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Introduction

The following type of classification problem occurs often in math:

Consider some type of object and a notion of isomorphism which can be defined between them.
We are interested in understanding the behavior of isomorphism classes and how they relate to
each other.

The set or class of isomorphism classes is a tautological answer to the set-theoretic question, but
for an answer to a classification problem to be satisfactory we usually require it to encode some
information on families of isomorphism classes.

Miraculously, many such classification problems turn out to have a natural answer in the form
of some geometric object. In general the object can only be defined as the category of families
together with some geometric structure (this is the realm of the theory of stacks), but in more
special circumstances one can find a more concrete space, usually a scheme, whose points represent
isomorphism classes for our problem and whose geometric structure encodes information on the
families. Such objects are called moduli spaces for the classification problem.

The best result we can hope for is finding a space which completely encodes how families
behave!, but this requirement is usually too strict. In this document we mostly deal with problems
for which such a nice space exists: the Grassmannian, Quot and Hilbert schemes.

Historical background

The history of moduli theory aligns remarkably well with that of the moduli space of smooth curves
of fixed genus. Indeed the word moduli was introduced by Riemann in the article [Rie57] to denote
what we would now call the dimension of M, the moduli space of smooth projective algebraic
curves of genus g, which he computed to be 3g — 3.

Although the argument given by Riemann can be made rigorous in modern language, he did
not prove the existence of the space M, itself. The first general construction of M, as a space of
some kind can be attributed to Teichmiiller, which realized M, as the quotient of the Teichmiiller
space Ty, parametrizing complex structures up to isomorphism on a surface of genus g by the action
of the group I'y of diffeomorphisms of the surface up to isotopy. The paper which establishes these
ideas is [Tei39].

The basis for the modern theory were laid by Alexander Grothendieck and his functorial ap-
proach. He first introduced his methods to analytic moduli theory and later on to algebraic geom-
etry in general. Grothendieck was very interested in algebraic moduli theory and contributed to
it greatly by introducing the Hilbert, Quot and Picard functors and showing their representability
by schemes. However, Grothendieck did not end up publishing on M,.

Lwhat will be formalized as a fine moduli space
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Among the first to study moduli spaces systematically was David Mumford. Inspired by in-
variant theory, Grothendieck’s functorial approach and the existing constructions of moduli spaces
like the one of principally polarized abelian varieties or the Chow varieties, Mumford developed
Geometric Invariant Theory (commonly referred to as GIT), which can be described as a method
to study and construct moduli spaces as quotients of algebraic groups. In the book [MFK94]
Mumford gives two constructions of M, as a coarse moduli space.

For a more detailed history and more references see section 0.1 in [Alp24].

Why category theory?

As we briefly mentioned, the modern approach to moduli problems if formalized via functors. It
might not be clear why this is the most appropriate tool, and indeed it can seem more complicated
than more concrete treatments in simple cases like the classification of lines through a point via
projective space.

Nevertheless, the functorial approach has proven itself to be effective in many aspects, chief
among them the formalization of the nebulous concept of “family” described above.

Following Grothendieck’s ideas, a moduli problem is expressed as a contravariant functor

F-T {families of objects over T}/N

where ~ is the isomorphism relation imposed on families of objects. Since we are mostly concerned
about problems in algebraic geometry, and thus families over schemes, the functor is usually taken
to be a presheaf on Sch/S for some base scheme? S. To find the set of objects we want to classify
up to isomorphism we can simply evaluate F' on a point.

The functorial language allows for families to be pulled back via morphisms: if f: S — T is a
morphism and a € F(T) is a family over T, then F(f) : F(T) — F(S) by contravariance and thus
F(f)(a) = f*a € F(S) is a family over S.

There are several ways in which we can define a moduli space. The two most relevant are fine
and coarse moduli spaces. A scheme M is a fine moduli space if we can recover the whole moduli
functor from it3. M is a coarse moduli space if its K-points are in bijection with F(SpecK), all
families over T" induce a morphism T'— M which behaves well with pullbacks and M is universal
for these properties.

In both cases we can interpret a family of objects over a scheme T as a morphism from T
to M called classifying map. Intuitively this is the function that to each point of T' assigns the
corresponding isomorphism class. The added structure of a scheme morphism serves to define a
“niceness” on families. If M is a fine moduli space, then every family over T' can be viewed as the
pullback under a morphism T"— M of a specific family v € F(M), called the universal family.

Why Grassmannians?

Grassmannians are among the first nontrivial examples of spaces whose points represent some type
of object one can encounter in their mathematical career. Given two positive integers k and n, the
first definition of a Grassmannian Gr(k,n) one encounters is

Gr'(k,n) = {H C K" | H vector subspace, dimgx H = k}.

2usually SpecK for an algebraically closed field K or SpecZ.
3formally, when hj; and F' are naturally isomorphic functors.
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This definition invites us to think about the classification problem of k-dimensional vector subspaces
of n-dimensional space. This classification problem is best formalized in terms vector bundle
quotients as

(Sch/K)°P  — Set
&e(k,n) : T — fa: 01 > @},
f:S=T — (a:0}F—=Q)— (ffa: 0% — f*Q)

where ¢ ~ ¢ <= ker ¢ = ker ¢/, so the definition we will use for Gr(k,n) is actually

LR k _
Gr(k,n):{go'K —+ K |mk@_k}/fv where ¢ ~ ¢ <= ker ¢ = ker 1,

but the two are related, up to canonical identifications, by Gr(k,n) = Gt’(n — k,n). Showing that
Grassmannians are schemes and that they are fine moduli spaces for this classification problem is
a good introduction to the elementary tools of the theory of fine moduli spaces. Grassmannians
also serve as a warm up and necessary stepping stone in the construction of the Quot schemes,
which generalize Grassmannians and yield important results like the existence of Hilbert schemes.

Description of content

In this document we introduce the concept of moduli spaces in algebraic geometry and explore the
example of the Grassmannian scheme.

The first chapter introduces the basics of the functorial approach to algebraic geometry. After
a brief summary on the Yoneda lemma, we define representable functors, moduli problems, Zariski
sheaves, open subfunctors and open covers of a functor. We conclude by proving a representability
criterion which we will use in the third chapter.

The second chapter provides a quick overview of Grassmannians as defined set theoretically
and then shows how we can endow them with the structure of a projective variety. We define the
Pliicker embedding to identify Grassmannians with subsets of an appropriate projective space and
then we prove that these subsets are closed with respect to the Zariski.

In the third chapter we describe the reduced scheme structure on the Grassmannian variety
and the open cover of it given by fixing ordered multiindices. We then go on to formalize the
moduli problem of classifying (n — k)-vector subspaces of an n-dimensional space and prove that
the Grassmannian scheme is a fine moduli space for it. The proof revolves around finding an open
cover for the Grassmannian moduli problem and then applying the criterion from Chapter 1.

We conclude by generalizing the Grassmannian moduli problem to the Quot functors. The
main focus of the chapter is to showcase a construction of the Quot schemes while citing the main
results involved like flat base change and Castelnuovo-Mumford regularity. Along the way we will
show how this construction is related to Hilbert schemes.



Chapter

Moduli Spaces

In this chapter we introduce the basic category theory used in the study of moduli spaces. After
a quick review of the Yoneda embedding, we define representability of a functor and give the
definition of fine and coarse moduli space. After that we give a quick overview of Zariski sheaves
and prove representability results that we will need in the third chapter.

We adopt the following conventions:
e All categories considered in this document will be locally small.
e If C is a category, we shall write X € C to mean “X is an object in C”.

o If A, B € C, we denote the set of morphisms from A to B with Hom (A, B) or Hom¢(A, B)
for specificity.

e If A and B are R-modules we write Hom g(A, B) to denote R-linear maps.

Most definitions given in this chapter follow section 0.3 of [Alp24].

1.1 Yoneda lemma

Definition 1.1 (Presheaf). A contravariant functor F' : C°? — Set is called a presheaf on C. If
T € C then we call the elements of F(T') families over T

Definition 1.2 (Presheaf category). For any fixed category C, the presheaves on C form a category
Fun(C?, Set) with morphisms given by natural transformations.

Definition 1.3 (Hom-functor). Let C be a category and X € C. We define the Hom-functor of

X to be
cer — Set

T — Hom (T, X)
) ~ Hom(S,X) — Hom(T,X)
f:T—S — hx(f): g L go f

hxi

Remark 1.4. The Hom-functor is a presheaf.
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Lemma 1.5 (Yoneda Lemma). Let C be a category and X € C. If F is a presheaf on C then the
following sets are in a natural bijection

Hom (hx, F) +— F(X).

Proof. Given a natural transformation ¢, we can take its image in F(X) to be {x(idx). On the
other hand, for any given element u € F'(X) we can define an arrow hx(T) — F(T') for any T € C
by taking f — F(f)(u). This collection of maps defines a natural transformation from hx to F
because for all g : S — T and for all f € hx(T)

F(g)(F(f)(w)) = (F(g) o F(f))(w) = F(f o g)(u) = F(hx(9)(f))(w)-

To conclude it is enough to check that the two assignments are inverses:

F(f)(¢x(idx)) = Cr(hx (f)(idx)) = ¢r(f), F(idx)(u) = u.
O

Definition 1.6 (Yoneda embedding). We define the Yoneda embedding of a category C to be
the following functor
C —  Fun(C°P, Set)
he : X — hx
f:X—}Y — hf:hx—>hy
where if g : T'— X then hy(g) = fog: T =Y.
Proposition 1.7. The functor he s fully faithful.

Proof. Recall that a functor F' : C — D is fully faithful if for any two objects A, B € C we have
Hom ¢ (A4, B) 2 Hom p(F(A), F(B)). In our case we want to verify that

Hom (X,Y) = Hom (hx, hy),
which is exactly the statement of the Yoneda lemma (1.5) for F' = hy. O

Proposition 1.8. The Yoneda embedding is injective on isomorphism classes of objects in C.

