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ABSTRACT

The main object of study in this thesis is the Grothendieck Quot scheme. Let X be a
projective variety over C, let V be a coherent sheaf on X, and let p be a cohomology class
on X. The Quot scheme Quot(V, p) is a projective scheme that parametrizes coherent sheaf
quotients V' — F where F has Chern character p. Choosing p and the Chern character of V
to satisfy a certain orthogonality condition, Quot(V, p) is expected to be a finite collection
of points. One can ask whether Quot(V, p) is indeed finite when V is general in moduli. If
so, then one can try to enumerate the points of Quot(V, p). These counts of points of finite
Quot schemes yield interesting formulas and can be used to study strange duality.

When X is a curve, Marian and Oprea proved that general V do produce finite Quot
schemes, whose points are counted by the Verlinde formula. We show that these enumer-
ative invariants can be viewed as certain closed invariants inside a weighted topological
quantum field theory (TQFT) that encodes the intersection numbers of Schubert varieties
on all (not only finite) Quot schemes of general vector bundles on curves. This weighted
TQFT contains both the small quantum cohomology of the Grassmannian and a TQFT of
Witten that is known to compute the Verlinde numbers.

When X is a del Pezzo surface, even the existence of finite Quot schemes is not known.
On P2, we use exceptional resolutions of sheaves to prove that Quot(V, p) is finite when p
is the Chern character of an ideal sheaf of points, the orthogonality condition is satisfied,
and V is general in moduli. On general del Pezzo surfaces, we use multiple point formulas
to compute the expected number of points of Quot schemes that are expected to be finite,
where p is once again the Chern character of an ideal sheaf of points. The formulas agree
with a power series computing Euler characteristics of line bundles on Hilbert schemes of

points, thus providing evidence for strange duality on del Pezzo surfaces.
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CHAPTER 1

INTRODUCTION

How many points lie on the intersection of two general lines in the plane? How many
lines intersect four general lines in space? How many conics lie on a general quintic
threefold? Questions such as these form the basis of enumerative geometry. The key to
formulating such a question is to impose just enough conditions on a class of geometric
objects to ensure that the number of such objects is finite. With too few conditions the
answer is infinite; with too many conditions the answer is zero. But if the number of
conditions is just right, then the answer could be quite interesting.

Sometimes a question in enumerative geometry can be generalized into a whole family
of questions. Instead of asking for points on an intersection of lines, one can ask for points
on the intersection of a pair of general curves of degrees d and e. When questions are
posed in a family, a structure can emerge that explains the answers to all the questions
simultaneously and relates them to each other. These structures are the key to acquiring a

deeper understanding of the underlying geometry.

1.1 Finite Quot schemes

The enumerative setting for this thesis is as follows. If X is an algebraic variety over C,
V is a vector bundle on X, and p is a cohomology class on X, there is a projective scheme
Quot(V,p) called the Grothendieck Quot scheme whose points parametrize coherent
sheaf quotients V' — F where the Chern character of F is p. There is a formula for the
expected dimension of Quot(V, p) that depends only on the Chern character of V and on
p. When this expected dimension is zero, we expect the Quot scheme to be finite and
reduced, in which case there is a natural number to associate to the Quot scheme: the
number of its points. The naive problem of counting points of finite Quot schemes is
surprisingly interesting.

When X is a curve of genus g, counting finite Quot schemes Quot(V, p) in which V has



rank r + s and the quotients have rank s yields the formula

gfl

2sin 7[7 , (1.1)
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where the expression on the right is the (modified) Verlinde formula that relates to ranks
of vector bundles of conformal blocks on moduli spaces of curves. Chapter 3 explains how
for fixed r and s but varying genus, these numbers are the traces of g — 1 powers of a linear
operator on the cohomology ring of the Grassmannian Gr(r, C"**).

Moving up a dimension, consider the case when X is a del Pezzo surface and p,, is the
Chern character of an ideal sheaf of n points on X. When V,, is a vector bundle of rank
r + 1 whose first Chern class is represented by a divisor L and whose second Chern class is
chosen to make the expected dimension of Quot(V,, p,) zero, the results in [BGJ16] suggest
the conjectural formula

Y #Quot(Va, pa) 2" = (210 - £(2)2X00) . 4, ()5 2K B, ()% (1)

n>0

for particular power series A,(Z), B-(Z), f+(z), g+(z) in z whose coefficients depend only

onr,and f,(z) and g,(z) have closed-form expressions

I G

k>0

A=Y ((1 — rZI)C(k — 1)>Zk,, a(z) =

k>0
The formulas (1.1) and (1.2) do more than just compute the numbers of points of finite
Quot schemes. Indeed, they suggest a geometric relationship between different finite Quot
schemes. In the case of curves, this is explained in Chapter 3: the finite Quot schemes
can be described within a topological quantum field theory, which encodes information
about how curves and their Quot schemes change when a smooth curve degenerates to
a nodal curve. In the case of surfaces, the right side of (1.2) is based on computations in
the complex cobordism ring ([EGLO01]), which may be a good setting in which to compare
Quot schemes on different del Pezzo surfaces. Since Quot schemes behave well under
deformations (there are relative Quot schemes), deformation arguments are a natural way
to compare Quot schemes.
These observations suggest the following problems, which could be attempted in much

greater generality than the cases described above.
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Guiding problems 1.1.1. Let V be a vector bundle on a projective scheme X and p be a

Chern character on X.

Problem 1: Show that when Quot(V, p) has expected dimension zero, choosing V to be

sufficiently general ensures that Quot(V, p) is finite and reduced.
Problem 2: Assuming Quot(V, p) is finite and reduced, compute # Quot(V, p).

Problem 3: Explain how the numbers # Quot(V, p) are related using a geometric structure,

possibly based on deformation theory.

Chapter 2 provides a brief background in moduli theory with an emphasis on Quot
schemes. Chapters 3 and 4 resolve the three guiding problems on curves, where partial
answers can be found in the literature but a satisfying geometric picture has not been as-
sembled until now. Chapters 5 and 6 describe the results of [BGJ16] on del Pezzo surfaces,
where very little seems to be known. Chapter 5 settles Problem 1 on P> when p is the
Chern character of an ideal sheaf of points. Chapter 6 presents computations on del Pezzo
surfaces that provide evidence for the conjectural formula (1.2).

Before getting started, we describe an open problem that provides additional motiva-

tion for why finite Quot schemes might be interesting objects to study.

1.2 Strange duality

The following idea for using finite Quot schemes to study strange duality appeared in
[MOO07], where Marian and Oprea used it to prove strange duality for curves. We will state
the strange duality conjecture in the case of del Pezzo surfaces, where the Quot scheme
approach seems especially promising ([BGJ16]). For a scattering of strange duality results
on a variety of surfaces that use other methods, see [Dan02], [MO09], [MO08], [MO13],
[MO14], [Yual2], and [Yual6] .

Let X be a smooth projective del Pezzo surface over C and let ¢ and p be cohomology
classes on X that are orthogonal under the Mukai pairing x (o, p); this means that whenever

E and F are coherent sheaves whose Chern characters are ¢ and p, then

2
x(o,p) = x(E,F) = Y ext'(E,F) = 0.
i=0
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Let M(¢") and M(p) denote the moduli spaces of semistable sheaves with Chern charac-
ters 0V (dual to ¢) and p. The point of the orthogonality condition is that every pair of
sheaves (E, F) in these moduli spaces is expected to have hi(f ®@F)=0forall0 <i<2.

Thus we expect the jumping locus
® c M(c") x M(p)

of pairs where h°(E ® F) = h'(E ® p) > 0 (since h2(E ® F) vanishes by stability) to have
the structure of a Cartier divisor.

In cases where @ is a Cartier divisor, one can show (since X is del Pezzo) that
00@) =0(0, XO(Q,v),

where @, is the divisor on M(c") obtained by restricting ® to a general fiber of the
projection map M(c") x M(p) - M(p) and O, is defined similarly. We can think of
O, as the jumping locus on M(¢") of all E that have cohomology when tensored with a
fixed general F in M(p). We refer to O(®,) and O(O,) as determinantal line bundles.

The Kiinneth formula yields the isomorphism
H°(0(@)) ~ H*(0(©,)) ® H*(0(0,))

and © corresponds to a particular choice of section in H(O(®)) up to scaling, which
induces a pairing

*

SDy,: H*(0(®,))" @ H*(O(®,v))" — C

called the strange duality pairing.
Conjecture 1.2.1 (Le Potier’s Strange Duality). SD , is a perfect pairing.

The strange duality pairing can be described concretely on pairs of functionals corre-
sponding to sheaves. A sheaf E induces an element of H’ (0(0,)) " defined as evaluation
at [E] € M(c"). Similarly, evaluation at [F] produces an element of H(O(®,v))". The
strange duality pairing induced by the divisor © has the property that

0 if (EF) € ©;

SDU,p(ev[a ® eV[P]) = {7& 0 if (E F) ¢ 0o.

Since the pairing is only well-defined up to scaling, it make sense that we cannot pin down

exact nonzero values.
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The connection to finite Quot schemes is as follows. Choose a general vector bundle V
with Chern character o + p. Then Quot(V, p) is expected to be finite and reduced since the
tangent space at a point x; = [0 - E; — V — F — 0] is Hom(E;, F;), which is expected
to vanish since x(E;, F;) = 0 by the orthogonality of ¢ and p. Assume this Quot scheme
is indeed finite and reduced and that the E; are locally free. Then h°(E} ® F;) = 0 for all
i since the tangent space at x; is 0 by assumption. Moreover, h°(Ef ® Fj) # 0 forall i # j
since vanishing of the composition E; < V' — F; would imply that E; < V factors through
E;j, which would yield an isomorphism between E; and E; showing that the points x; and
x; are the same. In summary, we have shown that (E}, F;) € @ if and only if i # j, which

implies that the restriction of SD, , to

span{ ev(g:] } @ span{ ev(g; }

is a perfect pairing.
Thus the guiding problems 1.1.1 relate to the following outline for proving Conjecture

1.2.1.

Outline for proving strange duality 1.2.2. (a) Compute the dimensions h°(O(©,)) and

h?(O(©,v)) of the spaces of sections of the determinantal line bundles.
(b) Construct V such that Quot(V, p) is finite and reduced (Problem 1).
(c) Enumerate the points of Quot(V, p) (Problem 2).

In cases where all three steps can be completed and the dimensions in (a) agree and
coincide with the computation in (c), strange duality will be proved. Unfortunately, on
del Pezzo surfaces (a) has been completed only in very special cases (in particular, when
p is the Chern character of an ideal sheaf of points). If Quot schemes are to be a useful
method for studying strange duality, then Problem 3 may be the key, since a more holistic
approach to understanding Quot schemes could provide some insight into the spaces of
sections in (a) as well. Ultimately, Problem 3 could provide a geometric perspective for

understanding why strange duality should be true.



CHAPTER 2

A TASTE OF MODULI THEORY

We give an introduction to the functorial approach to classification problems in al-
gebraic geometry, followed by a brief description of the moduli spaces that will occupy
our attention in later chapters: the Grassmannian, moduli spaces of sheaves, and the
omnipresent Quot scheme. Most of the material is standard and can be found in any

introduction to moduli theory.

2.1 Classification problems in algebraic geometry

Somewhat surprisingly, many classification problems in algebraic geometry become
more tractable when the problem is expanded. Typically, a classification problem specifies
a set of algebraic objects and asks whether there is a scheme (called a “moduli space”)
whose closed points parametrize all the objects in the set. Instead, one can consider the
more general problem of classifying families of those objects over arbitrary base schemes
S. Assigning the set of all such families over S to the scheme S defines a functor from the
category of schemes to the category of sets. The question of the existence of a moduli space
parametrizing the chosen objects can then be rephrased in terms of the representability of

this functor.

2.1.1 Functor of points
As a warm-up, consider the following classification problem: Given a scheme Y over
a field k, is there a moduli space whose closed points parametrize the closed points of Y?
The answer, of course, is that the scheme Y parametrizes its own closed points. Thus every
scheme can be viewed as a moduli space.
Enlarging this classification problem, consider families of points of Y over a base scheme
S. Such a family picks out a closed point of Y for each closed point of S, and these closed

points should vary algebraically. You have seen such “families” before: they are simply the
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algebraic morphisms S — Y. Thus the functor associated with the classification problem

of “closed points in Y” is S — Hom(S, Y), namely Hom(—,Y).

Definition 2.1.1. Let Sch/k denote the category of schemes over a field k. Let Y be a scheme
over k. The functor hy: (Sch/k)°P — Sets defined by X — Hom(X, Y) is called the functor

of points of Y.

By the Yoneda lemma, the functor h: Sch/k — Functors((Sch /k)°P, Sets) defined by
Y > hy is fully faithful, so the scheme Y is determined by its functor of points hy. Said
another way, no information about Y is lost when we view Y as its functor of points.

We call Hom(S, Y) the S-valued points of Y. Indeed, Hom(Speck, Y) is the set of k-

valued points of Y.

Definition 2.1.2. Let Y be a scheme over k. A functor F: (Sch/k)°P — Sets is representable

by Y if there is an invertible natural transformation #: F — hy.

Of course, hy is representable by Y (taking 7 to be the identity). Representability is
subtler and more interesting when the functor F is defined without reference to a particular

scheme Y.

2.1.2 Families

In order to make sense of the passage from classifying objects to classifying families of
objects, we need to define notions of “family” for schemes and for sheaves. Most naively,
a family of schemes over a base scheme S could be defined as a morphism f: X — S,
where we think of the fibers of f as the members of the family. This is a badly behaved
notion because the fibers of the family can have nothing to do with each other. We could
impose a local triviality condition, but this is too restrictive. For instance, we would like
the plane curves of a given degree to form a family (parametrized by a projective space),
permitting some of the fibers to be singular. Thus we need to put a weaker condition on

the morphism, and the condition that has proven to be most useful is flatness.

Definition 2.1.3. Let S be a scheme over k. A family of schemes over S is a morphism of
schemes f: X — S that is flat. A family of coherent sheaves on X over S is a coherent

sheaf F on X x; S that is flat over S.
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Before defining what it means for a morphism of schemes (or a coherent sheaf) to be
flat, we give a motivating example of a flat limit of schemes (see [EH00] for details). Let
Z be a closed subscheme of Al x; (A} \ 0). Then for each closed point t € A} \ 0, the
fiber of Z over t under the projection map to A} \ 0 is a closed subscheme of A}, hence
determines an ideal I; in the polynomial ring k[x1, ..., x,,|. Taking the limit of the ideals I
as t — 0 produces an ideal Iy defining a closed subscheme at the point 0 € A!}. Extending
Z to a closed subscheme of A} xy A}( in this manner ensures that the projection Z — A}( is
flat at 0. The subscheme defined by I is called the flat limit of the subschemes I; for t # 0.

Recall that if A is a commutative ring, then an A-module M is called flat if the functor
— ®a M is left exact (tensor products are always right exact), which means that given any
injective morphism N — N’ of R-modules, the induced map N ®4 M — N’ ®@r M is still

injective.

Definition 2.1.4. Let f: X — S be a morphism and F be a coherent sheaf on X. Then F is
flat over S at x € X if the stalk Fy is a flat O f(,)-module. We say F is flat over S if it is flat
over S atall x € X. In particular, f is flat at x € X if Oy is flat over S at x, and f is flat if

Oy is flat over S.

It may be surprising that this algebraic definition can give a good geometric notion
of what a family should be. The following propositions provide evidence that flatness is
a reasonable condition to impose. The first proposition says that the Hilbert polynomial
is constant on families of closed subschemes of P}, hence the fibers of the family have
the same dimension, degree, and arithmetic genus. The second proposition is a partial
generalization that applies to coherent sheaves. All schemes mentioned are assumed to be

noetherian.

Proposition 2.1.5 ([Har77]). Suppose S is an integral scheme over k and X is a closed subscheme
of P} X S. Foralls € S, let Ps € Q[d] denote the Hilbert polynomial of the fiber Xs C P of
the projection map f: X — S. Then f is flat <= P; is independent of s € S.

Proposition 2.1.6 ([Vak]). Suppose f: X — S is a projective morphism, S is irreducible, and F is
a coherent sheaf on X that is flat over S. Then x(F|;-1(s)) is a constant function of s € S.



2.1.3 Moduli functors
We are ready to describe the general setup for classification problems. Suppose we
want to parametrize a certain set C of objects (such as schemes or coherent sheaves) over
the field k. Typically, the set of objects has to carefully chosen (for example, the objects
should depend on finitely many parameters) for it to have a chance of being parametrized
by a scheme. We then phrase the classification problem in terms of families by defining

the moduli functor

. op =
Me: (Sch/k)™ = Sets, 5= Me(S) { whose fibers are objects in the set C

families of schemes or sheaves over S }

Given a morphism T — S, pullback of families defines a function M¢(S) — M(T).

An important question is whether M is representable by some scheme M., namely
whether there is an invertible natural transformation 1: M¢ — hy,. If so, then the k-
valued points of M are in bijection with the objects in the set C, so M¢ parametrizes
the objects in C. Moreover, the canonical element id € Hom(M¢, M¢) corresponds to a
universal family U, over M. A family X (or F) over S, which is an element of M¢(S),
corresponds to a morphism f: S — Mg, and naturality of 7 implies that X coincides with

f*Uc. Thus every family is pulled back from the universal family.

2.2 Examples of representable functors
We describe three related moduli problems that work out as nicely as possible. In

particular, the moduli functors are representable by projective schemes. Details and proofs

can be found in Part 2 of [FGI*05].

2.21 Grassmannian
Let V be a vector space over k of dimension r + s. Let C, y be the set of r-dimensional
vector subspaces of V. If S is a scheme, write V ® Og for the trivial vector bundle on S

whose global sections are identified with V. Consider the moduli functor
Grv: (Sch/k)°P — Sets, S+— {& C V® Os | € avector subbundle of rank 7 }.

Here no flatness condition is required on & since all vector bundles are flat over the base.
The fiber of a subbundle £ C V ® Og at a point of S is a vector subspace E C V, so it makes

sense to think of £ as a family of vector subspaces of V.
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This functor is representable by a nonsingular projective variety Gr(r, V), called the
Grassmannian, whose k-valued points parametrize the r-dimensional subspaces of V. The
elementid € Hom(Gr(r, V), Gr(r, V)) corresponds to a universal subsheaf S that induces

a universal short exact sequence of vector bundles
0SS =>VR0grv)—+<Q—0
whose sequence of fibers over a point x = [E C V] is exactly
0—>E—>V—>F—=0,

where F is the cokernel of E C V.

We can generalize this construction by replacing the role of the base Spec k by a scheme
X over k and replacing the k-vector space V (which is a vector bundle on Speck) by a
vector bundle V on X. Given a scheme S over k, let Vs denote the pullback of V under

X X § — X. The moduli functor is
Gry: (Sch/k)P — Sets, S +— { & C Vs | £ a vector subbundle of rank r on X x; S },

which is representable by the Grassmann bundle Gr(r, V) thathasamap 7: Gr(r, V) — X
whose fiber 77!(p) over a closed point p € X is the Grassmannian Gr(r,V(p)). The

universal sequence on Gr(r, V) is
0= =11V —2—0,

which restricted to the fiber 777! (p) recovers the universal sequence over Gr(r, V(p)).

Remark 2.2.1. Since every vector subspace of V produces a quotient and vice versa, we can
identify the Grassmannian Gr(r, V) of r-dimensional subspaces in V with the Grassman-
nian Gr(V,s) of s-dimensional quotients of V. Moreover, there is a duality isomorphism

Gr(r, V) ~ Gr(V*,r). Similar statements can be made for Grassmann bundles.

2.2.2 Hilbert scheme
Let X be a projective scheme over k and let L be an ample line bundle. If F is a coherent

sheaf on X, then the Euler characteristic x(F ® L®?) is a polynomial in d, which we call the
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Hilbert polynomial of F and denote Pr(d) € Q[d]. The Hirzebruch-Riemann-Roch formula
states that

Pe(d) = x(F® L) = /X ch(F) Uch(L)? Utd(X),

where td(X) is the Todd class of X, so for fixed L the Hilbert polynomial Pr(d) and the
Chern character ch(F) of F determine each other. Given a closed subscheme Y C X, set
Py(d) = Po,(d), which we call the Hilbert polynomial of Y in X.

Now fix a Hilbert polynomial P and let Cx p be the set of all closed subschemes of X
with Hilbert polynomial P. The corresponding moduli functor is

Hilby p: (Sch/K) — Sets, S 1 {closed subschemes ) C X x; S, flat over S, }
X,P: ,

whose fibers have Hilbert polynomial P
This functor is representable by a projective scheme Hilb(X, P) called the Hilbert scheme,
whose closed points parametrize the closed subschemes of X with Hilbert polynomial P.

There is a universal closed subscheme
Yp C X x Hilb(X, P)

whose fiber over [Y] € Hilb(X, P) under the projection map is exactly Y. We describe an

example of a Hilbert scheme in §2.4.1.

2.2.3 Quot scheme
The Quot scheme is a generalization of the Grassmannian and the Hilbert scheme. Let
X be a projective scheme over k, let V be a coherent sheaf on X, and fix a cohomology class
o on X. Let C,y denote the set of coherent subsheaves E C V whose Chern character is
o. Given a scheme S over k, let Vs denote the sheaf on X xj S obtained from V by fiber

product. Consider the Quot functor

Quot, y: (Sch/K)%P — Sets, S+ 4 € C Vs & coherent on X X S, fibers of £ over S ‘
’ have Chern character o

This functor is representable by a projective scheme Quot(c, V) called the Grothendieck

Quot scheme. There is a universal sequence
0—=&yv—nxV—F,v—0
over X x Quot(c, V) whose fiber over a point [E C V] € Quot(c, V) is

0—-E—=V—>F—=Q0,
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where F is the cokernel of E C V. We call &,y the universal subsheaf and F,y the

universal quotient.

Example 2.2.2. Let X = Speck. Then the vector bundle V is just a vector space and the
Chern character ¢ is just a number representing a rank, so the Quot scheme coincides with

the Grassmannian.

Example 2.2.3. For general X, let V = Ox and choose ¢ to be the Chern character of
an ideal sheaf of a closed subscheme Y in X. Then the Quot scheme coincides with the
Hilbert scheme parametrizing closed subschemes of X with the same Hilbert polynomial

as Y (after choosing an ample line bundle L on X).

There is also a relative version of the Quot scheme. Let B be a noetherian scheme, let X
be projective over B, and let V be a coherent sheaf on X'. Unlike Chern characters, Hilbert
polynomials in different fibers over B can be directly compared. Let £ be an ample line
bundle on X that restricts to give ample line bundles L, on each fiber X;, of X — B, which
we use to define Hilbert polynomials on each X;. Fix a Hilbert polynomial P € Q[d]. The

relative Quot functor

Quotpy p: (Sch/B)°P — Sets, S +— {5 C Vxxys

£ is flat over S and its fibers over S
have Hilbert polynomial P

is also representable by a projective scheme 77: Quot(P,V, B) — B called the relative Quot

scheme. Its fibers over B are the Quot schemes Quot(P, V},). Let
0— gP,V,B — ﬂf\gv — ]:P,V,B —0

denote the universal sequence on X xp Quot(P,V, B). Restricting the base to a closed

point b € B yields the usual universal sequence
0— 5P1Vb — ﬂ;‘(be — ]:P,Vb —0

on Xb Xp Quot(P, Vb)

Remark 2.2.4. As in the case of the Grassmannian, we could think of Quot schemes as
parametrizing either subsheaves or quotient sheaves (or even short exact sequences). Writ-
ing p for the Chern character of the quotients, we could replace the notation Quot(c, V) by
Quot(V, p). The former is more convenient in Chapters 3 and 4, but we switch to the latter

in Chapters 5 and 6 when we want to emphasize a particular choice of p.
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2.3 Moduli of sheaves

The three examples in §2.2 are dream cases where the moduli functor is representable.
But there are many important moduli problems where representability fails, such as the
problem of parametrizing coherent sheaves on a variety.

Let X be a smooth projective variety over k and let p be a cohomology class on X. Let C,
denote the set of coherent sheaves on X whose Chern character is p. Consider the moduli
functor

M;: (Sch/K) — Sets, S { sheaves F on X x; S, flat over S, whose } /~,

fibers over S have Chern character p

where two families over S are equivalent if one can be obtained from the other by tensoring
by the pullback of a line bundle from S. Despite the apparent similarity to the Quot functor,
this functor has no chance of being representable.

