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But what have I done with my life? thought Mrs. Ramsay,
taking her place at the head of the table, and looking at all
the plates making white circles on it. ‘William, sit by me,’
she said. ‘Lily,” she said, wearily, ‘over there.” They had that
— Paul Rayley and Minta Doyle — she, only this — an infin-
itely long table and plates and knives. At the far end, was
her husband, sitting down, all in a heap, frowning. What
at? She did not know. She did not mind. She could not
understand how she had ever felt any emotion or affection
for him. She had a sense of being past everything, through
everything, out of everything, as she helped the soup, as if
there was an eddy — there — and one could be in it, or one
could be out of it, and she was out of it. It’s all come to
an end, she thought, while they came in one after another,
Charles Tansley — ‘Sit there, please,” she said — Augustus
Carmichael — and sat down. And meanwhile she waited,
passively, for some one to answer her, for something to hap-
pen. But this is not a thing, she thought, ladling out soup,
that one says.

To the Lighthouse, VIRGINIA WOOLF






George Gray

I have studied many times

The marble which was chiseled for me —

A boat with a furled sail at rest in a harbor.

In truth it pictures not my destination

But my life.

For love was offered me and I shrank from its disillusionment;
Sorrow knocked at my door, but I was afraid;
Ambition called to me, but I dreaded the chances.
Yet all the while I hungered for meaning in my life.
And now I know that we must lift the sail

And catch the winds of destiny

Wherever they drive the boat.

To put meaning in one’s life may end in madness,
But life without meaning is the torture

Of restlessness and vague desire —

It is a boat longing for the sea and yet afraid.

Spoon River Anthology, EDGAR LEE MASTERS






Abstract

In this thesis we recall the construction of M, the stack of smooth
curves of genus g. Then we define the stack H, of hyperelliptic curves
of genus ¢ as the fibred category whose objects are scheme morphisms
X — P — S, where X — P is faithfully flat of degree 2, X — S is
a smooth curve of genus g and P — S is a smooth curve of genus 0.
We prove that H, is a closed substack of M, if g > 2. If H, and M,
are the moduli spaces of the stacks H, and M, we prove that H, is a
closed subscheme of M,, when g > 2 and the characteristic is zero.
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Introduction

Moduli of curves

Moduli of curves have fascinated mathematicians since the nine-
teenth century, thanks to the work of Bernhard Riemann (|Rie57])
who in 1857 was the first to consider a space, M,, whose points cor-
respond to isomorphism classes of smooth complex curves of genus g.
By viewing curves as branched covers of P!, Riemann correctly com-
puted the number of moduli, i.e. he showed that dim M, = 3g — 3 for
all g > 2. In the first half of the twentieth century the study of M,
was tackled by several mathematicians, such as Lars Ahlfors, Oswald
Teichmiiller and Lipman Bers. In what follows the letter g stands for
an integer which is greater than 1.

The first rigorous construction of M, was carried out by David
Mumford in 1965. His method rests on geometric invariant theory
(IMFK94]) and works in every characteristic. More precisely, let us
consider the functor

F,: (Sch)? — (Set)

defined as follows: for every scheme S, Fyy,(S) is the set of isomor-
phism classes of smooth curves of genus g over S, i.e. proper smooth
morphisms X — S whose geometric fibres are connected curves of ge-
nus ¢ (Definition . Since the class of smooth curves of genus g is
stable under base change (Proposition , the functor Fy, is well
defined. Now one may ask whether the functor Fnq, is representable,
i.e. there exists a scheme M such that Fy, ~ Hom(—,M); in other
words such an M has to satisfy the following property: there exists a
smooth curve X — M of genus g (called the universal curve) such that
every smooth curve X — S is the pull-back of X — M along a unique
morphism S — M.
|

S—M

_

Such an M is called a fine moduli space for smooth curves of genus g
and is unique up to unique isomorphism, if it exists. Unfortunately
the functor Fy, is not representable, that is there does not exist a fine
moduli space for smooth curves of genus g. The reason is that there

13



14 INTRODUCTION

are non-trivial families of smooth curves of genus g, all of whose fibres
are isomorphic to each other, as explained in the example below.

ExAMPLE 0.1. Let k£ be an algebraically closed field, let C' be a
smooth proper connected curve over k of genus g, and let o be a non-
trivial automorphism of C'. Consider the nodal curve S over k£ made
up of two integral curves S; and Sy meeting at two distinct points p
and ¢. Consider the trivial families C' x S; and C' x Sy over S7 and Sy
and glue them by the identity over p and by ¢ over ¢q. Obtain a smooth
curve X — S of genus g whose fibres are C', but X is not isomorphic
to the trivial family C' x S.

Suppose absurdly that there exists a fine moduli space M for smooth
curves of genus g. Let f: .S — M be the morphism corresponding to
the family X and let fy: S — M the morphism corresponding to the
trivial family C' x S. Since X|g\(p) and X|g\(q are trivial, f|s\(p =
fols\py and fls\1qr = fols\(q}, then f = fo, but this is absurd because
X2CxS.

Since the functor F), is not representable, there are two possibil-
ities to face the problem: considering a representable functor which is
quite near to F, or enlarging the category of schemes to a category
of geometric objects that may represent F,.

The first solution deals with the possibility to find a scheme M
with a natural transformation ¢: Fj, — Hom(—, M) of contravariant
functors from the category of schemes to the category of sets such that:

(1) for all algebraically closed fields €2, the function
#(Spec)): Fu, (Spec)) — Hom(Spec 2, M)
is bijective;
(2) given any scheme N and any natural transformation ¢: Fa, —

Hom(—, N), there is a unique scheme morphism y: M — N
such that v» = Hom(—, x) o ¢.

If such an M exists, it is unique up to unique homomorphism and
is called the coarse moduli space of smooth curves of genus g. Us-
ing geometric invariant theory, David Mumford has proven that such
an M exists ([MFK94, Theorem 5.11]) and is quasi-projective over
any open subset of SpecZ which is different from the whole SpecZ
(IMFK94, Corollary 7.14, p. 143]). The coarse moduli space of curves
of genus g¢ is denoted by M,. Condition (1) says that the geometric
points of M, correspond bijectively to isomorphism classes of smooth
curves of genus g; this is the modern formulation of Riemann’s intu-
ition about the moduli space of curves of genus g. Condition (2) says
that the functor represented by M, is the nearest to Fi, among the
representable functors.

The second solution consists of enlarging the category of schemes
to the category of stacks. With stacks moduli problems become often
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tautologically representable because the stack is essentially the moduli
problem itself. Algebraic stacks, which are morally “sheaves of cat-
egories” which satisfy some finiteness hypotheses and are near to be
schemes with respect to the étale topology, were introduced by David
Mumford in the seminal papers [Mum65| and [DM69] and then stud-
ied by Micheal Artin in [Art74]. The stack M, of smooth curves of
genus ¢ is the category whose objects are families X — S of smooth
curves of genus g and whose arrows are cartesian diagrams

X1—>X2

|

Sl_>SQ

of smooth curves of genus g. If M, is equipped with the functor M, —
(Sch) that sends a smooth curve (X — S) into the scheme S, it is easily
seen that M, is a category fibred in groupoids over (Sch). Besides one
may prove that étale descent data of M, are effective and that the
functor of isomorphisms of two smooth curves of genus g > 2 is finite
and unramified (Proposition [3.33)); in the language of stacks this means
that M, is a separated Deligne-Mumford stack (Theorem [3.34)).

Nowadays, thanks to the work of Sedn Keel and Shigefumi Mori
([KM97]), one may reconstruct the coarse moduli space M, from the
stack M: there exists a scheme M, with a morphism ¢: M, — M,
such that:

(1) for all algebraically closed fields €2, the function
¢(Spec ) : M, (Spec ) /isomorphism — M, (Spec Q)
is bijective;
(2) given any scheme N and any morphism ¢: My, — N, there is
a unique scheme morphism x: M, — N such that ¢ = x o ¢;
(3) ¢ is proper and quasi-finite.
Then M, and M, have the same geometric points and the same con-
nected components, but M, is able to keep track of automorphisms of

curves and “represents tautologically” the moduli problem of smooth
curves of genus g.

Moduli of hyperelliptic curves

When we talk about hyperelliptic curves, the characteristic of the
residue field of every point of all schemes is different from 2, that is
we work over Z[1/2]. A hyperelliptic curve over an algebraically closed
field is a smooth connected curve which possesses a finite morphism
of degree two onto the projective line P!. What is a sensible moduli
problem about hyperelliptic curves of genus g7

A first attempt might be to consider the category fibred in groupoids
H; defined as follows: objects of H} over a scheme S are families
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X — S of smooth curves of genus g such that the geometric fibres are
hyperelliptic. Clearly Hj is a subcategory of M,, but one may prove
that Hj is not a stack because there is no link among the various double
covers of the fibres, so Hj is very wild.

A second attempt is to consider the category fibred in groupoids H,
defined as follows: objects of H, over a scheme S are pairs of scheme
morphisms X — P — S such that X — P is a double cover (i.e.
finite finitely presented faithfully flat morphism of degree 2), P — S
is a family of smooth curves of genus 0 and the composite X — S is a
family of smooth curves of genus g. In other words, H, comes from H;
by fixing the double cover for each fibre of the family of curves of genus
g. This choice is undertaken by Knud Lgnsted and Steven Kleiman in
[LKT79]. Alessandro Arsie and Angelo Vistoli have proven in [AV04]
that #, is an algebraic stack (Theorem and have determined its
Picard group.

One may consider the morphism #H, — M, which maps (X —
P — S)into (X — 9), i.e. it forgets the double cover. It is well known
that this is a closed immersion, but no proof exists in literature. We
shall prove this in Theorem [4.26f Our method lies on a useful char-
acterization of closed immersions (Theorem [1.30): a scheme morphism
is a closed immersion if and only if it is proper, unramified and injec-
tive on geometric points. The morphism H, — M, is proper because
the valuative criterion is satisfied. It is unramified because it factors
naturally as Hy — Zy, — My, where Zyy, is the inertia stack of My,
which is unramified over M, because M, is a Deligne-Mumford stack,
and H, — Ty, is fully faithful. The fact that the morphism H, — M,
is injective on geometric points is equivalent to the uniqueness of the
ga for a hyperelliptic curve of genus g over an algebraically closed field.

Thanks to Keel-Mori theorem (Theorem , the stack H, admits
a coarse moduli space H,. Historically the moduli space H, of hyperel-
liptic curves of genus g had been studied before that the stack H, was
introduced. For example see [Igu60], [Lgn76| or |[LL78]. We prove
that, in characteristic zero, the moduli space H, is a closed subscheme
of M, (Proposition [4.28).

Outline of the thesis

In Chapter [T] we study covers, which are finite flat finitely presented
scheme morphisms of constant degree, we study the connection with
locally free sheaves of algebras and we classify double covers. In Section
we study radicial and unramified morphisms and we give a useful
characterization of closed immersions (Theorem [1.30) which will be
used to prove that the stack of hyperelliptic curves is a closed substack
of the stack of curves (Theorem [4.26]).

In Chapter [2| we review the most important facts of the theory of
algebraic spaces and algebraic stacks, following [LMBO0O0]. In Section
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2.5 we state the Keel-Mori theorem about the coarse moduli space of
a separated Deligne-Mumford stack (Theorem , we determine the
coarse moduli space of a quotient stack (Proposition [2.34)), and we
prove that a closed immersion of separated Deligne-Mumford stacks
induces, in characteristic zero, a closed immersion on moduli spaces
(Proposition . This last result will be useful to prove that, in
characteristic zero, the coarse moduli space of hyperelliptic curves of
genus ¢ is a closed subscheme of the coarse moduli space of smooth
curves of genus g (Proposition [4.28)).

In Chapter 3| we recall the properties of families of smooth curves
of fixed genus and their quotients under the action of a finite group
(Theorem , we introduce M, the stack of smooth curves of genus
g and we prove that it is a separated Deligne-Mumford stack if g > 2
(Theorem. The proof exposed by us avoids to appeal to the theory
of minimal surfaces, but uses elementary arguments about blowing-ups
of surfaces over discrete valuation rings.

In Chapter [4] we present the classical facts about hyperelliptic curves
over an algebraically closed field and we study families of hyperelliptic
curves. Then we define the stack H, of hyperelliptic curves of genus
g and we prove that it is a closed substack of the stack M, (Theorem
. Finally we see that this induces a closed immersion on moduli
spaces in characteristic zero (Proposition .

In Appendix[A] we recall the rudiments of descent theory: we define
Grothendieck topologies and sheaves on a site, we introduce categories
fibred in groupoids, and we define stacks on a site, which are morally
“sheaves of categories”.

In Appendix [Bl we summarize some facts about base change theory
of a flat coherent sheaf with respect to a proper morphism and we recall
the basics of Grothendieck duality theory.

Conventions and terminology

We assume the standard terminology of commutative algebra and
of algebraic geometry, like in Eléments de géométrie algébrique [EGA],
with the customary exception of calling a “scheme” what is called there
a “préschéma”. By a ring we always understand a commutative ring
with unit.

An algebraic curve, or simply a curve, over the field k is a scheme
of finite type over k£ whose irreducible components are of dimension 1.






CHAPTER 1

Some remarks on morphisms of schemes

In this chapter we study covers, which are finite flat finitely pre-
sented scheme morphisms of constant degree, we study the connection
with locally free sheaves of algebras and we classify double covers. In
Section we study radicial and unramified morphisms and we give
a useful characterization of closed immersions (Theorem which
will be used to prove that the stack of hyperelliptic curves is a closed
substack of the stack of curves (Theorem [4.26]).

1.1. Covers

If f: X — Y is a finite morphism of schemes, then f,Ox is a quasi-
coherent finitely generated Oy-module, hence for every point y € Y
the stalk (f.Ox), is a finite Oy,,-module. Therefore we may make the
following definition.

DEFINITION 1.1. The degree of a finite scheme morphism f: X —
Y at a point y € Y is the cardinality of every minimal basis of (f.Ox),
as a Oyy-module, i.e.:

degy f = dlmk(y)(f*OX)y ®OY7y k(y)
With the notation of the previous definition, we have also
deg, f = dimy(,) Ox,(X,),

because one can easily check that (f.Ox), ®o,, k(y) and Ox, (X,) are
isomorphic as k(y)-algebras.

PROPOSITION 1.2. Let f: X — Y be a finite morphism, let g: Y' —
Y be a morphism, let f': X Xy Y' — Y’ be the morphism induced by
f by base change. For every point y' € Y', deg,, f' = deg,, f-

PROOF. We can suppose that Y and Y’ are affine, hence X and
X' = X xy Y’ are affine. We have a finite ring homomorphism A — B,
an arbitrary ring homomorphism A — A’, and a prime ideal p’ €
Spec A’. Set p =p’ N A. The dimension over k(p’) of

(B@aA") @a k(p') = BRak(p) > (B®ak(p)) Qg k(p')
is equal to the dimension of B ®4 k(p) over k(p). O

DEFINITION 1.3. Let d > 1 be a natural number. A cover of degree

d is a finite flat finitely presented morphism of schemes f: X — Y such
that deg, f =d forally € Y.

19
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PROPOSITION 1.4. For a morphism of schemes f: X — Y, the
following conditions are equivalent.

(1) [ is a cover of degree d.

(2) f is finite of finite presentation and the stalk (f.Ox), is a free
Oy,y-module of rank d for ally € Y.

(3) [ is affine and f.Ox is a locally free Oy-module of rank d.

If, in addition, Y s locally noetherian and reduced, then the previous
conditions are also equivalent with the following one:

(4) [ is finite and deg, f = d for ally € Y.

ProoF. All conditions are local on the image and in each case f
is affine, so we can suppose that X and Y are affine: A = Oy (Y),
B = 0Ox(X) and f is associated to the ring homomorphism A — B.

(1) < (2): in this case B is a finite A-module and a finitely pre-
sented A-algebra. From [EGA| Proposition 1V.1.4.7], B is a finitely
presented A-module, hence B is flat if and only if it is projective
([Mat89, Corollary p.53]).

(3) = (2): we can suppose that B is a free A-module of rank d.
Therefore B is a finitely presented A-module, hence is a finitely pre-
sented A-algebra (JEGA/ Proposition IV.1.4.7]) and the localizations
of B at primes of A are free modules.

(2) = (3): fix a prime p of A and let xq,...,24 € B be elements
which map to a basis of B, over A,. Let ¢: A — B be the ho-
momorphism defined by x1,...,x4. Since B is finitely presented A-
module, ker ¢ and coker ¢ are finite A-modules; from (ker ¢), = 0 and
(coker ¢), = 0, there exists s € A\ p such that ¢,: A — By is an
isomorphism. This proves that the sheaf f.Ox|y, is free of rank d.

(1) = (4): obvious.

(4) = (3): apply [Har77, Exercise I1.5.8] to the coherent sheaf
f+Ox. O

From the proposition above it follows that isomorphisms are pre-
cisely covers of degree 1.

PROPOSITION 1.5. The class of covers of degree d is stable under
base change and is local on the codomain in the fpgc topology.

Proor. It follows easily from Proposition (1.2, Proposition and
[Vis05| Proposition 2.36]. O
1.2. Locally free sheaves of algebras

Covers of schemes are closely related to locally free sheaves of alge-
bras as follows from the proposition below.

PROPOSITION 1.6. If X is a scheme, then the following two cate-
gories are equivalent:
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(i) the category Cova(X) whose objects are covers Y — X of de-
gree d and whose arrows are isomorphisms over X ;

(1) the category Alg,(X) whose objects are Ox-algebras which are
locally free of rank d and whose arrows are isomorphisms.

ProOF. The functor Covy(X) — Alg,(X) maps the cover f: Y —
X into the Ox-algebra f,Oy. One of its quasi-inverses is the func-
tor Alg,(X) — Covg(X) that maps the Ox-algebra A into the cover
Specp, A — X defined in [EGA| 11.1.3]. O

If Ais aring and M is a finite free A-module, one may define the
trace of an A-linear endomorphism of M. If A is a ring and B is a finite
free A-algebra, the multiplication by an element b € B is a A-linear
endomorphism of B and one may consider its trace trg (b)) over A; so
we have an A-linear map trp,4: B — A. Note that trg/a(1) € A is the
rank of B over A.

Now we want to globalize this construction to locally free sheaves
of algebras over a scheme.

PRrOPOSITION 1.7. If X is a scheme and A is a sheaf of Ox-algebras
that is locally free of finite rank, then there exists a unique homomor-
phism of Ox-modules tr 4/x : A — Ox such that, for every affine open
subset U C X over which A is free, (tra/x)u = traw)/oxw)-

PROOF. The set of affine open subsets of X over which A is free is
a base of the topology of X, so it suffices to prove that the homomor-
phisms defined in the statement are compatible with restrictions. But
this is easy because if A — A’ is a ring homomorphism and B is a free
A-algebra of rank d, then B’ = B®,4 A’ is a free A’-algebra of rank d
and trB/A(b)®1 :tI'B//A/(b@l) for all b € B. O

DEFINITION 1.8. If X is a scheme and A is a sheaf of Ox-algebras
which is locally free of finite rank, the homomorphism of Ox-modules

tra/x: A — Ox defined in the previous proposition is called the trace
of A over X.

PROPOSITION 1.9. Let X be a scheme and let A be a locally free
Ox-algebra with rank d.

(1) The composite of the structure homomorphism Ox — A with
the trace tr 4 x: A — Ox is the homomorphism Ox — Ox
gwen by the multiplication by d.

(2) If d is invertible in Ox(X), then

(1.1) 0 — kertr g/ x A Ox — 0

is a split exact sequence of Ox-modules and kertr /x is a
locally free Ox-modules of rank d — 1.

PrROOF. (1) If B is a free A-algebra of rank d, then trp,4(1) = d.
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(2) The trace is surjective because d~! has trace 1. The sequence
splits because the structure homomorphism Ox — A followed by the
multiplication by d~! is a section of the trace.

From A = Ox @ kertr 4/x, one has that ker tr 4, x is quasi-coherent
finitely presented and its stalks are free modules of rank d — 1, hence
it is locally free of rank d — 1. O

1.3. Double covers
DEFINITION 1.10. A double cover is a cover of degree 2.

THEOREM 1.11 (Classification of double covers). Let X be a scheme
such that 2 is invertible in Ox(X). The following three categories are
equivalent:

(i) the category Covy(X) whose objects are double covers Y — X
and whose arrows are isomorphisms over X ;
(i1) the category Alg,(X) whose objects are Ox-algebras which are
locally free of rank 2 and whose arrows are isomorphisms;
(i11) the category whose objects are pairs (L, m) where L is an in-
vertible sheaf on X and m: L%? — Ox is a homomorphism of
Ox-modules and whose arrows are compatible isomorphisms.