Proof. A natural isomorphism ¢ : hy — hp and its inverse ¢’ correspond to maps f : A — B and
f': B — A via the Yoneda lemma. Note that

he(f o f') = hyopr = hy o hyr = hp()(f) 0 ha()(f) V2™ Co ¢! = idyy,

thus, because h, if fully faithful, we see that f o f’ = idg. An analogous argument works for

frof. O
Lemma 1.9. The Yoneda embedding preserves limits.

Proof. Suppose X is the limit of the diagram {f;; : X; — X;}. If we apply the Yoneda embedding
to the diagram we obtain
{hfij : hxj — hX1}

Let F be any presheaf on C and suppose that we have morphisms F' — hx, which make the
diagrams commute, then for all 7' € C we have compatible and natural F'(T') — Hom (7, X;). If
f € F(T) then these arrows define several f; € Hom (T, X;) which compose with the f;; respecting
the diagram. By the universal property of limits this defines uniquely a morphism f; € Hom (7', X)
and we see that the assignment f — fy is the unique map from F(T") to Hom (T, X) which makes
the diagram in Set commute. Since all that we have done is natural in T, we have effectively
constructed a morphism F' — hx as we desired. O
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1.2 Moduli problems

Definition 1.10 (Representable functor). A presheaf F' on C is representable if there exists
a natural isomorphism ¢ : F — hx for some X € C. In this case we say that the pair’ (X,()
represents F. If a € F(T') we call (r(a) : T — X the classifying map of the family a.

Definition 1.11 (Universal family). Given a functor F and an object X € C that represents it
via the isomorphism ¢ : F' — hx, the universal family of X is

Cx'(idx) € F(X).
Remark 1.12. The universal family is the element of F(X) which corresponds to (~! under the

Yoneda lemma (1.5).

We now specify our study to the category of schemes:

Definition 1.13 (Moduli problem). Let S be a scheme. A presheaf on Sch/S is called a moduli
problem or moduli functor.

A classical example of moduli problem is

Example 1.14 (Moduli problem of smooth curves of fixed genus). A family of smooth curves of
genus g over a scheme S is a smooth, proper and finitely presented scheme morphism C' — S such
that for all s € S the fiber Cs is a connected, smooth and proper curve of genus g. The moduli
problem of smooth curves of genus g is the functor

Sch/CP — Set
Fu, S . 1families of smooth curves of genus g over S}/N
T—S8 +— (C—=9)— (CxsT—1T)

where two families C — S and C’ — S are equivalent if there exists an isomorphism between C
and C’ which is compatible with the structure maps over S.

Definition 1.15 (Fine moduli space). Let F' be a moduli functor. A scheme X € Sch/S is a fine
moduli space for F' if X represents F'.

Remark 1.16. Because of proposition (1.8), fine moduli spaces are unique up to isomorphism.

Example 1.17 (Projective space). Consider the functor P, given by

Sch’?  — Set
L line bundle on S,sq, - , 5, € L’(S),}

. {(/L,so,... v8n) | gy e S, ((50)as + ($n)a)os, = La
f — pullback of sheaves and sections via f

where (L, (s;)) ~ (L', (s})) is there exists a sheaf isomorphism « : £ — £’ such that s; = o*s] for
allie {0,--- ,n}.

It is a well known property of projective spaces (see Proposition 5.1.31 in [Liu06]) that P, (S) =
Hom (S, P%) and that pullbacks behave as expected, thus P¥ is a fine moduli space for P,,. From
the statement of Proposition 5.1.31 in [Liu06] it is also clear that Opp (1) is a universal family.

Fine moduli spaces do not always exist. The simplest obstructions to having a fine moduli
spaces are

lusually we just say that X represents F
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e the functor is not a Zariski sheaf (see proposition (1.26))
e existence of non trivial automorphisms.
To get an idea for why the second condition is an obstruction we cite the following

Proposition 1.18. Let F € (Sch/C)?”” — Set be a moduli functor. If there exists a variety
S € Sch/C such that £ € F(S) is an isotrivial family, i.c.

e for all s,t € S(C), the fiber F(s)(£) =& = & and

o the family £ is not the pullback of an object E € F(SpecC) along the structural morphism
S — SpecC,

then there exists no fine moduli space for F.
Proof. This is Proposition 0.3.28 in [Alp24]. O

Remark 1.19. This proposition can be used to show that Fy, is not representable.

A weaker notion of moduli space is that of coarse moduli space:

Definition 1.20 (Coarse moduli space). Let F' be a moduli problem. A pair (X, () for X € Sch/S
and ¢ : F — hx natural transformation is a coarse moduli space for F if

® (gpeck : F'(SpecK) — Hom (SpecK, X) is a bijection for all algebraically closed fields K

e for any scheme Y and 7 : F' — hy natural transformation there exists a unique morphism
a: X — Y such that n = hy o (.

Proposition 1.21. A fine moduli space is also a coarse moduli space.

Proof. The first condition is trivially verified. For the second condition, if (Y, 7) is defined as above
and (X, u) is the fine moduli space with universal family u then we can take o = nx (u). O

Remark 1.22. There exists a coarse moduli space M, for the moduli problem Fj,. This is a classic
result in geometric invariant theory, see [MFK94].

1.3 Zariski sheaves and gluing of fine moduli spaces

One approach to show representability of a moduli problem is emulating the gluing properties of
sheaves. Indeed it is possible to show that representable functors are sheaves of some kind. This
realization will lead to some results that aid in showing representability.

1.3.1 Zariski sheaves

First, let us formalize a way in which a functor can be a sheaf. First we recall the definition of
equalizer:

Definition 1.23 (Equalizer). Let C be a category, A, B,C € C and f,g: B — C. We say that the
the diagram

f
A%B$§C
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is an equalizer if h : A — B is such that foh = goh and if (Q, ¢) is another such pair then there
exists a unique morphism ) — A which makes the diagram commute

/
A%B?C

A

Definition 1.24 (Zariski sheaf). A moduli problem F € (Sch/S)”” — Set is a Zariski sheaf if
for any S-scheme X and any Zariski open cover {U; — X} the following diagram is an equalizer

QO

F(X) — [[FW) == [[FW:inU;)
k ,J

where the arrows are induced by the inclusions.
Remark 1.25. Using the Yoneda lemma (1.5), we may equivalently consider

Hom (hx, F) — [[Hom (hy,, F) —= [[ Hom (hv,ru,, F)
k 4,J

Proposition 1.26 (Representable moduli functors are Zariski sheaves). Let F' be a moduli problem,
then if there exists a fine moduli space M for F it must be the case that F is a Zariski sheaf.

Proof. Up to composing with the natural isomorphism, we may assume F' = hj;. Let X be an
S-scheme and {U; — X'} a Zariski open cover for it. We want to show that the following diagram
is an equalizer

-
pry

pry
Hom (U, M) %5 T] Hom (U;, M) ——= [] Hom (U; N U;, M)
[ 1,7

The arrows correspond to restriction of morphisms, so what we need to verify is that
U; X _ Uj X
® resyny, O Tesy, = resyny. o resy and that

e a collection of maps {f; : U; = M} such that f; glues uniquely to a map

f:X—> M.

|U7;ﬁUj = fj|U7;ﬁUj
Both propositions are well known properties of scheme morphisms. O

1.3.2 Open cover of a moduli problem

Definition 1.27 (Subfunctor). A functor G : C — Set is a subfunctor of F : C — Set if for all
X,A,B € C and for all f € Hom (A, B)

GX)CF(X), and  G(f)=F(f)|,

In this case we write G C F.

Remark 1.28. If F' and G are presheaves and f: A — B then G(f) = F(f)|G(B).
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Definition 1.29 (Fibered product of presheaves). Let F, G, H : C°? — Set be presheaves together
with two natural transformations n: FF — H and ( : G — H. We define their fibered product as
the following functor

cor — Set
frA=B — (b1,b2) = (F(f)(b1), G(f)(b2))

where the fibered product F'(X) x g(x) G(X) in defined through the maps nx and (x. The map
(F xg G)(f) is well defined because if (b1,b2) € F(B) xg(py G(B) then

na(F(£)(b1) = HF)ms®1) ™ V=" H(£)(Co(52)) = Ca(G(f)(b2)).

Definition 1.30 (Functor immersions). Let ¢ : G — F be a natural transformation of moduli
problems. ¢ is an open immersion if {7 is injective for every scheme T € Sch/S and for every
natural transformation At — F' there is an open subscheme U C T such that

U—— hy ----- >y G
N %r l
Ty — 5 F

We define closed immersions and locally closed immersions analogously.

Because of the Yoneda lemma, giving a natural transformation like in the above definition is
equivalent to choosing a family £ € F(T'). We can thus rephrase the definition as follows

Definition 1.31 (Functor immersions v.2). Let ¢ : G — F be a natural transformation of moduli
problems. ¢ is an open immersion if {7 is injective for every scheme T € Sch/S and for every
& € F(T) there exists an open subscheme ¢ : U < T such that the following diagram is natural in
R for all R € Sch/S, commutes and is cartesian?

Hom (R, U) SV, (R)

N

Closed immersions and locally closed immersions of moduli problems are defined in the same
way.

Definition 1.32 (Open subfunctor). Let F : (Sch/S)”” — Set be a moduli problem. We say
that a subfunctor G C F' is open if the natural transformation given by the inclusion is an open
immersion.

Definition 1.33 (Open cover of a functor). Let F : (Sch/S)” — Set be a moduli problem. A
collection of open subfunctors {F; — F'} is an open cover of F if for any S-scheme T and any
natural transformation hp — F', the open subschemes U; of T determined by the F; form an open
cover of T'.

2for any map f : R — U there exists a g : R — U such that f = ¢ o g if and only if F(f)(¢) € G(R).
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Definition 1.34 (Restriction of a family). If U is a subscheme of T and ¢ : U — T is the inclusion
morphism, then if £ € F(T) we define its restriction to U to be

€l = FO)(©).