The first problem is that the set C;, is not bounded. There are certain numerical invari-
ants that are bounded on every set of objects that can be parametrized by a scheme of
finite type, such as Castelnuovo-Mumford regularity, which are not bounded on objects
in the set C;. For example, on X = IP%, the set of rank 2 sheaves of degree 0 contains
O(—a) ® O(a) for all a € Z and these sheaves have unbounded regularity.

This first problem can be fixed by requiring that the sheaves be semistable. Choose a
line bundle L on X. A torsion-free sheaf F on X is semistable if, for every proper subsheaf
ECTF,

pe(d) < pp(d) forall d > 0.

Here pr(d) denotes the reduced Hilbert polynomial of F, which is obtained by normalizing
the usual Hilbert polynomial so that its top-degree coefficient is one. If the inequality of
reduced Hilbert polynomials is strict for all proper subsheaves, then F is stable. Requiring
sheaves in C, to be semistable yields a new set C, that is bounded. The improved moduli

functor is

M,: (Sch/K)°P — Sets, S { semistable sheaves F on X x; S, flat over S, } /
P ’ ~

whose fibers over S have Chern character p

The second problem is that semistable sheaves may have automorphisms in addition
to the homotheties. For instance, O}, has automorphism group GL(r, k). The presence of
k

interesting automorphisms in the objects being parametrized usually spoils any chance of
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the moduli functor being representable. Intuitively, the idea is that a trivial family 77$E on
S x [0,1] can be made into a nontrivial family on S x S! by using an automorphism of E to
glue the copies of Eon S x 0 and S x 1 (similar to a mapping torus). If the moduli functor
were representable, then this family should be the pullback of the universal family on the
moduli space M under the induced morphism S' — M. Since the fibers of the family are
constant, so is the morphism to M, hence the pullback should be a trivial bundle, which it
is not.

Giving up on the notion of representability, one can still ask whether there is a moduli

space that parametrizes semistable sheaves in a weaker sense.

Definition 2.3.1. Let Y be a scheme over k. A functor F: (Sch/k)°P — Sets is coarsely
representable by Y if there is a natural transformation 77: F — hy such that given any other
scheme Z and natural transformation v: F — hz, there is a unique morphism ¢: Y — Z

such that ¢, o = v.

Indeed, there is a projective scheme M(p), called the moduli space of sheaves, that
coarsely represents the moduli functor M,. But coarse representability is not as nice as
representability. In general, not only is there no universal family, but there is not even a
bijection between sheaves in the set C, and the closed points of M(p). The closed points of
M(p) parametrize “S-equivalence classes” of semistable sheaves: every semistable sheaf F

has a Jordan-Holder filtration
0=RGCRG - GFR=F

in which the factors Fy/F;_; are all stable, and two sheaves are S-equivalent if they have

the same factors (up to reordering).

2.4 Details on Hilbert schemes and Quot schemes
We take a closer look at particularly nice Hilbert schemes on surfaces and summarize

the basic deformation theory of Quot schemes.

2.4.1 Hilbert schemes of points on surfaces
One moduli space that plays an especially important role in Chapter 6 is the Hilbert

scheme of points on a smooth projective surface S. For n > 0, let P be the constant
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function n. Then Hilb(S, P), which is often denoted S!" and is called the Hilbert scheme
of points on S, parametrizes zero-dimensional subschemes of S of length n. Generically,
these subschemes are direct sums of one-dimensional skyscraper sheaves supported at n
distinct points, but these points are allowed to collide, in which case nonreduced struc-
ture remembers tangency information about how the points came together. In particular,
subschemes of length two supported at a point p correspond to tangent directions at p.
By a theorem in [Fog68], Sl is an irreducible smooth projective variety of dimension 2.
This dimension makes sense since each of the n points is chosen on the two-dimensional
surface. Note that when n = 1, S!l is naturally isomorphic to S.

There is a Hilbert-Chow morphism S/ — S(") to the symmetric product of S that for-
gets the nonreduced structure and remembers only multiplicities. The symmetric product
is singular for n > 1 and the Hilbert-Chow morphism is a resolution of singularities. Let
B denote the exceptional divisor, which contains the nonreduced subschemes. One can
show that & is also a Cartier divisor.

The Picard group of Sl for n > 1 has the simple description
Pic(S™") ~ Pic(S) @z - L.

The map Pic(S) — Pic(5["]) can be described as follows. Given a line bundle L on S, there
is a line bundle ®! ;77 L on the product 5", where 7;: 5" — S is the ith projection. This
line bundle carries an action of the symmetric group, so it descends to give a line bundle
on S(”), which can be pulled back to a line bundle L, on S ("] under the Hilbert-Chow
morphism. On effective divisors D on S, the induced divisor D,, on S [ consists of all
subschemes whose support intersects D.

In principle, the following beautiful formula can be used to compute the Euler charac-

teristic of any line bundle on any Hilbert scheme of points for any surface S.
Theorem 2.4.1 ((EGL01] Theorem 5.3). For any surface S,

1 1
L x (O (Ln = 19) 2" = 12V - ()20 A (2728 B(2)S, @)
n>0
where A,(Z), B/ (Z), f+(z), g (z) are power series in z depending only on r, and
e (A== 1 1Pk,
fr(z)‘,(%( k 2 gr(z)_z‘l—(ﬂ—l)k k z

k>0
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For details of how to compute the A,(z) and B,(z) series, see [Joh16], which also

provides the explicit formulas to order 11.

Remark 2.4.2. We have already seen the right side of (2.1) appear in the conjectural formula
(1.2), so an explanation is necessary. S can be viewed as the moduli space of sheaves
parametrizing ideal sheaves of n points on S. When L is sufficiently ample (to be precise,
(n — 1)r-very ample; see [BGJ16]), then x(Ogp(Ly — 13)) = h%(Ogu (L, — r5)), so the
left side of (2.1) computes dimensions of spaces of global sections of determinantal line
bundles on S[. Theorem 6.1.1 provides evidence that when S is del Pezzo and n < 7,
the numbers of points of finite quot schemes agree with these dimensions. If this could be
proven, then strange duality would be resolved (in these cases) by the method described

in §1.2.

We give some examples of computations of Euler characteristics using the formula. In
the case 1 = 1, the formula is unnecessary since S!!l = S and the Euler characteristic is just

X(L). In the case n = 2, the formula yields
L r+1 r+1 r?
x(Ogpy(La—18)) = <X(2 )> — (P =1)x(L) - ( 3 )L.KS - ( s )K§+;(2>. (2.2)

When n = 3 and r = 2, the formula is

X(Og3(Ls — B)) = (ng)> — x(L)(3x(L) + L.Ks —21) +9L.Ks + K% — 28. (2.3)

2.4.2 Deformation theory of Quot schemes

As in §2.2.3, let X be a projective scheme, V be a vector bundle on X, ¢ be a Chern
character, and Quot(c, V) be the Quot scheme. We can think of closed points of Quot(c, V)
as short exact sequences x = [0 -+ E — V — F — 0], where E has Chern character ¢ and
F has Chern character p = ch(V) — ¢ by additivity.

The Zariski tangent space to Quot(c, V) at x is Hom(E, F). As a result, the expected
dimension of Quot(c, V) is

dim X o
x(o,0) = x(E, F) = ;0 (—=1)'ext'(E, F)

since at general points x the higher ext’(E, F) should vanish. The obstructions to deforming

a short exact sequence x lie in Ext'(E, F). If the higher ext!(E, F) do all vanish, then the
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tangent space has the expected dimension and there are no obstructions to deforming x, so
x is a smooth point of Quot(c, V). In general, Quot schemes have (singular) points where
ext!(E, F) is nonzero and hom(E, F) jumps above the expected dimension. The spaces
Ext'(E, F) contain higher-order obstructions.

The following theorem about the relative Quot scheme is a powerful tool that can be
used to study deformations of quotients. It could be stated with a more general vector
bundle rather than the trivial bundle. A version for Hilbert schemes is Theorem 2.15 of

[Kol96].

Theorem 2.4.3 ([Kol96]). Let X' be a scheme that is projective and flat over B. Let X; denote
the fiber of X over b € B. Let x = [E C O%] be a point in Quot(P, 0%, ). Assume B is
equidimensional at b. Then the dimension of every irreducible component of Quot(P, O",, B) at x

is at least

homy, (£, F) — extx, (€, F) + dimy, B.

If equality holds, then Quot(P, O",, B) — B is Ici at x; in particular, it is flat at x.

Remarkably, the theorem implies that if a particular point of a Quot scheme has the
right dimension, then that point deforms in every relative Quot scheme containing that

Quot scheme as a fiber.

Corollary 2.4.4. Let Xy be a scheme over k. If the dimension of an irreducible component of
Quot(P, Og;gs) at some point x is equal to homx, (€, F) — ex’c%<0 (€, F), then x deforms nicely in
every relative quot scheme Quot(P, O%°, B) such that X|, = X for some b € B at which B is

equidimensional.



CHAPTER 3

QUOT SCHEMES ON CURVES

We explain geometric structures (topological quantum field theories) that can be used
to study the enumerative geometry of finite Quot schemes on curves in the context of all
Quot schemes of general vector bundles on curves. We use many facts about Quot schemes

without providing justification; these are proved in Chapter 4.

3.1 Motivation
On a curve C, we can give satisfactory answers to both guiding questions about Quot
schemes. Let ¢ be the genus of C and let ¢ = (r, —e) and p = (s, f) be orthogonal Chern

characters. Then
x(o,p)=rf+se—rs(g—1) =0.

In particular, lete = r(¢g— 1) and f = 0.

Theorem 3.1.1 ([IMOO7]). Let o = (r, —r(g — 1)). There exists a (“general”) vector bundle V
of rank r + s and degree —r(g — 1) such that Quot(c, V) is finite and reduced and its points are
counted by the (modified) Verlinde formula

g—1

v ¥l

TUU={1,...r+s} teT
|T|=r ucl

t—u
2sin t——
r+s

The Verlinde numbers V' are related to the ranks of vector bundles of conformal
blocks on moduli spaces of curves, so they are integers, which is by no means obvious

from the formula.

Example 3.1.2 (¢ = 1). A general semistable vector bundle of degree 0 on a curve of genus
1is of the form V = @!X7L;, where the L; are distinct degree 0 line bundles. Then every

subsheaf of V with rank r and degree 0 is of the form L; ® --- @® L;. Thus the Quot

V—"—S).

scheme parametrizes choices of r of the r + s line bundles, so #Quot((r,0),V) = ("}
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Indeed, since g — 1 = 0, the exponents in the Verlinde formula are 0, hence Vlr s equals the
number of partitions TUU = {1,...,r+ s}, which is ("*®). Note the importance of V
being general, since for example taking V = O, the Quot scheme would parametrize

subsheaves OL C O/, hence it would be isomorphic to Gr(r, C""*).

Proof sketch. Choose L sufficiently ample of degree ¢ and construct V' as a general elemen-

tary modification
r(g—1)+(r+s)¢
0-VeL -0 = & C,—0,
i=1

which is determined by distinct points g; and for each i a general quotient 77;: C'** — C.

This induces an embedding
Quot(c, V) < Quot(¢’, OF"), [EC V]~ [EQL* C V®L" C O,

and the image is cut out by the “Schubert varieties” W1+ (g;) on the Quot scheme consisting
of those [E' C OF"] such that the compositions E' — O — C,, are 0, namely the
image of the fiber of E’ at g; is contained in ker 77;. Since the elementary modification
is general, so are the Schubert varieties. By a theorem of Bertram, for all ¢’ having de-
gree sufficiently negative, intersections of general Schubert varieties on Quot(¢’/, OF") are
proper (they have the expected codimension) and top intersections are reduced. Since
dim Quot(c’, OF*) = r(r + )¢+ r*(g — 1) and each Wy (g;) has codimension r, we see that
Quot(¢’, V) is finite and reduced. Moreover, the intersection of the Schubert varieties can
be computed in the cohomology of the Quot scheme using the Vafa-Intriligator formula,

and applying trigonometric identities yields the Verlinde formula. O

The proof features a number of ideas that we use later in this chapter and prove in the

next chapter:

(a) We can embed Quot schemes of arbitrary vector bundles inside Quot schemes of trivial

bundles. If the vector bundle is general, the image will inherit good properties.
(b) We can define Schubert varieties W;(q) and do intersection theory on Quot schemes.

(c) Schubert varieties of type Wy will appear whenever we lower the degree of a vector

bundle by elementary modifications.
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Using these ideas, we will show that finite Quot schemes are computed by a weighted
topological quantum field theory (TQFT) that encodes information about all Quot schemes
of general vector bundles on curves. In particular, the TQFT explains why the cardinality
of a finite Quot scheme should be a sum of (g — 1)-powers by computing it as the trace of

the (g — 1)-power of a linear operator on the cohomology ring H* (Gr(r,C"**), C).

3.2 Schubert calculus
Let r,s > 1 be integers and set V = C"*°. The Grassmannian is an rs-dimensional

compact complex manifold that can be described as a set by
Gr(r,V) = { E C V | E a vector subspace of V of dimension r }.
It has the structure of a projective variety by the Pliicker embedding
Gr(r,V) = P(AN'V), [ECV]— [NECAV]

into the projective space of lines in A"V. For convenience, write G = Gr(r, V).
Let0=VWC Vi CV, C---C Vs = Vbea full flag in V, which we denote by V,.
Letd = (ay,...,a,) satisfy s > a; > --- > a, > 0, which we call a partition. Define the

Schubert variety
W;(Ve) ={[EC V] € G |dim(EN Vi) >iforalll <i<r},

which has complex codimension in G equal to the size |d| = ) a; of the partition. Let
07 = [W5(Va)] denote the associated Schubert cycle in the cohomology ring H*(G,C); we
drop V, from the notation because the cohomology class of a Schubert variety does not
depend on the flag. Intuitively, one can think of the cohomology ring as a complex vector
space generated by classes of subvarieties up to equivalence, graded by codimension of
the subvarieties, and equipped with the cup product U, which is defined on classes of
subvarieties Y and Z that intersect transversally as intersection: [Y] U [Z] = [Y rh Z]. The

set

{ 07 | @ a partition as above }

is an additive basis of H*(G,C).
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Example 3.2.1 (r = 1). An additive basis for the cohomology ring of Gr(1,V) =P(V) = P*
is given by 1, h, h2,... K5, where h is the class of a hyperplane, I* is the class [pt] of a point,

and h* = oy for all k.

Schubert calculus is concerned with computing cup products with respect to the basis

of Schubert cycles. We will need to understand the Poincaré pairing
(05, 03;) = coefficient of [pt] in 07 U 03,

which is equal to the number of intersection points of Schubert varieties W;(V,) and
W;3(V]) or 0 if this number is not finite; the flags Vs, V, should be chosen to be gen-
eral with respect to each other (namely V; N V/, j should be (i — j)-dimensional for all
0 <j <i<r+s)toensure a proper (of the expected codimension) intersection.

We extend the Poincaré pairing to all cohomology classes and to more than two argu-

ments (by taking the cup product of all the arguments). We can see the Poincaré duality in

the following lemma.

Lemma 3.2.2. For all partitions @ and b such that |d| + |b| = rs,
1 sz = ac;
03, 07) = .
(0 05) {0 otherwise

where @© = (s — ar, S — y_1,...,5 — a1).

Proof. Let V, and V, be general flags and suppose [E C V] € W;(Ve) N W;(V;). Then for

all 1 <i <, the conditions
dim(ENVsiig) >i and dim(EN \/S/Jr(r“_i)_brﬂii) >r4+1—1i

imply that EN V,1;_, and EN Vs’ + _cannot be disjoint since E is r-dimensional.

r+1—i)—b,+1,

Since the flags are general, Vi, NV!

S (1) —byy has dimension a; + b, 1 ; —s — 1,

and the only way this can be positive for all i subject to the constraint |@| + |b| = rs is if
a; + byyq1_; = s for all i, namely b = &. In this case, E is uniquely determined as the span

of these one-dimensional intersections. O

Since the basis of Schubert cycles is orthonormal under the Poincaré pairing, we can

write 0z U ---Uoy, as

0z U--- UUEN = Z<Uﬁl""’aﬁN’UE> Og.

c
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Since U is associative (intersection is associative), the complete Schubert calculus is deter-

mined by the triple pairings of Schubert cycles arising in the cup products

(%4 U O'E = Z(Uﬁ, UE’ 0'g> Oge.

[

There are classical formulas of Giambelli and Pieri that allow for the mechanical computa-

tion of the Schubert calculus.

3.3 Quantum Schubert calculus
We define a quantum deformation of the cup product by introducing a new integer
parameter ¢ > 0. There is a smooth quasiprojective variety Mor,(IP!, G) of dimension

(r 4+ s)e + rs whose points can be described as
Mor, (P!, G) = { ¢: P! — G holomorphic | deg¢p = }.

Here the degree of ¢ is measured relative to Og (1) from the Pliicker embedding, namely
by intersecting the image of the composition P! — G — IP(A"C"™$) with a general hyper-
plane in P(A"C"**) and counting points.

Given a choice of general points py,...,py € P! and general Schubert varieties Wy,

..., Wz, define the Gromov-Witten number (W; Wi, e as

N’ VAR

#{¢ € Mor.(P,G) | ¢(p;) € Wy forall1 <i < N}

when this number is finite and zero otherwise. Requiring ¢(p;) € W, is a codimension-|d;|

condition in Mor, (P!, G), hence a necessary condition for (W; Wi, )e to be nonzero is

R
that the total size of the partitions matches the dimension of Mor,(IP!, G), namely ¥ |7;| =
(r+s)e+rs.

As the notation suggests, the Gromov-Witten numbers do not depend on the choice of
points or the general full flags used to define the Schubert varieties. We prove this in §4.1.2
by defining them as intersections of generalized Schubert varieties on Quot schemes that
compactify Mor, (P!, G). Intersection theory works better on compact spaces, so the strat-
egy is to compactify Mor, (P!, G), define the intersection theory on the compactification,
and show that there is no contribution from the boundary.

More generally, we make the following constructions. If V is a vector bundle on a curve

C and e is an integer, the Quot scheme Q,y = Quot((r, —e), V) parametrizes coherent
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subsheaves E C V that have rank r and degree —e. Since V is a vector bundle, E is
necessarily locally free, but the cokernel may have torsion. Letting U,y C Q. denote
the open set where the cokernel has no torsion and choosing a point p € C, there is an

evaluation morphism
evp: Uy = G, [EC V]~ [E(p) C V(p)]

Choosing a full flag Vo C V(p), we can define the Schubert variety W;(p, Vo) C Q. v to
be the closure of the preimage ev,,!(W;(V,)). In the case when V = O, the space of

Pt
morphisms Mor, (P!, G) = U

.,orts is a dense open subscheme in Q, or+s and the Schubert
P P

variety W;(p, Va) is the closure of the locus of maps ¢ € Mor, (P!, G) such that ¢(p) €
Wi (V).
Letting 75 denote the cohomology class of W;(p, V. ) in Q. v, which does not depend

on p or on V,, define

/Q 5-51 U--- Ua—fiz\] =# (Wﬁl (pl,V.(l)> n--- mWaN (pN/ V.(N))) ,
e,V

where the points p; are distinct and the flags Vi are general. In the particular case when

V = Oﬁ:{s, these integrals define the Gromov-Witten numbers and show that they are
independent of the choices of points or flags.
The following example is the case when Mor, (lPl, G) is already compact and carries the

theory of Schubert cycles we described in §3.2.

Example 3.3.1 (¢ = 0). Mor,(IP!, G) ~ G since the holomorphic maps ¢ of degree 0 are the
constant maps. Under this identification, the condition ¢(p;) € W, translates to ¢ € Wy,
for all i, hence the Gromov-Witten numbers are just counting points in the intersection of

the Schubert varieties, so (Wg,, ..., Wz, )o = (04, - - -, 04y )-

Example 3.3.2. (W, Wg,). = 0 for all e > 0. This is because there is a one-dimensional
family of automorphisms of P! that fixes two points, hence the number of morphisms of

degree ¢ > 0 satisfying conditions imposed at only two points is infinite.

Assuming for now that the Gromov-Witten numbers depend only on e and on the
partitions @;, we can construct a “small quantum deformation” of the cup product called

the quantum product, which is defined by
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O, %+ % Oz, = qu (Z<Wﬁl"“’WﬁN’Wg>50—EC> .

>0 3

By Example 3.3.1, the e = O term is 0 U - - - U 03,,. Here g is a formal variable of degree r + s
to make the product homogeneous, which can be dropped if desired since the degree of
each term depends on e. The sum is finite since e > 0 (namely (v + s)e +rs > (N + 1)rs)
makes it impossible for an intersection of N 4 1 Schubert varieties in Qe,ngf to be zero-
dimensional.

The quantum product is clearly commutative, but it takes a good deal of work to
show it is associative ([RT95], [KM97]). Since * is associative, all Gromov-Witten numbers
(and hence all quantum products) are determined by the three-point numbers that arise in

products of the form

0',3*0'5 = qu (Z(Wﬁ, WT), Wg>e(7'gc) .

e>0 c

Equipping the vector space H*(G, C)|[gq] with the quantum product instead of the cup
product yields the (small) quantum cohomology ring QH*(G). If we also consider the
Poincaré pairing, which is compatible with the quantum product in the sense that

(3% 03,02) = ) (Wa, Wy, Wa)e = (07,0 % 0),
>0
then QH*(G) has the structure of a Frobenius algebra. A geometric way to visualize this

structure is as a topological quantum field theory, which we discuss in the next section.

3.4 Topological quantum field theories
The terse description of topological quantum field theories in this section is based on a
much nicer exposition with motivation and pictures in [CavO05].
A (two-dimensional) topological quantum field theory (TQFT) is a functor of tensor
categories

F: 2Cob — Vectc.

The category 2Cob is composed of
(a) objects: finite disjoint unions of oriented circles;

(b) morphisms: equivalence classes of oriented cobordisms, which are oriented topologi-

cal surfaces with oriented boundary circles;



25

(c) composition: concatenation of cobordisms by gluing boundary circles on one surface

to boundary circles of opposite orientation on another surface;
(d) tensor structure: disjoint union.

Let H denote the image F(S!), which is a vector space. Since F is a functor of tensor
categories, the image of n disjoint copies of S! is H®" and the image of the empty union
of circles is the base field C. The genus g surface X(g)y, with m boundary circles of one
orientation and n boundary circles of the other orientation gets mapped to a linear trans-
formation F(g)%: H®" — H®™. Thus each surface with boundary specifies an algebraic
structure on the tensor powers of H and these algebraic structures must satisfy a large

number of relations coming from composition of cobordisms.

Example 3.4.1. (a) The cylinder %(0)] is the identity under concatenation of cobordisms,

hence F(0)}: H — H is the identity map.

(b) The closed torus (1)) can be obtained by gluing the ends of the cylinder. In Vectc,
0 y gtuing y
gluing the ends corresponds to taking the trace, so F(1)J: C — C is the map 1 —

dim H.
(c) The pair of pants %(0)] defines a product F(0)}: H® H — H on H.

(d) The cap %(0)§ composed with the pair of pants produces the cylinder, so the map
F(0)§: C — H picks out the multiplicative identity in H.

(e) The macaroni %(0)3 corresponds to a pairing F(0)5: H® H — C.

(f) Powers of (1)} can be used to produce every %(g)}. We call F(1)! the genus-addition

operator.

(g) We think of F(g)), the closed invariants of the TQFT, as complex numbers. Since £(g)$
can be obtained by concatenating g — 1 copies of £(1)] and gluing the ends, we see that

F(g)J can be computed as the trace of the ¢ — 1 power of the genus-addition operator.

By decomposing surfaces into pairs of pants, we can write every morphism as a com-
position of genus 0 surfaces with < 3 boundary circles. In fact, F is determined by F(0)3,

which defines a product H® H — H, and F(0)9, which defines a pairing H® H — C. The
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key idea is that the pairing determines an isomorphism ¢: H ~ H*, which can be used
to “flip” the linear maps in the TQFT: for instance, F(0)} determines a map H — H ® H*,
which via ¢ can be identified with amap H — H ® H that coincides with F(0)?. Moreover,
the composition relations on the TQFT imply that this product and pairing must satisfy
the compatibility condition of a Frobenius algebra. Thus a TQFT determines a Frobenius

algebra and vice versa.

Example 3.4.2 (Quantum cohomology TQFT). Equipping the small quantum cohomology
ring QH*(G) with the Poincaré pairing defines a Frobenius algebra, which determines a

TQFT that we will call the quantum cohomology TQFT.

