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1 Overview

One of the characterizing features of algebraic geometry is that the set of all geometric
objects of a fixed type (e.g. smooth projective curves, subspaces of a fixed vector space,
or coherent sheaves on a fixed variety) often itself has the structure of an algebraic variety
(or more general notion of algebro-geometric space). Such a space M is the moduli space
classifying objects of the given type and in some sense the study of all objects of the given
type is reduced to the studying the geometry of the space M. This self-referential nature of
algebraic geometry is a crucial aspect of the field.

More precisely, suppose we are interested in studying some class of geometric objects C
with a suitable notion of a family of objects of C

n: % :=| {X,eC:beB} —»B

parametrized by some base scheme B. To a first approximation, we may attempt to construct
a moduli space for the class C in two steps. First we find a family 7w : 2~ — B such that for
each object X € C, there exists a b € B with X;, = X. Next we look for an equivalence
relation on B such that b ~ b’ if and only if X, = X, and such that the quotient of B by
this equivalence relation inherits the structure of an algebraic variety. If this happens, we
may call M := B/ ~ a moduli space and the family of objects M inherits from 7 the
universal family (we will discuss this more carefully soon). In particular, the points of M are
in bijection with isomorphism classes of objects in C.

Moduli spaces give a good answer to the question of classifying algebraic varieties, or
more generally objects of some class C. In the best case scenario, we may have that

M= | My
T

where d is some discrete invariant (not necessarily an integer) and each component Mr is of
finite type. Then classifying the objects of C reduces to (1) classifying the discrete invariants
I', and (2) computing the finite type spaces Mr.

Example 1.1. The prototypical example which we will discuss at length later in the class is that of
smooth projective curves.ﬂ Here there is one discrete invariant, the genus g, and the moduli space is
a union

M= ] Mg

8€Z>

of smooth 3g — 3-dimensional components. This example was originally studied by Riemann in his
1857 paper Theorie der Abel’schen Functionen where he introduced the word moduli to refer to
the 3¢ — 3 parameters that (locally) describe the space M.

1.0.1 Facets of moduli theory

This class will focus on the following three facets of moduli theory.

!For us a curve is a finite type k-scheme with pure dimension 1 for k a field.



Existence and construction

Hilbert schemes, algebraic stacks, GIT, Artin algebraization, coarse and good moduli
spaces

Compactifications

Semi-stable reduction, Deligne-Mumford-Knudsen-Hassett compactifications, wall-
crossing, KSBA stable pairs

Applications

Enumerative geometry and curve counting, computing invariants, constructing rep-
resentations, combinatorics, arithmetic statistics

Of course we won't have time to cover everything written above (and there are count-
less more topics that fit under each heading) but I hope to give a feeling of the techniques
and tools employed in moduli theory as well as the far reaching applications.

1.0.2 A note on conventions

For most of the class we will be working with finite type (or essentially of finite type)
schemes over a field. I will make an effort to make clear when results require assumptions
on the field (algebraically closed, characteristic zero) or when we work over a more general
base. Not much will be lost if the reader wishes to assume everything is over the complex
numbers throughout.

1.1 Motivating examples

Before diving in, I want to give some motivating examples of works that crucially relied
on the tools and techniques of moduli theory. Many of the moduli theoretic ideas that come
up in these examples will be discussed through the course.

1.1.1 Counting rational curves on K3 surfaces
Recall that a K3 surface is a smooth projective surface X with trivial canonical sheaf
wy = Azﬂx = OX

and H!(X, Ox) = 0. A polarized K3 surface is a pair (X, H) where X is a K3 surface and H is
an ample line bundle.
It turns out that for each g, there is a moduli space

Mog o

parametrizing polarized K3 surfaces with c;(H)? = 2¢ — 2E| The linear series |H \E| is g-
dimensional and the curves in |H| have genus g. In particular one expects finitely many

ZRecall that ¢ (H)? may be defined as the degree of Ox(C)|c where C is the vanishing of a section of H.
3Recall the linear series of H is the space of divisors linearly equivalent to H, or equivalently, the projec-
tivization P(H?(X, H)).



rational curves in |H[f}

Let n(g) denote the number of rational curves in |H| for a generic polarized complex
K3 surface (X, H) € Moe . Note that the existence of a moduli space M, > allows us
to define generic as “corresponding to a point that lies in some Zariski open and dense
subset of /\/l2g,2.” Then we have the following formula, conjectured by Yau and Zaslow,
and proved by Beauville.

Theorem 1.2 (Beauville-Yau-Zaslow).
L+ L@ =11 g—mm
g>1 n>1 q
In particular, the numbers n(g) are constant for general (X, H).

The proof here uses, among other things, a careful study of the compactified Jacobians
of the (necessarily singular!) rational curves in |H| and Hilbert schemes of points on X, two
topics we will visit later in the class.

1.1.2 The n!-conjecture

A partition of n, denoted A - 1, is a sequence of integers A1 > Ay > ... > A, > 0 with

Z)\i = n.

We can represent A by a Young diagram of left aligned rows of boxes where the i*" row has
A; boxes. Each box inherits a coordinate (a,b) € IN? recording its position. In particular,
the diagram has n boxes. For example, the partition 2 41 = 3 corresponds to the following
diagram.

(0,1)

(0,1)[(0,1)

We can list the n boxes (a1,b1), ..., (ay, by) of the diagram and then consider the matrix

ay, by ay, by a1, by
xl yl x2 yz e Xy yn
an, b ay. b . .4
xlnyln xznyzn . xnn ynn

where the x; and y; are 2n indeterminates. Finally, let A, be the determinant of the above
matrix. Note that A, is a homogeneous polynomial in both the x; variables and the y; vari-
ables. Furthermore, S, acts by permuting the x; and the y;, and under this action, S, acts on
A, by the sign representation. In particular, A, is well defined up to a sign.

Finally consider the vector space

spanned by all partial derivatives of A). This space carries a natural action of S;,. The n! con-
jecture, proposed by Haiman and Garsia and later proved by Haiman, states the following.

4Recall C is a rational curve if its normalization has genus 0.
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Theorem 1.3 (Haiman). D, as an S, representation is isomorphic to the regular representation. In
particular, dimy D) = nl.

In our example partition above, we have the matrix

1 1 1
X1 X2 X3
Yi Y2 Y3

with determinant
A\ = X2y3 — X3Y2 + X3Y1 — X1Y3 + X1Y2 — X2Y1.

The partial derivatives of A, are itself, constants, and the following linear forms.

X3 — X2, Y2 —Y3
X1 —X3, Ys—W1
X2 — X1, Y1—Y2

The two columns above each span a copy of the standard two dimensional representation,
A spans the sign, and the constants span the trivial representation.

The theorem is proved by a careful study of the geometry of the Hilbert scheme of
points on A2 which we will study in depth later in the class. In fact, if we denote by H,, the
Hilbert scheme of n points in A2, then the n! Theorem is equivalent to a particular moduli
space X, — Hj, lying over H,, being Gorensteinﬂ

Remark 1.4. The motivation for the n! conjecture came from symmetric function theory, and in par-
ticular, Macdonald positivity which is a corollary. In fact Macdonald positivity also has an interesting
interpretation in terms of Hilbert schemes of points, and more precisely, the McKay correspondence
for Sy, acting on A", We will revisit this later.

1.1.3 Alterations

Let X be a reduced locally Noetherian scheme over a field k. In many arguments it is
useful to be able to replace X with a regular scheme that is “very close” to X. More precisely,
a resolution of singularities of X is a morphism f : X’ — X such that

e X' isregular,

o fis properﬂ and
o fis birationa]ﬂ

Hironaka famously showed that when k has characteristic 0, resolutions of singularities
always exist. The characteristic p case remains open. However, we have a positive result if
we weaken the notion of being “very close” to X.

We say that f : X’ — X is an alteration if it is proper, surjective, and generically fi-
nite. Then de Jong proved the following theorem which serves as a suitable replacement of
Hironaka’s theorem for many applications.

5This X, is called the isospectral Hilbert scheme.
®This rules out the trivial operation of taking X’ to be the regular locus of X
’This is one possible meaning of X’ being very close to X.

4



Theorem 1.5 (de Jong). Let X be a variety over a field k. Then there exists an alteration f : X' — X
with X' regular.

The proof of de Jong’s theorem crucially uses the existence and properness of the Deligne-
Mumford compactification of M, , by pointed stable curves. The following diagram gives
a very basic sketch of the ideas involved.

X/// X// X/ X

(5)
l (4) l ) L (0)

Y/I —>Y/ -

©) )

Here, after possibly replacing X by some blowup, we find a projection (0) of relative
dimension 1 with regular generic fiber. Then after taking an alteration (1) of Y, we can con-
struct an alteration X’ — X so that (2) has as fibers curves with at worst nodal singularities.
Producing this map (2) with such properties is precisely where the existence of the Deligne-
Mumford compactification is used! Then by induction on dimension, we have an alteration
(3) with Y regular. Now the pullback (4) is a morphism with at worst nodal fibers over a
regular base. In this situation X" has nice singularities that can be explicitly resolved by (5)
to obtain a regular X"’ with the composition X"/ — X an alteration.

2 Moduli functors and Grassmannians

2.1 Moduli functors and representability

We arrive at the precise definitions that form the backbone of moduli theory.

Let C be any category. Given an object X of C, we can consider the (contravariant)
functor of points associated to X:

hy : C°P — Set (1)
T — Hom¢ (T, X) (2)

Note that /1 defines a covariant functor C — Fun(C°, Set): ifa : X — Y is a morphism, then
h, : Home (—, X) = Home(—, Y) is given by composition with 4.
We have the following basic but crucial lemma.

Lemma 2.1 (Yoneda). (a) For any object X of C and any functor F : C — Set, there is a natural
isomorphism
Nat(hx, F) = F(X).

(b) The functor
h_:C — Fun(C°, Set)
is fully faithful.

In light of this, we will often view C as a full subcategory of Fun(C?, Set) and identify
objects X of C with their functor of points hx. We often call a functor F a presheaf on C and
refer to Fun(C°, Set) as the category of presheaves.

5



Definition 2.2. We say that a functor F : C°P — Set is representable if there exists an object X and
a natural isomorphism
C :F— hX

In this case we say F is representable by X.

In this course, the case of interest is when C = Schg is the category of schemes over a
base S. In this case, we call F a moduli problem or moduli functor. In most cases F will be of
the form

F(T) = {families of objects over T}/ ~

where ~ is isomorphism, and F is made into a functor by pulling back families along T' — T.

Definition 2.3. If F is representable by a scheme M, we say that M is a fine moduli space for the
moduli problem F.

Given a fine moduli space M for F, which is unique if it exists, then we have an element
&~ 1(idpy) € F(M) corresponding to the identity Homg (M, M). In the above picture, this
corresponds to a family U — M over M for the moduli problem F. By (a slightly stronger
version of) Yoneda’s lemma, this family has the following strong universal property: for
any base scheme T and any family Ur — T in F(T), there exists a morphism T — M and a
pullback square
Ur——u

L

T —— M.

When T = Spec k, we get a bijection between the set of isomorphism classes of objects over
k and the k points M(k) of our moduli space. More generally, we have a bijection between
families of objects over T and morphisms T — M given by pulling back the universal family
U — M. In some sense, all the geometry of all families of objects at hand are captured by
the geometry of the universal family U — M over the moduli space M.

Often fine moduli spaces don’t exist, but we have the following slightly weaker notion.

Definition 2.4. A scheme M and a natural transformation ¢ : F — hyy is a coarse moduli space if
(a) ¢(k): F(Speck) — hp(Spec k) is a bijection for all algebraically closed fields k, and

(b) forany scheme M’ and any natural transformation &' : F — hyy, there exists a unique morphism
a: M — M’ such that &' factors as hy o {.

We can think of a coarse moduli space as the initial scheme whose closed points cor-
respond to objects of our moduli problem. However, coarse moduli spaces need not have
universal families. It is clear from the definition that a fine moduli space for F is a coarse
moduli space.

Example 2.5. The global sections functor Schs — Set given by X — Ox(X) is representable by
AL. The universal global section is x € Og|x| where A} = Specg Og|x].

Example 2.6. The scheme IP§ represents the following functor on the category Schs.
X +— {(L,so,...,5n) :satisfying condition (*)}/ ~ .

6



Here L is a line bundle, s; € H(X, L) are global sections of L, and condition (*) is that for each
x € X, there exists an i such that s;(x) # 0. Two such data (L,so, ...,sn) and (L, sy,...,s)) are
equivalent if there exists an isomorphism of line bundles

a:L—L

with a(s;) = s,. Here the universal line bundle with sections on P" is given by (Opn (1), X, ..., Xp).
Another way to write condition (x) is that the map of sheaves

ol 5 L

induced by the s; is surjective.

2.1.1 Criteria for representability

Recall that a presheaf F on Schg is a (Zariski) sheaf if for any X and any Zariski open
cover {U; — X} the following diagram is an equalizer.

—>HP ) = F(U; N ;)

Proposition 2.7. Representable functors are sheaves for the Zariski topology.

Proof. We need to check that for any scheme X, hx = Homg(—, X) is a sheaf. This follows
from the fact that we can glue morphisms. O

This gives us our first criterion for ruling out representability of a functor. In particu-
lar, given a candidate moduli functor, we had better sheafity it to have any hope of repre-
sentable.

The following is a useful property of the category of presheaves.

Lemma 2.8. The category Fun(C°,Set) is closed under limits and colimits. Furthermore, the
Yoneda functor h_ preserves limits|

Definition 2.9. (a) We say that a subfunctor F of a functor G is open (respectively closed) if and
only if for any scheme T and any morphism T — G, the pullback T X F is representable by an
open (respectively closed) subscheme of T.

(b) We say that a collection of open subfunctors F; of F is an open cover of F if for any scheme T and
any morphism T — F, the pullbacks {U; := T x¢ F; — T} form an open cover of T.

We can rephrase the above definitions using the moduli functor language as follows.
An open (resp. closed) subfunctor F C G is one such that for any family § € G(T), there is
an open set U C T (resp. closed subset Z C T) such that a morphism f : T" — T factors
through U (resp. Z) if and only if f*¢ € F(T’). Similarly, a collection of open subfunctors
{F; C F} form an open cover if for any ¢ € F(T), there exists an open cover {U; — T} such
that §|uZ € Fi(ui).

Proposition 2.10. Let F € Fun(Sch? , Set) be a functor such that

8Note it does not in general preserve colimits.



(a) Fis a Zariski sheaf, and
(b) F has an open cover {F;} by representable open subfunctors.
Then F is representable by a scheme.

Proof. Let X; be the scheme representing F; with universal object §; € F;(X;). We can con-
sider the pullback
Ujj — X;

|

F—F

where lll-]- C X; is an open immersion since F] is an open subfunctor. Furthermore, we have
an equality

€i|u,'j = C]|UU
by commutativity of the pullback diagram. This induces an isomorphism ¢;; : U;; — Uj;
such that

96 = Giluy,-

Now we want to construct a scheme X along with an object { € F(X) by gluing the

schemes X; along the open subsets U;; using the isomorphisms ¢;;. We need to check that

the isomorphisms ¢;; : U;; = Uj; satisfy the cocycle condition. To make sense of this, we first
want to know that ¢;; identifies

uz']' NU; = uji N ujk'

This follows since the left side (resp. the right side) is characterized by the fact that ;]| u;nUy €

Fie(Uij 0 Uie) (vesp- &jluynuy, € Fe(Uji N Uj)) and ¢85 = G
Now it makes sense to require that

§0jk\u]-,-mujk © §0ij|uijmul-k = qvik\u,-kmu,-j

as maps U;; N Uy — Uy; N Uy;. This follows since both maps pullback ¢y to ¢;.
Now we can glue the X; along the open subsets U;; using the isomorphisms ¢;; to obtain
a scheme X. Moreover, the universal objects ¢; over X; are identified on the overlaps U;; and
so since F is a Zariski sheaf, the ¢; glue to form a ¢ € F(X) induced by a morphism X — F.
Now we need to show that (X, {) represents F. Let T be a scheme with a morphism
T — F induced by an object { € F(T). Since F; form an open cover, there exists an open
cover U; of T such that { |y, =: {; defines a morphism U; — X;. Moreover,

Cilunu; = Gjluny,

so the morphisms U; — X; glue to give a morphism f : T — X with f*¢ = .



2.2 Grassmannians

Definition 2.11. For any k, n, let Gr(k, n) denote the functor Sch — Set given by
S {a: 0" »V}/ ~

where w is a surjection, V is a rank k locally free sheaf, and ~ is given by isomorphism € = &’
commuting with the surjections « and «’.

We will use the above representability criteria to construct a scheme representing Gr(k, n).
Note that when k = 1, we recover the functor represented by P"~! as above.

Remark 2.12. Let £ = ker(a : OF" — V). Since V is locally free and the sequence
0—E&— 05" =0
is exact, then for each x € S, we have
0—=Elx = k(x)" = Vy—0

is exact. Thus E|y is an n — k-dimensional subspace of k(x)" for each x € S. In particular £ is a
rank n — k locally free sheaf on S and we can think of the inclusion of € — Ogs ® V as a family of
rank n — k subspaces of an n-dimensional vector space parametrized by the scheme S. More precisely,
this identifies the Grassmannian functor with the functor

S — {rank n — k sub-bundles of Og}.

Let us give some a sketch of the construction over a field that we will make more precise
later. When S is the spectrum of an algebraically closed field, V is just the trivial bundle and
soamap & : OF" — O?k is given by a k x n matrix. The condition that « is surjective is that
the k x k minors don’t all vanish. Finally, isomorphism is given by the action of GL; on the
left.

Thus, set theoretically, the set of closed points of the Grassmannian is the quotient set
U/GLy, where U C A" is the open subset of the space of k x 1 matrices of full rank.

To give it the structure of a variety over a field, we note that for each subset i C
{1,...,n} of size k, we can consider the set of full rank k x n matrices where the ith mi-
nor doesn’t vanish. Then using the GLj action, put such a matrix into a form where the i*"
minor is the identity matrix. E.g. ifi = {1,...,k} then we act by GL; so our matrix looks
like

1 ALkl B2 -+ A1n

1 akke1 g2 oo g

This identifies GLj orbits of such matrices with an affine space A=) and we can glue
these affine spaces together by changing basis. This gives Gr(k, 1) the structure of an affine
variety.

We will upgrade the above construction to obtain a proof over a general base scheme
using the above representability criterion.



Theorem 2.13. Gr(k,n) is representable by a finite type scheme over Spec Z.

We will prove this next time using the representability criterion above. For each sub-
seti C {1,...,n} of size k, we will define a subfunctor F; of the Grassmannian functor as
follows. First, let

51 Of — OF
denote the the inclusion where the j* direct summand is mapped by the identity to the i]t-h
direct summand. Now let F; be defined as the subfunctor

EF(S) ={a: O — V | aos; is surjective } C Gr(k,n)(S).

3 Grassmannians (cont.) and flat morphisms

3.1 Constructing Grassmannians
Recall we aim to prove the following:
Theorem 3.1. Gr(k, n) is representable by a finite type scheme over Spec Z.

Proof. We will use the representability criterion from Lecture 2. It is clear Gr(k, n) is a sheaf
by gluing locally free sheaves.
For each subseti C {1,...,n} of size k, we will define a subfunctor F; of the Grassman-
nian functor. First, let
S; . Olé — Og
denote the the inclusion where the j direct summand is mapped by the identity to the i
direct summand. Now let F; be defined as the subfunctor

th
j

E(S) ={a: O = V | aos; is surjective } C Gr(k,n)(S).

Note this is a functor since forany f : T — S, f* is right-exact.

We need to show that each F; is representable and that the collection {F;} is an open
cover of the functor Gr(k, n).

For any scheme S and any map S — Gr(k,n) corresponding to the object (a : OF —
V) € F(S), we have a natural morphism of finite type quasi-coherent sheaves a o s; : OF —
V. Now let K be the cokernel of « o s;. Then « o s; is surjective at a point x € S if and only
if €y = 0if and only if x ¢ Supp(Ky). Since Supp(Ky) is closed, the set U; where « o's; is
surjective is open.

We need to show that for any other scheme T and a morphism f : T — S, f factors
through U; if and only if

f(a: 08 —=V)=(fa:0F — V) € K(T)
. Suppose t € T maps to x € S. By Nakayama’s lemma, x € U, if and only if
(wos)|x : k(x)* = Vy/meVy

is surjective. Now the stalk (f*V); is given by the pullback Vy ® o, . O along the local ring
homomorphism f* : Og y — Or ;. Thus the map on fibers

(Frwo frsi)le s k(D) — (FVe)/mVy
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is the pullback of (« o s;)|x by the residue field extension k(x) C k(). In particular, one is
surjective if and only if the otherisso f : T — S factors through U, if and only if (f*a o f*s;)|;
is surjective for all t € T if and only if f*(a : OX — V) € F(T). This proves that the F; are
open subfunctors.

Next, we need to know that the collection {F;} covers F. This amounts to showing that
for any S — Gr(k,n) as above and any s € S, there exists an i such that s € U;. As above, by
Nakayama’s lemma we may check surjectivity on fibers, thus we need to show that for each
s € S, there exists an i such that the composition

k(s)F —s k(s)" —2 Vs /mg Vs

but this is clear from linear algebra.

Finally, we need to show that the F; are representable. Given (« : Of — V) € F;(S), the
composition w o s; : Olg — V is a surjection between finite locally free modules of the same
rank. Then we apply the following lemma from commutative algebra.

Lemma 3.2. Let R be a ring and M be a finite R-module. Let ¢ : M — M be a surjective R-module
map. Then ¢ is an isomorphism.

By applying the lemma to an open cover of S where V is trivial, we get that a o 5; is
actually an isomorphism. In particular, we obtain a splitting of a so that a is determined
by its restriction to the complimentary n — k components of O¢. The restriction of « to each

component is a map Og — O’g which is the same as a k-tuple of sections. Thus, the functor

F; is isomorphic to the functor of a (n — k) many k-tuples of sections, i.e. to Akz(n*k).

]

3.1.1 Some properties of the Grassmannian

Next we want to use the functorial point of view to show that Gr(k, n) is in fact a pro-
jective variety. First we review the valuative criterion of properness.

Theorem 3.3. Suppose f : X — Y is a locally of finite type morphism of schemes with Y locally
Noetherian. Then the following are equivalent:

(a) f is separated (resp. universally closed, resp. proper),

(b) for any solid commutative diagram

Spec K—:X

| b

Spec R —=Y

where R is a DVR with fraction field K, any dashed arrow is unique (resp. there exists a dashed
arrow, resp. there exists a unique dashed arrow).

The nice thing about this is that condition (b) can be phrased completely in terms of the
functor of points: for any DVR Spec R — Y over Y with fraction field K, the map of sets

Homy (Spec R, X) — Homy (Spec K, X)

11



is injective (resp. surjective, resp. bijective). This is useful to prove properness of moduli
spaces directly from the moduli functor. It amounts to saying that any family over Spec K
can be uniquely “filled in” over the the closed of point of Spec R to a family over Spec R

Proposition 3.4. Gr(k,n) is proper over Spec Z.

Proof. By construction, Gr(k,n) has a finite cover by finite dimensional affine spaces over
Spec Z so it is of finite type of over Spec Z. By the valuative criterion we need to check that
we can uniquely fill in the dashed arrow in the following diagram.

Spec K—— Gr(k, n)

e

Spec R——Spec Z
The top morphism is a surjection of K-vector spaces
K'—=V

where V has rank k. We have a natural inclusion of R-modules R" — K". We need to find
a locally free rank k module M over R with a surjection R” — M such that the following
diagram commutes.

K'——V

]

R" —M
Then we can just take M to be the image of R" C K" — V. Since V is a vector space

over K, it is torsion free as an R-module so the finitely generated M is free. By construction
M ®g K = V so M has rank k and M is clearly unique. O

Next we will show that Gr(k, n) is in fact projective over Spec Z!. To do this we will use
the following criterion:

Proposition 3.5. Suppose f : X — Y is a proper monomorphism of schemes. Then f is a closed
embedding.

Proposition 3.6. Gr(k,n) is smooth and projective over Spec Z.

Proof. We will show that Gr(k, n) is a subfunctor of projective space. Then combining the
previous two propositions, it follows that Gr(k, n) is a closed subscheme of projective space.
For smoothness, we saw in the construction that Gr(k, n) is covered by open subsets isomor-
phic to A=k 50 it is smooth.

We define a natural transformation of functors Gr(k,n) — PY where N = (}) — 1. For
any scheme S and any S-point (« : Of - V) € Gr(k,n)(S), we consider the induced map
on the k' alternating power.

Nea: AFOI = OF 5 AkY

Since « is surjective, so is A¥x. Moreover, AKV is a line bundle since the rank V is k. Finally,
AF commutes with pullbacks. Thus (A« : Oé") — AKV) € PY(S) is an S point of PY.

12



We need to show that the natural transformation Gr(k,n) — PX is a subfunctor. We
will do this by restricting to the open subfunctors F; C Gr(k, n) described in the proof that
Gr(k,n) is representable. Let G; be the corresponding open subfunctors of PN (i.e. the
subfunctor where the i section is nonvanishing, or equivalently where the composition
Os — Ot — L with the i copy is surjective).

It is clear that the natural transformation above maps F; to G;. Thus it suffices to show
that F; is a subfunctor of G;. Now F; is the functor corresponding to k x n matrices of global
sections of Og where the columns indexed by the subset i form the identity matrix, and the
natural transforation F; — G; is given by taking k x k minors of this matrix. Now it is an
exercise in linear algebra to see that the minors of such a matrix uniquely determine the
matrix. Thus F; — G; is a subfunctor so Gr(k,n) — PN is a monomorphism. O

Over the Grassmannian we have the universal quotient
n
OGr(k,n) — Q.