Remark 1.35. If {F; — F'} is an open cover of the functor F' then for any S-scheme T and any
family £ € F(T) there exists an open cover {U; — T'} of T such that £, € F;(U;) for all 1.

1.3.3 Representability criterion

Finally, we come to the main results of this chapter

Proposition 1.36. Let F' and G be Zariski sheaves, {F; — F'} and {G; — G} be open covers with

the same indexzation and f; : F; — G; be natural transformations such that® fi|Fij = fj|Fij.

Then there exists a natural transformation f : F — G which restricts to f; on F;.

Proof. Let T be a scheme and ¢ : hy — F a natural transformation. Let {¢; : U; — T'} be the
open cover induced by {F; — F'} through ¢ by the definition of open subfunctor cover.

where 7; is the map ¢ o h,, with its codomain restricted. This map is well defined because the
square is cartesian. Let g; = f; on; and note that

gi|hUmUj - fi|Fij Om‘humUj - fj|Fij © T7J'|hUmUj - gj‘humUj'

Because G is a Zariski sheaf, there exists ¢’ : hy — G such that (' o h,, = g;. We have thus
constructed a map Hom (hr, F') — Hom (hr, G) which is functorial in T by naturality of the maps
involved. Applying the Yoneda lemma (1.5) gives a map F(T)) — G(T') which is functorial in T
i.e. f:F — (G. By construction it is also clear that f|Fi = f;. O

Corollary 1.37. With the same setup as above, if each f; is an isomorphism then f too is an
isomorphism.

Proof. Let f be the morphism F — G obtained as above and let g : G — F be the morphism
obtained the same way but by gluing the fi_1 : G; — F;. It is easy to see that f and g are inverses
with a local argument. O

Theorem 1.38 (Representability by open cover). Let F : (Sch/S)?” — Set be a Zariski sheaf and
let {F; — F} be an open cover of it by representable subfunctors, then F is representable.

Sketch. We fix schemes X; and families & € F;(X;) such that (X;,¢;) is a fine moduli space for
F;. For all S-schemes T we have

(s xp Fj)(T) = Fi(T) % pry F5(T) = K(T) 0 F;(T) € F(T),

3for a natural transformation ¢ : F — H and a subfunctor G C F, we define q as the natural transformation

G — H given by (¢ | G)T Naturality follows from the naturality of f and the definition of subfunctor.

= CT‘G(T)‘
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thus Fl XF Fj = Fj XF FZ = Fi,j-

Using the openness of F; we find U;; C X; which represents hx, Xz F; = F; ;. By uniqueness
of moduli spaces we see that there exists an isomorphism ¢;; : U;; — Uj;, which we can choose to
correspond to the identity F; ; = Fj ;.

Our choice for the maps ¢;; makes the cocycle condition ¢i; = @i o ;; hold trivially. We
can thus glue the X; to a scheme X. Since fi‘Uij = £j|Uij by construction of ¢;;, we find a family
& € F(X) by the sheaf property of F. It follows easily that (X, ¢) represents F. O



Chapter

Grassmannians as projective
varieties

In this chapter we introduce Grassmannians from the point of view of classical algebraic geometry.
We are interested in Grassmannians in the context of classification problems because given their
definition, we can expect them to be moduli spaces for families of quotient vector spaces. In the
next chapter we will indeed find that they are fine moduli spaces for a functor that formalizes
families of fixed rank vector subspaces of K".

We first define Grassmannians set-theoretically, then we will find a bijection between this set
and a Zariski-closed subset of some projective space. This bijection will allow us to endow the
Grassmannians with the structure of projective algebraic varieties.

2.1 First definitions and conventions

Notation 2.1. In this chapter we use V and W to denote a fixed n-dimensional and a fixed k-
dimensional K-vector space respectively. Unless otherwise stated, we understand B = {vq,- - ,v,}
to be a basis of V and D = {wy,--- ,wy} to be a basis of W. We use u; and g¢; to indicate general
elements of V and W respectively.

When a basis F for a vector space U of dimension /£ is fixed, we denote the isomorphism which
sends F to the canonical basis of K¢ by []7 : U — K’. We denote the canonical basis of K’ by
Cang = {eq, - ,ep}.

Definition 2.2 (Grassmannian). Let k& < n be a pair of positive integers. We define the (n, k)-
Grassmannian to be the following set

Gr(k,V) = {¢ € Homg(V,W) | ¢ surjective}/N
where ¢ ~ 9 if and only if ker o = ker . To simplify notation we will usually write Gr(k,n).
Remark 2.3. We may equivalently define Gr(k,n) to be the following set:
{kery | ¢ € Homg(V,W), mkp =k} ={H CV |dimH =n—k}.

It is common in the literature to give this set the notation Gr(n — k, n) instead, but fixing a basis
for V yields a bijection between Gr(k,n) and Gr(n — k,n), namely H — H*.
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Lemma 2.4. Let ¢, € Homg(V, W) be linear maps of full rank. The following conditions are
equivalent:

1. kerp = ker,
2. there exists 0 € GL(W) such that ¢ = 0 o 1.

Proof. The implication 2. = 1. is a straight forward computation, the other can be derived by
completing a basis of the kernels to a basis B of V' and defining € to be the change of basis between
the images of B under ¢ and ). O

We conclude this introductory section with some notation and conventions.

Definition 2.5 (Multiindicies). We define a (k, n)-multiindex as an element of the set {1, - -+ , n}".
Our notation for a multiindex I will usually be I = (i1, - ,ix). We denote the set of ordered
(k,n)-multiindicies by

w(k,n):{(il,m,ik)e{l,---,n}k\i1<-~-<ik}.

If I € w(k,n), we write

e I for the element of w(n — k,n) whose entries are the elements of {1,--- ,n} missing from I
and
e o7 for the permutation that sends the concatenation T+1I to (1,--+,n).
Remark 2.6. If I = (i1,--- ,ix) is a (k,n)-multiindex and wuy, - - - ,u, are n vectors of V, we define

Uy = Uiy N AN,
Note also that if B is a basis of V' then
{vr | I € w(k,n)}
yields a basis of /\kV7 which we call the basis induced by B and denote by AFB.
Notation 2.7. For F and G bases of U and Z respectively, we define

dim U dim Z dim U
nf:[']AdimU]:: /\U—)K, ngf:ng_lon]:: /\Z—> /\U

2.2 The Pliicker embedding

In this section we define an injection from the Grassmannian to a projective space. Our approach
differs slightly from the usual one' because we consider equivalence classes of maps rather than
equivalence classes of bases of subspaces.

Definition 2.8 (Pliicker map). Let k¥ < n be a pair of positive integers. We define the Pliicker
2

map as

Homg(V,W) — Homg(A*V,\*'W)

/\k: &
© — A" p

where (A*@)(ug A+ Aug) = @(ur) A A p(ug).

Ibriefly illustrated in [Bj599], pages 79 and 80
2the map AFy is well defined because if we view it as a map AFp : VXk /\kW then it is multilinear and
alternating.
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Remark 2.9. The codomain of the Pliicker map is isomorphic to /\kV, indeed

3 \/ 3
Homk (A'V, A'W) = (\'V) =AM
For fixed bases of V and W we can write one such isomorphism concretely as

Hom g (A*V, AN"W) — %
D 0 — Y (@) -

I€w(k,n)
When the bases are clear from context we simply write (.
Notation 2.10. We define ¢5p = (g.p o AF : Homg(V, W) — /\kV
Proposition 2.11. The image of the Plicker map is a cone.
Proof. We have A A\F o = AF(ao ) for any o € GL(W) with determinant . O
Lemma 2.12. If ¢ € Homk(V,W) then rk ¢ < k if and only if N\¥(p) = 0.

Proof. N¥(y) is the zero map if an only if the set {¢(u1),--- , p(ug)} is linearly dependent for any
choice of uy,- -+ ,ug, i.e. ¢ is not of full rank. O

Lemma 2.13. Let ¢ : V — W be a full rank linear map, then
ker p = {ze V| Vug, - ,up €V, /\k(cp)(z/\ug/\-~-/\uk) :0}.

Proof. The inclusion C is trivial. If ¢(z) # 0 we can find k — 1 vectors of the desired form by
completing ¢(z) to a basis ¢(2), g2, -+ ,qx of W and then taking u; to be any element of ¢ ~!(g;).
This preimage is not empty by surjectivity of ¢. O

Proposition 2.14 (Injectivity of the Pliicker map up to scalars). Let ~ be the equivalence relation
on Hom g (V, W) which defines Gr(k,n), then for any two full rank linear maps ¢, : V. — W

o~ == INEK" s.t. AF () = AAF ().
Proof. We prove both implications:
By lemma (2.4), if ¢ ~ 1 then there exists § € GL(W) such that ¢ = 0 o4, thus

NE(p) = AH(B 0 ) = (det ) A® ().

It is enough to apply lemma (2.13) as follows:
kero ={z €V |Vug, - ,up €V, /\k(cp)(z/\uQ/\---/\uk)zo}:
={zeV|Vug, - ,up €V, /\/\k(w)(z/\uQ/\---/\uk)zo}z
={z€V |VYus,  ,ur €V, A"()(z Aug A+ Auy) = 0} = ker ).
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Definition 2.15 (Pliicker embedding). Let us fix bases B and D of V and W. We define the
Pliicker embedding as follows

Gr(k,n) — P(A"V)

el — | DD m(Ae(un)or
Icw(k,n)

PIB :

The entries of the (})-tuple [{np(/\k(ga(vl)))}IEw(k n)} are called the Pliicker coordinates of

[¢]. We will give a cleaner form of the Pliicker coordinates once we express this map in terms of
matricies.

Remark 2.16. If the Pliicker embedding is well defined, it does not depend on the choice of basis
for W. Indeed changing the basis of W simply multiplies all Pliicker coordinates by the same
nonzero scalar®, so the resulting point in P( /\kV) is left unchanged.

Proposition 2.17. The Pliicker embedding is well defined and injective.