There are several advantages to interpreting Frobenius algebras as TQFTs. First, the
TQFTs we consider in the next sections are related to algebraic curves, with the cobordisms
encoding information about curves with marked points. The gluing of cobordisms reflects
what happens to that information when the curve degenerates to a nodal curve. Second,
the TQFT emphasizes different features of the data than the Frobenius algebra does. In
particular, the closed invariants of a TQFT seem obscure from the Frobenius algebra point
of view, but they often encode interesting enumerative data, which the TQFT is set up to
compute: F(g)J is the trace of the (¢ — 1)-power of the genus-addition operator. If the
genus-addition operator can be diagonalized, then we call the TQFT semisimple, and if

its eigenvalues Ay, ..., A, can be computed one immediately gets the formula

Example 3.4.3 (Preview of Witten’s TQFT). Equipping H*(G, C) with the quantum prod-

uct and a different pairing

<(7'ﬁ/ O'E>Witten = <0-7i * 03, [pt]>'

produces a different Frobenius algebra. Amazingly, the closed invariants F(g)J of the
TQFT are the Verlinde numbers V;” introduced in (1.1)! Thus the Verlinde numbers can
be computed by taking the trace of the g — 1 power of the genus addition operator (whose
eigenvalues are the products of sines in the Verlinde formula). We describe this TQFT more

thoroughly in the next section.
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It can be useful to define variations of a TQFT to allow for richer data to be encoded.
In particular, the morphisms in a weighted TQFT can be indexed by F(g|d)},, where d is a
weight that is additive under composition. Restricting to the morphisms with d = 0 then
defines a usual TQFT. The key extra information in a weighted TQFT are the cylinders
with weight +1, which can be used to obtain any F(g|d)?, from the weight-0 linear maps
F(g|0)1,. Thus the data encoded by a weighted TQFT are equivalent to a Frobenius algebra

equipped with an invertible operator.

Example 3.4.4 (Preview of the weighted TQFT). We can form a weighted TQFT containing
the quantum cohomology TQFT as the d = 0 slice and Witten’s TQFT as a “diagonal”
slice. Let the d = 0 morphisms be exactly as in the quantum cohomology TQFT, and add
the data of the invertible operator *¢1-, which we view as the cylinder with weight —1, and
its inverse *0;, which we view as the cylinder of weight 1. We show in §3.6 that the linear
map F(g|—r(g—1+ n))! in this weighted TQFT coincides with F(g)", from Witten’s TQFT.

In particular, the Verlinde numbers occur in the weighted TQFT as the closed invariants

F(gl-r(g—1))g-

3.5 Witten’s TQFT

We summarize the TQFT studied by Witten ([Wit95]) that was mentioned in Example
3.4.3. We follow a description of this TQFT in standard mathematical language by Marian
and Oprea ([MO10]).

Let C be a curve of genus g. Set Q,c = Quot ((r, —e), O¢"°) and let Qc = |, Qe,c.
Witten’s TQFT can be defined by specifying the coefficients of the linear maps F(g)J, in the
Schubert basis as integrals on Q¢. These integrals do not depend on the choice of smooth
curve. When g > 0, the Quot schemes Q, ¢ are only of the expected dimension for e > 0
(recall Example 3.1.2), so one has to integrate against virtual fundamental classes [Q¢|"™

that behave as if the Quot scheme had the expected dimension for all e. Define

FQ)hios @ @0y, — Y (/{Q]_aﬁuagu(—flrr(gmns) 0 © - B0y,
CVII‘ = n

b1, b
where we use the notation 7; = 03 U - - - U 03, and similarly 03 = o U---Uay .
One can show that the class 07,"* simply shifts the degree of the Quot scheme on which

the integration is taking place, which yields the identity
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/ @uﬂ#:/ 7.
Qpi Q N

e,]P1 e—r,]l’1

Recalling that the three-point Gromov-Witten numbers can be written as

/Q (7'5U(7'EU(75= <Wﬁ, WE’ W€>e,

e,]P1

we see that the product

F(0)3: aﬁ®(fgn—>2</

@U%U@UW#>@
Pl

is the quantum product. Note that the formal variable g has been dropped from the

notation. Moreover, the pairing
F@%@@%H/‘@U%U@
Qﬂ)l
is different from the Poincaré pairing, and the closed invariants are

Rl = [ L=

as can be computed with the Vafa-Intriligator formula. This TQFT is not ideal for a few

reasons:

(1) As mentioned, the Quot schemes Qc, are not necessarily of the expected dimension,

so one has to integrate against virtual fundamental classes.

(2) The powers of 7y look unnatural.

The weighted TQFT introduced in the next section will resolve (1) by replacing integrals on
Quot schemes of trivial bundles by integrals on Quot schemes of general vector bundles,
which always have the right dimension. Moreover, it will explain the special role of 7
by viewing it as the weight-lowering operator corresponding to decreasing the degree of

these general vector bundles.
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3.6 Weighted TQFT
Let C be a curve of genus g, let d € Z, and let V be a general vector bundle on C of
rank r 4 s and degree d. For each e, set Qv = Quot((r, —e), V) and Qy = | ], Q. v. Asin

the previous section, the notation Q. ¢ and Qc is used when V = O™ Define

(7'§U(7'E> U'Ei®"‘®0'gfl/

14

Fgld)h: oo ¥ ([
b1,

where we do not need to use virtual classes because the Q,y are all of the expected
dimension. The degree of V' is recorded as an additive weight on the morphisms in the
weighted TQFT. Crucially, these integrals depend only on the numerical invariants and

not on the choice of C or V in moduli.

Remark 3.6.1. Because the Q, v all have the expected dimension, we can interpret the maps
F(g|d)n, geometrically as follows. Given distinct points pj, ..., py on C, there are rational

maps

eV, oy |_| Qeyv ——» GN.
e

Let ngan € H*(G, C)®N denote the sum of the pushforwards of the fundamental classes
of the Q. v. Then the coefficient of 0z @ Q0 equals f o, i U= U sy The class
1g,4,N induces a linear map C — H*(G,C)®N defined by 1+ 4 4. Choosing a partition
N = m + n, dualizing the first m copies of H*(G, C) yields a linear map (H*(G,C)*)®" —
H*(G,C)®", and Poincaré duality yields an isomorphism between H* (G, C) and its dual,

hence the class 17¢ 4+, determines a linear map
F(gld)!: H*(G,C)®™ — H*(G,C)*"

that is exactly the map defined above.

Theorem 3.6.2. The maps F(g|d)?, are the morphisms of a weighted topological quantum field
theory that contains the quantum cohomology TQFT and Witten's TQFT.

We sketch the proof at the end of the section and give a full proof in the next chapter.

First, we explain why the slice d = 0 of the weighted TQFT is exactly the quantum
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cohomology TQFT. The general degree zero vector bundle on IP! is the trivial bundle, so
the map

oz U (7'3 U (7'5) Oz

F(0]0)3: 07 ® 0 ; (/Q

is the quantum product. The pairing

Pl

F(0]0)9: 07 ® 0 / 07 U
Q]Pl

is just the Poincaré pairing because the two-point Gromov-Witten numbers vanish for e >
0 (there are infinitely many automorphisms of P! fixing two points).

Second, we compute the degree-lowering operator F(0]—1)}. Consider a general el-
ementary modification 0 — V — Op* — C; — 0. The image of the embedding
Qev > Q,p1 is exactly Wy-(g). Thus

/QV 07 Uy = /QP1 07 U0y Udyr = e;<wa, Wy, Wir)e,
so the operator defined by these integrals is

s Z Z<Wﬁl WE/ W1V>e Oz. = 0z x0qr,

e>0 3
namely the degree-lowering operator is *07-.
Remark 3.6.3. The degree-lowering operator is invertible in the sense that 01 x 05 = g, so

xq 10 is the degree-raising operator (we can formally adjoin an inverse of ). Moreover,

the quantum powers of ¢y- are

o Ojr for1 <k<s
v S04k fors<k<r+s
In particular, o5, = [pt] and ¢],"* = 4" (which can be interpreted as 0y having finite order).

Thus the higher powers are the same modulo r + s up to a power of ¢q. This makes sense
since lowering the degree of the vector bundle V by r + s produces a vector bundle with
the same degree as a twist of V by a line bundle of degree —1. These computations follow

from a quantum analog of the Pieri formula ([Ber97]).

Using the degree-lowering operator, we can remove a power 0%, from an integral if we

lower the degree d of the vector bundle by k. Thus F(g)?, in Witten’s TQFT coincides with
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F(g|—r(g+n)—s)! in the weighted TQFT, which we renormalize to F(g|—r(g —1+n))},.

For example, the Verlinde numbers occur as

Ve® = F(g)g = F(gl—r(g— 1)),

which reflects the fact that for an appropriate choice of e, the Quot scheme Q, v is finite,
reduced, and contains Vg points when V is a general vector bundle of degree —r(¢ — 1) on
a curve C of genus g. As we saw in §3.1, the appropriate choice in this caseis e = (g — 1).

A simple computation (for instance, computing F(0/0)} o F(0/0)%) shows that the genus-
addition operator F(1]0) is * Y; 03 * 03 (quantum product by the quantum diagonal).

Thus we can express Witten’s genus-addition operator as

F(1)] = * (EO’E *U'BC) * 077,

b
which is the operator whose eigenvectors are the products of sines in the Verlinde formula.
We can compute V;”° by taking the trace of the ¢ — 1 power of this operator. Another
way to compute F(g|—r(g — 1))J is by composing g genus addition operators, r(g — 1)

degree-lowering operators, and capping both ends. This yields the formula
EPR)
Vgr,s = coefficient of [pt] in <ZO’E * O’EC> * alrrg
b

expressing the Verlinde numbers as coefficients in quantum products.
The proof that the F(g|d)};, satisfy the composition relations is the ultimate goal of

Chapter 4 and will require a large amount of technical work. The idea, however, is simple.

Sketch of proof of theorem. Since any composition of morphisms can be viewed as gluing one
pair of boundary circles at a time, it suffices to prove the relations for gluing one pair of
boundary circles.

The idea is that given a smooth curve C’ of genus g and a vector bundle V' of rank
r + s and degree d, there is a degeneration of C’ into a reducible nodal curve C with two
smooth components C; and C; glued at points p; and p; to produce a simple node. The
genera g and ¢, of the components sum to g. The vector bundle V' also degenerates,
producing a vector bundle V on C that can be described by gluing vector bundles V; on

C; by an isomorphism Vi(p1) =~ Va(p2) of their fibers over the node. The degrees d; of
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the V; satisfy di + d, = d, which reflects the additivity of the weight in the TQFT under
composition. The good behavior of the Quot scheme under deformation guarantees that

the intersections numbers on Q, v agree with the intersection numbers on Q, v, namely

Js

where we think of the Schubert cycles 7; on Q. as being based at points that degenerate

(7'@1 Ua'é'z = /Q Vﬁ'El Ua'é'z,
e,

e, V/

to lie on C; (this subtlety will turn out to be unnecessary).

The remaining work is to compute the integral on the nodal curve C in terms of in-
tersection numbers on its components C;. The Quot scheme on C can be described by
gluing subsheaves (or quotients) on the C; along their fibers at the points p;. Roughly, the

isomorphism V;(p1) =~ V2(p2) allows us to think of the codomain of

€Vpi,p* Q€1,V1 X QEZ,V2 --»GxG

as two copies of the same Grassmannian, and the pairs of quotients that can be glued
are the preimage A, ., of the diagonal. In fact, A, ., embeds as a dense open set in a
component of Q,y, and the various partitions e = e; 4 e of e correspond to the top-
dimensional components of Q, . Recalling that the cohomology class of the diagonal in
G x Gis ) ;03 ® 0y, we thus obtain the formula

/Q . 0z, U0z, = 61%_@; ( /Q » 7z, U 55) ( /Q » 7z, U 5’EC> :
Combining this formula with the above equality of integrals and summing over all e pro-

duces the gluing relation corresponding to identifying boundary circles on two morphisms

in the weighted TQFT. O



CHAPTER 4

TECHNICAL STUDY OF QUOT SCHEMES ON
CURVES

Quot schemes of trivial bundles on P! have two very nice properties: they are of the
expected dimension, and intersections of general Schubert varieties are proper. We show
that these properties extend to Quot schemes of trivial bundles on arbitrary curves when
the degree of the subsheaves is sufficiently negative. By embedding Quot schemes of
general vector bundles in Quot schemes of trivial bundles, we deduce that Quot schemes
of general vector bundles always have the same two nice properties. This justifies the
definition of the maps F(g|d)}, in the weighted TQFT of the previous chapter. In order
to prove that the F(g|d)}, satisfy the composition relations of a TQFT, we study Quot
schemes of reducible nodal curves, show that they also have the two nice properties, and
prove that their intersection numbers can be computed from intersection numbers on the

components.

4.1 Schubert varieties on Quot schemes
We saw in Example 3.3.1 that the ¢ = 0 Gromov-Witten numbers can be interpreted
as intersection numbers in the cohomology ring of G = Gr(r,C"**), hence they are in-
dependent of the chosen points and the chosen general flags. The plan for e > 0 is
similar: use the compactification Q, p1 = Quot((r, —e), Opi*) of Mor,(IP!, G) to carry out
intersection theory, and argue that the boundary does not contribute to top intersections,
hence top intersections can be interpreted as counts of maps in Mor, (P!, G) satisfying

certain Schubert conditions.

4.1.1 Motivation
By the universal property of the Grassmannian, pulling back the universal subbundle

on G under a morphism ¢: P! — G defines a bijection
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Mor,(P!,G) — {E C Op:® | E is a rank r vector subbundle of degree —e }.

The Quot scheme Q, p1 naturally generalizes the right side by allowing E C Opf* to be a
locally free subsheaf rather than a subbundle, namely the inclusion map may drop rank at
finitely many points of IP!. Dropping rank is a closed condition in the Quot scheme, which
is irreducible ((BDW96]), so Mor, (P!, G) C Q. p1 is a dense open subscheme.

Since subsheaves E C Op,;° are locally free, they split as direct sums of line bundles,
which must all have degree < 0 since Op;}° is semistable. Similarly, the quotient sheaf
F splits as a direct sum of line bundles of degree > 0 and torsion sheaves supported at
points. It follows that ext' (E, F) = 0 forall [0 — E — Op* — F — 0] € Q,p1, hence Q, p1
is smooth and of the expected dimension x(E, F) = (r + s)e + rs. Thus Mor, (P!, G) is also

smooth and of dimension (7 + s)e + 7s.

Given a point p € P!, there is an evaluation map
evy: Mor, (P, G) = G, ¢~ ¢(p).

Taking the preimage of a Schubert variety W;(V, ) under ev, and taking the closure in Q, p:
produces a closed subscheme of Q, p1 that we will denote W;(V,) and call a “Schubert
variety” on the Quot scheme.

By definition, W5(V,) is the closure in Q,p1 of the set of ¢ € Mor,(IP!, G) satisfying
¢(p) € Wz(Vs) C G. Inthe case when |@;| + - - - + |dn| = dim Q, p1 = (r +5)e +1s, we will
see that the intersection of corresponding general Schubert varieties is contained within the
dense open set Mor,(IP!, G). These intersections can be computed in cohomology of Q. p1
by integrating the cohomology classes 03 corresponding to the Schubert varieties W;(Vs),
namely

Waoo o Wade = [ 03U Uy,
1

e, P

We will see that since the ¢; are independent of the choice of point p and the flag V,, so are

AR

the Gromov-Witten numbers.

4.1.2 General definition
We now define Schubert varieties more carefully and more generally for arbitrary Quot
schemes. Let V be a vector bundle of rank ¥ + s on a curve C, let Q, v = Quot((r, —e), V),

and let0 — & = "V — F — 0 denote the universal sequence on C x Q,y. Choose a
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point p € C, a full flag V, of the fiber V(p), and a partition 4. The V; C V(p) have cokernels

V(p) —» V. Restricting the universal sequence to p x Q. v ~ Q. v yields an exact sequence
0 — 6|P><Qe,v — V(p) ® O — 'F|p><QB,V — O

on the Quot scheme.

Definition 4.1.1. The Schubert variety W;(p, Vo) C Q,,v is the intersection forall1 <i < r

of the degeneracy loci where the compositions
Elpxgy = V(P)®O = VI © 0

have kernel of dimension > i.

In the case when W;(p, V) has pure codimension || for all p and V., the following
lemma guarantees that the Schubert cycle 7; = [W;(p, Vs)] in the cohomology of the Quot

scheme is independent of p and V,.

Lemma 4.1.2. Suppose W3(p, V) has pure codimension |g@| for all p € C and flags V. Then the
cohomology class o; of W3 (p, Ve) in Q. v is independent of p and V.

Proof. Since the W;(p, V) have pure codimension ||, we can apply a theorem of Kempf-
Laksov ([KL74]) to the maps &|,xq,, — V(p) ® O — V' ® O to express the cohomology
class of the degeneracy locus as a determinantal formula involving only the Chern classes
of E\WQ&V (and of the flag, but these are trivial). But since £ is a vector bundle over
C x Q,y, the Chern classes of the restrictions of £ over p € C are independent of p by

Proposition 2.1.6. O

The lemma is a first hint that we need Schubert varieties and their intersections to have
the right codimension if we hope to get a useful intersection theory on the Quot scheme.
Indeed, if intersections on Q, v are well-behaved, then it makes sense to define analogs of

the Gromov-Witten numbers as

/Qw&ﬁlu---u&ﬁlv

for |@1| + -+ - + |dN| = dim Q. v.



36

Definition 4.1.3. An intersection of Schubert varieties on Q, v is proper if it is empty or
of pure codimension equal to the total size of the partitions. An intersection of Schubert

varieties on Q, v is a top intersection if the total size of the partitions equals dim Q. y.

On part of the Quot scheme, there is no difficulty in proving that Schubert varieties
intersect properly. Let U,y C Q. denote the open (but possibly empty) locus where the
quotients are torsion-free (which generalizes Mor, (P!, G) C Q,p1). Then for each p € C,

there is a morphism
evy: Uy — Gr(r,V(p)), [EC V]~ [E(p) C V(p)]

induced by &|,x1,, — V(p) ® O on p x U,y ~ U,y. The presence of morphisms to the
Grassmannian makes it easy to control the behavior of intersections of Schubert varieties.
Given distinct points py, ..., pn, the following lemma guarantees that the intersection

ev;ll(Wﬁl) N---N ev;kll(W,gN) is proper on each component of U, y.

Lemma 4.1.4. Let X be an irreducible scheme with morphisms f;: X — G forall 1 < i < N.
Then for all choices of partitions dy,...,dN and Schubert varieties Wy, ..., Wy, defined using
general flags, the preimage f; (W) N -+ N fn' (Wa,) is empty or has pure codimension A =
a1+ - -+ |dn| in X.

Proof. Induction on N. The base case N = 1 is Kleiman’s theorem ([Kle74]). For the
inductive step, assume X' = f; (W) N+ - - N fy' 1 (Ws,_,) has pure codimension A — |dy|
in X. Restricting fy to each component Y of X/, the base case guarantees that fy|y* (W)

is empty or has pure codimension |dy/| in Y, which completes the proof. O

Thus the challenge in proving that Schubert varieties intersect properly is to under-
stand how they intersect the boundary U, of the Quot scheme. In the next section, we
explain how the boundary is the image of Grassmann bundles defined over smaller Quot
schemes Q,_; v. This recursive description will allow us to study Schubert intersections on

the boundary in cases where we have control over the dimension of Q,_ y forall0 < ¢ <r.

4.2 Structure theory of the Quot scheme
The structure theory described in this section holds for arbitrary vector bundles V, but

we only apply it in cases where the Quot schemes have the expected dimension. Since V
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is fixed throughout the section, we drop it from the notation.

4.2.1 Recursive structure of the boundary

Let V be a vector bundle on a smooth curve C, let Q. = Quot((r, —e), V), and let &,
denote the universal subsheaf, which is a vector bundle on C x Q.. Given p € C and an
integer 1 < ¢ < r, the fiber of the Grassmann bundle Gr(&,, ¢) over a point (p,x = [0 —
E—V — F —0]) € C x Q, parametrizes quotients &|(,,,) = E(p) — C’. By composing
E — E(p) — C', these quotients induce elementary modifications 0 — E' — E — Cf; — 0
in which deg E’ = deg E — /. Since E' — E — V, there is a short exact sequence 0 — E' —
V — F' — 0, and the assignment [E(p) — C‘] — [0 = E' — V — F’ — 0] defines a

set-theoretic map

Gr(0, ) £ Q.

|

CxQ,

Let0 - & = m;& — Q — 0 denote the tautological sequence of vector bundles on
Gr(&,, ), which is equipped with a map 7}, — 7V from the tautological sequence
on Q.. Let U, C Q. denote the open (possibly empty) subscheme where the cokernel is

torsion-free.

Proposition 4.2.1 ([Ber97]). In the setting above,
(a) By is a morphism of schemes.

(b) im(By) is closed in Q. ¢ and contains exactly those points x € Q. such that the universal

quotient F, ¢ has rank > s+ £ at (p,x) € C X Q. for some p € C.
(c) The restriction of By to 7t,*(C x U,) is an embedding.

(d) Let p € C and let W5(p) denote a Schubert variety in Q.. defined using a full flag Vs in
V(p). Then

B,'(Wa(p)) = ;' (C x Wa(p)) UWays,oa, (p),

where Wy, ,(p) is the degeneracy locus inside 7t, (p x Q.) where the kernel of S —

VHHI=Y © O has rank > jforall 1 < j <r— (.
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Remark 4.2.2. One can think of WE( p) C 7, (p x Qe), where b has length r — £, as follows.
On the open locus 7, '(p x U,), the elementary modifications yield 0 — E' — V —
F' — 0, where E'(p) — V(p) has rank exactly r — ¢. Thus we get a map 7, ' (p x U.) —
Gr(r — ¢,V (p)), and pulling back the Schubert variety W;(V,) and taking its closure yields

Wy (p)-

Part (d) of the proposition will be a critical tool for studying intersections of Schubert
varieties on Quot schemes. In particular, the fact that the varieties WE (p) based at different

points p are disjoint proves the following corollary.

Corollary 4.2.3. In the setting above, let Wz (p1),..., Wy, (pn) be Schubert varieties in Q¢
defined at distinct points p;, and let W denote their intersection. Then, up to reindexing the d,

521 (W) is a union of intersections of the following types:
Type 1: 7,' (C x (Wa (p1) N - N Wz (pn)));

Type 2: 7, " (pn % (Wa, (p1) N - - N Wy (pn-1))) O W(ﬁw)ml-.‘(ﬁw)r
The proposition is stated for C = P! and V the trivial vector bundle in [Ber97]. We

sketch the proof, which generalizes without requiring modification.

Proof of Proposition 4.2.1. (a): To see B, is a morphism, we need to construct the elementary

modifications described above as a family over C x Gr(&,, ). The universal sequence
0=-S—->mé&—-Q—0

on Gr(&,, ¢) gives simultaneous quotients of all the fibers, so S has rank  — ¢, which is not

what we want. Instead, consider the diagram

C x Gr(&,0)
lf[=7'[c><7'[g

CXQEWCXCXQC

where Ac: C — C x C is the diagonal embedding. Pushing forward Q along the natural
map Gr(&,¢) — C x Gr(&, ) defines a sheaf Q. Pushing forward the tautological
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subsheaf on C x Q, along Ac x id yields a sheaf £, 5. Let m3: C x C x Q, = C x Q.

denote projection onto the first and third factors. The composition of the surjective maps
¢: T 3 E — T Eep — Qa,
when restricted to the slice C x (p, [E C V], E(p) — C’) ~ C, yield
E — E(p) — Cf,.

Thus the kernel £’ of ¢ assembles the elementary modifications, and the inclusion £ I
T 5 Ee — " 711 37V induces the map By to Q¢

(b): Since Gr(&,, ¢) is projective, the image of f; is closed in Q,,. This image consists
of all sequences 0 — E' — V — F' — 0 such that there is an inclusion Cf; — F for
some p € C. To see this, given such F/, pass to the cokernel F, which induces a sequence
0 — E — V — F — 0; by the snake lemma, the cokernel of the natural map E’ — E is Cf,.