PROOF. The equivalence between (i) and (ii) is proved in Proposi-
tion [1.6] Denote by C the category in (iii) and consider the functor

O: Alg,(X) = C

defined by
A — (ker tr g, mA|(kertrA)®2) )

where m4: A%? — A is the multiplication. The sheaf ker tr 4 is invert-
ible by Proposition [1.9(2). To prove that ® is well defined, one has to
check that m 4 maps (ker tr 4)®? into Ox; this is a local problem, so we
can work over the affine open subsets of X over which A and ker tr4
are free: since ker tr 4 is free of rank 1, we are done because the square
of a 2 x 2 matrix with null trace is scalar:

a b\° [(a®+bc 0
c —a) 0 a’>+bc) -

Let (£,m) be an object of C; we are giving the Ox-module A, =
Ox @ L a structure of Ox-algebra: the multiplication is given by

(s,1) @ (s",1") = (s + m(I @), sl + '),

where s, s are sections of Oy and [,[" are sections of L. It is quite
easy to check that in this way A, is a sheaf of Ox-algebras that is
locally free of rank 2. The association (£, m) — A, defines a functor
U: C — Alg,(X). The functor ¥ o ® is isomorphic to the identity of
Alg,(X) because for every A € Alg,(X) the exact sequence splits.
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To prove that ® o U ~~ id¢, one has to check that kertry, is £ for
every (L£,m) in C. Since the problem is local, we can suppose that X
is affine and L is free generated by a section [, hence {1,1} is a basis
for Ag; for every a,b € Oy, the multiplication by a + bl is represented

by the matrix
a b-m(l?)
b a ’

hence tr4,(a + bl) = 2a. Therefore, a + bl has null trace if and only if
a=0,ie a+bleL. O

ExXAMPLE 1.12 (Double covers of P!). Let k be a field of charac-
teristic # 2, let P = P} be the projective line over k, let d € Z be an
integer, and let F' € k[xq, x1]2q4 be a homogeneous polynomial of degree
2d in the variables zg, 1. Since

k[l’o, iL‘l]Qd = HO(P, Op(Qd))

= HO(P, HOmop(Op(—Qd), OP))

= HOIHOP(OP(—CZ>®2, Op),
the form F corresponds to the homomorphism mp: Op(—d)®? — Op
which is the multiplication by F'. Let C'r be the double cover of P that
corresponds to the pair (Op(—d), mp) according to Theorem [1.11] i.e.
Cr = Speco, Ar, where Ap is the Op-algebra Op & Op(—d) with
product given by

(a1,l1) - (a2,12) = (aras + mp(lh ® ly), arls + asly).

We want to describe explicitly the cover h: Cp — P. Let {Uy, U;}
be the usual affine covering of P: Uy = Speck|zi/xo] and U; =
Spec k[zg/x1]. Since Op(—d)|y, = 75 Oy,, Ar|u, is a free Op,-module
with basis {1,¢ = 259} and the product of Ap|y, is given by

F
(a1 +0:€) - (az + b2€) = aray + Wble + (a1by + agh1)€
0

where aq, as, by, by are sections of Op,. So to obtain Ap|y, from Oy,
we have added an element ¢ which satisfies £2 = Fzg 24 Now it is easy

to see that
[y ] F
h~(Uy) = Speck —1,y /(gf — —2d> )

_ -il'o 1 F
h~Y(U,) = Speck _x—l,z_ /(22 - x_%d> :

It is clear that CF is a projective curve over k. When is it smooth over
k?

Analogously
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Over the algebraic closure k the polynomial F factors as
2d

F(l’o, 1'1) = H(bzﬂfo - CLi.I'l)
i=1
for some a;,b; € k. Obviously a;, b; are not uniquely determined, but
the points [a;, b;] € IP’}C(I_C), counted with multiplicities, are uniquely
determined by F' and are called the roots of F. We say that F is a
smooth form if F has simple roots, i.e. the zero locus V(F’) is made up
of 2d distinct closed points in P,lg.

With the jacobian criterion it is easy to see that C'r is smooth over k
if and only if F' is a smooth form. If this is case, C'r is a geometrically
connected smooth curve over k of genus d — 1. It is a hyperelliptic
curve, as we will see in Chapter [4]

Now we will see that on a double cover there exists a canonical
action of Cs, the cyclic group of order 2. We begin with the affine case.

LEMMA 1.13. Let A be a ring in which 2 is invertible and let B be
an A-algebra. Suppose that B is a finite free A-module of rank 2 and
that kertrp, 4 is a free A-module of rank 1. Then the map o: B — B,
defined by

o(b) =trpsa(b) — b
for all b € B, is a homomorphism of A-algebras such that o # idp,
0% = idp, and A coincides with the subring of elements which are
invariant under the action of o: B{%) = A,

PROOF. Let y € kertr C B be a generator of ker tr, then {1,y} is
a basis of B over A. Since y has zero trace, y?> € A. It is easy to see
that the map o is given by

o(ar + agy) = a1 — asy,

for all ay,as € A. Tt is clear that o is A-linear and o(1) = 1. We prove
that o is multiplicative:

o(ay + agy) - o(as + asy) = (a1 — agy)(as — asy)
= aias + yla1aq — y(aray + asas)
= a(alag + y2a2a4 + y(a1a4 + (Igag)).

It is obvious that 02 = id. An element a; + ay is invariant under the
action of ¢ if and only if 2a, = 0, i.e. ay = 0 because 2 is invertible in
A. This proves that ¢ # id and the subring of o-invariant elements is
A. O

ProrosiTiON 1.14. If f: X — Y is a double cover and 2 is invert-
ible in Oy (Y'), then there is a natural Y -automorphism o of X of order
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2 such that the quotient X /(o) exists and f is isomorphic to natural
projection X — X /(o).

PRrROOF. The local construction in Lemma [L.13| may be easily glob-
alized. O

1.4. Radicial and unramified morphisms

In this section we study radicial and unramified morphisms, in order
to have a useful characterization of closed immersions (Theorem [1.30)).

DEFINITION 1.15. A morphism f: X — Y of schemes is called
radicial if, for every field K, the function f.: X (Spec K) — Y (Spec K)
is injective.

Sometimes, for brevity, we denote X (Spec R) by X (R), for every
scheme X and every ring R.

Recall that a field extension F/K is said purely inseparable if, for
every field extension F'/K, there exists at most one K-immersion of
E into F. It is clear that a field extension FE/K is purely inseparable
if and only if the morphism Spec E — Spec K is radicial. A non-
trivial algebraic field extension F/K is purely inseparable if and only

if char(K) = p > 0 and for each a € E there exists an integer n > 0
such that o?" € K (see [Lan02, V, §6]).

LEMMA 1.16. Let f: X — Y be a morphism locally of finite type.

Then f is surjective if and only if, for every algebraically closed field
Q, the function f.: X(Spec§) — Y (Spec Q) is surjective.

PROOF. Suppose that f is surjective. Let a: Spec2 — Y be a
morphism, where {2 is an algebraically closed field; « factors as the com-
position of Spec Q2 — Spec k(y) — Y, for some point y € Y. Since f is
surjective, there exists z € X such that f(x) =y. Since f is locally of
finite type, Hilbert’s Nullstellensatz (JAMG69, Proposition 7.9]) implies
that k(x)/k(y) is a finite field extension. Since €2 is algebraically closed
extension of k(y), there exists a k(y)-immersion of k(x) < €. The com-
position of Spec ) — Speck(z) and i,: Speck(z) — X is an element
B € X(Q) such that f.(5) = a. This proves that f.: X(Q) — Y () is
surjective.

Conversely, suppose that f,: X(2) — Y () is surjective for every
algebraically closed field 2. We want to prove that f is surjective.
Let y € Y be a point and let 2 be an algebraically closed extension
of k(y), this gives a morphism «: Spec) — Y with image y. Since
f+ is surjective, there exists a morphism g: Spec{2 — X such that
fopB =a Let z € X the point which constitutes the image of the
morphism . It is clear that f(x) = y. O

PROPOSITION 1.17. For a morphism of schemes f: X — Y, the
following conditions are equivalent:
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(i) f is radicial;
(i1) for every algebraically closed field 2, the function
fe: X(Spec ) — Y (Spec )

18 injective;

(111) f is universally injective, i.e. for every morphismY' — 'Y the
base change morphism X Xy Y' — Y’ is injective;

(iv) f is injective and, for every point x € X, k(x)/k(f(x)) is a
purely inseparable field extension;

(v) for every algebraically closed field €2, the function

(Af)e: X(Spec) = (X xy X)(Spec )
18 surjective;
(vi) the diagonal morphism Ag: X — X xy X is surjective;
(vii) the projection pr;: X xy X — X is injective, for j =1 (resp.
j=2,0rje{l,2}).
PROOF. (i) = (ii): obvious.
(ii) = (iii): consider a cartesian diagram

(1.2) x oy

v
Xt .oy

of morphisms of schemes. We want to prove that f’ is injective. Let
x1,29 € X' such that f'(z1) = f'(x2) = y. Since k(z1) 2 k(y) and
k(x2) D k(y), there exists an algebraically closed field 2 that contains
both k(zq) and k(z9) (it suffices to take € as the algebraic closure of
a residue field of the ring k(x1) ®u) k(z2) at a maximal ideal). For
j=1,2,let i;: Speck(z;) — X’ be the inclusion of the point z; and
let aj: Spec§) — Speck(z;) the morphism induced by the extension

Since f'(z1) = f'(x2), flirar = flisan, then gf'iya; = gflisas, ie.
fd'itan = fdisan. By (ii), ¢'i1a1 = ¢'isan, that in addition to the
equality f'iya; = f'iscia proves that ija; = iscis because the diagram
is cartesian. Then x; = xs.

(iii) = (iv): since f is universally injective, f is injective. Pick
r e X,y = f(xr) € Y. We want to prove that k(z)/k(y) is purely
inseparable. Let K be a field extension of k(y). Suppose that there
are two k(y)-immersions k(z) < K; they correspond to two morphisms
aq, e Spec K — Spec k(z) such that the following diagrams commute
for y =1,2:

Spec k(x) X

1

ty

Spec K —— Spec k(y) ——
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Consider the cartesian diagram

Xg —X

)

Spec K ——=Y

The morphisms a7, i,ao induce two sections of fx. Since f is uni-
versally injective, fx is injective, then i,aq = i 9, therefore a; = ay.
(iv) = (i): let K be a field and let aq,a: Spec K — X be two
morphisms such that fa; = fas. Since f is injective, the images of ay
and s in X are the same point x. From the fact that k(x)/k(f(x)) is
purely inseparable, one shows that a; = as.
(ii) & (v): it holds in every category with fibred products and
comes from contemplating the following diagram
7 X
Af
pT2

Spec Q—> Xxy X —X

| |s

X Y

(v) < (vi): it follows from Lemma applied to the diagonal
morphism Ay which is locally of finite type.
(vi) < (vii): the composition

f

X 2 X oxy x 2 x
is the identity of X, for j =1, 2. O

PROPOSITION 1.18. The class of radicial morphisms is stable under
base change and local on the codomain with respect to the fpqc topology.

PROOF. The stability under base change follows from the fact that
radicial morphisms are exactly universally injective morphisms (Propo-
sition .

Now we prove the local property. Let f: X — Y be a morphism
of schemes and let {Y; — Y} an fpqc covering such that for each ¢
the projection f;: Y; xy X — Y, is radicial. Now we have a cartesian
diagram

[LYi xy X) — X
LY, ——Y

The morphism [ [, f; is radicial and g is surjective, then f is radicial by
[EGA| Proposition 2.6.1(v)]. O
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DEFINITION 1.19. A morphism f: X — Y of schemes is called
formally unramified if, for every Y-scheme Z and for every closed sub-
scheme Zy of Z which is defined by a locally nilpotent ideal Z of Oy,
the function

Hom(sch/y)(Z, X) — Hom(gch/y)(Zo, X)
induced by the closed immersion Z, — Z is injective.

ZQ—>

7 — Y

According to [EGA, Remarques IV.17.1.2], in the definition above
we may suppose that Z = Spec A is affine and the closed subscheme
Zy is defined by an ideal I of A such that I? = 0.

A monomorphism of schemes is clearly formally unramified.

LEMMA 1.20. Let A be a ring and let I a finitely generated ideal of
A such that I* = I. Then there exist an idempotent element e € A and
an isomorphism A/l — Ale™'] of A-algebras.

PROOF. By Nakayama’s lemma ([Mat89, Theorem 2.2]), there ex-
ists ¢ € I such that (1 +4)I = 0. In particular, 0 = (1 + )i = i + ¢°
and (14+:)2 =1+4i+i+1*> =141, so e := 1+ is idempotent: e* = e.

Consider the localization map a: A — Ale™!]. Tt is surjective be-
cause a/e" = ea/e"™ = ea/e = a/1, for every a in A. Every element
x of I is in the kernel of o because x/1 = ex/e = 0/e = 0, since
el = 0; therefore o induces a well-defined surjective homomorphism
B: A/I — Ale™!] of A-algebras.

{3 is injective because, if z € A is such that z/1 =0 in A[e™!], then
e"r = 0 for some n > 0; then ex = 0, i.e. (1 + i)z = 0, and then
x el U

LEMMA 1.21. Let A — B be a ring homomorphism of finite type and
let p: B&a B — B be the codiagonal map, i.e. the ring homomorphism
defined by

p (Z b ® bi> = bl

If Q}B/A = 0, then there exists an idempotent e € B @4 B such that p
is isomorphic to the localization morphism B @4 B — (B ®4 B)le™].

PROOF. Suppose that z1,...,x, generate B as an A-algebra. The
ideal I := kerp is generated by z; ® 1 — 1 ® x;, ¢ = 1,...,n, since
[Ray70, Lemma III.1(1)]. Therefore I is a finitely generated ideal of
B ®4 B. Since Q}B/A:O,[:[Q. Apply Lemmam O
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LEMMA 1.22. Let K/k be a finite field extension. Then K/k is
separable if and only if, for every (some) algebraically closed extension
Qofk, QR K ~Q x--- xQ as Q-algebras.

PROOF. Suppose that K/k is separable. By primitive element the-
orem, there exists o € K such that K = k(«). Let p(t) € k[t] be the
minimal polynomial of o over k; it has distinct roots aq,...,a, in an
algebraic closure of k. From K ~ k[t]/(p(t)) we have isomorphisms of
Q-algebras:

~Qx--xQ.

Conversely, suppose that there exists an isomorphism ¢: Q®; K —
Q%" of Q-algebras, where n = [K : k]. Fori =1,...,n, consider the ith
projection pr;: Q%" — Q and the homomorphism o;: K — Q defined
by oi(a) = (pr; 0 ¢)(1 ® a) for every a € K. It is clear that oy,..., 0,
are k-immersions of K into 2. We must show that they are distinct. If
o; = 0j, then the Q-linear maps pr; o ¢, pr; o ¢ coincide on the subset
{1®a | a € K}, which generates 2 ®; K as Q-vector space; then
pr; o ¢ = pr; o ¢, hence i = j, because ¢ is an isomorphism. U

ProrosiTioN 1.23. If f: X — Y is a morphism of schemes that
1s locally of finite type, then the following conditions are equivalent:
(i) f is formally unramified;
(it) Qﬁ(/y =0;
(11i) for every pointy €Y, Q}){y/k(y) =0;
(i) for every pointy €Y, the fibre X, is a disjoint union of spectra
of finite separable field extensions of k(y);
(v) for every geometric point Spec Q — Y, the fibred product X Xy
Spec €2 is isomorphic to a disjoint union of copies of Spec§2;
(vi) the diagonal morphism Ax/y: X — X xy X is an open im-
MErsion.

PROOF. (i) < (ii): this statement has a local nature and holds
also without the assumption that f is locally of finite type. See [EGA,
Proposition IV.17.2.1] or [Ray70, Théoreme II1.2].

(ii) = (iii): obvious.

(iii) = (ii): this is a local statement, hence we can suppose that X
and Y are affine. Let B an A-algebra of finite type such that, for every
prime ideal p of A, Qpg ,kp)/kp) = 0. We want to prove that {25/4 = 0.
It suffices to show that (Q2p/4)q = 0 for every prime ideal q of B. Since
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B is of finite type over A, Q05,4 is a finite B-module. By Nakayama’s
lemma it suffices to show that

(2/4)a ©B, By/aBq = 0.

Let p = g N A the prime ideal of A under q. Considering the commu-
tative diagram of ring homomorphisms

B,/qBy <—— B,

I

B & k(p) <— By~ B
]
A

k(p) Ap

we have

(QB)a)q @B, By/aBy = (/4 @p By) ®@p, By/aB,
= (/A @5 (B ®4 k(p)) @Be k) Bq/aB,

= QB Ak(p)/k(p) @B k() Ba/aBg
— 0.

(iii) < (iv): it follows from the following statement which is proved
in [Eis95, Corollary 16.16]: if A is an algebra of finite type over a field
k, then €4/, = 0 if and only if A is a finite direct product of fields,
each finite and separable over k.

(iv) < (v): apply Lemma to an affine open cover of each fibre
of f.

(vi) = (ii): the sheaf QY is isomorphic to A%y (Z/Z?), where
T is the sheaf of ideals that defines Ax/y(X) as a closed subscheme
of an open subscheme W of X xy X. If (vi) holds, then we can take
W = Ax/y(X) and 7 = OW

(ii) = (vi): since the diagonal morphism Ax/y is a locally closed
immersion, it suffices to show that it is a local isomorphism. But this
follows from Lemma [[.21] O

In the proposition below k[e] denotes k[t]/(t?), the ring of dual
numbers over k.

PROPOSITION 1.24. Let k be an algebraically closed field and let X
be a scheme locally of finite type over k. The following statements are
equivalent:

(i) X — Speck is formally unramified;

(ZZ) Q%(/ Speck — 07‘
(i1i) X is k-isomorphic to a disjoint union of copies of Spec k;
(iv) the diagonal morphism A: X — X X, X is an open immersion;
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(v) for every k-rational point x of X, the tangent space T,X is
zero;
(vi) the function

Homsen/r) (Spec kfe], X) — Homsen k) (Spec k, X)

induced by the closed immersion Speck — Speck[e] is bijec-
tive;
(vit) X — Speck is formally étale.

PROOF. The equivalence of (i), (ii), (iii) and (iv) follows from
Proposition [1.23] (iii) < (v): obvious because X is locally of finite
type over an algebraically closed field. (v) < (vi): obvious from the
interpretation of the tangent space as the set of morphisms from the
spectrum of the ring of dual numbers. (iii) = (vii): obvious. (v) =
(i): obvious. O

LEMMA 1.25. If f: X — Y is a faithfully flat and quasi-compact
morphism of schemes and F € QCoh(Y') is a quasi-coherent sheaf on
Y such that f*F =0, then F = 0.

PROOF. We may suppose that Y is affine. Since f is quasi-compact,
X is the union of a finite number of open affine subsets Xi,...,X,,.
Let Z =X ][+ ][ X, and g: Z — X be the natural morphism. Tt is
clear that fog: Z — Y is a faithfully flat morphism of affine schemes.
Since (f o g)*F =0, F(Y) ®oy(v) Oz(Z) = 0, then F(Y') = 0, hence

F=0. ]
LEMMA 1.26. Let
X2 x
f’l lf
y' oy

be a cartesian diagram of morphisms of schemes where g is faithfully
flat and quasi-compact. If f" is formally unramified, then f is formally
unramified.

PROOF. Since f’ is formally unramified, 0 = Q}, = (¢/)*Q}. By
Lemma [1.25) Q} = 0, so f is formally unramified. O

PROPOSITION 1.27. The class of formally unramified morphisms is
stable under base change and is local on the codomain with respect to

the fpgc topology.

PROOF. The stability under base change is quite easy. Now we
prove the local property. Let f: X — Y be a morphism of schemes
and let {Y; — Y} be an fpqc covering such that for each ¢ the projection
Y; xy X — Y, is formally unramified. The morphism ¢: [[,Y; = Y is
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fpqc, then there exist an open affine covering {V;} of Y and open quasi-
compact subsets W; C [, Y; such that ¢(WW;) = V; ([Vis05|, Proposi-
tion 2.33(ii)]). For each j, it is clear that W} is a finite disjoint union
of open subschemes of Y;’s and the projection W; xy X — W; is for-
mally unramified. By Lemma [1.26, since W; — Vj is faithfully flat
and quasi-compact, the projection V; xy X — V; is formally unrami-
fied. Now we conclude because {V;} is an open covering of Y and the
class of formally unramified morphisms is obviously Zariski local on
the codomain. O

ProPOSITION 1.28. If f: X — Y is a morphism of schemes locally
of finite type, then the following conditions are equivalent:
(i) f is a monomorphism;
(ii) the diagonal morhism Ax y: X — X xy X is an isomorphism;
(i1i) f is radicial and formally unramified;
(tv) for every point y € Y, the fibre X, is either empty or isomor-
phic to Spec k(y);
(v) for every algebraically closed field Q and for every morphism
Spec) — Y, the fibred product X xy Spec§2 is either empty
or isomorphic to Spec ().

PROOF. (i) < (ii): it holds in every category with fibred products.
(i) < (iii): it follows from (i) < (vi) of Proposition and from
(i) & (vi) of Proposition

ili) < (iv): this follows from (i) < (iv) of Proposition and
from (i) < (iv) of Proposition [1.23]
(iv) < (v): obvious. O

ProrosiTION 1.29. Let f: X — Y be a morphism of schemes
which s locally of finite type, formally unramified and radicial. Sup-
pose that there exists a morphism of schemes g: Y — X such that
fog=idy.

Then go f =idx and f is an isomorphism.