Proof. Because of proposition (2.14) and lemma (2.12), there exists a unique map p such that the
diagram commutes

{¢ € Homg(V,W) | mke = k} 2+ A*Homx(V, W)\ {0}

It follows that Plg is well defined because Plg = P(¢g,p) o p.
By proposition (2.14) we have that p is injective, so Plg must also be injective because (g p is
an isomorphism. O

Remark 2.18. Plgom. =P((sp o A*) =P(égp).

2.2.1 Matrix form

Notation 2.19. If A is a k x n matrix and [ is a (k,n)-multiindex, we denote the I-minor of A
by A[, i.e.
A1,y "0 Al
Ar=
Ay = Ok,
If Bisan a x § matrix, i € {1,--- ,a} and j € {1,--- , 8}, we denote the (o« — 1) x (8 — 1) matrix
obtained from B by deleting the i-th row and the j-th column with By; «;.

If we fix bases B for V and D for W we can identify V with K", W with K¥ and Hom g (V, W)
with M(k,n). Under these identifications we have

Gr(k,n) = {A € M(k,n) |mk A=k},

where A ~ B <= 3P € GLg such that A = PB.

3the determinant of the change of basis
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Because AFo(uy A -+ Auy) = det ([o(u1)]p] - - [[e(ur)]p) wa,... k) we have
M(k,n) — NK”
¢ A — Z det Aje;
Icw(k,n)
Gr(k,n) —> P(A\FK™) — (k)1
Pl:
e | Y detdrer| = [{det Areugn] .
Icw(k,n) K+

2.3 The image of the Pliicker embedding is closed

Thus far we have identified Gr(k,n) with a subset of some projective space. We seek to show that
this subset is closed in the Zariski topology.

2.3.1 Some linear algebra results

Definition 2.20 (Divisibility). We say that w € /\kV is divisible by v € V if there exists
e e A" 'V such that w = £ A .

Lemma 2.21. w e A"V is divisible by v € V \ {0} if and only if w Av = 0.

Proof. If w=eAvthenwAv=eAvAv=0. If wAv =0 then by writing w in a basis containing
v we can see that the simple multivectors with nonzero coefficients must contain v as a factor, so
we can factor out v by multilinearity and get a decomposition of the form w = ¢ A v. O

Corollary 2.22 (Total decomposability criterion). Let w € A*V and define
D,={veV]|wAv=0}.

If dim D, > k then w = Avy A -+ A vy, for any set of linearly independent vectors {vy,- - , v} in
D, and some scalar A\. Moreover A # 0 if and only if dim D, = k.

Proof. For the first part of the result we may just iterate the above lemma. If A = 0 then
D, =V, so its dimension is not k. If the dimension is greater than k then we may subtract two
total decompositions differing only by one vector and use linear independence to check that the
coefficients must have been zero. O

Proposition 2.23. There is a canonical isomorphism between Hom g (A*V, \"V) and N"~*V
given by

=. NV — Homg(A'V.A"V)

- w — wA -

For any basis B of V, the inverse of Z is given by

Hom g (A*V,\"V) — NV
s : " — Y sgnoms(¥(vp))ur

Icw(n—k,n)

Proof. Z is clearly base independent and linear. Concluding from here is simply a matter of
computing T'g(Z(w)) by writing w in terms of its coordinates in A¥B and verifying that Z(T'5(v))
and 1) agree on AFB. O
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Corollary 2.24. Let 1) € Homg(A"V,N"W). If B = {v1,--- ,o.} and B' = {v},--- v} are
bases for V- and D = {wn,--- ,wg} and D' = {w},--- ,w,} are bases for W, there exists u € K*
such that

> senompopvr=pn > sgnomo (Y(vh)].

Icw(n—k,n) Icw(n—k,n)
Proof. Note that
Z sgnonp(¢(vp))vr = E(ng o)

Icew(n—k,n)

and similarly the other expression is E’l(ng,, 01)). Tt is therefore enough to show that n2 = /mg',
for some p € K*, which is true because

n k
dimg Hom g ( AV, /\W) =1

and both 75 and ngl, are not the zero map. O

2.3.2 Rank condition for the image

Lemma 2.25. Fix bases B and D of V. and W respectively. A multilinear alternating form
(IS HomK(/\kV, /\kW) is in the image of the Plicker map NF if and only if there exists A € K
and linearly independent vectors z1,- - , zn—k such that

Z sgn oo (Y(vp))vr = Az, n—k)-
Icw(n—k,n)

Proof. We show both implications

If » = A¥¢, the equality follows by choosing 21, - - , z,_i to be a basis of ker p. Completing
this set to a basis of V' and using corollary (2.24) gives the result after a simple calculation.

Let Z = {21, -, zn} be a basis of V which extends the given z1,--- ,z,_;. We can take

© to be
0 ifl1<i<n-—k
w(zi) = (,u)\sgna(ly... yn,k)) wy ifi=n—k+1
Wi—ntk ifi>n—k+1

where p € K* is such that n8 = un3.

Definition 2.26. Let B be a basisof V. If w = Z.]Gw(k:,n) psvy we define

Vo — /\n—k—i-l v
Pp(w): ¢ — Z sgnoppur Av -
Icw(n—k,n)

Remark 2.27. For any basis D of W we have ®5(w)(v) = Z71(n5 o (g,lp(w)) Av.

Proposition 2.28. A k-multivector w € /\kV is in the image of ¢ if and only if Pp(w) has
rank at most k.
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Proof. w € Imm ¢p p if and only if Cg’lp (w) € Imm AF by definition, so what we want to show is
that ¢ € Imm AF if and only if the rank of the map
Top(@): v EH N5 o) Ao = Z sgnonp (Y (vg))vr Av
Icw(n—k,n)

is at most k.

For the == arrow, let ¥ = A¥p and choose a basis Z = {z,---,2,} for V which ex-
tends a basis of ker p. Because of how we proved lemma (2.25), we see that if v € ker ¢ then
Ysp(AFp)(v) = AZ(1,... n—k)/\v, which is zero by linear dependence. Thus the nullity of Y p(A*p)
is at least dimker p =n — k.

Given z1,- -, zp— linearly independent vectors in ker T p(1)), by the total decomposability
criterion (2.22) there exists A € K such that

Z sgnomp(Y(vp))vr = Azt Ao+ Az g
Iew(n—k,n)

This concludes by lemma (2.25). O

Theorem 2.29. The image of ¢p.p is a Zariski closed subset of /\kV.

Proof. We seck to translate the rank condition (2.28) into equations on the coordinates of /\kV.
Let K[z; | I € w(k,n)] be the coordinate ring of A*K™. If B € M ((n_ZJrl),n,K) is the matrix
which represents ®z(vr) in the bases induced by B and D then we define

Mpp= Z Blz = Z (B");,j21

Iw(k,n) Icw(k,n) i

This matrix represents ®z in the following way: if w = Zfew(k,n) pruy,
Dp(w)(v) = Z pr®g(vr)(v) = Z prBlv = Msgl,,_,, v
Icw(k,n) Icew(k,n)

It follows that the coordinates of the k-multivectors in the image of ¢ p. are exactly those that
satisfy the determinantal criterion for the rank being at most k, i.e.

Immgﬁg,p = Z pIvr | rnk MB,D|z1:p1 <k+13 =
Icw(k,n)

=V({detm | misa (k+1) x (k+ 1) minor of M}).

Corollary 2.30. Plg endows Gr(k,n) with the structure of a projective variety.
Proof. Since Imm ¢ p is a cone (2.11) and Zariski closed we see that
P(Imm ¢p,p) = Imm Plg

is Zariski closed. We conclude by recalling that Imm Pl is in bijection with Gr(k, n) by injectivity
of Plg (2.17). O

Remark 2.31. The determinants we used to show that the image of the Pliicker embedding is closed
do not generate the ideal of that variety. The most well known set of generators for that ideal are
the Pliicker relations (Theorem 2.4.3 in [Bj699], page 80).



Chapter

Representability of the
Grassmannian functor

In this chapter we will work with K™ and K* instead of abstract vector spaces. This means
that we have canonical bases Can,, = {e1, -+ ,e,} and Cang = {e1, - ,er} and that we identify
Hom g (K", KF) with M(k,n).

To distinguish the scheme morphisms we define in this chapter from the morphisms of varieties
defined previously we use a superscript s (for “set-theoretic”) for the latter, i.e.

M(k,n) — A" K" K
s s . Gr(k,n) — PA'K™)
: 3 . Pl
’ . - Icw(k,n) devArer [A]~ —r [07(A)]k-

Notation 3.1. Let I be an ideal of the ring A and J be a homogeneous ideal of the graded ring
B. We adopt the following notation

V(I)={peSpecA|ICp}, Vi(J)={peProjB|ICp}.

3.1 Grassmannians as projective schemes

Definition 3.2 (Bracket ring). We define the bracket ring (see page 79 of [Bjd99]) as the ring
of polynomial functions on /\}~c K", i.e.
Klz; | T€{1,--,n}"]

n = ({ZI — sgn (U)ZU(I)}UEGK‘)

By, ~Klzr | I € w(k,n)].

We define B,jn to be the ideal generated by the indeterminates z;.

Definition 3.3 (Ring of generic matrices). Let K[X} ] = K[z1,1, -+, Zkn] denote the polynomial
ring with k - n variables. We define the generic matrix as
11 0 Tinm
X =

Tkl - Tkn
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By the same token we use X7 to denote the generic k£ X k minor determined by the multiindex I
and det X to write the formal determinant of this minor.

Remark 3.4. The ring K[X}, ] is the coordinate ring of M(k,n).

Remark 3.5. The familiar M(k,n) and A" K™ can be identified with the K-points of the affine
schemes SpecK[X}, »] and Spec By, respectively (Example 2.3.32 of [Liu06]). We will use this
identification for the rest of the chapter.

Definition 3.6 (Pliicker ring homomorphism). We define the Pliicker ring homomorphism or
simply Pliicker homomorphism as

(z)#. Bkm — K[an]
ozr — det X1

For brevity we will denote Spec ¢# by .

