine
curve

00 = {(a,y) : 4 = (= M)+ (@ — Aggya)} C C

is smooth of genus g (see [Vak17, Section 19.5]). In fact, the morphism C° — C, (x,y) — =
extends to a double cover C' — P!, making C' a hyperelliptic curve.

To summarize, we have now seen that M, , C Mg,n is nonempty and open. If we also
knew that M, is irreducible, this clearly would imply that M, is dense in M, ,,. On
the other hand, it would be nice to see explicitly how, given a stable curve Cy, we can
"approximate” it by smooth curves. In other words, we would like to find a family C — B
over a (small) irreducible base B such that Cy = Cp, appears as the fibre of some by € B
and such that the set

U={be B:Cis smooth} C B

is nonempty and dense in B. Indeed, such a family would correspond to a morphism
¢: B — Mg, and we have

Co = ¢(bo) € p(B) = ¢(U) € p(U) € Mgy,
M

Such a family C — B was constructed in [DM69, Section 1] over a base of the form
B = SpecC[ty, ..., t35-3+n]],

with Cy appearing as the fibre over the maximal ideal by = (x1,...,235-31n) and the
general fibre over B being smooth. The construction is based on ideas of (higher-order)
deformation theory and in fact it gives a small, formal neighborhood of Cj in Mg’n.

Instead of working with these complete local rings and formal schemes, let’s explain
what happens in the related language of complex-analytic spaces. Assume first that Cy
has a single node ¢, then by the definition of a node we can find a small (complex) open
neighbourhood W of ¢ of the form

W = {(z,y) € B(0) : 7y = 0} C C*.

But the singularity (xy = 0) can be smoothed in a 1-parameter family. Let A C C be a
small disc around 0, then we have a family

W= {(l‘,y,t) € Be(o) X A.Iy:t} —>A,($7y,t) =t

such that all fibres (zy = t) for ¢ # 0 are smooth.
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Figure 39: A deformation C — A of the curve C over the disc A obtained by gluing the
scheme W cut out by xy =t (in blue) and the trivial family V' x A (in red)

To get a global deformation of Cy, let V' C Cjy be an open subset not containing a
small ball around the node ¢, such that W UV = Cy and such that W,V overlap in two
small annuli, as illustrated in Figure 39.

Then, in the complex-analytic world, we can glue the family ¥ smoothing the node ¢
to the trivial family V x A — A obtaining a family C — A with smooth fibres away from
{t=0} C A.

The story for curves with multiple nodes is similar: you get a coordinate t. for every
edge e € I'(Cy) in the dual graph and a family C — AP such that locally around the
node corresponding to e the curve has an equation (z.y. = t.).

The above family C — AP®) defines a map AFT) — Mg,n whose image meets the
boundary of M,,, transversally in the point Cy. This can be upgraded to get a full set of
complex-analytic coordinates® of M, , in a small neighborhood of Cy. For this, we need
to choose additional coordinates parametrizing deformations of the normalization of C
(with the marked preimages of nodes). Such deformations can be made (painfully) explicit
using Schiffer variations (see [HM98, Section 3.B]). For now, you should just think of
them as coming from a local, holomorphic chart of the corresponding spaces Mg(v),n(v)
parametrizing the components of the normalization. We illustrate the situation in Figure
40.

After having described this in the language of complex analysis, let us finish this section
by returning to the algebraic world and giving a well-defined statement there. For this, we
define the completed local ring C’)C M, _of /\/l n» at a point Cy to be the completed local

ring OC/ v of any étale cover U — Mgn at a preimage point C, € U of (. The fact that
étale maps induce isomorphisms on completed local rings implies that this is independent

Here we need to be slightly careful: M, is of course still a stack and Cy might have automorphisms.
What we describe in the following can be seen as a local complex-analytic chart of an étale cover of My p,
by a scheme (which exists since M, ,, is a Deligne-Mumford stack.

95



\
@ Xe¥e=te Q (tete SW, Sv,br)

COXdMAD GOV
(S\M ) Sv,q ) SV,3> (S\M J SV‘R] Sviz | SVW>

Figure 40: Holomorphic coordinates around the point Cy € M, arising from coordinates
te, ter smoothing the two nodes of Cjy and coordinates s, ; deforming the two components
of the normalization of C;. Note that the boundary dM, is cut out by the equations
t. = 0 and ¢t = 0 around C)

of choices.