PRrROOF. By Proposition [1.28, f is a monomorphism of schemes.
From foidy = fo(go f) it follows that idx = go f. O

THEOREM 1.30. Let f: X — Y be a morphism of schemes. Suppose
that:
(1) f is proper;
(2) for every algebraically closed field 2, the function f.: X(Q2) —
Y (Q) is injective;
(3) [ is formally unramified.
Then f is a closed immersion.
PRrROOF. By Proposition[1.28] f is a monomorphism of schemes and

its fibres are discrete finite sets, i.e. f is quasi-finite. Since f is proper
and quasi-finite, [EGA/| Corollaire 18.12.4] implies that f is finite.
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Now we want to prove that f is a closed immersion. Since f is
finite, we may suppose that Y is affine and, consequently, X is affine.
Let ¢: A — B a homomorphism of rings such that B is a finite A-
module and the diagonal morphism Spec B — Spec(B ®4 B) is an
isomorphism, i.e. the codiagonal homomorphism p: B&®4 B — B is an
isomorphism. We shall prove that ¢ is surjective. Consider the finite
A-module M = coker ¢. Applying — ® 4 B to the exact sequence

A B M —0

we get the exact sequence

Ao B3 Bo,B — M®4 B — 0:

we see that po(¢p®1): A®4B — B is the natural isomorphism mapping
a®bto ¢(a)b, hence ¢ ® 1 is an isomorphisms, then M ®4 B = 0.
Applying M ®4 — to the surjection B — M, we get a surjection 0 =
M®sp B— M®aq M, hence M @4 M = 0.

Fix a prime ideal p of A. We have that 0 = (M ®4 M) ®4 k(p) =
(M ®ak(p))®?is a k(p)-vector space of dimension (dimyp) M ®4k(p))?,
then M @4 k(p) = 0, i.e. M, = pM,. M, is a finite module over the
local ring Ay, then Nakayama’s lemma implies that M, = 0. Varying
p we get M = 0, then ¢ is surjective. O






CHAPTER 2

Algebraic spaces and algebraic stacks

Algebraic spaces are a generalization of schemes that was intro-
duced and studied by Michael Artin (JArt69]). Considering a scheme
as the representable functor which it defines, we see that every scheme
is a sheaf in the étale topology (Theorem [A.6)); algebraic spaces are
defined as étale sheaves that are “locally” representable, i.e. algebraic
spaces are obtained from affine schemes via glueing by étale morphisms.
Algebraic spaces are the algebraic counterpart of Moishezon spaces, i.e.
complex analytic spaces X that have dim X algebraically independent
meromorphic functions.

Algebraic stacks, instead, are a generalization of schemes in another
direction. They were introduced by David Mumford in the study of
moduli problems ([Mum65|, [DM69]): most of moduli functors are
tautologically representable by algebraic stacks. Besides, with stacks
one does not forget the automorphisms groups of the objects one wants
to parametrize. Orbifolds are the differential topology counterpart of
algebraic stacks.

The standard references for algebraic spaces and algebraic stacks
are [Knu71| and [LMBOO|, respectively. A short introduction to this
theory is provided in the appendix of [Vis89|, while an encyclopaedic
immense reference is [St].

In this chapter we recall the most important facts of the theory of
algebraic spaces and algebraic stacks. In Section [2.5( we state the Keel-
Mori theorem about the coarse moduli space of a separated Deligne-
Mumford stack (Theorem , we determine the coarse moduli space
of a quotient stack (Proposition , and we prove that a closed im-
mersion of separated Deligne-Mumford stacks induces, in characteristic
zero, a closed immersion on moduli spaces (Proposition [2.35)). This
last result will be useful to prove that, in characteristic zero, the coarse
moduli space of hyperelliptic curves of genus ¢ is a closed subscheme
of the coarse moduli space of smooth curves of genus g (Proposition
4.28)).

CONVENTION 2.1. Throughout this chapter S stands for a fixed
quasi-separated scheme.

35
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2.1. Algebraic spaces
DEFINITION 2.2. An S-space is a sheaf
X: (Sch/S)°? — (Set)
of sets on the étale site (Sch/.S ).

Since the étale site is subcanonical (Theorem [A.G), for every S-
scheme X, the representable functor hy is an S-space. According to
Yoneda lemma, the category (Sch/.S) of S-schemes is a full subcategory
of the category of S-spaces. We will confuse each S-scheme with its
representable functor, saying that an S-scheme is an S-space.

The category of S-spaces has fibred products and a terminal object.

DEFINITION 2.3. A morphism f: X — Y of S-spaces is said sche-
matic if, for every S-scheme U and for every morphism g: U — Y of
S-spaces, the fibred product X Xy, U is a scheme.

Schematic morphisms of S-spaces are stable by base change. Every
morphism of S-schemes is schematic.

DEFINITION 2.4. If P is a property of morphisms of S-schemes
which is stable under base change and étale-local on the codomain,
then a schematic morphism f: X — Y of S-spaces is said to have the
property P if, for every S-scheme U and for every morphism g: U —
Y of S-spaces, the morphism X Xy, U — U of S-schemes has the
property P.

ExAMPLE 2.5. Examples of properties of morphisms of S-schemes
which are stable under base change and fpqc local on the codomain are:
separated, quasi-compact, locally of finite presentation, proper, affine,
finite, flat, smooth, unramified, étale ([Vis05, Proposition 2.36]), radi-
cial (Proposition [L.18)), formally unramified (Proposition [L.27), surjec-
tive.

Therefore, since the étale topology is coarser than the fpqc topology,
if P is one of the properties above, we have defined when a schematic
morphism of S-spaces has the property P.

LEMMA 2.6. Let X be an S-space. Then the following statements
are equivalent:

(i) the diagonal morphism Ax: X — X xg X is schematic;
(i1) for all S-schemes U,V and for all morphisms U — X,V — X
of S-spaces, the fibred product U X x V' is a scheme;
(i1i) for every S-scheme U, every morphism U — X of S-spaces is
schematic.

PROOF. (i) = (ii): let U,V be two S-schemes and let U — X
V — X be two morphisms of S-spaces. This gives a morphism of
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S-spaces U xg V — X xg X; it is clear that the diagram
UxxV—=UxgV

-

X—XxgX

is cartesian. Since U xg V is a scheme and A is schematic, U x x V is
a scheme.

(ii) = (i): let U be an S-scheme and let U — X x X be a morphism
of S-spaces. This morphism factors as (f x g)o Ay, where f,g: U — X
are morphisms of S-spaces. By (ii) the S-spaces U X s x ,U is a scheme.
The three squares in the diagram

XXXXSXU U

| LAU

UXf’X“qUﬁ'UXSU

P

X X xgX

are cartesian. Then X Xx.,x U is a scheme because it is a fibred
product of schemes.
(ii) < (iii): obvious from the definitions. O

DEFINITION 2.7. An algebraic space over S, or simply an algebraic
S-space, is an S-space X satisfying the following two conditions:

(1) the diagonal morphism X — X xg X is schematic and quasi-
compact;
(2) there exists a scheme U and a morphism of S-spaces U — X

which is schematic (automatically from (1) and Lemma [2.6)),
étale and surjective.

An S-scheme satisfying (2) is called an of X. It is clear that every
quasi-separated S-scheme is an algebraic space over S.

Now we should define some properties of morphisms of algebraic
spaces which are not schematic, but we omit this here not to bore the
reader. For a property P of morphism of schemes which is stable under
base change and is of local nature with respect to the étale topology, we
say that a morphism of algebraic spaces X — Y has property P if, for
any /some étale covering V' of Y and for any/some étale covering U of
X Xy V', the scheme morphism U — V has the property P. Analogously,
for a property P of schemes which is local in the étale topology, we say
that an algebraic space X has the property P if any/some presentation
U of X has property P. For precise definitions we refer the reader to
[Knu71].
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2.2. Stacks over schemes

When we will say a stack over S, we will mean a stack over the étale
site (Sch/S)g. Obviously a stack with respect to the fpqc topology is
a stack.

We denote by (St/S) the 2-category of stacks over S. We denote by
(Gr/S) the 2-category of groupoids over (Sch/S). The sub-2-category
(St/S) of (Gr/S) is stable for projective limits and fibred products.

The proposition below is very important because, if one wants to
verify that a groupoid is a stack, one can check only particular cover-
ings: Zariski coverings and faithfully flat morphisms of affine schemes.

PROPOSITION 2.8. Let F be a groupoid over (Sch/S). Suppose that
the following conditions are satisfied.

(1) F is a stack with respect to the Zariski topology.
(1i)) Whenever V. — U s a flat surjective morphism of affine S-
schemes, the restriction functor

FU)— F(V-=U)

s an equivalence of categories.

Then F s a stack over S with respect to the fpqc topology.
PROOF. See [Vis05, Lemma 4.25]. O

EXAMPLE 2.9. Since the fpqc site (Sch/S) is subcanonical (Theo-
rem , every S-scheme is a stack over S with respect to the fpqc
topology. Every S-space is a stack over S. The category of S-spaces is
a full subcategory of (St/95).

Another way to construct stacks over S is via ample sheaves as it
is shown in the theorem below.

THEOREM 2.10. Let P be a class of flat proper morphism of finite
presentation in (Sch/S) that is local in the fpgc topology.

Suppose that for each morphism &: X — U in P one has given an
invertible sheaf L¢ on X that is ample relative to the morphism X — U,
and for each cartesian diagram

x 1oy
13 n

U—ey

an isomorphism psg: f L, ~ L¢ of invertible sheaves on X . These iso-
morphisms are required to satisfy the following compatibility condition:
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whenever we have a cartesian diagram of schemes

x .y 2.z

e bk
U—2ev_Yow

whose columns are in P, we have the equality
Patae = P.o© f pgw: (9f) Lo — Le.
Then P 4s a stack in the fpgc topology.
PROOF. See [Vis05, Theorem 4.38]. O

DEFINITION 2.11. An S-stack is called representable if it is isomor-
phic to an algebraic space over S. (See Caution

A morphism F': X — )Y of S-stacks is called representable if, for ev-
ery affine S-scheme U and every morphism U — ), the fibred product
X xy U is (isomorphic to) an algebraic space over S.

A morphism F': X — ) of S-stacks is called schematic if, for every
affine S-scheme U and every morphism U — ), the fibred product
X xy Y is (isomorphic to) an S-scheme.

REMARK 2.12. More concretely, an S-stack X is representable if,
for every S-scheme U, the category X (U) is equivalent to a discrete
category Xy and if the functor (Sch/S)°" — (Set) defined by

U +— ob X, U
is an algebraic space over S.

REMARK 2.13. A morphism F': X — ) of S-stacks is representable
if and only if the two following conditions hold:

e for each S-scheme U, the functor Fy: X(U) — Y(U) is faith-
ful;
e for each S-scheme U and each object y € Y(U), the functor

(Sch/U)°P — (Set)
defined by
(V5 U) = {(z,9) |z € ob X(V),¢: h*y — F(z)}/] =~
is an algebraic space over U.

DEFINITION 2.14. Let P a property of morphisms of algebraic spaces
over S which is stable under base change and étale-local on the codo-
main. A representable morphism F: X — ) of S-stacks is said to
have the property P if, for every affine S-scheme U and every mor-
phism U — Y of S-stacks, the base change morphism X xy U — U
has the property P.
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2.3. Algebraic stacks

Let us begin with discussing when the diagonal of a stack is repre-
sentable.

LEMMA 2.15. Let X be a stack over S. Then the following state-
ments are equivalent:

(i) the diagonal morphism Ay: X — X xg X is representable;

(ii) for all affine S-schemes U,V and for all morphisms U — X,
V. — X over S, the fibred product U Xy V is an algebraic
space;

(i1i) for every affine S-scheme U, every morphism U — X over S
1s representable;

(iv) for all affine S-schemes U and objects £&,m € X(U), the sheaf
Isom(&, n) is an algebraic U-space;

(v) for every algebraic S-space X, every morphism X — X of
S-stacks is representable.

PROOF. The proof is analogous to the proof of Lemma 2.6 See
[LMBO0O0, Corollaire 3.13]. O

DEFINITION 2.16. A stack X over the scheme S is called algebraic
if it satisfies the following two axioms:

(1) the diagonal morphism A: X — X xg X is representable,
separated and quasi-compact;

(2) there exists an algebraic S-space X with an S-morphism X —
X which is representable, surjective, and smooth.

ProrosiTiON 2.17. If X is an algebraic stack over S, then the
diagonal morphism X — X xg X is of finite type.

PROOF. See [LMBO0O, Lemme 4.2]. O

DEFINITION 2.18. Let P be a property of algebraic S-spaces which
is local on the domain with respect to smooth topology. We say that an
algebraic stack X over S satisfies P if there exist an algebraic S-space
satisfying P and a smooth surjective morphism X — X.

The following properties are local with respect to the smooth topol-
ogy: locally noetherian, reduced, normal, Cohen-Macaulay, regular,
Serre’s conditions (R,) and (S,,).

DEFINITION 2.19. Let P be a property of morphisms of algebraic S-
spaces which is local with respect to the smooth topology. We say that
a morphism F': X — Y of algebraic S-stacks satisfies P if there exist
two algebraic S-spaces U and V' and two surjective smooth morphisms
V — Yand U — X xy V such that the morphism V' — U of algebraic
spaces satisfies P.
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The following properties are local with respect to the smooth topol-
ogy: surjective, universally open, locally of finite presentation, locally
of finite type, flat, smooth.

2.4. Deligne-Mumford stacks

DEFINITION 2.20. A stack & over the scheme S is called of Deligne-
Mumford if it satisfies the following two axioms:

(1) the diagonal morphism A: X — & xg X is representable,
separated, and quasi-compact;

(2) there exists an algebraic S-space X with an S-morphism X —
X which is representable, surjective, and étale.

Obviously a Deligne-Mumford stack is also algebraic, since an étale
morphism is smooth. Every algebraic space is a Deligne-Mumford
stack.

THEOREM 2.21. Let X be an algebraic S-stack. The following con-
ditions are equivalent:
(1) X is Deligne-Mumford;
(2) the diagonal morphism X — X Xg X is formally unramified;
(8) the natural map Ly — X is formally unramified.

If this is the case, the diagonal morphism X — X xXg X s schematic,
quasi-finite and quasi-affine.

PROOF. See [LMBO0O, Lemme 4.2, Théoreme 8.1]. O

Recall that a morphism of (algebraic) S-stacks F': X — ) is a
monomorphism if, for every S-scheme U, the functor Fy: X(U) —
Y(U) is tully faithful.

PROPOSITION 2.22. Let X be an algebraic S-stack and let A: X —
X xg X be the diagonal morphism. The following conditions are equiv-
alent:

(1) X is representable;

(2) X is Deligne-Mumford and A is a monomorphism;

(3) X is equivalent to a functor;

(4) A is a monomorphism;

(5) for each every S-scheme U and every object £ € X(U),

Autaw)(§) = {id};
(6) the natural map Ty — X is an isomorphism.
PROOF. See [LMBOO, Proposition 4.4, Corollaire 8.1.1]. O

PROPOSITION 2.23. Let F: X — Y be a fully faithful morphism of
algebraic S-stacks. Then F' is representable and formally unramified.
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PROOF. Let U be an affine S-schemes. Since F' is fully faithful, the
algebraic stack X xy U is equivalent to a functor, then it is an algebraic
space thanks to Proposition and it is not difficult to show that
X xyU — U is a monomorphism of algebraic spaces. This proves that
F is represented by a monomorphism of algebraic spaces. O

Now we shall introduce an important class of algebraic stacks: quo-
tients of schemes by group schemes.

DEFINITION 2.24. Let X be an S-scheme and G be an S-group
scheme that acts on X. The quotient stack of X by G, denoted by
[X/G], is the category fibred in groupoids over (Sch/S) defined as fol-
lows: for every S-scheme 7, the fibre [X/G|(T) is the category of pairs
(E,«a), where E — T'is a G-torsor and o: £ — X is a G-equivariant
map.

There is a natural morphism X — [X/G] that corresponds to the
trivial G-torsor G xg¢ X — X and to the action G xg X — X.

DEFINITION 2.25. If G is an S-group scheme, the quotient stack
[S/G] is denoted by BG and is called the classifying stack of the group
scheme G.

PROPOSITION 2.26. Let X be an S-scheme and let G be an S-group
scheme. Then the groupoid [X/G] is an S-stack. Moreover, if G is
smooth (resp. étale) and separated over S, then [X/G| is an algebraic
(resp. Deligne-Mumford) S-stack.

PROOF. See [LMBOO, 3.4.2, 4.6.1]. The natural morphism X —
[X/G] is a smooth (resp. étale) presentation and X xx;q X ~ X x 3G,
where the projections to X are the first projection and the action of G
on X. U

We will prove in the following section that Deligne-Mumford stacks
are quite near to be quotients of schemes by finite group actions.

2.5. Moduli spaces of stacks

DEFINITION 2.27. Let X be an algebraic stack over S. A coarse
moduli space, or simply a moduli space, for X is an algebraic S-space
M with a morphism X — M such that:

(1) for all algebraically closed fields 2, the function
X (Spec 2) /isomorphisms — M (Spec €2)

is a bijection;
(2) whenever N is an algebraic S-space and X — N is a mor-
phism, then the morphism factors uniquely as X —- M — N.
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By condition (2), such an M is unique up to unique isomorphism
and is called the (coarse) moduli space of the stack X. The theorem
below asserts that coarse moduli spaces of algebraic stacks with finite
diagonal exist. Recall that a Deligne-Mumford stack is separated if
and only if its diagonal is finite, because the diagonal is quasi-finite

(Theorem [2.21]).

THEOREM 2.28 (Keel-Mori). Let S be a notherian quasi-separated
scheme and let X be an algebraic S-stack with finite diagonal. Then
there exists an algebraic space M with a morphism X — M such that:

(1) X — M 1is proper, quasi-finite and surjective;

(2) if Q is an algebraically closed field, then the function

X (Spec ) /isomorphisms — M (Spec )
18 a bijection;

(3) whenever N is an algebraic S-space and X — N is a mor-
phism, then the morphism factors uniquely as X — M — N;
more generally

(4) whenever S" — S is a flat morphism of schemes, N is an

algebraic S'-space, and X xgS" — N is a morphism, then the
morphism factors uniquely as X xgS" — M xgS"— N.

PROOF. See the original source [KM97| or [Con05|. O

Conditions (2) and (3) say that M is the moduli space of X. Con-
dition (4) says that the formation of a coarse moduli space behaves
well under flat base change.

Now we shall prove that separated Deligne-Mumford stacks are
quite near to be quotients of schemes by finite group actions. More
precisely, separated Deligne-Mumford are, étale locally on the moduli
space, isomorphic to stack-theoretic quotients of an affine scheme by a
symmetric group (Proposition .

LEMMA 2.29. Let f: X — Y be a scheme morphism that is sepa-
rated and locally of finite type. Let y € Y such that the fibre f~(y) is
finite and discrete.

Then there exist an étale morphism g: Y' — Y and a point iy €
Y’ such that g(y') = y and we have a decomposition X Xy Y’ =
X [[ X2 such that, if f': X Xy Y — Y’ is the base change morphism,
f'lx,: X1 — Y is finite and Xo 0 (f)7H(y') = 0.

PROOF. See [EGA| Corollaire 1V.18.12.3]. O

LEMMA 2.30. Let f: X = Y be a scheme morphism which is sep-
arated and quasi-finite.

Then there ezists an étale covering {Y; — Y} and, for each i, an
open and closed subscheme Z; C X Xy Y; such that the induced mor-
phism Z; — Y; is finite.
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PROOF. According to Lemma [2.29] for each point y € Y, choose
an étale morphism ¢¥: YY — Y and a closed open subscheme ZY C
X xy Y¥ such that y € ¢¥(Y¥) and the induced morphism Z¥ — Y7 is
finite. Then {Y¥ — Y}, ¢y is the required étale covering. O

PrROPOSITION 2.31 ([AV02, Lemma 2.3.3]). Let X be a separated
Deligne-Mumford stack over S and let M be its coarse moduli space.

Then there exists an étale covering {M; — M} such that for each i
there are an affine scheme U; and a finite group G; acting on U;, with
the property that the pull-back X Xy M; is isomorphic to the stack-
theoretic quotient [U;/G;].

PROOF. Since X is Deligne-Mumford, there exists a scheme X with
a surjective étale morphism X — AX. Then the composite X — M is a
surjective separated quasi-finite morphism of schemes. Apply Lemma
to the morphism X — M and get an étale covering {M; — M},
open and closed subschemes Z; C X x; M; such that Z; — M, is finite
for each i. The situation is described in the diagram below.

Since M; — M is flat, M; is the coarse moduli space of the stack
X; = X Xy M;. Since Z; — M, is finite and X; — M, is separated, the
morphism Z; — A is finite. Therefore Z; — AX; is finite and étale.

Now, for each ¢, decompose X; as [],~, Y, where V! is the closed
open substack of X; where the degree of Z; — X; is equal to n. Since
X; — M; is a homeomorphism, the images of ) in M, are closed open
subspaces. Therefore, if we refine the étale covering {M; — M}, we
may suppose that Z; — Aj is étale finite of constant degree n;, for each
1. Refining further if necessary, we may suppose that Z; is affine for
each 1.

Let U; be the S, -torsor over X; associated to the étale cover Z; —
X;; in other words U is the space of the isomorphisms of the étale cover
Z; — X; with the trivial cover X; x {1,...,n;} — X;. One sees that
U; is an open and closed subspace of Z; Xy, - -+ Xy. Z; (n; factors) and
the first projection induces an étale cover U; — Z; of degree (n; — 1)!.
Then U; is an affine scheme, because Z; is affine and U; — Z; is finite.
Finally U; — X is an S,,-torsor, then &; is identified with [U;/S,,,]. O

Now we shall determine the coarse moduli space of the stack-theoretic
quotient of an affine scheme by the action of a finite group. We will
see that it is the scheme-theoretic quotient, i.e. the spectrum of the
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invariant ring (Proposition [2.34)). Before showing this, we need two
commutative algebra lemmas.