The above proof shows in fact that AKQ =: detQ is a very ample line bundle on Gr(k,n)
which induces the closed embedding into projective space.

3.1.2 Relative Grassmannians

For any scheme S, we can basechange from Spec Z to S to get the scheme representing
the Grassmannian functor Schg — Set. More generally, if £ is any rank n vector bundle on
a scheme S, we can define for any k < n, the Grassmannian of £ as the functor Schg — Set
given by

Grs(k,E)(f: T —S)={a: f*€ - V| Visarank k locally free sheaf}
Theorem 3.7. Grs(k, £) is representable by a smooth projective scheme over S.

Proof. We leave the details to the reader, but the idea is to cover S by open subsets where £ is
locally free. Over these subsets the Grassmannian functor is representable by the argument
above. Then we may glue these schemes together. The properties of being proper and being
a monomorphism are both local on the base and compatible with base change. Putting
this all together we get a scheme representing Grs(k, £) as well as a closed embedding into
Ps(AKE). O

Remark 3.8. (A note on projectivity) Let f : X — S be a morphism of schemes. There are several
notions of projectivity for f.

(a) there is a closed embedding of X into Proj¢Symy, F for some coherent sheaf F on S;

(b) there is a closed embedding of X into Pg(E) for some finite rank locally free sheaf £ on S;

(c) there is a closed embedding of X into IP¢.

For each notion of projectivity we can define quasi-projective morphisms as those which factor through
an open embedding into a projective one. The above theorem shows that relative Grassmannians
Grs(k, ) are projective over S in the sense of (b). We have implications (¢) = (b) = (a) but
these notions are not equivalent in general. If S is Noetherian and satisfies the resolution propert
then (a) = (b) and if furthermore S admits an ample line bundle, then (b) = (c). For
simplicity we will usually use projective to mean (c).

9That is, if every coherent sheaf admits a surjection from a finite rank locally free sheaf.
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3.2 Recollections on flaness

We want to move on to moduli spaces of general varieties. To do this we need a good
notion of continuously varying family of varieties (or schemes, or sheaves) parametrized by
a base scheme S. It turns out the right notion is that of flatness.

Definition 3.9. Let f : X — S be a morphism of schemes and F a quasi-coherent sheaf on X. We
say that F is flat over S at x € X if the stalk Fx is a flat Og ¢ (,\-module. We say that F is flat over
S if it is flat at every point x € X. We say that the morphism f is flat if Ox is flat over S.

We recall some basic facts about flatness.
Proposition 3.10. 1. The property of being flat is stable under base change and compositions;
2. localizations of flat modules are flat so in particular open embeddings are flat;
3. if Ris a PID, then an R-module M is flat if and only if it is torsion free;
4. ift € (95/ (%) is a non-zero divisor, then f*t € Ox . is a non-zero divisor;
5. if S is Noetherian and f is finite then F is flat if and only if f.F is locally free of finite rank.

Recall that an associated point of a scheme X is a point x € X so that the corresponding
prime ideal my is generated by zero divisors. If X is reduced, then these are just the generic
points of irreducible components of X.

Proposition 3.11. Let f : X — C be a morphism of schemes with C an integral regular scheme of
dimension 1. Then f is flat if and only if it maps all associated points of X to the generic point of C.

4 Flat morphisms and Hilbert polynomials

4.1 More on flat morphisms

Last time we left off with the following statement.

Proposition 4.1. Let f : X — Y be a morphism of schemes with Y an integral regular scheme of
dimension 1. Then f is flat if and only if it maps all associated points of X to the generic point of Y.

Proof. Suppose f is flat and take x € Y with f(x) = y a closed point. Then Oy, isa DVR
with uniformizing parameter t, € m,,. Since t, is a non-zero divisor, f*t, € my is a non-zero
divisor so x is not associated.
Conversely, if f is not flat, there is some x € X with y = f(x) a closed point and Oy , is
not a flat Oy, module. Since Oy, is a DVR, this means Oy, is not torsion free so f*t, is a
zero divisor which must be contained in some associated prime mapping to y.
O

Corollary 4.2. Let X — Y as above. Then f is flat if and only if for each y € Y, the scheme theoretic
closure of X \ X, inside X is equal to X.

14



The slogan to take away from the above corollary is that flat morphisms over a smooth
curve are continuous in the following sense:

lim X, = X
y=yo Y Y

for each point yg € C.

Corollary 4.3. Let Y be as above and y € Y. Suppose X C lPﬁ\y is flat. Then there exists a unique
subscheme X C P such that X — Y is flat.

In particular, the functor of flat subschemes of a projective scheme satisfies the valuative
criterion of properness!

Example 4.4. Consider the subscheme X C 11’3/;\;\0 defined by the ideal

I = (a®(xw + w?) — 2%, ax(x + w) — yzw, xz — ayw).
For each a # 0, this is the ideal of the twisted cubic which is the image of the morphism
P! — P?
[s,t] — [tzs — 3, 13 —ts%, ats?, 53].
By the above Corollary, we can compute the flat limit

lim X, = X,

a—0

by computing the closure X of X in le- We can do this by taking a — 0 in the ideal I but we have
to be careful! Note that the polynomial

v’w — x*(x + w)
is contained in the ideal I. In fact
I/al = (2%,yz,xz,y*w — x*(x + w))

which gives the flat limit of this family of twisted cubics. Note that set theoretically this is a nodal
cubic curve in the z = 0 plane but at [0,0,0,1] it has an embedded point that “sticks out” of the
plane.

The following is an interesting characterization of flatness over a reduced base.

Theorem 4.5 (somewhere in ega). (Valuative criterion for flatness) Let f : X — S be a locally
of finite presentation morphism over a reduced Noetherian scheme S. Then f is flat at x € X if and
only if for each DVR R and morphism Spec R — S sending the closed point of Spec R to f(s), the
pullback of f to Spec R is flat at all points lying over x.

We will see a proof of this in the projective case soon.

Proposition 4.6. Let f : X — Y be a flat morphism of finite type and suppose Y is locally Noetherian
and locally finite-dimensional. Then for each x € X any = f(x),

dim, (Xy) = dim,(X) — dim, (Y).
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Proof. Tt suffices to check after base change to Spec Oy, so suppose Y is the spectrum of
a finite dimensional local ring. We will induct on the dimension of Y. If dim(Y) = 0,
then X, = X, so there is nothing to check. If dim(Y) > 0, then there is some non-zero
divisor t € m; C Oy, so that f*t € m, is a non-zero divisor. Then the induced map X’ =
Spec Ox ./ f*t = Y’ = Spec Oy, /tis flat, dim(X’) = dim,(X) — 1, dim(Y’) = dim(Y) — 1,
and the result follows by induction. O

Corollary 4.7. If X and Y are integral k-schemes, then n = dim(X,) is constant for y € im(f)
and dim(X) = n + dim(Y).

4.2 Hilbert polynomials

Let X C P} be a projective variety over a field k. Recall that the Hilbert polynomial of a
coherent sheaf 7 on X may be defined as

Pr(d) := x(X, F(d)) := i(—l)ihi(xff(d))

i=0
where F(d) = F ® Ox(1)®4. By the Serre vanishing theorem,
X(X, F(d)) = dim H'(X, F(d))

for n > 0. When F = Oy, then we call Px(d) := Pp, (d) the Hilbert polynomial of X.
We have the following important theorem.

Theorem 4.8. Let f : X — Y be a projective morphism over a locally Noetherian scheme Y. If F is
a coherent sheaf on X which is flat over Y, then the Hilbert polynomial Py, % (d) is locally constant

fory € Y. If Y is reduced, then the converse holds.

Proof. By pulling back along the inclusion Spec Oy, — Y, we may assume that Y’ = Spec A
is the spectrum of a Noetherian local ring. Moreover, by considering the pushforward i, F
under the map i : X — PY, we may assume that X = IP}. We have the following lemma:

Lemma 4.9. F is flat over Y if and only if H*(X, F(d)) is a finite free A-module for d > 0.

Proof. = : LetU = {U;,} be an affine open covering of X and consider the Cech complex
0— HY(X,F(d)) = C°(U, F(d)) = C'(U, F(d)) = ... = C"(U, F(d)) = 0.

By Serre vanishing, this sequence is exact for d > 0. Since F is flat, each term C' (i, F(d))
is a flat finitely generated A-module. We repeatedly apply the following fact: if 0 — A —
B — C — 0is exact and B and C are flat, then A is flat. It follows that H°(X, F(d)) is a
finitely generated flat module over the local ring A, and in particular, is free.

<= : Suppose that dy is such that H(X, F(d)) is finite and free for d > dj and consider
the S = Alxo, ..., x,] module
M= P H' X, F(d)).
d>dy

10Tt is not a priori clear that this is a polynomial n. To prove this, one can induct on the dimension of X and
use the additivity of Euler characteristics under short exact sequences.

16



Now M is A-flat since it’s a direct sum of flat modules. Furthermore, M defines a quasico-
herent sheaf M on X which is just F itself. Explicitly, M is obtained by gluing together the
degree 0 parts of the localizations of M by each x;. Since flatness is preserved by localization
and direct summands of flat modules are flat, we conclude that M = F is flat. O

Now the first part of the theorem would follow if we know that the rank of the A-
module H(X, F(d)) equals P %y (d). This is implied by the following equality base change
statement.

HO(X, F(d)) ®a k(y) = H(X,, F(d)|x,) 3)

Remark 4.10. One can rewrite equality [3|as saying the natural map
W fo(F(d)) = fuu™ (F(d))

where
X toX 4)

AT

Y/TY

is the Cartesian diagram with i : Y' = Spec k(y) — Y the inclusion. More generally, given any
Cartesian diagram as above and any quasicoherent sheaf F on X, there are natural maps

W R f (F) — RfL(u*F).

One can ask more generally if this map is an isomorphism, and if it is we say that base change holds
(for this diagram, this sheaf, and this i), or that the i*" cohomology of F commutes with base change
by u. We highlight this here since this situation will come up again.

Suppose first that y € Y is a closed point. Then consider a resolution of k(y) of the form
A" - A —k(y) — 0. )
Pulling back and tensoring with F we get a resolution
F' = F = Flx, = 0.
For d > 0 and by Serre vanishing, the sequence
HO(X, F(d)®™) — H(X, F(d)) — H*(Xy, F(d)|x,) = 0

is exact. On the other hand, we can tensor sequence by the A-module H(X, F(d)) to get
an exact sequence

HY(X, F(d))™" — H(X, F(d)) — H(X, F(d)) ®4 k(y) — 0.

Comparing the two yields the required base change isomorphism. Now if y is not a closed
point of Y, we can consider the Cartesian diagram as in where Y’ = Spec Oy . Then u is
flat and v is a closed point of Y/ and we can reduce to this case by applying the following.

17



Lemma 4.11. (Flat base change) Consider the diagram

XX 6)

rlo

Y/TY

where f is gcqs E and u is flat and let F be a quasi-coherent sheaf on X. Then the base change
morphism ' .
W R f(F) — R'fL(u"F).

is an isomorphism for all i > 0.

Now when Y is a reduced local ring, a module M is free if and only if dim M, is inde-
pendent of y for each y € Y so using the now proven base change isomorphism

HO (X, F(d)) ®a k(y) = H(Xy, F(d)|x,)

we obtain that H?(X, F(d)) is a finite free A-module if and only if Pr %y (d) is independent

ofy €Y.
O]

Remark 4.12. As a corollary, we obtain the valuative criterion for flatness in the case of a projective
morphism since the constancy of the Hilbert polynomial can be checked after pulling back to a reqular
curve.

Remark 4.13. The Hilbert polynomial encodes a lot of geometric information about a projective
variety X such as the dimension, degree of projective dimension, and arithmetic genus. In particular,
these invariants are constant in projective flat families.

5 Base change, the Hilbert functor

5.1 Remarks on base change

Last time we proved the constancy of Hilbert polynomials in projective flat families:

Theorem 5.1. Let f : X — Y be a projective morphism over a locally Noetherian scheme Y. If F is
a coherent sheaf on X which is flat over Y, then the Hilbert polynomial Pr %y (d) is locally constant

fory € Y. If Y is reduced, then the converse holds.

In the process we proved the lemma that when Y = Spec A is the spectrum of a Noethe-
rian local ring, then F is flat if and only if H(X, F(d)) is a finite free A-module for d >> 0.
Note that this statement immediately globalizes:

Corollary 5.2. Let f : X — Y and F be as above with Y Noetherian. Then F is flat over Y if and
only if f.F(d) is a finite rank locally free sheaf for all d > 0.

Hquasi-compact quasi-separated
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Then we had to use two base change results. Namely we needed to show the following
isomorphism (still in the local case Y = Spec A):

HY(X, F(d)) ®a k(y) = H(Xy, F(d)y) )
forally € Y and d > 0. In proving (/) we needed the following flat base change.

Lemma 5.3. (Flat base change) Consider the diagram

X X (8)

flo

Y/TY

where f is qcqs || and u is flat and let F be a quasi-coherent sheaf on X. Then the base change
morphism . ‘

W R f (F) = R'fL(u*F).
is an isomorphism for all i > 0.

Proof. (Sketch) The question is local on Y and Y’ so we can assume that Y = Spec A and
Y’ = Spec B where B is a flat A-algebra. Then the higher direct image functors are just
taking cohomology so the statement becomes that the natural map

H (X, F)®a B — H'(X',u"*F)

is an isomorphism of B-modules. When f is separated we can cover X by affines and com-
pute H (X, F) using Cech cohomology. Furthermore, the pullback of this open cover to X’ is
a cover of X’ by affines from which we can compute H' (X', u"* F). Now we use that tensor-
ing by B preserves the cohomology of the Cech complex since B is flat. In the more general
qcgs setting, one must use the Cech-to-derived spectral sequence.

O

We also noted that the proof of (7) did not actually use flatness of 7 over Y since it dealt
with only global sections. Indeed we have the following more general base change without
flatness.

Proposition 5.4. (Base change without flatness) Suppose we have a cartesian diagram

/

X *.oXx )

AT

Y,T‘Y

where f is projective, Y' and Y are Noetherian, and suppose F is a coherent sheaf on X. Then the
base change morphism
w fo(F(d)) = fiu™(F(d))

is an isomorphism for d > 0.

12quasi-compact quasi-separated, though for our use separated suffices
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Proof. (Sketch) The strategy is the same as in the proof of (7). First the question is local on Y
so we can suppose Y = Spec A is affine. Then we reduce to the case Y’ = Spec A’ is affine
using flat base change. Furthermore, we can suppose X = IP,. Then we take a resolution
Py — Py — F — 0 by direct sums of twisting sheaves Ox(a). Pulling back by u’ gives us
a resolution of P| — Pj — u*F — 0 by direct sums of the corresponding twisting sheaves
on X'. After twisting by Ox(d) (resp. Ox/(d)) for d > 0, higher cohomologies vanish
and so applying H® gives us a resolution H°(X, F(d)) as an A-module and a resolution of
HY(X',u"*F(d)) as an A’ module by direct sums of H(X, Ox(a)) (resp. H*(X’, Ox/(a)). By
identifying the spaces of sections of Ox(a) with degree a polynomials over 4, it is clear that
base change holds for this module:

H(X,0x(a)) @4 A" = HY(X, Ox(a)). (10)

Applying — ® 4 A’ to the resolution of H(X, F(d)) yields a resolution of H(X, F(d)) @4 A’
and we see bythis is the same as the resolution of H(X’, u’* F(d)). Since the base change
morphisms for Ox(a) commute with those for F(d) we conclude the base change morphism
for F(d) is an isomorphism. O

Here is an example to show that in general, even flatness of F is not enough to ensure
that the base change morphism is an isomorphism.

Example 5.5. Let X = E x E where E is an elliptic curve over a field k with origin e € E(k). Let
A C X denote the diagonal and consider the line bundle

L = Ox(A — pze)

where p; : X — E are the projections. Now consider the base change diagram

/

Xt X
o

Y,TY

whereY = E, f = p1, Y = Speck, and u = e : Spec k — E is the origin. Then X' = X, = E and
f" — Spec k is just the structure map. The pullback u'*L = L|g, = O so

'u*L = HY(E,Ox) = k.

On the other hand, f.L is a torsion free sheaf on the integral reqular curve Y so it is locally free.
We may compute its stalk at the generic point of Y by flat base change. We get that f.L, =
HO(E,, O, (A —ey)) = 0 since Ay and ey are distinct points of the genus one curve Ey. Thus
f«L = 0sou*f.L = 0 and we see that the base change map is not an isomorphism. Of course in this
case, the projection f is flat and L is a line bundle so L is flat over Y.

What goes wrong here is that the cohomology of the fibers jumps ate € E. This situation
is completely understood by the following two theorems.

Theorem 5.6. (Semi-continuity) Let f : X — Y be a proper morphism of locally Noetherian
schemes. Let F be a coherent sheaf on X flat over Y. Then the function

y — dim H' (Xy, Fy)
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is upper semi-continuous. Moreover, the function
y = x(Xy, Fy) = Y (1) dim H'(X,, )
is locally constant.

Theorem 5.7. (Cohomology and base change) Let f : X — Y be a proper morphism of locally
Noetherian schemes and let F be a coherent sheaf on X flat over Y. Suppose for some y € Y, the base
change map ‘ ' ‘

¢y (RUfF)y = H(Xy, Fy)
is surjective. Then

1. there exists an open neighborhood U of y such that for all y' € U, q);, is an isomorphism, and

2. (p;_l is surjective if and only if R'f..F is locally free in a neighborhood of y.

Often times in moduli theory, one needs to show that various constructions on families
are functorial so that they induce a construction on the moduli space. Functoriality usually
means compatibility with base change. As such, the following generalization (and direct
corollary) of the cohomology and base change theorem is very useful.

Proposition 5.8. Let f : X — Y and F be as above. Suppose that g[); is an isomorphism and R' f. F

is locally free (or equivalently q);_l is an isomorphism) for all y € Y. Then for any locally Noetherian
scheme Y’ and cartesian diagram

x " x

rlo

Y/ T> Y
the base change map ‘ ‘ ‘
@, W R'fo F — R'fL(u*F)
is an isomorphism. In particular, if H (X, Fy) = 0 forall y € Y, then f,F is locally free and
u*fo F = flu* F.

When the conclusion of the proposition holds, we often say the formation of Rif,F
commutes with arbitrary base change.

We won't prove semi-continuity and cohomology and base change here but let us say
a few words about the proof. First, the statements are all local on Y so we may suppose
Y = Spec A where A is local and Noetherian. The proofs then are based on the idea of
Grothendieck to consider the functor on the category of A-modules given by

M — H (X, F @4 M).

Then one proves a sort of “representability” result for this functor. There exists a complex
K*, the Grothendieck complex of F, such that each term K’ is a finite free module, and such
that there are isomorphisms

H'(X,F @, M) = H(K*®4 M)

functorial in M. This reduces base change and semi-continuity problems to linear algebra of
this complex K*® and the theorems follow from a careful study of the properties of complexes
of flat modules under base change using Nakayama’s lemma.
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5.2 The Hilbert and Quot functors

Now we can define Hilbert functor of a projective morphism f : X — S. Note that
implicit in this is a fixed embedding of X into IPg and thus a fixed very ample line bundle
Ox(1) that we can take the Hilbert polynomial with respect to.

Definition 5.9. Let f : X — S be a projective morphism. The Hilbert functor Hy /g : Schg — Set
is the functor

T — {closed subschemes Z C X1 := X xg T | Z — T is flat and proper}.

This is a functor by pulling back Z along T" — T. An element (Z C Xt) € Hyx,s(T) is called a
flat family of subschemes of X parametrized by T. Let P be any polynomial. We define the subfunctor
Hy/s C Hxss by

HY ,5(T) = {flat families of subschemes Z C Xt | Pz,(n) = P(n) forall t € T}.

By the local constancy of Hilbert polynomials in flat projective families, we see that
Hxys = | Hy/s
P

Our goal for the next few classes is to prove that for each f : X — S and P as above, H f( /s is
representable by a projective scheme, the Hilbert scheme Hilb%, /s, over S.

6 The Hilbert and Quot schemes

Recall last time we defined the Hilbert functor Hy,s parametrizing flat families of
closed subschemes Z C Xt over any base scheme T. Moreover, we noted that

P
HX/S = |_| HX/S

where P runs over all numerical polynomials and H% /s is the subfunctor parametrizing
those flat families of closed subschemes for which the Hilbert polynomial Pz, (d) = P for all
te T

Giving a subscheme i : Z C Xr is the same as giving an ideal sheaf 7; C Ox, with
quotient i,Oz. We have that Z — T is flat if and only if i.O is flat over T, and i.Oy
is a quotient of Ox, with kernel Z7 so the Hilbert functor is the same as the functor for
equivalence classes of quotients g : Ox, — F — 0 where F is flat over T with Hilbert
polynomial P. Two such quotients (g, ) and (4, ') give the same ideal sheaf (and thus

13We had a question as to why this disjoint union decomposition holds in general since we only showed the
local constancy of Hilbert polynomials over a locally Noetherian base. Note however that for any T — S, the
morphism Xt — T is locally of finite presentation. For the local constancy we may restrict to T = Spec A being
local in which case X7 — T is a morphism of finite presentation. Thus for any closed subscheme Z C X7 flat
and proper over T, Z — T is a morphism of finite presentation. Then a usual trick shows that Z — T is pulled
back from a morphism Z" — T’ where T” is finitely presented over S. Then we have constancy of the Hilbert
polynomial for Z" — T’ which implies constancy for Z — T.
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the same subscheme of X7) if and only if there is an isomorphism « : 7 — F’ such that the
following diagram commutes.

Thus we have the equality of functors
H§/S(T) = {q: Ox, - F | F flat over T with proper support, Pr,(n) = P(n)}/ ~

where ~ is the equivalence relation of pairs (g, F) given by diagrams as above.
More generally, we can consider a fixed coherent sheaf £ on X. Forany ¢ : T — S, let
us denote by &t the pullback of £ to X7 or ¢*€&.

Definition 6.1. The Quot functor Qg x5 : Schg — Set is the functor
T—{q:&r — F | F flat over T, Supp(F) — T is proper}/ ~
where (q, F) ~ (q',F') if and only if there exists an isomorphism « : F — F' such that the

following diagram commutes.
&> F

| b

ET—/>]:/
q

Given a polynomial P, we have the subfunctor Q% s of those quotients (q, F) such that for each
t € T, Pr,(n) = P(n). This is a functor by pullback, where we note that for any ¢ : T' — T,
¢*q: @*Er = Ep — @* F is surjective.

Remark 6.2. Note that Hx ;s = Qo x/s by the above discussion.

As before we have that

. P
Qexss = || Qs x/s-
P

We have the following main representability result.

Theorem 6.3. Let f : X — S be a projective morphism over a Notherian scheme S and let P be a
polynomial. Then there exists a projective S-scheme Hilbk /s as well as a closed subscheme

23,5 C X xsHilby /¢
such that Z¥ /5 Hilb% /s 18 flat and proper with Hilbert polynomial P and the pair (Hilb% 15 Z% /5)

represents the Hilbert functor Hy /5 More generally, if £ is a coherent sheaf on X, then there exists
a projective S-scheme Quotglx /s as well as a quotient sheaf

P p
qex/s * €q — JFexss =0

P
uotglx/s

on Quo’cgX /5 X s X which is flat with proper support over Quo’cgX /s and has Hilbert polynomial P
such that the pair

p p
(Quote x /5,95 x/5)

represents the Quot functor QF /5
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Thus we have projective fine moduli spaces Hilbk, /s and Quo‘cg,X /s for closed sub-
schemes and quotients of a coherent sheaf respectively!

The basic idea of the construction is simple. To illustrate it, let us consider the Hilbert
functor for X = IP}! over a base field S = Spec k. Now a subscheme Z C X is determined by
its equations which form an ideal I C k|xy, ..., x| which we can view as a linear subspace
of the infinite dimensional vector space k[xo, ..., x,|. This gives, at least set theoretically, an
inclusion

{Subschemes of P} } — Gr(k[xo,...,xn])

to some infinite dimensional Grassmannian of the vector space k[xo, ..., xn]. Now to proceed
we need to do two things:

(@) cut down the dimension of the target to a finite dimensional Grassmannian which we
proved already is representable by a projective scheme;

(b) show that the image of this set theoretic map is actually an algebraic subscheme which
represents the functor of flat families.

These two steps respectively require the following two technical results.

Theorem 6.4. (Uniform Castelnuovo-Mumford regularity) For any polynomial P and integers m,
n, there exists an integer N = N(P,m,n) such that for any field k and any coherent subsheaf of
FC (’)E‘?},&” with Hilbert polynomial P we have the following. For any d > N,

1. H'(P?, F(d)) = Oforalli > 1,
2. F(d) is generated by global sections, and
3. HO(IP}, F(d)) @ HO(IP{, O(1)) — HO(P}, F(d + 1)) is surjective.

Theorem 6.5. (Flattening stratification) Let f : X — S be a projective morphism over a Noetherian
scheme S and let F be a coherent sheaf on X. For every polynomial P there exists a locally closed
subscheme ip : Sp C S such that a morphism ¢ : T — S factors through Sp if and only if ¢*F on
T xs X is flat over T with Hilbert polynomial P. Moreover, Sp is nonempty for finitely many P and
the disjoint union of inclusions
i:8=||Sp—S
P

induces a bijection on the underlying set of points. That is, {Sp} is a locally closed stratification of S.