(c): This preimage may not be unique if the subsheaf ij — F’ is not unique (this
will happen when there are such inclusions at multiple points p or when the torsion at
p has rank > /(). However, letting B/, denote the restriction of B, to 7 1(C x U,), B} is
an embedding, with inverse map im(f)) — Gr(&, /) obtained as follows. Restricting
the universal map 712 V* — &£, on C x Q.1 to C x im(p}) yields a cokernel N whose
support is the image of a section a: im(B}) — C x im(f}). The kernel K* of £}, , - Nisa
vector bundle and the cokernel N’ of &,y — K has the same support as N. The inclusion
IC — m{V restricted to im(a), which we identify with im(f}), yields a map im(B)) — Q..
Combining this with the projection to C defines a map 7: im(g),) — C x Q, under which
K is the pullback of &. Since « is an isomorphism onto its image, we can view N’ as a
vector bundle of rank £ on im(f}). Under this identification, the quotient L = y*&, — N’
corresponds to a map ' : im(B),) — Gr(&,, £) by the universal property of Gr(&,, ¢). To see
that 9/ is the inverse of B/, we note that these maps commute with the maps to the base
C x Q, that the maps are set-theoretically inverses, and that the fibers of Gr(&,, ¢) over
C x Q, are smooth.

(d): Given a point p € C and a flag Vs in V(p), recall that the Schubert variety W;(p)
in Q. is defined as the degeneracy locus in Q. s >~ p X Q¢ where the kernels of the

compositions &, ¢|yxq,, — V(p) ® O — V7% @ O have dimension > i. We can
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compute the pullback of the degeneracy locus as the degeneracy locus of the pullback.

Consider the composition
A * S [ " .
i IBE e+€’p><Qe ;7 7[456 —V (p) QRO = Vsti—ai Q0O

of vector bundles on Gr(&,, ¢). The preimage ,le (Wa(p)) is the degeneracy locus where a;
has kernel of dimension > i. On 7, ' ((C \ p) x Q), the map ¢ is an isomorphism, so one
component of the preimage of the Schubert variety is the preimage 77, ' (C x W;(p)) of the
Schubert variety on the base. On 77, ! (p x Q), the map & factors through S, so &; has kernel
of dimension > i at a point if and only if the composition S — V(p) ® O — Vs+i=t @ O
has kernel of dimension > i — ¢ at that point. The latter condition is trivial for i < ¢, and

the change of variables j = i — £ gives the stated result. O

4.2.2 Stratification
The recursive nature of the boundary of the Quot scheme described in the previous
section can be used to obtain stratifications both of the Quot scheme and of the Grassmann
bundles. This will be particularly useful for studying intersections of Schubert varieties.
As in the previous section, let V be a vector bundle and set Q. = Quot((r, —¢), V).
Fix p € C and let Gr(£, p) denote the locus 7, (p x Q,—¢) C Gr(&,_y,{) parametrizing

elementary modifications of the universal subsheaf at the fixed point p. As before, there

are maps
B,
Gr(4, p) —"> Q.
ﬂ(g/pl
Qefé

and there is a universal sequence 0 — Sy, = 717 Ee—t|px, , = Qup = 0on Gr(L, p). Let
Uy, C Gr(¢, p) denote the open subscheme where the map Sy, — V(p) ® O is injective.
Then B, is injective on Uy, , and its image By, (Uy ) is the locally-closed locus in Q. where
the kernel [E C V] has rank exactly » — ¢ at p. This locus is important, so we introduce
the notation Zy, = By,(Uyp). Let U7 , denote the complement of Uy, in Gr({, p). Then
Bep(U7 p) is the locus of [E C V] that have rank < r — ¢ — 1 at p, which coincides with the
image of B/, 1,. We thus get a stratification

.BE,P(UE,;@) = |_| Zf’,p C Qe

L<l<r
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as well as a stratification

Wiy = L Bip(Zey) € Gr(lp).

(<l <r

Atapointx = [0 -+ E — V — F — 0] in Zy ,, the torsion subsheaf T of F has fiber of
dimension exactly ¢’ at p, hence there is a canonical subsheaf Cfg, C T C F and every map
C, — F factors through Cf)/. The fiber of B, over x consists of all [0 — E' — V — F' — (]
such that there is an elementary modification E' — Cf, yielding E as the kernel. By the
snake lemma, such modifications correspond to maps Cf, — F (whose cokernel is F’).
Thus the fiber over x is isomorphic to Gr(¢, C").

In the case when the Quot schemes Q,_, have the expected dimension forall0 < ¢ <,

we can compute the codimensions of the loci in these stratifications, obtaining
dim Q. —dim Z,, = £(s + ¢), (4.1)

dimGr((, p) —dim B, ,(Zp,) = (' = O)(s + ') (4.2)

These equations are useful for computing the codimension of intersections of Schubert

varieties with the boundary of the Quot scheme.

4.3 Quot schemes of trivial bundles

We prove that Quot schemes of trivial bundles have nice properties when the de-
gree of the subsheaf is sufficiently negative: they are all of the expected dimension and
intersections of general Schubert varieties are all proper. We use the notation Q,c =
Quot((r, —e), OF"), namely the vector bundle V is always assumed to be trivial. When
the curve is clear from context, we may even write just Q,.

On P!, we have already observed that every Quot scheme Q, p1 is irreducible, smooth,
of the expected dimension (r + s)e + rs, and contains Mor,(IP!, G) as a dense open sub-
scheme. There is a theorem of Bertram ensuring that the intersection theory on the Quot

scheme is as nice as possible.

Theorem 4.3.1 ([Ber97]). Intersections W of general Schubert varieties in Q, p1 are proper, and
W N Mor, (P!, G) is dense in W. Top intersections of general Schubert varieties are finite, reduced,

and contained in Mor, (P!, G).
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As the following example illustrates, the properness and denseness claims in Bertram'’s

theorem can fail for curves of positive genus when e is small but positive.

Example 4.3.2. Let C be a curve of genus 1. As usual Qp = G, which has dimension rs
rather than the expected dimension 0. However, Schubert varieties do intersect properly
in G. But this is not the case for Q; when for instance r = 1. Degree-one line bundles L
on C have only a single section, hence are not globally generated, so the maps L* — O™
must drop rank at a point. Thus every quotient in Q; has torsion, hence must be of the

form O° @ C,, for some p € C. Thus the map f in the diagram

Gr(1) =— @,
|
Cx Qo
is an isomorphism. By chance, Q; has the expected dimension s + 1 (since rs +r = r +s
when s = 1). However, the Schubert variety W;(p) splits into two pieces on Gr(1). The

first is 7771 (C x Ws(p)), which has the correct codimension s in Gr(1), but the second is

the entire preimage 77~ !(p x Qp), which has only codimension 1 in Gr(1).

Despite the disheartening example, Quot schemes of trivial bundles on curves of arbi-
trary genus are well behaved when e is sufficiently large. First of all, there is an ¢y such
that for all e > ey, Q. is irreducible, generically reduced, of the expected dimension
(r 4 s)e — rs, and contains Mor,(C, G) as a dense open subscheme ([BDW96]). In fact, we
can modify the proof of Bertram'’s theorem for IP! to show that for all e > 0, intersections
of general Schubert varieties in Q, ¢ are proper and that top intersections are finite and
reduced (the statement for top intersections was proved in [Ber94]). For this, we will need
to control the failure of Schubert varieties to be proper on Quot schemes for smaller e. We

will use the following terminology.

Definition 4.3.3. Given a morphism of schemes f: Y — Q,c, an intersection W of Schu-
bert varieties corresponding to partitions of total size A has failure v in Y if ~}(W) has

codimension A —vinY.

The proof will use induction on the degree of the subsheaves as well as the stratification

from the previous section.
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Proposition 4.3.4. Let C be a curve of genus g. Let ey be an integer such that Q. = Q. c has the
expected dimension (r 4+ s)e —rs(g — 1) for all e > ey. Let v > 0 be the maximum failure over
all Schubert intersections on Qg4 for all 0 < i < r. Then for all t > 0, the maximum failure of

Schubert intersections on Qg,+r++ is either 0 or < v —t.

Proof. Induction on t. The base case t = 0 is trivial by definition of v. Suppose t > 0 and
that W is a Schubert intersection on Qg,+,+¢ with failure v’ > 0. We show that v/ < v —t
by proving appropriate inequalities on a stratification of Q,.

As usual, the Schubert intersections are proper on the (dense) open locus of morphisms,

hence have failure 0 on that locus. The complement of this locus is the image of

p

Gr(1)

|

C X Qeptrit—1-

Qeg+r+t

Since ey is sufficiently large, the image of  has codimension s in Qg,r+¢, S0 it suffices to
prove that the preimage of W has failure < v — t + 5 in Gr(1). Recall from Corollary 4.2.3
that the preimage of W yields two types of intersections in Gr(1). For Type 1, the inductive
hypothesis guarantees that W has failure at most v — t +1 on Q,4r4+¢—1, which is sufficient.

For Type 2, one of the Schubert varieties is based at p and we consider the preimage
Gr(1,p) = 7w Y(p x Qeytr+t—1), which has codimension one in Gr(1), so it suffices to show
the failure of W on Gr(1, p) is < v —t +s+ 1. As explained in §4.2.2, we can further stratify

the image

BGr(Lp) = | Zip

1<i<r

where Z; ,, is the image of the open set Uy, C Gr(¢, p) consisting of elementary modifica-
tions yielding a subsheaf that drops rank by exactly £ at p. Recall that since Qg ,+¢—¢ has
the expected dimension for all ¢ < r, the preimages p~'(Z,,,) stratify Gr(1, p) and have
codimension (¢ —1)(s + ¢) in Gr(1, p) by (4.2). Thus it suffices to prove that the failure of

W on each Uy, is
<v—t+s+14+L—-1)(s+l)=v—t+1+ls+L(L—1). (4.3)

There are structure maps Uy, — Qg +,++—¢ and by induction the failure of the Schubert

varieties not based at p is < v — max(t — £,0). By Proposition 4.2.1 (d), the additional
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Schubert variety W;(p) is the preimage of W, a, under the map U, — Gy, yielding

AR PRy

failure Zle a; < ¢s. Thus the failure on Uy, is
<v—max(t—¢,0)+ 0,

which together with the inequalities (¢ — 1)? > 0 and max(t — ¢,0) — (t — £) > 0 implies
the inequality (4.3). O

Corollary 4.3.5. For e > 0, Q,c has the expected dimension (r + s)e —rs(g — 1) and all
intersections W of Schubert varieties are proper. Moreover, W N Mor,(C,G) is dense in W, and

top intersections are finite, reduced, and contained in Mor,(C, G).

Proof. The properness claim follows from the proposition by taking e > eg + r 4 v. For the
denseness statement, note that since Q, ¢ is irreducible and the codimension of W cannot
be greater than its total size A since it is a degeneracy locus, it suffices to show that W
actually has failure < s in Gr(1). We can achieve this by taking e > ¢y + r 4+ v and copying
the proof of the proposition, replacing the v — t appearing in the inductive estimates on the
failure with zero. For the statement about top intersections, the only part left to be shown
is reducedness. But since W is contained in Mor,(C, G) and Q, ¢ is generically reduced, the
general fibers of the evaluation map to GV (where N is the number of Schubert varieties)
are finite and hence reduced, so the intersection with general Schubert varieties will avoid

the branch locus. O

To end the section, we present two important results about Quot schemes of trivial

bundles.

Proposition 4.3.6. (a) The intersection numbers on Q. c can be computed as an integral of Chern

classes of the universal subsheaf.

(b) The intersection numbers on Q, c do not depend on the choice of smooth curve C of genus g.

Proof. (a): The cohomology classes of the dual of the universal subbundle on the Grass-
mannian (which are o« for 1 < k < r) generate the cohomology ring of the Grassmannian.
The same formulas express 07 in terms of the Chern classes of the dual of the universal

subbundle on the Quot scheme.
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(b): This is Proposition 1.5 in [Ber94]. Since we will make a similar argument for
Proposition 4.6.1, we will just summarize the key steps in the proof. Consider a family
of smooth curves of fixed genus over a base curve B. The relative Quot scheme Q — B
of the family contains the Quot schemes of trivial bundles over each of the curves in the
family as its fibers over B. The intersection numbers of each Quot scheme can be computed
in terms of Chern classes of its universal subbundle, and flatness of Q implies that these
products of Chern classes are independent of the base point (by expressing them in terms

of Chern classes of the universal subbundle of the relative Quot scheme). O

4.4 Quot schemes of very general vector bundles

In the previous section, we showed that intersections of Schubert varieties are proper
on Quot schemes of trivial bundles if the subsheaves have sufficiently negative degree.
In order to get similar results for Quot schemes of general vector bundles V, we embed
them in Quot schemes of trivial bundles (which are typically far from general) by using
elementary modifications. Amazingly, we conclude that for a very general vector bundle,
all Quot schemes have the expected dimension and proper Schubert intersections.

We begin with some terminology. Let C be a curve of genus g. We will say that a vector
bundle V on C is stable if

Visbalanced if g =0;
V is semistable if g =1;
V is stable ifg > 2.

A vector bundle on IP! is balanced if its splitting V = @fi(lV)O]P] (d;) has the property that
ldi —d;] <1foralll <i,j < rk(V). When we call the vector bundle general, we mean
that it is stable in the above sense and does not lie on a finite collection of proper closed
subvarieties of the moduli space when ¢ > 1. Even stronger, we say the vector bundle is
very general if it does not lie on a countable collection of proper closed subvarieties of the
moduli space.

We begin by showing that on IP!, stability (balancedness) of vector bundles is preserved

by general elementary modifications.

Lemma 4.4.1. Suppose a vector bundle V on P! of positive rank is balanced. Then for any p € P!,

the kernels of general elementary modifications V —» C, are balanced.
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Proof. Since V is balanced, V ~ O(d)* & O(d + 1)? forsomed € Z,a > 0,and b > 0. A
general elementary modification V — C, induces a surjection O(d 1) — C, on one of

the summands of V of type O(d + 1), yielding a commutative diagram

0 O(d) O@d+1)—>Cp—>0
0 1% 14 C, 0

The exact sequence of cokernels implies that the cokernels of the first two vertical maps
are isomorphic, hence there is an exact sequence O(d) < V' — O(d)* ® O(d + 1)°~1. But

every such extension splits, so V' ~ O(d)**' @ O(d + 1)1, which is balanced. O

Next, we prove the key result allows us to relate Quot schemes of general vector bun-

dles to Quot schemes of trivial bundles.

Proposition 4.4.2. Let L of degree ¢ be a sufficiently ample line bundle such that V* ® L is globally
generated and has vanishing higher cohomology for all V. € M(r +s,d). Then general V and

kernels of general elementary modifications OF"° — EB?L(HS)ZC% coincide.

Proof. Note that it is possible to find such L because the Castelnuovo-Mumford regularity
is bounded on M(r +s,d). Let N = (r+s){ —d. The moduli space parametrizing all
elementary modifications is Quot(OF", (0, N)), which is irreducible, smooth, and of the
expected dimension N(r + s) since ext!(E,F) = 0 whenever E is locally free and F is
torsion. The universal sequence 0 — & — O""* — F — 0 on C x Quot(OZ, (0,N))
assembles the elementary modifications. Given any stable vector bundle V, choosing r + s

general sections of V* ® L yields a sequence
0> VL = O - T—0,

where T is torsion of length N. In particular, this sequence occurs in the universal family
over the Quot scheme. Since stability is an open condition in families, this guarantees that
general elementary modifications parametrized by the universal sequence are stable, so by

the universal property of the moduli space of sheaves, there is a dominant rational map
Quot (OEJFS, (0, N)) --» M(r +s,d),

which completes the proof. ]
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Given a vector bundle V on a curve C of genus g, let Q, v = Quot((r, —e), V).

Proposition 4.4.3. Let V be very general of rank r + s and degree d. Then for all e:
(a) Q. is equidimensional of the expected dimension (r +s)e +rd —rs(g —1);

(b) Qv is generically reduced and the subscheme U,y of torsion-free quotients in Q. is open

and dense;

(c) intersections W of general Schubert varieties in Q,,y are proper, W N U,y is dense in W, and

top intersections are finite, reduced, and contained in U,y .

Proof. For each e, choose a line bundle L, of degree ¢, sufficiently ample such that e 4 r/, is
sufficiently large to ensure Q.. ,, has the properties in Corollary 4.3.5 and also that V* ® L,
is globally generated with vanishing higher cohomology for all V. € M(r +s,d). General

elementary modifications
(r4s)l.—d

r+s
Oc” — EB Cy,
i=1

produce kernels which, when twisted by L}, are general in M(r +s,d). Thus choosing V
very general ensures that it fits into sequences

(r4s)l.—d
0->VeL -0 = @ C,—0
i=1

for all e. Now, there are embeddings
Qe,V — QE—H’&,,C/ [E C V] = [E & L: CcCV® LZ C Orc+5]

and the image consists of those subsheaves of O-"* whose map to the skyscraper sheaf in
the elementary modification is zero, namely the image is an intersection

(1’+s)&fd7
ﬂ er (ql>
i=1
Since the elementary modification is general, so are the Wy-(g;). Since Qere,c has the

expected dimension and proper Schubert intersections,
dim Qe,V = dim Qe—&-rﬁe,C - ((7’ + S)ge - d)i’ = (7’ + S)e +rd — rs(g - 1)/

which is the expected dimension of Q. and proves (a).
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For (b), note that quotients in Q. (twisted by L*) are obtained from quotients in
Qe+re,,c by elementary modification along the same @ C,,. If the latter quotients are torsion-
free, so are the former, which proves that the intersection of U,/ ¢ with the image of the
embedding is contained in U,y. Now we get (b) from the same properties for Q.. s, c
and the fact that the intersection of the Wy (g;) with U, ,, c is dense in the image of the
embedding.

For (c), we note that any intersection of Schubert varieties on Q, y at points other than
the g; can be expressed as the same intersection on Q,,, c together with the additional
Schubert varieties Wj- (gi), and since the latter intersection is proper, so is the former. The

statement about top intersections also follows immediately from the same statement for

Qe,V~ O

The embedding in the proof of the proposition allows us to compute integrals on Quot

schemes of general vector bundles on Quot schemes of trivial bundles.

Corollary 4.4.4. Let V be very general of rank r + s and degree d. Then for all e and all £ > 0,

/ bz = g, Ul
Qe,V - Qe+rZ,C N

4.5 Quot schemes on nodal curves

To prove the F(g|d)}, satisfy the relations of a weighted TQFT, we relate Quot schemes
on smooth curves to Quot schemes on nodal curves, where the nodal curve is obtained by
degeneration. The first important observation is that Schubert varieties in Quot schemes
over a nodal curve can be defined at smooth points p in exactly the same way as they were
defined over smooth curves. However, the cohomology class of a Schubert variety now
depends on which component of the curve contains p.

Throughout this section, let C be a reducible nodal curve with two smooth components
C1 and C; of genus g1 and g» meeting at a simple node v € C. Let 1;: C; < C denote the

embeddings and let p; € C; denote the points /; ' (v) lying over the node.

4.5.1 Sheaves on nodal curves
We review some facts about sheaves on reducible nodal curves described in [Ses82]. If E

is a rank r torsion-free sheaf on C, then its stalk at the node v is of the form E, >~ O] % @& m{
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for some 0 < g < r, where m, is the ideal sheaf of v.

Definition 4.5.1. Let E be torsion-free sheaf of rank r on the nodal curve C. If E|, =~

O; % @ m}, then we say E is a-defective.

The following proposition lists some relationships between torsion-free sheaves on C

and locally free sheaves on the components of C.

Proposition 4.5.2. (a) Let E be rank r and a-defective on C. Then i;E ~ E; ® C‘;i, where the E;

are vector bundles of rank r on C; and deg E1 + deg E; = deg E — a.

(b) If E; are rank r vector bundles on C;, then 11, E1 @ 12, E; is r-defective on C and deg(11,E1 ®
lz*Ez) =degE; +degE, + 1.

(c) Using the notation in (a), there is a canonical short exact sequence
0—E— n,Ei®0n.E — E(v)/(tl*cﬂ‘;1 &) LZ*CZZ) -0

in which each map 1;,.E; — E(v)/(11.C}, ® 12.C},)) is surjective. The quotient in the sequence

is isomorphic to C;,~%.

Proof. (a): We argue as in [Ses82]. Let L be a line bundle on C with a section O¢c — L that
does not vanish at v, namely the cokernel is supported away from v. Pulling back along
the ; yields sections O¢, — ;L whose cokernels partition the original cokernel. Thus
deg /L + degi;L = degL. Moreover, a local analysis shows that ijm, = m, & C,, so
degm, = degm,, + degm,, + 1. These facts can be used to deduce the claim.

(b): The key observation is 1, my, @ 12,my, = m,. The degree statement is true even if
E; are general coherent sheaves because the length of torsion is preserved by ;..

(c) As is clear on the level of modules, there are canonical maps E — 11,,{E @ i,.13E
that are isomorphisms away from v. The functors ¢;,.; and these canonical maps yield a

commutative diagram

0 E 15 E ® 10, 5E Ccitt——0
f i(li*l;’kf) J{
0 E(v) 1 iE(v) @ 1 3E(v) —=E(v) —=0

in which the first map in the first row is an inclusion since it is an isomorphism away from

v and E is torsion-free. We identify the cokernel in the first row by its degree. The first map
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in the bottom row is diagonal inclusion E(v) — E(v) @ E(v). The right vertical map must
be a surjection, hence an isomorphism. Removing torsion in the pullbacks yields a map
E — 11.E1 @ 1. E; that is also injective (for degree reasons), which produces the desired
sequence. The surjectivity claim follows from the commutativity of the right side of the
diagram and the fact that in the bottom row, each E(v)-summand in the middle surjects

onto the quotient. O

Let V be a vector bundle of rank r + s on C. Letting V; denote /;V, the sequence (c) in
the proposition is

0>V - V1®nV,— V() —D0.

The maps 1, V; — V(v) are push-forwards of the quotients V; — V;(p;). If we think of
the sequence in reverse, starting with V; and V,, then we are constructing a vector bundle
V on the nodal curve by gluing V; and V; along the node via a choice of isomorphism

Vi(p1) =~ Va(p2) of their fibers over the node. We can summarize this as a bijection

degree d; satisfying di + d> = d, together

with an isomorphism Vi (p1) >~ Va(p2)

vector bundles V on C of
rank r + s and degree d

} { vector bundles V; on C; of rank r + s and }
YRS )

The map from left to right is V +— (15V,15V) together with the canonical isomorphisms
(i;V)(p1) ~ V(v) ~ (5V)(p2) coming from the fact that fibers are defined as a pullback,
hence are preserved under pullback. The map from right to left is (V3, Vo) — ker(i1, V1 &
12, Vo = 12,V2(p2)), where the map 11, V7 — 12, Va(p2) is the composition of the natural
surjection onto the fiber composed with the isomorphism Vi (p1) ~ Va(p2).

Given a short exact sequence 0 - E —+ V — F — 0in Q,y, where E is torsion-free
but F may have torsion, the natural pull-push maps as in (c) in the proposition fit in a

commutative diagram

0 E v F 0

]

0O—EoE—VioV,—F®FEL —0

in which the rows are exact, F; = (/F, E; = (f E/torsion, and the push-forward notation is

suppressed in the second row. The snake lemma long exact sequence is of the form

0=-ClsC "t 5 50
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for some a > 0 and 0 < b < r — a that can be interpreted as follows: E is a-defective and
the rank of E(v) — V(v)isr—a —b. Note that 0 — E; — V; — F, — 0 are short exact

sequences on C; and that deg E; + deg E; = deg E — a.

4.5.2 Structure of Quot schemes on nodal curves

To control intersections of Schubert varieties on Q, v = Quot ( (r,—e), V) over the nodal
curve C, we relate Q, v to the Quot schemes of the components C;.

Forall0 < a <, let Z;,, denote the locally-closed subscheme in Q. consisting of
sequences 0 — E — V — F — 0 where E is a-defective. As in §4.2.2, let Z, ;,, denote the
locally-closed subscheme in Q,, v, = Quot((r, —e;), Vi) where the subsheaf drops rank by
exactly a at p;. Setting G, = Gr(r —a, Vi(p1)) (which is identified with Gr(r — a, Va(p2)),
there is an evaluation map

Zapy X Zap, — Ga X Gg

and we let A; denote the preimage of the diagonal.
Proposition 4.5.3. Leta > 0,e1+e; =e+a,and0 < b <r—a.

(a) There is an embedding
(Pa: Ny — Za,v,e

whose image is exactly those [E C V| where E is a-defective, the map E(v) — V(v) has rank

exactly r — a, and the pullbacks E; = (i} E)/torsion have degree e;.

(b) Let £|, denote the universal subsheaf restricted to v X Z, 1, .. Let U, C Gr(&|y, b) denote
the open subscheme of elementary modifications that produce an a-defective kernel. There is a
map

Ub ,Bu,b

|

Zu+b,v,e—b

Za,v,e

whose image contains all0 — E — V — F — 0 where E is a-defective and E(v) — V (v) has

rankr —a — b.

