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1 Introduction

1.1 Motivation

Starting with a toric variety X the almost trivial observation that multiplication by a torus element
t € T provides an isomorphism t: X — X gives rise to a natural and interesting question for sheaves
on X. Given a coherent sheaf of Ox-modules F on X we may ask whether the pull back via the
morphism ¢ induces an isomorphism ¢t*F — F. A sheaf having this and some additional, technical
properties is called a toric sheaf.

The topic of this thesis is to describe some toric sheaves and the vector bundles among them on
weighted projective spaces P(Q). Our main tool to do so is the theorem of Beilinson which gives
us - first only on P™ - bounded resolutions of the desired sheaves, more precisely we obtain the
sheaf as the cohomology of the complex, and substantially reduce moduli problems to problems of
linear algebra. We will see that the building blocks of these resolutions inherit a toric structure
and we only have to care about the correct choice of morphisms between them. So, knowing when
a matrix is toric as a morphism, actually means knowing how to describe toric sheaves via the
Beilinson monads. Since the problems of linear algebra, which are known to be pretty hard, do not
reduce as much as one might hope in the case of the much smaller subclass of toric sheaves, we can
unfortunately only consider some special cases. We show that the moduli space of semistable rank
two sheaves on the projective plane with vanishing first Chern class contains only 6 toric bundles.
Moreover we explicitly describe the toric sheaves occurring in the boundary of the compactified
moduli space in the case where the second Chern class is not greater than three.

To extend the approach described so far to weighted projective spaces we proceed as follows. We
recall that there is a finite toric morphism m: P* — P(Q) for all weighted projective spaces, fix
discrete invariants of a coherent sheaf F on P(Q) , such as Chern classes and rank and pull the sheaf
back. We use the theorem of Beilinson to obtain a finite resolution, try to simplify things using
the Hirzebruch-Riemann-Roch theorem and Serre duality and finally push the whole resolution
down to P(Q) again. Of course there are some technical problems involved, for example we have
to show how the invariants behave under pull back, that the morphism 7 does not destroy the
structure of the sequence and that this procedure really gives us a resolution of F. Having shown
all this we can go on as in the case of P" with the difference that the morphisms can in general
not be described that easy anymore and it is combinatorially much harder to classify the sheaves,
since we get different possible resolutions by pushing the classical Beilinson sequence down and
the complexity depends on how complicated the weight @ is.

1.2 Overview

The thesis consists of four parts. The first chapter develops the basics needed for the other chapters.
We begin by giving a short introduction to the theory of toric geometry, in particular the for our
purposes very important construction of Cox which enables us to work with coordinates. Then we
define the category of toric sheaves and state first properties. After having done this we review
certain topics of intersection theory, such as the description of Chow rings via Minkowski weights.
Since most of the papers about weighted projective spaces do not even mention the very useful
toric structure, we will develop the theory in chapter two from a more toric point of view, including
properties of sheaves and morphisms we need to talk about moduli spaces later on.

In chapter three we will reprove the theorem of Beilinson on P" as well as a version on P(Q) and
give examples of concrete resolutions. In order to do so we recall parts of the theory of derived
categories and functors which are essential to state the theorems.

The last chapter splits up in two parts. In the first part we give characterizations for a morphism
between structure and differential sheaves to be toric. In the second part we review basic properties
from the theory of moduli space and finally apply the developed theory and give examples of moduli
for toric sheaves on P? and P(1,1,2).



1.3 Conventions

We assume familiarity with basic algebraic geometry and commutative algebra as treated in [Har77]
and [Eis96]. By k we will denote an algebraically closed field, k* = k \ {0} is the group of units
and rings are commutative with 1. By a scheme we will always mean a separated algebraic scheme
over k, i.e. irreducible and of finite type over k. Neglecting the additional structure of a scheme,
the reader might instead also think of those objects as classical varieties without loosing much.
Whenever needed, an algebraic variety or simply variety will then just be a reduced scheme in our
sense.



2 Basic Tools

This chapter should be thought of as help for the reader. The topics were chosen having two
criteria in mind: First of all they are too important for the understanding of the thesis to be left
out and second, they are not contained or not sufficiently explained in the standard textbooks of
Hartshorne [Har77] and Eisenbud [Eis96]. So this basics chapter should enable the reader, having
those books at hand, to read through the thesis without any problems.

We start by introducing the theory of toric varieties.

2.1 Toric Varieties

A toric variety can be defined as an irreducible variety X over some algebraically closed ground
field k, which contains an algebraic torus T" as a Zariski open and therefore dense subset acting on
X, with the additional property that this action is an extension of the action of T on itself. Let’s
make this precise:

~

Definition 2.1. Let X be an irreducible n-dimensional normal variety over k with a torus T =
(K*)™ acting on it via 0: T x X — X extending the torus multiplication p: T'x T — T. We call
X a toric variety if it contains an open, dense and torus invariant subset Xo = T, such that the
following diagram commutes

Tx X —2—X

o

T x Xo—Xo

ml lu

TxT T

This way of introducing toric varieties might be the fastest, but has at the same time the
disadvantage that it hides the fruitful relations to convex geometry which allows us to compute
several properties of the varieties explicitly. Besides this toric geometry works best when we assume
our varieties to be normal and we will see in the next section why this is true. Therefore we give
a rather detailed introduction which is intended to motivate the definitions and give insight to the
structure and behavior of toric varieties.

For further discussions we refer to the books of Ewald [Ewa96], Fulton [Ful93] and Oda [Oda8§],
as well as to the papers of Danilov [Dan78]and Cox [Cox].

Tori and Lattices

We start with basic notions from the the theory of linear algebraic groups to explain where the
name torus comes from.

Definition 2.2. An algebraic group G is a variety which carries the additional structure of a
group, such that the two maps

oo GxG— G v G— G

(9,h) — o(g,h) =: g.h gr— g

are morphisms of varieties.
If the variety is affine, we call G a linear algebraic group.

Remark. The name linear algebraic group stems from the fact that each such group is isomorphic
to a closed subgroup of the general linear group GL, (k) for some n € N. See for example [Spr9§]
or [Bor91] .

Definition 2.3. We call a linear algebraic group G diagonizable if it is isomorphic to a closed
subgroup of the group D,, of diagonal n x n matrices over k with non-vanishing determinant for
some n € N.

If G is isomorphic to D,, itself, we call it an n-dimensional algebraic torus, or simply a torus.



Remark. The name torus stems from the fact that the role those tori play here is similar to that
of topological tori, i.e. finite products of the group S!, in the theory of Lie groups.

Definition 2.4. A morphism of algebraic groups is a group homomorphism and a morphism
of algebraic varieties. For any two algebraic groups G and H we denote by

HOIII(G, H) = Homalg.gr. (G? H)

the set of morphism from G to H, which naturally has a group structure.

There are two special classes of morphisms associated to a single algebraic group, that are very
important for toric varieties:

Definition 2.5. Let G be an algebraic group. We call
Xx(G) := Hom(G, k™)

the group of rational characters or simply the character group of G and
A(G) := Hom(k*,G)

the one-parameter subgroup of G.

Let T be an n-dimensional torus and fix an isomorphism 7' 2 (k*)™. This induces isomorphisms

I

x(T) 2 Hom(T, k™) =2 Hom((k*)", k*) = Z"
and A(T) = Hom(k*,T) = Hom(k*, (k*)") = Z".

With such a basis it is easy to see that every m € x(T'), isomorphic to (my,...,m,) € Z™, sends
an element ¢ € T, isomorphic to (t1,...,t,) € (k*)™, to t™ = ¢]"* ...t/ which we call a Laurent
monomial. Clearly those monomials lie in the ring k[t1,t; " ... t,,¢,;']. On the other hand if
u € A(T) is an element isomorphic to w1, ...,u, then the corresponding one parameter map is

given by sending ¢t € k* to (t"1,...,¢""). Moreover we see that choosing a basis of T is in fact
equivalent to choosing a basis for x(T") or A(T).

Definition 2.6. A free abelian group of finite rank is called a lattice.

We will see in the next section that the whole business of toric geometry is based on the fact
that we can perfectly relate algebraic tori 7', which act "properly” on a scheme, to the combinatorics
of the corresponding lattices x(7") and A(T).

Before we go on, we should say a few words about group actions on schemes.

Definition 2.7. Let X be a scheme and G be an algebraic group. We say that G acts on X via
« or there is a group action « of G on X if there is a morphism

a: Gx X —- X
(9,7) = g.x = a(g,v)

such that for the neutral element e of G and for all z in X we have e.x = x and for all g and & in
G the equality g.(h.x) = (g.h).x holds.

Let now X and X’ be schemes on which G, respectively G’, act on via «, respectively o, then
we can introduce another useful notion:

Definition 2.8. A pair of morphisms
(p,9): Gx X - G x X',

where ¢ additionally is a group homomorphism, i.e. ¢ € Hom(G,G'), is called an equivariant
morphism with respect to G and G’ if it is compatible with the actions of a and o/, i.e.

o' o (¢ x ) = Yoa.



Example 2.9. Let T = G be a torus acting on varieties X and X’ via « and o/. Then a pair
(0,0): G x X — G x X', is equivariant if for every element ¢t € T and all © € X the following
equation holds

(a0 (6 x))(t, x) = 6(t)-Y(z) = P(t.x) = (Y o a)(t, ).

Note in particular that if we choose ¥ to be multiplication by some t € T, i.e. ¥ = «(t, ), we get
an equivariant automorphism (id, ¥).

Affine Toric Varieties: Cones

The following notation is more or less canonically used in books on toric varieties and we will keep
this notation throughout this chapter.

Notation. For every torus 1" of dimension n we denote its character group by M and its one-
parameter subgroup by N. Both groups are lattices and, after fixing a basis, isomorphic to Z".
Recall that for every isomorphism T 2 (k*)™ we have induced isomorphisms for the lattices M =
7" = N.

Note that M and N are dual to each other, i.e. M = Homz(N,Z) and N = Homgy(M,Z).
Consequently, there exists a natural bilinear pairing

MxN-—Z (m,n) — m(n) =: (m,n),

which reduces to the usual dot product after choosing a basis, respectively a dual basis, for N
and M, whence the notation. Thus N and M not only determine each other, but also provide an
additional structure allowing us to introduce the concept of convexity, since for Ng := N ® R and
Mp := M ® R this pairing extends to an R-bilinear pairing

MRXN]R—»R.

The next definitions and lemmata can be formulated in a more general setting (see for exam-
ple [Ewa96] or [Oda88| for a general treatment of convex geometry), but we will restrict ourselves
to the properties of the lattices N and M.

Definition 2.10. A subset ¢ C Ny is called a convex rational polyhedral cone if there is a
finite number of lattice points sq,...,s, € N = Z" such that

o = Cone(sy,...,8 ) = {Z Aisi|Ai € RZO}.

i=1

Conversely we say that o is generated by s1,...,s, and we put Cone(@) := {0}. Such a cone o
is called strongly convex if it moreover contains no positive dimensional subvectorspace of Ng,
that is iff o N (—o) = {0}. We will call a convex rational polyhedral cone by abuse of notation a
cone.

We define the dimension of o to be the dimension of the smallest subspace containing it, i.e.
dimg (0 @ R).

Example 2.11. The cone spanned by the vectors (1,0) and (—1,—2) can be pictured as follows



{0} (1.0)

(71’72)

Remark. The expression "rational” used for cones stems from an alternative definition of the
vectors s;. Omne could also define the s; to be points in Ng with the extra condition that all
coefficients in those vectors are rational, i.e. elements of Q. But then there are multiples s} of s;
with integer coefficients, i.e. s, € N such that Cone(sy,...,s,) = Cone(s],...,s.).Thus the two
definitions are equivalent and we use the easier one. Note moreover that the cones we defined are
in fact convex in the sense that for each z,y € o and A € [0, 1] the vector Az + (1 — )y is also an
element of o.

Definition 2.12. Let o be a cone in N, then we define the dual cone of o to be the set
0" = {u € Mg|{u,v) >0,Yv € o}.

This set is, as the name suggests, again a convex rational polyhedral cone, see e.g. [Ful93, p. 11].

Example 2.13. The dual of the cone from example 2.11 has the three generators (0, —1), (1,—1)
and (2,-1).

{0}

(0,—1) (1,-1) (2,-1)




Notation. For every cone o € Ny we denote the set ¥ N M by S,.

Note that the zero cone, which is by definition contained in every cone, has as dual the whole
space Mg and the integral lattice points are just the points of M corresponding to the torus (as
character group), i.e Sgg; = M.

Lemma 2.14 (Gordan’s lemma). Let o be a cone. Then S, is a finitely generated subsemigroup
of M.

Proof. Let s1,...,s, be the generators in oV, which we by the remark can choose to be in o¥ N M.
Consider the, with respect to the classical topology in R™, compact set K := {>"/_; \is;]0 < \; <
1}. We claim that the finite set K N M generates 0¥ N M. Let therefore u=>"\_, wis; €Y N M
be arbitrary, i.e u; > 0. Since we can write pu; = n; + \; for n; € N and 0 <t¢; <1 it is clear that

r

r r
u = Z(nz +)\z) -8 = Znisi —‘rZ/\iSi S <KOM>ZZO7
i=1 =1

i=1
which finishes the proof. O

Definition 2.15. The semigroup algebra k[S,] associated to S, is defined as the the k-vector
space generated by elements of S, .

Note that by Gordan’s lemma we find finitely many elements my, ..., m, that form a basis
of this finite-dimensional vector space. Since the lattice M can be identified with the character
group of the torus we usually say that m € M corresponds to the character x™ € Hom(T, k*).
Furthermore since M has an additive structure and we think of the x"™ as monomials we will write

’
m m’ _ . m+m
=X

X X

’

to imitate the exponential rule. Note that by definition every toric variety contains a torus as a
dense open subset, thus each x™ can be seen as a rational function on this variety.

Definition 2.16. Let 0 C Ny be a strongly convex cone. Then we call
X, := m-Spec(k[S,])

the affine toric variety associated to o.

Example 2.17. 1. Let 0 = {0} then by what we have seen before choosing a basis (¢1,...,t,)
of M, which induces an isomorphism M = Z", gives

X, = m-Spec(k[S,]) = m-Spec(k[M])
= m-Spec(k[ty, t; ", ... ta, 1, 1)) = (KF)™.

2. The dual of the cone o generated by the vectors (1,0) and (0,1) is o itself. Thus the
corresponding affine toric variety

X, = m-Spec(k[S,]) = m-Spec(k[t1, ts]) = k?
is the 2-dimensional affine space over k.

3. The cone from example 2.11 generated by (1,0) and (—1, —2) needs some more calculation.
The three generators (1,—1), (0,—1) and (2,—1) of the the dual cone correspond to the
Laurent monomials

t-tyt tyt ety

Introducing new variables = := t; - t, ', y := t;* and z := t7 - t;' we see that there the
relation 2 — yz and we obtain that

X, = V(:z:2 —yz)

is just a cone in k3.



4. Let o be generated by the vectors (0,1) and (—1,—2). Then oV is spanned by (—1,0) and
(=2, 1) corresponding to the linearly independent Laurent monomials tl_l and t1_2 -to. Hence
we see that

X (o) = m-Spec(k[S,]) = k2.
The following theorem is very important, it particularly makes our notation consistent.

Theorem 2.18. The affine toric variety associated to a cone is a toric variety in the sense of
definition 2.1, in particular it is normal. Conversely any toric variety which is also affine is
isomorphic to an affine toric variety associated to a cone.

Proof. [Cox, Theorem 1.13] 0

Thus we see that subsemigroups of N respectively M and affine toric varieties correspond to
each other. This fact carries over to arbitrary toric varieties and suitable collections of cones.
Before we can define these collections we need the notions of half spaces and faces, which all come
from convex geometry.

Definition 2.19. For each @ # u € M we define
H, :={v € Ng|{(u,v) > 0}

to be the half space associated to u. Moreover by 0H,, we denote the boundary of this hyperplane,
i.e.

0H, :={v € Ng|{u,v) =0}

Lemma 2.20. Let 0 = Cone(sy,...,Sr) C Nr be a cone. Then we have oVV = ¢ and o¥ =
Ni_1Hs,. In particular we see that every cone is the intersection of finitely many half spaces.

A%

Proof. See [Ful93, p. 9 and p.11] for a proof. O

Definition 2.21. Let o be a cone in Ng and v € M \ {0} such that ¢ C H,. Then we call
T:=0NJH, a face of 0. If 7 # o we call 7 a proper face and in order to have a partial order
relation, we regard every o as a face of itself and we write 7 < ¢ whenever 7 is a face of o. If
dim(7) = dim(o) — 1 we call 7 a facet.

Lemma 2.22. Let 0 and 7 be cones. Then
e all faces of o are cones.
e If o and T have non-empty intersection, then Synr = S, + S-.

e If T is a face of o, then there is an m € S, such that S; = S, + Z>o(—m) as semigroup
algebras.

Proof. [Ful93, p.10, p.14 Proposition 3 and Proposition 2 on p.13] O

Note that 7 < o gives an inclusion in reversed order for the semigroup rings, i.e. k[S,] C k[S;].
The last lemma now implies that this can be expressed more precisely by localisation, namely

K[Ss] C K[Sulxm = K[S].

Considering the maximal spectra of both algebras then gives X, C X, for the varieties.