Remark 3.7. It is clear by construction that

O paromy (A = D det Arer = ¢°(A).

Icw(k,n)
Proposition 3.8. ker ¢* is a homogeneous prime ideal and B,‘;n Z ker ¢7.

Proof. ker ¢# is prime because K[X} ] is an integral domain and z; ¢ ker #* because deg ¢7 (z7) =
deg(det X;) = k > 0. To show homogeneity let us note that if g is homogeneous of degree d then
#™(g) is homogeneous of degree kd. If follows that if f; is the homogeneous component of f of
degree d and 0 = ¢#(f) = 3 oy &7 (fa) then ¢#(f4) = 0 for all d € N. O

Proposition 3.9. Let t : Var/K — Sch/K be the fully faithful functor defined as in Proposition
2.6 of [Har77]. Then Vi (ker ¢#) = t(Imm P1°).

Proof. Because t is fully faithful, we only need to show that V, (ker(¢#))(K) = Imm P1°. Passing
to the corresponding cones, this is equivalent to

S ~v # _ _ S
Imm ¢° 2 V (ker ¢7)(K) = Imm (’b‘/\/l(k,n) = Imm ¢*,

which is true because Imm ¢° (2.29) Imm ¢3. O
From now on Gr(k,n) will also have the scheme structure of V, (ker 7). What we used to

write Gr(k,n) corresponds to Gr(k,n)(K).

3.1.1 Standard affine cover of the Grassmannian scheme

Recall that projective space admits a standard affine cover given by the loci where one indetermi-
nate does not vanish. In our case we see that

ProjBi, = |J Spec ((Bk,n)gl)z J Spec (K[Z|J€w(k,n)])7

Icw(k,n) Icw(k,n)

where the subscript denotes localization with multiplicative part {1, 21,22, } and the superscript
0 denotes the fact that we are only considering terms of degree 0 in this ring (this is the notation
used in [Liu06]).
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This open affine cover of Proj By, ,, induces an open cover on Gr(k,n) as follows:

0
s U e ((25))

Icw(k,n) 21

Notation 3.10. Let us fix I € w(k,n), then we denote the restriction of ¢ as

y K[Z[Jewlkn)] — KXullx,
#.

ZJ det Xy
= — det X1

Remark 3.11. By the first isomorphism theorem we have

(Bk n)O # det X ; det X5
Rl SN | =K =K .
wero? mm ¢ [det e | J € w(k,n)} = {detXJ

Remark 3.12. Applying a property of localization we have
( Bi,n ) - M
kero# ) (ker¢#).,’

< B )0 B ( (Br.n)., >o _ Bl [det XJ]
ker ¢# ), (ker ¢#)., ker (b?f © | det X
In summary we have shown that, up to some canonical identifications,

Gi(k,n) = | Spec (K[jziﬂ)i U Grilk,n).

Icw(k,n) Icw(k,n)

thus

Notation 3.13. Let I be a (k,n)-multiindex, i € {1,--- ,k} and j € {1,---,n}. We define I} to
be the multiindex which is the same as I but with the i-th entry replaced with j.

Lemma 3.14. If I € w(k,n) then the following equality holds in K[ Xk n]det x,

wlll ... wI,}’
detXJ

det X]

—1 . . . _
X, X=|: ], where wy =

w[f PPN wIﬁ

Proof. Recall that if Adj(X7) is the adjugate matrix of X then

(X))~ Adj (X1) = (1) det(X7) xjxi) 1<i<k -

- det Xy det X; 1<<k

We can verify the identity for each element:

= —1)it¢ . = = i
det X] o det lezzl (( 1) det (XI)Xe’Xi) Tg det X[ wlj




REPRESENTABILITY OF THE GRASSMANNIAN FUNCTOR 19

Remark 3.15. (X;'X); = X;'X, in particular (X;'X)s is the identity matrix.

)

Proposition 3.16. Gry(k,n) is isomorphic to Aﬂkénfk as a scheme.

Proof. Since both schemes are affine, it is enough to show that their coordinate rings are isomorphic.

Without loss of generality we may assume that I = (1,---,k). For brevity we set wy = ‘;‘;tt ))g .

Let M be the formal matrix whose (4, j)-entry is w;i. Lemma (3.14) shows that M = X;lX7
J
so det M ; = det XI_1 det X; = wy. This shows that

det XJ
det X]

det X5
det X[

|J€w(kz,n)}=K[ | J=1, je{l,--- k}, ¢; ¢1|.
Let R denote this ring. To conclude we want to show that it is isomorphic to K[Yj n—x] =
K[yl,lv o 7yk,n—k]~

Let us consider the following ring homomorphism

i K[Yk,n—k] — R
X- yl,] |_> w[}+k .

It is surjective by construction, so we just need to show that it is injective to find the desired
isomorphism.

Suppose that there exists a nonzero polynomial p € K[Yj, ,—x] which maps to 0. If K is an
algebraic closure! of K we can consider the lift

KYins] — R=Klwp]

i\ j — Wri
Yi.g I,

X :

Note that if x(p) = 0 then Y (p) = 0 because R C R and X‘K[Y = x. Consider now any matrix
k

con—k)
of the form

A= (Ik | ﬁ) = (ai,j)z’,j

where Ij is the k x k identity matrix and Ac M(k,n — k,K). From what we have said above it
follows that det AI;; = aj,j, SO

P(A) =p ((det AI;Z) i€{l, -k}, ) =X(»)(A) =0.
je{k+1,- ,n}

This shows that p has infinitely many roots in K, so if we fix the value of k(n—k)—1 indeterminates
the resulting polynomial is the 0 polynomial. If we reiterate this reasoning we eventually prove
that p =0 in K[Ykm_k], but 0 € K[Yj n—r) C K[Ykm_k}, so p is the zero polynomial in the original
ring, contradicting our hypothesis. O

Remark 3.17. Since Gry(k,n) and Grs(k, n) are affine and Gr(k, n) is projective and thus separated,
Grr(k,n) N Gry(k,n) is affine for any choice of multiindices.
1

we can take any field extension K C F where F is an infinite field.
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3.2 Grassmannian moduli problem

Let us consider the following moduli problem

(Sch/K)? — Set
&e(k,n) : T — {a: 00 >Q},
f:S=T — (a:0F =Q) (ffa: 0% — f*Q)
where () is a locally free sheaf of rank k£ on 7" and two surjections a : OF — @, f: O — V are
equivalent if and only if there exist an isomorphism of sheaves 6 : Q@ — V such that the diagram

commutes
«
Or — Q

N

We have functoriality because of the composition properties of pullbacks.

Remark 3.18. This functor formalizes the classification problem of (n — k)-dimensional subspaces
of an n-dimensional space. Indeed

&r(k,n)(SpecK) = {o: Ogpeck ~ Q}/N ~ {¢ K" > Kk}/N = Gr(k,n)(K).

For the middle isomorphism we used the fact that sheaves over a point are skyscrapers and that
Ospeck,speck = K. The last equality is our first definition for the Grassmannian up to the choice
of a basis.

Remark 3.19. We could have defined the moduli problem equivalently as follows:

(Sch/K)°P  — Set
/ . F vector subbundle of OF of
& k,n): T — {]: | rank k s.t. OF/F is locally free} '

f:S—=>T — F= f*F
indeed the following is the data of a natural isomorphism

&r(k,n)(T) — Qit'(n —k,n)(T)
lq: OF — Q] +— ker g
OF — O /F] <— F

We chose to adopt the first definition because it is easier to verify whether a map is a valid quotient
(as in, we do not need to compute a quotient sheaf) and because the first definition generalizes
well to objects like the functor of quotients, which we will introduce in the next chapter.

In this section we prove that the Grassmann scheme is a fine moduli space for the Grassmannian
moduli problem.

3.2.1 Open subfunctor cover of the Grassmannian

Notation 3.20. For any multiindex I € w(k,n) and any scheme T we define the following mor-
phism of sheaves

v OfF — Of

r- ej +— ey

J

S

If there is no ambiguity we write s;.
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Definition 3.21 (Principal subfunctors of the Grassmannian). Fixed a multiindex I € w(k,n) we
define the following functor

(Sch/K)°P  — Set
Grr(k,n): T . {(9% 5 Q| aosy surjective}/
f — a— f*a

where the equivalence relation is the same as the one defined for &t(k,n).
Proposition 3.22. The functor &t;(k,n) is well defined.

Proof. First we observe that &tr(k,n)(T) is well defined because if 1) = 6 o a with 6 isomorphism
of sheaves then on each stalk we have

wm‘ o (31)1‘ = Gx O Qg O (51)1"

which is surjective if and only if ¢, o (sy), is surjective.
Consider now a morphism f :S — T, then

[raosi = ffao f*s] = [*(aos])
is surjective if and only if it is surjective on all stalks, i.e. if and only if for all s € S we have that
the following map is surjective
faos])s=(aos]) s ®op ., idos..
which is true because the tensor product is right-exact. O
Proposition 3.23. The &t;(k,n) are open subfunctors of Gr(k,n).

Proof. The inclusion &ty (k,n)(T) C &t(k,n)(T) is apparent, so we just need to show that if we fix
a quotient [a : OF — Q] in &r(k,n)(T) then we can find an open subscheme of T" which represents
hp X&e(k,n) 6t1(k, n)

Let us fix a representative « for the given quotient. The locus where avo sy : O — Q is
surjective is the complement of the support of its cokernel sheaf I, i.e.

(a0 s1), surjective <= = ¢ Supp K.

Note that by the definition of ~ and properties of isomorphisms of sheaves, the first condition does
not depend of the choice of representative for [«], so Supp K only depends on [«]. Note that K is
of finite type because the codomains are locally free of finite rank, so Supp K is closed? and hence
U; =T\ Supp K is open.

We now want to show that Uy represents the functor hr X (k) ®tr(k,n), that is we want
to show that if f : S — T is a morphism of K-schemes then f factors through U; if and only if
[ffa: 0% — f*Q] € Grr(S).