In the second theorem, we can think of Sp as well as the pullback i,/ which is neces-
sarily flat over Sp as the fine moduli space for the functor that takes a scheme T to the set of
morphisms to S which pull back F to be flat with Hilbert polynomial P.

6.1 Proof of the representability of H )12 /s and ng /s

We are now going to prove the representability of HY /s and QL « /5 assuming uniform
CM regularity and flattening stratifications. We will return to the proofs of these statements
later. Note that HY /5= ng)x,X /5 80 we will prove representability of ng)x,X /s for any coher-
ent sheaf 7 on X.
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Proof. Step 1: First we reduce to the case X = P{ and & = O;‘?k . This is a consequence of the
following lemmas.

Lemma 6.6. For any integer r, tensoring by Ox.(r) induces an isomorphism of functors

~ (d+r)
Qe X/S = Qs X/S

Proof. Tensoring by a line bundle is an equivalence of categories since there is an inverse
given by tensoring by the dual. Thus for each, T, tensoring by Ox, (1) induces a bijection

Qes(T) = Qe (1),

This is a natural transformation since for any ¢ : 7" — T, ¢*Ox, (r) = Ox_, (7). O

Lemma 6.7. Suppose o : E' — & is a quotient of coherent sheaves on X. Then the induced map
QF x5 = Qb x /g is a closed subfunctor.

Proof. This map is given by noting that a quotient ¢ : £ — F induces a quotient 4/ =
goa: & — F by composition. We need to show that for any scheme T’ over S and object
(q,F) € Qg/,x /5(T"), there exists a closed subscheme T C T’ satisfying the following uni-
versal property. For any other S-scheme T”, a morphism ¢ : T” — T’ factors through T if
and only if ¢*q" : £, — ¢*F factors through a map g : Er — ¢*F. Since the morphism
X7+ — T'is of locally of finite presentation, and the condition of being closed can be checked
locally, we may assume T" is affine in which case X7» — T’ is of finite presentation and then
we can use the finite presentation trick to reduce to the case that T/, T are Noetherian.

Let K = ker(a) C & be the kernel of a. Then the morphism g’ : £, — F factors
through &7/ if and only if the composition K — F is the zero map. Indeed K/ surjects
onto the kernel of £7, — £ by right exactness of pullback and a morphism factors through
a surjection if and only if it is 0 on the kernel. Let us denote the composition K+ — F by
r. Thus we want to show that there exists a closed subscheme T C T’ such that a morphism
¢ : T — T' factors through T if and only if the composition ¢*r : K — ¢*F of coherent
sheaves on Xt is zero. The result now follows by applying the following lemma.

O]

Lemma 6.8. Let f : X — S be a projective morphism over a Noetherian scheme and let r : KK — F
be a map of coherent sheaves on X with F flat over S. Then there exists a closed subscheme Z C S
such that for any T Noetherian and any « : T — S, a factors through Z if and only if a*r is the zero
map.

Proof. For any d, r is zero if and only if the twist r(d) : K(d) — F(d) is zero. For large
enough d > 0, the pushforward f,F(d) is locally free since F is flat over S and K(d) is
gloablly generated over S so that

ffK(d) — K(d)

is surjective. Thus r(d) is 0 if and only if f*f.K(d) — F(d) is 0 if and only if f.r(d) :
f:K(d) — f«F(d) is 0. By the hom-tensor adjunction, using that f..F(d) is locally free, this
is the same as the cosection t; : f.K(d) ® (f«.F(d))" — Os vanishing. Now the cosection #;
defines an ideal sheaf I; C Og by its image and it is clear that ¢; vanishes at a point s € S if
and only if s € V(I;) = Z,.
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Now consider the chain
Ido C Ido + Id0+1 C...

where d) is some large enough number so that K(d) is globally generated and f..F(d) is lo-
cally free. By the Noetherian condition, this chain terminates in some ideal I with vanishing
subscheme V(I) = Z the scheme theoretic intersection of the Z;. Now for large enough
d > 0, the formation of f./C(d) and f.F (d) commute with base change so s € Z if and only
if (t1)s = 0 for alld > 0 if and only if 7(d)s = 0 for all 4 >> 0 if and only if s = 0[]

We will check this Z satisfies the universal property. Suppose a : T — S satisfies that
a*r is the zero map, then a*r(d) is the zero map ford > 0 and f.K(d), f«.F (d) commute with
base change by « for d large enough (depending on ) so a*f.r(d) : a* £ IC(d) — a* fu F(d)
is the zero map so a factors through Z; for all d > 0 so « factors through Z. On the other
hand, if « factors through Z, then for all d > 0, a* f.K(d) — a*f,F(d) is the zero map but
by base change without flatness, for large enough d, the formation of these pushforwards
commutes with basechange by « so we have that

(fr)«a"K(d) = (fr)«a”F(d)

is the zero map. Thus f7(fr).a*K(d) — a*F(d) is the zero map. Since a*/C(d) is globally
generated for d > 0, then a*r(d) : «*KC(d) — a * F(d) is the zero map for d large enough so

a*r is the zero map.
O

]

7 The Hilbert and Quot schemes (cont.)

7.1 Proof of representability (cont.)

We are continuing the proof of representability of the Quot functor QE,X /s (and thus
Hilbert functors) for £ a coherent sheaf on X with X — S projective over S Noetherian.

Proof. Step 2: Recall we are reducing to the case X = P" and £ = (’);‘?k. We have completed
the proof of the following two lemmas.

Lemma 7.1. For any integer r, tensoring by Ox.(r) induces an isomorphism of functors
P(d) ~ AP(d+r)
Qe xss = ey x/s
Lemma 7.2. Suppose « : &' — & is a quotient of coherent sheaves on X. Then the induced map
QF x5 = Q% x g is a closed subfunctor.

Now given any sheaf £ on X and i : X — IP§ the projective embedding, a quotient g :
& — F is the same as a quotient i, — i, F since i, is an equivalence of categories between
sheaves on X and sheaves on IPg supported on X which preserves Hilbert polynomials. Thus
suppose X = IP¢. Then for a > 0, £(a) is globally generated so there is a surjection

Ox(a)®* = £(a)

14Tn particular, all the Z,; have the same set theoretic support as Z and we only need to worry about the right
scheme structure.
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for some k. Thus by the second lemma above,

P P
Qe(a),x/s = Loy x/s

is a closed subfunctor so it suffices to prove Q¥ is representable by a projective
p Ox( p y a p19)

a)®k,X/S
scheme over S. Then by the first lemma, there is an isomorphism of functors

P(d—a) QQP(d)
ok,x/s SO (a),x/S

Q

Step 3: Now we are in the situation X = P and £ = O}X. Let g : & — F be an element of
QE’X /5(T) and let K be the kernel of 4. By flatness of F over T, for any t € T we have that

0—=Ki =& —Fr—0
is exact. Then by additivity of Euler characteristics, the Hilbert polynomial Py, is given by

Pe, (d) = k(” ) d) _ P(d).

In particular it is independent of t € T or even of (g, F). Thus by uniform CM regularity
applied to K; and &[] there exists an N depending only on P(d), k and n such that for all
T,all (q,F) € QE,X/S(T), and all t € T, we have that foralla > N,

o H'(X;, Ki(a)) = H (X;,&(a)) = H (X;, Fi(a)) = 0fori > 1, and
o Kt(a),&(a) and Fi(a) are globally generated.

Since £ and F are both flat, then K is also flat. Then we can apply cohomology and base
change to see that foralld > N,

0 — (fr)«K(a) = (fr)«€(a) = (fr)«F(a) =0 (11)

is an exact sequence of locally free sheaves of rank

k(” : ”) — P(a), k(” : ”), and P(a)

respectively. Moreover, the formation of all three of these locally free sheaves is compatible
with base change by any T" — T with T’ locally Noetherianm The sequence (11) gives an
element of Gr(P(a), f«€(a))(T) and since is compatible with base change, the induced
set theoretic map
Qg x/5(T) — Gr(P(a), f+£(a))(T)

is a natural transformation of functors.

Moreover, one can compute explicitly that f.€(a) is actually the free sheaf of rank
k("'"). Indeed, £(a) = Ox(a)®* so it suffices to check for k = 1 in which case f,Ox(a)
restricted to any affine open Spec A C S is simply

Alxo, -, xnla

15as well as a diagram chase to conclude the result for F;

16111 leave it to the reader to use the finite presentation trick and convince themselves that this is good
enough!
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so globally f,Ox(a) = Og|xo, ..., xy|s where P = ProjsOs|xy, ..., x,]. Thus

Gr(P(a), f.£(a)) = Grs (P(a»k("j ))
which we showed previously is representable by a projective S-scheme. More canonically,
f:O0x(a)®* = V, ®z Os where V, = Z|xy, ..., x,)3* so we can write the Grassmannian as
Gs = G xz S where G = Gr(P(a), V,).

Step 4: Our strategy now is to show that the natural transformation of functors Qg x/s — Gs

is an inclusion of a subfunctor and then identify the subfunctor QE,X /5 with the functor of
points of some locally closed subvariety of Gg.

Toward that end, we need to show that for T and any (g, F) € QE’X 15(T), (q,F) is
determined by the sequence (T1):

0= (fr)«K(a) = (fr)«€(a) = (fr)«F(a) — 0.

By global generation and the fact that these sheaves are all locally free, we have a diagram

0 — f(fr)+K(a) — fr(fr)«€(a) — fr(fr)«F(a) —0

l J

0 K(a)

where the vertical maps are surjections and the horizontal sequences are exact. Let

h: fr(fr)K(a) = E(a)

be the composition. It suffices to show that 4 may be determined from #, but indeed by
exactness, the cokernel of & is natural identified with q(a) : £(a) — F(a) and so by twisting
by Ox(—a) we recover g from the sequence and conclude that

P
Qe x/s(T) = Gs(T)
is injective.
Step 5: Now we will use flattening stratifications to show that QF /s as a subfunctor of

the Grassmannian is representable by a locally closed subscheme. Over Gs we have the
universal quotient sequence

0K =V, ®0g, +Q—0

and V, ® Og, = (fgs)+€cs(a) where fg, : PG, — Gsand € = Opy. (d)®k,
S
Now we can pullback this sequence to get

The middle sheaf comes with a surjective map to £, (a) since £, (a) is gloablly generated
on any projective space (2 > 0). Let us denote by 1 : f¢ K — &g (a) the composition and let
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F be the cokernel of i. Then F is a coherent sheaf on IP{;_ and we can consider the flattening
stratification for F over Gg.

Let C Gg be the stratum over whic 1s tlat wit 1lbert polynomia +a).
G < G be th hich F is flat with Hilbert polynomial P(d

Then Gg(dw) is universal for maps to T — Gg such that F7 is flat over T with Hilbert poly-
nomial P(d + a), but that exactly means that the quotient map &7 — Fr(—a) is an element

of the subfunctor QE,X /s o the locally closed subscheme Gg(dﬂ) with the restriction of the

quotient map £g, — F represents the subfunctor QF /s

Step 6: Finally we show that QF /s satisfies the valuative criterion of properness. This

implies the stratum Gg(dﬂ) is actually a closed subscheme of Gs. We showed earlier that Gg

is projective over S so we conclude that Q(I;X /s is representable by a projective scheme over
S.

We already showed that the special case of the Hilbert functor is proper. The proof for
ng /s is similar. Let T = Spec R the spectrum of a DVR and let T = Spec K the spectrum
of its function field. We need to show that for any solid diagram as below, there exists a
unique dashed arrow.

0 P
" —= Q¢ x/5

|

T S
Thatis, given (¢°, F°) € QL /s (TY), there is a unique extension to a flat quotient (g, F).

For this we can compose £7 — Epo — F and let F be the image of £r with g the composi-
tion. Then F is flat and by the criterion for flatness over a DVR, it is the unique flat extension
so this gives the required lift.

O

7.2 Some applications

Here we discuss some applications that follow from the representability and projectivity
of Hilbert and Quot schemes.

7.2.1 Grassmannians of coherent sheaves

We consider the case that f = idg is the identity. In this case £ is a coherent sheaf on S,
flatness is equivalent to local freeness, and the Hilbert polynomial of /s is just the dimension
dimy ) Fs. Thus, given a k, we have the Quot scheme Qlf?,s /s for constant Hilbert polynomial
P(d) = k so that a map

T — Qfs/s
is a locally free quotient g : &1 — V of rank k on T. When € is itself a locally free sheaf,
this is just the Grassmannian Grg(k, £) so we have Grassmannians for any coherent sheaf £

which we also denote Grg(k, £). In particular, when k = 1, we denote Grs(1,&) by P(£) the
projective “bundle” of £ whose fiber over s € S is the projectivization of the vector space &s.
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7.2.2 Lifting rational curves

Let X/k be a projective variety over a field. A degree r rational curve C C X is a genus
0 curve with deg(Ox(1)|c) = r. The Hilbert polynomial of such a curve is always P(d) =
rd + 1. Indeed, x(Oc) = 1 since C is rational and H°(C, O¢(d)) = rd + 1 by Riemann-Roch
ford > 0.

Now let X' be a projective scheme over Z with geometric generic fiber A7 =: X and
Xg, =: Xp. Suppose X, contains a degree d rational curve for infinitely many d. Then
X also contains a degree d rational curve. Indeed, consider Hf‘f;rslp ec 7- This is a projec-
tive scheme over Spec Z so it has finitely many irreducible components. Since the fiber of
H;?/Jrs;ec 7 is nonempty over infinitely many Spec IF,, there must be some component which
dominates Spec Z. Since the morphism to Spec Z is proper then the fiber over Spec Q must
be nonempty. But a Spec Q point of the fiber over Spec Q exactly corresponds to a rational

curve of degree d on X.

8 Hom schemes, CM regularity

8.1 Hom schemes

Let X and Y be two schemes over S. The hom functor Homg(X,Y) : Schs — Set is given
by
T — {morphisms X7 — Y7 over T}.
Theorem 8.1. Suppose X and Y are projective over S with X — S flat. Then Homg(X,Y) is
representable by a quasi-projective scheme Homg (X, Y') over S.

Proof. Given f : X7 — Yr, we have the graph I'; : X7 — X1 X7 Yr = (X x5 Y)r which is
a closed embedding. Now im(I's) = Xr is flat over T by assumption so it defines a map
T — Hilb x,y),s- This construction is compatible with basechange so we obtain a natural
transformation of functors

HOMS(X, Y) — H(XXSY)/S‘

Since a morphism is determined by its graph, this is a subfunctor. Moreover, we can
characterize the graphs of morphisms as exactly those closed subschemes Z C Xt Xt Y7
such that the projection Z — Xr is an isomorphism. This identifies Homg(X,Y) with the
subfunctor of Hx,y),s given by

T — {closed subsets Z C X7 x1 Yr | Z — T flat and proper, Z — X7 is an isomorphism}.

We will prove this is representable by an open subscheme of Hilb . .y)/s-

We can consider the universal family Z — Hilb x,y),;s which is a closed subscheme
of X X5 Y xgHilb(x,y)/s- Then Z comes with a projection 7 : Z — X X g Hilb(x,y)/s-
Now we consider the diagram

Z i X Xg Hﬂb(XXSY)/S
q lp
Hﬂb(XXSY)/S —_— Hﬂb(XXSY)/S'

Then the required open subscheme is given by the following lemma.
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Proposition 8.2. Let T = Spec R be the spectrum of a Noetherian local ring and let 0 € T be the
closed point. Let f : X — T be flat and proper and g : Y — T proper. Let p : X — Y be a morphism
such that po : Xo — Yy is an isomorphism. Then p : X — Y is an isomorphism.

Proof. Since X is proper and Y is separated over T, the morphism p : X — Y must be proper.
Moreover, since g is proper, every closed point of Y lies in Yj. Furthermore, since py is an
isomorphism, then p has finite fibers over closed points of Y so p is quasi-finite. Indeed since
p is proper, the fiber dimension is upper-semicontinuous on Y and it is 0 on closed points.
Therefore 7 is finite, and in particular, affine. This implies that Rip,F = 0 for any coherent
sheaf 7 and i > 1. Now the result follows if we know that f is flat. Indeed in this case, p.Ox
is locally free of rank one by cohomology and base change. On the other hand, the natural
map Oy — p«Ox is an isomorphism at all closed points y € Yy C Y and since both source
and target are line bundles, it must be an isomorphism. Then, since p is affine, we have

X = Specy f:Ox = Spec, Oy =Y.

Thus, it suffices to prove the following that p is flat. We will use the following lemma.

Lemma 8.3. Let p : X — Y be a morphism of locally Noetherian T-schemes over a locally Noetherian
scheme T. Let x € X a point in the fiber X; for t € T and set y = p(x) its image in the fiber Y.
Then the following are equivalent:

1. X is flat over T at x and p; : Xy — Yy is flat at x € Xy,
2. Yis flat over T at y and p is flat at x € X.
Proof. Consider the sequence local ring homomorphisms
Ort — Oyy — Ox

Let I = m;Oy . Suppose (1) holds. Then Ox . is a flat Ot module and Ox /Ox . is a flat
Oy, /I-module. Consider the composition

m X OX,x —I® OX,x — OX,x-

The first map is surjective by right exactness of tensor products and the composition is in-
jective by since Ox , is flat over Ot so both maps are in fact injections. Thus

Tor, " (Oy, /1, Ox x) = 0. (12)

Since I C my, then I annihilates the residue field k(y) and one can check that Equation (12)

and the assumptions imply that Torf) "(k(y),Oxx) = 0 by the following lemma we will
leave as an exercise.

Lemma 8.4. Suppose R is a Noetherian ring and I C R is a proper ideal. Let M be an R-module
such that M /IM is a flat R/ I-module and such that

TorR(R/I, M) = 0.
Then for any I-torsion R-module N,

TorR (N, M) = 0.
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Then Oy, is a flat Oy -module by the local criterion for flatness.
Since everything is local, O is in fact faithfully flat over Oy ,. Now we want to show

that Tori9 " (k(t), Oy,y) = 0. Pulling back the sequence
0— my — Orp — k(t) — 0.
to Oy, gives us
0— Tor?”(k(t), Oyy) = m® Oy, — [ — 0.
Since Oy, is flat over Oy, then

0 — Tory ™ (k(t), Oy ) © Ox r — m; @ Oxx — 1@ O — 0.

We saw above that the second map is injective so

Tor{ ™ (k(t), Oy ;) ® Oxx = 0

but Ox . is faithfully flat over Oy, so Tor?“ (k(t), Oyy) = 0and Oy, is flat over Or.

For the converse, suppose (2) holds. Then Y — Tisflataty € Yand p : X — Y is flat
at x € X so the composition X — T is flat at x € X. Moreover, p; is the pullback p to Y; and
flatness is stable under basechange so p; is flat at x € X.

O]

]

Corollary 8.5. Let f : X — T be flat and proper and g : Y — T proper over a Noetherian scheme
T. Let p : X — Y be a morphism. Then there exists an open subscheme U C T such that for any T’
and ¢ : T' — T, ¢ factors through U if and only if 9*p : Xv — Y is an isomorphism.

Proof. The locus where p : X — Y is an isomorphism is open on the target Y solet Z C Y be
the closed subset over which p is not an isomorphism. Since g is proper, ¢(Z) C T is closed.
Let U C T be its complement. By the proposition, a point ¢t € T is contained in U if and
only if the the map on the fibers p; : Xy — Y; is an isomorphism. Since this is a fiberwise
condition on t € T, it is clear that U satisfies the required universal property. O

]

8.2 Castelnuovo-Mumford regularity

We will now discuss the first main ingredient in the proof of representability of Hilbert
and Quot functors.

Theorem 8.6. (Uniform Castelnuovo-Mumford regularity) For any polynomial P and integers m,
n, there exists an integer N = N(P,m,n) such that for any field k and any coherent subsheaf of
F C Oﬁ?{ with Hilbert polynomial P we have the following. For any d > N,

1. H(P}, F(d)) = 0foralli > 1,
2. F(d) is generated by global sections, and
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3. HO(P}, F(d)) @ HO(IPY, O(1)) — HO(P}, F(d + 1)) is surjective.

To prove this we will define a more general notion of the Castelnuovo-Mumford regu-
larity of a sheaf F on projective space.

Definition 8.7. (CM regularity) A coherent sheaf F on IP} is said to be m-regular if
H'(P}, F(m—1i)) =0
foralli > 0.

The notion of CM regularity is well adapted to running inductive arguments by taking
a hyperplane section.

Proposition 8.8. Let F be m-reqular. Then
1. Hi(ll’z,?(d)) =0foralld > m —iandi > 0, that is, F is m’ reqular for all m" > m,
2. HY(PY, F(d)) @ H(P?, O(1)) — H(PY, F(d + 1)) is surjective for all d > m.
3. F(d) is globally generated for all d > m, and

Proof. The definition of m-regularity and the conclusions of the proposition can all be checked
after passing to a field extension since field extensions are faithfully flat so we may suppose
the field k is infinite. Now we will induct on the dimension #.

If n = 0 the results trivially hold since all higher cohomology vanishes, all sheaves are
globally generated and O(1) = O. Suppose n > 0and let H C IP}! be a general hyperplane
Now consider the short exact sequence

0—-F(m—i—1) - F(m—i)— Fygm—i)—0
where Fy = F|p is the restriction. Taking the long exact sequence of cohomology yields
... — H'(P?, F(m —i)) — H (P}, Fy(m —i)) — HTYPYL, F(m—i—1)) — ...,

The first and last terms are 0 for all i > 0 by assumption so H'(H, Fg(m —i)) = 0 for all
i > 0. That is, Fp is m-regular.

We will continue next time.

9 CM regularity, flattening stratifications

9.1 CM regularity (cont.)

Recall that a sheaf F on P} is m-regular is H'(F(m —i)) = O for alli > 1. We are
proving the following.

7Here general means that H avoids all associated points of F. This is where we use the infinite field as-
sumption.
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Proposition 9.1. Let F be m-regular. Then
1. H'(P?, F(d)) = Oforalld > m —iandi > 0, that is, F is m’ regular for all m’ > m,
2. HO(P}Y, F(d)) @ HO(PY, O(1)) — HO(PY, F(d + 1)) is surjective for all d > m.
3. F(d) is globally generated for all d > m, and

Proof. Last time we started the proof by showing that for a general hyperplane H, the re-
striction Fy of F to H is an m-regular sheaf on the projective space H. Now by induction,
the conclusions of the proposition hold for Fp since it is supported on the one dimension
lower projective space H. Now we twist to obtain an exact sequence

o= H(PY, F(m—i)) — H(P}, F(m+1—i)) = H(PLF(m+1—i)) - ....

Now the last term is zero by conclusion (1) applied to Fi and the first term is zero by
assumption so the middle term is zero, i.e., F is (m + 1)-regular. Now we induct on m to see
it is m'-regular for all m’ > m[¥ This proves (1).

Next, consider the diagram

HO(PY, F(d)) ® H (P, O(1)) — H°(H, Fu(d)) @ H(H, Ou(1))

d |

HY(PY, F(d+1)) ; HO(H, Fy(d+1))

where the horizontal maps are restriction to H and suppose d > m. Now the restriction
HO(P}, F(d)) — H°(H, Fr(d)) is surjective since H (P, F(d)) = 0 by conclusion (1) thus
« is surjective. For the same reason, B is surjective. Moreover, J is surjective by conclusion
(2) for Fy. Thus B o v is surjective but the kernel of B is exactly the image of v(— ® h) :
HO(PY, F(d)) — HO(PY, F(d+ 1)) where h € H°(IPY, O(1)) is the defining equation of H
by the long exact sequence associated to the short exact sequence

0—Fd)—Fd+1) — Fyld+1) =0

induced by multiplication by h. Thus ker(f) is contained in the image of 7y so ¥ must be
surjective and F satisfies (2).

Finally, the global generation of F(d) is equivalent to the fact that for each point x € P},
there exists a collection of section s; € H(P}, F(d)) such thats; = s;(x) € F(d) ® k(x) span
the fiber F(d) ® k(x). By (2), we have a surjection

HO(P}, F(d)) ® H (P}, O(a)) — H(PY}, F(d +a))

for all a > 1. For large enough a > 0, F(d + a) is globally generated by Serre vanishing so
for each x € X, there exists such sections s; € H(P}, F(d + a)) whose values at x span the
fiber, but since every such section comes from multiplying a section of F(d) by a homoge-
neous polynomial, there must be sections of F(d) spanning the fiber at x so F(d) is globally
generated.

O

18Note here we have used extensively that coherent cohomology is preserved by closed embeddings so that
the cohomology of Fy on IP}! is the same as that on H.
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Corollary 9.2. Suppose
0>F' - F—>F =0

is a short exact sequence of coherent sheaves. Suppose F' is (m + 1)-regular and F is m-reqular.
Then F' is m-regular. In particular, all the three sheaves are in fact (m + 1)-regular.

Proof. Consider the long exact sequence
o= H(F(m—i)) = H(F'(m—i)) - HY(F'"(m—i)) — ...

The first term is vanishes since F is m-regular and the last term vanishes since F"' is (m + 1)-
regular so the middle term vanishes. The final conclusion follows from the proposition.
O

Now that we have the language of CM regularity, we can state the uniform CM regu-
larity theorem in its usual form and sketch the proof.

Theorem 9.3. (Uniform Castelnuovo-Mumford reqularity) For any polynomial P and integers m, n,
there exists an integer N = N (P, m, n) such that for any field k and any coherent subsheaf F C OE‘?I,:,”

with Hilbert polynomial P, F is N-regular.

Proof. We will induct on n. Let H be a general hypreplane section as before and consider the
sequence
0— F(-1) = F = Fu—0.