(c) For each a, as b and the partition ey + e of e + a vary, the images of the maps ¢, and B, ;, cover

Za,v,e'
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Proof. (a): Set-theoretically, define ¢, as follows. A point in A, is a pair of subsheaves
E; C V; whose maps on fibers at p; have rank r — a and the images are equal under the

identification V;(p1) =~ Va(p2). Thus there is a canonical sequence
0—E—=>nE160E—C, "0

producing a sheaf E on C that is a-defective. Moreover, the image of E(v) — V(v)
coincides with the image of E;(p;) — Vi(p;) after identifying V;(p;) with V(v).

To construct this morphism algebraically, we construct the same sequence in families.
First, we construct vector bundles z‘: on C x A, as follows: restrict the universal subsheaves
& C 7TaV,- on C; x Qe, v, to C; X Z, ,, push forward under the inclusion ¢; x id to get a sheaf
on C x Zg ., pull back to C x Z, 5, X Z,,, under the projection map, and finally restrict to
C x A,. There is a morphism

S ae&— eVa(pr)

whose kernel £ is a flat family of a-defective sheaves on C of degree ¢, hence yielding a
map to Q.,y whose image is contained in Z; , ..

Similarly, to get the inverse, we pull back the universal subsheaf £ — 7*V on C X
im(¢,) to C; x im(¢;) and remove the torsion in ;f€. Then ;fE /torsion is a flat family of
sheaves of degree ¢;, hence defines a map im(¢,) — Z,p,. The image of the product of
these maps is contained in A, since the restrictions to p; of the inclusions (£ /torsion —
Vi have image coinciding with the image of £|, — 7*V(v) under the identification
Vipi) = V(v).

(b): The open subscheme U}, of the Grassmann bundle parametrizes elementary mod-
ifications 0 — E — E' — C! — 0. Since E’ is (a + b)-defective and the elementary modi-
fication is general, a local computation shows that E, the image under f,, is a-defective.
Moreover, E(v) — V(v) factors through E'(v) — V(v), which has rank < r —a — b.

Conversely, starting with 0 -+ E — V — F — 0 in which E is a-defective and
E(v) — V(v) has rank exactly r — a — b, by the discussion at the end of §4.5.1, there is

a commutative diagram

0 E Vv F 0

]

0O—EPE,— Vi Vo—=F&®&F ——0
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and the snake lemma long exact sequence is 0 — C, — C/,™* — C/** — C5t%*0 — 0. The

rank of the map of fibers E;(p;) — V;(p;) is only r — a — b, so we can pass to the diagram

0O—EE,—VipVo—F&®EFE —0

T

0 C]r/—a—b Clr/—i-s C1s/+a+b 0

and in the short exact sequence of kernels 0 — E' — V — F' — 0 the sheaf E’ is (a + b)-
defective. Moreover, there is an induced short exact sequence 0 — E — E' — Cf} — 0, so
0 -+ E— V = F — 0is in the image of B, .

Now we construct B, ;. The restriction of the universal sequence to C x Z,, . yields
0 = & = mtV — F — 0 in which each fiber of £ over Z, .} is (a + b)-defective,
hence £/, is a vector bundle of rank ¥ + a2+ b on Z, 4, ,—p. Pushing forward the universal
sequence 0 - & — €|, — Q — 0 on Gr(&|y,b) under the inclusion Gr(&|,,b) —
C x Gr(&|y, b) at the point v, we geta map 7*E — Q on C x Gr(&|y, b) whose kernel K is
a flat family of degree e sheaves on C. The embedding K — 7*& — 7"V induces the map
Bap: Gr(Ely,b) — Q. v. Restricting to U, ensures that the image is contained in Z, , ..

(c): Letx = [0 » E — V — F — 0] be a short exact sequence in which E is a-defective
and E(v) — V(v) hasrank r —a — b. If b > 0, then x is in the image of ¢, (for ¢; = degE;).

If b > 0, then x is in the image of B, . O

Remark 4.5.4. In the case when the V; are very general and the isomorphism V;(p;) ~
Va(p2) defining V is sufficiently general to ensure that Ay always has the expected dimen-
sion, it follows from (a) that for fixed e, each partition e = e; + e for which A, is nonempty
yields a component of Q, v of the expected dimension. By (c) and a dimension count, we
see that any other component of Q. must have smaller dimension. Thus, although, Q. v
is in general not irreducible, each of its top-dimensional components is the pullback of the
diagonal in a product U,,y;, X U, 1, for some partition e; + e, = e. In particular, when
V is trivial, we see that each component of Mor,(C, G) is the pullback of the diagonal in
Mor,, (C1, G) x Mor,, (Cz, G), namely a morphism C — G of degree e corresponds to a pair
of morphisms C; — G of degrees summing to e such that the points p; have the same image

in G.
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4.5.3 Intersections of Schubert varieties are proper
Using the maps described in the previous section, we study intersections of Schubert
varieties in Q, v by controlling their preimages. We use induction for the maps p;, so the
main tool we still need is a properness statement for intersections of Schubert varieties in
Ay C Zgp, X Zy,p,. For the following proposition, since 0 < a < r and the p; are fixed, we

drop a, p1, and p, from the notation, but we need to keep track of the degrees ;.

Proposition 4.5.5. Suppose A C Z,, x Z,, is empty or has pure codimension (r — a)(s + a) for
all e, er. Then intersections W of general Schubert varieties on Q,, v, X Qe, v, are proper on A.
Moreover, if U C Z,, X Z,, denotes the open locus where the quotients are torsion-free away from
p1 and py, then W N ANU is dense in W N A. In particular, top intersections are finite, reduced,

and contained in U N A.

Proof. Let W be the intersection of Wy, (q1), ..., Wz, (qx) and Wzl (q7),-- "WEW (q),), where
gi,---,qx € (C1\'p) and q},...,q) € (Cy\ q) are distinct points. Set A = Y, |d@;| +
Z}"Zl |El |. Let B denote the complement of I in Z,, X Z,,. Since the Schubert varieties on A
are still defined as degeneracy loci of the restriction of the relevant bundles on Z., x Z,,,

their codimension in A cannot be strictly larger than A. Thus it suffices to prove that
(@) WNANU is empty or has pure codimension A in A;
(b) WN AN B isempty or has codimension > A in A.

(a): As usual, there is an evaluation morphism ev U = G+, Restricting

R I
the domain to A N and using Lemma 4.1.4 gives the result.

(b): The boundary B is the image of the map
,31,0 LJ 130,12 (Gr(l) X Zﬁ‘z) L (Zel X Gr(l)) — Zel X Zezl

where the definition of Grassmann bundles over Z,, _, is as before, except that we restrict
the elementary modification to a point of C; \ p1, thus obtaining a recursive structure on
the Z,, _, for varying ¢ (and similar for Z,,_1).

We pull back A under B1 and By, to get closed subvarieties A; g and Ag; in the Grass-

mann bundles. As usual, it suffices to prove that the pullback of W has codimension

> A— (d1mA — dim Al,O)
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in A1y (then by symmetry, we will also get codimension > A — (dimA — dim Ap;) in
Ap1). Since the elementary modifications in Gr(1) occur at points other than p;, there is a

commutative diagram

B0

7, % Z,

ﬂl,ol J{evvwz

(C\p)XZ€1*1XZ€2TGgXGa

P1.P2

/

so Aj can be obtained by pulling back the diagonal under eVy n

and then ;9. By

/

assumption, the pullback under ev), ,,,

is empty or has codimension (r — a)(s + a), hence

we get that same codimension in the Grassmann bundle. Thus
dim A —dim A g = dim(Z,, X Z,,) —dim(Gr(1) x Z,,) = s.

We prove that the intersection W N A1 g is empty or has codimension > A —sin Aqg
by induction on e; + e>. The base case is trivial since Z,, x Z,, is empty when e; + ¢e; is
sufficiently small. For the inductive step, we may assume there is at least one Schubert
variety since otherwise there is nothing to prove. We can immediately deal with the case
k = 0 and ¢ > 0 since by the inductive hypothesis the Schubert varieties impose the right
codimension on Z,,_1 X Z,, hence also on Gr(1) x Z,.

The remaining case is k > 0. As usual, the intersections on Gr(1) come in two types.
Type 1 reduces to an intersection on the base Z,, _1, where we are done by induction. Up
to relabeling of the g;, each intersection of Type 2 is supported on Gr(1,qx) = 7, ' (qx ¥

-----

a stratification

Gr(Lgo) = || Bk (Zeg),

1<t<r
where Uy, is the open subscheme of the Grassmann bundle Gr(¢,qx) over Z, , and
Zige = Bug(Upg) C Ze. The pullback of A (which we also write as A) intersects each
Uy g, X Ze, properly since it is proper on the base Z,, 4 x Z;. The preimage of B 4, over Z;,,
has fibers of dimension £ — 1. There are evaluation maps ev,, : Uy, — Gr(r — £, Vi(qy))
yielding maps
Uy, X Zey = Gr(r — £, Vi(qy)).
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The inductive assumption ensures that the intersection of A and the Schubert varieties not
based at gy is proper in Z, s X Z,, hence also in Uy, X Z.,. A general choice of W5 in

G ensures that each Wz, (@), is general in Gr(r — £,V (qk)), so the Schubert varieties

O+1700r
impose codimension > A — /s in AN (U, X Z,), hence also in AN (51_,;]((25,%) X Ze,).
Thus by (4.2), the preimage under 1,4, of the intersection of A and the Schubert varieties

has codimension
> A— s+ (dimGr(1,q¢) —dimGr(4,q¢)) — ({ —1) = A—s+ (L —1)

in AN (Gr(1,qx) X Z,), and passing to AN (Gr(1) x Z,) yields one additional codimen-
sion. The largest such locus is obtained when ¢ = 1, but this still has codimension A — s +

1. This completes the case k > 0. ]

With this technical tool in hand, we can prove our result. Recall that V is determined
by specifying an isomorphism Vi(p1) =~ Va(pz2). We call V very general if the V; are
very general (as in §4.4) and this isomorphism is very general. This guarantees that the

properness assumption on A in the previous proposition is satisfied.

Corollary 4.5.6. Suppose V is very general. Then for all e € Z, intersections of general Schubert
varieties are proper in each component of Q. v. Moreover, top intersections are finite, reduced, and

contained in U, y.

Proof. We cover Q, v with the images of maps ¢, and B,; from Proposition 4.5.3 for all
0<a<r0<b<r—a ande +e = e+a. Itsuffices to show the preimages of
Schubert varieties in Q. are proper in the domain of these maps. For ¢, this follows from
the previous proposition. For the maps f,;, we can perform the intersection on the base,
where it is proper by induction on e.

Note that the locus where the subsheaves are locally free is the image of the maps of
type ¢o, which yield the top-dimensional components. Dimension counts show that the
boundary does not contribute to top intersections, hence we inherit good properties of top

intersections from the same properties on the U,, .. O

Corollary 4.5.7. Suppose V is very general. Let 05, denote a cup product of Schubert cycles based

at points on the component C;. Then for all e,
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/ 0z, Ubz, = ) ), (/ Tz, u(‘ry> (/ (7'52U5'EC> :
Qev erter=e Qevy Qe,vy

Proof. By the previous corollary, top intersections are contained in U,y. Since the com-
ponents of U,y are isomorphic to the images ¢o ((Ue,,v; X Ue,v,) N Ag) ranging over all
partitions e; + e; = e, we can pull back the Schubert cycles and compute the intersection
on each (llgllv1 X LIeZ,VZ) M Ag. Since the class of the diagonal in G x G is ZE 03 ® 05, the
closure of the class of Ag in Qe v, X Qe v, 18 Y 03 ® 0. Now the formula follows by

pairing the class of Ap with the Schubert cycles in cohomology. O

Since the V; are very general, we can express the integrals on the smooth components
in the corollary as integrals on Quot schemes of trivial bundles for very large e. We then
apply the corollary again to get an integral on Q, ¢ (though the corollary is only stated for
V very general, it also holds for sufficiently large e when the V; are trivial bundles since
the Q.. c, have the right properties and the gluing of the trivial bundles can still be chosen
very general). Thus, as in the case of smooth curves, all integrals on Quot schemes of very

general vector bundles can be expressed as integrals on Quot schemes of trivial bundles.

Corollary 4.5.8. In the setting of the previous corollary, let deg V; = —d; with dy +d, = deg V.
Then letting £ = {1 + {5 for {; sufficiently large,

_ _ ~ —dy+(r+s)l _ —dy+(r+s)l2
/ 0, U0z, = / (03, UGy, ) U (02, U5y )-
e,V QB+V/,C

4.6 Proof of the weighted TQFT relations

Given the formula in Corollary 4.5.7 relating intersection numbers on nodal curves
and their components, the last step is to relate intersection numbers on nodal curves with
intersection numbers on smooth curves of the same genus. Let C be a nodal curve of
arithmetic genus g and C’ denote a smooth curve of genus g obtained by smoothing C. Let

Qe.c = Quot((r, —e), OF) and Q. = Quot((r, —e), OF*).

Proposition 4.6.1. For all e > 0, the intersection numbers on Q. c agree with the intersection

numbers on Q, c'.

Proof. The proof is similar to Proposition 1.5 in [Ber94]. Let C be a family over a base curve

B smoothing C, where (’)2*5 is the natural deformation of Orc+s. Consider the relative Quot



58

scheme 71: Q = Quot((r, —¢), O, B) — B, whose fibers over b € B are Q, ¢, and which
is projective over B. If 7t is not already flat at the central fiber by € B, then there must
be associated points of Q supported at by; these arise either from nonreducedness or from
small components of Q, ¢ because the top-dimensional components are all of the expected
dimension and hence deform in all families by Corollary 2.4.4. In any case, we can replace
the central fiber by its flat limit without affecting the top-dimensional components.

Now 7 is flat and we want to apply Lemma 1.6 of [Ber94]. After restriction and
base change, we can find a section ¢ of C near each b € B and restrict the universal
subsheaf (which is defined on C xp Q) to o X g Q. The lemma implies that top intersections
of Chern classes of the universal subbundles in the fibers are independent of the base
point, hence the intersection numbers on the Quot schemes are independent of the base
point by Proposition 4.3.6. On the central fiber these intersection numbers compute the
Gromov-Witten numbers on the nodal curve (because the lower-dimensional components
do not interfere with top intersections of Schubert varieties), and the intersection numbers

on nearby smooth curves yield the usual Gromov-Witten numbers. O

Now let V and V’ be very general vector bundles on C and C’ of the same rank and

degree. Write Q. v = Quot((r, —¢), V) and Q,,y» = Quot((r, —e), V).

Corollary 4.6.2. Q. v and Q, y have the same intersection numbers, namely

/ 0z, U0, = / 0s, U 03,
Qe,V Qe,V/

Thus the intersection numbers on the nodal curve do not depend on how the Schubert cycles are

distributed across the components.

Proof. This was just proved when V and V’ are trivial. Since the intersection numbers on
very general vector bundles can be computed as intersection numbers on Quot schemes
of trivial bundles (Corollary 4.4.4 for smooth curves and Corollary 4.5.8 for nodal curves),

the corollary follows immediately. O

Combining this corollary with Corollary 4.5.7 proves the degeneration relations for
composing morphisms in the weighted TQFT along one boundary circle. This completes

the proof of Theorem 3.6.2.



CHAPTER 5

EXISTENCE OF FINITE QUOT SCHEMES ON
]PZ

In this chapter, we transition to the surface P2 and consider vector bundles V on P2
whose Chern character v is chosen such that the expected dimension of the Quot scheme
Quot(V, (1,0, —n)) is zero. The invariants of the quotients being parametrized are the
Chern character of an ideal sheaf of n points. We prove that when V is a general stable
vector bundle of sufficiently negative degree on P2, the Quot scheme Quot(V, (1,0, —n))
is finite, reduced, and each quotient is an ideal sheaf of a reduced subscheme. The results

of this chapter are based on joint work with Aaron Bertram and Drew Johnson in [BGJ16].

5.1 Statement of main result

On IP?, the powers of the class of a hyperplane form a basis of the cohomology ring, so
we write Chern characters of coherent sheaves as triples of numbers corresponding to the
rank, the degree, and the second Chern character.

We consider short exact sequences 0 — E — V — F — 0 of sheaves on IP? in which
p = ch(F) = (1,0, —n) are the invariants of ideal sheaves Z; of n points. The moduli
space M(p) parametrizing ideas sheaves of n points is isomorphic to the Hilbert scheme
of points (IP?)["]. Letting ¢ = ch(E) and solving x(c,p) = 0 for o using the Hirzebruch-

Riemann-Roch formula, we get
o= (r,—A,(n—1)r—31)
for some r and A. In this notation,
v=ch(V)=0c+p=(r+1,—-A(n—1)r—n—31)

is the Chern character of the vector bundles V for which Quot(V, p) has expected dimen-

sion zero.
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Theorem 5.1.1 ([BGJ16]). Supposen > 1, r > 2, and A > 0. Let V be a general stable vector
bundle on P? with ch(V') = v as above. Then Quot(V, (1,0, —n)) is finite and reduced, and each

quotient is an ideal sheaf of a reduced subscheme.

The proof of the theorem will use the fact that the duals of general stable vector bundles

V with ch(V) = v have resolutions of the form
0— O(-2)¢ = 0(-1)Pp 04 - Vv* 0.

Working with resolution spaces instead of moduli of stable sheaves allows us to sidestep
questions of stability that arise when studying these Quot schemes, such as whether the
general quotient V' — 77 has a stable kernel. We also use resolutions of this form to deduce
the following statement of general interest about when general stable bundles on IP? are

globally generated, which we could not find in the literature.

Proposition 5.1.2 ((BGJ16)). Let & = (r, A, d) be a Chern character on P? such thatr > 1, A > 0,

and x (&) > r + 2. Then general sheaves in M(() are globally generated.

5.2 Background on resolutions

Consider short exact sequences
0O>E—>V-—>1I,—0

of sheaves on IP?, where Z is a zero-dimensional subscheme of IP? of length 11, e = ch(E) =
(r,—A,(n—1)r — 3A),and thus v = ch(V) = (r+1,—A, (n — 1)r — n — 3A). It will often

be convenient to consider the dual long exact sequence
0-0—=V"-E"-0;—=0

in which the section @ — V* vanishes along Z, so the cokernel fails to be locally free
along Z. We write ¢ and v" for the dual invariants. We assume r > 2, n > 1, and A
sufficiently large relative to r and 7 so that the moduli space M(v) is positive dimensional

of the expected dimension, as guaranteed by

Theorem 5.2.1 ([LP97]). There exists a positive dimensional moduli space M(¢) if and only if
X(&) and ¢1(&) are integral and A(E) > 6(u(E)). In this case M(E) is a normal, irreducible,
factorial projective variety of dimension 1 — x (¢, ¢).
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The discriminant A(¢) in the theorem is defined by the formula

A(§) = 31(8)* — cha(8)/7(5),

where r is the rank and (&) = ¢1(¢)/r(¢) is the slope, while the function ¢ has a compli-
cated fractal-like structure but is bounded above by 1, so checking A(v) > 1 is sufficient
for getting a nice moduli space.

As we will prove later in Proposition 5.5.1, if & is a Chern character on IP? satisfying

certain inequalities, then general stable sheaves G in M(¢) have resolutions of the form
0—0(-2)7T = O0(-1)Pa0* -G =0, (1)

where «, B,y > 0 are uniquely determined by ¢. These resolutions will play a critical role
in our study of general vector bundles, and we will refer to them as (t)-resolutions. In

particular, applying Proposition 5.5.1 to the invariants ¢¥ and v" yields

Proposition 5.2.2. Assume (n —1)r < %A. Then a general sheaf E* in M(c") has a (1)-
resolution

0— 0O(=2)° = O0(-1)®0" - E* -0
and a general sheaf V* in M(v") has a (1)-resolution
0— O(=2)"" = O(=1)!+ g 01" 5 Vv* -0,
where
a=nr, b=A-2n—-1)r, c=A—(n—-1)r.

Conversely, cokernels of general maps O(—2)¢ — O(—=1)! @ O%and O(—2)" — O(-1)"*2" g

O =1 ave semistable.

Remark 5.2.3. Throughout this section, a, b, c will be as in the proposition, and A = a +
1—n,B = b+2n, C = c+ n will be used to simplify notation. Since general E* and
V* in moduli are locally free, we can dualize the (t)-resolutions in the proposition to get
resolutions 0 — E — 0* & O(1)? = O(2)° =+ 0and 0 — V — 042 0(1)? — 0(2)¢ = 0
for general E € M(c) and V € M(v).

A more general way to describe globally generated vector bundles of rank r 41 is to

consider the inclusion of r general sections, whose cokernel will have rank one and will
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jump in rank on a closed subscheme representing the second Chern class. Reversing the
process, we can start with O" and a general rank one sheaf with the right Chern character
and consider general extensions. In our case, recalling that the first Chern class agrees with

the first Chern character and the second Chern class satisfies c; = 1c? — chy, we compute

(V) = Y(=er(V)) = cha(V) = (A ; 2) —(n—1)(r—1).

It follows from Proposition 5.2.2 that this description of general vector bundles also pro-

duces general sheaves in moduli.
Corollary 5.2.4. General sheaves in M(v"') coincide with general extensions
00" V"= 0\ Iw —0,

where W C IP? is a general zero-dimensional subscheme of length (*3%) — (n — 1)(r — 1). If

(n—1)(r — 1) > 3, then general sheaves in M(v") are globally generated.

Proposition 5.1.2 is a more general result about global generation of stable sheaves on

P2,

Proof of Corollary 5.2.4. Since general V* in M(v") have a general (t)-resolution, the coker-

nel of a general map O — V* is also the cokernel of a general map
0(-2)¢ - 0(-1)Bqp 047,

so it is torsion-free and thus of the form O(A) ® Zy. The fact that W is general follows
from a construction of these resolutions in families, yielding a dominant rational map to
the Hilbert scheme. To see that general extensions yield stable sheaves we use the fact that
stability is an open condition in families. Since O(A) ® Zyy is globally generated when it

has > 3 sections, so is V*. O

It will be convenient to have a criterion for detecting when a given coherent sheaf on IP?
has a (t)-resolution. The following proposition applies to coherent sheaves with arbitrary

Chern classes that may not be stable or locally free.

Proposition 5.2.5. A coherent sheaf G has a (t)-resolution if and only if i°(G(—1)) = h}(G) =
h?(G(—1)) = 0 and Hom(O(—1), 0) ® H*(G) — H°(G(1)) is injective.
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Proof. The ( = ) direction follows from the fact that line bundles on P?> have no first
cohomology and the observation that Hom(O(—1),0) ® H*(0%) — H°(O(1)%) is an
isomorphism for all «.

For (<= ),seta = h°(G) and B = h°(G(1)) — 3a. The vanishing 1! (G) = h*(G(-1)) =
0 implies that G has Castelnuovo-Mumford regularity < 1, so G(1) is globally generated.
Starting with the surjection O%**F — G(1), observe that 3a of these sections factor through
O(1), and conclude that there is a (non-canonical) surjection OF & O(1)* —» G(1), which

we twist to get a short exact sequence

05K—=0(-1)faot LG oo

Since line bundles have no first cohomology and f induces an isomorphism on global
sections, h!(K) = 0 and hence h!(K(n)) = 0 for all n > 0. By assumption h°(G(—1)) =0,
so i%(G(n)) = 0 for all n < 0, which implies h'(K(n)) = 0 for all n < 0. Since all
twists of K have vanishing first cohomology, K must be a direct sum of line bundles by the
splitting criterion of Horrocks ([OSS80]). K cannot contain any O or O(—1)-summands
by construction, nor can it contain O(—n)-summands for n > 3 since ' (G) = 0, so K ~

O(—2)7 for some 7. O

5.3 Setup for proof of theorem
Instead of working with the moduli space M(v), it will be more convenient to work
with the resolution space. We define R(v) to be the open subset of the projective space
PV = P(Hom(O4 ® O(1)8,0(2)¢)) consisting of surjective morphisms (whose kernels
thus have Chern character v). R(v) has dimension N = 6 AC 4 3BC — 1 and the subset of
resolutions of stable sheaves is open and dense by Proposition 5.2.2. A useful feature of
R(v) is that it has a universal family V over R(v) x IP? defined as the kernel of a morphism

of vector bundles

7" OR(o)(—=1) @ p*(Op2 ® Op2(1)°) = p*Op2(2)S,

where R(v) & R(v) x IP? 2, P2 are the projections. The morphism is defined by the

general matrix of linear and quadratic forms in the coordinates of IP?, where the projective

coordinates of R(v) parametrize the coefficients of the linear and quadratic forms.
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Since we are interested in Z7 quotients of V, we consider commutative diagrams

04a 01 L. 0@2)C (5.1)
| I
O— 0y

in which f need not be surjective, g is necessarily surjective, Z varies in (P?)I"], 7 is
induced by a rank one quotient 04 - O, and 717 is the canonical map.