Note that f(s) € Uy if and only if (cvos7) ¢(,) is surjective which, by Nakayama’s lemma applied
to the cokernels, is equivalent to the surjectivity of

(ao 5?)\“5) Lk(f()" = Qp(s) @O sy K(f(5))-

2For more detail see Section 01B4 in [Sta24]
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Observe that, up to standard identifications,

frlaost)| =f"(aos])s ®os, idys) =
=((@05]) f(s) ©Or 5y 05 ,) QO , idp(s) =

@087 )f(s) O (s i(s) =

=(
=((@0 87 ) f(s) @01 5 1i((s))) Oh(f(s)) ik(s) =
(@0 s7)] 1) s(s)) ih(s)-

Note that we used the fact that Op ) — Oss — k(s) = Or ) — k(f(s)) — k(s). Since field
extensions do not change the rank of linear maps, this shows that

fao s?)‘s is surjective <= («ao SIT)|f(s) is surjective.

By Nakayama’s lemma we can again consider equivalently f*(a o sT)s = (f*a)s o (s7)s.
We have thus shown that f(s ) € Uy if and only if (f*a)s o (s7)s is surjective, i.e. f factors
through Uy if and only if (f*a) o s7 is surjective, i.e. f*a € &r7(k,n)(9). O

Proposition 3.24. The collection {&t;(k,n)} is an open cover of &r(k,n).

Proof. For any K-scheme S and any quotient [a] € Gr(k,n)(S) (without loss of generality we
choose a representative «)) we need to show that for any s € S there exists a multiindex I such
that s € U defined as in the previous proposition.

We are therefore looking for a multiindex I such that (a o sy)s is surjective. By Nakayama’s
lemma this is equivalent to showing that there exists an I such that

k(s)" 3 k()" ™ Qs ®0s.. k(s)

is surjective, which is trivially true since rnk ay = k. O

3.2.2 Representability of the Grassmannian functor

Lemma 3.25. Let T be a scheme and [ : OF — Q],[8: OF - Q'] € 6¢e(k,n). If [a] = [8] then
the isomorphism 0 : Q — Q' such that = 0 o a is unique.

Proof. First, observe that if & = § then by surjectivity and commutativity 8 = idg. Let 0,1 : Q —
Q' be isomorphisms such that 3 =60 oa and S =noa. Then 7' on: Q — Q is an isomorphism
such that = onoa=60"10B =0, so 67! on=1idg and thus 6 = 7. O

Proposition 3.26. The Grassmannian functor &t(k,n) is a Zariski sheaf.

Proof. Consider a K-scheme T and an open cover {U; — T'}. Let a; : O, — Qi be representatives
of quotients such that
az|U,r\lU] ~ Oéj|UlﬁUj.
Because of lemma (3.25), the isomorphism giving the equivalence above is unique. Let ¢j; :
Q; — @ ~ be this isomorphism. Because of the uniqueness ;; = idg, and ¢p; =
J

©rj © @ji, so we have the data to glue the Q; to a locally free sheaf of rank k over T, which we
denote by Q.
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By construction «; : Of — Q|U> for all i. Let V' C T be an open subset. For any section
s € O%(V) we can define ay (s) by gluing the (ai)V(S|U_)7 which we can do by construction® of Q.
It is well known that a sheaf morphism is determined by its restrictions to open sets. O

Proposition 3.27. The affine scheme Gry(k,n) represents &rr(k,n).

Proof. First we prove that for any K-scheme T', Hom g, /x (T, Grr(k,n)) = &r;(T'), then we need
to check naturality.

By definition Gry(k,n) = Spec (K [det XJD, S0

det X1

det X
Hom gy /k (T', Gry(k,n)) = Hom g.alg <K {detXﬂ ,(’)T(T)> .

For a map a : O — O%, we define M(U) as the matrix which represents ay : O%(U) — Ok (U)
in the canonical bases. We define the following maps

Hom k_aig (K [iﬁi?{;f} ,OT(T)) — {a :0% — Ok |aos; = ido;}
— n(p)

®
. det X det(M(T
pla) : Gorxt = deeth(T))))j — o

where () is defined on an open subset V of T by

k det Xli .

. (3.14) _

n(e)v(e;) = Z(reS‘T/ o) ( T X,J > e, = (resy 0 0) (X7 'X)e;.
=1

The maps are well defined because oo s; = idpr <= M(T); = I, and

det X]lr

Tovx, e T @)osr = idoy

We can see that 1 and p are inverses via the following computations:

vesT o p(a) (X X) = resT (M(T); ™ M(T)) = resT (I, M(T)) = M(V),

det XJ) _det((res} 0 o) (X' X) )
1

p(n(»)) ( dot X,

—plaer((X 000 = ¢ ()

Observe now that

{a:@%%@%\aosfzidog} PN {a:O’fwﬂaQ\aos;isomorphism}/w
o — [a]

(Bos))™top — (]

3More precisely, the ;i are the gluing functions on Q and

Iy o, = 4 Gly,au,) = it i)y, gy ) = @5ils(s)y Dy, qp,)-
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is a bijection. The second map is well defined because if 5 = 6 o 5’ then
(Bosy)toB=(Bos) tol tofop =(B osr) top

and they are inverses because 3 ~ (80 s7)~! o B by definition of ~ and if a0 s; = id(% then
(awosy)' oa = a. We conclude by noticing that

{a: 0} - Q| aosy isomorphism}/N _{a: 07 - Q|aos;y surjective}/N
because on all stalks a0 sy is an endomorphism of finitely generated modules.

To prove naturality we consider a morphism f : S — T of K-schemes. Recall that

Ser(k,n)(T) — Ser(k,n)(S)
[a] — [fra]

Under the bijection above, imposing naturality gives
{a:@%%@éﬁ\ao&:idoé} — {B:Og—>0§|ﬂoslzidog}
« — ffa

since f*aos? = f*(aos?) = f*(idox%-) = idog. If we impose naturality again we get

Hom iy (K [425552] ,07(T))  —  Homywy (K [4252], 05(5))
v — p(f (%))
We claim that p(f*(n(¢))) = f#(T) o . Since 5 is the inverse of p, it is enough to prove that

f*(n(p)) = n(f#(T) o p). Equality holds because for all s € S both of the maps induced on stalks
are represented by the matrix

17 (X7 X)) 11, -

We conclude by recalling that the following diagram commutes

Spec
Hom g, /x (T, Gry(k,n)) =pee, Hom g.alg (K {detXJ} 7(’)T(T))

det X1
hcr,w,n)(f)l lﬂom (k[5252L].r# (D)
Spec
Homm s (S, Gry (k,n)) —2% Hom g (K [45352 |, 05(5))

O

Theorem 3.28. The Grassmann scheme Gr(k,n) is a fine moduli space for the Grassmann functor
&r(k,n).

Proof. We know that {&t;(k,n) — &r(k,n)} is an open cover (3.24), that the functor &r(k,n) is a
Zariski sheaf (3.26) and that hgy,(kn) = &rr(k,n) (3.27). If we can show that these isomorphisms
restrict well to double intersections we have the desired result by proposition (1.36).

Let T be a scheme and let us consider a morphism

f € Hom Sch/K (Ta Grl(ka T‘L) n GrJ(k7 n)) = Hom Sch/K (Tv Gr(ka n)ZIZJ) .
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Applying a standard result for morphisms towards an affine scheme? we get

0
fH(T) € Hom i aig ((K [det X1]aet x, det XJ) ’OT(T)) .
By the universal property of localization, we may identify this set with
det XL det XJ
H alg | K| ——=|,00(T Or(T) 5.
{'6 & HomKalg ( [detXJ 7 )) 8 <detX1> € Or(T) }

Applying the functor 7 defined during the proof of proposition (3.27), which we will denote n! to
emphasize which determinant we consider at the denominator, we obtain®

' (f#(T)) e {a SO - Ok |aosy = idok, aosy isomorphism} .
Observe that we can identify this set with
{a: 07 = Q| aosy, aosysurjective}/ = (Grr(k,n) Xkn) Bts(k,n))(T),

so to conclude the proof we just need to verify that n’(f#(T)) ~ n’ (f#(T)) in &r(k,n). By lemma
(3.14), the matrix X ;2 X; can be described only using elements in the ring K [det X1, Xy det X,
We can thus define 6 by setting Oy (e;) = f#(V)(X;'Xr)e;. It is clear by construction that
0 on!(f#(T)) = n’ (f#(T)). Defining ¢ from X; ' X analogously yields an inverse of 6, realizing
the sought out equivalence. O

“4see remark (3.17).
5the condition on the image of izz i((; corresponds to det(a o sy) being invertible, and thus to «a o s; being an

isomorphism.



Chapter

Quot and Hilbert schemes

In the definition of the Grassmannian moduli problem the concept of quotient sheaves turned out
to be instrumental. Since we have only considered quotients that are vector bundles of a fixed
rank k, a natural next step might be to generalize the construction to general coherent sheaves.
This generalization has proven itself to be vital in the construction of many fine moduli spaces,
the most important example being the Hilbert schemes. The representability of both the functor
of quotients and the Hilbert moduli problem were proven by Grothendieck in [Gro61].

In this chapter we will present a proof of the representability of a particular class of functors
of quotients while taking most technical results about Castelnuovo-Mumford regularity, flat base
change and flattening stratifications as a given. Along the way we will show some examples of
how this problem is related to the one of Hilbert schemes and Grassmannians. Our approach will
follow closely the one given in [Alp24] and [FGIT06].

We will usually consider our base scheme to be SpecK for consistency with our work from the
previous chapters. For simplicity we will sometimes write K instead of Spec K.

Notation 4.1. If T" is a scheme we use 7 to denote the structure map P, — 7. When T = SpecK
we omit the subscript.

Notation 4.2. If X and T are S-schemes we write the base change of X as X7 = X xgT. With
this notation we imply that we are considering X1 as a T-scheme.