Remark. The last fact might clarify why we prefer the geometry of the lattice N to that of M
and therefore the maybe confusing habit to start with cones in N, although we primarily use the
dual cones in M to construct toric varieties. It would suffice to take a cone in M, but then we
would loose the quite intuitive relation

T<o=X,CX,.
Definition 2.23. A cone is called smooth if its minimal generators form part of a Z-basis of V.

We call a cone simpicial if its set of minimal generators are linearly independent.

10



Example 2.24. The cone spanned by the rays (1,0) and (0,1) clearly is smooth and the corre-
sponding affine toric variety k2 is smooth. On the other hand the variety otained from the rays
(1,0) and (1,—2) is just a cone in k3, singular in the zero point and we see that this cone is not
smooth, since the vector (0, —2) is not primitive. Both cones are simplicial, since the generators
are linearly independent.

This example can be generalized and we will do so in the next section.

General Toric Varieties: Fans

Definition 2.25. Let A be a finite collection of convex rational polyhedral cones. We call A a
fan if for any o € A every face 7 C o also belongs to A and for two cones o,7 € A the common
intersection o N7 is a face of each cone.

The last condition in fact means that the fan is closed with respect to taking intersections,
since common faces are by the first condition again elements of the fan. As we have seen before
we get for any two cones 0,7 € A two Zariski open embeddings X,n, — X, and X,n, — X, with
isomorphic images, which leads to the following
Definition 2.26. Let A be a fan of cones in Ng. We define the toric variety associated to A
to be the variety obtained by glueing the affine toric varieties associated to the cones in A along
their common intersection, as for example described in [Har77, p.75].

Example 2.27. The fan of P? looks as follows.

(0,1)

(1,0)

{o}

(=1,-1)

It is easily checked that all cones o; give the variety k? and glue together in the usual way to P2.

The next two theorems assert, analogously to the affine case, that in fact we get neither some-
thing new nor are there more toric varieties than those obtained from fans.

Theorem 2.28. Let X (A) be the toric variety associated to the fan A. Then X(A) is a separated
toric variety in the sense of definition 2.1.

Proof. We give a proof of this theorem in order to give a slight impression how things work for the
affine case, whose proof we skipped.

By definition every fan contains the cone {0}. The dual of the zero cone is the whole lattice M
and thus Xyp, = T'. Hence the torus is densely contained in X (A), which is therefore irreducible.
Since for each o € A the same torus 7" acts on the affine parts X, by theorem 2.18 and the gluing
obviously respects this action (the gluing is defined on the intersections, which are T-invariant).
Moreover U, is normal and normality is a local property, so X(A) is a toric variety. Separated
means that the diagonal morphism of X (A) has a closed image. Because of the gluing, this can be

11



checked locally by showing that X,~, — X, X X is closed for all 0,7 € A or equivalently that on
the level of the semigroup algebras k[S,] ® k[S:]| — k[Sonr] is surjective, but this stems for the
fact that Synr = S, + S, by lemma 2.22. O

Theorem 2.29. All toric varieties X arise from a fan.
Proof. |GKT73, Chapter 1.2, Theorem 5] O
Therefore definition 2.1 and definition 2.26 are equivalent and in the following we will write

X = X(A) for a toric variety X, since there always has to be a fan A that X corresponds to.

Definition 2.30. Let A be a fan. We call |A] := [ J, . 0 its support and say that A is complete
if the support is the whole space, i.e. |A| = Ng. Moreover we define

A(r) :={o € Alo is r-dimensional}

to be the set of cones of dimension 7 and call the elements of A(1) the rays of A.
Theorem 2.31. Let X = X(A) be a toric variety. Then

o X is complete iff A is complete.

e X is smooth iff all cones in A are smooth, i.e. their minimal generators form part of a
Z-basts.

o X is Cohen-Macauley.
Proof. [Cox, Theorem 2.3] O

Remark. We needed a lot of theory to handle the normality hypothesis in the definition of a toric
variety, which we also could have dropped. Then we would arrive at a bigger class of varieties,
eventually not arising from a fan. For example the cusp V(22 — »3), which is not normal, would
be a toric, since T := (k*) acts on this variety by t — (t2,¢3).

Moreover it is possible to allow a fan to consist of infinitely many cones, but then we would also
obtain schemes, which are not of finite type over k. Besides this varieties arising from infinite fans
loose the first property of the theorem. i.e. they are in general not complete, if the fan is.

Morphisms

We have seen in the last section what a T-equivariant morphism between two toric varieties is.
Now that we have the description by the fans it would be nice to read of this property from the
lattices.

Definition 2.32. Let A; be a fan in N! = Z™ and A, a fan in N? = Z". A Z-linear map
m: N — N? is called a map of fans if for the induced map 7: Nj — NZ there is a cone o3 € Ay
for every o1 € A; such that

f((fl) C o9,
i.e. every cone is mapped into a cone.

Keeping the notation from this definition we have the following

Theorem 2.33. Every map of fans m: N — N? induces a T-equivariant morphism m.: X (Ay) —
X(As). Conversely every toric morphism f from X(A1) to X(As) gives rise to a map 7 of fans
such that m, = f.

Proof. See [0da88, Theorem 1.13] |

12



2.2 Cox coordinates

In this section we will recall from [Cox| that a toric variety X = X (A) has coordinates correspond-
ing to the one dimensional cones of A and that X can be represented as quotient of another toric
variety. In order to do so we need to state some basic notions from

Geometric Invariant Theory

The definitions made in this section can be found in a more general setting in [Mum65], but since
we only apply them in the case of toric varieties it suffices to use weaker versions.

Definition 2.34. Let X be a variety and G an affine algebraic group acting on X via the morphism
a. A pair (Y, ¢), where p: X — Y is a morphism of varieties, is called a categorial quotient of
X by G, if

1. the diagram

X—F Y,
where p, denotes the second projection, commutes and

2. any other pair (Y, ¢’) making up such a diagram induces a unique morphism : ¥ — Y’
such that ¢’ factors through 1, i.e. ¢’ =1 o ¢ and so the following diagram commutes

GxX2->Xx

Keeping the notation, we define three more types of quotients:

Definition 2.35. The pair (Y, p) is called a good quotient, if the first condition from the last
definition is satisfied, i.e. ¢ 0 & = ¢ o py and moreover the following are true

1. ¢ is surjective and affine,
2. U C Y is open if and only if ¢ ~}(U) C X is open,
3. Oy = (cp*OX)G and

4. if W is an invariant closed subset of X, then ¢(W) is a closed subset of Y. Moreover, if W
and Wy are disjoint invariant closed subsets of X, then ¢(W1) N p(Ws) = @.

(Y, ) is called a geometric quotient if the geometric fibres of ¢ are the orbits of the geometric
points of X.

Definition 2.36. We call a categorial, respectively a geometric quotient (Y, ) universal, if for
any morphism o: Y’ — Y, the pair (X Xy Y’ ¢'), where

o: X xyY' =Y’

denotes the second projection, is also a categorial, respectively a geometric quotient (note that G
acts naturally on the fibre product).

13



Quotients in toric geometry

Note that given a toric variety X = X (A) every p € A(1) corresponds to an irreducible T-invariant
Weil-divisor D,, see [Cox95]. In [Ful93] it was shown that those divisors generate the group of all
T-invariant Weil divisors and we therefore have

WDiv(X (A)T = { &P a - D,la, € Z} >~ 740
peA(1)
and one might ask what the vanishing order of rational functions along those divisors are.

Lemma 2.37. 1. The vanishing order of an element m € M along D,, considered as rational
function x™, is given by:
ordp, (X™) = (m,n,)

where n, denotes the unique generator of p in N.

2. The divisor associated to x™ s given by
diy™) = S (m,np)D,
PEA(L)

Proof. [Ful93, Section 3.4] O

If we denote by A, _1(X(A)) the Chow group of Weil divisors modulo rational equivalence we
get a complex by composing the map which takes a divisor to its class with the map from the last
lemma. Moreover, denoting the invariant Cartier divisors of X by CDiv(X)7” and its divisor class
group by Pic(X), we have the following

Theorem 2.38. There is a commutative diagram with exact rows

M — CDin(X)T ——— Pic(X) ——=0

]

M~ @peam % Dy Ana (X) —>0

where degy takes a divisor to its class and the maps on the left are given by the last lemma.
Moreover those maps are injective iff A(1) spans Ng.

Proof. [Ful93, Section 3.4 O

Definition 2.39. The homogeneous coordinate ring S := S(X(A)) of a toric variety X =
X (A) is defined by
S = klz,|p € A(1)].

Note that a monomial ], r,” in S corresponds to the divisor D := >, apDp, so there is a
natural grading for S given by

deg([ T xgr) i= degx (D) € Ay 1(X(2)),

Definition 2.40. We call the grading of

S= P  s.= { P S

a€A,_1(X(A)) a€An-1(X) aczAM)
degx (a)=a

given by degy the A-grading. There is another grading defined as follows: We give very monomial
I, zp the ZA(W_degree (a,), € ZA). We call this the fine grading of

S= P S

aczA()
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Example 2.41. Let X = P". We know that A,,_;(X) is isomorphic to Z, so a polynomial Hp T, €
S = S(X) has Z-degree a,, + ...+ a,, which is fine with the observation P" = Projk[zo, ..., 2]
with deg(z;) = 1 from classical algebraic geometry.

Definition 2.42. Let A be a fan and ¢ a cone in A. Define

x(o) = H x,

A(1)2>pfo

and call the ideal generated by all z(0),

B := (z(o)|o € A)
the irrelevant ideal of the coordinate ring S.

We apply the contravariant functor Homyz( , k*) to the sequence
M —7Z2M 5 A, (X)) =0
and obtain
1 — G := Homy (A, 1(X),k") — (k)2 = T,

where we write 1 on the left to emphasize the multiplicative structure. Thus the group G acts on
the coordinate space (k*)A(l) and gives us the torus of X as quotient. We will see soon that this

is also ppssible for the whole variety, but we need some more preparation.
Define X, := k2 \ V(x(0)), then it is clear that

= A0 = | X..
oEA
This is completely analogous to the fact for the variety X
X = U X,
cEA
which is just the union of all affine cones (as set).
Lemma 2.43. Let X :AX(A) be a toric variety. Then X is a toric variety too and there is a

natural toric morphism X — X.

Proof. We will construct a fan A for X in the lattice N := Z*(). Denote by e, € Z4®) the
standard basis vectors and construct for each o € A the cone

6 = Cone{e,|p € o(1)}.

It is easy to verify that the collection {G|c € A} is already a fan if and only if X is simplicial, but
we can always define A to be the fan generated by all such cones ¢ and their faces. For the toric
morphism note that the map of the lattices N — N given by e, — n, maps cones of A to cones
of A by construction and therefore we obtain

X = UUT X,
0
The main result of this section now asserts the following:
Theorem 2.44. Let X = X(A) be a toric variety and let A(1) span Ng. Then
1. X =2 (kW \ V(B))/G is a universal categorial quotient.
2. X is a geometric quotient if and only if A is simplicial.
Proof. [Cox95, Theorem 2.1] O
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Graded modules

Starting with a toric variety X = X (A) it is clear that the coordinate ring of each affine part X,
is just the localization of the Cox coordinate ring S by the monomial z(o), i.e.

kX, = Sa(o) = {f fesie N}}

z(o)!

which is A,,_1(X)-graded. Thus we can consider the degree 0 part of this module

(Sz(o))o = {az({t)l fis A,_1(X) homogeneous ,I € N and deg(f) =1- deg(xg)}

and have the following result.

Lemma 2.45. Let 0 € A be a cone and o its dual. Then there is an isomorphism
]f[XU] = k[(Tv N M] = (Sm(g))o.
Proof. See [Cox95, Lemma 2.2]. O

Let now F' be an A,,_j-graded S-module, i.e.
- @
a€A,_1(X)

such that S, - Fg C Fuyp. Then Fy := F ®g Sy () is a graded S, (,)-module and so it makes sense
to talk about the module (F,)q. Applying the ~-functor, as defined in [Har77, II section 1], gives
us a quasi-coherent sheaf F, := (F5)o on X, since by the previous we know that k[Xs] = (S;(s))o-

Proposition 2.46. The sheaves F, for all o € A patch together to give a quasi-coherent sheaf on
X = X(A). Moreover

e the functor sending F to F = F is an exact functor from A, _1-graded S-modules to quasi-
coherent Ox -modules.

o If X is simplicial then every quasi-coherent sheaf is of the form F = F for some graded F.
o If F is finitely generated, then F is coherent.
o If X is simplicial, then every coherent sheaf is of the form F = F.

Proof. [Cox95, Proposition 3.1, Theorem 3.2 and Proposition 3.3] O

Let X = X(A) be a toric variety and D a torus invariant Weil divisor, i.e. a Weil divisor whose
components consist only of the T-invariant codimension 1 subvarieties D, for p € A(1). If we
denote by X,..4 the set of regular points 7: X,..; — X the inclusion into X we can define the sheaf

Ox(D) = i*OXrgg (D‘Xreg)'

where K (X) is the function field of X, see [Per00].

Proposition 2.47. Let X = X(A) be a toric variety and let D = ZPGA(I) a,D, and E =
2 pen(n) bpDp be toric divisors.

o There is an isomorphism
dp: S, — H'(X,0x(D)),

where a = degy (D) € A,,—1(X) denotes the class of D.
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e Let moreover 8 = degy (E) denote the class of E, then there is a commutative diagram

Sa@§5b Sa+ﬂ

¢Dl l¢D+E

H(X,0x(D))® H(X,0x(E)) — H(X,0x(D + E))

where the top morphism is multiplication and the one on the bottom tensor product.
e Ox(D) =2 Ox(a), so the above defined sheaves can be identified with twisted structure sheaves.

Proof. See [Cox95, Proposition 1.2. and Proposition 3.1] for the first two statements and [Per00]
for the third statement. U
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2.3 Toric Sheaves

Let X be a scheme of finite type over k and let G be a linear algebraic group over k acting on X
via
0: Gx X — X.
Moreover denote by a: G x G — G the group multiplication an by
Gx X%

Gx(GxX)2axX

the natural projections. With these notations at hand we can define what we mean by equivariance
for sheaves.

Definition 2.48. Let F be a coherent Ox-module. Then F is called G-equivariant or G-
linearized, if there is an isomorphism of sheaves

@
o*F —>D5

such that the following cocycle condition holds:
The following diagram is a commutative diagram of isomorphisms

(uxid)*®

(oo (pxid)*F (co(id x 0))*F = (p2o(id x 0))*F

(;ind)*@iz zl

(p2 0 (1 x id))* F ————— (p2 0 pa3)*F p:q) (0 0pa3)*F
23

Notation. In some cases it is reasonable to call the pair (F, ®) a G-equivariant sheaf to emphasize
on the given isomorphism, but in cases the linearization is obvious or simply not important in the
context, we will usually abbreviate this notation by F.

The idea behind the definition lies in the observation that any closed point g € G induces an
isomorphism ¢g: X — X given by multiplication and it is an interesting question whether there
is an induced isomorphism on the level of sheaves ®,: ¢g*F — F or not. To be more precise the
question is, denoting the embedding X — G x X given by x +— (g, x) by iy, if there is a ®, making
the following diagram commutative

%

P
ro*F L > i*piF .

il giz

GF ——F

9
If F is a G-equivariant sheaf, such a family {®,}4cc always exists, but it is in general too much
to expect that a given family in turn glues together to a well defined isomorphism ® with the
mentioned cocycle condition. However, given a global ®, one sees that this cocycle condition
reduces on the level of the ®, to the commutativity of the diagram

9;‘1’92
* % *
9GHTF — g5

(9192)*}—?}"

9192

for all closed points g1,g2 € G. Besides this our definition of ® fits with the general definitions
from geometric invariant theory from the book [Mum65].
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We want to define the category of equivariant sheaves, so we have to say what an equivariant
morphism is:
Definition 2.49. Let (£,7) and (F,®) be two G-equivariant sheaves on a scheme X. We call
a morphism f: £ — F G-equivariant, if it commutes with the given linearizations, i.e. if the

square
o* f
o* ——=o*F
p3€ ——p>F
s f
commutes.

Again, we see that for any g € G there is an induced commutative diagram given by

g & N ! g*F .
\pi l@
€ psf F

Definition 2.50. Let G be a linear algebraic group acting on a scheme X, then we define G-equ(X)
to be the category of G-equivariant sheaves, i.e. the category whose objects consist of coherent,
G-equivariant sheaves of O x-modules on X and G-equivariant morphisms as morphisms.

Notation. In the special case where G = T is the torus of a toric variety X = X (A) , we will call
T-equ(X) the category of toric sheaves and accordingly speak of toric sheaves and morphisms.

Remark. In [Per00] it was shown that G-equ(X) is an abelian category, by showing that it admits
kernels and cokernels in a natural way.

With the above notation we have an identification

o*D =Y ny[T xY]=p;D.
YCX

Thus the associated reflexive sheaf Ox (D) inherits a canonical linearization ¥ given by

7*Ox (D) —— psOx(D)

ul lu

Orxx(0*(D)) == Orxx(p3D).