LEMMA 2.32 (|[Bou72, Chapter V, Theorem 2|). Let A be a ring, G
a finite group acting on A and A% the ring of invariants. Let q € Spec A
be a prime ideal of A and p = qN A%. Let D be the decomposition
group of q, i.e. the subgroup of G made up of elements v € G such that
v(q) =q. Then:
(1) A is integral over AC.
(2) If ¢ is another prime ideal of A such that p = q' N A®, then
there exists an element v € G such that ¢ = v(q); in other
words G operates transitively on the set of prime ideals of A
lying over p.
(3) k(q)/k(p) is an algebraic normal field extension.
(4) If S = AY\ p, then G operates on S~'A and (S71A)¢ ~
STIAY = A,.

(5) The natural group homomorphism
D — Aut(k(q)/k(p))
18 surjective.

PROOF. (1) An element a € A is a root of the monic polynomial

falz) = [[ (@ = 7(a)) € A%[a].
veG

(2) We prove that q' C U,egv(q). Let a € q'; then b =[] ., 7(a) is
an invariant element and belongs to ', then b € ¢ N A% = p C q. Since
q is prime, there exists v € G such that v(a) € q, then a € v7(q).

The inclusion ' € U,eqy(q) implies, thanks to prime avoidance
([AMG69, Proposition 1.11]), that there exists v € G such that q' C
v(q). Now ¢ and 7(q) are two prime ideals of A which lie over the
same prime ideal p of A. Then q’ = v(q) by [AM69, Corollary 5.9].

(3) The integral extension A O A% induces an integral extension
A/q D A%/p of domains. Denote by S the multiplicative subset of
A%/p made up of non-zero elements. Then k(p) = S~1(A%/p) is the
quotient field of A% /p. The ring S~!(A/q) is a domain which is integral
over the field k(q), then it is a field (JAMG69, Proposition 5.7]). Since
S~1(A/q) is a field containing A/q and contained in the quotient field of
A/q, it is the quotient field of A/q: that is k(q) = S~*(A4/q). Then k(q)
is an algebraic field extension over k(p), generated by the elements of
A/q. This proves that k(q) is the splitting field over k(p) of the family
of polynomials {f,(x)}sca, where f, is the polynomial in (A%/p)[z]
whose coefficients are the images of those of f, under the canonical
homomorphism A¢ — A% /p.

(4) Tt is clear that S7*A% C (S~1A)Y. We shall prove the opposite
containment. Let a/s € (S71A)¢, then v(a)/s = a/s for each v €
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G. Then, for each v € G, there exists an element u, € S such that
su,y(a) = suya. Let u =[] .o u,. Therefore y(sua) = su-y(a) = sua
for every v € G, then sua € A%. Hence a/s = sua/s*u € S~LAC.

(5) It is clear that D acts on k(q) with automorphisms of k(p)-
algebras. Thanks to (4), up to replace A® with (A%), and A with
(A% \ p)~ A, we may assume that p and q are maximal ideals. For
brevity we denote by k the field k(p) = AY/p and by @ the element
a+qe A/q=k(q), for all a € A.

Let L be the separable closure of k in k(q). It has been seen in
the proof of (3) that every element of k(q) is a root of a polynomial
in k[z] of degree n, where n is the cardinality of the group G. Then
[k(B) : k] < n for all 5 € k(q). We can therefore choose an element
o € L such that

[k(«) : k] = max [k(S) : k]

BeL
If L 2 k(a), then there exists o/ € L such that k(a,o) 2 k(o) and
by primitive element theorem ([Lan02, Theorem V.4.6]), there exists
o” € L such that k(o) = k(a, o), then [k(a”) : k] > [k(a) : k] which
is absurd. So we have proved that L = k(«).

The ideals v(q) for v € G\ D are maximal and distinct from q by
definition; by Chinese Remainder theorem there therefore exists a € A
such that o =@ € k(q) and a € y7!(q) for v € G\ D.

Let ¢: k(q) — k(q) be an automorphism over k. Consider the
polynomial
fa(w) = ][ (x = 7(a)) € ka].

veG
As @ is a root of f,, ¢(@) is a root of f, and hence there exists o € G
such that ¢(@) = o(a). But ¢(a) # 0 and, for v € G\ D, v(a) € q and
hence v(a) = 0; we conclude that necessarily o € D. But as ¢ and &
have the same value for the primitive element o« = @ of L, they coincide
on L; as k(q) is a purely inseparable extension of L, they coincide on

k(q). Then ¢ = 3. O

LEMMA 2.33 ([Bou72, Corollary p.333]). Let A be a ring, G a
finite group acting on A and A® the ring of invariants. Let K be a
field and let fi, fo: A — K be two ring homomorphisms with the same
restriction to AY. Then there exists v € G such that fo = fi 07.

PROOF. Let q; be the kernel of f; (¢ = 1,2) which is a prime ideal of
A. By hypothesis q; N AY = g, N A% = p is a prime ideal of A®. There
therefore exists 7 € G such that 7(q2) = g1 (Lemma[2.32(2)); replacing
f1 by the homomorphism f; o 7 we may then assume that g = q; (an
ideal which we shall denote by q). By taking the quotient we then derive
from f; and fy two injective homomorphisms f], f5: A/q — K which
therefore extend to two injective k(p)-homomorphisms f7, f5: k(q) —
K. As k(q)/k(p) is a normal algebraic field extension (Lemmal[2.32(3)),



2.5. MODULI SPACES OF STACKS 47

there exists an automorphism ¢ of k(q) over k(p) such that f5 = f{ o¢.
By Lemma [2.32(5), ¢ is of the form @, for some o € G. This proves
that fo = fioo0. U

PROPOSITION 2.34. Let X be an affine scheme and let G be a finite
group that acts on X. Then the coarse moduli space of the quotient

stack [X/G] is the quotient scheme X/G.

PROOF. Let A = H(X,Ox); then X = Spec A, X/G = Spec A®.
The natural morphism 7: X — X/G induced by the inclusion AGC A
factors as

(2.1) X - [X/G] = X/G,

where the morphism X — [X/G] corresponds to the trivial G-torsor
G xg X — X and to the action G xg X — X, and the morphism
[X/G] — X/G maps the pair (F ST o E— X) € [X/G)(T) into
the morphism 7' ~ E/G — X/G induced by a.

Since the stack [X/G] is Deligne-Mumford and separated, it has a
moduli space M thanks to Keel-Mori theorem. The morphisms in
factor uniquely as

X = [X/G] - M — X/G.

We want to prove that the morphism M — X/G is an isomorphism.

Since X — [X/@] is étale, finite and surjective and [X/G] — M
is proper, quasi-finite and surjective (Theorem , the morphism of
algebraic spaces X — M is finite and surjective. Since X is an affine
scheme, Chevalley’s theorem ([Knu71|, Theorem II1.4.1]) implies that
M is an affine scheme.

Condition (2) in Definition implies M is a quotient of X by
the action of G in the category of schemes. Therefore M ~ X/G. This
concludes the proof of the assert.

Another proof would have been possible and would have avoided us-
ing Keel-Mori theorem. In fact one may prove directly that X /G is the
coarse moduli space of [X/G]. For example Condition (1) in Definition
is satisfied because the morphism 7: X — X/G is surjective and
for every € X the field extension k(x)/k(m(z)) is algebraic (Lemma

2.32(3)) and thanks to Lemma [2.33| O

The proposition below shows that, in characteristic 0, a closed im-
mersion of separated Deligne-Mumford stacks induces a closed immer-
sions on moduli spaces.

PROPOSITION 2.35. Let S a scheme over Q, let X — Y be a closed
immersion of separated Deligne-Mumford S-stacks, and let M and N
be the coarse moduli spaces of X and Y. Then the induced morphism
M — N s a closed immersion.
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PrRoOOF. Thanks to the Keel-Mori theorem M and N exist. Since
X — N is initial among morphisms from X to algebraic spaces, the
composite X — Y — N induces a unique morphism M — N such that
the following diagram commutes.

(2.2) X——=

.

M —N

The vertical arrows in are the morphisms from a stack to its
moduli space. We want to prove that the morphism M — N is a
closed immersion.

According to Proposition there exists an étale covering {N; —
N} such that for each i there are an affine scheme U; and a finite group
G; acting on U; such that Y xy N; =~ [U;/G,].

For each i, the stack X xy N; is a closed substack of Y xn IN; ~
[U;/G], hence there exists a closed subscheme V; of U; that is invariant
under the action of G; and such that X x y N; ~ [V;/G;]. The situation
is described in the diagram below

(2.3) Vi/Gi] Ui/Gi]

o~
|
MXN]/ B \Ni

where the four trapezoids around the small square are cartesian. Since
N; — N is flat, N; is the coarse moduli space of [U;/G;], then N; ~
U;/G; by Proposition . Analogously M xy, N ~V;/G;.

Since being a closed immersion is local with respect to étale topol-
ogy on the codomain and {N; — N} is an étale covering, to prove that
M — N is a closed immersion it suffices to show that M xy, N — N; is
a closed immersion for each i, i.e. V;/G; — U;/G; is a closed immersion.

Fix an i. Let G = G;, A = H°(U;,Op,) and I C A be the ideal
that defines the closed subscheme V; of U;. We want to prove that the
natural ring homomorphism A¢ — (A/I)% is surjective. Let a € A
such that @ = a + I € A/I is invariant, i.e. @ € (A/I)¢. Consider the
element )

b= @27(@ € A% C A.

veG

(Here we are using that we are over Q.) Then b = @. O



CHAPTER 3

Smooth curves

In this chapter we recall the properties of families of smooth curves
of fixed genus and their quotients under the action of a finite group
(Theorem [3.21)), we introduce My the stack of smooth curves of genus
g and we prove that it is a separated stack of Deligne-Mumford if g > 2
(Theorem . Our proof avoids to appeal to the theory of minimal
surfaces, but uses elementary arguments about blowing-ups of surfaces
over discrete valuation rings.

3.1. Smooth curves

DEFINITION 3.1. A family of smooth curves of genus g, or briefly
smooth curve of genus g, is a proper smooth morphism of schemes
whose geometric fibres are connected curves of genus g.

PROPOSITION 3.2. Let f: X — S be a morphism of schemes. Then
the following conditions are equivalent:

(1) [ is a smooth curve of genus g;

(2) f is proper, flat, of finite presentation and for every s € S the
fibre X, is a projective smooth geometrically connected curve
of genus g over k(s).

ProoOF. The genus of a curve over a field is stable under base
change (|Liu02, Corollary 5.2.27]) and a morphism of finite presen-
tation is smooth if and only if is flat and has smooth fibres ([EGA}
Théoreme 1V.17.5.1]). O

It is clear that a smooth curve of genus g is a proper Cohen-
Macaulay morphism of relative dimension 1, hence we can apply the
results of the Grothendieck duality in Appendix [B] If f is a smooth
curve of genus g, the dualizing sheaf w; is isomorphic to the sheaf Q}
of 1-differential forms.

PROPOSITION 3.3. The class of smooth curves of genus g is stable
under base change and is local on the codomain in the fpqc topology.

PROOF. The geometric fibres are the same in the two cases above.
For a morphism of schemes, being proper or smooth is stable under base
change. The local nature follows from [Vis05, Proposition 2.36]. O

EXAMPLE 3.4. For every ring A, PY and
Proj Az, x1, xo] / (zox1 — 23)

49
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are smooth curves of genus 0 over A. For every positive integer d,
Proj Z[1/d)[xq, x1, zo] /(28 + 29 4 29)

is a smooth curve of genus (d — 1)(d — 2)/2 over Z[1/d]. If A is a ring
in which 2 and 3 are invertible, then

Proj Ala, b, (4a® + 276%) ] [xo, 1, 2]/ (w073 — 7} — axiz, — bxd)
is a smooth curve of genus 1 over Ala, b, (4a® + 27b%)71].

The following lemma allows us to reduce the study of smooth curves
to smooth curves over a noetherian base.

LEMMA 3.5. Let S be an affine scheme and f: X — S a smooth
curve of genus g. Then there exist a noetherian affine scheme Sy and
a cartesian diagram

X —— XO

lf lfo
S——=25

where fy s a smooth curve of genus g. Moreover we can require that
So 1s the spectrum of a subring of Og(S) which is of finite type over Z
and the morphism S — Sy is induced by ring inclusion.

PROOF. Since f is smooth and finitely presented, according to
[EGA, Corollaire IV.17.7.9], there exists a cartesian diagram

X —X,

e
Iy

where S, is the spectrum of a subring of Og(.S) of finite typer over Z
and f, is smooth of finite type. Now consider the projective system
{S)}r>q of affine schemes such that the rings Og, (S)) are subrings
of Og(S) which are finitely generated extensions of Og, (S,). Denote
fr: Xo — Sy the base change of f, to S). It is clear that f is the
projective limit of the fy’s. Denote uy: S — Sy and wy,: S, — S), for
4 > A, the morphisms induced by the inclusions.

Since f is proper and finitely presented, according to [EGA| Théo-
reme IV.8.10.5(xii)], there exists an index 8 > « such that fz is proper.
Moreover f3 is smooth because it comes from f, by base change.

It remains to verify that the fibres of some fy, A > [, are geometri-
cally connected curves of genus g. For every A > 3, consider the subset
E\ C Sy made up of points s € Sy such that the fibre f;'(s) satisfies
the following three properties:

(1) fy'(s) is geometrically connected over k(s) (or equivalently

geometrically integral because fy is smooth);
(2) f5'(s) has dimension 1;
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(3) the Euler characteristic of the structure sheaf of f;'(s) over
k(s) is equal to 1 — g, i.e.

Xk(s) (fil(S), Of;1<s)> =1-g

These three conditions do not depend on the base field, i.e. they hold
over k(s) if and only if they hold for f;'(s) ®x) K over some (ev-
ery) field extension K of k(s) (JEGA, Proposition IV.4.5.6, Corollaire
IV.4.1.4], [Liu02, Lemma 5.2.26]); therefore by transitivity of fibres
(IEGA/ Proposition 1.3.6.4]) we have the equalities u;ﬁ(E)\) = F

I3}
uy ' (Ey) = S, because f is a smooth curve of genus g.

According to [EGA| Théoreme 1V.12.2.4(viii)], condition (1) is
open because fy is proper, flat and of finite presentation. Accord-
ing to [EGA, Proposition 1V.9.2.6.1], condition (2) defines a locally
constructible subset of Sy. According to [Mum?70, §5 Corollary 1],
since fy is proper and flat and S is noetherian, the Euler characteris-
tic is locally constant, hence condition (3) is open. Therefore, for every
A > (B, FE, is a locally constructible subset of Sy, in particular it is
ind-constructible (see [EGA| Définition IV.1.9.4]).

Since the limit of the ind-constructible subsets Ey, A > 3, coincides
with the limit of Sy’s, according to [EGA] Corollaire 1V.8.3.5], there
exists an index v > 8 such that £, = S,. It is clear that f,: X, — S,
is a smooth curve of genus g. O

PROPOSITION 3.6. Let f: X — S be a smooth curve of genus g > 2.
For every n > 3, the invertible sheaf wf?” is very ample relative to f

and f*wf?” is a locally free sheaf on S of rank (2n — 1)(g — 1).

PROOF. The sheaf Q}( = Wy is an invertible sheaf on X because it

is locally free (f is smooth, [EGA/ Proposition IV.17.2.3]) and has rank
1 because the fibres of f are geometrically connected smooth curves.

Now we prove the thesis under the additional hypothesis that S is
locally noetherian. Let £ = wf?”. For every point s € S denote by L,
the restriction of £ to the fibre X, of f over s. We have:

n 1—n
H' (X, £5) = H (X0 0) = HOX, 05050)) =0,
because
degw%};@ =(29-2)(1—n) <0.

Besides, L is very ample relative to Spec k(s) because deg L = n(2g—
2) > 2¢g ([Liu02] Proposition 7.4.4(b)]). By Lemma [B.1] Lemma [B.4]
and [EGA| Corollaire 11.4.4.5], L is very ample relative to f and f.L
is a locally free Og-module of rank

hO(Xs, ‘Cs) = degwﬁ“}?/k(s) +1—-9g= (277, - 1)(9 - 1)-

This concludes the proof when S is locally noetherian.
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Now we prove the thesis without the additional hypothesis of noe-
therianity. Since f is quasi-compact, the statements are local on 5,
according to [EGA/| Corollaire 11.4.4.5]; therefore we can assume that
S is affine. By Lemma there exists a cartesian diagram

X—U>X0

I

S$S0

where Sy is a noetherian affine scheme and f; is a smooth curve of
genus g. Let Ly = wf}(’)". From the base change property of sheaves of
differentials (|[Liu02, Proposition 6.1.24]), we have v* Ly = L. From the
noetherian case, Ly is very ample relative to fo and (fy).Lo is locally
free on Sy of rank (2n — 1)(g — 1). According to [EGA, Proposition
11.4.4.10(iii)], £ = v*Ly is very ample relative to f. From Lemma
we have that f.L£ = f.v*Lo ~ u*(fy)«Lo is locally free, because (fo).Lo
is locally free. O

REMARK 3.7. With the same techniques of the proof of Proposition
[3.6] we could prove that, if f is a smooth curve of genus g > 3, the
invertible sheaf w;‘?Q is very ample relative to f and f*wf?2 is a locally
free sheaf of rank 3g — 3.

COROLLARY 3.8. A smooth curve of genus g > 2 is a projective
morphism.

PRrROOF. Let f be a smooth curve of genus g > 2. By Proposition
, the invertible sheaf wf?g is very ample relative to f and f*wf?g is
a quasi-coherent sheaf of finite type. Conclude with [EGA| Remarque
I1.5.5.4(i)] because f is proper. O

LEmMA 3.9. If f: X — S be a smooth curve of genus g, then
R f.(Ox) is a locally free Og-module of rank g.

ProoOF. We may suppose that S is affine. Using Lemma 3.5 and
Lemma [B.3| we are reduced to proving the thesis in the noetherian
case. The assert is true in the noetherian case, thanks to Lemma [B.3]
because H*(X,, Ox,) = 0 and dimy,) H' (X, Ox,) = g, for every point
sef. O

3.2. Conic bundles

DEFINITION 3.10. A conic bundle is a smooth curve of genus 0, i.e.
a flat proper finitely presented morphism of schemes whose geometric
fibres are isomorphic to the projective line P!

A conic bundle is called also a Brauer-Severi scheme of relative
dimension 1, or also a twisted P*.
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REMARK 3.11. According to [Gro95c, Corollaire 5.11 and §8], for
every scheme S there exist natural bijections among the following three
sets:

e the set of conic bundles over S;
e H!(S,PGL,), the set of PGLy-torsors over S;
e the set of Azumaya algebras over S of degree 2, i.e. sheaves of

Og-algebras which are étale locally isomorphic to the sheaf of
2 x 2 matrices My(QOyg).

EXAMPLE 3.12. For every ring A, P}, and
Proj Az, 21, xo] / (zox1 — 23)
are conic bundles over A. For every ring A in which 2 is invertible,
Proj Afzg, 21, 32/ (a2 + 2 + 22)

is a a conic bundle over A. If £ is a locally free sheaf of rank 2 on the
scheme S, then P(£) — S is a conic bundle.

PrRoOPOSITION 3.13. Ifq: P — S is a conic bundle and n > 1, then

the invertible sheaf w?(_") 1s very ample relative to q and q*w?(_n)

locally free sheaf on S of rank 2n + 1.

18 a

PROOF. The proof is completely analogous to that of Proposition
[3.6] and is omitted. U

COROLLARY 3.14. A conic bundle is a projective morphism
PROOF. See the proof of Corollary [3.8 O

LEMMA 3.15. If g: P — S is a conic bundle, then the natural map
Os — ¢.Op is an isomorphism.

PrROOF. We may suppose that S is affine. Using Lemma [3.5 and
Lemma [B.1I] we are reduced to proving the thesis in the noetherian
case. The thesis is true in the noetherian case because, for every point

s €S, H(P, Op,) = 0. O

3.3. Finite quotients of curves

LEMMA 3.16. Let R be a ring, let M be an R-module, and let G be
a finite group of R-automorphisms of M. Suppose that |G| is invertible
i R. Then:

(1) if M is flat, then M€ is flat;
(2) for every R-module N, the natural map M® @z N — (M ®p
N)C is an isomorphism.

PROOF. (1) Under our hypotheses, the exact sequence
(3.1) 0— M% — M — M/M% —0
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splits because a section s: M/M% — M is given by

s(m 4+ M%) = ng

gGG

Hence MY is a direct summand of M.

(2) The action of G on M ®p N is defined by g(m ® n) = gm & n.
Now we prove the injectivity of the map a: M% @z N — (M ®g N)¢
in the statement. Tensoring the split exact sequence (3.1)) with N, we
get that M ®p N is a submodule of M ®z N, hence

MY®r N C (M®rN)C M®gN.
Now we prove the surjectivity of a. Let y =) .m; ® n; € (M ®pg

N)¢ with m; € M and n; € N. Since y is G-invariant, >_. gm; ® n; =
Y. m; @ng, for every g € G. Consider the element

mzz<|G|ngz) Qn; € M® @ N.

geG

We have

x |G‘Zzgml®nl

geG 1

ZZmZQ@nZ

gEG i
7

U

LEMMA 3.17. Let R be a ring, let A be an R-algebra of finite pre-
sentation, let G be a finite group of automorphisms of R-algebras of A.
If |G| is invertible in R, then A® is an R-algebra of finite presentation.