In the case when f is surjective, we claim that these commutative diagrams are in
bijection with the maps V' — Z7. The induced map on kernels of the rows in the diagram
is of the form V — T,. Conversely, the map V — O4 can be identified with V —
Hom(V,0)* ® O, so given any map V — Z (possibly non-surjective), the composition
V — I; — O factors through V — 04 and yields a diagram (5.1).

To globalize the above diagrams, consider the vector bundle £ = ¢,(Oz ® p*O(-2))
on (IP?)l", where Z c (IP?)["l x IP? is the universal subscheme and we abuse notation
by again writing g, p for the projections. The fiber of £ at Z is H*(Oz ® p*O(-2))
Hom(O(2), Oz) by Cohomology and Base Change ([Har77]). Consider the incidence vari-
ety

Ian=1{(f,gm)|gof=mnzomin P(Hom(O*® O(1)%,02)) }

contained in PN x P(£€) x P21, which we will usually view as a family over PN. We

will prove
Proposition 5.3.1. Let A > 0. Then

(a) I ), has a unique component of dimension N and any other components have strictly smaller

dimension;
(b) For A > 0, general sheaves E in M(c) and I in (P?)!" satisfy hom(E,Zz) = 0.

(c) There is a resolution f such that V. = ker f has an 1 quotient that is an isolated point in

Quot(V, (1,0, —n));

(d) For an open set U C R(v), the restriction I, ) ,|u coincides with the relative Quot scheme
Quot(V!u, (1,0, —n), U), whose fibers over U are finite, reduced, and consist of quotients

V — Iy for which Z is a collection of n distinct points that are general in IP2.
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Part (d) of the proposition immediately implies Theorem 5.1.1 since choosing a general
resolution in U, which corresponds to a general stable vector bundle V, the fiber of the

relative Quot scheme is Quot(V, (1,0, —n)).

5.4 Proof of existence of finite Quot schemes

In this section we prove the four parts of Proposition 5.3.1.

5.4.1 Proof of (a)
We stratify the fiber P(Hom(O(2)¢,0z)) of P(EC) over Z € (IP?)[" as a union of

varieties over which we can control the dimension of I, » ,,. Let
Wi C Hom(O(Z)C, Oz)

be the locally-closed subscheme of maps g that factor through a map O(2)¢ — O(2)* but

not through a map O(2)¢ — O(2)F~1. Since Hom(O(2), O7) = n, we can write
P(Hom(0O(2)%,0z)) = P(Wy) - -- U P(W,).

The codimension of W; in Hom(O(2)¢, 07) is (n — k)(C — k), which is computed by
adding the dimensions of the Grassmannian Gr(C¢, k) and Hom(O(2)*, O7).
We compute the dimension of I, , , over these strata by describing the fibers. For each

fixed pair (g, ) € P(Wy) x P4~ over Z, there is an exact sequence
Hom (0% & O(1)%,0(2)°) %5 Hom(04 @ O(1)F,0,) — Ext' (04 & O(1)8, kerg) — 0,

and the fiber in I, , , over (g, 77) is the projectivization of the preimage under g, of 7z o .
We observe that Ext! (O, ker g) = h!(ker g) measures the failure of H(O(2)€) — H°(0Oy)
to be surjective and Ext!(O(1),kerg) = h'(kerg(—1)) measures the failure of the map
H°(O(1)¢) — H%(Ogz), which is induced by g(—1), to be surjective.

In the case k = n, both of these maps of global sections are surjective. Since W, has
codimension 0, the dimension of P(W,,) x P4~!is nC + (A — 1). The codimension of the
fibers of g, in Hom(O% & O(1)8,0(2)¢) is hom(04 & O(1)8,0z) = n(A + B), which
is equal to nC 4 (A — 1) +2n. Letting Z vary in (IP?)["], we see that the dimension of
I 2y is equal to N = dim R(v) since the following lemma guarantees that the jump in
dimension of the fibers of I, , , over Wy for k < n is strictly less than the codimension of

Wy in Hom(O(2)¢, Oz).
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In fact, this dimension count will complete the proof of (a) as follows. For every N-
dimensional component of I, , ,, the fiber over a general point in P(& ©) must contain a
nonempty open set in the fiber of I, , , for dimension reasons. But the fibers of I, , , are
projective spaces, so the intersection of two nonempty open sets contains a nonempty open

set, hence there can be only one component.

Lemma 5.4.1. Assume A > 0and 1 < k < n. Then forall g € W,
Ext! (04 @ O(1)8,ker(g)) < codim Wy = (n — k)(C — k).

Proof. We think of H?(O(1)) as the space of linear forms on IP2. Fixing ¢ € H°(O(1)) that
does not vanish on any points in the support of Z, we can identify every map O(2) — Oz
with a global section of Oz by multiplying by 2. Thus ¢ € W; determines a k-plane
Hy, C H°(Oy), and the image of the global section map H’(O(1)¢) — H°(Oy) is obtained
by multiplying H, by the space of rational functions H’(O(1))/¢ and hence contains H;.

We claim that the rank of H(O(1)¢) — H%(Oz) is > k + 1. If not, then the image
must be exactly H;. But then the image of every map H°(O(d)¢) — H%(Oz) obtained
by twisting ¢ is also H;, which contradicts the fact that H(O(d)) — H°(Oy) is surjec-
tive for d > 0 by Serre vanishing applied to ker g. By the same argument, the rank of
HY°(O(2)¢) — H°(Ogz) is > k + 1 as well.

Thus the left side of the proposed inequality is

A -Ext'(O,ker(g)) + B-Ext'(O(1),ker(g)) < (n —k —1)(A + B),

sosince A+ B — C = r+1, it suffices to show (n —k)(1+r+k) < A+ B, which is achieved

by choosing A sufficiently large. O

5.4.2 Proof of (b)

Theorem 5.2.1 implies that M(c) is non-empty for A > 0. If E is locally free, then
hom(E,Zz) = h°(E* ® Z7), and dualizing locally free sheaves yields an isomorphism
between dense open subschemes of M(c) and M(c"). Thus it suffices to prove that for
A > 0, general E € M(c") and T, € (IP2)[" satisfy h°(E ® Z;) = 0.

We use induction on A. We will emphasize the dependence of o on A by writing o = 0.

For each A, it suffices to construct a single pair (E, Z7) such that hO(E ®Zz) = 0, where
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Eis in M(¢)) or in R(0y) (the space of (t)-resolutions). This is because the vanishing
h(E ® I) = 0 is open in families by Cohomology and Base Change ([Har77]).

For a base case, let A = rk for k minimal such that x(Opz(k)) > n. Choose Z general of
length n and Z’ such that |Z'| 4 |Z| = x(O(k)) and Z" U Z is not contained on a curve of
degree k. Then E = Z/(k)" is in M(¢) and h°(E ® Z7) = 0 since h%(Zz,7(k)) = 0 by our
choice of Z'.

For the inductive step A = A + 1, we may assume there exist general E; € R(¢y)
and 7 € (IP?)" satisfying h°(E} ® Zz) = 0. Since E is general, it is locally free with dual
E,. Let ¢ be a general line in IP?, for which E,|, splits into a direct sum of line bundles,
at least two of which have negative degree by the Grauert-Miilich Theorem ([HL10]).

Choosing a surjection E, |, — Oy(2) yields an elementary modification
0— Exy1— Ex— Op(2) =0,

where restricting the sequence to ¢ produces the kernel 0 — Oy(1) — Eji1|s — Ejls.

Exactness in the middle of the sequence
0 = Hom(E,,Zz) — Hom(Ex 1,Z7) — Ext'(0(2),Z7) ~ H' (O,(—1)) =0

yields the vanishing h°(E},; ® Zz) = hom(E,1,Zz) = 0.

Consider the dual sequence of sheaves
0— Ey = Ei — Oy(—1) = 0.

Since E; has a (t)-resolution, O;(—1) has no cohomology, and O(—2) has only cohomol-
ogy in degree 1, Proposition 5.2.5 ensures that E}_ ; has a (t)-resolution. This completes

the proof.

5.4.3 Proof of (c)
We prove (c) in Proposition 5.3.1 by constructing a vector bundle V* with a resolution
and an appropriate section, and then dualizing.
Let E be a general vector bundle in M(¢) and Z7 in (IP?)["] be general, which ensures
that Hom(E,Zz) = 0 by Proposition 5.3.1 (b). Choose a general surjection E¥* — O that
induces a surjection on global sections. Let | be the kernel, which fails to be locally free

along Z. We will show that a general extension 0 — O — V* — | — 0 produces V* that
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is locally free and has a (t)-resolution. This will complete the argument because dualizing
the sequence defining V* yields the short exact sequence 0 —+ E — V — Z7 — 0, which
is an isolated point of Quot (V, (1,0, —n)) since Hom(E,Zz) = 0, and V has a resolution

since V* does.

Lemma 5.4.2. (1) V* is locally free.
(2) | has a (t)-resolution.

(3) V* has a (1)- resolution.

Proof. (1): If an extension V of J by O fails to be locally free along a subscheme W C Z,

whose residual we denote W’ C Z, then the inclusion V — V"V yields a diagram

0 @) I/ Ji 0
0 @) vV J 0

in which the extension in the top row is pulled back from the extension in the bottom row.

Here |’ is a subsheaf of E* with cokernel Oy . Since
ext!(J',0) = K1 (J'(=3)) = K} (E*(=3)) + |W'| < K (E) +n = ext!(], O0)

and there are only finitely many such |’ (corresponding to finitely many subschemes W’
of Z), the total locus in Ext! (], O) of all extensions pulled back from a |’ has codimension
> 1. Avoiding this locus yields V* locally free.

(2): We will use the fact that E* has a (t)-resolution (since it is general in moduli) and

the criterion provided in Proposition 5.2.5. Consider the sequence
0—-]—E"—=0;—0

defining J. Since HY(E*) — H%(Oy) is surjective by construction, h!'(J) = 0. The other
properties for | required in Proposition 5.2.5 follow immediately from the same properties
for E*.

(3): Pulling back the extension 0 — O — V* — ] — 0 using the map to | in the
(t)-resolution of | yields a (t)-resolution of V* that looks like the resolution for | with one

additional O. O
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5.4.4 Proof of (d)
To analyze the points of Quot(V, (1,0, —n)), we need to know what kinds of quotients

can arise. We can classify coherent sheaves on P2 with Chern character (1,0, —n) into four

types.

Lemma 5.4.3. Let F be a coherent sheaf with ch(F) = (1,0, —n) for n € Z>o. Then F must be

one of the following:

(1) Zz, where |Z| = nand Z is reduced;
(2) Iz, where |Z| = n but Z is not reduced;
(3) Anextension0 — Oy — F — Iy — 0, where |Z| > nand |Z'| = |Z| — n;

(4) An extension 0 — Oc(D) ® Oz — F — Os(—C) ® Zz» — 0, where C is a curve, D is a
divisor on C, and |Z| = n — |Z'| — degD.

Proof. Let T be the torsion subsheaf of F, which fits in an exact sequence 0 — T — F —
Q — 0. Since Q is torsion free of rank one, it must be a line bundle tensored by an ideal
sheaf of points. When T is empty or supported on points, c1(Q) = 0, so Q is an ideal sheaf
of points, which yields cases (1), (2), and (3). If T is supported on a curve of class C, then
c1(Q) = —C, 50 Q = Os(—C) ® Iz, yielding case (4). O

To prove (d), we deform the isolated quotient
0O—>E—>V-—>1I,—0

constructed above to conclude that general resolutions in R(v) have isolated Z; quotients.

Let V be the universal bundle over R(v) and consider the relative Quot scheme Q =
Quot(V, (1,0, —n),R(v)) over R(v), which has the quotient x = [V — Z] as an isolated
point in the fiber over [V]. Theorem 2.4.3 ensures that the dimension of the component of

Q containing x is at least
hom(E,Z7) — ext'(E,Zz) + dim R(v) = dim R(v).

Since the fiber dimension at x is 0, upper semicontinuity implies that the fiber dimension
is generically 0, so there is an open set ¢/ C Q consisting entirely of points at which the

relative Zariski tangent space is zero-dimensional, namely the map to R(v) is étale.
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We now show that I/ consists entirely of Z; quotients by ruling out the other possible
sheaves with Chern character (1,0, —n) listed in Lemma 5.4.3. If the cokernel F in 0 —
E — V — F — 0 has zero-dimensional torsion, then hom(E, F) > 0. If F has torsion along
a curve, then V has a map to a line bundle of negative degree, which is impossible since V'
has a (t)-resolution. Thus the quotients in U/ are all ideal sheaves.

But since every map from sheaves V with resolutions to ideal sheaves Z7 occursin I, ) ,,,
this yields an injective morphism ¢: & < I, ) ,. Set-theoretically, the map is obtained by
extending a quotient V' — 77 to a diagram (5.1). We check below that this map is algebraic.
The image has dimension dim R(v), hence must be contained in the unique component of
I, \,, of this dimension. The complement I, ) , \ im(¢) is thus of dimension < dim R(v).
Then U C R(v), the complement of the image of I, ) , \ im(1) — R(v), is open in R(v). By
construction, the fibers of I, ) , over U are fully contained in the image of /.

We claim that the composition of the inclusions I, ) ,|u < U — Qly is an isomor-
phism. We need to rule out quotients in Q| at which the map to R(v) is not étale, which
we can do by showing that every such quotient yields a (possibly nonsurjective) map to
V' — Iz, which is impossible since the full fibers of I, ) , are contained in /. A nonétale
point in Q must be either a quotient 0 - E — V — Z7 — 0 for which hom(E,Zz) > 0
or a quotient V' — F where F is of type (3) or (4) in Lemma 5.4.3. We have already ruled
out type (4) quotients since V has a resolution. The type (3) quotients yield quotients
V — F — Iy, where |W| > n, and every choice of length-n subscheme Z C W gives
rise to an inclusion Zyy — Zz and hence a nonsurjective map V. — 7. Thus the map
I anlu — Q|u is surjective, hence an isomorphism.

Since I,y n|u = Q|u — U is étale, the fibers are finite and reduced. To ensure that all
Z occurring as quotients V — 17 consist of n general distinct points, we can restrict I, ) ,
to any special locus in (IP?)", take the image in R(v), and shrink U further to avoid this
image.

To complete the proof of Proposition 5.3.1, we construct the morphism U — I, , ,
algebraically by compiling the diagrams (5.1) into a family. Over U x IP?, the universal
quotient V — F, where V is pulled back from R(v), is a family of sheaves with Chern
character (1,0, —n). Thus there is a map ¢: U — (IP?)" such that F, up to a twist by a line

bundle L on U, is the pullback of Zz. We will construct a surjective morphism « yielding a



71

commutative diagram

v OR(o)(—1) ® p*(Of, ® Op2(1)F) p*Op2(2)C
| I
L® (¢ xid)*Zz L ® Oyyp2 L® (¢ xid)*Oz

on U x P2, where we have omitted some of the pull backs from the notation. We construct
a locally. First, trivialize Og,)(—1) and L on open sets U; C U such that Oy, has no higher

cohomology. On U; x P? the left side of the diagram is

Vi p*Op, & p*Op2(1)"

| :

(@leg x 1d)* Tz

Oui x P2

and «; is the unique preimage of the composition [V, — O . p2] under the isomorphism
Hom(p* (04 @ O(1)%), ©) — Hom(V, 0)

coming from the long exact sequence obtained from the functor Hom(—, Q). The vanish-
ing hom(p*O(2)¢, 0) = ext! (p*O(2)¢, 0) = 0 in this long exact sequence is guaranteed
by the Kiinneth formula and the vanishing of the higher cohomology of O,;.. These «; are
surjective since they are nonzero and they glue together into a map « since they agree on
fibers over points in /. We get B as the induced map on cokernels.

Since a vanishes on p*Op2(1)8, it induces a map & — PA~L. To lift the map ¢: U —
(IP?)[" to P(£€), we push forward B by g. Taking the product of these maps with the
projection Y — R(v) yields a map U — R(v) x P(EC) x PA~! that coincides with our
set-theoretic description on closed points. Since I/ is smooth, this guarantees that the image

is contained in I, , ,, which completes the argument.

5.5 Resolutions and global generation
We let ¢ be a Chern character on IP? satisfying some mild inequalities and prove that
general stable sheaves in M(¢) have particularly nice resolutions, which implies Proposi-
tion 5.2.2 as a particular case. As a corollary, we deduce Proposition 5.1.2 guaranteeing
that general stable sheaves with large enough Euler characteristic are globally generated.

We ignore the assumptions on 7, A, a, b, c made previously in this chapter.
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Proposition 5.5.1. Let & = (r,A,d) be a Chern character on P? such that
r>1, A>0, x(& >0, and d<—§)\.
Then the general sheaf G in M({) has a resolution of the form
0= 0O(-2)° = 0(-1)!a 0" = G —0,

where

a=x(@)=r+3A+d;, b=-200+d); c=-ir-d

Conversely, cokernels of general maps O(—2)¢ — O(—1)? @ O are stable sheaves in M().

Proposition 5.5.1 follows from a more general result in [CHW14] about resolutions of
general sheaves in M(¢) by triads of exceptional vector bundles. We begin by recalling
some basic facts, following [CHW14]. A stable vector bundle E on IP? is an exceptional
bundle if Ext'(E,E) = 0, in which case we call the slope & of E an exceptional slope
and write E = E, since E is the unique exceptional bundle with slope a. All integers are
exceptional slopes since the line bundles O(n) are exceptional bundles.

Let 7, be the rank of E,, let A, = %(1 — %) be the discriminant of E,, and let &, =
ch(Ey). The set of exceptional slopes £ is in bijection with the dyadic integers via a function

e: Z[1] — € defined inductively by e(n) = n for n € Z and by setting

€ (é’;ﬁ) =e(f).€ (%1) , (5.2)

where the product operation on exceptional slopes is defined by . = # + ? f;f; Since

each dyadic integer can be written uniquely as 22‘;—;1, the p and g in (5.2) are uniquely de-

termined, and we call (5.2) the standard decomposition of the exceptional slope ¢ (éﬁ—ﬁ) .

To find the right triad for resolving general sheaves in M(¢), one needs the correspond-

ing exceptional slope y of ¢. This is obtained by computing

po=—3—p+\/3+u-%,

r

where y = A/r is the slope of ¢, and then < is the unique exceptional slope satisfying

o — v < x,, where x,, = 3 — , /3 — . Then the resolution is described by

>
v

Proposition 5.5.2 ((CHW14]). Let ¢ be a Chern character, let <y be the corresponding exceptional

slope to ¢, and let -y = w.p be the standard decomposition of y. Then:
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(1) If x(CUEy) > 0, then the general G € M() has a resolution

0—E" ,—E™

"EED -G =0,

where my = —x(G ® Ey), my = —x(G ® En), m3 = x(G® E,).
(2) If x(€UE) <0, then the general G € M() has a resolution
0—E" & E’f?%3 — E’fzﬁ — G —0,
where m; = X(G® E, g), ma = x(G®Eg), m3 = —x(G®XE,).
Our proposition follows from the special case when x(¢) > 0 and v = 0.

Proof of Proposition 5.5.1. We first claim that -, the corresponding exceptional slope to ¢, is

0. For A > 0, the inequality |ug| < x9 = 3’2\/5 is equivalent to the pair of inequalities
—(B3- LA —235r < d < — A,

The left inequality is guaranteed by x (&) > 0, which yields d > —3A — r, while the right
inequality is a hypothesis.

Since x (&) > 0, the resolution of general sheaves G in M({) is thus of the form
0= O(-2)° = O0(-1)!'®0" = G — 0.

Applying x, we see that a = x(¢) = r + 3A +d. Additivity on Chern characters yields
the relations a +b —c = r, =b+2c = A, and %b — 2c = d, which can be solved to get
b= —2(A+d),c = —3}A — d. This proves the first part of the proposition.

The converse follows from a dimension count. The dimension of such resolutions is
the dimension of Hom(O(—2)¢, O(—1)" @ O%), minus the dimensions of automorphisms
of O(—2)°and O(—1)" @ O, plus 1 because we are accounting for scalars twice. The result

is exactly
3bc + 6ac — ¢ — b* —a®> —3ab+1 = A* = 2rd — r* + 1 = dim M(¢),
so the general resolution produces the general vector bundle in M(¢). O

We now prove Proposition 5.1.2, which states that a general stable sheaf G of positive
rank on IP? is globally generated when x(G) > rk(G) + 2. The rank 1 case is an analysis of

line bundles and ideal sheaves, and the rank 2 case was known to Le Potier ([LP80]).
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Proof of Proposition 5.1.2. The hardest case is when v, the corresponding exceptional slope
to ¢, is 0. Let G be a general sheaf in M(¢), which has a resolution given by Proposition

5.5.1. The snake lemma applied to the commutative diagram

oL =~ HY(G)® 0O

| |
0—=0(-2)f ——=0(-1) 0" G 0
O(-2)° O(inb 1lf

yields an exact sequence O(—2)¢ — O(—1)? — F — 0 in which the first map is general
if G is general. The assumption that x(¢) > r+ 2 is equivalent to ¢ > b + 2, which
guarantees that general maps O(—2)° — O(—1)? are surjective. Thus F = 0, so G is
globally generated.

Next, we rule out the case v > 0. As in the proof of the Proposition 5.5.1, our assump-
tion on x(¢) (even x(&) > 0 suffices) ensures that pp < % Thus v < 0.

The last case is ¢y < 0. In this case 0 < —B < —1, so the resolution for general G
given by Proposition 5.5.2 expresses G as a quotient of exceptional bundles with nonneg-
ative slope. The following lemma guarantees that such exceptional bundles are globally

generated, hence so is G. O
Lemma 5.5.3. Let 7y > 0 be an exceptional slope. Then E., is globally generated.

Proof. If v = n > 0 is an integer, then E, = Opz2(n) is globally generated. For ¢ > 0

a noninteger, we use induction on g, where p > 0 and g > 0 are the unique integers

such that v = e(ﬂ). Let v = «.p be the standard decomposition of 7. By the inductive

2q+1

assumption, E, is globally generated. Since we can write x = e(%), Theorem 2 of [Dre86]

implies that E, ® Hom(E,, E,) — E, is surjective. Since E, is globally generated, so is

E,. 0



CHAPTER 6

USING MULTIPLE POINT FORMULAS TO
ENUMERATE QUOT SCHEMES

In Chapter 5, we gave a partial affirmative answer to Guiding Problem 1 by exhibiting
a large class of Quot schemes on IP? that are finite and reduced. Guiding Problem 2 asks
whether we can enumerate their points. We show how multiple point formulas can be
used to count the points of finite Quot schemes on del Pezzo surfaces when the quotients
are ideal sheaves of points. In cases where the Quot scheme is indeed finite and reduced
(as on IP?) and where certain genericity conditions are satisfied that ensure the multiple
point formula is counting actual multiple points (we are only able to prove this in very
special cases), the enumeration is successful. In cases where we are not able to check these
genericity conditions, we are still able to show that the resulting expected count of the points
of the Quot scheme agrees with (2.1). This chapter is also based on joint work with Aaron

Bertram and Drew Johnson in [BGJ16].

6.1 Enumerating Quot schemes on del Pezzo surfaces

On a general surface S, we write the Chern character as a triple: a rank, a divisor class,
and the coefficient of the point class in the second Chern character. Since the enumeration
problem is motivated by strange duality, we will once again let p = (1,0, —n) denote the
Chern character of an ideal sheaf of n points. This will provide access to the formula (2.1)
for computing dimensions of the spaces of sections of determinantal line bundles on S [,

We make a further restriction and require that S be a del Pezzo surface, namely P?,
P! x P!, or a blow up of IP? at < 8 general points. This is because we hope to count the
points of finite Quot schemes Quot(V, p), where the Chern character ¢ of the subsheaves
E should satisfy x(o,p) = 0. In general, this orthogonality will imply that hom(E,F) =
ext!(E,F) = ext’(E,F) = 0 when chE = ¢ and chF = p. But V is supposed to be

an extension of F by E for some F and E, and as we have seen, we will need V to be
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general if we hope to get a finite Quot scheme. Thus we want ext!(F,E) > 0. By Serre
duality, ext!(F,E) = ext!(E, F ® ws), which given the vanishing ext!(E, F) = 0 will only
be nonzero if ws is negative. Thus it makes sense to require wg to be antiample, which
brings us to the del Pezzo condition.