Now Fy C Of™ and the Hilbert polynomial of Fp is given by P(d) — P(d — 1) which
depends only on P so by induction, there exists an N; depending only on P, m, and n such
that Fp is Ny-regular.

Now consider the long exact sequence

oo = H Y Fy(d+1)) = H(F(d)) = H(Fd+1)) = H(Fgd+1)) —....

Foralli > 2 and d > Nj — i, the terms with H vanish by conclusion (1) of the proposition.
Thus H'(F(d)) — H!(F(d + 1)) is an isomorphism in this range. By Serre vanishing, these
cohomology groups also vanish for d large enough so we get that H(F(d)) = 0 fori > 2
andd > N; —i.

We need to control the groups H'(F(d)). Consider the short exact sequence

O—>]—"—>5=OE‘3§”—>Q—>O.

Then Q has Hilbert polynomial P'(d) = m(”;“d) — P(d). By the long exact sequence of
cohomology and the fact that H'(£(a)) = 0foralli > 0and a > 0, the vanishing of H'(F(d))
fori > 2and d > Nj — i implies the vanishing H (Q(d)) = 0 foralli > 1and d > N; —i.
In particular @ is Ny-regular. Then HY(Q(d)) surjects onto H!(F(d)) and has rank given by
P'(d) foralld > Ny — 1. Thus

dim H'(F(d)) < P'(d)

so we have uniform control on H'(F(d)). We conclude by the following lemma.

Lemma 9.4. The sequence {dim H'(F(d))} for d > Ny — 1 is strictly decreasing to 0.
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Proof. Consider the long exact sequence associated to
0— F(d) - Fd+1) - Fy(d+1) —0.

Since Fp is Nj-regular, we have H!(Fy(d)) = 0 foralld > N; — 1 and so H'(F(d)) —
H'(F(d + 1)) is surjective. Thus the sequence is weakly decreasing. Suppose that for some
do, H'(F(dy)) = HY(F(do + 1)). The previous map

9a, - H'(F(do +1)) = H*(Fr(do +1))
is surjective. Since Fp is Nj-regular, then the map
HY(Fi(do +1)) ® H'(O(1)) — H*(Fu(do +2))

is surjective and by commutativity of the diagram

HO(F(do +1)) ® H(O(1)) — H*(Fp(do + 1)) ® H'(O(1))

| |

HO(F(do +2)) Mt HO(Fy(do +2))

we conclude that ¢, 1 is surjective. Thus H!(F(dg + 1)) = H'(F(dg +2)) by the long
exact sequence and so on. It follows that if dim H!(F(dy)) = dim H!(F(dy + 1)) for some
do, then dim H'(F(dg)) = H'(F(d)) for all d > dy. On the other hand, this vanishes for
d > 0and so H'(F(dy)) = 0. Thus the sequence must strictly decrease until it hits zero.

]

Now by the monotonicity of the sequence above we see that if Np := dim H' (F(N; —

1)), then HY(F(d)) = O foralld > N; — 1+ Np. Now N, < P/(N; — 1) by the previous

discussion and so H!(F(d)) = O foralld > Ny — 1+ P'(N; — 1) and so F is N; — P/(N; — 1)
regular. This quantity depends only on P, m and n and so we are done.

O

9.2 Flattening stratifications
We will now address the existence of flattening stratifications. Recall the statement.

Theorem 9.5. (Flattening stratification) Let f : X — S be a projective morphism over a Noetherian
scheme S and let F be a coherent sheaf on X. For every polynomial P there exists a locally closed
subscheme ip : Sp C S such that a morphism ¢ : T — S factors through Sp if and only if ¢*F on
T xs X is flat over T with Hilbert polynomial P. Moreover, Sp is nonempty for finitely many P and
the disjoint union of inclusions
i:8'=]]Sp—S5
P

induces a bijection on the underlying set of points. That is, {Sp} is a locally closed stratification of S.

Let us first consider the special case where f is the identity map S — S so that F is a
coherent sheaf on S. Then F is flat if and only if it is locally free and the Hilbert polynomial
of the fiber F; is simply its dimension dimy,) /5 over the residue field.
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Proposition 9.6. Let F be a coherent sheaf on S Noetherian. Then there exists a finite locally closed
stratification {S;} of S such that F|s, is locally free of rank d. Moreover, for any locally Noetherian
scheme T, a morphism ¢ : T — S factors as T — Sy C S if and only if ¢* F is locally free of rank d.

Proof. First, note that by the universal property of the strata S;, they are unique. In particu-
lar, if I C S is an open subset, then the stratum U, for F|; is the pullback of Sy, if it exists,
to U. Thus, if we prove the proposition for an open affine cover of S, it will follow for S.
Therefore, without loss of generality, we may replace S by an affine open Spec A C S and
suppose that F is the coherent sheaf associated to a finitely generated module M.

Let s € S and suppose that the rank of the fiber 7; = M ® k(s) is d. By Nakayama’s
lemma, we may lift the d generators of M ® k(s) to d sections A% — M which, after shrink-
ing to a smaller open subset of Spec A, we may suppose is a surjective map. Thus we get a
resolution

AP — A% M — 0.

By construction, the last map is an isomorphism after tensoring with k(s), thus we have
¥ij(s) = Oforall (i, ), where the first map is given by the matrix (¢;;). Now M is locally free
if and only if it has constant fiber dimension d if and only if the functions ;; vanish, ¢;; = 0
for all (i, ). Thus we can consider the subscheme S; C S given by the vanishing of all these
;. It is a closed subscheme containing s € S.

By right exactness of pullbacks, for any ¢ : T — S, pullback of the above resolution
gives us a resolution

o "ozt F g

It is clear that ¢*;j(t) = 0 if and only if ¢;j(s) = 0 where s = ¢(t). On the other hand, ¢*F
is locally free of rank d if and only if ¢*¢;; = 0 if and only if ¢ factors through S;.

By construction, each s € S is in some stratum S;, namely for d = dim M ® k(s). Finally,
by Noetherian induction, the locally closed stratification {S;} is finite since the set of ranks

of fibers of the coherent sheaf F on the noetherian S is finite.
O

10 Flattening stratifications, functoriality properties of Hilb
and Quot

10.1 Flattening stratifications (cont.)

Theorem 10.1. (Flattening stratification) Let f : X — S be a projective morphism over a Noetherian
scheme S and let F be a coherent sheaf on X. For every polynomial P there exists a locally closed
subscheme ip : Sp C S such that a morphism ¢ : T — S factors through Sp if and only if ¢*F on
T x g X is flat over T with Hilbert polynomial P. Moreover, Sp is nonempty for finitely many P and
the disjoint union of inclusions
i:8'=]]Sp—S
P

induces a bijection on the underlying set of points. That is, {Sp} is a locally closed stratification of S.

We began last time by proving the following special case corresponding to X = S.
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Proposition 10.2. Let F be a coherent sheaf on S Noetherian. Then there exists a finite locally closed
stratification {S;} of S such that F|s, is locally free of rank d. Moreover, for any locally Noetherian
scheme T, a morphism ¢ : T — S factorsas T — Sy C S if and only if ¢* F is locally free of rank d.

Now the idea of the proof in general is to use the following result from lecture 5.

Corollary 10.3. Let f : X — S be a projective morphism with S noetherian. If F is a coherent sheaf
on X then F is flat over S if and only if f.JF (d) is a locally free sheaf of finite rank for all d > 0.

The idea of the proof then is to apply the proposition to the sheaves f.F(d) and find a
stratification that is universal for these pushforwards being locally free. Then by the corol-
lary and some base-change arguments, this stratification will be universal for F being flat.

Proof. (flattening stratifications in general)
The first step of the proof is to bound the Hilbert polynomials of the fibers of F using
the generic freeness theorem (from problem set 1).

Theorem 10.4. Let A be noetherian integral domain, B a finitely generated A-algebra, and M a
finite B-module. Then there exists an f € A such that My is a free A y-module.

Now we will use this to produce a finite stratification of S into reduced locally closed
subschemes V; C S fori = 1,...,m such that F|y, is flat over V; (via the pullback Xy — V;
of X — §). Toward this end, we may take S,,; and assume that S is reduced. Let UY; = S be
the decomposition into irreducible components and fix a component Y. Let Uy C Y, be the
complement of where Y meets Y;:

Uy =Y \ {Yz N Yl}i;éO-

Now U is an integral scheme. Let Spec A C Uy be a dense open affine subscheme
where A is an integral domain. Then we may apply the generic freeness theorem to the
pullback F4 to X4 — Spec A. This gives us an open subscheme Spec Ay C Spec A C
Uy such that F4 y is flat over Spec Ay. Let Vj = Spec Ay and let S; = § \ V its closed
complement. Now we repeat in this way to produce an integral open subset V; C S; where
Fv, is flat over V;. By Noetherian induction, this process terminates so we get a stratification
of S by locally closed subsets {Vy, ..., V;; } with the desired property.

Let us denote by f; : X; — V; the pullback of X — S and by F; the pullback of F to F;.
Now by construction, F; is flat over V; and by constancy of Hilbert polynomials, for each
s € V;, the Hilbert polynomial Pr,(d) is constant say equal to a polynomial Py,. Thus there
are finitely many polynomials {P;(d), ..., Py(d)} such that for each s € S, Pr,(d) = Py(d)
for some m. Next, by Serre vanishing, there exists a d; such that

RI(fi)« Fi(d) = 0

for all d > d;. In this case, by cohomology and base change, (f;)«F;(d) is locally free of rank
Pr,(d) and the basechange map

(fi)Fi(d) @ k(s) — H(Xs, Fs(d))
is an isomorphism. Letting N = max{d,}, we now have the following:

(1) There are finitely many polynomials P;, ..., P, such that for each s € S, Pr,(d) = P;(d)
for some i;
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(2) Hi(Xs, Fs(d)) = 0foralld > N;
(3) f.F(d) @k(s) = H(X;, Fs(d)) has dimension P;(d) for alld > N.

Now we will construct the flattening stratification for F using properties (1), (2) and (3).
Note that the preliminary stratification into reduced strata V; above was just an auxillary
tool to prove properties (1), (2) and (3).

Fix n such that deg Pz, (d) < n forall's € S which exists by (1)[[| We have the following
fact.

Fact 10.5. Let Pol,, be the set of polynomials over Q of degree at most n. Then for any N,

Pol, — Z"*! (13)
P+~ (P(N),P(N+1),...,P(N+n)) (14)

is a bijection.

Now we can apply the flattening stratification in the special case of the coherent sheaves
{& = fi F(N +i)}!, on S. Thus for each i and e, we have a stratum W, that is universal
for the property that &; is locally free of rank e. In particular, for any s € W;,, by the base
change properties (2) and (3), we have e = rk&[w,, = Px (N +i). Now for any sequence
(eg,...,en) € 7"t which by the basic fact corresponds to a polynomial P, we have the
scheme theoretic intersection .

Wg = ﬂ Wi,el--
i=0

By definition, amap ¢ : T — S factors through WY if and only if ¢* £, F (N + i) is locally
free of rank ¢; = P(N +1i) fori = 0,...,n. In particular, s € W} if and only if Px,(d) = P(d)
and so by finiteness of the Hilbert polynomials, {W3} is a finite locally closed stratification
of S which has the correct closed points. However, we need to determine the correct scheme
structure.

By the vanishing condition (2), we know that the formation of f.F (N + a) is compat-
ible with arbitrary base change for all 2 > 0. Now for each 4 > 0, let we can apply the
flattening stratification to the sheaf f, F(N +n+d) |ng to obtain a locally closed subscheme

W universal for this sheaf being locally free of rank P(N + 1 + d). Note that at every closed
point of WY, the rank of f.F(N + n + d) is equal to P(N + n + d) and so W4 has the same
underlying reduced subscheme. In particular, it is actually a closed subscheme of W9 and
so is cut out by some ideal I%. Now consider the chain

hCIp+IC....

By the Noetherian condition, this sequence stabilizes to some ideal I cutting out a closed
subscheme Sp C W9 with the same underlying reduced scheme. Equivalently, Sp is the
scheme theoretic intersection of the W4 for all d.

Since Sp C W9 is a homeomorphism of underlying topological spaces, then {Sp} is a
tinite locally closed stratification of S. By definition, ¢ : T — S factors through Sp if and
only if foralla > 0,

9" f.F(N+a)

19 Actually we already knew this because X C P for some 7 and we can take this n. However, this is only
because we are using a stronger version of projectivity in this class.
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is locally free of rank P(N + a) but by the base change property,
¢ fx F(N+a) = (fr)«Fr(N +a).

Therefore, ¢ : T — S factors through Sp if and only if ( f7).Fr(N + a) is locally free of rank
P(N +a) for all 2 > 0 if and only if Fr is flat over T with Hilbert polynomial P(d) by the
corollary from lecture 5. Thus Sp has the required universal property.

[

10.2 Functoriality properties of Hilbert schemes
10.2.1 Closed embeddings

We proved the following in Step 1 of the construction of Hilbert schemes but its useful
enough to make explicit.

Proposition 10.6. Let i : X — Y be a closed embedding of projective S-schemes for S noetherian.
Then there is a natural closed embedding i : Hilb% /s — Hilb} /s

10.2.2 Base-change

Let f : X — S be a projective morphism to a noetherian scheme and S’ — S any
morphism. Consider the pullback

X —=X
173
S'——=8.

Note that f’ is projective. Suppose £ is any coherent sheaf on X and let £’ be the pullback of
€ to X'. The following is clear from the definition of the Quot functor.

Proposition 10.7. The following is a pullback square of functors.

Qe x17sr — Qe x/s

| l

S’ S

In particular, we conclude that

Quotg/,xl/s/ = Quotg,x/s Xg S/

10.2.3 Pullbacks
Let f : X — Y be a flat morphism of projective S-schemes. Since flatness and the Hilbert
polynomial are stable under base-change, we have the following;:
Proposition 10.8. There is a pullback morphism
f* : Hilby,s — Hilby s
induced by taking a closed subscheme Z C T XY to the pullback ¢~ 1(Z) C T x5 X.

Proof. Since f : X — Y is flat, then sois fr : T xs X — T x5 Y and so g~'(Z) — Z is also
flat. Then the composition ¢~1(Z) — Z — T is also flat and so is an element of Hilb%, 5(T).
]
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10.2.4 Pushforwards

Let f : X — Y be a morphism of projective S-schemes. We can ask if there is a “push-
forward” map f. in general. We saw above there is if f is a closed embedding.
Let us consider the diagram

Ze LT e X TxgY

N

T

where p : Z — T is an element of Hilby,s(T). The question is whether the composition
froi:Z — T xgY is a closed embedding and thus gives an element of Hilby,5(T) which
we can use to define f.(p : Z — T). Of course this won't be true in general but it turns out
it holds on an open subscheme of Hilby ,s.

Theorem 10.9. There exists a universal open subscheme Hilbx_,y,¢ C Hilbx,s on which f. de-
finedby Z C T xg X mapsto froi:Z — T xgY gives a morphism

f* : HﬂbX_>y/5 — Hilby.

Proof. Equivalently, we want to show there exists an open subscheme U C Hilby s such that
a morphism ¢ : T — Hilby,s coresponding to a closed subscheme i : Z C T xg X factors
through U if and only if the composition froi: Z — T XgY is a closed embedding. Indeed
if such a subscheme exists its clearly universal and then fr o i is an element of Hilby 5 such
Z — Tis flatand proper regardless of embedding. Now the existence of this U = Hilbx_,y g
follows from applying the next lemma to the universal map g := fHipy5oi-

Hﬂbx/s Xg X i Z $ Hﬂbx/s XsY
Hilby

]

Lemma 10.10. Let p : Z — T and q : Y — T be projective T-schemes with p flat and let g : Z — T
a morphism. Then there exists an open subscheme U C T such that ¢ : T — T factors through U if
and only if p*g : Zp — Y is a closed embedding.

Proof. Since Z and Y are projective, the morphism g is proper and so we may replace Y by
the image of ¢ and assume without loss of generality that Y is the scheme theoretic image of
g- Then g is a closed embedding if and only if it is an isomorphism and so the result reduces
to the lemma proved during our study of Hom-schemes.

O]

11 Weil restriction, quasi-projective schemes

11.1 Weil restriction of scalars

Let S — S be a morphism of schemes and X — S’ an S’-scheme. The Weil restriction of
scalars Rgr /5(X), if it exists, is the S-scheme whose functor of pointsis given by

HomS(T, RS’/S(X)) = Homs/(T X S/, X)
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Classically, the restriction of scalars was studied in the case that S’ — S is a finite extension
of fields k C k'. In this case, Rg/;5(X) is roughly given by taking the equations of X /k" and
viewing that as equations over the smaller field k.

Theorem 11.1. Let f : " — S be a flat projective morphism over S Noetherian and let g : X — S’
be a projective S'-scheme. Then the restriction of scalars Rg: ;5(X) exists and is isomorphic to the
open subscheme Hilb%, .o /s C Hilbk /s where P is the Hilbert polynomial of f : S’ — S.

Proof. Note that HilbZ, /s = S with universal family givenby f : S’ — S. Then on Hilb% . /s
we have a well defined pushforward

g* :Hﬂbl;(ﬁsl/s — S

given by composing a closed embedding i : Z C T xg X with g7 : T xgX — T xg .
On the other hand, since the Hilbert polynomials agree, then the closed embedding gt o
i:Z — T xgS mustis a fiberwise isomorphism and thus an isomorphism. Therefore,
groi:Z —TxgX = (T xg§") xg X defines the graph of an S’ morphism

T xsS — X.
This gives us a natural transformation
Hilb} ¢, — Homg (— x5 5, X). (15)
On the other hand, a T-point of the right hand side, ¢ € Homg (T xgS’, X), gives us a graph
[, CTxgS xgX

which maps isomorphically to T xg S’. Since S" — S is flat, so is ', — T and thus defines

an element of Hilb%_, ¢/ ,5(T) giving an inverse to .
O]

11.2 Hilbert and Quot functors for quasi-projective schemes

Next, we will generalize Hilbert and Quot functors to quasi-projective morphisms f :
X — S. Given a coherent sheaf £ on X, we define the Quot functor just as before.

Qe x/s(T) ={q: Er — F | F flat and proper over T}

Theorem 11.2. Let f : X — S be a quasi-projective morphism over S noetherian and let € be a
coherent sheaf on X. Then

P
QS,X/S - |_| Qg/x/s

over Hilbert polynomials P and each component QF /s 1s representable by a quasi-projective scheme
over S.

Proof. Since f : X — S is quasi-projective, there is a projective ¢ : Y — S and an open
embedding i : X — Y such that the diagram

N

commutes.
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Lemma 11.3. There exists a coherent sheaf E' on'Y such that £'|x = £.
Proof. Exercise. O

Given an element (g, F) € Qf y,¢(T), we can consider the composition g" : £ —
Elx — F, an object of Qg, y,s(T). This gives us a natural transformation

P P
Qe x/s = Leryss
We wish to show this is an open embedding. This follows from the following lemma.

Lemma 11.4. Let p : Y — S be a proper morphism, Z C Y a closed subscheme, and F a coherent
sheaf on Y. Then there exists an open subscheme U C S such that a morphism ¢ : T — S factors
through U if and only if the support of the sheaf F on Yt is disjoint from the closed subscheme Zr.

Proof. Exercise. [

Now we apply the lemma to F, 5, y,s the universal sheaf on p : Quotg/’y /s Xs Y —
Quotlg/ly s with the closed subscheme Z being the complement of the open subscheme
Quotg,’Y /s %5 X. Then we get an open

uc Quotgfly/s

such that ¢ : T — Quotg,’Y /s factors through U if and only if the support of Fr lies in Xr.
This is precisely the subfunctor QE,X /5 80 we conclude this subfunctor is representable by
the quasi-projective scheme U. O

11.2.1 Hironaka’s example

The Hilbert functor need not be representable by a scheme outside of the quasi-projective
case. Indeed we have the following example due to Hironaka. For simplicity, we will work
over the complex numbers.

Let X be a smooth projective 3-fold with two smooth curves C and D intersecting trans-
versely in two points x and y. Consider the open subset Uy = X \ x and let V; be the variety
obtained by first blowing up C \ x inside U, then blowing up the strict transform of D \ x
inside the first blowup. Similarly, let U, = X \ y and let V, be obtained by first blowing up
D\ y then blowing up the strict transform of C \ y.

Let 7y, 71, be the natural morphisms from the blowups to the open subsets of X. Then

by construction 7ty ' (Uy N Uy,) = T, 1(U, N Uy) so we can glue them together to obtain a
variety Y with a morphism 77 : Y — X.

Claim 11.5. The variety Y is proper but not projective.

Proof. The morphism 7t is proper by construction so Y is proper. Let [ and m be the preim-
ages of a general point on C and D respectively. These are algebraic equivalence classes of
curves on Y. The preimage s (x) is a union of two curves I, and m, where m ~alg My and
I ~ag lx + my. Similarly, 7~ 1(y) is a union of ly and my where I ~jo Iy and m ~gq 1y + my.
Putting this together, we get I + my ~,, 0. But I, and m, are irreducible curves so if Y
is projective, it would have an ample line bundle which has positive degree on I + m,, a
contradiction.

O
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Now we pick X, C and D such that X has a a fixed point free involution T which sends
C to D and x to y. Then 7 lifts to an involution on Y. We will study quotients of varieties in
more detail later, but for now we can consider the quotient Y /T as a complex manifold.

Claim 11.6. The quotient Y /T is not an algebraic variety.

Proof. Let I',m’, 1y, and mg be the images under Y — Y/t of [,m, [, and my respectively,
viewed as homology classes. Note that [, and m, map to the same classes. Then the algebraic
equivalences show the following equalities of classes in homology:

[mo] = [m'] = [I'] = [my] + [Lo]
which implies that the homology class of [y vanishes.
Suppose Y /T is a variety let t € [y be a point. Let U be an affine open neighborhood
of t in Y/7. Pick an irreducible surface So C U passing through ¢ but not containing /o N U,
and S be the closure of Sy in Y /7. Then on the one hand, the intersection number SNy > 0

since its the intersection of two irreducible subvarieties meeting at a finite number of points,
but on the other hand S NIy = 0 since [ly] = 0, a contradiction. O

Claim 11.7. The Hilbert functor Hy ;¢ is not representable by a scheme.
Proof. Let R C Y x Y be the closed subset defined as
R=Y x Y/T Y.

We can consider the action of G = (1) = Z/2Z on Y as a morphism m : G X Y — Y. There
is also a projection py : G x Y — Y. Then the product of these two maps gives a proper
morphism G x Y — Y x Y that is an isomorphism onto R. In particular, the projection
R — Y is flat and proper and so R C Y x Y defines a flat family of closed subschemes of Y
parametrized by Y, i.e., a morphism

Y — Hy/c.

Suppose the latter is representable by a scheme Hilby ,¢. Since Y is proper so is Hilby /C@
Then Y — Hilby,¢ is a proper morphism and so its image Z is a closed subscheme of
Hilby ,c. On the other hand, the underlying map complex spaces Y — Z is exactly the quo-
tient map Y — Y /7 since the fibers of R — Y are exactly the orbits of T and so Y — Hilby ¢

sends a point to its orbit. This contradicts the fact that Y /7 is not a scheme.
O

12 The Picard functor

12.1 Picard groups

Our goal now is to study the representability properties of the Picard functor. Recall the
definition of the Picard group.

Definition 12.1. Let X be a scheme. The Picard group Pic(X) is the set of line bundles (or invertible
sheaves) on X with group operation given by tensor product.

Recall the following well known fact.

Lemma 12.2. There is a canonical isomorphism Pic(X) = HY(X, O%).

20Note that the proof of properness was purely functorial and did not require representability or projectivity.
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12.2 Picard functors

Let f : X — S be a scheme over S. We want to upgrade the Picard group to a functor
on Schg. Since line bundles pull back to line bundles, we have a natural functor given by

T — Pic(Xr).

Thus functor is the absolute Picard functor.
It is natural to ask if this functor is representable. It turns out this is not the case.

Claim 12.3. The absolute Picard functor is not a sheaf.

Proof. Let L be a line bundle on T such that f7L is not trivial. Let {U,} be an open cover of
T that trivializes the bundle L. Then the pullback of f7L to Xy, is trivial and so L is in the
kernel of the map

Pic(Xt) — Pic (|_| Xum) = [ [ Pic(Xuy,)-
O

Since the problem is the line bundles pulled back from the base scheme T, one proposed
way to fix this is the following definition of the relative Picard functor.

Definition 12.4. The relative Picard functor Picx /s : Schs — Set is given by
Pic,s(T) = Pic(Xr)/ fPic(T)
where f7 : Pic(T) — Pic(X) is the pullback map.

The representability of Picy s is still a subtle question and even the sheaf property is
subtle and doesn’t always hold. However, it does under some assumptions.

Definition 12.5. We call a proper morphism f : X — S an algebraic fiber space if the natural map
Os — f+Ox is an isomorphism. We say it is a universal algebraic fiber space if for all T — S, the
natural morphism Ot — (fr)«Ox, is an isomorphism. @

Proposition 12.6. Suppose f : X — S is a universal algebraic fiber space and that there exists a
sectiono : S — X@ Then Picx /s is a Zariski sheaf.

Proof. Letus consider the Zariski sheafification Picx /s 7, of Picx,s. This is the sheafification
of the functor
T — H'(Xr, O%,)

If we restrict this to the category of open subschemes of a fixed T, what we get is the sheaf

RY(fr).O%, P

21Some sources in the literature require algebraic fiber spaces to be projective not just proper morphisms.

22That is, o is a morphism with f o o = ids.