PRroOF. Firstly we suppose that R is noetherian. Let aq,...,a,, €
A be such that A = R[ay, ..., a,,). Foreveryi=1,...,m, consider the
polynomial

Pi(t) = H(t —ga;) =t" + Z bijt"™’
geG j=1
and consider B = R[{b;;}; ;] the subring of A generated by the b;;’s over
R. Since a; is a root of the monic polynomial P;(t) € BJ[t], we have that
a; is integral over B; then A is finite over B. Since the polynomials
Pi(t) are G-invariant, b;; € A% then B C A® C A. Hilbert’s basis
theorem implies that B is a noetherian ring, then A% is finite over B
because it is a submodule of the finite B-module A. Since B is of finite
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type over R, A% is of finite type over R and this concludes the proof
of the noetherian case. (Notice that in this case we have not used that
|G| is invertible in R.)

Now we prove the general case. Since A is finitely presented over
R, there exist a subring R, of R and an R,-algebra A, of finite type
such that R, is of finite type over Z and A ~ R ®pg_, A,. Consider the
filtrant inductive system { Ry} x>, of subrings R, of R which are finitely
generated extension of R,. Set Ay = R \®pr_,A,. We are in the situation
of [EGA, Lemme IV.8.8.2.1], hence the R-automorphisms g, ..., g, of
A come from Ry-homomorphism g7,...,g} of Ay, for A > a. The
injectivity of the homomorphism (8.8.2.2) implies that, for A > «,
the g} are automorphisms and satisfy the presentation of the group
(G. Besides, if G acts faithfully on A, we can require that it acts
faithfully also on Ay, for some A > «. Since |G| is invertible in R,
then it is invertible in R), for some A > «; Lemma [3.16{(2) implies
that A = (R®pg, A))¢ ~ R®g, AY, then A is of finite presentation
over R because A§ is of finite type over the noetherian ring R,. g

PROPOSITION 3.18. Let X — S be a projective morphism of schemes.
If G is a finite group of S-automorphisms of X, then the quotient
m: X =Y = X/G ezists in the category of schemes. Moreover:
(1) if V is an open affine subset of Y, then 7= 1(V') is an open
affine G-invariant subset of X and Oy (V) = Ox (7~ 1(V))%;
(2) if U is an open affine G-invariant subset of X, then nw(U) is
an open affine subset of Y and Oy (w(U)) = Ox(U)%;
(8) the morphism m is surjective, open, closed, and finite.
Finally, if |G| is invertible in Og(S), then:
(4) if X is flat over S, then Y is flat over S;
(5) for every S-scheme S’, the natural map (5" xs X)/G — S’ Xg
(X/G) is an isomorphism;
(6) Y is separated over S;
(7) if X is of finite presentation over S, then'Y is proper of finite
presentation over S and the 7 is of finite presentation.

PROOF. It is a standard fact that the quotient of an affine scheme
Spec A by a finite group of schemes automorphisms G is the affine
scheme Spec A®, where A% is the subring of A made up of elements
which are G-invariant. Besides, it is easy to prove that A is integral
over A%,

Therefore, the existence of quotients by the action of finite groups
depends on the possibility of covering X with affine open subsets which
are G-invariant. Now we give an idea to construct the quotient X/G.
Let {S;} be an affine cover of S and let X; be the preimage of S; in
X. It is clear that, for every i, the open subset X, is G-invariant
and projective over S;. Consider the orbit Gz of a point =z € X;
under the action of G: Gz is a finite subset of X;; then, according
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to |Liu02, Proposition 3.3.36(b)], there exists an affine open subset
V of X; such that Gz C V. The open subset W = NgeqgV is a G-
invariant open subset of X; which cointains the point z; W is affine
because X; is separated. Therefore we have proved that we can cover
X with G-invariant affine open subsets; from this it follows that the
quotient Y = X /G exists and (1) and (2) hold.

(3) The morphism 7 is surjective, open and closed because the
underlying continuous function is the quotient map by the action of a
finite group. The morphism 7 is finite because it is affine (from (1)),
integral (because A is integral over A%), and of finite type (because X
is of finite type over S).

(4) follows from Lemma [3.16(1).

(5) follows from Lemma [3.16(2).

(6) Consider the diagram

X 2% X xg X

Y 2y )Y

where Ax and Ay are the diagonal morphisms. It suffices to show
that Ay (Y) is a close subset of Y x Y, by [Liu02, Proposition 3.3.1].
Ay (Y) = (7 xg m)(Ax (X)) because 7 is surjective and the diagram
above commutes. The subset Ax(X) is closed in X xg X because X
is separated over S. We conclude if we prove that m xg 7 is a closed
morphism. By the property of base change established in (5), we have

(X x5 X)/(Gx G) = ((X x5 X)/(Gx{1}))/({1} x G)
~ (X/G xg X)/({1} x G)
~ X/G xs X/G
=Y xgVY;

therefore m x g 7 is the quotient map of X x ¢ X respect with the action
of the finite group G x G. Hence m xg 7 is a closed mapping.

(7) From Lemma we have that Y is of finite presentation over
S. The properness of Y — S follows from (6) and [EGA/ Corollaire
I1.5.4.3(ii)]. The morphism 7 is of finite presentation by [EGA/| Propo-
sition IV.1.6.2(v)]. O

LEMMA 3.19. Let k be a field, let X be a smooth geometrically
connected projective curve over k, and let G be a finite group of k-
automorphisms of X. If |G| is invertible in k, then the quotient X/G
1s a smooth geometrically connected projective curve over k and the
quotient morphism X — X/G is a cover (see Deﬁnition of degree
Gl

PROOF. Since X is irreducible of dimension 1 and the morphism
X — X/@ is finite and surjective, X/G is irreducible of dimension 1.



3.4. THE STACK OF SMOOTH CURVES: M, 57

Now we want to prove that X/G is normal. This is a consequence
of the following easy fact: if A is a normal domain and G is a finite
group of ring automorphisms of A, then A% is a normal domain. Hence
the normality of X/G follows from X’s.

In dimension 1 regularity is equivalent to normality, hence from the
normality of (k x, X)/G ~ k x; (X/G) it follows that X/ is a smooth
over k. Besides, X/G is projective over k because it is normal, proper
over k, of dimension 1.

The quotient morphism is finite (Proposition [3.18), flat ([Liu02|
Corollary 4.3.10]) and [K(X) : K(X/G)] = |G|. Conclude with Propo-
sition L4l O

REMARK 3.20. In Lemma the hypothesis that |G| is invertible
in k is unnecessary because if R is a field statement (2) of holds
also when |G| is not invertible in R. In fact every module over a field
is free.

THEOREM 3.21. Let X — S be a smooth curve of genus g # 1 and
let G be a finite group that acts on X with S-automorphisms, faithfully
in every fibre of X — S. If |G| is invertible in Og(S), then the quotient
X/G exists, X/G — S is a proper smooth morphism whose fibres are
geometrically connected smooth curves and X — X/G is a cover of
degree |G|.

ProoOF. The morphism X — S is projective by Corollaries (3.8
and 3.14] According to (4) and (7) of Proposition [3.18] the morphism
X/G — S is flat proper of finite presentation. Since Proposition[3.18|(5)
and Lemma the geometric fibres of X/G — S are smooth con-
nected projective curves.

It remains to study the morphism h: X — X/G. It is finite surjec-
tive of finite presentation by Proposition [3.18 and, for every s € S, the
morphism h,: X, — (X/G)s is a cover of degree |G| by Lemma [3.19]
Since X — S is flat of finite presentation and X/G — S is of finite pre-
sentation, the condition on h4 implies that h is flat by [EG A/ Corollaire
IV.11.3.11]. This proves that h is a cover of degree |G]. O

REMARK 3.22. In Theorem the genus of the fibres of X/G — S
may be non constant, but is always locally constant.

3.4. The stack of smooth curves: M,

DEFINITION 3.23. For every non-negative integer g, we denote by
M, the category defined as follows:

e Objects: morphisms of schemes X — S that are smooth curves
of genus g;



58 3. SMOOTH CURVES

e Arrows: an arrow from X — S to Y — T'is a cartesian square

X—Y

L

S—T

of schemes. Composition of arrows is defined in the obvious
way.

It is clear that M, is a groupoid over the category (Sch) of schemes
via the functor that maps an object X — S into S.

THEOREM 3.24. If g # 1, then M, is an algebraic stack.

ProOF. Thanks to Proposition [3.6| and to Proposition |3.13] on
every smooth curve of genus g # 1 there is a natural ample sheaf. By
Theorem M, is a stack with respect to the fpqc topology, then is
a stack with respect to the étale topology.

The diagonal M, — M, x M, is representable, separated and
quasi-compact because the functor of isomorphisms Isomg(X;, X3) of
two smooth curves X; — S, Xy — S of genus ¢ is quasi-projective over
S, thanks to the theory of Hilbert scheme.

Now we prove that M, is algebraic in the case g > 2; the case g = 0
is completely analogous and is omitted. Fix an integer v > 3, consider
the polynomial

p(t) = 2wt —1)(g — 1) € Q[t]
and the number n = p(1) —1 = (2v —1)(g— 1) — 1. By Proposition [3.6]
if f is a smooth curve of genus g then w%” is very ample relative to f
and f*wf?” is a locally free sheaf of rank n + 1. Let Y be the groupoid
over (Sch) whose fibre over the scheme S is the category

v(9) = {(X £ 8.8)|(x 5 5) € My(9), 81 .05 = 05

i.e. the objects of Y are smooth curves f plus a trivialization of f*w?”.
If (f: X = 5,8) € Y(5), then we have a closed immersion

X < P(£.02) L Py
over S such that the fibres have the same Hilbert polynomial
X(W®") = degw®  +1—g
=(29—-2wt+1—g
=p(t).
Hence Y is a subgroupoid of the groupoid represented by the Hilbert

scheme Hilbﬁg}z of closed subschemes of P}, with Hilbert polynomial

p(t) (for the definition of the Hilbert scheme see [AKS80| Section 2],
[Nit05], [GW10, Definition 14.136] or [Gro95b]). By [MFK94,
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Proposition 5.1] Y is (represented by) a quasi-projective scheme over
Z. The morphism Y — M, defined by

(X = 5,08) = (X —=29)

is representable smooth and surjective, because, for every scheme S
and for every morphism S — M, (corresponding to the smooth curve
f: X — S), the fibred product

YXMQS—>S

is the sheaf of bases of f*wf?”, which is a a GL,,1i-torsor on S, hence a
smooth surjective S-scheme. U

3.5. M, is a Deligne-Mumford stack if g > 2

In this section we prove that M, is a Deligne-Mumford stack if
g > 2. The proof concerns the functor of isomorphisms defined in
Proposition and is based on Proposition [3.33]

We begin studying the tangent space to the functor of automor-
phisms of a smooth curve of genus g.

PROPOSITION 3.25 ([MOG67, Lemma 3.4]). Let X be a proper scheme
over the field k. Then there exists a natural isomorphism

TidAutk(X) ~ HOH]OX (Qx/k, Ox)

PrOOF. The functor Aut(X): (Sch/k)°® — (Set) of automor-
phisms of X is representable by a group scheme which is locally of
finite type over k (]MOG67, Theorem 3.7]).

We will denote by k[e] the ring of dual numbers over k, i.e. kle] =
k[t]/(t*) where t is an indeterminate over k. For simplicity of notation,
we write X ®j, k[e] instead of X Xgpecr Spec k[e].

The tangent space to Aut,(X) at a k-rational point p € Autg(X) is
the set made up of elements ¢ € Auty(X)(Spec k[e]) whose restriction
to Speck is p. In particular, the tangent space to Auty(X) at the
identity idx € Auty(X)(Speck) is

TiaAut,(X) = ker(Auty(X)(Speckle]) — Aut,(X)(Speck))
where the homomorphism Aut(X)(Spec k[e]) — Auty(X)(Speck) is
induced by the closed immersion Speck < Speck[e]. Therefore we
have

TiaAuty(X) ~ {¢ € Homy(Speckle], Auty (X)) | ¢p = idx}
~ {925 < Autk[5]<X R /{3[8]) | qbk = idx},
where ¢ : X — X is the morphism induced by ¢: X ®@yk[e] = X ®pk[e]
by base change with respect to the surjection k[e] — k mapping ¢ to 0.
Now X ®j, kle] is the relative spectrum Specx (Ox|e]), where Ox|e]

is the Ox-algebra Ox ® Oxe with €2 = 0. Denote by 7: Ox[e] — Ox
the homomorphism of Ox-algebras that maps ¢ to zero. Therefore
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TiqAut,(X) is in bijection with the set S of automorphisms of ke]-
algebras ¢: Ox[e] — Ox[e] such that o ¢ = 7. It remains to prove
that S is in bijection with Der(Ox).

Firstly we describe the map & — Deri(Ox). Let ¢ € S. From
mo ¢ = mone has ¢(f) = f+ Dy(f)e, for every f € Oy, for some
map Dy: Ox — Ox. D, is additive because ¢ is additive. Dy(k) =0
because ¢ is k-linear. Since ¢ is multiplicative, for every f, g € Oy,

fg+ Dy(fg)e = o(fg)
= ¢(f)#(9)
= (f + Dy(f)e)(g + Dy(9)e)
= fg+ (Dy(f)g + Dg(9)f)e,

i.e. Dy(fg) = Dy(f)g+ Dy(g)f. Then Dy is a derivation of Ox over
k. So the map & — Dery(Ox) maps ¢ into D.

Conversely, let D be a derivation of Ox over k. Consider the map
¢: Oxle] = Oxle| defined by o(f + ge) = f + D(f)e + ge. It is not
difficult to show that ¢ is a homomorphism of k[e]-algebras such that
Top=m,ie ¢p€S. O

We will use the theory of surfaces and valuations to prove that the
functor of automorphisms of a smooth curve of genus g > 2 is proper.

LEMMA 3.26. Let R be a valuation ring of a field K. Let ty be the
closed point of Spec R and let t; be the generic point of Spec R. Then,
for every scheme X, the function

r1 € X, xg € {11} C X,

X (Soec R i k(z1) — K is a ring homomorphism,
(Spec &) = § (20, 1,7) R dominates Oz ,,, where Z is the closed

subscheme {x1} with the reduced structure

defined by
fe (fto), f(ta), f7: k(z1) — k(t))
18 bijective.
PROOF. See |[Har77, Lemma I1.4.4]. O
LEMMA 3.27. Let X be an integral, locally noetherian scheme, let
r € X be a point, and let m: X — X be the blowing-up along the

closed subscheme {x} with the reduced structure. Then, for every point
y € m (), the ideal ma:O)”(,y s a principal ideal of OX,y-

ProOF. We can suppose that X = Spec A, where A is a noetherian
domain with fraction field K. The point x € X corresponds to the
prime ideal p of A. Suppose that p is generated by a4, ..., a, € A\{0}.
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Then, by [Liu02, Lemma 8.1.4],

- a A
X:USpecA{i,...,—}.

i=1 g a;

Suppose that y € Spec B, where

B:A{%,...,a—m} C K.
aq aq

The point y corresponds to a prime ideal q of B. From
(J,jb = alﬁb
ai
for all b € B, we have that pB = a;B. Then the ideal pB, is generated
by a;. O

THEOREM 3.28. Let R be a Dedekind domain or a field. Let X and
Y be integral normal schemes of dimension 2 that are projective and
flat over Spec R. Let f: X --+Y be a birational map over Spec R.

Suppose that for every point y € Y of codimension 1 there exists a
point x € X of codimension 1 such that the rings Ox , and Oy, corre-
spond to each other under the isomorphism K(X) ~ K(Y) induced by
f.

Then f extends to a morphism X — Y.

PROOF. See |Liu02, Theorem 8.3.20]. O

LEMMA 3.29. Let R be a discrete valuation ring, let n) be the generic
point of Spec R, and let X — Spec R, Y — Spec R be two smooth
curves of genus g > 1. Then the restriction function

Isomgpec r(X,Y) = Isomgpec k() (X7, Yr)
defined by f — f, is bijective.

PRrROOF OF LEMMA [3.29] Firstly we prove that the function is in-
jective. Let f,f': X — Y be two R-isomorphisms such that f, =
f7’7: X, = Y,. Then f and f’ are equal because they coincide on the
open dense subset X, of X, X is reduced and Y is separated over
Spec R.

To prove the surjectivity the most direct approach is to use the
minimal regular models of arithmetic surfaces ([Liu02, Chapter 9],
[Lic68|, [Sha66]), but we do not use this approach here and we give
an elementary proof. One easily sees that the thesis is implied by the
following claim:

Cram 3.30. Every isomorphism X, — Y, over the generic point n
extends to a morphism X — 'Y owver Spec R.

We prove this claim. Let f: X, — Y, be an isomorphism over
Spec k(n). It defines a birational map f: X --+ Y. We identify X, and
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Y, via the isomorphism f and we identify the fields K (X) and K(Y) via
f. Let s be the closed point of Spec R and let v: K(X)* = K(Y)* - Z
the discrete valuation corresponding to the generic point of the closed
fibre Y (it is a discrete valuation because Y; has codimension 1 in Y').
Let O, C K(X) the discrete valuation ring corresponding to v. Since
the generic point of Y; is over s € Spec R and the generic point of Y
is over n € Spec R, Lemma [3.206| gives a morphism Spec O, — Spec R
that fits in a commutative diagram

(3.2) Spec K(X) —— X

l

Spec O, — Spec R

where the top horizontal arrow is the immersion of the generic point of
X and the left vertical arrow is induced by the inclusion O, C K(X).
Since X is proper over Spec R, the valuative criterion of properness says
that there exists a unique morphism Spec O, — X that is a diagonal in
the square . This morphism factors as Spec O, — Spec Ox , — X,
where x is a point of X. The point x is called the centre of the valuation
v on X, and it is the image of the closed point of Spec O,.

If we prove that z is has codimension 1 we are done. In fact, if
dim Ox, = 1, then Ox , is a discrete valuation ring which is dominated
by the local ring O,,, then Ox , = O,.. At this point we can use Theorem
[3.28] Recall that points of Y of codimension 1 are the closed points of
the generic fibre Y;, (that make no problem because f is an isomorphism
between X, and Y},) and the generic point of the closed fibre Y.

Suppose by contradiction that z has not codimension 1. Since x
cannot be the generic point of X, z is a closed point. Now we consider
the blowing-up 7;: X; — X with center the closed point x. Since
is birational, we have a commutative diagram

(3.3) Spec K(X) —= X,

Lk

SpecO, —— X

where the top horizontal arrow is the immersion of the generic point of
X. Since 7 is proper, the valuative criterion of properness implies that
there exists a unique morphism Spec O, — X that is a diagonal in the
square . This morphism factors as Spec O, — Spec Ox, ., — X1,
where 77 € X7 is the image of closed point of Spec O, in X; (the point
x1 is called the center of v on Xi). If x; has codimension 1, we stop.
Otherwise, if x; is a closed point, we blow up X; along the closed point
r1. Let Xo — Xj the blowing-up of X; along x;, we find a centre
Ty € X5 of v over X5. If 29 has codimension 1 we stop, otherwise we
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continue in this way. Finally, we construct a (finite or infinite) sequence
of scheme morphisms

(3.4) = Xy B X T X=X

and a sequence of closed points z,, € X,,, such that m,,1: X,,.1 = X,
is the blowing-up of X,, along x,,, where x,, is the centre of the valuation
v on X,,. For brevity we denote the local ring Ox, ,, by O,. Let m,
(resp. m,) be the maximal ideal of O,, (resp. O,). Let k, (resp. k)
be the residue field of O,, (resp. O,). It is clear that:

(1) 7Tn+1(l'n+1) = Tn;

(2) O, € Ony1 C O, are local homomorphisms of local domains.

We want to prove that the sequence (3.4)) is finite.
CLAIM 3.31. If the sequence ({3.4) does not stop, then O, = U,>0O,,.

ProoF oF CrLamMm B.31] Let f € O,, f # 0. Consider the se-
quence of natural numbers {r,} defined as below:

r, = min{v(a) | a € O, af € O,} € NU {oc}.

Since O,, € Op41, ™ > Tnat1-

We prove that 7, < oo for all n. Since K(X) is the quotient field
of O,, there exist fi, fo € O,, fo # 0 such that f = f1/fs; we see that
fof € Oy, then 1, < v(fy).

Now we prove that r, > r,. if r, > 0. Let a € O, be such
that af € O, and r, = v(a). Since r, > 0, v(a) > 0 then a €
m, N O, = m,. Analogously v(af) = v(a) + v(f) > v(a) > 0 implies
that af € m,NO,, = m,,. By Lemma[3.27] the ideal m,, O, is principal
and call t € 0,41 a generator. From a € m,,0,,.; and af € m,,0,, .1 we
have that @ = bt and af = ct for some b,c € O,,;. Thenbf =c€ O,
and 7,11 < v(b) = v(a) —v(t) < v(a) = r, because t € m,.

Since the sequence is infinite, there exists n such that r, = 0.
Then there exists a € O,, such that a € O} and af € O,. It is clear
that a is invertible in O,,, then f € O,,. This concludes the proof of
Claim [3.31] O

CraM 3.32. If the sequence (3.4) does not stop, then the field ex-
tension k,/k(x) is algebraic.

Proor ofF CLAIM [3.32] For each n > 0, O,, is a noetherian local
domain of dimension 2. The dimension inequality ([Mat89, Theorem
15.5]) applied to the extension O, C O, shows that dim O, +
tr.deg;, kny1 < dim O, hence the field extension k,1/k, is algebraic.