Consider short exact sequences
0O—>E—>V-—>1I,—0

in which x(E,Zz) = 0, so the expected dimension of Quot(V, (1,0, —n)) is zero. We can

parametrize Chern characters ¢ that are orthogonal to p = (1,0, —n) as
o= (r,—L,(n—1)r+ 1L.Ks).
The Chern character of V' is then
v=chV=0+p=(r+1,-L (n—1)r—n+3LKs),
which can be used to compute
x@)=n(r—1)+1.

Theorem 6.1.1. Fix 1 < n < 7 and r > 2 in the setting above. For L sufficiently ample, the
dimension h° (O (O, )) agrees with the expected number of points of Quot(V, (1,0, —n)) for

a vector bundle V on S of class v.

The word expected is used for two reasons. First, we do not know in this generality
whether the Quot scheme is actually finite. Second, the multiple point formulas are topo-
logical in nature and thus are only guaranteed to count actual multiple points if the map
under consideration satisfies certain topological genericity conditions, which we cannot

check for the algebraic maps we construct.

6.2 Thecasen =1

Theorem 6.1.1 is easy to prove when n = 1. In this case, p = (1,0,—1) and 0 =
(r,—L, 3L.Ks). Suppose L has vanishing higher cohomology, so that h%(L) = x(L). Let W

be a general collection of |[IW| = x(L) points on S. Let V* be a general extension

00 - V"-LZIy — 0.
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Then V* is locally free and the Chern character of its dual V is ¢ + p. Moreover, V* has
vanishing higher cohomology and since h°(V*) = x(V*) = r, all the sections of V* occur
in the map O" — V* in the extension. These sections have full rank away from W and
drop to rank exactly r — 1 on W, hence for each p € W, there is a unique section (up to
scaling) that vanishes at p. We will prove that if the extension defining V* is general, then
p is the only zero of that section. Thus #Quot(V, p) = x(L).

A section O — V* vanishing at > 2 points induces a commutative diagram

T T
0 or V* LTy —=0

P

0—=0O01 V- L@y —=0
in which V fails to be locally free at two points. By the following lemma, the extension
producing V occurs in a locus Z of codimension 2(r — 1) in Ext! (L @ Zyy, ©O"~1). But there
is a short exact sequence

0 — Ext' (L ® Zw, ©) — Ext'(L © T, O") 25 Ext!(L @ Ty, 0'1) = 0,

hence V* lies in the preimage B;!(Z,), which also has codimension 2(r — 1) in Ext! (L ®
Ty, O"). As the choice of B: O — O~ ! varies (in IP"!), these preimages B, !(Z,) sweep
out a locus of codimension > 2(r —1) — (r —1) = r —1 > 0 in Ext'(L ® Zy, O"), so
choosing the extension defining V* to avoid this locus guarantees that V* has no sections

vanishing at > 2 points.

Lemma 6.2.1. Let L be very ample, r,k > 0, and W be a collection of |W| > h°(L ® ws) +k
general points in S. Then the locus of extensions in Ext' (L ® Iy, O") producing a sheaf that is not

locally free at > k points has codimension exactly kr.

Proof. An extension V that is not locally free on a subscheme W’ C W of length k induces

a commutative diagram

0 or v L® Ty 0
[ j\u‘w,
0 o 1% L& Iy —=0
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The extension producing V is the pullback of the extension producing V, so it is in the
image of

ajyr: Ext' (L @ Iy, O7) — Ext! (L @ Iy, O").

This map is injective since the cokernel of ay is O and ext! (O, O") = 0. Since
ext?(L ® Zy\w, O") = hom(0", L ® ws @ Zy\wr) =0

because |W \ W/| > h%(L ® ws) by assumption, the cokernel of aj, is Ext?(Ow, O"),
which has dimension kr. Thus the image of a3, has codimension kr in Ext'(L ® Zy, O").
Choosing an extension that avoids the images of aj, for each of the finitely many choices

W' C W with |W'| = k produces a sheaf that fails to be locally free at < k — 1 points. [

6.3 Three classical cases
We prove Theorem 6.1.1 in each of the special cases when (n,7) € {(2,2),(2,3),(3,2) }
by constructing a general vector bundle V, computing the double or triple points of a

particular morphism, and checking that the result agrees with the formula for x (O g (L —

IB)) in §2.4.1.

6.3.1 Double points of an immersed plane curve, (1,7) = (2,2)
Let L be an ample line bundle on S satisfying —L.Ks > 4. Let W be a general collection
of |[IW| = x(L) — 1 points in S, such that the unique curve C of class L containing W is

smooth and W is general on C. Let V* be a general extension
0= 0= V" -5 Le0Oc(-W)—0.

Then V* is locally free, has rank 3, and its 3 sections drop to rank 2 on C. Thus we get a

morphism

f: C——=P (HY(V*)) =P?

which sends each point p € C to the unique (up to scaling) section of V* vanishing at p.
We claim that this morphism is a general projection of the embedding defined by the

line bundle Oc(W). (The condition —L.Ks > 4 ensures that W is very ample on C since

it is general of degree x(L) —1 > x(L + Kg) + 3 = gc + 3.) To identify the sections of V*
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that vanish at points, we restrict the sequence defining V* to C. This identifies the sections

that vanish as the kernel
0= Oc(=W) = H (V") ® Oc = V*|c = L|c ® Oc(=W) =0,

so f is induced by the morphism H?(V*)* @ Oc — Oc(W). To ensure that V* does not
contain Og-summands, and since automorphisms of (’)?’g do not affect the isomorphism
class of the extension V*, we should choose the extension V* as a point of Gr(3, Ext! (L®
Oc(—W), Os)), which is naturally isomorphic to Gr(3, H(O¢(W))) parametrizing choices
of three sections of O¢(W). Choosing V* to be a general extension ensures that the sections
of H(Oc(W)) are general, which proves the claim.

Thus we see that f(C) is a plane curve with only simple nodes. The preimage f~!(s) of
a closed point s is equal to the vanishing locus of s as a section of V*, and since n = 2, we
want to count sections that vanish at exactly two points, which correspond to the nodes of
f(C). Since degree is preserved by projection, f(C) has degree |[W| = x(L) — 1 = cp(V*)
and its normalization C has genus 1L.(L 4+ Ks) + 1 by adjunction. Thus the number of

nodes is the difference
CZ(V*) -1
2

which agrees with the formula for x (Ogp (L, — B)) obtained by setting r = 2in (2.2).

)—(ﬁ4L+K@+1L

6.3.2 Double points of a blowup of S immersed in P4, (n,7) = (2,3)

Let L be a very ample line bundle on S satisfying —L.Ks > 5 and an additional positiv-
ity condition that we will state below. Choose W’ to be a collection of x(L + Ks) general
points on S not contained on any curve of class L + K, which also impose independent
conditions on curves of class L. Let C,C’ be general smooth curves of class L containing
W’ and intersecting transversally, and let W C C N C’ with |W| = x(L) — 2 be the residual
of W'. Then W is not contained on a curve of class L + Ks and imposes independent
conditions on curves of class L by Cayley-Bacharach ([TV00]).

Let V* be a general extension
0= 0 =V 5 LIy —0,

chosen as a point of Gr (3, Ext! (L®Zy, (’)5)) to ensure that V* has no Os-summands. This

Grassmannian is nonempty for —L.Ks > 5. Then V* is rank 4 with 5 sections, so there is
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a section vanishing at each point of S, and in fact the sections of V* drop to rank 3 on W'.
We can separate these additional sections by passing to X = BlysS = S, which yields a
morphism

f: X =BlyS—=P (H(V*)) = P*

sending each p € X to the unique section of V* vanishing at p.

More precisely, f is a general projection to IP* of the embedding determined by the line
bundle £ = m*L(— Y E;), where E; are the exceptional divisors of the blowup 7r. To see
that £ is very ample on X, we use a criterion of Ballico-Coppens (Theorem 0.1 in [BC97]).
First, we view X as a blow-up 7: X — IP? with exceptional divisors E; from blowing up
W’ and F; from the del Pezzo surface S. (The case S = IP! x P! can be handled by a similar
argument since blowing up a point of P! x P! yields the blow-up of P? at two points.)
Write

L =" (Op2(d)) ® Ox( — LmiF; — LE;).

To apply the criterion, we note that Op2(1) is very ample and that m; +m; < d — 1 (this is
property (C1) since the blown-up points are general) since L is very ample on S ([DR96]),

so the last condition we need to check to guarantee that £ is very ample is
W (IP?, Iy ® Op2(d — 1)) =0,

where m =) m;P; + ) Q; is the weighted sum of the points P;, Q; € P2 corresponding to
the exceptional divisors F;, E;. Since all the blown up points are general, this last condition

holds if we assume that

() () a1 B

which is the positivity hypothesis on L we mentioned above.
To see that f is a general projection to P of the embedding determined by £, note that

the kernel L* in the exact sequence
0—=L"—= H(V)®0s = V' = Oy —0

fails to identify the additional sections of V* that vanish along W’, but this is corrected by
pulling back H*(V*) ® Os — V* — O to X, which yields a new kernel

0— L* = H(V)® Ox — m*V* — O, — 0,
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where L is defined as above. We can think of f as the induced morphism P(L*) —
P(H°(V*)), which is the composition of the morphism X — PH(L) and the projection
onto the image of the induced inclusion H°(V*)* — H°(L), which by construction con-
tains the span of C, C’ viewed as sections of L. For fixed L and W, assigning this image to

each extension V* gives an isomorphism
Gr (3, Ext! (L ® I, Os)) ~ Gr (3, H(L) /span(C,C")),

and these Grassmannians are nonempty by the condition —L.Ks > 5. Thus a general
choice of V* yields a choice of 3 general sections of £ in addition to C,C’. Since C,(’
are general curves containing W’, the sections of a general V* yield 5 general sections of
L, namely the projection in the definition of f is general. See §6.4.2 for a more detailed
argument in a similar situation.

Thus f(X) is an immersed surface in IP* with ordinary double points. The number of
ordinary double points of an immersion can be computed using the following theorem,

which is known as the Herbert-Ronga formula.

Theorem 6.3.1 ([Kle81] Theorem 5.8). Let X and Y be smooth varieties, let k > 2, and let
f: X — Y be practically k-generic of codimension £ > 1. Suppose f is an immersion. Then the

k-fold point class in X is
X = ffoxeq — (k=1)cixq € AMDYX),
where ¢y = cy(f*Ty/Tx) and x1 = [X] is the fundamental class.

In [Kle81], Kleiman constructs “derived maps” fr_1: Xy — Xi_1 inductively (fo = f),
where X is the residual to the diagonal subscheme in the fibered product of two copies
of fr_», and f;_1 is defined to be the second projection. The k-fold point class xi is (f1 o
-+ 0 fr_1)«[Xk]. In general, x; can be thought of as the closure of the locus of points p in
X at which the fiber of f(p) has length k. The practically k-generic assumption is that f;_;
is an Ici of codimension ¢ for all j < k, which guarantees that each x; has the expected
codimension (j — 1).

For our application, we consider the Herbert-Ronga double point formula

0= fX] e € AYX),
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which holds even if f is not an immersion ([Kle81] Theorem 5.6). We want to count
certain sections of V*, namely the double points of f in Y = P4, so we push forward
the Herbert-Ronga formula, dividing by 2 to account for the fact that every double point

has two preimages. The resulting formula is

Corollary 6.3.2 (Double point formula). Let f: X — Y be a morphism of smooth varieties.
Assume f is practically 2-generic and has codimension { = dimY — dim X > 1. Then the double

point class in Y is

((F[X])? = fucr) € A*(X). (6.1)

NI—=

Y2 =

In our application, the first derived map f; is the second projection to X from the finite
locus Xo = {(p,q): f(p) = f(g)and p #q} C X x X\ A, so f is practically 2-generic
and the double point formula correctly computes the number of double points on f(X).
To compute ¢ = co(f*Tps/Tx), we use the total Chern classes ¢(Tps) = (1 + H)’ and
¢(Tx) = 1—Kx + (12p — K%), where p is the class of a point and Kx = Ks + }_E;, as well

as the identity f*H = L — )_E,. After some simplification, we get
o =[(1+ (L—XE))°(1+Kx +2(K% —6))]» = 5L.Ks + 2K3 + 10L2 — 7|W'| — 12,
and substituting |W’| = L? — ¢ (V*) yields
yo = 3 (ca(V*)? = 7c2(V*) — 5L.Kg — 2K3 — 3L* 4 12)

which matches the formula for x (Ogp (L2 — 32)) in (2.2) when we set r = 3 and make the
further substitutions c(V*) = x(L) —2and L? = 2x(L) + L.Ks — 2.

Remark 6.3.3. We could also use the double point formula to recover the count in the
above case (n,7) = (2,2) of a degree c3(V*) immersion f: C — IP? of a smooth curve of

genus 3L.(L + Ks). In this case ¢(Tp2) = (1 + H)® and ¢(Tc) = 1 — K¢, so
1 = (0 (f*Tlpz/Tc) = [f*(l + 3H)(1 -+ KC)]l = 3C2(V*) + L(L + Ks)

and therefore

yo = 1 (c2(V*)* — (3c2(V*) + L.(L + Ks))),

which agrees with the previous computation.
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6.3.3 Triple points of a nonimmersed blowup of S in P, (n,7) = (3,2)

As in the case (1n,7) = (2,3), choose sufficiently positive L (with the same conditions
except that —L.Kg > 4 suffices in this case), general W’ of length |W'| = x(L 4+ Ks), and
smooth transversal curves C,C’ of class L containing W’. Let W be the residual to W’ in
CNC'. We let V* be a general extension 0 — (9592 — V* —- L ®Zyw — 0, which has rank 3

and 4 sections that drop to rank 2 on W'. As before we get a morphism
f: X =BlywS——=P (H(V*)) =P8

sending p € X to the unique section of V* vanishing at p, and once again f is a general
projection to IP? of the embedding of X determined by the line bundle 77*L(— ¥_E;), where
E; are the exceptional divisors of the blow-up.

Since f is a general projection to IP*> of an embedded surface, we can give an explicit
description of its singularities, following [CF11] and [MP97]. The singular points of the
image f(X) form an irreducible curve Cy (the double point locus) containing finitely many
ordinary triple points (which are three-branch nodes of the curve) and finitely many pinch
points (which are smooth points of the curve, but at which the derivative of f drops rank by
1, so f isnot animmersion). The preimage C; := ffl(Co) C Xisacurveand f|c,: C1 — Co
is generically two-to-one. The pinch points on Cy are branch points of f|¢,, over which C;
is smooth. The only singularities of C; are triples of simple nodes lying over each triple
point of Co.

Since n = 3, we want to compute the number of these triple points. This can be done

using Kleiman’s triple point formula.

Theorem 6.3.4 ([Kle81] Theorem 5.9). If f: X — Y is practically 3-generic of codimension ¢

between smooth varieties, then the triple point class in X is

k=1

5
x3 = f*faxo — 2cpx2 + (Z 2kC€—kC€+k) S A%(X)'

To obtain a corresponding formula on Y, we substitute the double point formula for x5,

push forward to Y, divide by 3, and use the projection formula.

Corollary 6.3.5 (Triple point formula). Let f: X — Y be a practically 3-generic codimension £

morphism of smooth varieties. Then the triple point class in Y is



84

{
mzéOﬂ@W—%N@@BD+%@%+ZfﬁW%%M>GAWW. 62)

k=1

In our setting, the first derived map f1: X, — X; = X is the normalization of C;, and
the set of closed points in X5 lying over the nodes of C; is exactly the image of the second
derived map f>: X3 — Xo. Thus f is practically 3-generic, so the triple point formula
applies. Note that there are three nodes over each triple point of Cy, and two points in X3
over each of these nodes, which explains the factor of % in the formula.

Letting p denote the point class in A%(X), we compute the total Chern class
o(f*Tps/Tx) = (1+ (L — LE))*(1 4+ Kx + 2(K% — 6p)),

from which we extract ¢; = 4L + Ks —3YE; and ¢, = 6L% + 4L.Kg + 2K% — 4|W'| — 12
after substituting Kx = Ks + )_E;. To compute y3 we need to know how a divisor D on
X pushes forward under f, but this is easy since f.D in IP° is determined by its degree
(f«D).H = D.f*H = D.(L — ¥E;). In particular f.c; = 4L? + L.Ks — 3|W’|, so

35 = ¢ [V = 3ea(V)) fuler) +2£() +2f.(c2)]

1
=3 [c2(V*)® = 3cp(V*) (4L + L.Ks — 3|W'|) + 44L? + 24L.Ks + 6K3
—26|W’| —24],

which agrees with the formula (2.3) for x(Ogp (L3 — B)) when we substitute c;(V*) =
x(L) —2,|W| = x(L) + LKs, and L2 = 2 (L) + L.Ks — 2.

6.4 General case

We prove Theorem 6.1.1 in the general case, namely when n,r > 2, (n,r) ¢ {(2,2),
(2,3),(3,2) }, and n < 7. To do so, we choose a general globally generated vector bundle
V* with the appropriate invariants and collect the sections of V* that vanish at points as
the kernel 0 — G — H(V*) ® Os — V* — 0. The sections of V* that vanish at n
points correspond to the n-fold points of the natural map f: P(G) — P(H°(V*)), which
on closed points is just (p,s) — s, where p € S and s is a section of V* vanishing at p.
We compute the number of n-fold points of f using multiple point formulas, which are
only known in sufficient generality (f has corank 2) up to n = 7. Our computer code
(which can be found in [Joh16]) checks that these computations agree with the value of

X(Osw (L, — rg)) obtained from the power series (2.1).
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6.4.1 Choosing V
Let L be an ample line bundle on S. Let W be a collection of |[W| = x(L) — (n —1)(r — 1)

general points on S. Define V* as an extension
00 —=V" "> LIy —0

corresponding to a general point in Gr (r, Extl(L ® Lw, (95)), which is nonempty if and
only if —L.Kg > n(r — 1) + 1. The Grassmannian is the natural extension space since we
are mainly interested in the isomorphism class of the middle object in the extension. More

precisely, the isomorphism
Ext!(L ® Ty, 0%) — Ext' (L ® Iy, Os)"

defined by pushing forward extensions along the r projection maps p;: Oy — Og is
GL(r, C)-equivariant, where the action on the left is by pushing forward along automor-
phisms of Of (which has the effect of precomposing the map O; — V* by the inverse
automorphism) and the action on the right is the natural action on the r summands. Re-
moving the locus where the action is not free (which corresponds on the left to extensions
that have Os-summands and on the right to linearly dependent r-tuples) and passing to

the quotient yields the Grassmannian above.

Proposition 6.4.1. Let n,r > 2 and suppose —L.Kg > n(r —1) +1and L is N = max {(n —
1)(r —1),3}-very ample. Let W be general of length x (L) — (n — 1)(r — 1). Then the extensions
0 — O - V* - L®ZIw — 0 parametrized by general points of Gr(r, Ext(L ® Zy, Os))

satisfy

(@) ch(V*) = (r+1,L,(n—1)(r — 1) — 1+ 1LKs);

(b) V* is globally generated <= (n,r) ¢ {(2,2),(2,3),(3,2)};
(c) W{(V*) =h2(V*) =0and l°(V*) = x(V*) =n(r— 1)+ 1;
(d) V*is locally free;

(e) WO(V)=0;

(f) no section of V* vanishes along a curve.
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Proof. Part (a) is additivity of the Chern character. Part (b) follows from the fact that V* is
globally generated if and only if L ® Zyy is globally generated. Part (c) is obtained from the
cohomology long exact sequence and the fact that vanishing on W imposes independent
conditions on curves of class L. Part (d) holds since the Cayley-Bacharach property ((HL10]
Theorem 5.1.1) is satisfied for the pair (L ® ws, W) aslong as —L.Kg > (n —1)(r —1) + 1.
For (e) one can check the equivalent assertion hom(V*, Og) = 0 by applying the functor
Hom(—, Os) and observing that Hom(O%, Os) — Ext'(L ® Iy, O) is injective since its
image yields the point in Gr(r, Ext(L ® Zy, Os)) corresponding to the extension.

If (f) fails, then there is a nonzero effective divisor D such that V*(—D) has a section.
Tensoring the sequence defining V* by O(—D), we see that L(—D) ® Zy must have a
section. Since W is general, we can rule out the existence of such a section by proving
that h°(L(—D)) < |W| for all D > 0, and it suffices to consider only minimal effective D,
namely all D in the basis B of the effective cone in Pic(S) described in [BP04] (Corollary
3.3). A brute force check reveals that

1 if D= —Kg,

) forall D, D' € Beg.
0 otherwise

D.D'<3 and x(-D)= {

Since L is N-very ample, (L — D).D’ > N —3 > 0 for all D’ € B, so L — D is nef, which
implies that its higher cohomology vanishes ([Knu03]). By Riemann-Roch,
W'(L(~=D)) = h°(L) = LD+ x(-D) =1 < x(L) = N < [W]|,

which completes the proof. O

6.4.2 Projective bundle
Assume V* is chosen as in the previous proposition with (n,7) ¢ { (2,2),(2,3),(3,2) }

ensuring that V* is globally generated. The snake lemma yields a commutative diagram

G G

| |

OHOEHHO(V*)®05*>HO(L®IV\/)®OS*>O

| |

0—= 0 v+ L®Iy

0

in which the two vertical sequences defining the kernel G are exact. G is locally free, has no

cohomology, and its dual fits in the short exact sequence 0 — V — H(V*)* ® Os — G* —
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0. Since h°(V) = 0, the diagram yields inclusions H*(L ® Zy)* < H°(V*)* — H°(G*),

which make explicit the natural isomorphism
Gr(r, Ext' (L ® Iy, Os)) = Gr(r, H(G*)/H(L ® Tw)*)

coming from the isomorphism Ext! (L ® Ty, Os) = H(G*)/H°(L ® Zw)* induced by the
cohomology long exact sequence associated to the right vertical sequence in the diagram
above tensored by wg. Thus generic choices of extensions V* correspond to generic sub-
spaces of H’(G*) containing H(L ® Zy)*.

In fact, we now show that the image of H’(L ® Zy)* — H°(G*) is a general subspace
of H(G*) for general W, which implies that the subspace H’(V*)* < H%(G*) is general
when V* is general. Since G* is globally generated, N = (n — 1)(r — 1) general sections of

G* yield an exact sequence
0L =0 %G = 0w—0

whose dual sequence

05G—=0Y Loy —0

shows that the N general sections are dual to the sections of some L ® Zy, and W is general
since G has no cohomology.

The fibers of G parametrize the sections of V* that vanish at points, and we can compile
them into a map whose n-fold points exactly correspond to sections of V* vanishing at n

points.

Proposition 6.4.2. There isamap f: X = P(G) — P(H°(V*)) = Y described in two ways as

(1) the composition P(G) < P(H®(V*)) x S — P(H°(V*)) of the projectivization of G —
H(V*) @ Os and projection to the first factor;

(2) the composition P(G) — PH(G*) --» Y of the map induced by Opc)(1) and a general

projection onto a projective space of dimension n(r — 1);
which has the following properties:
(a) f is linear inclusion on fibers of : X — S;

(b) the image of f spans Y;
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(c) f*(Oy(1)) = Ox(1);

(d) For every s € HY(V*), the inverse image f~'(s) viewed in {s} x S ~ S using the inclusion
P(G) < P(H°(V*)) x S is equal to the scheme-theoretic vanishing locus of s as a section of
V.

Proof. Part (a) follows from description (1) since both maps preserve fibers of the projective
bundles. Part (b) is clear from (2) and can be checked from (1) using h°(V) = 0. Part () is
clear from (2). For (d), note that the fiber of 7t over p coincides with the fiber G(p), whose
image in Y is the sections of V* vanishing at p. The scheme inverse image f~!(s) identifies

all the points p at which s vanishes and supplies the appropriate scheme structure. O

Part (d) of the proposition identifies the sections of V* vanishing at n points as the
n-fold points of the map f. To count these n-fold points, we need an n-fold point formula.
Unfortunately, since the n-fold point loci are zero-dimensional, Kleiman’s n-fold point
formulas ([Kle81]) will only work if f has corank 1, namely if its derivative drops rank
by at most 1. By an expected codimension computation ([Kaz03]), f should have corank 1

when

n=2,3and any r; n=4andr <4; n=>56andr =2;

and one can check that the resulting computations using Kleiman’s n-fold point formu-
las agree with x (OSM (L, — rg)). In these cases, we expect but have not been able to
prove that Ran’s results on general projections ([Ran15a], [Ran15b]) should guarantee that
Kleiman’s formulas are counting only ordinary multiple points. But in general f has
corank 2: although f is a linear inclusion on the projective fibers of P(G), the derivative of
f can and will vanish in both directions coming from the base S.