Toric Sheaves and Graded Modules

Recall from the proposition 2.46 that the exact ~-functor send every A, _;(X)-graded module F
to a quasi-coherent sheaf F. So far we did not discuss the fine grading the modules F' might have.
The surprising result is the following:

Proposition 2.51. The sheaf F = F for an arbitrary graded S-module F is T-equivariant if F
was already fine graded. The equivariance is then canonically given.

Proof. We denote the action of the torus on X by 6 and by ps: X x X — X the second projection.
A fine grading of F induces a fine grading on each of the F,, i.e. for each a € Z*W) the a-th
graded part is given by

Fcf}:{f

(o) fo € Fy for b e 7AW guch that b— 1 - exp(o) = a}
z(o
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where exp(c) denotes the exponent of the monomial z(c). Note that the Z*(M)-grading of F,, gives
us an action

v F, — F, ® k[M]
s s®x(a)

for every ZA(M-homogeneous element s of degree a. Using this we can locally define a morphism
bo: Fr % Sy @k k[M] — Fr @ S, @y k[M] = F, @ k[M]
by the formula
¢o(s ® x(a') @ x(a")) 1 = 1(s) - (x(a’) ® x(a"))

= (s®1®x(a))- (x(a') ® x(a"))
=s®x(a") ® x(a+d"),

for each element s of degree a. Here the symbols ®% and ®P? indicate the S,-module structures on
Se @ k[M] induced by the maps 6 and pa, i.e. the dual actions given by 0*(x(a)) = x(a) ® x(a)
and p3(x(a)) = 1® x(a). The map ¢, is in fact an isomorphism and so induces

0*Fy % p3Fy.

These local T-equivariances patch together and give rise to a canonical toric structure on F = F.
See [MP] and [Per00] for the details. O

Proposition 2.52. Let F be a quasi-coherent sheaf on a toric variety X. Then F is of the form
F for a fine graded S-module F'.

Proof. [Per00, Proposition 6.5] g

Toric resolutions

We know from the Hilbert Syzygy theorem that every coherent sheaf of O x-modules on a scheme
X admits a finite free resolution. The next theorem asserts that the resolution for a toric sheaf on
a variety X = X (A) can always be chosen toric, i.e. all morphisms respect the T-linearizations of
the occurring terms.

Theorem 2.53. Let F be a toric sheaf on X. Then there exists a finite toric resolution of F, i.e.
there are toric divisors D;; € 7AW such that

my mi
0— @OX(DiL) — .. @Ox(Dil) —-F =0
i1=0 i1=0
is exact and | < #A(1).
Proof. See |MB97, Theorem 1.1]. O

This means that our good knowledge about the sheaves Ox (D) for a toric divisor D is theo-
retically sufficient to know about the T-equivariances of arbitrary toric sheaves.
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2.4 Intersection Theory

We recall in this section some notions and theorems from the famous book of Fulton [Ful84a], to be
abled to use the full strength of intersection theory on toric varieties. For a shorter and probably
more readable introduction we refer to [Ful84b] or [Tra]. Recall that the Chow group

A(X) =P Ai(X)
1=0

of an n-dimensional scheme was defined as the direct sum of the groups A;(X) of i-dimensional
cycles modulo rational equivalence. On a smooth scheme it is possible to put A*(X) := A,,_;(X) to
define the Chow ring A*(X) of intersection classes, with multiplication given by the cup product.
Moreover, A,(X) becomes an A*(X)-module via the cap product. Since we are mainly interested
in the intersection theory of weighted projective spaces and other possibly singular toric varieties,
we need to extend these notions.

Chern classes

Before doing so we repeat the construction and some facts about Chern classes. Recall that for an
n-dimensional variety X and an invertible sheaf £ on X there is always a Cartier divisor D such
that £ = Ox (D). Moreover it is true that

D1~ Dy & Ox(Dl) = OX(DQ),

for any two Cartier divisors D; and D3, hence we can establish a one-to-one correspondence
between Cartier divisor classes and classes of invertible sheaves.
With that in mind we can make the following

Definition 2.54. We call ¢;(£) := [D] the first Chern class of L.

It is clear by the proposition that for any i-dimensional subvariety V of X we find a Cartier
divisor C such that Ly = Ox(C) for the restricted line bundle. This simply means that there is
a map

Zl(X) — Alfl(V) — Azfl(X)
V=[Ol [C],

determined by linear extension for all ¢ = 0,...,n. By [Ful84a, propostion 2.5] the operator
all)n : Zi(X) — A;—1(X) obtained from composition of the above maps extends to a well
defined operator

Cl(ﬁ) N ot AZ(X) — Azfl(X)

which we call the first Chern class operator. We will often write C' - o := ¢1(£) N« for a cycle
a€ Zi(X)and L= O0x(C).

Lemma 2.55. We have the following properties:
1. For any two line bundles L and L' the corresponding Chern class operators commute, that is
calL)N(ci(L)YNa)=ci(L)N(eci(L)Na) € Ai—o(X)
for all a € A;(X).

2. If f: X! — X is a proper morphism and L again a line bundle,then we have the projection
formula
a(ffOHNna=c(L)N ffa

for all . € A;(X).
3. For two line bundles L and L' and a cycle a € A;(X) the following equation holds
alL@LNNa=c(L)Na+ci (L) Na.
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Proof. [Ful84a, propostion 2.5] g

Note that part two of the lemma can be extended to finitely many line bundles, which means
that we can form a polynomial algebra of Chern operators, i.e for line bundles L, ..., L, and any
homogeneous polynomial f € Z[Xy,..., X,] of degree d we obtain a morphism

fler(Ly),. .. e1(Ly)): Ay(X) — A—q(X)

for all i > d.
The next step is to define Chern classes for bundles of higher rank, so let £ be a rank e + 1 bundle
on X (we denote the corresponding locally sheaf by the same letter) and consider its projective
bundle

p: P(€) — X.

For each x € X we define
P(&,) :=P(E,/m.E)

for each z € X, where &, respectively m, denote the stalk of £ in = respectively its maximal ideal.
By ps: P(€;) — {z} we denote the from p induced projection.

Lemma 2.56. There is an exact sequence
0— Q%(s)/x(l) —p"&* — Og(1) — 0,
where £* denotes the dual of £, and on each fiber we get an Euler sequence
0= e, (1) = € @ Ope,) = Oe,) (1) = 0.

Moreover, the sheaf Og(1), which is usually called the canonical line bundle, is invertible on

P(E).

Proof. See [Ful84a, Appendix B.5] for more on such sequences, [Har77, Chapter 2.7] or bet-
ter [Gro71, I1.5.5.3] for a proof. O

Since Og(1) is invertible, we can form ¢;(Og(1)) as before. Now for every a € A;(X) we get
pra € A;1o(X), since the fiber dimension of P(€) is e. So by pulling back, applying ¢, (Og(1)) N _
in an appropriate power and pushing down again, we obtain the following intersection morphism:

A;(X) T Ai(X)
Aise(P(E i~ (P(E)),

_—
e1(Og(1)Hn_
thus explicitly we get the operator
5i(€) Na = pu(e1(Oe(1) Np*a)
for any o € A;(X).

By setting so := 1 we can formally consider those canonically defined classes as an invertible
power series in a variable t, i.e. Z;’io s;t* and define the coefficients ¢;(€) in the power series

(Z Sﬂfi)_l =14+ Cl(g)t + 02(5)t2 + ...
1=0

to be the i-th Chern class operators of £. It is known that for any vector bundle £ of rank e
we have ¢;(£) =0 for all ¢ > e, thus

00 e
E Citl = E Citl,
i=0 =0

22



is in fact a polynomial, which we call the Chern polynomial of £. Moreover this definition
agrees with the definition made before, the operators are commutative and the projection formula
from 2.55 is valid for all 4, that is for any proper morphism f: X’ — X and any cycle o on X we
have the equation

e E) Na) = ei(€) N (@),
Let X be a variety of dimension n, then by definition [X] € A, (X) = Z is the generating class,

so by putting
(&) =cq(&)N[X] € A,_i(X)

we can think of Chern classes as elements of A,,_;(X) and in the case when X is smooth it is true
that ¢;(£) N [X] determines the operator ¢;(€) N _ and one can show that A*(X) = A,,_;(X) for
all i, so A*(X) = A.(X) and the i-th Chern class lives in A(X). In the general case we have to
deal with bivariant classes to define the groups A¥(X).

Definition 2.57. Let X be a scheme and i € N, then we define the i-th Chow cohomology
group A*(X) to be the collection of homomorphisms

e Aj(X") = A;_i(X)),
where g: X’ — X is a morphism of schemes and j € N, such that c(gj ) is compatible with proper

push-forward, flat pull-back and intersections (see [Ful84a, Def. 17.1, p. 320 (C; - C3)] for a
precise definition).

The most important thing is that “the usual properties” carry over to the generalized cohomol-
ogy classes, i.e. there is a cup product
AN(X) ® A (X) — A (X),
which is given from the theory of bivariant classes (see [Ful84a, Chapter 17] and a cap product

ANX) ® Aj(X) — Aj-i(X)
c®a—cla)=cNa.
Thus A, (X) is a graded A*(X)-module. Moreover the projection formula extends to this setting
and for any vector bundle £ on X there is a Chern class operator ¢;(£) € A*(X) for each i, which

is explicitly given by
¢i(&)(a) :==ci(g"E) Nay,

where g: X’ — X, a € A;(X’) and the operator ¢;(¢*E) N _ on the right hand side is the Chern
class we defined before. Thus we can describe Chow homology and cohomology groups of arbitrary
schemes.

We close this section with the following

Lemma 2.58. Let X be a complete variety, then for each i € N there is a homomorphism
Dx: A¥(X) — Hom(A(X),Z)
¢ (a— deg(cNa)),

called the Kronecker duality homomorphism.

Remark. Recall that the degree of a cycle is a function we first only defined on zero-cycles, i.e.
if X is a variety over k and av = > n,[P] € Ag(X) then we put deg(a) = > np[R(P) : k], and
then extended by zero to all other cycles to give a map deg: A.(X) — Z.

Intersection Theory on Toric Varieties

In this section we describe explicitly Chow groups and rings for complete toric varieties, following
[WF97], which is unfortunately full of typos. In general, for a variety X we only know that the
groups A (X) are generated by k-dimensional subvarieties and have relations given by divisors of
rational functions on (k + 1)-dimensional subvarieties. However, on toric varieties, we can describe
these groups easily using the data from the fan.
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Proposition 2.59. Let X = X(A) be a toric variety, then
o Ai(X) is generated by all V(0), i.e. by the orbit closures of all cones o with codim(o) = k.

o The relations are given by all 7 € A(k+ 1), i.e. by

[div(x")] = > (u,ng.) - [V(0)],
dim(U);%gm(T)Jrl

for all w € M(7) = 7+ N M, where as usual n,, € N is the point whose image generates
N,/N,.

Proof. See [WF97, Proposition 2.1] O

Remark. It is known that for nonsingular toric varieties X the groups Ay(X) are free abelian
for each k. Moreover, they are never trivial, if X is additionally assumed to be complete. In the
case of a nonsingular X, the Chow groups might fail to have these two properties, see for example
2.3 in [WF97]. In the following we show that for complete (singular) toric varieties the Chow ring
A*(X) behaves very well and can be calculated very quickly using the fan of X.

The next theorem is somehow the crucial part of the whole section, since it simplifies the in
general very complicated, relative notion of Chow rings to the computation of functionals.

Theorem 2.60. If X is a complete toric variety, then the Kronecker duality homomorphism
Dx: A¥(X) — Hom(Ar(X),Z)

is in fact an isomorphism for each k € N. Moreover, for each T-invariant subvariety Y, Dy is an
isomorphism, too.

Proof. |[WF95, Theorem 3] 0

Minkowski Weights

Notation. Let A be a fan, then we denote by A*) the set of cones of codimension k in A. Note
that we write A(k) for the cones of dimension k.

This notation allows us to give the next definition in a more compact way.

Definition 2.61. For any integer k£ € N and any fan A in a lattice N we call a function
e AW 7

a weight function or simply a weight. If a weight ¢ moreover satisfies the following relations

> (Uyngr) (o) =0 Yue M(r),

ce AP re AR+
TCOo

then we call it a Minkowski weight. We denote the set of Minkowski weights of codimension k,
which has the structure of a group, by MW*(X).

Corollary 2.62. Let X = X(A) be a complete toric variety. Then there is a group isomorphism
AF(X) = MWF(X)
for all k € N.

Proof. From theorem 2.60 we know that every element of A*(X) can be represented by a function
¢ on cones of codimension k, extending linearly to an element of Hom(Ay(X),Z). Such a function
clearly has to vanish on all the relations given by Ax(X) in order to be well-defined. So by definition
c is a Minkowski weight. O
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Remark. By the second part of theorem 2.60, it is clear that the statement of corollary 2.62
extends to torus invariant subvarieties of X.

Recall that for any scheme X the group A*(X) = A¥(X 94 x ) is given by a collection of
morphisms A4;(Y) — A;_;(Y) for all ¢ > k and all morphisms f: ¥ — X. Hence we obtain a
canonical homomorphism using the first Chern class operator

Pic(X) — AY(X)
L— (a—c1(f*L)Na),

where « is an element of A.(Y'). This map is in general not an isomorphism, but we have the
following result due to Brion.

Theorem 2.63. Let X = X(A) be a complete toric variety, then the map
Pic(X) — AY(X)
is an isomorphism.

Proof. See |Bri89| for a more general result for spherical varieties. O

Now that we know how to compute Chow rings, let us check how morphisms between them look
like. For a given toric morphism f: X(A’) — X (A), coming from a map of fans ¥: N’ — N which
maps every cone in A’ into a cone in A. We know that applying A* is a contravariant functor, so
induces a map

[T AN(X(A)) — AT(X(A).

It would be nice to compute this map in the case where both varieties are complete in terms of
Minkowski weights. In fact, if c € MW¥(X(A), then f*(c) is also a weight (maybe not Minkowski).
Fortunately, if we assume f to be dominant, there is a formula to compute the pull back.

Proposition 2.64. Let f: X(A') — X(A) be a toric morphism of complete toric varieties induced
by a map U: N' — N of fans. Furthermore let 7/ € A'*) and U(r') C T be the smallest cone
containing it’s image. Then the pull back of a Minkowski weight ¢ of codimension k is explicitly
given by

e(r) [N : (¥(N')+ N;)] , codim(t) =k

0 , codim(T) < k’

(S (") = {

where the brackets on the right stand for the index of a subgroup in a group.

Proof. By the projection formula 2.55 we obtain

L) V() = en £ ([V(T)]) € Ao(X(A)).

Now that by definition of push-forward of cycles we have the well known formula using field
extensions of rational function fields [R(V (7)) : R(V(7))] (which in our case can be thought of as
the cardinality of a fiber of f)

£ (V) = {([)R(V(T')) RV V(D] 223128 - Z
. {[N/Nf LWL (N'/NL)] - V()] codim(r) = k
0 , codim() < k
_ {[N H(U(N) 4+ N;)] - [V(7)] codim(7) = k
, codim(7) < k'
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where ¥,: N'/N., — N/N, denotes the induced map on quotients. Combining these two facts
and taking degrees we obtain

[N: (U(N')+ N.)]-e(r) , codim(r) =

. k
deg(cn fu([V(T)]) = {0 , codim(7) <k’

O

Now that we know how to compute the ring homomorphisms between Chow rings in some
important cases, we want to compute intersection products in a comparably easy combinatorial
way. To do this we need the following lemma, which turns out to be very powerful for our means.

Lemma 2.65. Let X and Y be toric varieties. Then the Kiinneth map

A(X) © AL(Y) — A(X X Y)
Vi W] [V x W]

is an isomorphisms.

Proof. From [Ful93, Section 1.4] we know that V(o) x V(7) 2 V(o x 1) for all 0,7 € A, therefore
the proof is clear by the above description of the Chow ring of a toric variety. O

Starting with a complete toric variety X = X (A), the trick now is to use the diagonal morphism
5: X — X x X, which is usually denoted by A, but already used in our context. Let v € A®),
then we apply the lemma and get the following presentation for V(v):

SV =0BVnl= >, ml, Ve x Vi€ A(V(y) x V(7).

ceA® ,TEA(’C*"‘)
~yCo,yCT

Definition 2.66. Let N = Z" be a lattice and A C N be a fan defining an n-dimensional toric
variety. Then for any saturated d-dimensional sublattice L. C N and any v € N we define

A(v) :={o € A|Lg + v meets o in exactly one point}.
Clearly, we have dim(c) < n —d for all o in A(v) and we say that v is a generic lattice point if
equality holds, i.e. if dim(c) =n —d for all o € A(v).
With those notations we can formulate the following theorem, which is called the fan displace-
ment rule:

Theorem 2.67 (fan displacement rule). As before let X = X(A) be complete, v € A and v be a
generic lattice point of N, then the coefficients in the formula

V(] =[0V()] = >, my .- Vo x Ve] € A(V(7) x V(7))
ceA® realh=1)

are given by

o [N:(N,+ N;)] ,ifoc meetsT+v
7T 0 else '

Proof. [WF97, theorem 4.2] O

The next proposition shows that knowing the coefficients m7 _, which are in general not unique,
is sufficient for the calculation of cap and cup products. Thus the fan displacement rule is a strong
tool for the computation of intersection products and the whole intersection theory of a complete

toric variety is determined by the m7 ..