23Some take this as the definition of the higher direct image functors and then you have to prove their
properties, otherwise you can define the higher direct image functors as derived functors and check they agree
with this sheafification.
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Thus Picx/s, z4-(T) is the global sections of the sheaf R!( fr)«O%, onT:

Picx/s, zar(T) = HY(T, R (1) O%,)-
Now consider the Leray spectral sequence
HI(T,Ri(fr).0%,) = H™(Xr,0%,).

There is a 5-term exact sequence associated to any spectral sequence which in this case is
given by
0= HY(T, (fr)«O%,) = H'(X, 0%,) = H*(T,R'(fr).O%,)
— H*(T, (fr)-0%,) = H*(X, 0%,).

Since f is a universal algebraic fiber space, (f1)«O%, = Of and so the first map in the exact
sequence can be identified with the pullback

fr : Pic(T) — Pic(Xr).
Thus we have an exact sequence
0 — Pic(T) — Pic(Xt) — Picx s, z4(T).
We want to show that the last map above is surjective so that
Picx /s zqr(T) = Pic(Xt)/Pic(T) = Picx,s(T).
By exactness, it suffices to show that
H(T, (fr)«O%,) = H*(X,0%,)

is injective. This map is given by pulling back by fr. Since fr has a section given by or, then
we have

op o fr = id : HX(T, (fr):O%,) = H*(T, (fr)+O%,)-

Therefore f7 is injective. O

Remark 12.7. In the simplest case when S = Spec k is the spectrum of a field, the condition that
f + X — Sis a unviersal algebraic fiber space is equivalent to X being geometrically connected and
geometrically reduced. The condition that there exist a section o : S — X is exactly saying that X
has a k-rational point. Note that this is always true after a separable field extension of k, that is, it
holds étale locally. This suggests that to study the relative Picard functor in greater generality, one
should consider the sheafification of Picx /s in the étale topology. Indeed it turns out that in the most
general setting one should consider the fppﬂ sheafification of Picxs. In the setting above where
there exists a section, Picx s is already an étale and even fppf sheaf. To avoid getting into details of
Grothendieck topologies and descent theory at this point in the class, we will stick with the case where
a section o exists.

2faithfully flat and of finite presentation
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12.3 Some remarks and examples

Note that the relative Picard functor has the same k-points as the absolute Picard func-

tor:
Picx (k) = Pic(Xy) = Pic(Xy)/Pic(Spec k) = Picys(k).

Thus the points of the relative Picard scheme of f : X — S, if it exists, can be identified with
line bundles on the fibers X of f. The difference between Picx and Picx /g is only in how we
glue together fiberwise line bundles into line bundles on the total space X.

Even when Picx /g is a Zariski sheaf, it may still exhibit some pathologies.

Example 12.8. (The Picard functor is not separated.) Let
X=A{tf(x,y,2z) —xyz =0} C ]P‘;’Ag

be a family of cubic curves in the plane over k = k an algebraically closed field, where f(x,y,z) is a
generic cubic polynomial so that the generic fiber of the projection f : X — A} = S is smooth and
irreducible. Note that f is a universal algebraic fuber space and we can pick f(x,y,z) appropriately
so that a section o exists. The special fiber at t = 0, given by V (xyz), is the union of three lines I1, I,
and I3. We will show that in this case, Picx s fails the valuative criteria for the property of being
separated.

Indeed suppose L is a line bundle on X \ Xo viewed as an element of Picyx,s(A' \ 0) and
suppose there exists some line bundle L on X such that L| . x, gives the same element of Picx /s (Al

0) as L°. Explicitly, this means that there exists some line bundle G on A \ 0 such that
Lix\x, ® f*G = L°.

Then we claim that the twist L(l;) = L ® Ox(l;) by a component I; of the central fiber gives another
element of Picy /s (A \ 0) extending L that is not equal to L. In particular, the map Picy /s (A') —
Picy /(A \ 0) is not injective and so the valuative criterion fails.

To verify the claim, note that Ox (1;)|x\x, = Ox, and so L(l;) does indeed give an extension of
LY in Picyxs. On the other hand, L and L(l;) give the same element of Picx /s(A') if and only of
Ox(1;) is pulled back from A which does not hold since the restriction to the scheme theoretic fiber
Ox(I;)| g1 ({t = 0}) is a nontrivial line bundle.

This example shows that to get a well behaved relative Picard functor, we should restrict
to the case that the fibers of f : X — S are integral. Indeed if the fibers are integral, then
any fiber component Ox(F) that we can twist by is pulled back from the base and so this
problem doesn’t occur.

Example 12.9. (The Picard functor need not be universally closed.) Let X = {y?z — x*(x — z) = 0}
in P? with S = Spec k for k = k. Then f : X — Spec k is a universal algebraic fiber space and it
has a section given by the rational point [0,1,0]. Consider the subscheme D C A' x; X given by
the graph of the morphism

p: A 5 X, t P41t +1),1].

Let ty = ++/(=1), U = A\ {t;,t_}, and Xy = X\ {X¢, UX; }. Then D|y C Xy is
contained in the regular locus of Xy = U x X and so the ideal sheaf of D|; is a line bundle denoted
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Ox,(—Dlu). If an extension of Ox,(—D|y) to Al exists as an element of the relative Picard
functor, then it must be represented by a line bundle on X, and in particular, it must be flat over A,
On the other hand, we know that the ideal sheaf Ip is a flat extension of Ox,(—D|y). One can
check that if the extension of Ox,,(—D|u) exists as an element of the relative Picard functor, it must
be equal to Ip up to twisting by a line bundle on the base. Since D — Al is flat, Ip|e, = Ip,, but
Dy, is the closed point 0,0, 1]. The completed local ring of Xy, at this point is given by k[x, y]/ (xy)
and it has maximal ideal (x,y) corresponding to the point [0,0,1]. It is easy to see that (x,y) is not
a free k[x,y] / (xy)-module and thus Ip is not a line bundle and so no extension of Ox,,(—D|y) as
an element of the relative Picard functor can exist.

In the above example, what goes wrong is that the flat limit of the given family of line
bundles is not a line bundle, but rather the rank 1 torsion free sheaf Zp, , . Thus suggests that
at least in the case of an integral curve, one can compactify the Picard functor by allowing
such sheaves. We will study this compactified Picard scheme in the case of integral curves lying
on a smooth surface®|later in the class.

12.4 Outline of the proof of the representability theorem
Our goal will be to prove the following theorem.

Theorem 12.10. Let f : X — S be a flat projective morphism with integral fibers such that f is
a universal algebraic fiber space and suppose there exists a section o : S — Xlzﬂ Then the relative
Picard functor Picx s is a representable by a locally of finite type, separated S-scheme with quasi-
projective connected components.

The proof roughly proceeds in the following steps:

(I) Given a Cartier divisor, that is, a codimension one closed subschemes D C X with
locally free ideal sheaf Ip C Oy, we can dualize to obtain a line bundle L = I, I with
section s : Ox — L. This gives a set theoretic bijection

{(L,s) | s : Ox — Lis injective} «» {Cartier divisors}.

(I) We define a relative notion of Cartier divisors and prove that the moduli functor
CDivy s of relative Cartier divisors is representable by an open subscheme of the
Hilbert scheme Hilby 5. In particular, we have a disjoint union

CDivx,s = | |CDiv% g
p

over Hilbert polynomials where each component is quasi-projective.
(III) Using the bijection in (I), we construct a morphism of functors

which on k-points is given by (D C X;) + L = I;'. Here P; is the Hilbert polynomial
of I D 1 which depends only on the Hilbert polynomial P of D and that of f : X — S.

Bso-called locally planar curves

26In fact all we will need is that Picy /s is a sheaf.
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Note that since f is flat, any line bundle on X7 is flat over T for any T — S and so
there is a disjoint union

. . P
Picx,s = |_|P1CX/S.
P

(IV) For a suitable choice of P and P, after twisting by a large enough multiple of Ox(1),
the map
. P . P
CDivy /s — Picy /5
is the quotient of CDiv% /s in the category of sheaves by a proper and smooth (and in
particular flat) equivalence relation.

(V) We will study proper and flat equivalence relations and show that the quotient of
a quasi-projective scheme by such equivalence relation exists as a quasi-projective
scheme. This uses the existence of Hilbert schemes.

13 Relative effective Cartier divisors

13.1 The universal line bundle on Picx/s

Recall last time we defined for an S-scheme f : X — S the relative Picard functor
Picy /s : Schg — Set T — coker(Pic(T) — Pic(Xr)).

Under the assumption that f is a universal algebraic fiber spaceE] and f admits a section
o:S — X, we showed that Picy s is a Zariski sheaf.
Our main goal will be to show the following:

Theorem 13.1. Let f : X — S be a flat projecitve scheme over S Noetherian. Suppose S is a universal
algebraic fiber space and admits a section o : S — X and that the fibers of f are geometrically integral.
Then Picy /s is representable by a locally of finite type scheme over S with quasi-projective connected
components.

Note that the elements of Picy,5(T) are not line bundles, but rather equivalence classes
of line bundles under the equivalence given by tensoring by line bundles from the base T.
In particular, even if the relative Picard functor is representable, it is not immediate that
there exists an actual line bundle on Picx,s xg X that pulls back to the appropriate class in
Picx/s(T) for all T. To show this, let us introduce the following variant of the relative Picard
functor.

Definition 13.2. Let f : X — S be a universal algebraic fiber space with section o : S — X. The
o-rigidified Picard functor is the functor

Picx /g : Schg — Set
such that

Picx/so(T) = {(L,«) | L is a line bundle on X1, a : O — o7L is an isomorphism} / ~

YForany T — S, (fr)«Ox, = Or. Note this holds in particular if f is projective and the fibers of are
geometrically integral.
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where (L, o) ~ (L', &) if and only if there exists an isomorphism € : L — L such that cje o = o’
Picx s+ is made into a functor by pullback.

Remark 13.3. Using the o-rigidification and the assumptions on f one can check directly that
Picx /s is a sheaf in the Zariski topology. In fact under these assumptions it is even a sheaf in

the fppf topology.

Proposition 13.4. Suppose f : X — S is a universal algebraic fiber space with section o. Then
Picx s, = Picx/g as functors.

Proof. There is a natural transformation
PiCX/S,U — PiCX/S

given by forgetting the data of x and composing with the projection Picx — Picyx,s from
the absolute Picard functor. On the other hand, given an element Picy,5(T) represented by
some line bundle L on X7, the line bundle

L® (fr)*c*L™t
has a canonical rigidification given by the inverse of the isomorphism
LR L™ = Of
and this gives an inverse

PiCX/S(T) — PiCX/S,(T'
O]

Corollary 13.5. Suppose f : X — S is a universal algebraic fiber space with section o : S — X.
Assume that the relative Picard functor is representable. Then there exists a opic,  -rigidified line
bundle P on X x g Picx /g that is universal in the following sense. For any S-scheme T and any line
bundle L on X, let @1, : T — Picx/gs be the corresponding morphism. Then ¢} P is or-rigidified
and

L=¢;P® frM

for some line bundle M on T. In particular, if T = Spec k, then for any k-point [L] € Picx,s(k),
Plx, = L.
13.2 Relative Cartier divisors

Recall that an effective Cartier divisor D C X is a closed subscheme such that at each
point x € D, Op = Ox/fx where fy € Ox is a regular element. That is, D is a pure
codimension one locally principal subscheme. Then the ideal sheaf of D is a line bundle
Ox(—D) and the inclusion Ox(—D) = Zp — Oy induces a section

Sp : OX — Ox(D)

of the dual line bundle Ox (D) which is everywhere injective.
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Definition 13.6. Let L be a line bundle. A section s € H°(X, L) is reqular if s : Ox — L is
injective. Two pairs (s, L) and (s, L") of line bundles with reqular sections are said to be equivalent

if there exists an pair («, t) where
a:L— L

is an isomorphism of line bundles and t € H°(X, O%) is an invertible function such that a(a) = ts'.

Given a line bundle and a regular section (s, L), the vanishing locus V (s) is an effective
Cartier divisor with ideal sheaf sV : L™! < Oy and in this way we have a bijection

{effective Cartier divisors} <> {(s,L) | s is a regular section}/ ~

where ~ is the equivalence relation on pairs (s, L) given above. We wish to consider the
relative notion.

Definition 13.7. Let f : X — S be a morphism of schemes. A relative effective Cartier divisor is an
effective Cartier divisor D C X such that the projection D — X is flat.

We will show that this notion is well behaved under base-change by any S’ — 8S.

Lemma 13.8. Suppose D C X is a relative effective Cartier divisor for f : X — S. Forany S' — S,
denote by f' : X' — S’ the pullback. Then D' = S’ x¢ D C X' is a relative effective Cartier divisor

for f'.

Proof. Flatness of D’ — S’ is clear. We need to check that D’ is cut out at each local ring
Ox » by a regular element. Let x be the image of x” and consider the exact sequence

0—=0xx—=0Oxy—=0Opy —0

where the first map is multiplication by the regular element f,. Pulling back along S’ — S
gives us a sequence
0— OX’,x’ — OX’,x’ — OD’,x’ — 0

which is exact since Op , is flat so the Tor term on the left vanishes. The first map is multi-
plication by f7, the pullback of f. Since it is injective, f; is a regular element.
O

Corollary 13.9. Let f : X — S be a flat morphism and D C X a subscheme flat over S. The
following are equivalent:

(a) D is a relative effective Cartier divisor;
(b) Ds C X is an effective Cartier divisor for each s € S.

Proof. (a) = (b) by the previous lemma. Suppose (b) holds. We need to show that for all
x € X, Opx = Ox ./ fx where fy is a regular element. By (b), we have that Op , ® k(s) =
Ox x @ k(s)/ fx where fy is a regular element of Ox y ® k(s) = Oy, y. Now by Nakayama’s
lemma we can lift this to an generator fy of Zp so that Op, = Ox ./ fx and f, a regular
element. O
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Now we can define the functor
CDivx /g : Schs — Set

given by
CDivy,s(T) = {relative effective Cartier divisors D C X}

Proposition 13.10. Let f : X — S be a flat and projective morphism over a Noetherian scheme
S. Then CDivy g is representable by an open subscheme of Hilby s. If moreover f is a smooth
morphism, then CDivy g is proper over S.

Proof. Since an element CDivy,s(T) is a closed subscheme D C Xt which is flat and proper
over T, CDivy g is a subfunctor of Hilby /5. We need to show that the inclusion CDivy /s —
Hilby s is an open subfunctor.

That is, suppose D C Xr is flat and proper over T. We need to show there exists an
open subset U C T such that ¢ : T" — T factors through U if and only if Dy C Xp is an
effective Cartier divisor which by the previous lemma is equivalent to the the requirement
that D; C X; is an effective Cartier divisor for each t € T".

Toward this end, let H be the union of irreducible components of Hilby ;s which contain
the image of CDivy,s and let D C X xg H = Xp be the universal proper flat cloesed
subscheme over H. Note that the non-Cartier locus of D C Xp is exactly the locus where
Ip is not locally free of rank 1. Since X is locally Noetherian and Ip is coherent, the locus
where Ip is locally free of rank 1 is locally closed by the locally free stratification (special
case of flattening). On the other hand, for any point x € Xi \ D, Zp » = Ox y is free of rank
1 and thus the stratum contains a dense open subscheme of X H Therefore this stratum is
in fact open. Let Z C Xp be its complement so that x € Z if and only if D is not Cartier at
x e X.

Now we let

u:= H\fH(Z) C H.

Then U is open since fp is proper and ¢t € U if and only if for all x € X;, D is Cartier at x if
and only if D; C X; is an effective Cartier divisor (by the prevoius lemma). Then a T-point
of H factors through U if and only if for all t € T, D; C X; is an effective Cartier divisor if
and only if Dt C X is an effective Cartier divisor so U represents the subfunctor CDivy .

Suppose now that f is smooth. We will use the valuative criterion. Let T = Spec R be
the spectrum of a DVR with generic point 7 = Spec K and closed point 0 € T and let D), be
an 17 point of CDivy ,s. By properness of the Hilbert functor, we know there exists a unique
D C Hilby,s(T) such that D|;, = D,. We need to check that D C Xr is in fact a relative
effective Cartier divisor. This is equivalent to Dy C Xy being Cartier. By flatness over a DVR,
the subscheme D has no embedded points and is pure of codimension 1 since D, is pure of
codimension 1. Thus Dy C Xj is a pure codimension 1 subscheme with no embedded points.
Since Xy is smooth, the local rings are UFDs and by a fact of commutative algebra, height
1 primes on UFDs are principal and thus Ip, . is a principal ideal of Oy, , generated by a
regular element for each x € Xj.

BWhy is Xp \ D dense in Xg? This is clear if we add the assumption that the fibers of f : X — S are
integral. In general I want to use the fact that H is the union of components with Hilbert polynomial equal to
that of a Cartier divisor to show that Xy \ D is dense inside each irreducible component of each fiber. For our
purposes we can assume the fibers of f : X — S are integral since that is the only case we will consider when
constructing Picard schemes.
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Example 13.11. (A non-proper space of effective Cartier divisors) Let X C IPZ} be defined by the

following equation.
Hoxw —yz) + x> —yz =0

For t # 0, this is the smooth quadric surface which has a family of lines defined by the ideal (x,y).
Since X; is smooth this is a Cartier divisor. However, over t = 0, Xy is a singular quadric cone
x? — yz and one can check that the deal (x,y) is not locally principal at the point [0,0,0, 1]. Therefore
this family of lines gives an element in CDivy , a1 (A \ 0) which does not extend to CDivy 1 (A1).

14 The Abel-Jacobi map

14.1 Representable morphisms

Throughout the course we have used the notion of a subfunctor being an open or closed
subfunctor. This is a special case of the notion of representable morphism between functors.

Definition 14.1. Let F, G be two functors Schg — Set. A morphism F — G between functors is
said to be representable by schemes if for any scheme T and any morphism T — G, the pullback of
functors T X ¢ F is representable by a scheme.

Using Yoneda’s lemma, the morphism F — G is representable by schemes if and only
if the following condition holds. Given an element ¢ € G(T), there exists a scheme T’ and
a morphism T’ — T such that for any scheme T” and any morphism ¢ : T” — T, ¢ factors
through T’ if and only of {7v € G(T") is the image of an element { € F(T”). From this it
is clear that open and closed subfunctors are representable morphisms. More generally, we
can define the following properties for representable morphisms.

Definition 14.2. For any of the following properties, we say that a morphism of functors F — G is
representable by P if and only if F — G is representable by schemes and for all T — G, the morphism
T xg F — T has property P:

(a) P = “closed embeddings”,
(b) P = “open embeddings”,
(c) P = “affine morphisms”,
(d) P = “projective bundles @
(e) P = “proper morphisms”,
(f) P = "flat morphisms”,

(g) P = “smooth morphisms”,

(h) P = “finite morphisms”,

2IRecall that a projective bundle on a scheme S is an S-scheme of the form IP(€) for £ a coherent sheaf on S.
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(i) P = “étale morphisms”.

Remark 14.3. In fact this definition makes sense for any property P of morphisms such that (1) P is
stable under base change, and (2) the property can be checked for a morphism of schemes after taking
a Zariski open cover of the targeﬂ More generally, one can work with algebraic spaces or algebraic
stacks and then one can ask for morphisms of ( pseudo)functor@ to be representable by schemes, or by
algebraic spaces, or by algebraic stacks. Then it makes sense for such morphisms to be representable

by P for any property that is fppf or fpqc local on the target.

14.2 The Abel-Jacobi map

Recall last time we constructed the moduli space CDivy g of relative effective Cartier
divisors for any flat and projective f : X — S over a Noetherian scheme S. The elements
of CDivyx,s(T) are Cartier divisors D C X7 which are flat over T. Then the ideal sheaf
Ox,(—D) of D is a line bundle on Xt with dual Ox, (D). We wish to show that sending D
to Ox, (D) defines a natural transformation of functors CDivy,s — Picx/s.

Proposition 14.4. The natural map
CDiZ)X/S(T) — PiCX/S(T)
given by (D C Xt) — [Ox,(D)] is a natural transformation of functors CDivy s — Picx/s.

Proof. We need to check this map is functorial in T. Each side is made into a functor under
pullback so concretely, we need to check that for any ¢ : T" — T, Ox_, (D) = ¢*Ox,(D)
up to twisting by a line bundle pulled back from T'. Now Op is flat over T, so pulling back
the ideal sequence

0— Ox,(—D) = Ox, - Op =0

gives
0— (P*OXT(D) — OXT/ — ODT’ —0

so in particular, ¢*Ox, (—D) = Ox_,(—Dr). Now since Ox,(—D) is locally free, we have
9" Ox; (D) = ¢"Ox,(~D)™" = Ox,,(~Dp) ™! = Ox,,(Dr)
as required. O
This map is often called the Abel-Jacobi map and is denoted by
AJx,s : CDivy,s — Picxys.

Let us study the fibers of AJx,s over a k-point. A k-point ¢ € Picy,s(k) for Spec k — S
a point of S corresponds to a line bundle L on Xj. Then by the bijection between Cartier
divisors and line bundles with regular sections up to isomorphism, the fiber AJ );} 5(t) is the
set of pairs (s, L) where s : Ox < L is a regular section up to scaling:

Al )s(t) = HO(Xy, L)™8 /H (X, O%, ).

If X\ is geometrically integral, then every nonzero section is regular and we have AJ i} s(t) =
P(H®(Xy, L)) is a projective space. This observation is generalized by the following theorem.

30That is, the property is local on the target.
31Functors to the category of groupoids rather than to sets. We will discuss this in more detail later.
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Theorem 14.5. Suppose f : X — S is a flat projective universal algebraic fiber space with section
o : S — X. Suppose further that the fibers of f are geometrically integral. Then the Abel-Jacobi map
AJx/s : CDivy, g — Picx g is representable by a projective bundle. More precisely, for any scheme
T and T-point @1 : T — Picx s corresponding to a line bundle L on X, there exists a coherent
sheaf £ on T such that the pullback A] %}S(T) — T is isomorphic to the projective bundle P (&)
over T. Moreover, if R'(fr)«L = 0, then (1) (fr).L commutes with base change, (2) € and (fr)«L
are locally free and dual to each other, and (3) the formation of £ commutes with base change. In
particular, if RY(fr).L = 0 for all T-points, then AJx s is representable by smooth morphisms.

To prove this theorem, we will use the following proposition, which is on problem set
2, and follows from the existence of the Grothendieck complex.

Proposition 14.6. Let f : X — S be a proper morphism over a Noetherian scheme S and let F be a
coherent sheaf on X which is flat over S. Then there exists a coherent sheaf Q on S with a functorial
isomorphism

O : f*(./—" &® f*Q) — Homg(Q, Q)

Corollary 14.7. Suppose R' f. F = 0 so that f.F is locally free and commutes with base change by
cohomology and base change. Then Q is locally free and is dual to f.JF. In particular, the formation
of Q commutes with base change.

Proof. Apply the proposition to the special case G = Os and use that dualizing commutes
with tensor products for locally free modules. O

Remark 14.8. Note that by definition, Picy /g is compatible with base change in the following sense.
Forany S" — S such that f' : X' — S is the pullback of f : X — S,

PiCX//S/ = PiCX/S Xg s’

as functors. Moreover, if f satisfies any of the above assumptions then so does f'. Note also that
CDivy s Xg S' = CDivy . Indeed we already discussed the Hilbert schemes have this property
and since the condition of being a relative effective Cartier divisor is compatible with base change, the
claim follows. Then it is clear to see from the definition of AJx,s x5S = AJxr /.

Proof. (Proof of theorem) By the remark, we may suppose that T = S. Let ¢ : S — Picx s be
an S-point corresponding to the class of a line bundle L on Then the pullback A]~1(¢;)
by definition is the functor which we will denote D|j; that takes an S-scheme T to the set of
relative effective Cartier divisors D C X7 such that Ox, (D) = LT ® ffM where M is some
line bundle on T.

Since f is a universal algebraic fiber space, f; : Pic(T) — Pic(Xr) is injective thus if M’
is some other line bundle such that Ox, (D) = Lt ® ffM/, then ffM = fiM'so M = M'.
Thus M is unique up to isomorphism and D corresponds to a regular section s of LT ® f1M.
Equivalently, s is a regular section of (fr)«(LT ® f;7M). By the proposition, since L is flat
there exists a coherent sheaf O along with a functorial isomorphism

f+(L® frG) = Homs(Q,9)

for all quasi-coherent G on S. We will show next time that £ = Q is our required sheaf. [

32Here is where we are using the assumption that ¢ has a section so that T-points correspond to actual line
bundles on X1. Otherwise, we would need to sheafify and thus T-points would correspond to line bundles on
some cover T' — T.
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15 The Abel-Jacobi map (cont.), boundedness, quotients by
equivalence relations

15.1 A]Jx/s is representable by projective bundles

Recall last time we defined the Abel-Jacobi map
A]X/S : CDiTJX/S — PiCX/S
by (D C X1) — Ox, (D). We are proving the following.

Theorem 15.1. Suppose f : X — S is a flat projective universal algebraic fiber space with section
o : S — X. Suppose further that the fibers of f are geometrically integral. Then the Abel-Jacobi map
AJx/s : CDivy, g — Picx s is representable by a projective bundle. More precisely, for any scheme
T and T-point @1, : T — Picx g corresponding to a line bundle L on X, there exists a coherent
sheaf € on T such that the pullback A])}}S(T) — T is isomorphic to the projective bundle IP(E)
over T. Moreover, if R'(fr).L = 0, then (1) (fr)«L commutes with base change, (2) £ and (fr).L
are locally free and dual to each other, and (3) the formation of £ commutes with base change. In
particular, if RY(fr).L = 0 for all T-points, then AJx s is representable by smooth morphisms.