Theorem 7.6. Let Cy € M,,, be a closed point, let I' = I'(Cy) be the stable graph
associated to Cy and let (Cy, (qn)ner(w))vev(r) be a preimage of Cy under the gluing map
ér. Then we have an isomorphism

Ocy,, = Cllte. 505 1 e € BE(T),v € V(I),j =1,...,3g(v) — 3+ n(v)]]. (149)

Here the coordinates t. cut out the preimage of the boundary 8ﬂg7n under the natural
map Spec(Oc, 74,.,.) = M., so that

8m97n‘8pec(6co,mg ) U V (150)

ecE(T)

On the other hand, for the boundary gluing map &r, the functions s, ; pull back to generators
of the completed local rings Oc M) m(o) of the moduli spaces ./\/l (v) occuring as factors

of Mr at the points (Cy, (qi)n)e-
The fact that the boundary dM,,, pulls back to a union of coordinate hyperplanes

150 exactly shows that the boundary is indeed a normal crossings divisor on M ,,. On
the other hand, it is also clear that the preimage of M, ,,, which is the complement of

these hyperplanes, is dense in Spec(@coymg ).

References and further reading

A very comprehensive references for deformation theory is the book [Ser06] by Sernesi.
You can also have a look at the book [Har10] by Hartshorne, in particular Section 27,
where he discusses the moduli space of curves.
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There are two more properties of M,,, that we have not discussed yet: irreducibility
and properness.

For irreducibility, you can use the fact that M,, is smooth to conclude that it is
enough to show that the stack is connected. For this, one strategy is to start with any
curve and degenerate it to the boundary of ﬂgyn in a connected family. Then it suffices
to show that the boundary is connected, which follows by an induction argument (the
boundary is covered by lower-dimensional spaces). This strategy is described in [HM9S,
Section 6.A]. A different strategy is to use Teichmiiller theory to study the moduli space
M, of smooth curves (see [ACG11, Chapter XV]) and show its irreducibility. Since
we described an independent proof that Mg, C ﬂgm is dense in the last section, the
irreducibility of M, implies the irreducibility of M,_,.

For properness, you can use the wvaluative criterion of properness (see [Stal3, Tag
0CL9]). Essentially you have to show that for a valuation ring A with fraction field K" and
a morphism Spec(K) — M, there is a unique extension of this morphism to Spec(A).
This translates to saying that you have a family of stable curves Cx — Spec(K) and want
to complete it (uniquely) to a family Cy — Spec(A). This construction is known as stable
reduction, and described in [HM98, Section 3.C] or [ACG11, Chapter X.4].
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8

Solutions to selected exercises

Solution 8.1 (Solution of Exercise 2.20).  a) The morphism s : U — P! x P!\ A is

given by s = ([s1,1 : s12], [s2.1, S2,2]), for line bundles £y, £, together with sections
511,521 of L1 and sy 9,529 of Ly, The fact that s factors through the complement of

A implies that the matrix
S21 S22

is invertible at every point of U (i.e. its determinant, which is a section of £ ® L
is nowhere zero on U).

On an open cover U = J, U; trivializing both line bundles, we can identify all
sections above with actual functions, so that the formula A gives a well-defined map
U; — PGLy (here we use the non-vanishing of the determinant). Then s and s, are
equivalent since A - sg = s.

The restriction of spi,p1 to U = P! x P!\ A satisfies the conditions of part a), so
that on an open cover U; of U it is equivalent to the constant morphism sy. But
so € h(U;) is itself a pullback of i € h(pt) under the map U; — pt. Thus we have a
diagram of schemes and elements of h on these schemes which are pullbacks under
the morphisms

P! x P! « U < [I,Ui — pt

Sp1xp1 Spixpt|U IL; sprxpt|u; {

Applying the natural transformation ®" we obtain a diagram of morphisms to M’ as
follows:

P! x P! < U « L, Ui — pt
@' (sp1yp1) \J l %
M/

As all maps U; — M’ factor through pt — M’ and the U; form a Zariski cover, also
U — M’ factors through pt. Since the image of pt — M’ is closed and the map
' (sp1yp1) is continuous, it must factor (as a set map) through the image point of
pt. We claim that it also factors as a scheme morphism. Indeed, it must factor
through any affine open neighborhood of the image point of pt, but since P! x P! is
projective, such a map is constant as a map of schemes and thus factors through pt.