Proposition 2.68. Let X = X(A) be a complete toric variety and identify the Chow ring of X
with the set of Minkowski weights. Then the following equations hold true:
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o Ifce MWP(X) and v € A®), then the cap product is

cnVy)l = > mg .- ¢(0) - [V(T)] € Ap—p(X).

ceA® reAlk—P)
yCo,yCT

o Ifce MWP(X) and ¢ € MW4(X) then the cup product is given by

(cUé) = > ml,cl0)-é(r) € MWPTI(X),
oeA® reAlD
yCo,yCT
for every v € APt+a),
Proof. |WF95, 3, theorem 4] O

After having introduced weighted projective spaces in the next chapter we will compute the
Chow groups and rings, as well as the homomorphisms between them for a special class of weighted
projective planes.
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3 Weighted Projective Spaces

There are many papers, including [Dol82], [MB86]|, [Del75] and [Mor75], to name the most im-
portant sources, giving a completely non-toric introduction to the theory of weighted projective
spaces. In this chapter we will review some important properties presented in those papers and
supplement them from a toric point of view.

3.1 Alternative Descriptions and First Properties

In this section we give several different descriptions of weighted projective spaces and deduce some
properties. We begin with the

Definition 3.1. Let Q = (qo,.--,qn) € Z"! with ged(qo,---,¢n) = 1. We define the weighted
projective space with respect to the weight @ to be

P(Q) :==P(qo, .-, qn) = (K" T"\ {0})/ ~

where (ag,...,a,) ~ (bo,...,by) if there is a A € k* such that (ag,...,a,) = (APbg,...,NI"b,).

We will now give four equivalent

Descriptions

e The space P(Q)) is a toric variety for every Q). This can be seen by letting the torus
T = (k)" ~
with the same relation as above act on P(Q) via the well defined map
((tos .- stn), (@0, ... an)) — ({tao,. .., tiay,)

which embeds T as an open and dense subset of P(Q).
The fan of P(Q) can be constructed as follows. Let e; be the standard basis vectors of Z"*!
and denote by v; := €; their image in

N :=Z""Y7 (qo,...,qn) = Z".

By construction we have the relation

n
Z qivi =0
i=0

and it can be shown that the fan consisting of all cones generated by proper subsets of
{vo,...,v,} corresponds to the variety P(Q) (see [Cox]|). Since this fan is complete and
simplicial, we conclude that weighted projective spaces are complete simplicial toric varieties.
Note that we defined the fan of P(Q) in N := Z"*! /Z(qo, .. ., g,) which is isomorphic to Z",
but it is in general not clear how the rays v; are embedded. However in examples this can
mostly be done.

Example 3.2. The embedded fan of the weighted projective plane P(1,1,2) in N = Z? looks
as follows.
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(0,1) A P2

o]

01 (1,0)
{0 /M
02

(71»72) pO

where the p; are primitive vectors that clearly satisfy the relation Z?:o qip; = 0. In exam-
ple 2.17 we explicitly computed the affine toric varieties associated to the o; and saw that
Xoy = Xy, = k? and X, = V(22 — y2) is a cone in k3. Since P(1,1,2) is complete, we see
that this weighted projective plane can be seen as the compactification of this cone.

We can also describe P(Q)) as quotient obtained from the homogeneous Cox coordinate ring.
So far we know N = Z"*! /Z(qq, ..., q,) and hence M = Hom(N,Z) = Z(qo, . .. ,qn)>. Thus,
using that A,_1(P(Q)) = Z (see for example [Cox]), the short exact sequence from the last
chapter

de
0-M— P z D, % 4, 1(P(Q)) — 0
pEA(L)
reduces to

d
0—>Z(q0,...,qn)L—>Z”+1m2—>0,

where the first map is given by inclusion and degp(g) has to be dot product by the vector

(qo, - - -, qn) to make the sequence exact. Therefore the homogeneous coordinate ring S’ :=
S(Q) == S(P(Q)) is just k[yo,...,yn] where y; has the Z-grading degp()(vi) = ¢i- The
irrelevant ideal is B = (z,,,...,%,,), thus V(B) is just 0 € k"**. Moreover

G = Homy (A, -1 (P(Q)), k™) =2 Homy(Z, k*) = k*

is embedded in k2 2 g7+ via the dual map of degP(Q), which is, as we said before, scalar
product by the weight vector (qo,...,qn). Therefore the image of G in k"*!, which we also
denote by G is just

G={(\0, ..., A"\ ek}

Thus we recover by

(K"I\V(B))/G = (k"1 \ {0})/k*
the above definition of the weighted projective space P(Q). Using the coordinates from this
construction, we have the following

Example 3.3. Let yo,y1 and yo be the coordinates of X = P(1,1,2). It is clear that they
have Z-degree 1,1 and 2 respectively. We claim that there is an embedding of X into P3.
Note that the homogeneous parts of degree 2 of P(1,1,2), i.e. the generators of Sy, are given
by v2,yoy1,y3 and yo. We define a map

©: P(1,1,2) — P3

<Cl0, ag, Cl2> = <a%7a0ala a%a Cl2>,
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which is well defined, injective and ¢(X) = {xoxs — 22 = 0} C P? for coordinates x; on P3.
In the last example we saw that P(1,1,2) can be seen as the compactification of an affine
cone, here we computed the concrete embedding in P3.

Note that from the last description one sees that for any @ = (qo,...,qn), ¢ € N, we have
an isomorphism

P(Q) = Proj(k[yo; - - - ynl);

for coordinates y; of degree ¢;, using the Proj-construction. This differs only slightly from
the previous, where we had the same ring k[yo, - . ., y»], but presented P(Q) as quotient.

In our last description we show that P(Q) can also be realized as a finite quotient of P™. To
do so we introduce the following short hand notations:

Notation. For any two elements a,b € Z"*! we write

ab := (apbo, - - ., anby)
and |ab| := agbg + ... + anb,.

We will also use this in the case of a single argument, i.e.

la] :=ag + ...+ an.

Note that there is a ring homomorphism

v S =Ps, - Pss=5

ac BEL
e VR VAL e N A @
which preserves Z-degrees, since the monomial y* has degree |aQ| := aggo+. . . + angn, which

is the same as the degree of 2%?. The rings S and S’ also have the above introduced Z"*+! or
fine grading, thus we can write down the morphism ¥ on the level of the fine graded parts.
Let a € Z™*1, then there is an induced isomorphism

S;:k~y“:k~y8°...yfl"Hk'xgoqo...:r%"q":k~xaQ:SaQ

which unfortunately does not preserve the Z"+!-degree. Note however that we can fill the
“gaps” that this maps leaves by finitely many fine graded parts, i.e. we have an isomorphism

s- @ o
P=(po;...,pn)EL™ !
0<p;<qi

which makes S into a finitely generated graded S’-module. This ring homomorphism ¥ now
induces a morphism of varieties

m P* — P(Q).
We want to study further properties of this map, therefore we introduce the following group:

Definition 3.4. We define ug := fig, X ... X [ig, , Where
pg; =& € k€T =1}

is the group of ¢;-th roots of zeros in k.

Note that we have an action of ;1o on P™ given by

fg X P — P"
((507-- . agn)v <l‘0,. . axn>) — <£0$0, s 7§nxn>
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as well as an action on the coordinate ring S by

pg X S — S
((507 s 7£n)?f(x07' .. 7]"71)) = f(£0x07 s agnxn)

Thus it is clear that S’ is isomorphic to the ring of invariants of this action, i.e.

S GQHhe s S,

Hence the composed map is given by sending y; to z%%, as is easily seen. So we get the

i
following result.
Proposition 3.5. The weighted projective spaces P(Q) are just the quotients of P™ by the
group pq, i.e.

P(Q) =P"/uq.
Moreover the quotient map P" — P(Q) which can naturally be identified with m is a finite,
toric morphism.

Proof. By the above considerations the only thing left to proof is that this morphism is toric.
Let
<t0, Ce ,tn>]]:l>n € Tpn

be any torus element. Then we have the following chain of equations

7'1'(<t()7 N 7tn>]P>n . <.’L‘Q, PN ,$n>]p>n) = 7T(<t01)0, ce ,tn.’I}n>[pm)
= <tgoxgo7 e ,t%”x%">]p(Q)
= <t0, N ,tn>[p>(Q) . 7T(<I0, e ,.CCn>]P>n)

and the torus action therefore commutes with . O

We define i, := Homyg(uq, k*) to be the dual of pg. In the next section it turns out that
this group is extremely useful for the description of sheaves on P(Q). Clearly this group
decomposes into characters
n
no =D,
i=0

where py = Z/q;Z and pj > pit pg, — k* is given by £ — &Pi. Therefore we have an
identification

1o = Ap = (po, -, pn)|0 < p; < g; for all i}
and we will by abuse of notation write 0 < p < @ for any such element.

Remark. Since the order of ig = >_'"_, ¢; is invertible in k& we have for any action of pg on
a k-vector space V an eigenspace decomposition

v-@v
PENG

where VP ={v e V|§-v=p(&)-v V€ pg}

Example 3.6. We rediscover the composition

S = b TP SHe

p=(po,...pn)EZ" 1!
0<p;<qi

by the observation S? = 2P S#@ for any character p € pg,. Note that in particular S 0~ Gra,
which already shows that the zero character is extremely important for further considerations
of weighted projective spaces and motivates why we will usually write p1g for this character.
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3.2 Sheaves

Structure Sheaves and the Relation to P"

Let F be a sheaf of Opn-modules on P™ on which pg acts (compatible with the action of pg on
P"). Then for all open subsets U C P(Q) the module 7, F(U) = F(r~1(U)) is a k-vector space.
Hence, as described above, the direct image sheaf decomposes as

T F = @ b F,

0<p<@Q

where on an open set U C P(Q) the module 7 F(U) for the character p is given by

mFU) = [F(x (O)P = {f € F(r (U))IE - f = p(€) - f.VE € nq}

For the zero character we have in particular that

mF(U) = [Fa  U) ={f € Fx (U))I€- f = 0() - f = f,Y€ € uo}

is simply the set of pg-stable sections, therefore we will write 74? := 70 (having the corresponding

fact for the coordinate ring in mind).

Definition 3.7. We denote by ug-Coh(P(Q)) the category of coherent sheaves on P(Q) on which
pg acts. The morphisms of this category morphisms of Coh(P(Q)) preserving this action.

Remark. The morphism 7 is finite, so

- @

PEHG

is an exact functor, which is also true for any of the parts «%.
Unfortunately it is not flat outside of the singularities of P(Q), thus when we push down a vector

bundle via 7} we cannot expect to obtain a vector bundle on P(Q). However we have the following

Lemma 3.8. Let & be a vector bundle on P". Then for all p € pug, the sheaf 7L € is reflerive.

Proof. Denote by X,cq S P(Q) the set of regular points of P(Q), set

v

X = (Xpeg) = PP

reg

and consider the restricted map 7 := 7[x;_: X

reg — Xreg, which induces the commutative diagram

’ ™
X *)X'reg

reg
P ——P(Q).

Since the toric varieties P and P(Q) are normal we know that

codim(P(Q) \ Xyeq) > 2 < codim(P™ \ X, ,).

reg
Hence € = i{(€]x;,,) and so
€ = i (E]x;,,) = um(E]x,,, )

reg

7L (€|x;,,,) is locally free since 7 is flat, thus 7L € is reflexive. O
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Lemma 3.9. For every coherent jig-sheaf F on P" there is a natural action of ug on Hi(]P’”,]:)
for alli € N and

[H'(P", F)I” = H'(P(Q), 7} F)
for all characters p € Ko

Proof. Consider the Cech complex C'*(U, F) of F on the standard open covering U = {Ey, ..., E,}
given by the divisors F; = {x; = 0}. All the E; and their common intersections are pi-invariant,
so pg acts on C*(U, F). Since also all the maps between the Cech groups are pg-morphisms, pq

acts naturally on H (U, F) := h*(C*(U, F). By [Har77] there is an isomorphism
I (. F) = H (P, F),

which shows the first part. Let analogously V = {Dy, ..., D,} be the affine open covering of P(Q)
defined by D; = {y; = 0}, then since U; = 7~ !(D;) we see that C*(U,F) = C*(V,n.F) and
therefore ' '

H'(P", F) 2 H'(P(Q), 7 F).

Now we only have to consider the eigenspace of a single p € ug, to obtain the last equation, i.e.

[H'(P", F)]P = H' (P(Q), 70 F).

Lemma 3.10. There is a natural tsomorphism

.0z = (D) Oy (~Ipl).

PENG

Proof. During this proof we will always write the ~-functor together with the corresponding ring
to make clear over which ring we work. First of all we see that

T Opn = 7,85 = ( @ ;CPS“Q)NS/.

0<p<@Q

From [Gro61] we know more generally for any S-module M there is an isomorphism

/

~ s
T M” = Mg .
The Grothendieck-functor commutes with direct sums, so we continue with

7O @ e @ )= D ol

0<p<@Q 0<p<@Q 0<p<@Q

Here the second isomorphism comes from

S,(_‘pDOl:S(lx—lpI: @ Se = @ k-y*

la@Ql=a~p] la@l+[pl=c
~ EB k. p®@tr — EB (zPSHQ), = (2P SHQ),
la@l+|pl=c bl=c

for all @ € Z and the isomorphism in the middle is given by multiplication with 2P and replacing
y® by 29, (|

Remark. Clearly the proof does not change if we twist by some j € Z, thus we also obtain

m.0p(j) = D Oz (G — Ip).

PELS
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Proposition 3.11. More generally for all S’'-modules M interpreted as S-module via the embed-
ding S’ = Ste — S and thus as pg-invariant module, we have an isomorphism

— S’

T (M) = @ P M

PENS

Proof. Let U be an affine open subset of P(Q) of the form U = SpecSE f for some homogeneous
polynomial f € S’. Then it follows by [Gro71| that

ﬂ'*(MS)|U = W*‘W*I(U)(Mslﬂfl(U))
—S

& Tyl a—1 ) (Mg )
D @(Ms)ip)™*

0<p<@Q

1%

—

(D @5 o

0<p<@Q

IR

O

Theorem 3.12. For any coherent sheaf F on P", any pg-sheaf G on P(Q) and an arbitrary
character p € pg, there is an isomorphism

(T F @0pn G) = F @0y, G-
Proof. See [Can00, Proposition 1.5] for a proof. O
Corollary 3.13. 7i® on* = id con(p(Q))-
Proof. For any coherent sheaf F on P(Q)) there is an isomorphism

T ? o m* F 2wl (n* F ®0pn Opn)
~ ghQp* F ®0p0) TR Opn
= F @0, Op(q)(—10]) = F,
using the last theorem. O

Remark. Unfortunately the the functors

e pg-Coh(P™) — Coh(P(Q))
and 7*: Coh(P(Q)) — po-Coh(P")

do not define equivalences of categories, see [Can00].

Sheaves of Regular Differentials

Following Dolgachev, respectively Canonaco we define 25/ := Qg /), to be the module of k-
differentials, for all i € N we put Q%, := A/Qg with the usual converntion 2%, := S’. Then
of course %, is a free S"-module via the canonical derivation d: S’ — Qg with basis

{dy“ /\/\dy7,1|0§21 <... <ZJ STL}
These modules have a natural Z-grading induced by the weights of the y;:

deg(dy;, A ... Ndy;,) = qi, + ...+ q,-
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Remark. Since the modules are free with the introduced grading we obtain a graded isomorphism
of degree zero by

U= P Y- —a)

0<1, <...i;<n

Now for each j < 0 we define the degree zero morphisms

AT QL — QL
j —_—
dyi, N ... Ndy;, — Z (=)' Vg, i, - dyi, Ao Ady AN dy;, -
=1

Hence by definition of the maps we obtain a complex

An+1 An A2 Al
0— QL =—Qt = ... =QL, =9 -0

which is just the Koszul complex of the regular sequence (qoto, - - . gnt,) and so it is exact everywhere
except for the first position, where we have cher(Al) =5"/(qoto, .-, Gntn) = k.
Since it turns out to be more useful we set %, := im(A?*!) = ker(A?) and will mainly work with

the following
Definition 3.14. For every j the sheaves ﬁé,(Q) = (ﬁg,)w with the induced grading are called

sheaves of regular differential j-forms. Moreover we put ﬁé,@)(l) = (ﬁj,(l))N for the twist
by lezZ= An—l(P(Q))'

Remark. Since ﬁg?‘_l = 0 and by the above remark we have
Do) = Q)™ = (5" (~q0 — - — an))™ = Or(g) (-1QD-

Since the spaces P(Q)) are normal there is another natural way to define differential sheaves:

Definition 3.15. Denote by i: X,.; — X the set of regular points of X =P(Q). Then for every
j > 0 we define the Zariski sheaf of germs of j-forms to be

Ol ;0
Qy = Z*meg.

We refer to [Oda88] for more about those sheaves, which can be defined on every toric variety.
The important result is that on P(Q) these sheaves coincide with the sheaves of regular differentials,
ie.

~

=7
Qﬂw(@) = QIP’(Q)'

See [Dol82, 2.2.4| for a proof of this statement. This particularly means that ﬁ%n = ﬁﬂ» = QI]P
and so the our new sheaves really generalize the differential sheaves on P".
Note that we also have the sheaf of regular j-forms in the special case of P(Q)) = P™, where 1

naturally acts on Qfg by

((50,...,£n),dl’il /\/\dl’“) l—>£1‘1 ngdIll /\.../\d‘Tij7

and so all maps A7 are po-morphisms, hence ﬁ%n (1) € pg-Coh(P™).