Since the algebraic multiple point theory does not seem to cover corank 2 maps, we

pass to the topological theory. There we can view (d) of Proposition 6.4.2 as a dictionary

between vanishing loci of sections and all multisingularities, which we now explain.

6.4.3 Multisingularities
The following brief introduction to multisingularities is based on the more detailed

discussion in [MR10].
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Let f: X — Y be a holomorphic map of complex manifolds of dimensions m = dim X
and n = dim Y such that / = dimY — dim X > 1. The germ of f at each point p € X is
amap fp: (C",0) — (C",0) defined by n power series fi,..., f, € C[xy,...,x,] with no
constant term. The local algebra of f at p is defined to be Qrp = Clx1, -, xm]/(fr,---, fn)
and its isomorphism class characterizes the contact singularity of f at p. We will use the
notation & to denote a general contact singularity and Q, to denote the corresponding
isomorphism class of local algebras. We will consider only singularities « for which Q,
is finite-dimensional over C, which are called finite singularities. We say a singularity a
has corank r if Q, can by minimally generated as an algebra by r generators, which is
equivalent to the derivative dropping rank by r. The map f has corank r if all singularities
of f have corank < r.

The unique corank 0 singularity, denoted Ag, has Q4, ~ C. Ag singularities are points
at which f is an immersion, so f has corank 0 if and only if it is an immersion. The corank
1 singularities, often called Morin singularities, are denoted Ay, A,... and have Q4, ~

CJ[t]/(t*1). The classification of corank > 2 singularities becomes complicated.

Example 6.4.3. The normalization Spec C[t] — SpecC|x,y]/(y* — x3) defined by x — t?,
y — 13 of the cuspidal plane cubic curve has an A; singularity above the singular point

since C[t]/ (t?,13) ~ C[t]/(t?).

The types of singularities give a stratification of X but not a stratification of Y since a

point of Y may have preimages with different singularities.

Definition 6.4.4. The map f: X — Y has a multisingularity of type & = (ay,...,ax) ata
point p; € X if f has singularity a; at p; and if the other preimages pa, ..., px of f(p1) have
singularities ay, . .., ax. We use Q, to denote the list of local algebras (Qy,, ..., Qg ) and we

define the length of & to be Y5, dim¢ Q..

We will be most interested in multisingularities of type &« = (Ao, ..., Ag) = A’(‘), which
we call k-fold points of f since they correspond to points g € Y such that the preimage of

gunder fis {p1,..., px} and f is an immersion at each p;.

Example 6.4.5. The normalization SpecC[t] — SpecCl[x,y]/ (y* — x*(x + 1)) defined by
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x — t2—1,y — t(t* — 1) of the nodal plane cubic curve has a double point above the

node.

We can stratify X and Y into multisingularity types. If &« = (ay,...,ax) denotes a
multisingularity, then the locus

q has exactly k preimages p1, ..., pk }

Yo = { g€ Y: and f has singularity «; at p;

of all points in Y over which f has multisingularity « is the image of the locus

X — c X f(p1) has exactly k preimages p, .. ., pk
“ p ' and f has singularity «; at p; '

The Y, stratify Y and the X, are a refinement of the stratification of X into singularity types.
We let x, € H*(X,C) and y, € H*(Y,C) denote the Poincaré-dual cohomology classes of
the closures of X, and Y,, with multiplicities # Aut(ay, ..., ax) and # Aut(a), respectively.
The multiplicities are chosen to ensure f.x; = Va.

We focus on the loci of k-fold points, which we abbreviate as X; and Y. We use x; to
denote the cohomology class of the closure of X; with multiplicity #Aut(Af!) = (k — 1)1,
SO Xp = Xk, but we break from convention by writing y, for the closure of Y, without
any scaling, since the unscaled class will have a direct geometric interpretation. With this

normalization, fixi = k!yx = Y 4.

Remark 6.4.6. As we will see below, there are formulas for computing the classes x, and
Yo for certain multisingularities a. These formulas are only valid when f is admissible
(IMR10] §2.4) . Roughly speaking, there is an infinite-dimensional classifying space M
containing a submanifold M, for each multisingularity x. The codimension codim« of
M, in M is finite. A map f: X — Y induces a map k¢: Y — M such that the locus Y,
of points in Y over which f has multisingularity & is the preimage of M, under ky. We
say that f is admissible if k¢ is transversal to each M,. In particular, admissibility implies
that each Y, occurs in the expected codimension codim &, but the converse is false. Since
there is no known algebraic formulation of admissibility, it is nearly impossible to check
that an algebraic map is admissible, so it is common practice in the literature to assume

admissibility when the map is constructed geometrically.
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Example 6.4.7. The codimension (in the codomain Y) of an A; singularity is £ +i({ + 1).
The codimension of a multisingularity & = (a,...,a;) is codima = Y¥ , codima;. In
particular, one can see that among all multisingularities of length n, the multiple point

locus Afj has the smallest codimension nt.

The word “expected” in Theorem 6.1.1 reflects the assumption that the map f: P(G) —
P(H°(V*)) constructed in §6.4.2 is admissible. To make this assumption seem plausible,
we note that V is chosen using a general point in a Grassmannian, and f is a general
projection from the map determined by Op(g)(1). One can show that on IP? this map is
an embedding (using Proposition 5.5.2), and there is a general expectation that general
projections of smooth projective varieties X C PN should have only expected singularities
(this is a classical problem; some recent papers in this direction are [Ran15b], [Ran15a],
[GP13], and the references listed in those papers). In our setting, such a “general projection

conjecture” could take the following form:

Conjecture 6.4.8. Let S be a smooth projective surface, let G be a very ample vector bundle on S,
and suppose f: P(G) — IP™ is a general projection of the embedding defined by Opc,(1). Then f

is admissible.

Returning to our discussion of multisingularities, we note that when f: X — Y is a
map of smooth varieties with finite fibers, a multisingularity of type a of f over a point
g € Y can be viewed as a closed subscheme Spec Q, = | |SpecQ,, C X supported on
the preimage of y, which exactly agrees with the scheme-theoretic fiber f~1(g). Intuitively,
nonreducedness at a point p in the fiber corresponds to vanishing of derivatives and higher
order derivatives of f at p, which is encoded by Q.

For the map f: X = P(G) — P(H%(V*)) = Y from Proposition 6.4.2, we can describe
Y, as the locus of points of Y at which the fiber of f is isomorphic to Spec Q,. By Propo-
sition 6.4.2 (d), these fibers are the vanishing loci of the sections parametrized by Y, so Y
consists of exactly those sections of V* whose vanishing locus is isomorphic to Spec Q,. In
particular, the locus of k-fold points Y is in bijection with the sections of V* that vanish at

exactly k distinct points.

Proposition 6.4.9. Define V* be as in Proposition 6.4.1and f: X = P(G) — P(H*(V*)) =Y
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as in Proposition 6.4.2,sodimX = (n —1)(r—1),dimY = n(r—1),and { = codim f = r — 1.
Assume f is admissible. Then there is a bijection between the closed points of Quot(V, (1,0, —n))
and the n-fold point locus Y,,, which is finite. In particular, all closed points of Quot(V, (1,0, —n))

are ideal sheaf quotients of reduced zero-dimensional subschemes.

Since the expected codimension of the n-fold point locus is n/ = dim Y, the admissi-
bility condition guarantees that Y}, is a finite set. Because of the dictionary between mul-
tisingularities and vanishing loci of sections of V*, which in turn correspond to quotients
of V, it suffices to prove that the only quotients of V with Chern character (1,0, —n) are
ideal sheaves 77, where Z consists of n distinct points. We do this by ruling out all other

possibilities, which were described in Lemma 5.4.3.

Proof of Proposition 6.4.9. We show that the only quotients with Chern character (1,0, —n)
that can occur are of type (1) in Lemma 5.4.3, which are in bijection with Y;,. Quotients of
type (4) do not occur since V* has no sections that vanish on curves. Quotients of type (2)
and (3) yield multisingularities of length > n that are not n-fold points, so they occur in

codimension > dim Y, namely not at all. O

Remark 6.4.10. For the application to strange duality, it would be ideal to define a natural
scheme structure on the n-fold point locus Y;,, (which would be reduced when f is ad-
missible) and extend the bijection in Proposition 6.4.9 to a scheme-theoretic isomorphism

Y, ~ Quot(V, (1,0, —n)) that takes into account nonreduced structure.

6.44 General multiple point formulas

In order to compute the number of n-fold points of f: X — Y for n < 7, which by
Proposition 6.4.9 will count the number of closed points in Quot(V, (1,0, —n)), we use a
formula that computes the Poincaré dual cohomology class v, of the n-fold point locus Y,
as a polynomial in the Chern classes c; of the virtual normal sheaf f*Ty /Tx.

Let X and Y be complex manifolds and let f: X — Y be a holomorphic map of codi-
mension £ = dim Y — dim X > 0. In §6.4.3, we described the locus X, of multisingularities
of type & in X and its image Y, in Y. We let x, € H*(X,C) and y, € H*(Y,C) denote
the Poincaré-dual cohomology classes of the closures of these loci, with multiplicities

#Aut(ay, ..., a;) and # Aut(a), respectively. The multiplicities ensure that f.x, = ya.
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Kazaryan discovered a general form for multisingularity formulas that compute x, and
Ya ([Kaz03] Theorem 3.2). The key ingredient in these formulas is the residual polynomial
R, (?) of &, which is a universal polynomial in the Chern classes of the virtual normal sheaf
of f that depends only on the codimension ¢ of f. If x = («) is a monosingularity, then
R, ({) agrees with the Thom polynomial and computes the class x, when f is admissible.

For general @ and f admissible, there is an iterative formula

Ya = Re(0)+ ) Re(0)f*(ye;) € H(X,C), (6.3)
1€]C{L,...r}

where g; is the sub-tuple of a defined by J, and | is the complement of [ in {1,...,7}. There
are two main obstructions to the implementation of this formula. First, the formula is only
valid if f is admissible, which we discussed in Remark 6.4.6. Second, very few residual
polynomials are known (see [MR10] for a summary).

In the case of the k-fold point multisingularity &« = A§, the R Ak (¢) are known for k < 7

by a result of Marangell and Rimanyi.
Theorem 6.4.11 ([MR10] Theorem 5.1). Fori <6, R 41 (€) = (—1)"i'Rp, (€ — 1).

Here Ry, () are the Thom polynomials of the Morin singularities introduced in §6.4.3,
which can be computed by an algorithm in [BS12]. The steps of the algorithm and the
resulting R4, (¢) can be found in §2.7.3 and Appendix B of [Joh16] in the special case when
ceyi = 0 for i > 4, which will be shown to hold in our setting in §6.4.5. In [MR10],
Marangell and Riményi combine their theorem with Kazaryan’s formula and a compu-
tation of R4, (/) to obtain a general quadruple point formula. Following their approach,
we obtain a formula that generalizes the cohomological versions of the Herbert-Ronga
double point formula (6.1) and Kleiman’s triple point formula (6.2) as well as the general

quadruple point formula.

Proposition 6.4.12. Assume f: X — Y is an admissible map of codimension { between complex

manifolds. Then fork <7,

>\~ \

i 1) fe(Ra, (0 = 1)) yeo1-; € H*(Y,C). (6.4)

Proof. Setting yo = [Y] for convenience, Kazaryan’s formula (6.3) yields
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Xpk = ki (k ~ 1) R i1 (€) f* (Y pr-1)-

i=0 !

Pushing forward by f. and using the projection formula, we get

k-1 k—1
V=Y ( Z, ) £ (R (0)) Y11
i=0
Now we use y 4¢ = k! yx and Theorem 6.4.11 to deduce (6.4). O

6.4.5 Computation of multiple point classes
We complete the proof of Theorem 6.1.1 in the cases n,r > 2, n < 7, and (n,r) ¢
{(2,2),(2,3),(3,2) } by computing the number of ideal sheaf quotients of V using multiple
point formulas and checking that the result matches the formula for x (Og (L, — r5)) in
(2.1).

The following ingredients are needed to compute #Quot(V, (1,0, —n)):

(1) amap f: X — Y of codimension ¢ = r — 1 whose locus of n-fold points Y}, is in bijection

with the sections of V* vanishing at n points;

(2) an iterative formula for the cohomology class vy, of Y, for n < 7, which counts the

n-fold points if f is admissible;

(3) the residual polynomials R4, (¢ — 1) that appear in the formula, assuming the vanish-

ing cpy;j =0fori > 4;
(4) the relative Chern classes c; that appear in the R4, (¢ — 1);
(5) identities for computing push forwards of products of the c;.

We have not yet explicitly described the last two items, so we do that now. The Chern

classes ¢; = c;(f*Ty/Tx) of the virtual normal sheaf of f are

o= (T [( 1) ()]
()0 (2o ()t -an] e

where ¢ is the divisor class associated to Ox(1), p is the pullback of the point class p on

Sunder X — S, and L, Kg, and cp(V*) denote the pullbacks of these classes from S. This
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formula is obtained by an elementary computation on the projective bundle X = P(G)
using the fact that Y is a projective space. First, we note that f*Ty = (1 + &)"—D+1,
Second, the sequences 0 — Tx,s — Tx — 7"Ts — 0 and the relative Euler sequence
0 — Ox — TG ® Ox(1) = Txss — 0, together with ¢(Ts) = 1 — Ks + (12x(Os)p — K3)
yield ¢(Tx) = ¢(n*G ® Ox(1))(1 — Ks + (120 — K2)). Third, we compute c(7*G ® Ox(1))
using 3.2.3b of [Ful98]. Finally, we extract the degree i part of the appropriate product to
get the formula for c;.

The push forward identities are simple since classes are determined by their degree on
the projective space Y. Let H denote the hyperplane class on Y. Let J be the divisor class

on X obtained by pulling back a divisor class d on S. Then the projection formula yields
fo(@) = ([Slea(V)HTH - £.(68F) = (dL)H™;  fu(pg") = HHHE.

Appendix A of [Joh16] contains computer code in Sage that computes (6.4) for n < 7
using these ingredients. The results for n < 3, with the substitution L> = 2 (L) + L.Ks — 2

to reduce the length of the output, are

y1=x(L);
4 3 2
2= WP (L) (~ P+ ) K~ 5+ h+ 5= ) +LKs(— 5 +)
4 2
+T -

4 2
y3 = ex(LP + x(L* (=7 +3) +x(D) (- — 4 +3)
4 3 2 3
+X(LKS(— G+ 5+ 55— 1) +Xx(LLKs(— 5 +%)

2 (97¢° 17r° 31t | 58 2972 r 17r° 5¢3 r
+KS(720 — %0 —1aa t16 1 30 _E)+L-KS( 40 _?‘FE)

These formulas for y,, match X(Os[n] (L, — r%)), as do the formulas for 4 < n < 7, which
can be found in Appendix B of [Joh16]. This computation completes the proof of Theorem
6.1.1.



REFERENCES

[BC97]  Edoardo Ballico and Marc Coppens. Very ample line bundles on blown-up
projective varieties. Bull. Belg. Math. Soc. Simon Stevin, 4(4):437-447, 1997.

[BDW96] Aaron Bertram, Georgios Daskalopoulos, and Richard Wentworth. Gromov
invariants for holomorphic maps from Riemann surfaces to Grassmannians. J.
Amer. Math. Soc., 9(2):529-571, 1996.

[Ber94] Aaron Bertram. Towards a Schubert calculus for maps from a Riemann surface
to a Grassmannian. Internat. |. Math., 5(6):811-825, 1994.

[Ber97] Aaron Bertram. Quantum Schubert calculus. Adv. Math., 128(2):289-305, 1997.

[BGJ16] Aaron Bertram, Thomas Goller, and Drew Johnson. Le Potier’s strange duality,
quot schemes, and multiple point formulas for del Pezzo surfaces. ArXiv e-
prints, October 2016.

[BP04]  Victor V. Batyrev and Oleg N. Popov. The Cox ring of a del Pezzo surface. In
Arithmetic of higher-dimensional algebraic varieties (Palo Alto, CA, 2002), volume 226
of Progr. Math., pages 85-103. Birkhduser Boston, Boston, MA, 2004.

[BS12]  Gergely Bérczi and Andrés Szenes. Thom polynomials of Morin singularities.
Ann. of Math. (2),175(2):567-629, 2012.

[Cav05] Renzo Cavalieri. A topological quantum field theory of intersection numbers for
moduli spaces of admissible covers. ProQuest LLC, Ann Arbor, MI, 2005. Thesis
(Ph.D.) The University of Utah.

[CF11]  Ciro Ciliberto and Flaminio Flamini. On the branch curve of a general projection
of a surface to a plane. Trans. Amer. Math. Soc., 363(7):3457-3471, 2011.

[CHW14] Izzet Coskun, Jack Huizenga, and Matthew Woolf. The effective cone of the
moduli space of sheaves on the plane. ArXiv e-prints, January 2014.

[Dan02] Gentiana Danila. Résultats sur la conjecture de dualité étrange sur le plan
projectif. Bull. Soc. Math. France, 130(1):1-33, 2002.

[DR96] Sandra Di Rocco. k-very ample line bundles on del Pezzo surfaces. Math. Nachr.,
179:47-56, 1996.

[Dre86] Jean-Marc Drezet. Fibrés exceptionnels et suite spectrale de Beilinson
généralisée sur P, (C). Math. Ann., 275(1):25-48, 1986.

[EGLO1] Geir Ellingsrud, Lothar Géttsche, and Manfred Lehn. On the cobordism class of
the Hilbert scheme of a surface. |. Algebraic Geom., 10(1):81-100, 2001.



[EHO0]

[FGIT05]

[Fog68]

[Ful9s]

[GP13]

[Har77]

[HL10]

[Johl6]

[Kaz03]

[KL74]

[Kle74]

[Kle81]

[KM97]

[Knu03]

[Kol96]

97

David Eisenbud and Joe Harris. The geometry of schemes, volume 197 of Graduate
Texts in Mathematics. Springer-Verlag, New York, 2000.

Barbara Fantechi, Lothar Gottsche, Luc Illusie, Steven L. Kleiman, Nitin Nitsure,
and Angelo Vistoli. Fundamental algebraic geometry, volume 123 of Mathematical
Surveys and Monographs. American Mathematical Society, Providence, RI, 2005.
Grothendieck’s FGA explained.

John Fogarty. Algebraic families on an algebraic surface. Amer. |. Math, 90:511-
521, 1968.

William Fulton. Intersection theory, volume 2 of Ergebnisse der Mathematik und
ihrer Grenzgebiete. 3. Folge. A Series of Modern Surveys in Mathematics [Results in
Mathematics and Related Areas. 3rd Series. A Series of Modern Surveys in Mathemat-
ics]. Springer-Verlag, Berlin, second edition, 1998.

Laurent Gruson and Christian Peskine. On the smooth locus of aligned Hilbert
schemes, the k-secant lemma and the general projection theorem. Duke Math. |.,
162(3):553-578, 2013.

Robin Hartshorne. Algebraic geometry. Springer-Verlag, New York-Heidelberg,
1977. Graduate Texts in Mathematics, No. 52.

Daniel Huybrechts and Manfred Lehn. The geometry of moduli spaces of sheaves.
Cambridge Mathematical Library. Cambridge University Press, Cambridge, sec-
ond edition, 2010.

Drew Johnson. Two enumerative problems in algebraic geometry. ProQuest LLC,
Ann Arbor, MI, 2016. Thesis (Ph.D.) The University of Utah.

Maxim E. Kazaryan. Multisingularities, cobordisms, and enumerative geome-
try. Uspekhi Mat. Nauk, 58(4(352)):29-88, 2003.

George Kempf and Dan Laksov. The determinantal formula of Schubert calcu-
lus. Acta Math., 132:153-162, 1974.

Steven L. Kleiman. The transversality of a general translate. Compositio Math.,
28:287-297, 1974.

Steven L. Kleiman. Multiple-point formulas. I. Iteration. Acta Math., 147(1-
2):13-49, 1981.

Maxim Kontsevich and Yuri Manin. Gromov-Witten classes, quantum cohomol-
ogy, and enumerative geometry [ MR1291244 (95i:14049)]. In Mirror symmetry,
II, volume 1 of AMS/IP Stud. Adv. Math., pages 607-653. Amer. Math. Soc.,
Providence, RI, 1997.

Andreas L. Knutsen. Exceptional curves on del Pezzo surfaces. Math. Nachr.,
256:58-81, 2003.

Janos Kollar. Rational curves on algebraic varieties, volume 32 of Ergebnisse der
Mathematik und ihrer Grenzgebiete. 3. Folge. A Series of Modern Surveys in Math-
ematics [Results in Mathematics and Related Areas. 3rd Series. A Series of Modern
Surveys in Mathematics]. Springer-Verlag, Berlin, 1996.



[LPS0]

[LP97]

[MO07]

[MOO08]

[MO09]

[MO10]

[MO13]

[MO14]

[MP97]

[MR10]

[0SS80]

[Ranl5a]

[Ran15b]

[RT95]

[Ses82]

[TV00]

98

Joseph Le Potier. Stabilité et amplitude sur P»(C). In Vector bundles and differ-
ential equations (Proc. Conf., Nice, 1979), volume 7 of Progr. Math., pages 145-182.
Birkhé&user, Boston, Mass., 1980.

Joseph Le Potier. Lectures on vector bundles, volume 54 of Cambridge Studies in Ad-
vanced Mathematics. Cambridge University Press, Cambridge, 1997. Translated
by A. Maciocia.

Alina Marian and Dragos Oprea. The level-rank duality for non-abelian theta
functions. Invent. Math., 168(2):225-247, 2007.

Alina Marian and Dragos Oprea. A tour of theta dualities on moduli spaces
of sheaves. In Curves and abelian varieties, volume 465 of Contemp. Math., pages
175-201. Amer. Math. Soc., Providence, RI, 2008.

Alina Marian and Dragos Oprea. Sheaves on abelian surfaces and strange
duality. Math. Ann., 343(1):1-33, 2009.

Alina Marian and Dragos Oprea. GL Verlinde numbers and the Grassmann
TQEFT. Port. Math., 67(2):181-210, 2010.

Alina Marian and Dragos Oprea. Generic strange duality for K3 surfaces. Duke
Math. |., 162(8):1463-1501, 2013. With an appendix by Kota Yoshioka.

Alina Marian and Dragos Oprea. On the strange duality conjecture for abelian
surfaces. |. Eur. Math. Soc. (JEMS), 16(6):1221-1252, 2014.

Emilia Mezzetti and Dario Portelli. A tour through some classical theorems on
algebraic surfaces. An. Stiint. Univ. Ovidius Constanta Ser. Mat., 5(2):51-78, 1997.

Robert Marangell and Richdrd Rimanyi. The general quadruple point formula.
Amer. |. Math., 132(4):867-896, 2010.

Christian Okonek, Michael Schneider, and Heinz Spindler. Vector bundles on
complex projective spaces, volume 3 of Progress in Mathematics. Birkhduser, Boston,
Mass., 1980.

Ziv Ran. Fibres of embedding dimension 2 in generic projections. ArXiv e-prints,
March 2015.

Ziv Ran. Unobstructedness of filling secants and the Gruson-Peskine general
projection theorem. Duke Math. J., 164(4):697-722, 2015.

Yongbin Ruan and Gang Tian. A mathematical theory of quantum cohomology.
J. Differential Geom., 42(2):259-367, 1995.

Conjeeveram S. Seshadri. Fibrés vectoriels sur les courbes algébriques, volume 96 of
Astérisque. Société Mathématique de France, Paris, 1982. Notes written by J.-M.
Drezet from a course at the Ecole Normale Supérieure, June 1980.

Sheng-Li Tan and Eckart Viehweg. A note on the Cayley-Bacharach property
for vector bundles. In Complex analysis and algebraic geometry, pages 361-373. de
Gruyter, Berlin, 2000.



[Vak]

[Wit95]

[Yual2]

[Yual6]

99

Ravi Vakil. The rising sea: Foundations of algebraic geometry. Notes on
webpage at math.stanford.edu/"vakil /216blog, February 2017 version.

Edward Witten. The Verlinde algebra and the cohomology of the Grassmannian.
In Geometry, topology, & physics, Conf. Proc. Lecture Notes Geom. Topology, IV,
pages 357-422. Int. Press, Cambridge, MA, 1995.

Yao Yuan. Determinant line bundles on moduli spaces of pure sheaves on
rational surfaces and strange duality. Asian J. Math., 16(3):451-478, 2012.

Yao Yuan. Strange duality on rational surfaces. ArXiv e-prints, April 2016.