From Claimwe deduce that k, = U,>ok,; therefore k, /ko is an
algebraic field extension. This concludes the proof of Claim[3.32] O

Since z is a closed point of the curve X, k(z)/k(s) is a finite field
extension. Since Y is a curve over k(s), tr.degy )k, = 1. Therefore
the field extension k,/k(x) cannot be algebraic.



64 3. SMOOTH CURVES

We have shown that from the assumption that the sequence
is infinite we derive an absurd, hence the sequence is finite. Call X the
leftmost scheme in the sequence and call 7: X — X the composition
of the successive blowing-ups. Denote by 7 the centre of v on X it has
codimension 1, then is a generic point of the closed fibre X,. Since 7 is
a composition of a finite sequence of blowing-ups along closed points,
the fibre X, is union of X, and projective lines. The point T cannot
be the generic point of X, then it is the generic point of one of these
projective lines. The closure I' = {Z} is isomorphic over k(s) to Pl
for some finite field extension K of k(s). Since the discrete valuation
ring Oy ; is dominated by the local ring O,, we have Oy ; = O,, then
we have a birational map over k(s) between the two curves I' and Y.
This map is an isomorphism because these curves are complete, then

1 —g=xne(Ys, Oy,)

= Xu(s)(I', Or)

= [K : k(s)] - xx (P, Op1 )
= [K : k(s)]

>1

which is absurd because g > 1.

So we have found an absurd if we suppose that x has not codimen-
sion 1. Therefore x has codimension 1 and we have proved above that
in this case f extends to a morphism X — Y. This concludes the proof

of Claim [3.30] and Lemma [3.29 O

ProprosITION 3.33. If X — S be a smooth curve of genus g > 2,
then the scheme Autg(X) of S-automorphism of X is finite, of finite
presentation, and formally unramaified over S.

Proor. With the theory of Hilbert scheme one can prove that the
functor Autg(X) is represented by a quasi-projective scheme over S
(see [ACG11, Chapter IX, §7] or [Gro95b} §4]). Reducing to the
noetherian case, one can prove that Autg(X) is locally of finite pre-
sentation over S.

To prove that Autg(X) is formally unramified over S we use Propo-
sition |1.23] Taking geometric fibres, we may assume that .S is the spec-
trum of an algebraically closed field k. By Proposition [3.25] the tangent
space of Auty(X) at the identity is isomorphic to

HOHIOX(Q)(/k, Ox) = HO(X, HO??’LOX (Qx/k, Ox)) = I‘IO()(7 w}/(),

which is zero because wy, has negative degree (degwy = 2 —2g). Since
Aut(X) is a group scheme over k, it is homogeneous, then the tangent
space of Autg(X) at each point is zero. This proves that Autg(X) is
isomorphic to the disjoint union of a finite number of copies of Spec k.
This concludes the proof that Autg(X) is formally unramified over S.
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The discussion above shows also that Autg(X) is quasi-finite over
S. To conclude the proof of the proposition, it suffices to prove that
Autg(X) — S is proper and apply [EGA| Théoreme IV.8.11.1]. We
use the valuative criterion for properness. Let R be a DVR, let K be
its fraction field and let Spec R — S be a morphism. We want to prove
that the function

(3.5) Homg(Spec R, Autg(X)) — Homg(Spec K, Autg(X))

induced by the inclusion of the generic point Spec K — Spec R is
bijective. The function in (3.5) is equal to the function

Homgpec r(Spec R, Autg(X) x g Spec R)

|

Homgpee r(Spec K, Autg(X) x g Spec R);

it is clear that Autg(X) x g Spec R >~ Autgpec (X X g Spec R). There-
fore we may assume that Spec R — S is the identity. Now we are done
because the valuative criterion holds by Lemma |3.29 U

THEOREM 3.34. If g > 2, then My is a Deligne-Mumford stack
with finite diagonal.

PRrROOF. The stack M, is algebraic (Theorem [3.24) and the functor
of isomorphisms is finite and unramified by the proposition above. [

Suppose g > 2. For any scheme S, we denote by M, ¢ the stack
M Xspecz S. Since M, g is a separated Deligne-Mumford stack (The-
orem , it has a coarse moduli space M, g thanks to the Keel-Mori
theorem (Theorem . For brevity we denote by M, the coarse
moduli space Mz of M,.

There is a natural morphism

Mg,S — Mg ><SpecZ Sa

which is an isomorphism when S is flat over Spec Z, for example if S is
the spectrum of a field of characteristic 0. M, is quasi-projective over
any open subset of SpecZ which is different from the whole SpecZ
(IMFK94, Corollary 7.11, p. 143]) and, for any algebraically closed
field k£, My gpeck is a quasi-projective normal scheme over £ of dimension
3g — 3.






CHAPTER 4

Hyperelliptic curves

In this chapter we present the classical facts about hyperelliptic
curves over an algebraically closed field and we study families of hy-
perelliptic curves. Then we define the stack H, of hyperelliptic curves
of genus g and we prove that it is a closed substack of the stack M, of
smooth curves of genus g (Theorem . Finally we see that this
induces a closed immersion on moduli spaces in characteristic zero

(Proposition |4.28]).

CONVENTION 4.1. In this chapter all schemes are over Z[1/2], i.e.
2 is invertible in the structure sheaf of all schemes. We denote by M,
the stack M, Xgspecz Spec Z[1/2] without risk of confusion.

4.1. Hyperelliptic curves over algebraically closed fields

CONVENTION 4.2. In this section, k denotes an algebraically closed
field of characteristic char(k) # 2. Every morphism between two k-
schemes will be a k-morphism.

DEFINITION 4.3. A hyperelliptic curve over k is a projective smooth
connected curve X over k with genus g > 2 such that there exists a
double cover X — P}.

Since char(k) # 2, a double cover X — P is a Galois cover of
degree 2.

DEFINITION 4.4. Let X be a hyperelliptic curve over k. A hyperel-
liptic involution of X is a k-automorphism o: X — X which generates
the Galois group of some double cover X — P} over k.

In the example below we will see the prototype of hyperelliptic
curves.

EXAMPLE 4.5. Let ¢ > 2 be an integer, let ¢ € {0,1}, and let
| € k[z] be a polynomial of degree 2¢g + 1 + ¢ with distinct roots. The
Jacobian criterion implies that the affine scheme U = Spec k[z, y]/(y*—
f(x)) is smooth over k. The projection 7: U — A} onto the z-axis is a
double cover, ramified at 2g + 1 + € points (corresponding to the roots
of f).

Let X be the normalization of P} in the field K(U) of rational
functions of U, hence X is a projective smooth integral curve over k
and we have a double cover h: X — P}. Riemann-Hurwitz formula

67
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implies that the ramification divisor R of h has even degree. Since 7 is
finite, h'(A}) = U, hence R already contains 2¢g + 1 + ¢ points in U.
If £ =1 then A is not ramified at oo, otherwise A is ramified at co. In
both cases deg R = 2g + 2, hence X is a hyperelliptic curve of genus g.

LEMMA 4.6. Let A be a UFD with fraction field K such that 2 is
invertible in A. If K(y) is a field extension of K of degree 2 such that
y? € A is square-free, then Aly] is the integral closure of A in K(y).

Proor. Let f,g € K and let « = f + gy be an element which
is integral over A. Let o: K(y) — K(y) be the K-homomorphism
which maps y to —y. The element o(a) = f — gy is integral over A,
hence o + o(a) = 2f is integral over A, then f € A. The element
a-o(a) = f2 —4y?¢? is integral over A, hence y?g*> € A. Since y? is
square-free, g € A. O

The following proposition shows that every hyperelliptic curve can
be constructed as in Example 4.5

PROPOSITION 4.7. Let X be a hyperelliptic curve over k of genus
g>2andleth: X — IP’,{; be a double cover.

(a) The field of the rational functions of X is K(X) = k(t)[y]
with the relation y* = p(t), where p € k[t] is a square-free
polynomial with degree 2g + 1 < degp < 2¢g + 2.

(b) The curve X is the union of two affine open subschemes

U = Speck[t, Y]/(Y* - p(t)),
V = Speckls, Z]/(Z* - q(s)),

where q(s) = p(1/s)s*%2 and U and V glue along U; ~ V,
with relations t = 1/s and y = t9%1 2.

(c) The morphism h is given by the glueing of U — A}, (t,y) — ¢
and V- — A} (s,2) — s.

(d) a k-basis of H*(X, QY ) is made up of

tidt
W; =
2y

Y

fori=0,...,9—1.
(e) The hyperelliptic involution o associated to the double cover h
is defined by oly: (t,y) — (t,—y) and o|y: (s, 2) — (s, —2).
(f) The ramification points of h are precisely those fized by o;
(g9) The invertible sheaf ker try, has degree —g — 1 on P}, i.e. it is
isomorphic to Opi (—g — 1).

PROOF. Let zg,x; be the homogeneous coordinates of P, let Uy =
(P})z, and Uy = (P}),, be the standard affine charts, and let t = x1 /o,
s = xo/x1 be the affine coordinates of Uy and Uj, respectively. The
double cover h induces a Galois extension K (X)/k(t) of degree 2, hence
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K(X) = k(t)[y] with y* € k(¢). Multiplying by an element of k(t)* if
necessary, we may suppose that y*> = p(t) is a square-free polynomial
of degree d.

Now pick U = h™}(Up) and V = h~'(U;). Since h is finite and
X is normal, U is affine and its coordinate ring Ox(U) is the integral
closure of Op1 (Uy) = klt] in the field K(X), hence Ox(U) = kl[t,y]
from Lemma 4.6l

Let ¢ = 0 if d is even and let ¢ = 1 if d is odd, and let r =
[(d+1)/2] = (d + ¢)/2. We have that

is a polynomial in the indeterminate s = ¢t~'. A simple calculation
shows that degg =d+¢—1if p(0) =0, degg = d + ¢ if p(0) # 0, and
q is square-free. Define z = s"y € K(X): it is clear that 22 = ¢(s).
Since h is finite and X is normal, V is affine and its coordinate ring
Ox (V) is the integral closure of Op (Uy) = k[s] in the field K(X),
hence Ox (V) = k[s, z] from Lemma .

To conclude the proof of (a), (b), and (c), we have to show that
20+1 < d<29g+2andr =g+ 1. Since every ramification of f
is tame, the ramification divisor R of f is made up of simple points
that corresponds to the roots of p and ¢, hence deg R = d + . But
Riemann-Hurwitz formula implies deg R = 29+ 2, hence d+¢ = 2g+2.

(d): Since h(wx k) = pa(X) = g, it suffices to prove that the w;’s
are globally defined and linearly independent over k. The differential
form w; is defined over U, but from

_ptde t2ydy  t'dy
29p(t)  2yp(t)  P(Y)

s9td(s71) s9717ds
W; = - = —
2s'z 2z
s9717q/ (s)ds s9717122dz s97 17
22¢'(s) 22¢(s) q'(s)

we see that w; can be defined over all X, because p/(t) and y cannot
vanish at the same time and analogously for ¢/(s) and z. It is easy to
prove that the differentials wy, ..., wy—1 are linearly independent over
k.

(e), (f): Obvious.

(g) The sheaf ker try, is trivialized by y on Uy and by z on U;. The
relation y = t9712 gives the result. U

COROLLARY 4.8. FEwvery hyperelliptic involution of a hyperelliptic
curve X over k acts as —id on H'(X, Q% ).

PROOF. It follows immediately from Proposition [1.7(d),(e); but
may be proved also directly. U
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PrRoOPOSITION 4.9. A hyperelliptic curve X over k has a unique
hyperelliptic involution.

PROOF. Let h: X — P} be a double cover and let o be the associ-
ated hyperelliptic involution. We use the notations of Proposition 4.7
Let 7 be another hyperelliptic involution, then from Corollary we
have

—7(t)wo = 7(t)7(wo) = T(two) = T(w1) = —wy = —twy,
hence 7(t) = t, i.e. 7 fixes the subfield k(t) of K(X). This means that
7 is an element of Gal(K (X)/k(t)) = {1,0}, hence 7 = 0. O

COROLLARY 4.10. If X is a hyperelliptic curve over k, then there
exists a unique double cover X — Pt up to automorphisms of Py.

PROOF. Let h,h': X — P} be two double covers. They induces
on the generic point ¢ of X two field embeddings h?, h;#: K(P) —
K(X). The images of h? and h'g# coincides because they coincide with
the subfield of K(X) which is fixed by the hyperelliptic involution of
X. Therefore we can find a k-automorphism ¢ of K(P;) such that
hé# = h? o ¢. Since X and P; are smooth, the field automorphism ¢
comes from an automorphism f of P} such that &/ = f o h. |

COROLLARY 4.11. The hyperelliptic involution of a hyperelliptic
curve X over k is in the center of the group Auty(X) of automorphisms

of X.

PROOF. Let o be the hyperelliptic involution, let 7 be an auto-
morphism, and let h: X — P} be a double cover. The hyperelliptic
involution associated to the double cover hoTt is o771, then To77! = 0,

by the uniqueness of the hyperelliptic involution. U

REMARK 4.12. Let D be an effective divisor on the projective
smooth connected curve X over k and let £ be an invertible sheaf
on X, then

h°(L) — deg D < h°(L(—D)) < h°(L).
These inequalities can be proved by looking at the cohomology long
exact sequence of L&o, (1.1]), where

(4.1) 0 — Ox(—D) — Ox — Op — 0
is the short exact sequence defined by the closed subscheme D C X.

LEMMA 4.13. Let X be a projective smooth connected curve over k
of genus g > 1. If L is an invertible sheaf on X such that deg L > 0,
then h°(L) < deg L.

PROOF. We may assume h°(L£) > 0. Then £ ~ Ox(D) for some
effective divisor D. From Remark we see that h%(L) < h%(Ox) +
deg L =1+ deg L. We proceed by induction on deg D = deg L.
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We prove the base step of induction: deg £ = deg D = 1. Suppose
by contradiction that h°(L£) = 2. For every closed point p of X, the
divisor D — p has degree 0 and the corresponding invertible sheaf has
non-zero global sections because h°(L(—p)) > h%(L) —1 = 1; hence, for
every closed point p of X, D—p is a principal divisor, i.e. £L(—p) ~ Oy,
and h°(L(—p)) = h°(Ox) =1 < 2 = h%(L). This proves that the linear
system given by £ has no base points, i.e. £ is generated by its global
sections. Therefore, the sheaf £ induces a morphism X — P}, of degree
deg £ = 1, hence X is isomorphic to P}, which is absurd because g > 1.

Now we are proving the inductive step. We can write D = D"+ p
for some effective divisor D’ and some closed point p. From Remark

we have h?(L) < h%(Ox(D'))+1 < degD’ +1 =degD. O

THEOREM 4.14. Let X be a projective smooth connected curve over
k of genus g > 2. The following conditions are equivalent:

(1) X is hyperelliptic;

(2) the canonical map X — IP’%_I decomposes into a double cover
X — P} followed by the Veronese (g—1)-uple embedding P}, —
Pyt

(3) the canonical map X — Pi_l 1s not a closed immersion;

(4) the canonical sheaf wx i, is not very ample;

(5) there exist two closed points p,q € X, possibly equal, such that
h(Ox(p+4q) =2;

(6) there exists an invertible sheaf L on X such that deg L = 2
and h°(L) = 2.

PROOF. (1) = (2): choose a double cover h: X — P} and use
notations of Proposition [£.7, The sheaf

a\ "'
e=(5) %
is invertible on X, is contained in the sheaf of rational functions of X,
and is isomorphic to the canonical sheaf 2} /- The canonical map X —

]P’f1 is defined by the sheaf £ with sections 1,¢,...,t9~! (Proposition
[1.7(d)). On the other hand, it is clear that

L~ hOp(g9—1) =~ h*vig_l(’)Pifl(l),

where v, 1: P} — P{~" is the Veronese (g — 1)-embedding. Therefore
the canonical map X — Pﬁfl coincides with vy 41 o h.

(2) = (3): obvious.

(3) & (4): by definition.

(4) < (5): [Har77, Proposition IV.3.1(b)| says that an invertible
sheaf £ is very ample if and only if h°(L(—p — q)) = h°(L) — 2 for
every two closed points p, ¢ € X, possibly equal. This shows that (4) is
equivalent with saying that there exist two closed points p,q € X such
that h°(wx(—p — q)) # g — 2. Riemann-Roch formula applied to the
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divisor p+ ¢ shows that h°(wx(—p—q)) = h°(Ox(p+q)) — 3+ g, then
(4) is equivalent with h°(Ox(p + ¢)) # 1 for some points p,q € X.

On the other hand, for every two closed points p,q € X we have
that h°(Ox(p+q)) > 1, because p+q is effective, and h®(Ox (p+q)) < 2
from Lemma T3

(5) = (6): pick L= Ox(p+q).

(6) = (1): it suffices to show that L is generated by its global
sections, i.e. h°(L(—p)) = h°(L) — 1 =1 for every closed point p € X
([Har77, Proposition IV.3.1(a)]). From Remark we have that
1 < h%(L(—p)) < 2 and h°(L(—p)) < degL(—p) = 1 from Lemma
4.13l U

COROLLARY 4.15. Every projective smooth connected curve of ge-
nus 2 over k is hyperelliptic.

PROOF. The canonical sheaf wy/, has degree 2 and h’(wx;) =

2.
Use condition (6) in the theorem above. O

4.2. The groupoid of hyperelliptic curves: H,

DEFINITION 4.16. A family of hyperelliptic curves of genus g is a
commutative triangle of morphisms of schemes

(4.2) X 2
N

where P — S is a conic bundle, X — S is a double cover, and X — S
is a family of smooth curves of genus g.

Often we will denote by (X — P — S) the triangle (4.2)).

DEFINITION 4.17. The category H, of hyperelliptic curves of genus
g is the category defined as follows:

e the objects of H, are families

(X - P—09)

of hyperelliptic curves of genus g (Definition [4.16));

e an arrow from (X' — P' — §') to (X — P — 9) is a triple
(a,b,c), wherea: X' — X, b: P' — P,and ¢: S’ — S are mor-
phisms of schemes such that the following squares are carte-
sian:

X —P —9
ol
X—sP——=F

Composition of arrows is defined in the obvious way.
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It is clear that H,, is a fibred category in groupoids over (Sch/Z[1/2]),
according to Convention {4.1}

Now we present two other equivalent descriptions of H, that come
from constructing the conic bundle P from the curve X (Proposition
or from constructing the curve X from the conic bundle P (Propo-
sition . Necessary tools for these descriptions are the theory of
finite quotients of curves (Section and the classification of double

covers (Section [L.3).
PROPOSITION 4.18. The groupoid H, of hyperelliptic curves is equiv-
alent to the groupoid over (Sch/Z[1/2]) defined as follows:

e objects are pairs
(X — S,0),

where X — S is a smooth curve of genus g and o is an S-
automorphism of X such that 0 = idx, o # idy, X/{oc) — S
18 a conic bundle;

e an arrow from (p': X' — S',0') to (p: X — S,0) is a pair
(a,c) of morphisms of schemes a: X' — X, ¢: S — S such
that the diagram

pl
X/ S/
p
X—3S5
is commutative and cartesian and o oa = aoo’. Composition

of arrows is defined in the obvious way.

PROOF. Denote by A the groupoid defined above. Consider the
functor H, — A defined by

(X =P —=9)—(X—S0),

where o: X — X is the natural automorphism of order 2 constructed
in Proposition [1.14} Since P ~ X/(c), the morphism X/(s) — S is a
conic bundle and then (X — S, o) is an object of A.

Now consider the functor A — H, defined by

(X = S,0) = (X = X/(og) = 9).

This morphism is well defined because X — X /(o) is a double cover
(Theorem [3.21)). It is easy to check that this functor is a quasi-inverse
to the previous functor. Il

PROPOSITION 4.19. The groupoid H, of hyperelliptic curves is equiv-
alent to the groupoid over (Sch/Z[1/2]) defined as follows:

e objects are triplets

(P — S,L,m),
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where P — S is a conic bundle, L € Pic(P) is an invertible
sheaf on P and m: L% — Op is a homomorphism of Op-
modules such that for every geometric point s: Spec{) — S
the restriction Ly to the geometric fibre P, ~ P}, has degree
—g — 1 and the homomorphism my: L?? ~ Op (—2g9 — 2) —
Op, corresponds to a smooth form of degree 2g + 2;

e an arrow from (P’ — S', L' m') to (P — S,L,m) is a triple
(b, ¢, ) whereb: P' — P, c: S" — S are morphisms of schemes
such that the diagram

P/ S/

P

is commutative and cartesian and o: b*L — L' is an isomor-
phism such that m' o a®? = m. Composition of arrows is
defined in the obvious way.

PROOF. Recall that a homogeneous polynomial F' € k[xg,x;] of
degree d over an algebraically closed field £ is called a smooth form if
the zero locus V(F) C P, consists of distinct d closed points.