Generalized Euler and Koszul Sequences

Theorem 3.16 (Generalized Euler short exact sequence). Let X = P(Q) a weighted projective
space of dimension n with toric divisors Dy, ..., Dy. Then there is an exact sequence

( q0Yo )
—1 - n: n
0 — Qpg) — P Or(q)(-Di) —2 Opg) — 0.

=0
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Proof. See [VB94, Section 12] for a more general result for complete simplicial toric varieties. [

Identifying the divisors D; with elements of Z" ! the generalized Euler sequence basically comes
from the following surjection of S’-modules

( q0Y0 )
P s'(-pi) ~ 8" — 0.
i=0
We therefore obtain the Koszul complex of this matrix:
( q0Y0 )
0— S -D) — ... — DS (D= DY P (D)~ 5~ 0.
=0 i<j i=0

and so by tensoring with Op(g) we get a generalized Koszul complex on P(Q):

(%m)
- = D Or)(~Di = D) — P Or() (~Di) = Op(q) — 0.
=0

i<j

To simplify this a little bit we can delete the weights from the coordinate vector by the following

transformation
( qo0Yo )
QH.yn
—_—

D Opo)(—Ds)

( . | )
0 dn

Di—o Or(@)(—Ds)

Op@) —=0

IR

Opg) — 0.

( : )
Yn

We will use these sequences several times in the next chapters.

The Cohomology of Opg) (i)

—

Recall that we defined Op(q) (i) := S’(i). For f € S’ there is a natural homomorphism S; — S’(7) )

by a +— 7 and inducing the so called Serre homomorphism

a;: 8] — HY(P(Q), Op(q)(i)).

Theorem 3.17. The Serre homomorphism o;: Si — HO(IP(Q),OP(Q)U)) is an isomorphism for
all i € N. Moreover

H(B(Q), Op(ay (1) = {Sin-|Q| A0

0 , else

Proof. See [Dol82, section 1.4] for a proof. O
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Let Ps/(t) denote the Poincaré series of S’ with coefficients a; determined by

Rgu)::fiw-ﬂ::fi(l—ﬂw—ﬁ
i=0 j=0

Then we have the following Corollary as a direct consequence of the theorem:

Corollary 3.18. The dimension of the cohomology groups can easily be read of from the Poincaré
series, i.e.
a; ,j=0
dimi H' (P(Q), Op(q) (i) = { 0 3 #0,m
a_i—j| »J=mn

Proof. This follows directly from a; = dim.S; and gives us a good way to compute the dimensions.
O

The Cohomology of ﬁfp(Q)(l)

The proofs of the results presented in this section can be found in [Dol82, section 2.3].
Notation. For @ # I C {0,...,n} we denote by |Q;| the sum }_,_; ¢; and define

h(j,i51) = dim B (P(Q), Dp) (1),

where as before a; denotes the dimension of the i-th graded part of S’.
With these useful notations we can compactly formulate the next

Theorem 3.19. For all twists | € 7Z we have

o h(0,6;) = Y ai_ig, —h(0,i—1;1) Vi>1,
P

I=i
® h(j, ;1) =0 , if j#0,i,n,
e h(i,i;0)=1 ,i=0,...,n,

o hin,i;1)= 3>  a_p_jg, —h(n,i—-11) Vi>1
#I=n+1—1

Corollary 3.20 (Bott-Steenbrink). Most of the cohomology groups vanish:
o H(P(Q), Qp(gy(1)) =0, if | < min{|Qy|: #I =i} and
o H'(P(Q),pg)(1)) =0, if n > —min{|Q;|: #I =n+1—i}

e If Il > 0 then the group W(P(Q),ﬁ;)(@)(l)) is only in the case where j = 0 and | >
min{|Qr|: #I =i} is nonzero.
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3.3 Induced Morphisms

Fix Q = (qo,---,qn). Given a morphism Opn(—|r|) 2 Opn for an arbitrary r € N"*1 we would
like to know how the induced morphism 7,z" for the map m: P" — P(Q) looks like, i.e. which
morphism makes the following diagram commutative:

Tex

7 Opn (—|7]) 7 Opn

| -

B Op)(—Irl—1pl) _ B Opo)(=Ip)-
0<p<Q 0<p’'<Q

Therefore we consider the corresponding maps on the homogeneous coordinate rings. There we
.IT
S(=Ir))

have:
S

@ 2SI . @ 59,

0<p<@Q " 0<p’'<Q

thus for fixed p and a € Z we obtain for the a-graded parts

" P’ gQ
2259 (7))« ogg'z@ (zP" S9),

-

@ artee O (ko).
a€Z™ 7 0<p’'<Q
Ipl+]aQ|=a—|r| T 4 eQ =

Hence, going another step down, for a single monomial the morphism we are looking for has to
look like this

ks
ppraQ — s (r+p)+aQ

]

ya S ya+b
Y

and we can write
2 (TP +aQ _ P +(a+b)Q

where b and p’ < @Q are uniquely determined by division with remainder. So for the modules this
means

D @S?U=Ir))a il D (2759,
0<p<@Q 0<p’<@Q

D (@S (=[r] = [p]))a D @S (~Ip]))as

0<p<Q (Fpp)ppr 0SP'<Q

where we set
fow =y &r+p=bQ+pep =r+p-—1bq

and zero else. It follows directly that the matrix (fp ,)pp is an elementary matrix. The map does
not depend on «, which means we can write the whole diagram down again without the subindex
Q.

38



Let us now consider a finitely generated S- module F', which by definition has a finite representation,
i.e for some «; and 3; we have an exact sequence

P ss;) L2 P s) — F—0
J 7

with f; ; = A; ja™9 for A; ; € k possibly zero. The exactness of the Grothendieck functor gives us
a sequence of sheaves

P 0 (8;) LLL P Opr () = F = F — 0.
j i
Now we apply the exact functor m, to this sequence and obtain

B P OB - Ipl) Yuus, =2 B P Ovglai - Ip]) = mF =0,

7 0<p<@ i 0<p’'<@Q

where (f; ;)i is the induced block-matrix with entries f; j = ( f}»p,)p,p/ and

p.p . ’
P,P/ _ yb'iyj , if rijtp= bfjjp Q+ p’ )
! 0 , else

Example 3.21. Let @ = (1,1,2) and r = (2,3,5). Then |r| = 10, p,p’ € {(0,0,0),(0,0,1)} and
we get the induced morphism

T (27)

Op(@)(—11) ® Op(q)(—10) —— Op()(0) @ Op(q) (— @ﬂ"}' —0

. 0 y(2,3,2)
Te(2") = <y(2,2,3) 0 .

Example 3.22. In the same way as before we can push down the Euler-sequence on P™ to obtain

with

M
T > (n+1) | @B Opg)(-1-1Ip) | = @ O (-Ip']) =0

0<p<@Q 0<p'<@Q

where M is a matrix consisting of n 4 1 blocks and the i-th block is an elementary matrix, whose
nonzero elements are either y; or 1 in case of b = 0.

Example 3.23. We consider again P(Q) = P(1,1,2). Then the induced Euler sequence with three
2 x 2-blocks is given by

yo O
0 wo
y1 0
0 vy
0 1

0
0 — 1. — 3(Op(g)(—1) ® Op(g)(~2)) —"—— Oz(q) ® Op(g)(~1) = 0.

Now it is easy to see that each column corresponds to the sequence for a single character, i.e.
Yo
5l v
0 — Qs = Qpg) — 208y (—1) & Op(g) (—2) ——— Opg) — 0

and
Yo

Y1
0 — 70Dk, — 2050)(~2) ® Op(g)(—1) ~ Op(g)(—1) — 0.
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Remark. The rows of the form (0,...,0,1,0...,0) can always be deleted by a process similar to
the Gaussian elimination known from linear algebra, since such a row does not have any influence
on the cokernel.

Example 3.24.

Yo
Y1
0—— 7@(60,0,1)9]%»2 - QOP(Q)(—Q) ) OP(Q)(—I) N1y OP(Q)(—I) —0
: (23F)
= = 01—y
00 1

0 —= 205(g)(=2) —= 205(g)(—2) & Os(g)(~1) 4>( y Op(@)(=1) —=0
0
1

So we get

0,0,1 ~
as a byproduct. We will see in the next chapter that this is not just good luck, i.e. all the sheaves
of the form 7¥Q%, are isomorphic to a direct sum of twisted structure sheaves.

In the next chapter we will see how we can get concrete resolutions in terms of structure and
differential sheaves, which is the main tool we need to classify some toric sheaves on weighted
projective planes.
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3.4 Chow Rings

In this section we compute some Chow Rings and morphisms between them for weighted projective
spaces by using the intersection theory on toric varieties which we have introduced in the last
chapter.

Example 3.25. We will calculate the Chow ring A*(P(1,1,2)) = A*(X), so we first of all have to
look at the Chow groups A;(X) in detail, since they determine the relations we need to know for
the computation of the Minkowksi weights. Let the rays and cones be denoted as in the picture
below

(0,1) P2
o)
01 (1,0)
{0} P1
g2

(71772) pO

Ap(X): We know that Ag(X) is generated by the three cones o, 01 and o with three relations given
by the rays p;. This gives rise to a lengthy computation:

— po: We have M(pg) = {u = (0,u2)|us € Z} and ng, p, = (0,1), Ngy,py = (0,—2) for
the generators (note here that o9 2 po and therefore oy does not play a role in the
computation). Thus

div(x(u)) = div(x(0, ug)) = ua[V(01)] = 2u2[V (02)].

— p1: Here we have M(p1) = {u=X-(2,—-1)|X € Z}, npy,p, = (0,1) and n,, ,, = (1,0),
div(x(u)) = div(x(2A, =A)) = =A[V(00)] + 2A[V(02)]-

— p2: Analogously for the third case M (p2) = {u = (u1,0)|u1 € Z}, oy, p, = (—1,0),00, p, =
(1,0) and therefore

div(x(u)) = div(x(u1,0)) = —u1[V(00)] + u1[V (o2)]-

A1(X): The group A;(X) is generated by the p; with one relation coming from the zero cone, namely
(since Ny, /Ngoy = N,,/N N {0} = N,, > n,, is simply the primitive vector in p;)

div(x(uw)) = w1 - [V(po)] + (—ur = 2u2) - [V(p1)] + uz - [V(p2)],
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where u = (u1,us) € M({0}) = M N{0}+ = M = 72.

Ay(X): As(X) is easy to determine, since it is generated by {0} and has no relations, it is isomorphic
to Z.

As a direct consequence of the last calculation we obtain

A%(X): A%(X) = Hom(A(X),Z) = Z. Note that the direct calculation of A?(X) is not much more
complicated: A%(X) = MW?(X) = {c: {0} — Z} = 7Z, since A® = {{0}}.

AY(X): The group A'(X) is isomorphic to all functions ¢: A®) — Z that vanish on the one given
relation, i.e.

0=y -c(po) + (—u1 — 2uz) - c(p1) + uz - c(p2)
=uy - (c(po) — c(p1)) +uz - (c(p2) —2c(p1))  Vue M.

This condition is equivalent to say that c¢(pg) = ¢(p1) and c(p2) = 2¢(po), ie. c(po) € Z is
arbitrary and the rest uniquely determined, so A'(X) = Z.

A°(X): For A°(X) we have a similar computation, consider maps ¢: A®) — Z such that for all u, A
as given above

Hence the conditions are ¢(og) = ¢(01) and ¢(og) = 2¢(o2) which simply means that ¢(o3)
can be chosen arbitrary and so A°(X) =2 Z. To summarize all this we remark that the Chow
ring A*(X) X Z & Z®Z of P(1,1,2) is the same as the Chow ring of P2.

After having computed the last example very explicitly, we will be a little bit sketchier in the
next one

Example 3.26. Let p,q € Z with ged(p,q) = 1 and consider the weighted projective space

X =P(1,p,q). Since
1
(), ()

is exact and the matrices have primitive columns, the fan of the complete toric variety P(1,p, q) is

spanned by the rays
(P (1 (0
pPo = p+q pP1 = _1 P2 = 1/

Then in the same way as before we see that

0— 72 73 7 —0

AY(X): the group A'(X) is given by all Minkowski weights ¢ such that

(pur + (p + q)uz) - c(po) + (—u1 — u2) - c(p1) + (—u2) - c(p2) = 0,

which is equivalent to ¢(p1) = p - ¢(po) and (p + q) - ¢(po) = ¢(p)1 + ¢(p2). This means that
c(po) is arbitrary and the other values are fixed, hence A'(X) = Z.

A%(X): The fact A?(X) = Z is again easily checked, as in the case of
AY(X): where we have A°(X) = Z by a computation along the same lines as before.

Next we will compute how the dominant toric morphism 7: P* — P(Q) looks like on the level
of Chow rings, i.e. we want to know more about the map

T AN(P(Q)) — AT (P")

in some special cases. We use proposition 2.64 in order to do so.
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Example 3.27. Let X(A) =P(1, 1,2) with rays and cones denoted as in the example above and
let X(A’) = P? given by the fan

0.1) x Py
o0
ol (1,0
{0} o}
P
(71771) ,06

Moreover let 71 X(A’) =P? — P(1,1,2) = X(A) and ¢: AWM — Z a Minkowski weight.
To see how 7*c looks like we assume without loss of generality that ¢ € A'(X) = Z corresponds
to the positive generator 1, i.e. ¢(pp) = 1. Then by proposition 2.64 we see that

(") (py) = clpi) - [N : (B(N) + Np,)]

12 Lifi=0,1
2.1 Lifi=2

7

=2

which can directly be read of from the toric morphism 7 by calculating the index of the lattices.
Thus the map is multiplication by 2. Clearly for ¢: A®) = {{0}} — Z with ¢({0}) = 1 we get the
same result, i.e.

() ({0'}) = ({0}) - [N s (W(N') + N,)] = 1-2=2.

The only thing left to show is that f* acts on the positive generator of A°(X), which is the weight
¢ determined by ¢(o2) = 1 and ¢(op) = 2 = ¢(01), also as multiplication by two, but this is easy to
see:

(m*c)(07) = c(oi) - [N : (F(N') + No,)]
2.1 ,ifi=0,1
12 ifi=2
— 2.

Hence

7t A*(P(1,1,2)) — A*(P?)

cr—2-c.

Example 3.28. This time we consider the weighted projective surfaces P(1, p,q) = X (A) for some
positive integers p, ¢ with ged(p,q) = 1. Let ¢: A() — Z be the generating Minkowski weight with
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c(po) =1, e(p1) = p and ¢(p2) = ¢q. Then

1 (pq) ,ifi=
=4p-q yifi=1

q-p yif i =2
=pr-q

Moreover, for the weight ¢: {0} — Z with ¢({0}) = 1 we see that

(m*e)({0'}) = c({0}) - [N : (B(N') + Np,)] =p-q.
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4 The Theorem of Beilinson

The theorem of Beilinson, giving explicit bounded resolutions in terms of vector bundles for every
coherent sheaf on projective space, was discussed and generalized in many ways since it has been
published in 1978. For example Ancona and Ottaviani [VA89] extended it to Schubert varieties and
Kapranov [Kap88|, respectively [Kap84]| to certain quadrics. Recently Alberto Canonaco [Can00]
introduced similar Beilinson-resolutions on weighted projective spaces. Since the proofs of those
theorems and the strongest formulations are based on the language of derived categories, we start
this chapter by recalling some basics from category theory. This will enable us to give the proofs
and state the main ideas of Beilinson and Canonaco, before closing with some examples.

4.1 Category Theory

In this section we introduce derived categories to give some ideas what they are used for and to
present some properties we will use later on. Everything presented here can be found in the stan-
dard literature, see for example [Ver94] or [Huy06] for good introductions. Since we have to fix
the notation anyway it seems reasonable to recall what we need. We assume familiarity with the
basic notions such as additive and abelian categories, functors, natural transformations etc.

Derived Categories

Definition 4.1. Let 2 be an abelian category. A complex X of objects in 2 is an ordered set of
pairs (X™,d% )nez where X™ € Ob(2A) are objects for all n and d": X™ — X"™*! morphisms with
the property d}“ od% =0 for all n, so it can be seen as a sequence

o Xt A e I et (4.2)
such that the composition of two morphisms is zero. We call d := (d")nez = (d%)nez the

differential of X. A morphism of complexes f: X — Y is a sequence of morphisms
(f" X" = Y")nez,

such that the following diagram commutes

qnt dan antt
anl X XTI X Xn+1 X*> .
fnll fnl fn+ll
Yn—l yn — Yn+1 —_— ..
d;l/—l dY d;l/+1

Having defined objects and morphisms we can form the category C(2) of complexes of
2. Similarly we define C(2) to be the category of bounded complexes of 2, that is the full
subcategory of C(21) whose objects consist of all X with all but finitely many X™ zero.

Remark. Every object X in 2 can be seen as a complex in its own rights by setting X° := X,
X" := 0 for all n # 0 and with differential the zero map. Hence we can embed 2 as a full
subcategory of C'().