4.1 Functor of quotients

Definition 4.3 (Functor of quotients). Let S be a noetherian scheme and let X — S be a
morphism of finite type. Let £ be a coherent sheaf on X. If T € Sch/S, a family of quotients
of £ parameterized by T (or over T) is a surjective sheaf morphism! ¢ : &7 — Q where Er is
the pullback of £ under X7 — X and @ is a quasi-coherent locally finitely presented sheaf on Xp
which is flat over T" and whose support is proper over T

Two families of quotients ¢ and ¢’ are said to be equivalent, written ¢ ~ ¢’, if ker ¢ = kerq’.
We denote the equivalence class [q] or more explicitly [¢ : Er — @Q]. We define the functor of

Lwe will usually simply state “q : & — Q is a quasi-coherent locally finitely presented quotient sheaf flat over T

with proper support”.
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quotients of £ over the base S as

Sch/S°?  — Set
Quote/x/s T —  {[¢] | ¢ family of quotients of £ over T'}
[T =T — g:&r = Q= frla =[f"q: & = Q)]

Remark 4.4. The functor is well defined because properness, flatness, quasi-coherence and finite
local presentation are preserved under base change (so f*Q is a valid output) and the tensor
product is right exact, so surjectivity of the maps is also preserved.

Remark 4.5. A family of quotients over a locally noetherian scheme ¢ : & — @ is such that @ is
coherent. We can restrict to considering this case for local considerations in the following way:

e all commutative rings are the colimit of their subrings which are finitely generated Z-algebras,
i.e. they are the colimit of noetherian rings

e it follows that affine schemes are the limit of noetherian affine schemes
e all schemes are locally affine by definition

e the locally finitely presented sheaves over an affine scheme Spec A = lim Spec A; can be
obtained as the colimit of the locally finitely presented sheaves over each Spec A;.

Because of this we will implicitly consider the schemes in the following sections to be locally
noetherian when checking for local conditions.

4.1.1 Stratification by Hilbert polynomials

Notation 4.6. If a line bundle £ on X is fixed and F is a quasi-coherent sheaf on X we denote
the r-twist F @0, L% as F(r) for all integers r.

Definition 4.7 (Euler characteristic of a sheaf). Let X be a closed subscheme of P. If F is a
coherent sheaf on X with proper support over K we define the Euler characteristic of F as

X(F) = (-1)" dimg H'(X, F).
i>0
It is a well known result that, given our hypotheses, this sum is finite. See Theorem I11.2.7 from
[Har77].
Theorem 4.8 (Snapper’s lemma). If we fix a line bundle L, the map r — x(F(r)) defines a
polynomial ®(X\) € Q[N], which is called the Hilbert polynomial of the sheaf F.

Proof. See Theorem B.7, page 314 of [FGIT06]. O

Remark 4.9. If £ is ample and 7 is sufficiently large, ®(r) = dimg H°(X, F(r)). This follows from
Serre’s vanishing theorem (proposition II1.5.3 in [Har77]).

We are interested in Hilbert polynomials because of the following property
Theorem 4.10. Let X — S be a proper morphism of noetherian schemes, L a line bundle on X

and F a coherent sheaf on X with proper support and flat over S. For all s € S let X be the fiber
of s. We define ®g to be the Hilbert polynomial of F calculated with respect to the line bundle

£| The function

X
X,
S —
s — Dg(r)

is locally constant for all r € Z.
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Proof. This is Theorem A.6.4 in [Alp24]. O

Because of this, we can decompose the functor of quotients as the following coproduct

Quote/x/g = H Quot?}g(/s, where
DeQ[N]

Quotg}é/S(T) _ {families of quotients over T such that V¢ € T, &, = @}/N.

4.1.2 Special cases of the functor of quotients

This finer decomposition allows us to formalize how the Grassmannian moduli problem is a special
case of the functor of quotients.

Proposition 4.11. We have the equality
E,O
®r(k,n) = Duotoﬁ/[‘K/K

Proof. The pullbacks and equivalence relations are defined in the same way, so it is enough to show
that they agree when evaluated on a K-scheme T'. It is clear that (OF)r = O% so we just need to
show that F has Hilbert polynomial k with respect to the line bundle O7 and is flat over T if and
only if F if a vector bundle or rank k over (SpecK)r.

If F is coherent and flat over T then? it is locally free over T and since T = (SpecK)7, F
is locally free over (SpecK)p. Because T = (SpecK)r, the fibers (Spec K); are points and

o) }"|(Sp K), = Fi. By assumption, the Hilbert polynomial of this sheaf is k for all ¢t € T,
ecK)g
SO

k = dimg H°(Speck(t), Fi(r)) = rnk F;(r) for large 7.

Since L7 = Or we have Fy(r) & Fy, so rnk Fy = k for all ¢t € T, i.e. F is a locally free
sheaf of rank k.

A locally free sheaf of rank k£ on T is obviously coherent and flat over T'. Since £ in our
case is the trivial line bundle, F; ®(9,§7;) > F;, 50 O4(r) cannot depend on r and is therefore
a constant polynomial. Let d; be the value of ®;. Since rnk F; = rnk F;(r), for large r we
have

dy = ®4(r) = dimg H°(Speck(t), Fi(r)) = mk F; = k,
so for all fibers, @, is the constant polynomial k.
O
Now we define the Hilbert moduli problem and show how it relates to the functor of quotients:

Definition 4.12 (Hilbert functor). Let X be a closed subscheme of Pg. If T' is a scheme, a family
of subschemes of X is a closed subscheme Y C X x T such that Y is flat and finitely presented
over T'. We can define the Hilbert functor of X as

(Sch/K)? — Set
Hilbx : T — {Y C X xT|Y flat and finitely presented over T}
f:T—=S — YCXxS—fY=_>dyxf) Y (Y)CXxT
2implication (1) = (6) from Lemma 00NX in [Sta24]
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Proposition 4.13. We have a canonical identification
Hilbx = Quﬂfox/x/]K.

In particular, we can also define a decomposition of the Hilbert moduli problem in terms of Hilbert
polynomials®

(Sch/K)*? — Set
Bl - Y flat and finitely presented
X T — Y C X xT | overT such that the fiber Y has

Hilbert polynomial ® for allt € T

Proof. There is a well known bijection between closed subschemes of a given scheme and quasi-
coherent sheaves of ideals on the scheme (Proposition 5.1.15 in [Liu06]). By construction the
structure sheaf of Y is finitely presented and flat over T, so the ideal sheaf which defines Y can
be expressed as the kernel of the quotient of coherent sheaves ¢ : Ox, — Oy. Given how the
equivalence of quotients is defined this shows that a class of quotients of Ox,. corresponds exactly
to a family Y, giving us the identification we wanted. O

4.2 Castelnuovo-Mumford regularity and Flattening strati-
fication

We now introduce the concept of regularity. The original proof of the representability of Quot by
Grothendieck in [Gro61] did not make use of this definition. Nevertheless, Castelnuovo-Mumford
regularity proved to be the easier method to employ to reach the result and is now the more popular
approach.

Definition 4.14 (m-regular sheaves). A coherent sheaf F on P} is m-regular for an integer m if

for all ¢ > 1 we have '
H'(Pg, F(m —1)) =0.

Lemma 4.15. Let 0 = K — & — Q — 0 be a short exact sequence of coherent sheaves on Py,
then if K is (m + 1)-regular and & is m-regular then Q is m-regular.

Proof. Let us fix an integer ¢ > 1. By tensoring with Oppn (m — i) we get an exact sequence
0 —— Kim—i) —— Em—14) —— Q(m—1i) —— 0

We can conclude by studying the following chunk of the long exact sequence associated to the
short one above

HY(PRE, E(m — 1)) —— HY(PE, Q(m —i)) —— HL(PR, K(m — 1))
I Il
0 0

We used the identity m —i =m + 1 — (i + 1) to show that the third term is zero. O

The following result was attributed to Castelnuovo by Mumford in [Mum66]

3the Hilbert polynomial of a closed subscheme is the Hilbert polynomial of its sheaf of ideals.
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Lemma 4.16 (Castelnuovo). Let F be an m-regular coherent sheaf on PE, then the following
results hold:

(a) If r > m then the map
H°(Pg, Opn (1)) @ HY (PR, F(r)) — HO(Pg, F(r + 1))
given by the product of sections is surjective.
(b) Ifr >m —i fori>1 then H'(P, F(r)) = 0.
(c) If r > m then F(r) is globally generated and H'(PE, F(r)) =0 for all i > 1.
Proof. This is Lemma 5.1 from [FGIT06]. O

Corollary 4.17. If F is m-reqular then it is also m'-regular for all m' > m.
Proof. This is statement (b) from the lemma where we choose r =m’ —i > m —i. O
Theorem 4.18 (Mumford). Let p and n be non-negative integers, then there exists a polynomial

Fpn € Zlzo,- - ,xp] such that, if F is a coherent sheaf on Py which is isomorphic to a subsheaf
of ng with Hilbert polynomial®

oy =Yu(l). wez

i=0
then F is m-regqular for m = F, (ao, -+, an).
Proof. This is Theorem 5.3 in [FGIT06]. O

Proposition 4.19 (Regularity in Families). Let S be a noetherian scheme and let QQ be a coherent
sheaf on Pg which is flat over S. Suppose that there exists m > 0 such that for all s € S, Q

P

18 m-reqular, then for r > m
1. 75,Q(r) is a vector bundle and, if f : T — S is an S-scheme, then we have
[rrs.Q(r) = mp,Qr(r).
2. If i > 1 the higher direct images R'wg,Q(d) vanish.