The map f = s has the desired property for the first part of the exercise. Given
such X and s € h(X), the natural transformation @’ sends s to a morphism
d'(s) : X — M’'. We show that ¢’ factors via & and the natural transformation
T hP* — M’ associated to ¥ : pt — M’ above. This is equivalent to showing that
®’(s) factors through 1. But we have a diagram

h(P' x PV — " pix)

|# |

Mor (P! x P', M") —L Mor(X, M")
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For the element spiyp1 in the upper left, going down and right sends it to the
morphism

XLP <P o pt S M
by part b). On the other hand, the map h(f) sends spiypt to s by the choice of f and

going down to Mor(X, M") we obtain ®'(s). Thus this morphism factors through
as desired.

The element
(@ : pt LD p o p2y ¢ ppt),

is not equivalent to ¢ € h(pt) and in fact h(pt) = {i,7'} has two elements, whereas
Mor(pt, pt) has exactly one element.
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9 Questions

Question 9.1 (see Exercise 2.8). Let mx : X — Z, my : Y — Z be morphisms of schemes.
For any scheme S define

_ (X Y _ o ox:S—=Xoy:S=>Y
M) = (W xnz b )(S>_{(UX’UY)' such that mx o ox = my o oy

a) Show that h defines a moduli functor.

b) Prove that the fibre product X x; Y is a fine moduli space for h (you can use
standard properties of the fibre product). What is its universal family?

Question 9.2 (see Exercise 2.17).  a) Show that every fine moduli space is also a coarse
moduli space (in particular, make precise what this statement means).

b) Show that given a moduli functor h having a coarse moduli space (M, ®), this space
is unique up to isomorphism.

Question 9.3. Let £ C P? be a smooth, irreducible cubic curve.
a) Compute the geometric and arithmetic genus of F.

b) Let L C P? be a line in general position and consider the curve C'= F'U L. You can
use without proof that C' is a nodal curve. Is C' stable? If so, draw its dual graph
and compute its arithmetic and geometric genus.

Question 9.4 (see Exercise 3.12). Let C' be a smooth, complex, irreducible projective
curve of genus g and py,...,p, € C be distinct points.

a) Show that Aut(C,py,...,p,) is finite if and only if 29 — 24+ n > 0.

b) For C'=P! and n = 3, compute the orders of the groups Aut(P!, pi, ps, p3) and
Aut(P', {p1, p2,ps}) = {p € Aut(P') : o({p1, P2, 3}) = {1, p2. 3} }.

Question 9.5 (see Exercise 4.4). Explain the isomorphism
MO,“ = (]P)l \ {07 17 OO})nig \ A (152)

that we discussed in the lecture. In particular, for n = 4 compute which point of
P!\ {0, 1,00} is associated to the point

(P!, 00,42,0,7) € My,
What is the universal family over My,, = (P'\ {0,1,00})" 3\ A?

Question 9.6 (see Exercise 4.11).  a) Show that a stable graph of genus g with n legs
has at most 3g — 3 + n edges.

b) Compute the number of isomorphism classes of stable graphs with exactly one edge
for g =5,n = 4.
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Question 9.7 (see Exercise 4.19).  a) Show that the graph I' from Figure 41 has trivial
automorphism group.

b) Compute the order of the automorphism group Aut(I') of IV. Let (C,p;) be a stable
curve with dual graph I". Does the automorphism group Aut(C, p;) have the same
order as Aut(I")?

Figure 41: Stable graphs I and "

Question 9.8 (see Exercise 4.28). Figure 42 illustrates the forgetful morphism r : My —
M, with the boundary of both spaces marked in red. For each of the points marked in
blue, draw their corresponding curves and their dual graphs.

—

MA(fL

T

—

" e

—_ A

Figure 42: The forgetful morphism 7 : MLQ — Ml,l
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Question 9.9. Let f : P! — P! be a morphism of degree d. Compute
fo: H*(PY) — H*(P') and f*: H*(P') — H*(P')

on the basis 1, H of H*(P').

Question 9.10. Consider the stable graphs I'y, ['s in Figure 43.

a) What is the genus g and number of legs n of these graphs. What are the cohomological
degrees ki, ky € Z>o such that the decorated stratum classes [I';, 1] (with a =1 €
H°(My,)) are contained in H* (M, ,)?

b) The set &r, r, of generic (I'y, 'y)-structures (I', ¢1, ¢2) has precisely 3 elements.
Draw the three possible graphs I' that appear. You don’t have to prove that these
are the only ones.

¢) Compute the cup product [I'y, 1] — [I'g, 1] as a sum of decorated stratum classes.

(HD—®

T 1%

Figure 43: Two stable graphs
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