Definition 4.3. We say that two morphisms of complexes f,g: X — Y are homotopic, and
we will write f ~ g, if there is a sequence of maps k := (k"),ez, called a homotopy, such that
k™ € Homg(X™, Y™ 1) and

fn—gn:d?/_lokn-i-kn—,—lod?(
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for all n. This can be visualized by the following diagram

n—1 n41
1 dy n d% 1 dy
Xn— X Xn+ [
fnfl gnfl fn gn fn+1 gn+1
k™ Ll
Ynfl YY" Yn+1 . ...
dyt dy dptt

The relation ~ on C'(2) is in fact an equivalence relation and moreover compatible with the
composition of morphisms, i.e. if
f f!
X :gi Y—=12
g
and f ~ g, f' ~ ¢’ then we automatically have ' o f ~ ¢’ o g. This leads to a well defined next
Definition 4.4. The homotopy category K (2) is the category obtained from C(2() by setting
Ob(K(20)) = Ob(C(2A)) and
Hom o) (X,Y) = Homga) (X, Y)/ ~ .

Again, by K°(2) we denote the subcategory of bounded complexes.

Remark. If 2 is an additive category, then so is K (2(), but if 2 is abelian, it might happen that
K () looses this property.

Definition 4.5. As in topology we can now define for every complex X € Ob(C(2l)) and every
integer n the n-cycle Z"(X) := Ker(d’), the n-boundary B"(X) := Im(d% ') and the n-th
cohomology to be

H™(X):= Z"(X)/B"(X) := Coker(Im(d’¥ ') — Ker(d%)).

Lemma 4.6. Every morphism f: X — 'Y gives rise to a morphism on n-th cohomology H™(f): H*(X) —
H™(Y) for every n. Moreover, if g is a morphism homotopic to f, then H™(f) = H"(g) for all

n € Z This means that applying the functor H™ factors through the homotopy category, i.e. the
diagram

where w denotes the natural map taking a morphism to its class, commutes.

Lemma 4.7. Suppose that there is an exact sequence of complexes
0-xLvLz-o
i.e. exact at every position, then there is an induced long exact cohomology sequence

H™(f) H"(g)

n n41
C— X)) Y, gy 29, gy 38 gy (x) 29,

Proof. For the proofs of the last two statements see for example [Wei94] O

So we see that cohomology behaves well on the homotopy category and we can make use of
the long exact cohomology sequence. Thus we can compare two different complexes by studying
their behavior on the level of cohomology. If two complexes have isomorphic cohomology they are
considered quite similar and we would like to identify them in another category, which we will then
call the derived category of 2. To make this precise and to describe derived categories effectively
we need one last notion, namely the following
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Definition 4.8. A morphism f: X — Y in C(2) is called a quasi isomorphism or by abuse of
notation simply a qis if H"(f): H"(X) — H™(Y) is an isomorphism for each n.

Since the composition of two quasi isomorphisms is again a quasi isomorphism and by the last
remarks the notion of a qis also makes sense in the homotopy category. The next theorem now
ensures us that the derived category, the category which makes gis in K (2() invertible, exists unique
up to isomorphism:

Theorem 4.9. For every abelian category U there exists a category D(2L), called the derived
category, and a functor Q: C(A) — D(A) such that for every qis f the morphism Q(f) is an
isomorphism in D(R) and we have the following universal property:

Let F: C() — © be an arbitrary functor into a category © which makes qis invertible, then F
factors uniquely through Q, i.e.

C(A) ———— D)
R 3
L
D
Proof. A proof can be found in See [Huy06, Theorem 2.7] O

This pure existence statement is almost useless for applications, so let us at least characterize
the morphisms in our new category.

Proposition 4.10. A morphism in D(2L) between two objects X and Y, denoted by X >Y
to distinguish it from a morphism in K (1), is given by a triple (g,h,Z), where Z is a complex,
g Z — X, h: Z—Y are morphisms and g additionally is a gis. Roughly speaking the morphism
f is obtained by composition of the inverse of the qis g and the morphism of complexes h.
Remark. Choosing Z =Y and h = idy one sees, using this description, that quasi isomorphism
are in fact invertible in D(). Moreover we can now declare two complexes X and Y to be
equivalent and write X ~ Y if they are isomorphic in D(2(). Note however that in this case their
cohomology is isomorphic, but in general there is no quasi isomorphism between them!

Objects of the derived category are again the same as the objects in the homotopy category,
but morphisms in D(2() do not correspond to "real” morphisms of complexes in general. If so,
then we loose the notion of kernels and cokernels, which means that D(2() is not abelian and in
particular we can not speak about exactness anymore. This defect can partially be supplied by
the triangulated structure every derived category inherits and which we will introduce next.

Triangulated Categories

Definition 4.11. For every category of complexes C(2() we define the shift functor of degree 4
to be the functor T%: C(A) — C(2) which assigns to every complex X and every integer n the
complex T'(X) with
(THX))" .= X"+ (4.12)
difi(xy = (—1)'d%"™ (4.13)
and to every morphism f a corresponding T°(f) with
(T ()" =
We will mainly use this definition in the case of i = 1, where we will simply write T := T''.
This is especially important for the following

Definition 4.14. Let f: X — Y be a morphism of complexes. Then we denote by Cone(f) or
Cone(X — Y') the mapping cone of f, which is a complex in C(2) defined by

Cone(f):=T(X)®Y (4.15)
dCone(f) = (T(gw) ];i(j)) (4.16)
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Remark. For any given cone we have canonical morphisms of complexes
ir: Y — Cone(f) it = (0 idyn)
and
py: Cone(f) — X[1] i = (dﬁg) |
Definition 4.17. We call a sextuple (A, B, C,u, v, w) given by a sequence of the form
A B2 " T4

for A,B,C € Ob(C(21)) and u,v,w € Hom(C(2A)) a triangle. Such a triangle is called distin-
guished if it is isomorphic to

X Ly Y Cone(f) 2 T(X)
for some cone in C(2). A morphism of triangles is given by a triple (f, g, k) such that the
following diagram is commutative

X/

Definition 4.18. We say that K (%), together with the distinguished triangles given by the shift
operator and morphisms of triangles, is a triangulated category. We say that D(2l) is triangu-
lated or has a triangulated structure.

Moreover, we call every subcategory & C K(2) that is closed with respect to T' and has the prop-
erty that for every f: X — Y in Homg(X,Y') the morphisms Cone(f), iy and ps also belong to
G a triangulated subcategory.

Remark. The usual definition of a triangulated category starts with a more general T and is
defined by four axioms on the distinguished triangles with respect to this T". Since we only need
this language in the special case of the derived category of coherent sheaves on P™ with the above
defined shift functor, this definition will be sufficient for us to proceed.

Derived Functors

The idea of derived functors is the following: Given two abelian categories 2l and % and an additive
functor F' between them, it is always possible to extend F to a 0-functor

F: Kb(2) — K(B),

i.e. a functor that commutes with the shift functor T" and preserves triangles, but we would like
to go on and carry this functor over to the derived category, i.e. to an

F: D*(2) — D(B),

which also preserves triangles and, applied to a morphism of complexes, quasi-isomorphisms. In
general, without further assumptions, this is unfortunately too much to ask for. In some cases we
can achieve a functor RF called the right derived functor (of course there is also an analogously
defined left derived functor), which is in some sense pretty close to the original F'. We will not give
a general definition of RF' (you might look this up in [Har66] or [PHT71]), but the next theorem
at least ensures us the existence in the cases we need them and even more important it tells us
when it coincides with F'. We need a last
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Definition 4.19. Assume that RF exists, then we define for every object X in
R(F(X)) = H"(RF(X))
and call this object F-acyclic, if
R"(F(X))=0 ¥n#0.
Recall that an element X € Ob(K (1)) is called exact if all its cohomology is zero, i.e. H"(X) =0

for all n € N. Then we have the following

Theorem 4.20. Let 2 and B be abelian categories, F: Kb(A) — K(B) a 0-functor and & be a
triangulated subcategory of K°(1), such that every object of K*(2) is quasi-isomorphic to an object
of & and for all exact objects S € Ob(&) the object F(S) is also exact, then:

1. F has a derived functor RF.

2. Suppose that there is an ng such that for alln > ng and allY € Ob(A) we have R*(F(Y)) =
0. If X is a complex of F-acyclic objects, that is X' is F-acyclic for every i, if follows that
RF(X)=F(X).

Proof. The proof can be found in [Har66, Corollary 5.3, p.56-58] O

Recall that we say a category has enough injectives, respectively projectives, if every object
of the category is isomorphic to a subobject of an injective, respectively to a factorobject of a
projective object.

Lemma 4.21. Let 2 be an abelian category with enough injectives and projectives. Suppose for
M,N € Ob(K(2)) that all higher Ext-objects vanish, i.e.
Ext’!(M',N7) =0 Vi,j and p > 0.
Then every morphism in D®(2) can be lifted to an actual morphism of complexes, to be precise
Hompp gy (M, N) = Homg o) (M, N).
Proof. |Kap88, Lemma 1.6] O

Note that the category of sheaves of O x-modules on a scheme X always has enough injectives
, see for example [Har77, Proposition 2.2, p. 207|, and the category of coherent sheaves on P
has also enough projectives, since any sheaf in Coh(P™) has a (finite) resolution in terms of vector
bundles, which correspond to projective modules (see [Eis96, Appendix 3| or [Har77] ). Before we
can proof Beilinson’s theorem we need another rather technical lemma.

Lemma 4.22. Let f: X — Y be a separated morphism of schemes, U be an open affine covering
and let F be a quasi-coherent. Then the Cech cohomology groups with respect to U are f.-acyclic,
i.e.

R"f.(C'(U,F)) =0 Vn,i
Proof. [Har66, Proposition 3.2, p.149| |
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4.2 The Classical Beilinson Theorem

In 1978 A.A. Beilinson published an only two pages long paper which reduced the problem of
finding all coherent sheaves on P™ (Beilinson was mainly interested in finding all vector bundles
between them) to a pure problem of linear algebra. However, it turned out that linear algebra can
be very hard and classification was only possible in special cases, see for example [CO80], [Bar77]
or [WBT78| for more on these questions. Since we are only considering the subclass of toric sheaves
it is reasonable, having good tools at hand to filter those sheaves, to hope that one should have
less linear algebra problems and hopefully more success solving classifying problems .

Since the original paper of Beilinson is practically unreadable, Kapranovs terminology is incon-
sistent in the english translation and the very well written paper of Ancona and Ottaviani is
practically unavailable, we will reprove the theorem to make clear what the ideas leading to this
important result are.

We need two lemmata from Beilinson’s work to proceed.

Lemma 4.23. Let X = P", then for alli,j € N and allp > 0
Exthy (i (i), 2% (7)) = 0
Bty (Ox (=), Ox(=j)) = 0.
Lemma 4.24. Let X = P™, then for alli,j € N
Homgon(x)(Qx (1), X (7)) = A (V)
Homeon(x)(Ox (=), Ox (—j)) = S/ (V7).
Proof. See [Bei78] for both proofs. O

To give a compact description of Beilinson’s theorem we need to introduce another category

Definition 4.25. For every graded ring R and any natural number [ we denote by modjo ;(R) the
full subcategory of the category mod(R) of R-modules, where each object X € Ob(modjo (R)) is

of the form .
EB R(—ji)
i=1

with j; € {0,...,l} foralli=1,...,7.

From the last lemma we get on X = P" two induced additive functors

Fg: modjo,(S(V*)) — Coh(X) Fy: modpp,;)(A(V)) — Coh(X)
S(=j) = Ox(~j) A(=3) = Q% (5)
and the theorem of Beilinson states that these two functors extend to functors in the bounded

homotopy, respectively derived category, i.e.
Theorem 4.26 (Theorem of Beilinson; abstract version). Both functors introduced above extend
to exact functors of triangulated categories

Fs: K"(modjo(S(V*))) — D*(Coh(X))

Fy: Kb(mod[o,l] (A(V))) — D*(Coh(X)).

Moreover Fs and Fa are equivalences of categories.

We will not proof the theorem in this generality, the interested reader might look it up in [Bei78],
but should be aware that Beilinson’s proof is only about two pages long and leaves out a lot of
important steps, which makes the paper very hard to read. Since we want to use the theorem of
Beilinson for classification problems we need a another, more concrete version of it:
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Theorem 4.27 (Theorem of Beilinson; concrete version). Let X = P"™ and F € Coh(X). Then
for every l € Z there are two bounded complexes By and By of vector bundles which we accordingly
call the Beilinson I, respectively Beilinson II resolution of F, having the following properties:

1. The complexes are exact, except for the 0-th position and we have

H'(B;(1)) = H'(Br (1)) = {oﬂl)’ ;8

2. The resolutions are explicitly given by

(a) Bf(l) = Y H(F() ® Ox(—j)) @ Ok ()
J+k=i
(b) Bf; (1) = Y H(F()® %)) ©r Ox(—j)
jtk=i
Proof. The idea of the proof is the following: Find a resolution in terms of the building blocks
Ox(—j) and €% (j), which is actually the easy part, then tensorize with F and work within the
derived category using all the theoretical stuff we introduced in the last section in order to obtain
the desired form and in "real” morphisms from theorem 4.21.
Let p,q: X x X — X denote the first and second projection map, then with this notation the two
dual Euler sequences

0— Ox(-1) —V®0x — (Q%(1)* — 0
0— Q%(1) —V*®0x — Ox(1) — 0

induce a morphism
Pk (1) ® ¢*Ox (~1) —= V" ©V @ Oxxx

N

OXXX?

where the morphism on the right hand side is given by evaluating a functional at a vector, i.e.
V*@V — k with (f,v) — f(v).

Using the box-tensor notation, writing Q% (1) X Ox (—1) for p*Q% (1) ® ¢*Ox(—1), we claim that
this is contained in the kernel of the surjection Ox K Ox = Oxxx — Oa, where A denotes as
usual the image of the diagonal morphism on X. Hence, we can factor through the ideal sheaf Zx
of A to obtain

QL (1) ROx(—1) —=V* @V @ Oxxx

L
\

0 Ia Oxxx
0 Oa

.

0

To see this, note that Q% = ZA /73 by [Har77, Section 2.5] and consider for a point ((v), (w)) €
X x X the stalks of the building blocks:

Qx (D({v) = (V/{w)" c V*
Ox(=1)((w)) = (w) CV



which give us the induced map

where f ® Aw — f(Aw) = Af(w). Since (V/({v))* contains all linear forms vanishing on (v), we see

that
((v), (w)) € A & (v) = (w) = ¢({v), (w)) =0

and if (v) # (w) there always exists an f and an element = € (w) such that f(x) # 0. So in this
case ¢ # 0. Therefore we get a Koszul complex, i.e. a finite resolution of Oa, by

0 — A" QL (D) ROx(—1) — ... — AL (QL (1) R Ox (-1))

— Oxxx — Oar —0
which is, since both Q% (1) and Ox(—1) are locally free, isomorphic to
0— Q%) ROx(—n) — ... — QL (DR Ox(~1) — Oxxx — Oa — 0.

We claim that this sequence is exact. This stems from the observation that first of all the complex is
exact at every position except for the last one and rk(Q% (1)XOx(—1)) = n, rk(Oxxx) = 1.Thus
we have n = codim(A) > n — 1 and so the last morphism has to be surjective.

In the next step we tensorize with ¢*F to obtain a resolution of ¢*F|a, namely

0— Q%(n)RF(-n) 2 ... o) RF(-1) 2 ¢ F 2% ¢* Fla — 0.

By abuse of notation, we will write M; for Q% (i) ® F(—i) and every i. Note that for any short
exact sequence
0 i X v Y v Z e )

Z is in the derived category equivalent to Cone(X ->Y) and therefore we can write ¢*F as
iteration of the cones of morphisms between the M;. Starting with

Cone(M,, > M, —1) = Cone(uy),
we go on inductively and arrive at
q*F|a = Cone(. .. Cone(Cone(Cone( M, >M,_1)
> M, _») >My_3)...).

Since DY(Coh(X)) is triangulated and Rp., which exists by theorem 4.20, preserves cones of
morphisms, we obtain an equivalence

F = Rp.(¢*F) ~ Cone(...Cone(Cone(Cone(Rp. M, > Rp.M,,_1)
(4.28)
>Rp*Mn—2) >Rp*Mn—3) ) .
Next we claim that

Rp.Mj = Rp. (9% (j) B F(=j)) ~ Qx (j) © H(F(=j))

in D?(Coh(X)) where on the right hand side the differentials are zero. 5
For the proof we choose an affine open covering & of X and consider the Cech complex C :=

52



CU,F(—3)). Since ¢ is flat and Qg( (j) locally free, applying ¢* and tensoring by Qé( (j) is exact,
so it follows that Q% (j) X F(—7) and Q% (j) K C are equivalent in D®(Coh(X x X)). Thus
Rp. (2 () K F(=)) ~ Rps (2 (j) KC).

Lemma 4.22 tells us now that each term C' occurring in the Cech complex is ps-acyclic, and using
the Kiinneth formula (see for example [PH71, Theorem 2.1, p.172] or [Wei94, Theorem 3.6.1,
p.87]): . .