Proof. We have reduced to the case that T = S and are considering an S-point ¢; : S —
Picx s corresponding to a line bundle L on X. Let Dj;) denote the fiber product A]i} s(or).
We saw that T-point of D(;) corresponds to a line bundle M on T as well as a regular section
of LT ® ffM. Sections of this sheaf are the same as sections of (fr)«(LT ® f7M) so we are
led to consider the universal coherent sheaf Q on S such that

f+(K® f*G) = Homg(Q,G)

for all quasi-coherent G on S.
We want to take G to be g.M for g : T — S the structure morphism@ Since L and M
are locally free, we have the projection formula:

8+(Lr ®oy, frM) = 8(g'L @, frM) =L ®oy g«frM.
Now f is flat so by flat base change, we have g, ftM = f* g, M. Putting this together, we get

HO(Ly @0, fiM) = HY(L @0y f'g.M) = H(f. (L G0y f'g.M))
= H(Homs(Q, g-M)) = Homg(Q, g.M) = Homr(Qr, M).

In fact if one is more careful about the construction of Q, one can show that it commutes with
arbitrary base change so that (f1)«(Lt ® ffM) = Homr(Qt, M) as sheaves rather than just
global sections, that is, the universal sheaf from the proposition for Lt over T is the pullback
of the one for L over S.

Now the condition that a section s of Lt ®o,_frM is a regular section is equivalent

tos; € HY(X;, Ly) being nonzero for each t € T and thus the corresponding morphism
us : Qr — M must be nonzero at each fiber over t € T. Since M is a line bundle, M ® k(t) is

3Here we have to assume that ¢ is qcgs so that this pushforward is quasi-coherent. You can convince
yourself that it is enough to prove representability in the category of qcqs S-schemes.
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arank 1 vector space and so us ® k(t) is nonzero if and only if it is surjective. By Nakayama’s
lemma, this implies u; is surjective as a map of sheaves for all t € T@ Thus us : Q7 — Mis
a rank 1 locally free quotient of Qr. By definition, this is a T point of the projective bundle
P(Q) over S.

On the other hand, given a T-point of IP(Q), we can reverse the equalities above to
obtain a locally free quotient u : Qr — M corresponding to a section s : Ox, — Lt ® ftM
which is nonzero on every fiber and thus regular. Therefore the vanishing subscheme D C
X7 of s satisfies that forallt € T, D; C X;is a Cartier divisor. We need to check that D — T'is
flat so that it is a relative effective Cartier divisor. Then by construction Ox, (D) = Lt ® f;M
and so D C Xt gives a T-point of Dy;. For flatness, we have the following lemma.

Lemma 15.2. Let f : X — S be a flat morphism of finite type over a Noetherian scheme S and let
D C X be a closed subscheme such that for each s € S, Ds C X, is an effective Cartier divisor. Then
D — S is flat.

Proof. Letx € D C X withs = f(x). We need to show that Op , is a flat Og ;-module. By the

local criterion for flatness, this is equivalent to the vanishing of Tor?s's (k(s), Op,x). Consider
the long exact sequence associated to the ideal sequence

0— ID,x — OX,x — OD,x — 0.

We have

Tor' % (k(s), Ox.x) — Tor' > (k(s), Opy) = Ipx @ k(s) = Oxr @ k(s) = Ox, .

Since the first term is zero by flatness of X — S, the required vanishing would follow
from injectivity of the last map. To see this injectivity, let fy € Ox, , be a regular element
cutting out D; at x € X, and let f, € Ox , be a lift. Now multiplication by fy induces a map
Oxx ®k(s) = Oxx ® k(s) which is injective with image Ip_y. Thus we have an injective
map which factors as

where the first map is a surjection and so the required map is an injection. O

This shows that £ = Q is our required sheaf so that A]}E} s(@r)) — S is representable
by the projective bundle IP(£). If R' f,L = 0, then by the previous corollary, Q and f.L are
locally free, dual to eachother, and commute with basechange. In particular, if this holds for
all T-points, then AJx s is representable by smooth morphisms since a projective bundle is
smooth over the base when & is locally free. O

15.2 Boundedness

Definition 15.3. We say the a moduli functor F : Schs — Set is bounded, or that the objects
parametrized by F form a bounded family, if there exists a finite type scheme T over S as well as a
T-point & € F(T) such that for any field t : Spec k — S and k-point &y € F(k), there exists a field
extension k' /k and a k'-point t' € T (k') such that &|p = & @ k.

34Here we have to use a finite presentation trick to reduce to T Noetherian as usual.
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Intuitively, a bounded moduli problem, or a bounded family of geometric objects, is
one where there exists a family f : U — T over a finite type base scheme such that every
isomorphism class of objects in our moduli problem, appears as a fiber of f. In particular,
if F is representable by some fine moduli space M, then this induces a surjective morphism
T — M which exhibits the fine moduli space as being finite type over M. Essentially,
boundedness is a way of showing our moduli spaces are finite type.

Example 15.4. Let F = HY s be the Hilbert functor for P a fixed Hilbert polynomial and f : X — S
a projective morphism over a Noetherian scheme. Then the boundedness of F was a result of uniform
CM regularity which allowed us to embed F into a fixed Grassmannian, which is of finite type.

Now let us consider our situation for the Picard functor: f : X — S is a flat projective
universal algebraic fiber space with section ¢ : S — X. Then for any T — S and any line
bundle L on X7, L is flat over T. Therefore the Hilbert polynomial Py, (d) is constant for
t € T so the relative Picard functor can be written as a union

|F|Pic§/s.

Our goal is for each of these components Pick /s to be bounded. As with the case of the
Hilbert functor, this boils down to a uniform CM regularity result.

Theorem 15.5. (SGA 6, Exp XIII) Let f : X — S be a projective morphism over a Noetherian
scheme S. Suppose the fibers of f are geometrically integral and of equal dimension r and fix a Hilbert
polynomial P. Then there exists an integer m such that for any field k and k-point ¢ € Pick /5(k)
corresponding to a line bundle L on Xy, L is m-regular.

Proposition 15.6. For each Hilbert polynomial P, there exists an m such that the Abel-Jacobi map

Alx)s P +m) CDzvX(d+m) — P1c:X(/dSJr ") is the projectivization of a locally free sheaf. In particular it
isa smooth proper surjection.

Proof. Pick m so that L on Xj is m-regular for each k-point of Pick /s and consider the Abel-

Jacobi map for P(d + m). For any T-point of Picl))((/ds+ m) corresponding to L on X7, L(—m) has

Hilbert polynomial P, and in particular is m-regular. Therefore
H (X, Llx)=0i>1
for all t € T. By cohomology and base change, R'(f7)«L = 0 for alli > 1 and so (fr)L is

locally free of rank P(m) and A]X (d+m) X o plasm) T = IP(E) where € is the locally free sheaf
X/S

((fr)sL)" on T. O

Fact 15.7. For each m € Z, twisting by Ox(m) induces an isomorphism

( ) ~ (d+m)
Picy ;5 = Picy g .

Corollary 15.8. The functor Pick /5 18 bounded.

Proof. By the Proposition, for each P, there exists an m such that the Abel-Jacobi map for

P(d + m) is surjective. Since CDZUX(/dSJr ) is of finite type, so PICX(/ S ") is bounded. By the
previous fact, this functor is 1som0rph1c to Pic X(/ds) and so we are done. O
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Now let us say a few words about the proof of the uniform CM-regularity theorem for
the Picard functor. The proof is very similar to the prevoius uniform CM-regularity theorem
for the Quot funcotr. Recall that the idea there was to induct on the dimension of the ambient
projective space and restrict to a hyperplane section. More precisely, the proof there showed
the following.

Proposition 15.9. Let F be a coherent sheaf on a projective variety X over a field Spec k. Suppose
we have an exact sequence
0—F(-1)—-F—=Fg—0

given by restricting to a hyperplane section H such that Fy is m-regular. Then:
(a) H (X, F(n)) = 0forn >m—i,and
(b) the sequence {dim H' (X, F(n)} is monotonically decreasing to zero for n > m — 1.

In particular, H (X, F(n)) = 0 for n > (m — 1) +dim H'(X, F(m — 1)) so that F is [m +
dim H'(X, F(m — 1))]-reqular.

In the previous incarnation of uniform CM-regularity the only place where we used that
F was a subsheaf of OF" was to bound H°(X, F(m)) in terms of the Hilbert polynomial P.
By the above proposition, we get that

dim H' (X, F(m — 1)) = H*(X, F(m — 1)) — P(m — 1)

and so a uniform bound for H°(X, F(m — 1)) gives us a uniform bound for the regularity of
F. Thus, the main technical part of the proof of the theorem is to bound the dimension of
the space of global sections of a line bundle with fixed Hilbert polynomial.

Definition 15.10. The degree of a projective variety X C P} of pure dimension r is given by the
intersection number H" where H is a section of Ox(1).

The idea then is to relate the Hilbert polynomial, the degree, and the space of global sec-
tions and their restrictions to hyperplane sections (for the inductive step!) using Grothendieck-
Riemann-Roch and Serre duality. We won't say more about the general proof here but let us
consider the easier case of X a smooth projective curve.

15.2.1 Boundedness of Picard for smooth projective curves

For C an integral projective curve over a field k, we can define the arithmetic genus
pa :=dim H'(C, O¢).
If C¥ — C is the normalization of C, we define the geometric genus by
pg(C) = pa(CT).

When C is already normal, and thus regular, we have p; = p, and we simply call this
the genus ¢ = ¢(C). On such a C we have the canonical bundle

CL)C = Qé/k'
Recall the statement of Serre duality.
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Theorem 15.11. (Serre duality) Let C be a projective, integral and reqular curve over a field. Then
for any locally free coherent sheaf £ on C, there is a natural isomorphism

HYC,&)Y 2 HY(C,wc® EY).

We also have the Riemann-Roch theorem which allows us to compute the Hilbert poly-
nomial of a line bundle.

Theorem 15.12. (Riemann-Roch) Let L be a line bundle on C a projective, integral and regular curve
over a field. Then

x(L) :=dim H(C,L) — dim H'(C,L) = deg(L) — g + 1.

Note that for C an integral, regular, projective curve, the degree of C in the sense of
Definition 2 above is the same as the degree of O¢(1). Then by Riemann-Roch, for L any
line bundle, we have

Pp(m) =Dm+deg(L) —g+1

where D = deg(¢(o0)) = deg(C). Therefore, the Hilbert polynomial of a line bundle de-
pends only on the degree deg(L).

On the other hand, a Cartier divisor D C C is simply a zero dimensional subscheme
and it has constant Hilbert polynomial d = dim Op and the degree of O¢(D) is simply d.
Thus, we can label the components of the Picard functor by the degree d = deg L and the
Abel-Jacobi map takes the form

AJ% s : CDivl . = Hilb , — Picl. .

Applying Riemann-Roch and Serre duality to L = w¢, we get that dim H(C,w¢) = g
and deg(wc) = 2¢ — 2. Then if L is a line bundle with deg L > 2g — 2,

dim HY(C,L) = dim H*(C,wc ® L™!) =0

since deg(wc ® L~!) < 0. Therefore the Abel-Jacobi map is a smooth projective bundle for
d > 2¢ — 2, in fact equal to the projectivization IP((77,L£)") where L is the universal line
bundle on C x Pic‘é s and 7t is the second projection. In particular, this gives boundedness.

15.3 Quotients by flat and proper equivalence relations

The last technical ingredient we need before we can prove representability of the Pi-
card functor is the existence of quotients by finite equivalence relations for quasi-projective
schemes. We begin with some generalities on categorical quotients.

Let C be a category with fiber products and a terminal object *. An equivalence relation
on an object X of C is an object R along with a morphism R — X x, X such for each object
T, the map of sets R(T) C X(T) x X(T) is the inclusion of an equivalence relation on the set
X(T). The two projections give us two morphisms p; : R — X from an equivalence relation
to X.

Definition 15.13. A categorical quotient of X by the equivalence relation R is an object Z as well
as a morphism u : X — Z such that u o p1 = u o pp such that (Z, u) is initial with respect to this
property. That is, for any f : X — Y such that f o py = f o po, there exists a unique morphism
g Z — Y such that f factors through u, f = gou.
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If such a pair (Z, u) exists, then it is unique up to unique isomorphism and is denoted
X/R. If X/R exists, we say that it is an effective quotient if the natural map

R—>X><X/RX

is an isomorphism.

More generally, we can consider maps R — X x, X that are not necessarily monomor-
phisms but such that the image of R(T) — X(T) x X(T) is an equivalence relation. In this
can we can replace R with its image in X x, X if it exists to reduce to the previous situationﬂ

Example 15.14. (The case of a group quotient) Let G be a S-group scheme acting on an S-scheme X.
Then the action is given by a morphism m : G xg X — X and the product m X prx : G xg X —
X x g X is an equivalence relation on X in the category of S-schemes. If an effective quotient exists,
we will denote it X /G. Note that in this case, the fibers of the natural map u : X — X /G are exactly
the orbits of G.

Example 15.15. (A non-effective quotient) Consider A over an algebraically closed field k = k.
The group Gy, acts on A' by scaling and there are two orbits, U = A'\ {0} and {0}. Now
A — Spec k is a categorical quotient but the fibers of this map are not orbits so the quotient isn't
effective.

Given an equivalence relation R — X X X on an S-scheme X, we say that R has prop-
erty P for any property of morphisms if the morphisms p; : R — X have this property.

Theorem 15.16. Let X — S be a quasi-projective scheme over a Noetherian scheme S and suppose
that R — X xg X is a flat and proper equivalence relation. Then an effective quotient X /R exists
and moreover it is a quasi-projective S-scheme.

16 Sheaves, quotients, representability of the Picard functor

16.1 fpqc Descent
Given a morphism p : S’ — S, we can consider the pullback functor p*.
p* : QCoh(S) — QCoh(S')
F = p'F
Denoting by g, : S := §' x5 S" — S’ the two projections, then the sheaf p* F carries a natural
isomorphism
Q:q1pF = qap" F
given by the isomorphism of functors

[a=d

giop” = (poq) =(poq2) =q20p"
Now we can consider the various projections from the triple product,

qij : §".=g Xg s’ Xg s"— 5",

%This doesn’t make a difference for us now but when we consider the more general category of algebraic
stacks, taking quotients by a finite map R — X x g X versus its image R’ C X x X is exactly the difference
between a stack quotient and its coarse moduli space.
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Then for any sheaf 7 on S, we have the following commutative diagram.

*

129

*

d239

920 P F 9202P"F = 0adip"F 92392P"F
* k% 7139 * k%
qdipF = qi3d2P"F
Said succinctly, we have the cocycle condition
9139 = 1239 © 912¢- (16)

Let QCoh(p : S' — S) denote the category of pairs (F’, ¢) where F’ is a quasi-coherent
sheaf on §’ and ¢ : g;F' — ¢ F’ is an isomorphism satisfying the cocycle condition (16).
Then p* gives a functor

p* : QCoh(S) — QCoh(p: S — S).

The question of descent is the question of when p* is an equivalence of categories. We say
that quasi-coherent sheaves satisfy descent along p or that descent holds for p when this
functor is an equivalence@

Example 16.1. Suppose {U; }ic| is a Zariski open cover of Sand let p : S = | J;c; U; — S. Then S”
is the disjoint union of intersections U; N Uj, S is the disjoint union of triple intersections, and the
cocycle condition is the usual cocycle condition for gluing sheaves so quasi-coherent sheaves satisfy
descent along p.

Definition 16.2. A morphism p : S' — S is fpqd™|if it is faithfully flat and each point s' € S’
has a quasi-compact open neighborhood U C S" with f(U) an open affine subset of S. A morphism
p: S — Siffppfif it is faithfully flat and of finite presentation.

fpqc and fppf morphisms satisfy many nice properties.

Fact 16.3. (i) the property of being fpqc or fppf is compatible under base-change and composition;

(ii) if p: S" — Sis fpqc, then S has the quotient topology of S’ by p. That is, U C S is open if and
only if f~1(U) C S’ is open;

(iii) an open faithfully flat morphism is fpqc;
(iv) an fppf morphism is open, and in particular, fpqc.

Many properties of schemes (resp. morphisms) are fpqc local (resp. fpqc local on the
target), meaning they can be checked after pulling back by an fpqc morphism. This includes
the propeties we defined for representability of morphisms in a previous lecture. The fol-
lowing is Grothendieck’s main theorem of descent.

Theorem 16.4. Let p : S’ — S be an fpqc morphism. Then quasi-coherent sheaves satisfy descent

by p:
p*: QCoh(S) = QCoh(p: S — S).
36The cateogry QCoh(p : ' — S) is sometimes called the category of descent data and the descent data in

the image of p* is called effective.
37faithfully flat and quasi-compact”
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We can also talk about the question of descent for other objects on S. For example
we can consider the case of schemes X — S. Given such an X we can pull it back along
p to obtain X' = p*X — S an S’-scheme with an isomorphism ¢ : g7 X' — g3;X’ of S”-
schemes satisfying the cocycle condition on the triple fiber product S"’. We have a category
of §’-schemes with descent data Schg_,s consisting of (X', ) where ¢ : 47X — g3X is an
isomorphism. Then p* gives a functor

p*: Schg — Schgr_,s
and we can ask when p* is an equivalence.

Corollary 16.5. Let p : S' — S be an fpqc morphism. Let Af fs be the category of affine S-schemes
and Af fs_,s the category of affine S'-schemes with descent data. Then

prAffs = Affes

is an equivalence. That is, affine S-schemes satisfy fpqc descent. In particular, closed subschemes of S
satisfy fpqc descent.

Proof. The relative spec functor Specg gives an equivalence of categories between affine S-
schemes and quasi-coherent Og-algebras over S. Moreover, p* : QCoh(S) — QCoh(S’) is
compatible with tensor products. Thus, it sends quasi-coherent Og-algebras to Og-algebras
and the canonical isomorphism ¢ : g7p*A — g;p*A is an algebra homomorphism. Thus,
the equivalence

p* : QCoh(S) — QCoh(p:S" — S)

restricts to an equivalence on the subcategories of algebra objects which by the Specg equiv-
alence gives us the first claim. For the second statement, closed subschemes of S correspond
to affine morphisms f : X — S such that Os — f.Ox is a surjection, or equivalently, algebras
such that the canonical map Os — A is a surjection. As before, since p* is an equivalence
onto the category of quasi-coherent sheaves with descent data, Os — A is a surjection if and
only if Os — A’ is a surjection so closed subschemes descend to closed subschemes. O

More generally, for any fpqc morphism, it is a fact that
p*: Schg — Schgr_,s

is fully faithful. Essential surjectivity (ie effectivity of descent data) is more subtle but the
affine case above suggests that one should restrict to desent data (X, ¢) for which there exists

an open affine cover of X by U such that ¢ restricts to an isomorphism g;U — g;U for each
u.

16.2 Grothendieck topologies and sheaves

Given a category C which has pullbacks, a collection of morphisms 7 generateﬁ a
Grothendieck topology if

3Technically, the collection 7 is not the Grothendieck topology, but rather a Grothendieck pre-topology, and
different pre-topologies may generate the same topology. The notion of sheaves which we will define shortly
depends only on the topology not the pre-topology but we won’t need this distinction here. One should think
of T is a sub-base for the topology.
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(1) any isomorphism X — Y is contained in 7T
(2) forany U — X in 7 and any X’ — X, the pullback U’ — X" isin T;
(3) Forany U — X and V — U in T, the composition V — X isin 7.

Example 16.6. If Top is the category of topological spaces, then the collection of morphisms of the
form U = | |;c; U; — X where {U;} is an open cover X generate a grothendieck topology. Similarly,
replacing Top by Schg and open cover by Zariski open cover, we obtain the Zariski topology. @

Definition 16.7. Let C be a category with Grothendieck topology generated by T. A presheaf F :
C — Set is a sheaf for T if

1. for any collection of objects {T;}, F(LUT;) = I1F(T;), and
2. for any object X and morphism U — X in T, the sequence
F(X) — F(U) = F(U xx U)
is an equalizer where the maps are induced by the two projections.

The topologies we will consider now, beyond the Zariski topology, are the fpqc and
fppf topologies, where 7 is the collection of fpqc, respectively fppf morphisms. The main
theorem is the following.

Theorem 16.8. Let F be a representable functor Schg — Set. Then F is a sheaf for the fpqc topology.

We will leave this as an exercise, with the hint that this follows from fpqc descent. More
precisely, one uses the fact that for an fpqc morphism p : S’ — S, the functor p* : Schg —
Schg s is fully faithful.

Finally, we recall the notion of sheafification. Let F be any presheaf on a category C with
Grothendieck topology generated by a collection 7. For any p : U — X in 7, we define

H°(F,p) = Eq(F(U) = F(U xx U)).
Now we define the presheaf F by
F*(X) = colimyyy_,xer HO(E, p).
There is a natural morphism of presheaves F — Ft. We have the following theorem.

Theorem 16.9. The construction F — (F — F™) is functorial in F. Moreover, for any F, the
presheaf F* is a sheaf. Moreover, it is universal for sheaves receiving a map from F.

We call F the sheafification of F for the topology generated by T.

%Note that here we are using a convenient notational trick of replacing an open covering {U;} with their
disjoint union | | U; mapping to X.
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16.3 Quotients by flat and proper equivalence relations

We now return to the existence of quotients by flat and proper equivalence relations.
Given an equivalence relation R — X X X on an S-scheme X, one can consider the cate-
gorical quotient in the category of fppf sheaves on Schg. In this category, all quotients exist.
Indeed, we can define the quotient (X/R),,r as the fppf-sheafification of the presheaf

T — X(T)/R(T)

where the latter denotes the quotient of the set X(T) by the set theoretic equivalence relation
R(T).

Lemma 16.10. Let f : X — Z be an fppf morphism of S-schemes and let R = X xz X C X xg X.
Then Z is an effective quotient of X by R in the category of schemes, and moreover, Z represents the

frpf-sheafification (X/R) ¢y -

Proof. Let g : X — Y be any morphism such that g o p; = g o p» where p; : R — X are the
two projections. Then as a morphism of sheaves for the fppf topology, g factors uniquely
through (X/R)¢ppras X — (X/R)fppr — Y. We conclude that if (X/R) ¢, f is representable
by a scheme, then it must be the categorical quotient of X by R. On the other hand, by fppf
descent, in particular, fully faithfulness of the functor

f>|< : SChZ — SChX_)Z,

Z represents the functor (X/R)¢,,r and so Z is a categorical quotient of X by R. By assump-
tion, R = X x 7z X so the quotient is effective. O

Remark 16.11. This same analysis could have been carried out with the fppf topology replaced by
the fpqc topology.

Theorem 16.12. Let f : X — S be a quasi-projective scheme over a Noetherian scheme S and let
R C X xg X be a flat and proper equivalence relation on X. Then an effective quotient X /R exists
and it is a quasi-projective S-scheme. Moreover, the map q : X — X /R is fppf.

Proof. Since R — X is flat and proper over a Notherian scheme, and so in particular, of
finite presentation, there are a finite number of Hilbert polynomials {Py, ..., P,} such that
the fibers of R — X have Hilbert polynomial P = P; for some i. Let H = | | Hilbl;{i /s be the
quasi-projective S-scheme obtained as the union of these components of the Hilbert scheme
of X/S and let Z C X x g H be the universal family of subschemes over H. Then R C X xg X
gives an X-point of H, that is, a morphism

g: X—H

such that g*Z = R.

Let 'y C X X5 H be the graph of ¢. Since H — S is separated, I'y C X x ¢ H is a closed
embedding. Now for any T, let x1,x, € X(T) be two T-points which by the isomorphism
I'; — X can be identified with T-points of the graph. Now we have

(x1,%2) € R(T) <= (x1,8%2) € Z(T) < gx1 = gxo.
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The first equality follows by the fact that ¢*Z = R and the second from the fact that g is the
second projection from the graph and the properties of an equivalence relation. In particular,
since (x1,x1) € R(T), then (x1,gx1) € Z(T) soI'y C Z is a closed subscheme of Z.

Now Z — H is an fppf morphism. We claim that as subschemes of the fiber product
ZxgZ,TegxyZ = Z xylq A T-point of either, by the string of equalities above and
the definition of a graph, corresponds to a pair (x1,xp) € R(T) and so we conclude the
required equality. Then by fpqc descent of closed subschemes, I'; C Z descends to a closed
subscheme Y C H with an fppf morphism I'; — Y. By definition of the graph this can
be identified with the morphism ¢ : X — H and so g factors through an fppf morphism
g : X — Y. By the lemma, this fppf morphism is an effective categorical quotient of X by
X xy X but again by the above string of equalities, this fiber product is just R. Therefore
g : X — Y is an effective categorical quotient of X by R. Finally, Y is a closed subscheme of
the quasi-projective S-scheme H so Y is quasi-projective.

O

16.4 Representability of the Picard functor

We are now ready to prove the main representability result, assuming the above theo-
rem on quotients by flat and proper equivalence relations. We need the following prelimi-
nary result.

Proposition 16.13. Let f : X — S be a flat projective universal algebraic fiber space over a Noethe-
rian scheme S. Suppose S has a section ¢ : S — X and the fibers of f are geometrically integral.
Then Picy g is an fppf sheaf.

Proof. Under these assumptionslﬂ the functor Picy,s is isomorphic to the functor of o-
rigidified line bundles Picx s ,. Now using fppf descent one can check that this latter functor
is an fppf sheaf. O

Theorem 16.14. Let f : X — S be a flat projective universal algebraic fiber space over a Noetherian
scheme S. Suppose f has a section o : S — X and that the fibers of f are geometrically integral. Then
for each Hilbert polynomial P, the functor Pick /s 18 representable by a quasi-projective S-scheme.