Denote by B the groupoid defined above. Consider the functor
B — H, defined by

(P — S, L,m)— (Speco,(Op & L) - P — S)
where the product in the Op-algebra Op & L is given by
(CLl ) bl) . (CZQ P bg) = (CL1(I2 + m(blbg) D (11b2 + CLle),

where aq, ay are sections of Op and by, by are sections of £. We want
to prove that this functor is well defined, i.e that (X — P — S) is an
object of H,(S), where X = Speco,(Op & L). Clearly X — P is a
double cover, hence it suffices to show that X — S is a smooth curve
of genus g. The morphism X — S is proper, flat and finitely presented
because it is the composition of two proper flat morphisms of finite
presentation: the double cover X — P and the conic bundle P — S.
We shall investigate the geometric fibres of X — S; choose a geometric
point s: Spec{2 — S of S, where () is an algebraically closed field.
Since L, has degree —g — 1 over P; and myg corresponds to a smooth
form of degree 2g+2, Exampleshows that X, = Speco,, (Op,®L;)
is a smooth connected curve of genus g over the field €.
Now we consider the functor H, — B defined by

(X 5 P = 5) = (P — S, ket trn, pl eriny)22):

where p: (h,Ox)®? — h,Ox is the product of the Op-algebra h,Ox.
Thanks to Theorem and to Example (1.12, this functor is well
defined and is a quasi-inverse of the functor defined above. O
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Now we prove that the conic bundle of a hyperelliptic curve is
uniquely determined.

LEMMA 4.20 ([LK79| Proposition 3.8]). Let f: X — S be a smooth
curve of genus g, and let L be an invertible sheaf on X. Then L is
isomorphic to wy if and only if the following two conditions hold:

(i) there exists an isomorphism R' f.L ~ Og;
(i1) for every point s € S, the restriction Lq of L to the fibre X
has degree deg L, = 2g — 2.

PRrROOF. The two conditions are necessary because the degree of the
canonical sheaf on a complete smooth curve of genus g is 29 —2 and the
isomorphism between R!f.(wy) and Og is provided by the trace map
7¢ since the fibres of f are geometrically integral (Proposition [B.5(6)).

Now we prove that the two conditions are sufficient. Since the fibres
of f have dimension 1, the direct image functors R f, are null for ¢ > 2.
Suppose that R'f,£ ~ Og. Then, for every ¢ > 0, the sheaf R'f,(L)
is locally free of finite rank. By Theorem with F = L, G = Og,
n=1,m =0 and 7 = 1, we have natural isomorphisms that commute
with base change:

(4.3) fu(LY @ wp) ~ Homog(R'f.(L),O5) =~ Homeg(Os,Os) =~ Os.

By applying f*, we obtain a homomorphism ¢: Ox — LY ® wy of
Ox-modules. We shall prove that ¢ is an isomorphism. Since the
isomorphisms in are compatible with base change, for every point
s of S the restriction (£ ® wy)|x, is an invertible sheaf on the fibre X
of degree 0 such that H*(Xj, (LY ®wy)|x,) ~ k(s), hence it is the trivial
line bundle Oy,; this proves the bijectivity of the restriction of ¢ to
each fibre of f, i.e. for every point s € S the induced homomorphism

pR1: Ox Koy k(s) — (ﬁv X Wf) RKog k(S)
is an isomorphism of sheaves on the fibre X;. Since f is finitely pre-
sented, the local flatness criterion ([EGA| Proposition 1V.11.3.7]) im-
plies that ¢ is injective and Q = coker ¢ is flat over S. Since Ox and
LY ®wy are invertible sheaves on X, Q is finitely presented over X. If
we apply [EGA] Proposition 1V.11.3.7] to the homomorphism Q — 0

we obtain that @ = 0. This proves that ¢ is an isomorphism, therefore
L~ Wy O

PROPOSITION 4.21 ([LK79, Lemma 5.7]). If (X - P -1 §) €
H,(S) is a family of hyperelliptic curves of genus g and f = qoh, then
there exists a closed immersion i: P — P(f.wy) such that i o h is the
canonical morphism of f.

PROOF. Since h is a double cover and 2 is invertible in Op, £ =
kertr, and M = LY ®0, w, are invertible sheaves on P and h,Ox ~
Op @ L (Proposition . We shall prove that h* M is isomorphic to
wy by means of Lemma [4.20]
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For every geometric point s: Spec{) — S of S, the restriction L, to
the fibre Py ~ P{, has degree —g — 1 < 0 by Proposition [4.7((g); hence
for every point s € S we have H(P,, £,) = 0. By Lemma[B.2, ¢.£ = 0.
(Actually Lemma is stated for locally noetherian schemes, but it
is sufficient to our case up to use some easy arguments of noetherian
approximation.)

Note that we have R/ f, = (R’q.) o h,, for j > 0, since h is affine.
Therefore

RYfo (" M) ~ «(h"M))

q.(h
~ qu*(./\/l ® h.Ox)
~ R'¢.((£Y ® wg) ® (Op & L))
~R'q.((Op & L) @ w,)
~ Homo,(q.(Op & L), Og),

where the last isomorphism holds for Grothendieck duality (Theorem
B.6|with F = Op® L, G = Og, n = 1, i = m = 0), because R'q.(Op &
L) = Rlq.(h.Ox) = R f.(Ox) is locally free of rank g by Lemma[3.9]
Now ¢,Op ~ Og, by Lemma, and ¢.L = 0, then R! f,(h*M) ~ Og.
This is the first condition in Lemma [4.201

Now we see that the restriction My of M to the fibres of ¢ has
degree g — 1, because L has degree —g — 1 and (w,)s has degree —2.
Since h has degree 2, the degree of h* M at the fibres of f has degree
2(g — 1). This is the second condition in Lemma [4.20] Therefore we
have proved that h*M ~ wy.

For every point s € S, the restriction M, to the fibre P; is very
ample relative to Spec k(s) because deg Mg > 1 and

W (P, M) = h°(P,,wp, @ M) = h°(P,, L,) = 0

because deg L, < 0. By Lemmal[B.4] the sheaf M is very ample relative
to ¢, hence it induces a S-closed immersion i: P < P(¢q.M). (Actually
Lemma [B.4]is stated for locally noetherian schemes, but it is sufficient
up to use some easy arguments of noetherian approximation.)

Since h is affine, f.h*M =~ ¢. M. Then h*M =~ w; implies that
fawy =~ q.M. Besides h* applied to the surjection ¢*¢.M — M yields
the natural surjection f*f.wy — wy. This proves that i o h is the
canonical map of X over S. O

PROPOSITION 4.22. Let f: X — S be a smooth curve of genus
g > 2. Then the following conditions are equivalent:

(a) there exists a conic bundle q: P — S and a double cover
h: X — P such that f =qoh;

(b) there exists an S-morphism o: X — X such that 0* = idy
and X /(o) — S is a conic bundle;

(c) the image of the canonical morphism X — P(f.wy) of f is a
conic bundle over S.
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PRrOOF. It follows from the propositions above. O

4.3. H, is an algebraic stack

Let V' be the space of homogeneous polynomials of degree 2¢g + 2

: : : : L 2g-+2

in the variables x¢,z; over Z[1/2], i.e. linear combinations of 237",
2g-+1 2 242, . :

ey, a2, ) 277 it is an affine space of dimension 2g + 3

over Z[1/2]. Let Vi, C V be the open subscheme corresponding to
smooth forms, i.e. forms F such that for every algebraically closed field
k of characteristic # 2 the zero locus Proj k[, 71]/(F (0, 71)) C Pt
consists of distinct 2¢g + 2 closed points. One can prove that V' \ V,, is
an irreducible hypersurface (see [GKZ94]).

There is a natural action of GLy; = GLyz(1/9) on Vi, defined in
functorial notation by A - f(z) = f(A7'x). The subgroup scheme
g1 = fg+1,201/2 € GLa, embedded by sending a (g + 1)™ root of 1 «
into the diagonal matrix als, acts trivially on Vi, so this induces an
action of the quotient GLy /141 on V.

THEOREM 4.23 ([AV 04, Corollary 4.2]). The fibred category H, is
isomorphic to the quotient stack [Vim/(GLa/pg41)] by the action de-
scribed above.

ProOOF. We identify ‘H, with the groupoid defined in Proposition
4.19| hence an object of H,(S) is a triplet

(P — S,L,m),

where P — S is a conic bundle, £ € Pic(P) is an invertible sheaf on
P and m: £L%? — Op is a homomorphism of Op-modules such that
for every geometric point s: Spec{) — S the restriction L; to the
geometric fibre P, ~ P}, has degree —g — 1 and the homomorphism
mg: LZ? ~ Op,(—2g9 — 2) — Op, corresponds to a smooth form of
degree 2¢g + 2.

Consider the auxiliary groupoid F, whose objects over a base scheme
S are

(P— S, L,m, o)

where (P — S, £, m) is an object of H,(S) and ¢: (P, L) ~ (P4, O(—g—
1)) is an isomorphism over S (by this we mean the pair consisting
of an isomorphism of S-schemes ¢y: P ~ P&, plus an isomorphism
12 L~ ¢iO(—g — 1)). The arrows in F are arrows in H, preserving
the isomorphisms ¢. No object of F has a nontrivial automorphism
mapping to identity in the category of schemes, so F is equivalent to
a functor.

For any object (P — S, L, m, ¢) of F(S) take the composition

bomo(67))%: Op (29 —2) = Op

corresponding to a section of O]p}s (2g + 2) that is smooth on any geo-
metric fibre of Py — S, that is, to an element of Vi, (S). This defines
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a functor F — Vg, of groupoids over (Sch/Z[1/2]). There is also a
functor in the other direction, by sending a section f € O]p}g(2g + 2),
interpreted as a homomorphism f: Opy (=29 — 2) — Opy, into the
object

(PL = 5. 0py(—g — 1), f+ Opy (g — 1) — Oy, id)

of F(S). It is not difficult to check that this gives a quasi-inverse to
the previous functor. So we get an equivalence between F and V.

Now, for each integer e € Z consider the functor Aut(]P%[1 19, O(€))
from the category of schemes over Z[1/2] to the category of groups
that sends each schemes S into the group of automorphisms of the pair
(PL, O(e)) over the identity of S. This is a sheaf in the fpqc topology
because it is clearly sheaf in the Zariski topology and quasi-compact
faithfully flat morphisms are morphisms of descent with respect to
the fibred category of morphisms of schemes ([SGA1, Exposé VIII,
Théoreme 5.2]) and to the fibred category of quasi-coherent sheaves
([SGA1, Exposé VIII, Théoreme 1.1]). The sheaf Aut(IP%l/Q],(’)(l))
can be identified with GLy = GLj z[1/9) because an isomorphism of the
pair (PL, O(1)) gives via : P}, — S an automorphism of 7,0(1) = OF?
as an Og-module, and conversely. There is a natural homomorphism
of sheaves of groups

(4.4) Aut(Py 5, O(1)) — Aut (P 5, O(e))
sending each automorphism (¢g, ¢1): (P§, O(1)) ~ (P4, O(1)) into
(60, 67°): (Pg, O(e)) == (Pg, O(e)).

The homomorphism (4.4) is a surjective homomorphism of fppf sheaves
and, if we identify Aut(IP’%[l/z}, O(1)) with GLgz[1/9], the kernel of (4.4))
is the subgroup e zn1/2) embedded diagonally. So we get an isomor-
phism
Aut (P%p/zp O(—g — 1)) ~ GLaz1/2)/ gr1.201/2)-
There is a left action of Aut(Py, ), O(—g — 1)) on F: if
(P — S,L,m,¢: (P,L) = (Pg,0(—g — 1))
is an object of F(S) and a: (P, O(—g — 1)) = (P4, 0(—g — 1)) is
an element of Aut(IP’%[l/Z}, O(—g — 1))(S), we associate with these the
object
(P - S7£7maa © ¢: (P7‘C’) = (P}%O(_g - 1))) :
Furthermore, given an invertible sheaf £ on the conic bundle P — §
whose degree is —g—1 on every geometric fibre, there is an fppf covering
S" — S such that the pullback of the pair (P,£) to S’ is isomorphic
to (Pk, O(—g — 1)); this fact implies that that the forgetful morphism
F—=H,
(P— S, L,m,¢)— (P— S, L,m)
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is a torsor with group Aut(IP’%[I/Q}, O(—g—1)) = GLazn 2/ thg+1,201/2-

If we identify F with Vi, we obtain that H, is isomorphic to
the quotient stack [Vim/(GLoz1/91/ lg+1,211/21)], Where the action is de-
scribed above. O

COROLLARY 4.24. H, is an irreducible smooth algebraic stack of
finite type over Z[1/2], of relative dimension 2g — 1.

PRroor. It follows from Theorem because V4, has relative di-
mension 2g + 3 and GLy /1,41 has relative dimension 4. U

4.4. H, is a closed substack of M, if g > 2

The purpose of this section is to prove that the H, is a closed
substack of M, via the forgetful functor H, — M, defined by

(X =>P—=9)—(X—=Y9).

Our method consists of factorizing the morphism H, — M, as H, —
T, — My, where Zpq, is the inertia stack of M, defined in Section
, the morphism H, — Zx, maps a hyperelliptic curve into the
canonical involution, and the morphism Zy, — M, is the natural
forgetful morphism.

PROPOSITION 4.25. The morphism Hy — Iy, defined by
(X —>P—=8)— (X —S50)

where 0: X — X is the canonical involution of X over S is repre-
sentable, proper and formally unramified.

PrOOF. We use the description of H, give in Proposition .18}
hence an object of H,(S) is a pair (X — S,0) such that X — S is a
smooth curve of genus g and o: X — X is an automorphism over S
such that ¢ = idy and X/(o) — S is a conic bundle. On the other
hand, an object of Zy,,(S5) is a pair (X — S, 0) such that X — Sis a
smooth curve of genus g and o: X — X is an automorphism over S.
Then H, is a subgropoid of Zyy,, i.e. Hy(S) is a full subcategory of
T, (S) for every scheme S. Therefore the morphism H, — Zu, is a
representable and formally unramified (Proposition [2.23]).

Since H, is of finite type over Znq, (Corollary |4.24), we use the
valuative criterion to show that the morphism H, — Zu, is proper.
Suppose we have a commutative diagram

(4.5) Spec K —— H,
Spec R —— Ty,

where R is discrete valuation ring and K is its quotient field. The
morphism « is given by a pair (X — Spec R, o), where X — Spec R
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is a smooth curve of genus g and o: X — X is an automorphism over
Spec R. Let n be the generic point of Spec R. The commutativity of
the diagram above implies that the pull-back (X, — Spec K, 0,) of
to the generic point 7 is an element of H,(Spec K), i.e. af] = idy,
and X, /(0,) — Spec K is smooth curve of genus 0. Since o? and
idx coincide over the generic fibre X, and X is reduced and sepa-
rated over Spec R, 02 = idx. Then, by Theorem , X/{(o) = S'is
a proper smooth morphism whose fibres are geometrically connected
curves. Since (X/(0)), = X,/(0,) has genus 0 and the Euler character-
istic of the fibres is locally constant, the closed fibre of X/(c) — Spec R
has genus 0. Then we have proved that (X — S,0) is an object of
H,(S); this object corresponds to a morphism Spec R — H, that fits

as a diagonal in the square . O
THEOREM 4.26. If g > 2, the morphism H, — M, defined by
(X—=>P—=9—(X—Y9)

1s a closed immersion.

PRrROOF. It is representable, proper and formally unramified because
it is the composition of two representable, proper and formally unrami-
fied morphisms: Hy, — Ty, and Zyq, — M. (Recall that Ty, — M,
is representable, finite and unramified because M, is Deligne-Mumford
(Theorem [3.34))).

To apply Theorem [I.30} it suffices to show that H, — M, is injec-
tive on geometric points. But this follows from the uniqueness of the
ga for a smooth connected curve of genus g over an algebraically closed

field (Corollary [4.10)). d

COROLLARY 4.27. If g > 2, H, is a Deligne-Mumford stack with
finite diagonal.

For any scheme S over Z[1/2], let H, g be the stack Hy Xspecz[1/2]
S. Since Hy g is a separated Deligne-Mumford stack, it has a coarse
moduli space H,g thanks to the Keel-Mori theorem (Theorem [2.28)).
For brevity we denote by H, the coarse moduli space Hy 1 /2] of H,.
There is a natural morphism

Hg,S — Hg XSpecZ[l/Q} 57

which is an isomorphism when S is flat over SpecZ[1/2], for example
if S the spectrum of a field of characteristic 0.
The closed immersion Hy — M, 7(1/9) induces a morphism

H975 — Mg’g
for every scheme S over Z[1/2].

PROPOSITION 4.28. If g > 2 and k is a field of characteristic 0,
then the induced morphism Hgygpecrk — Mg speck 1S a closed tmmersion.
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PRrROOF. It follows immediately from Proposition|2.35/and Theorem
.26 U






APPENDIX A

Basic notions of descent theory

In this chapter we will recall, without proofs, the rudiments of de-
scent theory, following [Vis05]. We will define Grothendieck topolo-
gies and sheaves on a site. Then we will introduce categories fibred in
groupoids over a fixed category C, which arise as a generalization of
contravariant functors from C to the category of sets. Finally we will
define stacks over a site, which are morally “sheaves of categories”.

For a full treatment of these notions, in addition to the already men-
tioned |[Vis05], we refer the reader to [St| and to the original sources
[SGA1, exposés VI, VIII] and |Gro95a].

A.1. Grothendieck topologies and sheaves

DEFINITION A.1. Let C be a category. A Grothendieck topology on
C is the assignment to each object U of C of a collection of sets of arrows
{U; — U}, called coverings of U, so that the following conditions are
satisfied.

(i) If V. — U is an isomorphism, then the set {V — U} is a

covering.

(ii) If {U; — U} is a covering and V' — U is an arrow, then the fi-
bred products {U; X V'} exist and the collection of projections
{U; xy V' — V'} is a covering.

(iii) If {U; — U} is a covering and for each index ¢ we have a
covering {V;; — U, }, then the collection of composites {V;; —
U} is a covering of U.

A category with a Grothendieck topology is called a site.

DEFINITION A.2. Let S be a scheme. The Zariski topology on
(Sch/S) is the Grothendieck topology on (Sch/S) whose coverings are
collections {f;: U; — U} of open embeddings such that U = U, f(U;).

The étale topology on (Sch/S) is the Grothendieck topology on
(Sch/S) whose coverings are collections {f;: U; — U} of étale S-
morphisms such that U = U, f(U;).

The fppf topology on (Sch/S) is the Grothendieck topology on the
category (Sch/S) whose coverings are collections {f;: U; — U} of flat
S-morphisms locally of finite presentation such that U = U, f(U;).

The fpgc topology on (Sch/S) is the Grothendieck topology on
(Sch/S) whose coverings are collections {U; — U} of S-morphisms
such that the induced morphism [[, U; — U is fpqc.

83
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REMARK A.3. An fpqc morphism is a faithfully flat morphism X —
Y such that every quasi-compact open subset of Y is the image of a
quasi-compact open subset of X. For other characterizations of fpqc
morphisms, see [Vis05, Proposition 2.33].

The fpqc topology is finer than the fppf topology, which is finer than
the étale topology, which is in turn finer than the Zariski topology.

DEFINITION A.4. Let C be a site. A functor F': C°® — (Set) is
called a sheaf if the following condition is satisfied.

Suppose that we are given a covering {U; — U} in C, and a set of
elements a; € F(U;). Denote by pr,: U; xy U; — U; and pry: U; Xy
U; — Uj; the first and the second projection respectively, and assume
that pria; = pria; € F(U; xy Uj) for all ¢ and j. Then there is a
unique section a € F(U) whose pullback to F'(U;) is a; for all 1.

If F and G are two sheaves on the site C, a morphism of sheaves
from F' to G is a natural transformation F' — G. We denote by Sh(C)
the category of sheaves on the site C.

DEFINITION A.5. A site C is called subcanonical if, for every object
X of C, the representable functor hx: C® — (Set) is a sheaf.

THEOREM A.6 (Grothendieck). For every scheme S, the category
(Sch/S) equipped with the fpqc topology is a subcanonical site.

PROOF. See |Vis05, Theorem 2.55]. O

Therefore the Zariski site (Sch/S)zar, the étale site (Sch/S)s, and
the fppf site (Sch/S)gps are subcanonical.

A.2. Groupoids

DEFINITION A.7. Let C be a category. A category fibred in group-
oids (or briefly a groupoid) over C is a category F with a functor
pr: F — C such that the following two conditions are satisfied.

(1) If f: U — V is an arrow in C and 7 is an object of F with
pr(n) = V, then there exists an arrow ¢: & — n in F such

that pr(¢) = f.

@
§ ““““““““ -
U—>f %

(2) If p: £ - ¢ and ¢: n — ¢ are arrows in F, and h: pr(§) —
px(n) is such that pr(v) o h = pr(¢), then there is a unique
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arrow x: & — n such that ¢ o x = ¢ and pz(§) = h.

¢

P

pré —_—

pPrn — Pr¢

Axiom (2) implies that an arrow ¢ in F is an isomorphism if pz(¢)
is an isomorphism. As a consequence of (2), the object £ in (1) is
unique up to a canonical isomorphism, and should be thought of as the
pull-back of n along f. We denote it with f*n.

ExaMpPLE A.8. Let C be a category with fibred products. Let P
be a class of morphisms of C which is closed by base change and by
composing with isomorphisms. One can consider the category P
whose objects are morphisms belonging to P and whose arrows are
cartesian squares. The functor that maps a morphism to its target
gives P the structure of a groupoid over C.

DEFINITION A.9. Let F be a groupoid over the category C. The
fibre of an object U of C is the subcategory F(U) of F whose objects
are ¢ such that pz({) = U and whose arrows are arrows of F which
are sent to idy by the structural functor pz.

The fibre is a groupoid, i.e. all arrows in F(U) are isomorphisms.

DEFINITION A.10. If F and G are groupoids over C, then a mor-
phism from F to G is a functor F': F — G such that pr =pgo F.

A morphism F — G of groupoids over C induces by restriction a
functor Fy: F(U) — G(U) for every object U of C.