H™(Rp. (% ()R C)) = P H(Rp.Q4(j) @ B (Rp.C'") =0 ¥m

i+j=m
we conclude that also Q& () ® C! is p.-acyclic, so in this case we know from the second part of
theorem 4.20 that Rp, and p, coincide, when applied to Q% () KC, i.e. we have

Rp. (9% () R C) = p. (% () R C) ~ Q% (j) @ H(X, C).
Thus, we finally get
Rp.M; ~ Q% (j) @ H(X, C) ~ Q% (j) © H(X, F(-j)),

where the last equivalence comes from the fact that the complex C is in D®(Coh(X)) isomorphic to
the complex given by its cohomology, that is the cohomology of F(—j), with all differentials zero.
Lemma 4.23 allows us to make use of lemma 4.21 and so we can lift the dotted arrows in (4.28) to
actual morphisms of complexes in K°(Coh(X)). We use the notation G; := Ker(u;) = Im(u;i1)
to split the resolution of ¢*F|a into short ones in order to correctly calculate the cones:
fi 9j
0—>Gj—>Mj—> j71—>0
Then obviously u; = fj_1 0 g; and H;_; = Cone(f;) by the same argument as before and hence

Rp.Gj_1 ~ Cone(Rp.G, Bpeds Rp.M;)

vj.
In the last step we inductively construct complexes R¢ with the following two properties:

o RF = D, ime (Rp.M;)t = D ime s HY(F(—j)) ® QJX (7) which is our desired resolution,
and

e R, ~ Rp.G,_1 in D*(Coh(X)) relating the new complexes to the old ones.
Starting from s = n, inductively going down, there is the natural choice
R, := Rp.M,, = Rp*Gn—l

which has the second property by definition and the first by the properties of the mapping cone in
K®(Coh(X)). Suppose now that we have already constructed Ry, for some s, then the equivalence

Rp.Gs_1 ~ Cone(Rp.Gs Rp.fs Rp. M) and the induction hypothesis Rs11 ~ Rp.Gs imply that

there is a morphism
Rs+1 > RP*MS

in D?(X), which can again be lifted to a morphism
Vst Rgy1 —— Rp. M,
in K(X). We simply define R, to be the mapping cone of v, in K*(X), i.e.
R, := Cone(vs) ~ Rp.Gs_1.

So the two properties follow by construction and we finish the proof by remarking that if we change
the roles of Q% (j) and Ox(—j) we obtain the second resolution without changing the proof. O
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4.3 Beilinson’s theorem on Weighted Projective Spaces

In 2000 Alberto Canonaco showed that the Beilinson theorem can be extended to weighted pro-
jective spaces. The idea was the following: Take a coherent sheaf F on P(Q), then use the finite
map 7 we introduced in the last chapter to lift this sheaf to P". Now apply Beilinson to 7*F to
obtain a resolution, which then can be pushed down again by the exact direct image functor ¢
for a resolution of F. The last step involves some technical problems.

In order to state the theorem of Beilinson on Weighted Projective Spaces we need to introduce a
new class of sheaves, which are called sheaves of logarithmic differentials. They are only needed in
this section and can be replaced by less complicated sheaves later on, but nevertheless they occur
when pushing down the differential sheaves on P" by the functor 7% and we need them for the
building blocks on P(Q).

Logarithmic Differential Forms

Definition 4.29. Let I C {0,...,n} and 1;: {0,...,n} — {0,1} the characteristic function of I.
Define for every j € N the free S’-module %, (log y') generated by

dy'il dsz . ]
{ g nnislosa < <
i1 i

and naturally graded by
d,’ dy; . —1,(s 1 (4.
deg( Y p  p Y ):q1 11(1)+...+qi1]_ 1),

17(i1) 1,(;) i1
7:11 1 yijl J

We call this the module of logarithmic differentials with respect to I.

Similarly to the case of regular differentials we can now define degree zero morphisms
S -
A7: 2 (log y') — Q' (log y')

for any fixed index set I by the formula

. . dy;.
A{,( i, A A Yi; )

illl (i) yzlJI (i)
_ : (_1)l—1 . 1711(1@) dyzl dy/Ll dy7]
- qllyil 11(2»1) PR 1I(il) e ll(ij)
=1 Yiy Yi, i

and we set ﬁg, (log y') := imAZ, as before with the induced graduation.

Remark. Note that in the case of I = @ the definition of logarithmic differentials coincides with
the regular differentials defined in 3.14, i.e.

0%, = Q% (log y?)

and A7 = Afé for the morphisms, so the above definition is just an extension of the old one.

Moreover, by the same arguments and the convention S’ := Q%/(log y!) we obtain that the
sequence
n+1 I A;LJrl A% 1 I A} ’
0— Q¢ (logy") — ... — Qg(logy ) — S —0
is the Koszul sequence of (qoyéfll(o), . ,qny,lfll(”)).

Definition 4.30. For every I C {0,...,n} we define the sheaf of logarithmic differentials

ﬁé(Q) (log y!) with respect to I to be the sheaf associated to ﬁg, (log y!). Analogously we define
for the twist by [ € Z

Qg (log y")(1) == (@ (log y") (1))~
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Recall that we can identify every character x € ug) as x = (po, - - - , pn) With uniquely determined
0 < p; < ¢;. Hence we can define

I(x):={i€{0,...,n}p; #0}

to be the index set where x differs from the zero character. With this notation we finally have the
following

Lemma 4.31. For all x € pg, and all integers | there is an S(Q)-module isomorphism

(@5(0)* = 0% () (log y" ) (1 — |x])-
Proof. [Can00, Lemma 2.6] O

Corollary 4.32. With the same assumptions as in the lemma there is an isomorphism of coherent
sheaves on P(Q)

mX (1) = (Qp(g))(log y" ™) (1 — Ix))

Proof. We have mXQ2, (1) = nX(Q%4 (1))~ = (ﬁé/(l)(log y 0D (1—]x]))™, so the proof follows directly
from the last lemma. O

Now we know everything important for the direct images of the building blocks, so we are ready
to proof Beilinson’s theorem on P(Q).

The result of Canonaco

Recall from the last chapter that we denote by ug-Coh(P™) the category of coherent sheaves on
P™ on which the group pg acts on and morphism are those preserving this action. Then the main
ingredient for the proof of Canonaco’s result can be formulated as follows.

Lemma 4.33. Let F € pug-Coh(P"), then there are two bounded pg-complexes Es and Ep of
vector bundles, such that

Bl = D 0er (—j) @1 HH(B", F @0, 0. (7))
j=0

By = @ 4. (j) @k H (F", F ©0,. Opn(—)
j=0

and

H(Es) = H(Ey) = {.7-' . sz—O'
0 , else
Remark. Note that this lemma is very similar to Beilinson’s theorem on P™, with the only dif-
ference that we are working in the category of pg-sheaves. So the lemma essentially states that
starting with an arbitrary F in pg — Coh(P™) all sheaves in the classical Beilinson resolutions can
be chosen to be ug-sheaves and all morphisms to be pg-equivariant.

Proof. The idea is again rather simple. We repeat the proof of the theorem on P™ and check at
every step that the objects and morphisms belong to pg-Coh(P™). For the sheaves this is quite
easy, but for the morphisms there are technical difficulties involved we don’t want to stress too
much. See [Can00, Proposition 3.2, lemma 3.3] for details. O

Theorem 4.34 (Theorem of Beilinson on Weighted Projective Spaces). Let F € Coh(P(Q)). Then
there are two bounded complexes Bg.; and Bg, i1 of coherent sheaves on P(Q) with the following
properties:

A » F oLi=0
H(Bg) = H (Bo) =4
(Bq,r) (Bq,11) {0 40
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and By ; = @?:0 ij+k, By = @?:0 Wj+k, where

Vi = @ Opq)(—i - Ixl) @ H(P(Q), F ® gy (log y" ) (G — | — x1))
XEHE

W; = @ ﬁIJP(Q)(lO!J y' NG~ |x]) @x H(P(Q), F ® Op) (=3 — | = x1))-
XE€Hg

Proof. We know that 7*F is in pug-Coh(P"), so we can apply lemma 4.33 to obtain the complex
Eg := Eg(n*F), respectively Ep := Ex(n*F) where

Esf@Pﬁk @opnf ) @ HIH (B 7° F 90, 04())),

By = @RI = QDO ) 24 W B, 7 F G0, O ()

7=0 7=0

HQ

We put Bg 1 := 7% (Es), Bg 11 := % (Ex)and see that, since 74 is exact,

» » } e F=2F i=0
Hi (B ) = H (B ;) = Hi(x'(Eg)) =™ " .
(Ba) = H'(Bo.n) = W (st (Es)) {0 20

Now we only have to calculate the direct image functor by using the results from the last chapter,
to obtain the above resolution:

Vi.= W*QPZ = @ 7XOpn (—J) Qp Hi(IP’”,W*f(X) an(j))_X’

J

XENQ
W)=l R, = @ mX0%. (j) @ H (B, 7 F @ Opn(—j)) X
XGHQ

Note since we have to apply 74¢ to a tensor product, the null-character splits via this product and
we have to take the sum over all characters. Moreover, we know that

TXOpn (=) = Opg) (=7 — Ix])
XY () = D (log y" ) (G — |x1),
by corollary 4.32 and lemma 3.10. Moreover
H (P, 7 F @ O (7)) ™ = H/(P(Q)F © Qg (log ') (G — [ = x])),
H'(B", 7" F @ Opn (=) X = H'(B(Q), F ® Opg) (= — | = x]))
by lemma 3.9, which finishes the proof. O

Remark. e Note that the structure of the vector spaces H (P(Q), ) is very important in the
proof. It would be nice to replace the spaces by their dimension before pushing down, but this
does not necessarily produce a Beilinson sequence, because the group pg might decompose
the cohomology groups into Eigenspaces. This means that after fixing discrete invariants in
order to obtain moduli of sheaves on P(Q), we would only obtain a subclass of possible F
with those prescribed invariants.

e Of course the two building blocks of P(Q),

Op@)(=j — Ix]) and
Dby (logy" ) (j — | — x)
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generate D®(Coh(P(Q) as a triangulated category, but it is a priori not clear how to formulate
a corresponding abstract version of the theorem for several reasons. For example, although
we still have

Hom(Op () (—1), Op(q)(—4)) = S;_;

on P(Q), we loose the analogous description for the morphisms between the differential
sheaves, since the vector space V' does not have a meaning anymore. Moreover

Extl(Op(Q)(—i)7 O]P’(Q)(_j)) #0

in general, but this was essential for the proof of the theorem on P"™. Hence both building
blocks come with problems. In [Can06] Canonaco managed to solve these problems by
introducing a graded scheme structure on weighted projective spaces, but this is far beyond
the scope of this thesis.

Lemma 4.35. For every @ # 1 C {0,...,n} we have isomorphisms

—j A - ) #1001
D) (log y" NG = XN = @ e — x| = 1QNT)
JNI#e
where |Qs| ==Y _;c; ¢ and the power by the binomial coefficient means direct sums.
Proof. The proof is found in a remark in [Can06, p.51]. O

The consequence of the last lemma is that all terms in the Beilinson resolution involving sheaves
of logarithmic differentials can be decomposed into direct sums of structure sheaves, so every F

can be resolved by Op(g)(—j) and ﬁfp(Q)(j) for j=0,...,n.
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4.4 Examples

Example 4.36. On P? we can compute the first Beilinson complex explicitly:

EBHl(f( ))®Q 2(2)
1)
1)

© H*(F(—2)) ® Q2:(2)

This sequence can be nicely reduces in order to obtain some classification results, for example
in the following setting. (The reader who is not familiar with stable sheaves can find the necessary
definitions in [Har80] or look them up in the next chapter.)

Lemma 4.37. Let F be a stable vector bundle of rank 2 on P? with fized Chern classes ¢; :=
c1(F) =0 and ¢ := co(F) =n € Z. Then we have a Beilinson resolution of F, given by

0 — n02(2) 5 nQL (1) 25 (n — 2)Op2 — 0,
where A € Mat(n x n,V), B € Mat(n x (n—2),V) and F = ker(B)/im(A). We will sometimes

call this sequences a Beilinson monad.

Remark. This resolution is a complex in the sense that A A B =0, i.e.

(aij) A (bjk) = Zaij Abj, =0€ AV Vi, k.
j=1

Proof. The proof of this statement can also be found in [CO80|. First of all we remark that on P?
F being stable is equivalent to HY(F) = 0, see [Har80]. Tensoring the Euler sequence by F, we
obtain the sequence

0— O ®F — 3F(~-1) — F — 0

and therefore 3H°(F(—1)) C H°(F), which inductively implies that H(F(—i)) = 0 for all i. So
we can already cancel out the three H -terms.
Next, by Serre duality, we get

HP(F)* = H* P(F* @ 02)
~ H?7P(F* ® Op2(—3))
=~ H*"P(F*(-3)),

where the second isomorphism follows from the fact that Q2; 2 Op2(—3), which can directly be
read of from the Koszul sequence. Moreover, it is known that

0= ci1(F) = cr(A*(F))

which implies for the line bundle A%(F) that it has to be isomorphic to Opz, since on P? we have
Pic(P?) 2 Z via the first Chern class. Now we can consider the canonical pairing

FxF—%A2(F) = Op .

|

FoF

This pairing is non-degenerated, since Opz has no zero divisors. Thus we in fact have an isomor-
phism F = F*. Coming back to what we know from Serre duality, this actually means

HP(F)* = H*7P(F(-3)).
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In particular
H?(F)* = H(F(-3))
H*(F(-1))" = H(F(~2))
H?(F(-2))" = H(F(-1)),

hence we can also cancel all H2-terms and the Beilinson sequence reduces to:
0 — H'(F(-2)) ® 0%(2) — H'(F(-1)) ® (1) -5 H'(F) © Ops — 0
Since, again by Serre duality, we have an identification
H'(F(-2)) = H'(F(-1))

we only need to calculate the dimensions of the two finite dimensional vector spaces H!(F(—1))
and H'(F) to finish the proof. This can be done with the help of the Hirzebruch-Riemann-Roch
theorem, which states that the Euler characteristic of F is given by a polynomial expression in the
Chern classes. Consider the following diagram:

0 — H'(F(-2))®0%(2) — H'(F(—1))®25, (1) L> HY (F)®0Op —> 0
K:=Ker(v) F 0
0

We of course know the ranks of the sheaves involved, namely
tk(Q%:(2)) =1  rk(Qp(1)) =2  1k(Op) =1
Thus we have a first relation for the dimensions of the cohomology groups, given by
2 =1k(F) = —h' (F(-2)) + rk(K)
=20 (F(=1)) = B'(F) = h'(F(-2))
= W' (F(=1)) = h'(F),

(-
or equivalently, abbreviating by ¢ := h'(F(—1)) and p := h'(F), ¢ = p + 2. Thus it suffices to
show that ¢ = n. Picking a class h € A'(IP?) which is under the isomorphism A!(P?) = Z mapped
to 1, by assumption of the lemma we know that the total Chern class of F is given by

CF)=1+nh>=0+hr)"=Q-hr)"=0+h)"-(1-h)"",

but on the other hand it is also determined by the resolution using the kernel I and the fact that
the total Chern class is multiplicative, i.e.

Furthermore, by the Euler sequence we obtain
c(Qp2(1)) = ¢(3052) - c(Op2 (1)) = (1 +h)~!
and hence, using c(r - Op2) = 1 for all r, we get

C(K) = (g Qp(1)) 71 = (L4 h)™.
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Finally, combining these computations yields
1+h)?T-(1-h)9=c¢K)- A=-h)T=C(F)=1Q+h)"-1-h)""
and son = q. O

Corollary 4.38. Every F of the lemma admits another resolution with F as cohomology, which
we call the "Beilinson ITA” resolution, explicitly given by the following sequence

0 — nOp2(—1) 25 (20 + 2)Op2 -5 nOp2(1) — 0,

where this time M and N have entries in S*(V*) = 81, i.e. the matrices consist of linear forms
in the corresponding Cox-coordinates.

Proof. Starting from the sequence of the lemma, we can vertically add the Euler sequence

0
0 —= 102 (2) ——= nQL (1) —— (n — 2)Op —= 0
TL(V* ® Opz)

nOPz (1)

0
Using again the isomorphism Q2;(2) 22 Op2(—1) we can naturally complete this diagram:

0 0 0

| |

0 ——=n02,(2) —— > nQL,(1) —> (n— 2)Ops —> 0

]

nO]pz(—l)
Y
O —_— (2’ﬂ + 2)0]p>2 e n(V* ® O]p2) —_— (TL — 2)0[{»2 —_— 0

N3 l
\

0 nOp2 (1) =——— nOp2(1) ———> 0,
0 0

where (2n + 2)Opz is by linear algebra the kernel of the middle row. Because of the two equalities,
it is easy to check that the "outer” short exact sequences in fact have the same cohomology, which
finishes the proof. (I

60



Corollary 4.39. Completely analogous to the last corollary we obtain a third equivalent resolution,
which we will call the "Beilinson IIB” resolution, given by

0 — nOp2(—2) 25 2n0p2(—1) 25 (n — 2)Op2 — 0.