Proof. By uniform CM regularity, there exists an m such that for any k-point of Pick /g COTI-
responding to a line bundle L on X;, then H(Xy, L(m)) = 0 for all i > 0. In particular, the
Abel-Jacobi map for P;(d) := P(d + m) is representable by smooth and proper surjections.
Let P, be the Hilbert polynomial of the component of CDivy g such that for any D C Xt
with Hilbert polynomial P,, Ox, (D) has Hilbert polynomial P; and let us denote

D(P,) := CDiv’?

X/S
Let R denote the fiber product D(P;) X coin' . D(DP,).
R D(P,) .

|

D(P;) — Picy g

40Check which assumptions we actually need.
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Then R — D(P,) xs D(P,) is a flat and proper equivalence relation. By the fppf sheaf
condition,

. P

Picy'

is the quotient in the category of fppf sheaves of D(P,) by R and by the previous theorem,

an effective quotient D(P,)/R exists in the category of quasi-projective S-schemes so this

quotient represents Picé)(1 /s- Then tensoring by Ox (m) induces an isomorphism
. P ~ P P
Picy' ¢ = Picy /g

so we conclude representability of Pick /s by a quasi-projective S-scheme. O

17 Deformation theory of line bundles, compactified Jaco-
bians of integral curves

17.1 Deformation theory of line bundles

Our goal now is to compute the local structure of the Picard scheme. In particular, we
can ask is it regular or smooth? The first step is to compute the tangent space. Recall the
following basic proposition from scheme theory.

Proposition 17.1. Let Y be a scheme and ¢ : Spec k — Y a k-point. The tangent space TzY is the
the set of maps Spec k€] — Y where €2 = 0 such that the following diagram commutes

Spec kle] —=Y

| &

Spec k

In the case Y is the Picard scheme Picx/s, ¢ corresponds to a line bundle L on Xj and
the tangent space is the fiber over [L] of the map of groups

Picx s (kle]) — Picx/s (k).

Using the group action, we can tensor by L™! so that we get a new point & : Spec k — Picy,s
corresponding to the line bundle L ® L™! = Oy,. Since tensoring by a line bundle is an
isomorphism of functors, it suffices to compute the tangent space for Oy, . This is the identity
of the group Picx,s(k) so weve deduced that the tangent space to the Picard scheme is
isomorphic to the kernel of the map above. That is, we have an exact sequence

0— TgPiCX/S — Picx/s(k[e]) — PiCX/S(k).

Proposition 17.2. The tangent space to ¢ : Spec k — Picx /g corresponding to the line bundle Oy,
is isomorphic to
H' (X, Ox,).
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Proof. The scheme X/ has the same underlying topological space as Xj with structure sheaf
Ox, = Oxle] :== Ox ® k[e]. The map

PiCX/S(k[G]) — PiCX/S(k)
can be identified with the map
H' (X, Ox,[e]*) = H' (X, O%,).

Here we are taking cohomology of sheaves of abelian groups on the underlying topological
space X;. To compute the kernel, consider the short exact sequence of sheaves of abelian
groups, written multiplicatively.

1 —1+e0x, — Oxle]" = Ok, — 1.

The multiplicative sheaf 1 + €Oy, is isomorphic to the sheaf of additive abelian groups Oy,
since €2 = 0. Taking the long exact sequence of cohomology we get

HO(Xk, Oxk[é’]*) — HO(Xk, O;}k) — Hl(Xk, Oxk) — PiCX/S(k[G]) — PiCX/S(k).

The first map is surjective, so by exactness, the kernel of interest is H' (X, Ox, ) as claimed.
O

Having computed the tangent space to Picy s, we can ask more generally if it is smooth
over S. Recall the following definition of formally smooth.

Definition 17.3. A map of schemes X — S is formally smooth if for any closed embedding of affine
S-schemes i : T — T' defined by a square zero ideal, and any solid diagram as below, there exists a
dotted arrow making the diagram commute.

T—X
AN
il AN j f
N
T'——S
The advantage of formal smoothness is that it is a condition on the functor of points of

X — Son Schg. On the other hand, we have the following lifting criterion for smoothness.

Proposition 17.4. A morphism X — S is smooth if and only if it is formally smooth and locally of
finite presentation.

The conditions under which we proved representability of the Picard functor also gu-
rantee that Picy s — Sislocally of finite presentation. Thus we can check smoothness using
formal smoothness. It suffices to consider the case S = Spec R is affine. Theni : T — T’
corresponds to a surjection A’ — A of R-algebras with kernel I satisfying I> = 0. The lifting
criterion to smoothness then asks the question of when

Picx/s(A") — Picx/s(A)

is surjective. Repeating the argument from the computation of the tangent space, we get the
following.

68



Proposition 17.5. Suppose f : X — S is an S-scheme which is A-flat. Then we have an exact
sequence
0 — H'(Xa, f*I) = Pic(Xar) — Pic(Xa) — H*(Xa, f*1).

Proof. By A-flatness of X, we have that the sequence
0— f'I—0Ox, = Ox, =0,

obtained by pulling back 0 - I —+ A’ — A — 0to X, is exact. Since [ is square zero, we
have the following exact sequence of multiplicative groups.

1=1+f"1— 0%, —0x, —1

Taking the long exact sequence of cohomology and using the fact that the multiplicative
sheaf 1 + f*I is isomorphic to the additive sheaf f*I and that the map H°(X4, O%A/) —

HY(X 4, O%,) is surjective concludes the proof. O

Corollary 17.6. Suppose T — T’ is a square zero thickening of affine schemes corresponding to
A" — A. Then Pic(T') — Pic(T) is an isomorphism.

Proof. By the proposition, we have an exact sequence
HY(T,I) — Pic(T') — Pic(T) — H*(T, I).
Now [ is quasi-coherent and T is affine so the first and last groups vanish. O
Putting this all together, we get the following result.

Theorem 17.7. Let S = Spec R be an affine Noetherian scheme and suppose that f : X — Sisas
in the existence theorem for the Picard scheme. Then for any A" — A a morphism of R-algebras
with square-zero kernel I, and any diagram

Spec A _c Picx /s
L)
Spec A’ S

there exists an element obs(¢) € H?(Xy, f*I) such that a lift & : Spec A" — Picys exists if
and only of obs(&) = 0. Moreover, in this case, the set of such lifts is a torsoif*?| for the group
HY(X 4, f¥1).

Proof. Combining the above proposition and corollary, we see that for T — T’ being a
square-zero thickening of affine schemes, the exact sequence of Proposition 5 becomes an
exact sequence

0 — HY (X4, f*I) — Picy,s(A’) — Picx,s(A) — H*(Xa, f*I).

#These assumptions can be relaxed for deformation theory but we keep them here for simplicity.
#2a set with a free and transitive action of
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Here we have used the assumptions on f : X — S only to gurantee that Picy,s(A) =
Pic(X4)/Pic(A) and similarly for A’. Then the statement of the theorem is just a reinterpre-
tation of exactness. Indeed ¢ gives an element of Picy,5(A) and its image in H?(Xy4, f*I)
is obs(&). Then ¢ is in the image of the middle map if and only if it is in the kernel of the
last map if and only of obs(¢) = 0. When this happens, the set of preimages of ¢ under
the middle map has a free and transitive action by the kernel of the middle map, which is
exactly the image of H! (X4, f*I) — Picx,s(A’). O

This is an exampe of a deformation-obstruction theory, in this case for the Picard func-
tor. The connecting map obs : Picy,s(A) — H2(X, f*I) and the association that takes a
square-zero thickening of affine schemes A" — A to the groups H*(X, f*I) is functorial in I.
The group H?(X, f*I) is the obstruction group and H' (X, f*I) is the group of first order defor-
mations. The special case where A’ = k[e] — A = k gives us the tangent space to Picy,s and,
analagously, the deformation-obstruction theory can be thought of as encoding functorially
the local structure of Picy /.

In general, one can ask whether a moduli functor admits a deformation-obstruction
theory which has the features above (an obstruction group which receives an obstruction
map whose image vanishes if and only if a lift exists and a deformation group under which
the set of lifts is a torsor if its nonempty which are functorial in the square-zero extension
A’ — A). This forms the basis of Artin’s axiomatic approach to representability of moduli
problems by algebraic spaces and stacks.

From the previous result, we have the following corollary.

Corollary 17.8. Let f : X — S as in the existence theorem for the Picard scheme and suppose further
that the fibers are curves. Then Picx /g is smooth over S of relative dimension g, the arithmetic genus
of the family of curves f.

Proof. We can suppose without loss of generality that S = Spec R is affine. Then the state-
ment follows from the lifting criterion for smoothness (since Picx,s — S is locally of finite
type and S is Noetherian). To check that the lifting holds, it suffices to check that obstruction
group vanishes. By the theorem this is a second coherent cohomology group which vanishes
since X — S is a curve. Finally, the tangent space to a fiber over Spec k — S is computed by
HY(Xj, Ox,) which is ¢ = p, dimensional. O

17.2 Jacobians of integral curves

We saw previously that when X is a smooth projective curve over a field, the Hilbert
polynomials of line bundles are just indexed by the degree d and the Abel-Jacobi map is
given as

AJ% )y  Hilbg o — Pick
from the Hilbert scheme of zero dimensional subschemes with Hilbert polynomial constant
d, that is, subschemes of length d, to the component of the Picard scheme of degree d line
bundles. Moreover, we saw using Riemann-Roch and Serre duality that for d > 2g —2, AJ%
is a smooth projective bundle with fiber dimension d — g. By the results of the previous
section on deformation theory, we also know that Pic% sk is smooth. In particular, since the
genus g is constant in flat families, this holds in the relative setting so that

AJ% g - Hilb% g — Pic% /g
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is a smooth projective bundle of rank d — g for d > 2¢ — 2 whenever f : X — S is a smooth
integral projective one dimensional universal algebraic fiber space with a section over a
Noetherian base. Moreover, we saw in the smooth case Picgi /s is in fact proper.

Definition 17.9. The Jacobian Jacy s = Pic), /s 18 the degree zero component of the Picard scheme.

In particular, when f : X — Sisasmooth curve with the assumptions above Jacy ;s — S
is a smooth and proper group scheme over S so it is an abelian scheme. Moreover, in this
case, if f : X — Shasasectiono : S — X, then twisting by Ox(c(S)) gives an isomorphism
Picy /s = Pic?{;é and so each component is isomorphic to the ]acobian

In the special case when S = Spec C it is the abelian variety corresponding to the g-

dimensional complex analytic torus
HY(X,0x)/H (X, Z).

Indeed using the exponential sheaf sequence

0—2miZyx Ox —20% =0

one can identify the degree map deg : Picx,s — Z with the connecting map H!(X, 0%) —
H?(X,Z) and exactness implies ker(deg) is the claimed quotient.

17.2.1 Singular curves

We are interested more generally in the case that f : X — S is a family of integral but
not necessarily smooth curves. Under the usual assumptions, we have proved the existence
of the Picard scheme and have constructed an Abel-Jacobi map from an open subscheme of
Hilby /5. In the case where the fibers of f are also assumed to be Gorenstein, then the picture
is almost identical.

Remark 17.10. Recall that a quasi-projective scheme X / k is Gorenstein if it is Cohen-Macaulay and
the dualizing sheaf wyx sy is a line bundle. The most important case for us to note is that local complete
intersection varieties, and in particular hypersurfaces, are Gorenstein. In this case, the theory of
adjunction tells us that if X is a hypersurface in a smooth variety P, then wy /. = wpx @ Op(X)|x
where for a smooth variety wp /i = Q?{%‘(X .

The main input we need is that Riemann-Roch and Serre duality work as expected for
X/k an integral Gorenstein curve.

Theorem 17.11. Let X/k be an integral Gorenstein curve with arithmetic genus § = pg =
dim HY(X, Ox). Then for any line bundle L,

H(X,L)Y 2 H (X, wx ® L")
and there exists a number d = deg L such that

X(X,L) =degL+ x(Ox) =degL+1—3g.

43More generally, the components Pic’ /s are torsors over Jacys.
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By the previous remark, the theorem holds in particular whenever the integral curve
X is embedded in a smooth surface S. In fact, we ony need to assume such an embedding
locally since both the Cohen-Macualay condition and the condition of being a line bundle
are local. In particular, we have that curves with singularities that can be embedded in the
affine plane@ are Gorenstein. We call such curves locally planar.

The upshot, is that for f : X — S a flat family of projective Gorenstein curves satisfying
the usual assumtpions, the structure of Picx s is almost identical to the smooth case. The
components are indexed by degree d, the Abel-Jacobi map is a smooth projective bundle
above degree 2¢ — 2 with fibers of dimension d — g, and the degree 0 component Jacy s — S
is a smooth group scheme of relative dimension ¢ where ¢ = p, is the arithmetic genus of
the family. The one thing that fails is properness, as we have seen.

Let X /k be projective Gorenstein curve with arithmetic genus ¢ = p;andletv : XV — X
be the normalization so that X" is a smooth projective curve of genus p, < g, the geometric
genus of X /k. Pulling back gives us a homomorphism

V' PiCX/k — PiCXv/k

of group schemes which preserves the degree.
On the other hand, consider the short exact sequence of sheaves on X

1—- 0% - 1.0 - F =1

where F is the cokernel of the pullback map on invertible functions. Then F is a direct
sum of skyscraper sheaves of abelian groups supported at the singular points of X. Now
we take the long exact sequence of cohomology, noting that H!(X, ) = 0 since F is sup-
ported on points, that the pullback map on global functions is an isomorphism, and that
HY(X,v.0%,) = HY(XY, O%.) since v is finite, we get the short exact

1— HYX, F) - HY(X,0%) — H{(X",0%) = 1

of abelian groups. The latter map is the pullback map v* on Picard groups and since v*
preserves degrees, we get a short exact sequence

1 — H%(X, F) = Pic®(X) — Pic®(X") — 0.

The same analysis can be performed for Xt for any T — Spec k and so we get an exact
sequence of group schemes

1—F —>]acX/k —>]aCXv/k —0

where F is the commutative group scheme over k representing the sheafification of the func-
tor

T — HY(Xr, Fr)F

The main thing to note is that the group scheme F is a direct sum over each singular point
x € X of alocal factor F, depending only on the stalk F of the skyscraper F. On the other
hand, F, depends only on the completed local ring @Xx which allows us to compute F in
examples.

#equivalently, have tangent space dimension 2
#Note since F is a union of skyscrapers, this is just the locally constant sheaf associated to the group
HO(X, F).
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Example 17.12. (The node) Suppose x € X has a split nodal singularity. That is, the completed local
ring is isomorphic to R = k[[x, y]|/ xy. The normalization has completed local ring R = k[x] x k[y].
Then the stalk of F can be computed from the sequence

1= R* > R¥ > Fr— 1.

Then the map R* — k* given by (f,g) + f(0)/g(0) identifies Fy with k* so F is the skyscraper
sheaf ky and the group scheme F is simply G,. More generally, suppose X has exactly & split nodal
singular points and is smooth elsewhere. Then we have an exact sequence

1— G%é — ]aCX/k — ]aCXV/k — 0
where Jacyy /i is a § — 6 dimensional abelian variety.

Example 17.13. (The cusp) Suppose x € X has a cuspidal singularity with completed local ring
isomorphic to k[x,y]/{y* = x3}. Then R = k[t] with the map R — R given by (x,y) — (£3,?).
The cokernel of R* — R* can be identified with the map R — k given by

s -50),

§(t) =

Therefore, F = G, is the additive group and we have an exact sequence

0—>G, — ]acx/k — ]aCXV/k — 0

17.3 Compactified Jacobians

Our goal now is to compactify the Jacobian, or more generally Pic? for f : X — S a
tamily of locally planar, or more generally Gorenstein, integral curves.

The idea is to again leverage the Abel-Jacobi map as in the construction of Picx,s. In
the case of curves we have the space of degree d Cartier divisors CDiv‘g( /s sitting inside of

the Hilbert scheme Hilb‘fg /s- While C Divg"( /5 is not proper, Hilb‘)i( /s is and so the idea is to
extend functor of Picx,s to something that admits an Abel-Jacobi map from the proper S-
scheme Hilbgi( s and then construct a representing object as a quotient of Hilb‘;j( /s by a flat
and proper equivalence relation.

If D C X is alength d subscheme that is not necessarily a Cartier divisor, then the ideal
sheaf Ip is not a line bundle, but it is a rank 1 torsion free sheaf.

Definition 17.14. Let X /k be an integral variety over a field. A torsion free sheaf on X is a coherent
sheaf & such that the support Supp (&) has no embedded points. Equivalently, the annihilator of £ is
the 0 ideal. The rank of a torsion free sheaf is the rank of the generic fiber &,.

Now to see that Ip for D C X a closed subscheme of an integral curve X/k is a rank 1
torsion free sheaf, note that Ip C Ox and Oy is torsion free. Moreover, the inclusion is an
isomorphism away from D so the rank of Ip is 1. In this setting, a point D C X of the Hilbert
scheme is called a generalized divisor.

Definition 17.15. The degree of a rank 1 torsion free sheaf I on an integral curve X /k is defined as
x(I) = x(Ox).
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This definition of degree generalizes the degree of a line bundle on a smooth projective
curve as computed by Riemann-Roch. Now we can define the compactified Picard functor.

Definition 17.16. Let f : X — S be a projective family of integral curves. A family of rank 1 degree
d torsion free sheaves on X is an S-flat coherent sheaf T on X such that T|x_ is a rank 1 degree d
torsion free sheaf on X for each s € S.

Definition 17.17. Let f : X — S be a flat projective family of integral curves. For each integer d,
the compactified Picard functor Picy /s 1 Schs — Set given by

T — {families of rank 1 degree d coherent sheaves on Xt — T} /Pic(T).

Note that a line bundle L on Xr is in particular a family of rank 1 degree d coherent

sheaves on Xt so that Pic‘)i{ ssisa su_bfunctor of P_ici /s The special case d = 0, the compact-
ified Jacobian, will be denoted by Jacy /.

Remark 17.18. Note that as in the case of the usual Picard functor, if our family of f : X — S hasa
section o that is contained in the reqular locus, then o (S) is a relative Cartier divisor of degree 1 and
twisting by Ox(—do(S)) gives an isomorphism of functors

_.d —
Picx,s — Jacx/s-
This happens in particular if S = Spec k and X \ X8 has a rational point.

The idea now is to extend the Abel-Jacobi map A ]gl( s5:C Div’)i( /s = Pic‘}i( /s to the com-
pactified Jacobian.

. AlYys ——d
Hllbgl(/s L/S) PICX/S

]

. d - d
X

The extension must be defined on points by sending a flat closed subscheme of degree d
D C Xrg to rank 1 torsion free sheaf I [v) := Homx, (Ip, Ox,). The problem is that when Ip
is not a line bundle, taking duals isn’t well behaved in general so its not clear this is a well
defined natural transformation of functors. However, we have the following results due to
Hartshorne. Let us denote [ by Ox(D) in analogy with the Cartier case.

Proposition 17.19. (Properties of generalized divisors on Gorenstein curves) Suppose X/k is a
Gorenstein integral curve and let I be a rank 1 torsion free sheaf on X. We have the following:

(a) the natural map I — (IV) is an isomorphisnf™}
(b) deg Ox(D) = degD,
(c) Riemann-Roch and Serre duality hold for Ox (D).

46that is, I is a reflexive sheaf
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Moreover, we have the usual correspondence between the set of D C X such that
Ox(D) = L and sections H°(X, L). Note that these two are also in bijection with Homx (Ip, Ox).

The above facts tell us that the Abel-Jacobi map for P_iC‘}i( ;s works as expected on the
level of points when f : X — S is a flat projective family of integral Gorenstein curves. The
missing piece is that it behaves well under base-change. This comes from a certain general-
ization of the cohomology and base change theorem for £xt' groups rather than cohomology
groups due to Altman and Kleiman. In this particular case we get the following.

Theorem 17.20. (Altman-Kleiman) Suppose f : X — S is a flat projective family of integral Goren-
stein curves and I a family of torsion free sheaves on f : X — S. Then Homx (I, Ox) is flat and its
formation commutes with arbitrary base change.

The key point here is that the vanishing of H' that implies that pushforwards commute
with basechange is replaced in this case with a vanishing Ext&k(Ik, (’)Xk) = 0 which holds
since Xj is Gorenstein. This implies that the Abel-Jacobi map is a well defined natural trans-
formation of functors, and by repeating the argument for the Picard group we obtain the
following theorem of Altman and Kleiman.

Theorem 17.21. Let f : X — S be a flat projective family of integral Gorenstein curves over a
Noetherian scheme satisfying conditions (). Then P_ic;i( /s is representable by a projective S-scheme.
Moreover, the Abel-Jacobi map

AJE o : HilbY g — Picy,s
is identified with the projectivization of a coherent sheaf. When d > 2g — 2 where g is the arithmetic
genus of f : X — S, the Abel-Jacobi map is a smooth projective bundle of rank d — g.

Example 17.22. Let X /k be a projective geometrically integral Gorenstein curve of genus 1. Then
the the d = 1 Abel-Jacobi map Hilb}, =X = P_1c§( /k 18 a smooth projective bundle of rank

1 —1 = 0, that is, its an isomorphism. In this case, P_lc:; /k 18 the curve itself and the points in the
boundary

=—1 -1

Picy /i \ Picy /¢

correspond to the maximal ideal I of the singular point, or more precisely, its Ox dual Homp, (I, Ox).

17.4 The topology of compactified Jacobians

For this section let us work over k = C the complex numbers. Let X/k be a projective
integral Gorenstein curve. To study the topology of Jacy, we will leverage the action of Jacy
by tensoring with a degree 0 line bundle.

Toward that end, let Z a rank 1 degree 0 torsion free sheaf and L a line bundle. Consider
the endormorphism algebra A = Endp, (Z). This is a finite extension of Ox with generic
fiber equal to the function field k(X). Thus X' := Spec x.A is an integral curve mapping
finitely and birationally to X. Thatis, f : X’ — X is a partial normalization of X. Moreover,
7 is an A-algebra and by construction, f.Oyx = A, therefore 7 is an f,Ox,-module and by
pulling back sections we get an Oy-module 7' such that f,Z’' = Z. In this way, every rank
1 torsion free sheaf on X is pushed forward from some partial normalization.

Lemma 17.23. The sheaf T ® L is isomorphic to Z if and only if f*L = Oy where f : X' — X is
the partial normalization associated to 7.
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Proof. If f*L is trivial, then Z® L = f.(Z' ® f*L) = f.Z' = T by the projection formula.
Similarly, consider

Hom(Z,I®L) = End(I) QL = f.Ox ® L = f.(Ox @ f*L) = f.f*L.

Thenif 7 = 7 ® L, such an isomorphism would give a nonzero section of f*L. On the other
hand, f*L is a degree 0 line bundle so if it has a section it is trivial. O

We will consider the topological Euler characteristic e;o, of P_ici. This is a topological
invariant valued in the integers. We will need the following properties of the Euler charac-
teristic.

Fact17.24. 1. If Z C X is a closed subvariety and X \ Z = U the open complement, then

2. If f + X = Y smooth and proper morphism then etop(X) = etop(Y)etop(F) where F is any
fiber of f1*'| More generally, suppose f is a proper fibration, the same is true.

3. etop(point) = 1 and ewp(S') = 0. In particular ey (torus) = 0.

When X is smooth, then the Jacobian is a g(X) dimensional abelian variety. In partic-
ular, by the third fact, e;,p(Jacx) = 1if ¢ = 0 since Jacy is a point, and esop(Jacy) = 0 for
g > 0 since it is topologically a torus. That is, one can distinguish smooth rational curves by
etop(Jacy ). The following proposition generalizes this.

Proposition 17.25. Suppose the normalization XV of X has genus g(X") > 1. Then etop(Jacx) = 0.

Proof. Consider the exact sequence of group schemes
0 — F — Jacx — Jacxy — 0.

We saw above that F is an extension of multiplicative and additive groups G,; and G,. In
particular, F is divisible as an abstract abelian groups and so this sequence splits as a se-
quence of abelian groupﬁ Since g(X") > 1, then Jacyv is an abelian variety of dimension
at least 1. Thus for each n, there exists an element of order n. Using this noncanonical
splitting, we can lift this to an element of order in Jacy, that is, a line bundle L on X with
L®" = Ox. Then the pullback of L to X" is nontrivial by construction since it pulls back to an
element of order n. In particular, for any partial normalization f : X’ — X, f*L is nontrivial.
Thus by the previous lemma, for any rank 1 torsion free sheaf 7 on X, Z @ L 2 Z. That is, the
action of L has no fixed points on Jacy. In fact tensoring by L induces a free action of Z/nZ
on Jacy. Therefore e;,,(Jacy) is divisible by 1, but n was arbitrary so e, (Jacx) = 0. O

Now let f : X — S be some flat and propre family of integral Gorenstein curves over
C and suppose Syt := {s € S | A is rational [ is a finite set. Then we have the relative
compactified Jacobian
Jacys — S

47Note that the fibers of a smooth and proper morphism have diffeomorphic underlying complex manifolds.
#Bnot necessarily as group schemes
49Recall a curve is rational of the genus of XV is 0, that is, XV = PL.
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which is proper over S. Now for any proper map ¥ — S of complex varieties, there is a
locally closed decomposition S = LIS, such that Y, — S, is a proper fibration with fiber F,.
Using additivity and multiplicativity propertes of e;,, above, we see that

€top (Y) = Z €top (Szx)etop (F(X)~

In our case at hand where Y = Jacy /s — S, by the proposition, we see that e, (Fy) = 0over
any stratum where where the curve & has geometric genus > 1. Therefore the whole sum
collapses to the points S;;+ which are assumed to be finite. Therefore we get the following
computation.