ProprosITION A.11. A morphism F: F — G of groupoids over C is
fully faithful if and only if every restriction Fy: F(U) — G(U) is fully
faithful.

Proor. If F'is fully faithful, then every restriction Fy; is fully faith-
ful.

Conversely, we need to show that, given two objects & and 7’ of F
and an arrow ¢: F¢ — Fn/ in G, there is a unique arrow ¢': ¢ — 7 in
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F with F'¢/ = ¢. Set £ = F&', n=Fn', and U = prf’. Let 0] — 1’ be
a pull-back of n' to U, n; = Fnj. Let 1 — n be the image of n; — 7/,
so every morphism £ — 7 factors uniquely as & — 1, — 7, where
the arrow & — ny is in G(U). Analogously all arrows ¢ — 7’ factor
uniquely through 7;; since every arrow £ — n; in G(U) lifts uniquely
to an arrow ¢ — n; in F(U), we have proved the proposition. O

DEFINITION A.12. Let F and G be groupoids over C and let F, G
F — G be two morphisms. A base-preserving natural transformation
from F' to (G is a natural transformation a: ' — G such that, for any
object £ of F, the arrow ag: F€ — G is in G(U), where U = pré =
pg(F€) = pg(GS).

An isomorphism of F with G is a base-preserving natural transfor-
mation F' — G which is an isomorphism of functors.

It is immediate to check that the inverse of a base-preserving iso-
morphism is also base-preserving.

In this way, groupoids over a category C form a 2-category (Gr/C):
the objects are groupoids over C, l-arrows are morphism according to
Definition [A. 10 2-arrows are base-preserving natural transformations
between functors which define 1-arrows.

ExXAMPLE A.13 (Disjoint sum of groupoids). Let {F;}icr be a fam-
ily of groupoids over the category C. Consider the category F defined
as follows: the objects of F are pairs (i,£) where i € I and £ € F;;
for two such objects (i,&), (j,n), Homz((¢,£),(j,n)) is by definition
Homgz, (&,7n) if ¢ = j, and it is empty if i # j. The category F is a
groupoid over C in an obvious way, it is denoted by [[,.; F;, and it is
called the disjoint sum of the family {F;}ic;. It is a coproduct in the
category (Gr/C) in a natural way.

ExAMPLE A.14 (Fibred product of groupoids). Let

fo}/Gg

be two morphism of groupoids over C. The category F X gy, G, also
denoted by F x3 G when there is no risk of confusion, is defined as
follows:

e objects are triplets (£, 7, h), where £ is an object of F, n is an
object of G and h: F¢ — Gn is an isomorphism in H, such
that px(§) = pg(n) = U and py(h) = idy;

e an arrow from a triple (£;,m1,h1) to a triple (&2, 79, he) is a
pair (f,g), where f: & — & is an arrow in F and g: my — 19
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is an arrow in G such that the diagram

Ff
P& ——F&

[
Gg
G — G
commutes in H. Composition of arrows is defined in the obvi-

ous way.

The mapping (£,71, h) — pr(§) = pg(n) defines a functor F x4 G — C
that is easily checked to make F x g G a groupoid over C.

ExXAMPLE A.15. The category C with the identity functor id¢: C —
C is a groupoid over C. It is a terminal object of (Gr/C).

Examples |A.13] |A.14] and |[A.15|show that the category (Gr/C) has
coproducts, fibred products, and finite products, although we should
have been more precise to use these notions with 2-categories.

ExaMPLE A.16 (Diagonal morphism). Let F': F — G be a mor-
phism of groupoids over the category C. The diagonal morphism of F
is the morphism

AFZ F— F Xg F
which maps the object £ of F into the object (£, &, idp¢).

DEFINITION A.17. Let F and G be two groupoids over C. An
equivalence of F with G is a morphism F: F — G, such that there
exists another morphism G: G — F, together with isomorphisms of
G o F with idr and of F' o G with idg.

We call G simply an inverse to F.

ProOPOSITION A.18. Let F': F — G be a morphism of groupoids
over C. Then F is an equivalence of groupoids if and only if the re-
striction Fy: F(U) — G(U) is an equivalence of categories for any
object U of C.

PROOF. Suppose that G: G — F is an inverse to F'; the two iso-
morphisms F o G ~ idg and G o F' ~ idx restrict to isomorphisms
Fy o Gy ~idgy and Gy o Fy ~ idF ), so Gy is an inverse to Fy.

Conversely, we assume that Fy: F(U) — G(U) is an equivalence of
categories for any object U of C, and construct an inverse G: G — F.
For any object £ of G pick an object G¢ of F(U), where U = pgé,
together with an isomorphism ag: & >~ F(G¢) in G(U); these G§ and
ag exist because Fiy: F(U) — G(U) is an equivalence of categories.

Now, if ¢: € — n is an arrow in G, by Proposition there is a
unique arrow G¢: G¢ — Gn such that F(G¢) = a,0¢o agl.

These operations define a functor G: G — F. It is immediate to
check that by sending each object £ to the isomorphism ag: & ~ F(GE)
we define an isomorphism of functors idr ~ FoG: G — G.
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We only have left to check that Go F': F — F is isomorphic to the
identity idr.

Fix an object & of F over an object U of C; we have a canonical
isomorphism ape : F§ ~ F(G(FE')) in G(U). Since Fy is fully faithful
there is a unique isomorphism fg: & ~ G(F¢') in F(U) such that
FBe = apg; one checks easily that this defines an isomorphism of
functors f: G o F' ~ idg. O

A.3. Representable groupoids
In this section C is a fixed category. We begin with an example.

EXAMPLE A.19. Let ®: C°® — (Set) be a functor. Let Fg be the
category defined as follows: the objects of Fg are pairs (U, &) where
U is an object of C and { € ®U, i.e. obFs = [[cope PU; an arrow
from (U, &) to (V,n) is an arrow f: U — V of C with the property that
(®f)(n) = &£ The assignment (U, &) — U gives Fg the structure of a
groupoid over C.

The costruction of Example is functorial: with each natural
transformation of functors ¢: ® — &’ we may associate a morphism
Fy: Fo — Fo of groupoids over C. This produces a functor

Hom(C°, (Set)) — (Gr/C),

which can be checked to be fully faithful ([Vis05, Section 3.4]). We
identify a functor ®: C? — (Set) with the corresponding groupoid Fg
over C.

In particular, given an object X of C, we have the representable
functor hx : C°? — (Set), defined on the objects of C by the rule hxU =
Hom¢ (U, X). The groupoid over C associated with this functor is the
comma category (C/X) of X-objects, and the functor (C/X) — C is
the functor that forgets the arrow into X.

So the situation is the following. From Yoneda’s lemma we see
that the category C is embedded into the category Hom(CP, (Set)) of
functors C°® — (Set), while the category of functors is embedded into
the category of groupoids:

(A.1) C — Hom(C?, (Set)) — (Gr/C).

We will identify an object of C with the corresponding groupoid over
C.

DEFINITION A.20. A groupoid over C is representable if it is equiv-
alent to a category of the form (C/X) for some object X of C.

ProprosiTiON A.21. A groupoid F over C is representable if and
only if it has a terminal object.

PROOF. See [Vis05, Section 3.6]. O
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REMARK A.22. Let F be a groupoid over C and let X be an object
of C. If we think of X as the groupoid (C/X) over C, we see that giving
a morphism X — F of groupoids is equivalent to giving an object
of F(X): with the morphism F: X = (C/X) — F we associate the
object F(idx) € F(X). This defines a functor

Home (X, F) — F(X)

which can be checked to be an equivalence of categories (see [Vis05),
Section 3.6]). This is a sort of Yoneda lemma.

CAUTION A.23. The definition of representable algebraic stacks is
different from the definition of representable groupoid. In fact, an alge-
braic stack is said to be representable if it is equivalent to an algebraic
space, i.e. an object which is more general than a scheme.

A.4. Stacks

DEFINITION A.24. Let C be a site, F be a groupoid over C, and
U = {U; — U} be a covering. An object with descent data ({&;},{i;})
on U is a collection of objects &; € F(U;), together with isomorphisms
Gij: pra&; ~ pri& in F(U; xy Uj), such that the following cocycle
condition is satisfied: for any triple of indices 7, j and k, we have the
equality

PIi3@ik = Pria®ij © Pras®jk: Pry&e — Pri&,
where the pr,, and pr, are projections on the a' and b factor, or the

a™ factor respectively.
An arrow between objects with descent data

{ai}: ({6} Ao ) — (Unid {0 })

on the covering U is a collection of arrows «a;: § — n; in F(U;), with
the property that for each pair of indices 7, j, we have

* _ *
pri; © ¢ij = Pij © Pryc;.

We denote with F(U) the category of objects with descent data in
the covering U.

REMARK A.25. Pull-backs in a groupoid are not unique and fibred
products in a category are not unique. Hence, in the definitions above
we made a fixed choice of fibred products and pull-backs. If one had
made another choice, the resulting category JF(U) would be equivalent.
From now on, we will forget this annoying considerations.

If a groupoid over a site is thought as a presheaf, then objects
with descent data should be thought as local sections that are locally
compatible.
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A global section can be restricted to produce local sections that
are compatible. Hence, if F is a groupoid over the site C and U is a
covering of the object U, then one has a functor

(A.2) FU) — FU)
that sends a global section to its pull-backs.

DEFINITION A.26. A groupoid F over a site C is called a stack if,
for every object U of C and every covering U of U, the functor in (A.2))

is an equivalence of categories.

The condition that the functor of (A.2)) is an equivalence means
that every object with descent data (i.e. locally compatible sections)
comes from a “unique” global section. Therefore a stack over C is,
morally, a “sheaf of categories”.

ProprosiTION A.27. If F is a groupoid over the site C, then the
following two conditions are equivalent.

(a) For any object U in C and any two objects & and n in F(U),

the functor
Tsomy(€,7): (C/U)™ — (Set),

which associates to a morphism f:V — U the set of isomor-
phisms in F (V') between f*¢ and f*n, is a sheaf.

(b) For any object U in C and any coveringU of U, the restriction
functor F(U) — F(U) is fully faithful.

PROOF. See |Vis05, Proposition 4.7]. O

A groupoid satisfying the conditions of the proposition above is
called a prestack. Prestacks should be thought as separated presheaves
of categories.

PROPOSITION A.28. Let F be a prestack over the site C. Then F
1s a stack if and only if the following condition is satisfied.

o Let {U; — U} be a covering of U in C. Let & € F(U;) and let

Gij: iluixpu; — &

be isomorphisms in F(U; xy U;) satisfying the cocycle condi-

tion. Then there is & € F(U) with isomorphisms 1;: &|y, — &
such that

Gij = (%’ UZ'XXUj) © (%’

PROOF. One already knows that the restriction functor is fully
faithful. The condition in the statement means that it is essentially
surjective. O

U,;XUUJ‘

UiXUUj)il'

DEFINITION A.29. If C is a site, we will denote by (St/C) the full
2-subcategory of (Gr/C) whose objects are stacks over C.
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Note that (St/C) depends on the Grothendieck topology of C, while
(Gr/C) does not. There are obvious notions of morphism of stacks,
equivalence of stacks, representable stack, representable morphism of
stacks.

PROPOSITION A.30. If C be a site, then a functor F': C°® — (Set)
1s a stack over C if and only if it is a sheaf.

PROOF. See [Vis05, Proposition 4.9(ii)]. O

COROLLARY A.31. IfC is a subcanonical site, every object X of C
1s a stack over C.

If C is a subcanonical site, we can enlarge the system of embeddings

(A.1) to the diagram

€ Sh(C)— (St/C)

] |

C—— Hom(C°?, (Set))—— (Gr/C)

PROPOSITION A.32. Let C be a subcanonical site with fibred prod-
ucts, P be a class of arrows of C which is closed by base change and by
composing with isomorphisms. Then the groupoid P (see Example

1s a prestack.

PROOF. The proof is quite easy and can be found in [Vis05, Propo-
sition 4.31]. O

DEFINITION A.33. Let C be a site with fibred products. A class of
arrows P in C is said local if it satisfies the following two conditions:
(1) P is closed by base change and by composing with isomor-
phisms;
(2) if {U; — U} is a covering in C and X — U is an arrow such
that the projections U; xy X — U; are in P for all 7, then
X — U is also in P.

It is not true that if P is a local class then P is a stack.

A.5. Stacks of inertia

In this section we define the inertia groupoid of a groupoid.

DEFINITION A.34. Let F': F — G be a morphism of groupoids over
the category C. The inertia groupoid of the morphism F' is the category
Ir defined as follows:

e objects are pairs (£, o), where £ is an object of F and a: £ — ¢
is an arrow such that Fa = idp¢;
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e an arrow from (&, «) to (n, 5) is an arrow f: £ — 7 in F such
that the diagram
n
la

3
|
f
§——=1
commutes. Composition of arrows is defined in the obvious
way.

f

_

ProprosiTiION A.35. If F: F — G is a morphism of groupoids over
the category C, then the functor

(A.3) Ir — F XAp, FxgF, Ap F
defined by
(57 a) — (67 ga (O{, ldé))

is an equivalence of categories over C.

ProOOF. We denote by A the category on the right in (A.3). Ac-
cording to the definition of fibred product of groupoids (Example ED,
the objects of A are terns (£, n, h), where £ and 7 are objects of F and
h: Ap§ — Apn is an arrow in F Xg F, such that pz(§) = pr(n) =
U € ob C and pry,r(h) = idy. Recall that Apé = (&, idpe), and
analogously for 7. An arrow h: Aph — Apn is a pair (f, g), where
f:&—mnand g: £ — n are arrows in F such that the diagram

Fe oy

Fide l l Fid,

ngpn

commutes, that is F'f = Fg.

In A an arrow (§1,m1, b1 = (f1,91)) = (§2,M2, ha = (f2, g2)) is a pair
(p,1) where ¢: & — & and ¥: m; — 1y are arrows in F, such that the
diagram

Apd
Ap& —— Ap&
hll th
Aptp

Apm — Apn

commutes in F xXg F, i.e. gop =gy and fop =Y fi.
Now it is immediate to see that the category A is equivalent over
C to the category B defined as follows:
e objects of B are (£, 7, f, g), where £ and 7 are objects of F and
f,g: & — n are arrows of F, such that px(&§) = pr(n) = U,

Ff=Fgand pr(f) =pr(g) = idy;
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e an arrow from (1,71, f1,91) to (§2,72, f2,92) in B is a pair
(¢,1) where ¢: & — & and 9: n; — 1y are arrows in F such

that g2 = g1 and f20 = ¢ fi1.
The functor in (A.3|) corresponds to the functor Zp — B defined by

(5700 = (£7€7a7id§)7
(f,Oé) i> ("7;5) = (§7€7a7id§) ﬂ; (n:nvﬁ7idﬁ)'

A quasi-inverse of this functor is the functor B — Zg defined by

&n frg) = (&g '),

(&,ms fro01) S (&2,m25 f2r02) = (E.97 ' f1) N (&2.95" f2),

because the composition Zp — B — Zp is the identity of Zr and the
composite B — Zp — B, defined by

&n, f.9) = (€& 97" fide),
(¢,9) = (¢, 0),
is isomorphic to the identity of B via the natural transformations
(97" fg ' fa ) (&mi frg) — (&€ 97" foide),
(f7'9,9f 7 9): (&,€97 f,ide) — (&,m, f9)- O

COROLLARY A.36. The inertia groupoid of a morphism of groupoids
over the category C is a groupoid over C.






APPENDIX B

A quick review of Grothendieck duality

Here we will show some facts of base change theory of a flat coherent
sheaf with respect to a proper morphism and we will recall the basics
of Grothendieck duality theory.

LEMMA B.1. Let f: X — Y be a proper morphism of locally noethe-
rian schemes, let F be coherent sheaf on X such that F is flat overY
and, for every pointy € Y, HY(X,, F,) = 0, where F, is the restriction
of F to the fibre X,,.

Then f.F is a locally free Oy -module of rank dimy,, H*(X,, F,) at
y €Y and for every morphism g: Y’ — 'Y and every cartesian diagram
of schemes

XL x
T
i

the natural homomorphism

(B.1) g fF — (f)ld)F

18 an isomorphism.

PrROOF. We can suppose that Y = Spec A is affine and noetherian,
hence we can define the functors 7%: (Moda) — (Mod)

/(M) = H(X, F o4 M) =T (Y,Rif, (F 2o, f3))
and the natural maps
¢'(y): T'(A) @4 k(y) = R fu(F)y oy, ky) = H(X,, F),
for i > 0 and y € Y, as in [Har77, 111.12]. For every point y € Y,
HY(X,, L£,) = 0 implies that ©'(y) is surjective, then it is bijective
([Har77, Theorem I11.12.11(a)]); hence R!f.(F) = 0. According to
[Har77, Theorem II1.12.11(b)], the map ¢°(y) is bijective, for every
y. Since ¢~ (y) is vacuously surjective, [Har77, Theorem I11.12.11(b)]
implies that R°f,F = f.F is locally free and its rank is determined by
0

¢ (y).

Since ©°(y) is bijective for every point y € Y, [EGA| Proposition
I11.12.10] implies that the functor T° is right exact. The bijectivity of

(B.1) follows from a) = d) of [EGA| Théoreéme II1.7.7.5], because the
homomorphism (B.1]) is exactly the homomorphism (7.7.5.3). O

95
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LEMMA B.2. Let f: X — Y be a proper morphism of locally noe-
therian schemes, let F be a coherent sheaf on X such that F is flat
over Y and, for every point y € Y, H'(X,, F,) = 0, where F, is the
restriction of F to the fibre X,,.

Then f.JF =0 and for every morphism g: Y' — Y and every carte-
sian diagram of schemes

x - x

A
V'Y
we have that (f').(¢")*F = 0.

LEMMA B.3. Let f: X — Y be a proper flat morphism of locally
noetherian schemes and let F be a coherent sheaf on X such that F is
flat over Y and, for every point y € Y, H*(X,, F,) = 0, where F, is
the restriction of F to the fibre X,,.

Then R f.(F) is a locally free Oy -module of rank dimy,) H' (X, F,)
aty € Y and for every morphism ¢g: Y' — 'Y and every cartesian dia-
gram of schemes

X2 x

lf’ jf
v -y
the natural homomorphism
9" (R'f.F) — R fi(g"F)
s an isomorphism.

The proofs of Lemma, and Lemma are analogous to the one
of Lemma [B.I] and are omitted.

LEmMMA BA4. Let f: X — Y be proper flat morphism of locally
noetherian schemes, let L € Pic(X) be an invertible sheaf on X such
that, for every pointy € Y, the restriction L, to the fibre X, is very
ample relative to Spec k(y) and H'(X,, L,) = 0. Then L is very ample
relative to f.

PROOF. We can suppose that Y is affine and noetherian. Denote by
& the coherent sheaf f,L£. We use notations from the proof of Lemma
B.1

Since the invertible sheaf £, is generated by its global sections on
X, the surjectivity of ¢°(y) implies that the homomorphism f*€ —
L is surjective at points of X,. Therefore f*€ — L is surjective.
According to [EGA| Proposition 11.4.2.3], this defines a Y-morphism
i: X — P(&). It suffices to show that i is a closed immersion in a
neighbourhood of every point y. This is implied by the fact that the
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induced morphism ¢,: X, = P(€), is a closed immersion (because L,
is very ample) and by [EGA/ Proposition I111.4.6.7(i)]. O

A morphism of schemes is called of Cohen-Macaulay with pure rela-
tive dimension n if it is flat, locally of finite presentation, and its fibres
are Cohen-Macaulay schemes with pure dimension n.

In [Har66| and [Con00, Chapters 3 and 4], for every proper Cohen-
Macaulay morphism f: X — Y of relative dimension n, one defines the
dualizing sheaf wy € QCoh(X) and the trace map v¢: R" fu(ws) — Oy.
The construction is Zariski local on the source and compatible with
base change. Another construction of the dualizing sheaf is developed
in [Kl1e80]. In the following proposition we recall some properties of
the dualizing sheaf and the trace map.

ProposITION B.5. Let f: X — Y be a proper Cohen-Macaulay
morphism with pure relative dimension n. Then:

(1) if f is smooth, then w; ~ det Q}(/Y;

(2) wy is flat, of finite presentation;

(3) wy is invertible if and only if all fibres of f are Gorenstein;
(4) if there exists a factorization

X—‘.p
Xl”
Y

where 1 1s a closed immersion and w is proper smooth with pure
relative dimension N, then
N—ny: .
wr ~ Extp "(1.0x, wr);

(5) ¢ is surjective;
(6) if [ has geometrically reduced and geometrically connected fi-
bres, then s is an isomorphism.

PROOF. See Chapters 3 and 4 of [Con00)|. O

THEOREM B.6 (Grothendieck duality). Let f: X — Y be a proper
Cohen-Macaulay morphism with pure relative dimension n, let F be
a locally free Ox-module of finite rank, and let m € Z be an integer.
Suppose that R'f,F is locally free of finite rank on'Y for all i > m.

Then, for every G € QCoh(Y') and every i > m, the natural map

R f(F @wr @ f*G) — Homo, (R'fu(F), 9)
induced by
R f(F) @R f(F @ ® f°G) — R fulwy @ fG) ~

v5®1

=~ Rnf*(wf) ®G-—Gg

18 an isomorphism.
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PROOF. See |[Con00, Theorem 5.1.2]. O

Notice that, if Y is the spectrum of a field and G = Oy, the theorem
above implies the Serre duality ([Har77|, Corollary II1.7.7]).
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