3. The morphism ws*1s,Q(d) — Q(d) is surjective.
Proof. This is Proposition 1.3.18 in [Alp24]. O

Theorem 4.20 (Existence of flattening stratifications). Let S be a noetherian scheme and let F
be a coherent sheaf on P§.

e For all polynomials ® € Q[N there exists a locally closed subscheme Se C S such that a
morphism T — S factors through S if and only if the pullback Fr of F to P} is flat over T
and for all t € T, Fy ) has Hilbert polynomial .

o There exists a finite subset I C Q[A] such that set-theoretically

S=]] Se

del

o The closure of Se in S is a subset of the union Jp.g Sq. where P < Q <= P(m) < Q(m)
form > 0. -

Proof. This is Theorem 5.13 in [FGIT06]. O

4Recall that every polynomial with rational coefficients can be written in this form uniquely.
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4.3 The existence theorem

Note that Quot is not always representable®. The result that we will show is

Theorem 4.21. Let X be a closed subscheme of Pg for some n, L = OP£(1)|X, & a coherent
quotient of Ox (V)P for some integers p and v and ® € Q[\. Then the functor of quotients
Quot?}i/K s representable by a scheme Quot?}g(/K.

This is a specific case of the version showcased in [AK80]. For more historical background see
subsection 5.5.2 of [FGIT06].

Remark 4.22. If the theorem holds, we can define the Hilbert schemes as

1. P, L L . AP, L
HilbY“ = Quotey Hilbx = [] Hilb%*.
Q[N

Proposition 4.23. It is enough to prove theorem (4.21) in the case where X =Pg and € = OIZF)’]};'

Lemma 4.24. If v is an integer then

P,L ~ ‘I)(AJFV)’C
Quotg/X/K = Quotg(u)/X/K.

Proof. The isomorphism is given by tensoring everything with £&¥. Indeed £®L®" is the definition
of E), x(F & LO™TV) = x((F ®@ L) ® L®™) and tensoring with a line bundle does nothing to
surjectivity, flatness or properness of support. O

Lemma 4.25. Let ¢ : € — G be a surjective morphism of coherent sheaves on X, then this
morphism induces a natural transformation

Quotqg)’/ﬁg /K~ Quot?ﬁc /K
which is a closed immersion.
Proof. This is part of lemma 5.17, page 127 in [FGIT06]. O
Proof of Proposition (4.23). By applying lemma (4.24) we have

DL ~ P(A—v),L
Quo{Opﬁ(u)P/Pk‘/K = Quotoﬁn /Py /K-
K

Observe now that, since X C Py is a closed subscheme, Ox is a quotient of Opp. We thus obtain
a surjective morphism of coherent sheaves

Opkb(l/)p —)Ox(u)p —)57

which by lemma (4.25) yields a chain of closed immersions

@,L D,L o.L
Quote)x ke S QUoto (wyox/x S WOtOL, ) oy

P(A—v),L
on%(l /Pg /K’

subscheme of it. O

Therefore, if we can construct Quot we can take Quot?}i /K to be an appropriate closed

5A case where representability fails is given in chapter 5, section 5.1.5, example (8) of [FGIT06].
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4.3.1 Embedding into a Grassmannian

For simplicity of notation we set & = OF n. Recall that 7 : Pg — SpecK and 7p : P — T are the
structural morphisms.

Lemma 4.26. The pushforward m.E(r) is a skyscraper sheaf with stalk KP @ Sym"K"+1.

Proof. Since SpecK consists of a single point, 7.E(r) must be a skyscraper sheaf with stalk
m.E(r)(SpecK) = E(r)(Pg) = ['(Pg, E(r)). Since L = Opp (1) we see that £(r) = (95}}2 R0m Opn (1),
S0

m.&(r)(SpecK) = I'(Pg, Opp (1)") = (Sym"K" )P =~ KP @ Sym" K"

O
Lemma 4.27. The Hilbert polynomial of O&’é is the one determined by
rosp ( ! ") ,
n
i particular it depends only on p and n.
Proof. For sufficiently large r we have
X(Opy (1)) =px(Ory (1)) = pdimg H"(Pg, Opy (1)) =
—p dimg Sym K™+ = p(r Z ”) .
O

Let T be a noetherian® K-scheme. The main idea for the proof of the representability of Quot
is building a natural transformation of the form
Quotg i, o (T) —  Ge(®(r), dimg 7. E(r))(T)
[ET —» Q] — [WT*ET(T) — WT*Q(’I")}

for an appropriate integer 7. We are identifying 7.£(r) with the vector space KP @ Sym"K"*! as
in the above lemma. We separate the proof into three steps:

Step 1. Find mg € Z such that if r > mg then the above map is well defined and natural.
Step 2. Show that if » > mg the map above is injective for all T'.
Step 3. Show that if » > mg the natural transformation above is a locally closed immersion.

Since the Grassmannian functor is representable (3.28), the last step shows that a locally closed
subscheme of Gr (®(r), dimg 7.E(r)) is a fine moduli space for Quo%’f JBr /K

pn /UK
Proof. (Step 1). We want to use the first claim of proposition (4.19) to show that mp,.Er(r) and
mr.Q(r) are vector bundles which behave well with respect to pullbacks for r greater then some
positive integer mg. So what we seek to show is that there exists a number mq > 0 such that for

allt e T, 5T|]Pm and Q|Pn are mgp-regular.
k(%) k(%)

Swe can suppose T to be noetherian because all properties that we want to verify are local.
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By the nature of proposition (4.19) and given that T is a K-scheme, the desired result for Er
follows if we prove it for T' = Spec K. Since SpecK consists of only one point, there is only one fiber
to consider for the restrictions of £: the whole of P;. Let m be the integer given by Mumford’s
theorem (4.18) applied to €. The proposition shows that if 7 > m then m,.E(r) = OF ® Sym’“@ﬁé"‘1
is a vector bundle which commutes with base change. Changing the basis to T yields the result
we wanted on 7wy, Er(r).

Let g : &+ — @ be a quotient on P7. with Hilbert polynomial ® on each fiber. If we denote
by ¢ its restriction to the fiber of ¢ € T and define KL = ker ¢;, we see that I is a subsheaf of
Erry = OS?@) whose Hilbert polynomial is determined” by ® and the Hilbert polynomial of O@zw,
which by lemma (4.27) does not depend on ¢. By Mumford’s theorem (4.18) there exists an integer
mg which depends only on n, p and ® such that K is mg-regular. Without loss of generality we
may take my > m by applying corollary (4.17). Because of lemma (4.15), we see that @ too is
mg-regular on each fiber. Since &r and @ are flat over T, K is also flat over T' by properties of
short exact sequences.

Putting all of this together, we may apply proposition (4.19) to see that wr,Q(r) and 7, K
are vector bundles which behave well with pullbacks and that R'm7,KC(r) = 0. By looking at the
long exact sequence of higher direct images induced by

0= K(r)—=&r(r) = Q(r)—0

together with the fact that Rlmr, K(r) = 0, we see that w7, Er(r) — m7,Q(r) is surjective.

To conclude the proof we just need to observe that 7r,Q(r) is of fixed rank ®(r). Note that

T Q(r): = Qlpn (r), which has Hilbert polynomial ®, so the desired result follows easily from
k(t)

the definition of Hilbert polynomial and statement (c) of lemma (4.16). O

Proof. (Step 2). Let q : Er — Q be a quotient sheaf which is flat over T and let K = kergq.
Note that IC too is flat over T. If we choose mg like in the proof of Step 1 we get the following
commutative diagram

0—— WT*WT*(]C(T)) Emd WT*WT*(ST(T)) —_— WT*WT*(Q(T’)) — 0

| l |

0 K(r) Er(r) Q(r) 0

where the rows are exact and the vertical maps are surjective by the last statement in proposition
(4.19). Let a be given by the composition

WT*WT*(IC(T)) — IC(’I’) — 5T(r).

Because of the surjectivity of the vertical map, Imma = K(r) C Er(r), so Q(r) = coker a.
By commutativity, a can also be written as the composition

mr mr, (K(r) = nr*mr. (Er(r)) — Er(r)

and in this form it is clear that 7y, (Er(r)) — 7r.(Q(r)) uniquely determines o and thus the
cokernel Er(r) — Q(r). This construction behaves well with changing representatives for the
quotients. O

7This is a consequence of the additivity of the Euler characteristic on exact sequences.
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Proof.(Step 3). Let h, : hy — Gr(®(r), m.€(r)) be the natural transformation which corresponds
to the quotient [q : mr,.Er(r) = V] via the Yoneda lemma (1.5) and let X = ker q. Let us consider
the fiber product

- 8

Quotg}ﬁg x> Oe((r), dimg m.E(r))

We seek to show that £, is representable by a locally closed subscheme of 7" in such a way as to
make the upper horizontal map of the cartesian square the one induced by inclusion. Note that
because of the injectivity of the bottom morphism of presheaves we have that the upper horizontal
map is always injective.

Let us consider this version of the diagram from the previous proof

0 —— mp*K —— wp*mr (Er(r)) Tr*V 0
\ l |
Q(r) 0

where @ = (coker (a))(—r). Since the objects on the top row are pullbacks of vector bundles we
see that 7« corresponds to the inclusion K C 7wr, Er(r) up to identifying mr, m7*K and K. Tt
follows by the definition of & then that 77,Q(r) can be identified with V.

Observe that, if @ if flat over T with Hilbert polynomial ®, then [E7 — Q] € Quotg VB /K(T)

By Yoneda’s lemma (1.5), this yields a natural transformation n which provides a lift of h,, i.e.

L
Duotg/Pﬁ/K

hy “— &v(®(r), dimg 7,E(r))

Since $), — hr is injective and we have a morphism 7 : hy — Duo’c‘S VB /K which commutes with
the maps to the Grassmannian, it easy to check set-theoretically by evaluating the functors on an
arbitrary scheme that $);, — hg is an isomorphism.

Conversely, if Q does not have Hilbert polynomial ® or is not flat over T' we cannot have
factorization by definition of the functor of quotients. We have thus identified $), with the following
subfunctor of Ay

Sch/T — Set
{f} if Q7 is flat over T" and has Hilbert polynomial ®

T =T +—
/ {(Z) otherwise

By the theorem on flattening stratifications (4.20) this shows that $); = hrp, via an isomorphism
which is compatible with the inclusion map. O
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