Proposition 17.26.

etop(]a_CX/S) = Z erop(Jacy,)-
SESrat

In particular, e, (Jacy5) counts the number of rational curves in the fibers f : X — S,
weighted with multiplicity given by the topological Euler characteristic of their compactified
Jacobian. Beauville used this to give a proof of a remarkable formula of Yau-Zaslow counting
the number of rational curves on a K3 surface which we will now sketch.

17.5 The Yau-Zaslow formula

We continue working over C. Recall that a K3 surface is a smooth projective surface X
with trivial canonical sheaf
wy = Azﬂx = OX

and H!(X, Ox) = 0. A polarized K3 surface is a pair (X, H) where X is a K3 surface and H is
an ample line bundle. The degree of (X, H) is d = c1(H)>.

Consider the linear series |[H| = P(HY(X,H)). It is a g-dimensional space where
d = 2¢ — 2 and the curves in |H| have arithmetic genus g by the adjunction formula. In-
side X x |H| we have a universal family of curves C — |H| with the fiber over a point
being the curve in the linear series parametrized by that point. Indeed one can identify
|H| with a component of the Hilbert scheme corresponding to effective Cartier divisors
D with Ox(D) = H. In general, this is an Abel-Jacobi fiber but in this case we see that
H'(X,Ox) = 0 by definition of a K3 so Picy is zero dimensional and so the fibers are the
components. Then C — |H| is simply the universal family of the Hilbert scheme over this
component.

Lemma 17.27. There are finitely many rational curves parametrized by |H|.

Proof. Suppose that the locus in |H| = P8 parametrizing rational curves is higher dimen-
sional. Then there exists an irreducible curve By C |H| contained in the rational locus and
over By there is a family of rational curves Ryg — By. Taking the normalization of both sides,
we obtain a family R — B where B is integral and the generic fibers are smooth rational
curves. Thus R — B contains a generically ruled surface R’ — B as a component. On the
other hand, we have a map R’ — X which is dominant. This is a contradiction as X is a
K3. O
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Let n(g) denote the number of rational curves in |H| for a generic polarized complex
K3 surface (X, H) Then we have the following formula of Yau-Zaslow. We will sketch the
proof of Beauville which is based on the topology of compactified Jacobians.

Theorem 17.28 (Yau-Zaslow).

1+Z”(8)‘7g:n(1_—qn)24

g>1 n>1
In particular, the numbers n(g) are constant for general (X, H).

Proof. (Sketch) Let (X, H) be a generic genus g K3 surface. It is hard theorem which we
won't cover here that in this case, every curve in |H| is integral and in fact has at worst
nodal singularities[| Let C — |H| be the universal family of curves in this linear series. By
the integrality we have a relative compactified Picard. consider the degree g piece

——g
Pice )y = |H]|.

This family is fiberwise isomorphic to Jacc iy — |H| (though it could be globally different
if there is no global section of C — |H|) so the argument in the previous section tells us that

etOP(P_ng/|H|) = )3 etop(Tace, ).

Cs rational curves in |H|

We saw in the above examples that C is a nodal cubic, Jacc = C and in particular has
topological euler characteristic 1. This generalizes as follows.

Lemma 17.29. If C is an integral rational curve with at worst nodal singularities, then eyp(Jacc) =
1.

We won't give the details of the proof but the idea is that topologically, Jacc is a product
over local contributions that are each homeomorphic to the above example and so the euler
characteristic is still 1. Thus we get that

Now given a point of P_icfz J|H| corresponding to a pair (C, L) where C is smooth and L
is a line bundle of degree g, then
x(C,L)=1
by Riemann-Roch. On the other hand, by semi-continuity of coherent cohomology, there
exists an open subset U C P_icg /|H| Parametrizing such pairs where H'(C,L) = 0. On this

open subset, we in fact that that H’(C, L) = 1 and so L has a unique section. The zero locus
of this section is a zero dimensional degree ¢ subscheme of X which gives a point of Hilb%,
the Hilbert scheme of ¢ points. This gives a rational and generically injective map

Pic )y - Hilb§.

00f course this isn’t true for any (X, H) and here is where the genericity assumption comes in. In fact this
statement was only conjectured at the time of the proof of the Yau-Zaslow formula and it was only proved a
few years later.
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The source and the target of this map are in fact smooth holomorphic symplectic vari-
etieﬂ of the same dimension. In particular, this map is birational and then it follows from
a result of Batyrev and Kontsevich or a result of Huybrechts that the source and the target
then have the same euler characteristics 2

Thus we have that

ng = epop(Hilb%).

Finally, in the next few classes we will study the geometry of the Hilbert scheme of points
on surfaces and prove both the above smoothness and irreducibility claim, as well as the
formula that in this particular case of X being a K3,

) 1
Z etop (Hllb‘gi)qg = H m/

§=0 n>1

completing the proof. O

18 The Hilbert scheme of points on surfaces

18.1 The topology of Hilbert schemes of points on surfaces

Let S = C and X/S a smooth quasi-projective surface. Our goal now is to study the
topology of the Hilbert schemes of points Hilby parametrizing subschemes Z C X with
Hilbert polynomial constant n. That is, Z is a zero dimensional subscheme with

dimc OZ =n.

Our goal is to sketch the proof of the following theorem, which is a combination of
results due Fogarty, Briancon, and Gottsche.

Theorem 18.1. Let X /C be a smooth quasi-projective surface. Then HilbY is a smooth and irre-
ducible quasi-projective 2n-fold. Moreover, the topological Euler characteristic of the Hilbert schemes
of points on X are given by the following formula.

. n n __ 1
Y cop(HilbR)g" = T e

n>0 m>0

This completes the sketch of the proof of the Yau-Zaslow formula from last class, and
in fact also implies the following about compactified Jacobians.

Theorem 18.2. Let C be an integral locally plana curve over C. Then Jacc is an irreducible
variety of dimension § = ¢(C). In particular, Jacc C Jacc is dense.

51 A holomorphic symplectic variety V is one with a holomorphic 2-form wH’(V, Q%,) which is anti-
symmetric, closed, and nondegenerate. In this case the existence of such a form on these two moduli spaces
follows from more general work of Mukai on moduli of sheaves on a K3 surface, which both of these spaces
are examples of.

52n fact they are even diffeomorphic.

That is, the tangent space dimension is at most 2 at each p € C.
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18.2 The case of X = A2

The Hilbert scheme Hilb),, admits a particularly concrete combinatorial description
due to Haiman. Let us denote Hilb/y, by H". Since A? is affine, we can identify H" with the
set

{I C Clx,y] | dim¢c C|x,y]|/I = n}.

18.2.1 The torus action

There is an action of the algebraic torus T = ng,tl,tz on A‘;ZW which on polynomial
functions is given

f(x,y) = f(tx, tay).

This extends to an action on H" by

t-1 = {f(tlx, i’zy) |f € I}.

The torus fixed points, denoted by (H")T, correspond to those ideals generated by f such
that f(t1x, tay) = tit5 f(x,y), that is, by monomials x%”.
Recall that a partition of n, A - n, is a decreasing sequence of positive integers Ay > A, >
... > Ag > O such that
Z)LZ' = n.

The number k = I(A) is the length of A, the size n is denoted by |A|, and the A; are the parts
of A. We can represent a partition by its Young diagram, a left aligned arrangement of boxes
with A; boxes in the j" row. We identify A with its Young diagram and label A as a subset of

IN? with the box in the i*" column and j** row labeled by (i, f).

Lemma 18.3. There is a bijection between monomial ideals in H" and partitions of n given by

I M) = {(i,) | x'y & I}

and
A= Iy = ({x"y [ (r,s) € AL

This is enough to compute the Euler characteristic of H"” by the following fact. Let Y be
a finite type C-scheme with an action of an algebraic torus T = G!, and let YT be the T-fixed
locus. Then

erop(Y) = erop(YT).

Indeed etop(T) = 0 for any » > 0 and non-zero dimensional orbit of T is homeomorphic to
an algebraic torus and so only the set of zero dimensional orbits, i.e., YT, contributes to the
Euler characteristic. As a corollary, we obtain

Corollary 18.4. The Euler characteristic e, (H") = p(n) the number of partitions of n. Moreover,

Z etOP(Hn)qn = H

n>0 m>1

1
1—gm™
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Proof. By the previous fact,
etop(Hn) = etop((Hn)T)

by (H")T is the finite set of monomial ideals so its Euler characteristic is just the cardinality.
Thus,

etop(H") = #{monomial partitions} = #{A - n}.

Thus, it suffices to compute the generating series

Y p(n)g".

n>0

Consider the infinite product
1

1—gm

[1

m>1

and expand using 1/(1 — x) = ¥_x'. Given a partition A, we can write it as

kam =n

where there are are k;,; parts of size m. Then the infinite product exactly counts expressions
of this form. n

18.2.2 Local structure

Let By = {x'y/ | (i,j) € A}. Note that By forms a basis for C[x,y]/I,. We will define
open subfunctors U, C H" as follows. Given any test scheme S and a map S — H" cor-
responding to a closed subscheme Z C S x A? flat over S, the pushforward 7,07 along
7 : Z — S carries a canonical section s;; : Os — 7,07z for each monomial xiyf . We can take
the direct sum

S\, = Z Sij O?n — 1, O07.
(ij)er
Then U, is the subfunctor representing those S-points such that s, is an isomorphism. The
points of U, are exactly those ideals I such that B, is a basis for C[x, y]/I.

Proposition 18.5. U, is a T-invariant open affine neighborhood of I,.

Proof. Tt is clear that [I}] € U, and that U, is T-invariant. We will write down explicit
coordinates for U,. Given a monomial x"y* we have a unique expansion

Xyt =Y cE(Dx'y mod I
(ij)er

forany I € U, where clr]S (I) are coefficients depending on I. The cf]S are in fact global sections

of Oy,. To see this, using the notation above, note that for any S-point (Z C S x A?)
of Uy and any monomial x"y°, we have a section 5,5 : Og — m.Oz. Pulling back by the
isomorphism s), we obtain a section s%s,s : Og — OF" where the components of the target
are indexed by (7,j) € A. Then the functions clr]S on S are exactly the components of s3 s.
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Since I is an ideal, it is closed under multiplication by x and y. Multiplying the above
equation x and y respectively, re-expanding both sides in the basis B,, and equating coeffi-
cients gives us the following.

(hk)eA
(hk)er

Now we leave it to the reader to check that U, is represented by Spec of the ring
Oy :=Clc;} | (i,]) € A]/(relations (1) & (2)).
O

Remark 18.6. In fact the Uy are the pullbacks of the natural open affine subfunctors that cover a
Grassmannian under the embedding of the Hilbert scheme into a Grassmannian used to construct
H". In particular, U, over all A cover H".

Now we will compute the cotangent space to H"” at a monomial ideal I,. For this ideal,
we have

2 (Iy) = { 1 (i,j)=(rs)eA

0 else

Thus the maximal ideal my C O, corresponding to the point [I,] € U, C H" is gen-
erated by crS for (r,s) ¢ A. The cotangent space to an affine scheme is given by m) /m3.

Examining the relations above, we see that all the terms on the right are in m3 except for the
term .
rs Al ij

Ci— 1,j ij

_Cl 1,

Here we are using that c] = 1. Thus we have that

Cr—l—ls — s

2
i i—1,; modmj.

Similarly, c; 7.S+1 cf}.fl mod m‘}. For each box (7,j) € A we define two special functions Ujj
and d;; as m the following diagram.
put in picture and discussion of arrows

Now a simple combinatorial argument shows that each function is either zero or equiv-

alent to one of the d;; or u;; in mﬁ. Since there are 2n such functions, we conclude the

following.

Proposition 18.7. The cotangent space to H" at I) has dimension at most 2n.

18.2.3 Initial degenerations

Let p : G,y — T be a character of the torus so that p(t) = (#%,t"). Then we define the
initial ideal, if it exists, to be the flat limit

inpgl :=limp(t) - I

t—0
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More precisely, the action of T on H" composed with p induces an action of G,,. Then the
orbit of I can be viewed as a morphism

@I:Gm%Hn

corresponding to the family of ideals I, = ({f(t"x,t’y) | f € I}) C Og,[x,y]. If this
morphism extends to an equivariant morphism

Q- A' - H" ,
the initial ideal is exactly the ideal corresponding to the point ¢;(0).

Fact 18.8. There exists a generic enough p such that the fixed points of the G, action under p are the
same as those for T, (H")° = (H")T, and such that ¢ exists for each I.

Exercise 18.1. Check that the co-character p(t) = (+7F,t™1) for p > q > 0 works.

Since @; has G-equivariant it sends fixed points to fixed points so ¢;(0) € (H")T is a
monomial ideal.

Proposition 18.9. H" is connected.

Proof. By the above fact, every point of H" is connected to a monomial ideal by an initial
degeneration over A'. Thus, it suffices to show that the monomial ideals lie in the same
connected component. Let A; be partitions corresponding to ideals I; for i = 1,2. Suppose
the partitions differ in exactly one box.

Ay = (AN (i) U (7,s)
Let ] = I; N I, corresponding to the partition 4 = A; U A, C IN2. Then the family of ideals
lup =]+ (ax'y = px'y’)

gives map ¢ : P! — H" with ¢(0,1) = I; and ¢(1,0) = I,. Now any partition can be
obtained from the row partition (n) by moving one box at a time. This shows each monomial
ideal is in the same connected component as the row so H" is connected.

O

Example 18.10. Let Ay = (1,1,1,1) and Ay = (2,1,1) so that the ideals A; differ by one box.
These correspond to the ideals I} = (x,y*) and I, = (x?,xy,y>) respectively. Consider the ideal
J = LNl = (x%xy,y*) corresponding to the partition u = Ay U Ay C IN?2. Then the one
parameter family (x2, xy, y*, ay® — ax) of ideals connects these two points of H*.

Remark 18.11. Note that the curves in H" constructed above to connect two monomial ideals
parametrize subschemes Z supported on the origin. That is, such that Z,.; = {(0,0)}.

18.2.4 The Hilbert-Chow morphism for A?
19 The moduli of curves

19.1 The functor of genus g curves

First try: (¢ > 2 morphisms are automatically projective)
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Definition 19.1. A smooth curve over S is a flat and proper morphism f : X — S with smooth
geometrically connected 1-dimensional fibers. The genus of X — S is the genus of a geometric

ﬁber.ﬂ

oMy : Schy — Set
S — {f : X = S a smooth curve of genus g}/ ~
119 Mg is not representable.
Example 19.2. C x P! — node.

Fix, upgrade the functor to a pseudofunctor

Mg : Schs — Gpd
Define groupoids + Stacks = pseudofunctors to groupoid + sheaf.
Diagram relating all notions. Explain notation 7o M,.

19.2 Stacks

Definition 19.3. Category fibered in groupoids (CFG) p : 2 — C such that blah. If f : T' — T in
¢, and E an object over T, then there exists a E' unique up to unique isom and a map E' — E lying
over f.

Denote E' = f*E. p~!(T) := objects over T + morphisms over idr. Makes precise the
idea of a "pseudofunctor” to groupoids. T + p~!(T) which is a groupoid. We will denote
p~!(T) by 27. Presheaves are CFG by viewing a set as a category with only identities.
Objects S may be indentified with the category C/S (equivalent to the data of the functor
of points of S) and maps S — 2" identified with objects of Z5 by where id : S — S maps.
There is a 2-categorical Yoneda lemma.

Example 19.4. BG;,, BGL,,, quotient stack, Picard stack, Mg as a CFG.

Fact 19.5. Fiber products of CFGs exist. I'll let you work out the details of the definition.
Consider Schg with a Grothendieck topology 7 = (Zariski, étale, fppf, fpqc, etc).

Definition 19.6. A T -stack is a category p : & — Schg over Schg such that

(1) pisaCFG,

(2) for each scheme T — S and each pair of objects ¢,y € Zr, the functor Scht — Set given by
f:V = T mapsto

Hom »;, (f*¢, f )
is a T -sheaf, and
(3) objects of X satisfy effective T -descent.
Example 19.7. All examples above are fppf stacks (and thus also Zariski and étale) (need g # 1).

A morphism of stacks is representable by schemes if the usual thing. Can define all
properties P for representable morphisms

>*Note this is constant over connected components of S by flatness.
something about representable = representable by spaces
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19.3 Algebraic stacks

From now on work with étale or fppf topology, won’t make a difference which.

Lemma 19.8. Let 2" be a stack over Schg. Then the diagonal map
Ay X = X Xg X

is representable by schemes if and only if for all schemes Ty, Ty — 2, the fiber product Ty X o Ty is
a scheme.

That is, the diagonal is representable by schemes if and only if for any morphism T —
Z from a scheme is representable. For a stack 2~ with representable diagonal, we can define
all the usual separation axioms.

Remark 19.9. How do we check if A is representable? We need to show that for any T — 2 Xg
X, the pullback T X 9«9 X is a scheme. T — 2 xg Z corresponds to a pair of objects
&y € Z(T) over T as well as an isomorphism & — 1, that is, an element of Hom 4-(1)(E, ¢) =
Isomt(&, ). By definition of a stack, the functor sending a T' — T to Isomp/ (v, Y1) is a sheaf
which is isomorphic to the pullback

T % XXX Z.

Thus the condition that the diagonal is representable is the condition that for any T and any objects
¢,y over T, the isom sheaf is representable by a scheme.

Definition 19.10. A stack 2" is an algebraic stack (resp. Deligne-Mumtford stack) if
(1) the diagonal A o is representable*™, and
(2) there exists a scheme U and a smooth (resp. étale) surjection U — 2.

Remark 19.11. (A remark on algebraic spaces) If 2 is a stack where the groupoids are sets, that is,
Z is simply a sheaf, that satisfies the conditions of the above theorem, then we say that the sheaf Z
is an algebraic space. In this case, 2 is the quotient in the category of sheaves of the equivalence
relation

UxqgU=U

of schemes. Once one develops the theory of algebraic spaces, then the right notion of a representable
map of stacks is one that is representable by algebraic spaces, rather than representable by schemes.

Remark 19.12. Let us unravel the definition, we need 2" to be a sheaf so that we can do geometry
locally, we need representability of the diagonal to make sense of the having a smooth or étale cover
by a scheme, and then we can use descent by this cover to “do geometry” on 2.

Algebraic stacks have a Zariski topology generated by morphisms that are representable
by open immersions, and an underlying topological space | 2"| given by equivalence classes
of K-points for fields K and the Zariski topology. Universally closed makes sense with the
usual definition that for any %, the map |2" xs Z| — |# x5 Z| is closed.

Theorem 19.13. (Valuative criterion for properness) Proper = universally closed + separated by
defition. Diagram... Existence + uniqueness separate.
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Theorem 19.14. Suppose 2 is a quasi-separated algebraic stack such that A g is unramified. Then
Z is a Deligne-Mumford stack.

Definition of coarse moduli space... unique up to unique iso. Example...

Theorem 19.15. (Keel-Mori) Suppose 2 is a proper Deligne-Mumford stack over S. Then there
exists a proper coarse moduli space X — S.

The CFG of stable curves Mg

Theorem 19.16. (Deligne-Mumford) Mg for ¢ > 2 is a smooth and proper Deligne-Mumford stack
of dimension 3§ — 3 with projective coarse moduli space M.

20 Homework

20.1 Problem Set1

1. If you haven’t done so before, prove the Yoneda lemma. That is, if C is a category, X is
an object of C and F : C°? — Set is a presheaf, show that there is a natural isomorphism

Homg¢ (hx, F) = F(X).
Conclude that the functor C — Fun(CP, Set) given by X +— hx is fully faithful.

2. Are the following functors representable? If so find the representing object and uni-
versal family and if not show why not.
e The functor GL, : Sch) — Set taking a scheme T to GL,(Or(T));

e The functor Nil, : Sch?) — Set taking a scheme T to the set of elements f € Or(T)
with f" = 0.

e The functor Nil : Sch}) — Set taking a scheme T to the set of all nilpotent ele-
ments f € Or(T).

e The functor F, : Sch;) — Set taking T to the set (f1,..., fx) € Or(T)®" such that
for each t € T, there exists an i with f;(t) # 0.

e The functor F, /Gy, : Schi) — Set taking T to the set F,(T)/ ~ where
frreees fu) ~ (f1ree0 fa)
if and only if there exists a unit u € Or(T)* with f/ = uf; for all i.
3. In the last example above, what happens if we sheafify the functor F,/G,?

4. Prove the following statement we used in class. Let f : X — Y be a morphism locally
of finite type between locally Noetherian schemes. Show that f is a closed embedding
if and only if it is a proper monomorphism. Recall that a morphism is a monomomor-
phism if for all T, the induced map Hom¢(T, X) — Hom¢(T,Y) is injective. (Hint:
you might need to use the famous result that a morphism is finite if and only if it is
proper and has finite fibers.)
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5. In this exercise, we will prove the generic freeness theorem.

Theorem 20.1. Let A be a Noetherian integral domain and B a finitely generated A-algebra.
For any finite B-module M, there exists an f € A such that M is a free A ;-module.

To make the argument easier, let us say that an A-algebra B satisfies generic freeness if
for any finite B-module M, there exists f € A such that My is a free A module. Then
we want to show that any finitely generated A-algebra satisfies generic freeness.

(a) Show that it suffices to prove that the polynomial algebra A[ty, ..., t,] satisfies
generic freeness.

(b) Show that A itself satisfies generic freeness.

(c) Let Bbe an A-algebra and let M be a finitely generated B|[t]-module. Letmy, ..., my
be a finite set of B[t]-module generators. We will define a filtration of M by finite
B-modules as follows. Let My be the B-module generated by m;, ..., m; and let
M1 = M, + tM,,. Note that each M, is a finite B-module. Show that for each
n > 0, multiplication by ¢t is an isomorphism M, /M,_1 — M,11/M,. Hint:
consider the graded B[t] module

@ Mn/Mn—l-

n>0

(d) Let M be an A-module with a filtration Mg C M; C ... M, C ... M. Suppose that
M, 11/ M, is a free A-module for each n. Show that M is a free A-module.

(e) Suppose that B is an A-algebra which satisfies generic freeness. Use parts (c¢) and
(d) above to conclude that B[t] satisfies generic freeness.

(f) Conclude that any finitely generated A-algebra B satisfies generic freeness.

20.2 Problem Set 2

1. Let R be a Noetherian ring, I C R a proper ideal, M and R-module such that M /IM is
flat over R/I. Suppose TorX(R/I, M) = 0. Show the following holds for any n > 1:

(@) M/I"M is a flat R/I" module, and
(b) for any R-module N that is annihilated by I", we have

Torf (N, M) = 0.

Hint: for (a) use the fact that an R-module M is flat if and only for every ideal | C R,
JOrRM — M

is injective.

2. Let S be a Noetherian scheme, U C S an open subscheme, and £ a coherent sheaf on
U. Show that there exists a coherent sheaf £’ on S such that &'|; = €.
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3. Let p : Y — S be a proper morphis, Z C Y a closed subscheme, and F a coherent
sheaf on Y. Show that there exists an open subscheme U C S such that a morphism
¢ : T — S factors through U if and only if the support of Fr on Y7 is disjoint from Zr.

4. Recall the existence theorem on the Grothendieck complex.

Theorem 20.2. Let f : X — S be a proper morphism over a Noetherian affine scheme S =
Spec A and F a coherent sheaf on X flat over S. Then there exists a finite complex

K*=0—-K - K'... = K" =0)

of finitely generated projective A-modules such that for all A-modules M, there are functorial
isomorphism
HP (X, F @4 M) = HP(K* ®4 M).

Let f : X — S be a proper morphism over a Noetherian scheme S and let £, F be co-
herent sheaves on X with F flat over S. Suppose that £ admits a locally free resolution.
The goal of this exercise is to use the Grothendieck complex to show that the functor
Schs — Set given by

T — HomXT(gT, -7:T)

is representable by a scheme over S.

In fact we will show more. Given coherent sheaf Q on S, we may form the scheme
V(Q) := SpecsSym* Q

where Sym* Q is the symmetric algebra of Q. When Q is locally free, V(Q) is what one
might call the total space or geometric vector bundle associated to Q. By the definition
of relative Spec, the universal property of the symmetric algebra, and the push-pull
adjunction, V(Q) is characterized by the universal property that

Homg(T,V(Q)) = Homp, (¢*Q, Or) = Homp (Q, ¢.OT)
for any S-scheme ¢ : T — S.

(a) Suppose S = Spec A is affine. Show that for any coherent F flat over S, there exists
an S-module Q as well as a functorial isomorphism

O - f*(f ®OX f*M) — HomA(Q/ M)

for any quasi-coherent A-module M.

(b) Suppose S is an arbitrary Noetherian scheme and F as above. Show that there
exists a coherent sheaf Q on S and a funtorial isomorphism

g : f+(F @0y f7G) = Homs(Q,G)

for all quasi-coherent sheaves G on S.
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(c) Conclude from the previous proposition that for any coherent F which is flat over
S, there exists a coherent Q on S such that

Homg (T, V(Q)) = H*(Xt,Gr)

for each S-scheme T. Hint: you might need to use the projection formula for co-
herent sheaves.

(d) Suppose F, & are coherent sheaves on X with & locally free and F flat over S. Use
part (c) to show that there exists a coherent Q on S such that

Homg(T,V(Q)) = Hom@XT(ST, Fr).

(e) Extend (d) to the case where £ has a locally free resolution.
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