Proof. This time we simply have to extend the sequence of the lemma from above by the Koszul

complex

0
nA3V* ® Opz(—2)
nA2V* ® Opz(—1)

0 —=n02(2) — = nOL (1) — (n — 2)Op2 —> 0

0

and use that for the three dimensional vector space V we have an isomorphism n A3 V* 2 k, which
allows us to fill the diagram in a similar way:
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5 On Moduli problems for toric sheaves

Since we want to use the theorem of Beilinson to obtain toric sheaves we have to know more
about the T-equivariances of the building blocks and - even more important - the toric morphisms
between them. After giving some criteria for the computation of the morphisms we will talk about
the existence of "toric monads” and give a short introduction to known moduli spaces on P2. As an
application we close with two explicit examples. The first filters toric bundles and sheaves from the
space Mp2(2; ¢y, c2) in special cases and in the second we construct some toric sheaves on P(1,1,2),
using all the theoretical tools from the last chapters.

5.1 More about Toric Sheaves

In this section we will investigate necessary and sufficient conditions for a matrix to be toric as
morphism between structure and differential sheaves on a toric variety.

Toric Structure Sheaves

We begin with structure sheaves on an arbitrary toric variety.

Lemma 5.1. Let X be a toric variety and S its homogeneous coordinate ring, then for all twists
a,B € A,_1(X) we have
Homo, (Ox(a),0x(B)) = Ox (8 — a).

Proof. For the rings we clearly have Homg(S(a), S(8)) = S(8 — «) and since S(5 — «) is a finitely
generated S-module we obtain by [Gro61, proposition 2.5.13| for the corresponding sheaves

—_~—

Ox (B — ) = 5(8 — a) = (Homg(S(a), S(8)))~
)

= Homox

—_—~ —~—

(5(a), S(B)
= Homo, (Ox(a), Ox(8)).
O
Lemma 5.2. Let X = X(A) and a,b € Z2W) be toric divisors. Then there is an isomorphism
Homo, (Ox(a),0x (b))T = Sy _,.

Proof. Taking global sections of the sheaves from the last lemma and using proposition 2.47 we
obtain an isomorphism

Hom(Ox (), Ox () = T'(Ox (6 — a)) = Sp-a-
Then it is easy to verify that there is also an isomorphism for the T-invariant sections, i.e.
Homo,, (Ox(a),Ox (b)) 2T(Ox(b—a))”.

So we have to consider T-stable sections s: Ox — Ox (b — a). From the theory of the last chapter
s has to make the following diagram commutative

U*OX HU*‘?J*O)((Z)— a)

p30x ——p50x (b — a),
Pas
where ¥y and ¥, denote the given equivariances of S and S(b—a). We saw that those equivariances

where determined by the fine gradings of the rings and so the commutativatity of the diagram is
equivalent to say that the induced map

s: 85— 8(b—a)
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respects the fine gradings, i.e. is a fine graded ring homomorphism of degree 0. Hence s has
to be in S(b — a)g = Sp—s. This can also formally be checked by on the level of the diagrams
of definition 2.49, but this gives rise to a lengthy computation that does not give more insight.

O

Thus the T-invariant morphisms consist of multiples of a single monomial, but might also be
zero. In the case of a nonzero morphism, the divisor b — a has to be effective.
Example 5.3. Let X = P”, then all coordinates x, .. ., x, have Z-degree one, which in particular
means that S is generated by S7 as Sp-algebra. Thus the above result reduces to
k-xb=e  [ifb; >a; Vie A1)
0 , else

Homo, (O(a), O(b))" = {

We can now extend this to morphisms between finite sums of structure sheaves, i.e. to matrices,
which is exactly what we need for applications of the theorem of Beilinson. We have seen that it
is necessary that all entries have to be monomials and the surprising result is that it is sufficient
that all minors are monomials. So let’s make the following

Definition 5.4. We call a matrix F' € Mat(p x ¢, k[zg, ..., 2,]) minor-monomial, if all of its
minors are monomials. In particular all entries of F' have to be monomials.

Using this definition, we can now formulate the following result, which allows easy computa-
tions.

Theorem 5.5. Let F' = (f;;) be a p X g-matriz consisting of monomials f;; = oz where
a;; € Z" Y in the case of ai; # 0. Then the following conditions are equivalent:

1. F is a T-equivariant morphism between structure sheaves on X.

2. There are a;,b; € Z"" fori=1,...,p and j = 1,...q with the property that if fi; # 0, then
aij = bj — a;.

3. F is minor-monomial.

Proof. The equivalence of the first two statements follows from the observation that F' is in equiv-
ariant if and only there are toric divisors a; and b; identified with elements of ZAM) such that

P Ox(a:) = P Ox (b))

is a homomorphism of toric sheaves. We know that
Hom(Ox (a;), Ox(b;))" =k - xbi T

so the elements of F' have the property a;; = b; — a; for all ¢ and j.
For ”1. = 3. we use the more general fact that a toric morphism F between two sheaves £ and
F, given by a commutative diagram

¢ *
o*E —=pry
U*Fi J{pr;F
O'*f 71’; pr;]:a

remains toric if we apply A™ for any natural number m, since we obtain an induced equivariance
by
A’"l
o Am(E) 2L pamg)
U*A""(F)l lpr;Am(F)

a* A" (F) s 7 pryA™(F).
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This means that all minors have to be monomials again.
The proof of ”3. <= 2.” can be found in [MP] for the case of X = P", but it applies to the general
case without any change. (I

Toric Differential Sheaves

Next we will describe morphisms of differential sheaves. It turns out that a description similar to
the case of structure sheaves above seems to be only possible in the case of X = P™. The reason
for this mainly is that for projective space we can always choose an (n + 1)-dimensional vector
space V such that P* = P(V'), which gives us an additional structure to work with. For weighted
projective spaces this already does not work anymore, the case of an arbitrary toric variety X is
even harder.

So let’s restrict ourselves for the moment to the case of X = P™. We find the following maps
for every p € Z:

APHIVH @ Opn (—p — 1) oo > APV* @ Opn (—p)

| |

(APV*R@V*) @ Opn(—p — 1) —= APV* @ (V* @ Opn (—p — 1)),

where the right arrow is induced by the twisted Euler sequence and the map ¢ is given by

p+1
Z(—l)”“zi@@zlA...AZA,»A...AZPH,
=1

1

A A -
P(z1 Zpt1) |

for every z1 A ... Azpy1 € APV* and determined by linear extension. We call this Koszul-like map
the de-antisymmetric map for every p and it is easy to check that it in fact splits with A.

Definition 5.6. The morphism — given by composition is called the contraction map or simply
contraction.

We will see that we can relate the contraction maps with the morphisms between differential
sheaves. To do so recall that the sheaves Qp, occur as kernels of the morphisms in the Koszul
complex

0— A"V* (%9 O]pn(*n) — ... sz* (%9 OP?L(*Q) — AIV* ® O]P’n(fl) — O]P’n — 07
and we therefore have the following short exact sequence
0— Q8 — APV* @ Opn(—p) — Q2" — 0
for every p. Moreover there is always a morphism

ev: A1V ® Qﬁjq(}? +q) = Qpa(p)
£ Qwr— w(&)

which we call the evaluation map. Fixing a single £ € A?V then induces a morphism
3
Bl +a) = %u(p)  we w(E)

and the next theorem ensures us that this is already the general situation.

Lemma 5.7. For all p,q > 0 there is an isomorphism
Homo,, (2 (p + q), Q" (p)) = AV

forallp € Z and q € N.
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Proof. The proof of this lemma is well known, see for example [Bei78|, but since we need some
important steps from it ,we will partially reprove this statement in the next proposition. O

Lemma 5.8. The sheaves QL. (j) are toric.

Proof. For any j =0,...,n the T-equivariance of the sheaves is canonically induced by the Koszul
complex, explicitly by

Zj—1 Zo

, _ z; .
00—, —=AV* @ Opn(—j) —> AN V* @ Opn (—j + 1) Opr 0.
We can inductively describe the Koszul matrices Z,, by setting
Z, 0
Z/
Zy = (x2> and Z, = | (C1)az, ... 0 7

: : Z
0 oo (1),

but is not clear by this description that those matrices are minor-monomial. Howeverg we have
a more theoretical argument to show this. Indeed, the matrix Zy is minor-monomial and we can
apply the A-functor without destroying this property, as we have shown in the proof of theorem 5.5.
Note that this is exactly what we need for the Koszul complex. By choosing an arbitrary toric
divisor D of Z-degree i, we obtain an equivariance of the sheaf Q3,, (i) by the following sequence

. ) Z;

0*>Qﬁpé(i) ANV* @ Opn(i — j)

0 Ol (D) > Opn(D — Ejpy, — ... — Ey,_,)
0<k1<...<k;i—;<0 Zj

Thus Q%,n (1) is the kernel of a toric morphism between toric sheaves, which therefore canonically
inherits the induced toric structure of the Koszul sequence. O

Corollary 5.9. The sheaves ﬁﬁm(@)(j) are toric.

Proof. This can be done using the same arguments as above and the generalized Euler sequence

( q0Y0 )
1 x qn:yn
0 — p(q) — P Or(@)(~Di) =" Op(q) — 0.
i=0
from theorem 3.16 and the corresponding Koszul sequence introduced there. Note that this se-

quence as well as the one from the last lemma is induced by a fine-graded sequence of modules.
O

Proposition 5.10. Let V be an (n + 1)-dimensional vector space with basis (eq, ..., ey) such that
P* = P(V). Moreover for every J := (j1,...,jq) with 0 < j1 < ... < j, <n we abbreviate a basis
element o, e N...Nej, € ANV by § = a e and call it a A-monomial with respect to
A1V, Then a morphism

ATV 5 € QL+ q) — QL (p)

is a toric if and only if £ is a A-monomial, i.e.
— AT — s e .
E=aye Uy ,jaCin N AN e,

for some J and o, .. ;. € k.
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Proof. From the previous lemma we know that both Q21%(p 4 ¢) and Q& (p) are toric. In the
proof of the lemma we have seen that equivariance is induced by the Koszul sequence, so we simply
compare the morphism & with the induced morphisms between the Koszul complexes. Clearly, by
composition we obtain a morphism £. Embedded into the short exact sequences discussed before,
this gives us

0——= 0L (p+q) —> APHV" ® Opn — LI (p+9) —>0

sl ¢
N

00— Q. (p) ——=APV* @ Opn ———= Q8 (p) —— 0

and we claim that this morphism uniquely extends to a morphism —&. We prove this claim by

showing
Hom(APF7V* ® Opn, Opn) = Hom(Q5 9 (p + q), Opn).

This can be done by directly counting the dimension of both spaces, or by considering the long
exact Ext-sequence

Hom (AP+4V*Opn, Opn) ——= Hom (OB (p + q), Op)

| |

Hom(Q% " (p + q), Opn) Ext' (9557 (p+ q), On)

T i

We prove that Hom(Q25 ! (p + q), Opn) = 0 = Ext (QE9" (p + ), Opn). For the first part we
simply use the fact that

Hom(Q5 " (p+q), Opn) 2 H(Q5H 1 (p+¢)) = 0

on projective spaces, for example by theorem 3.19, but the second part needs a more sophisticated
argument. Recall that in the more general situation, where £ is locally free and F an arbitrary
coherent sheaf on P™, we have the following identification:

Ext' (&, F) = H'(E* ®@ F)
for any 4,5 € Z. This applies to our situation and we can conclude
Ext'(Q5 7 (p+¢), 0) = H' (%" (p + 0))" © Opn)
=~ HY(Qp P (41— (p+q))
= Hl(ngl_p_q(n +1—-p—¢q))=0.
This has two major consequences. First of all we can now inductively go down to the case of p = 0

and study the morphism
6: Qqn (Q) - O]P’"a

which makes live much easier, and second we only have to care about the maps —¢, since we can
extend through the Koszul sequence

pt+q ptaqy/* Zrta (\ prg—1yr Zrtazt
0——=Qp. ' (p+q) — = APTIV* Q@ Opn —= A V*® Opn(l) — ,
sl B ¢
\% Z, v Zp-_1

APV* ® Opn

APV @ Opn

00— Q. (p)
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where we write by abuse of notation —¢ at every stage. It is now easy to see that £ is equivariant
if and only if all of the —¢ are equivariant. Moreover, choosing toric divisors A and B of Z-degree
p + q and p respectively, we get induced matrices M f , where j denotes the power of the wedge
product in the lower row, from

QBrI(A) APHV* @ Opn
D 0<issipry O (A= Eiy —...— E, )
13 M
ZOSjl,...,iP Opn (B - Ej1 R Ejp)
Op.(B) APV* @ Opn

Since all morphisms and sheaves in the rows of the diagram are toric, we see that £ is a toric
morphism if and only if all the Mf are, by what we know so far.
As said before we now consider the case p = 0, where the statement reduces to

¢ is toric < Mg is toric

in the following diagram (where we assume without loss of generality that B = 0)

00— 0% (A) o 20§i1<...<iq§n Opn(A=E;y —..~Eiy) ——> ... |
El Méi
O O O]pn O

Let us assume that the basis elements of A?V* are in lexicographic ordering with respect to the
g-tupel index of each such element in order to write

g
E=ag,. . qe0N...Neg+ ...+ n_g. . . nlnqg/...N€p= ,
an
where N denotes the dimension of A7V *. The structure of Mg is determined by —¢. Let ¢ = aye()
for some index I, then —¢ is given by
ANV — k
zjl(eil) .le(eiq)
i A ANxg, > =E(xg, AL Axg,) = agdet : : =qj.
qu(eil) qu(eiq)
Because of the multilinearity of the determinant, this extends linearly to general £ and so we see
that the matrix Mé, which does in fact nothing else but separating the basis vectors, has to have
coefficients a at the I-th position.
Finally we only have to mention what toric morphisms between structure sheaves of the same
degree are. For two divisors a and b in Z"*! of Z-degree 0 we have
Sp— if 3, >«; Vi
Hom(Opn (a), Opn (b))T = H(Opn (b — )T = {ob ‘o 1@ -
, else

0 , else
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Hence such a morphism is toric iff a = b, since in all other cases we would need fractions of the
coordinates x; to get a morphism of sheaves, which then would not be toric. In our case this means
that

¢ is toric < Mg is toric
& all coordinate functions of M are toric
& A = (iy,...,0q): A=E; —...— E;, =0
3l = (i1,...,iq): A=E;, +...+ B,
< Exactly one of the coordinates of Mg at the I-th position is nonzero and equals oy

A

& & =aqje is a basis element.

This finishes the proof. O

Remark. Note that it is necessary for the equivariance of £ that Mg consists of only one nonzero
entry, which is in fact a scalar, but it is also necessary. This also holds true when we consider
maps with p > 0, since by the inductive definition of the Koszul matrices it then turns out that all
other Mf are automatically minor-monomial (they only consist of a scalars). In this case we have
the same relations for divisors A and B of Z-degree p + ¢ and p as in the theorem, where we chose
B = 0. It follows that

520416/\([) is toric & A—B=FE; +...+E;,
or, if we identify the divisors directly with elements in Z"*!, we can write
A-B=(0 ... 1 ... 1 ... 0

with an entry 1 on each of the positions i1, ...,7, and 0 elsewhere.

Now we extend the result to matrices, as we did before. The skew-symmetric structure of A4V
does not allow us to use linear algebra and the concept of determinants, but with the following
definition we can at least partially keep things together.

Definition 5.11. Let F' = (f;;) with ¢ = 1,...,p, j = 1,...,¢, be a matrix consisting of A-
monomials, i.e. fi; = ozijeA(“”’) where a;; € k and a;; € [0, 1]"*1. Then we call F A-minor-
monomial if for any l-minor M with row indices i1, ...,%; the following condition holds. If we
replace F' by the matrix F' = ﬁj with fij = a;;2%, where © = (zo,...,%,) denotes the Cox-
coordinates, then all terms occurring in the calculation of the determinant of the induced matrix
M have the same Z"!-degree, i.e. for all permutations o: {1,...,1} = {1,...,1} the terms

ey L L%t

are in the same fine-graded part of S = S(P™).

Note that this condition is stronger then the minor-monomiality defined before, since if all
terms of the determinant of a minor M have the same Z"t'-degree, then the determinant is a
monomial too. With this definition at hand we can formulate the following theorem much easier.

Theorem 5.12. Let F' = (f;;) be a matriz as given in the above definition, i.e. f;j = aijeA(‘“J')
for the basis (eq, ..., en) of the vector space V with P" = P(V'). Then the following are equivalent:

1. F is toric as a morphism between differential sheaves on P™.
2. There are toric divisors D;, E; € Z™t! such that D; — E; = ay.

3. F is A-minor-monomial.
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Proof. A matrix F'is toric as morphism between differential sheaves, if and only if there are divisors
D;,E; € 2" and indices ki, ...,k, and lq,...,l, such that

i QL (D) 5 ST 0 (E)
i=1

is toric in each component in the sense of the last proposition. As a byproduct of the proof of this
proposition we saw that the toric divisors chosen and the degree of the entries are directly related
to each other. Therefore F' is toric if and only if

Dl—El Dl—Eq a1 c.. O1g
Gi=| L= :
Dp—El Dp—Eq ap1 ... Qpgq

Thus the first two conditions are equivalent. The equivalence of the first and the last condition
can immediately be read of from the structure of the matrix G, since each term of an [-minor with

TOWS i1,...,4; has the same Z""1-degree, namely
l l
> Du - B
k=1 =1
which is independent of the chosen permutation. O

Remark. The proof technique of the corresponding theorem for structure sheaves does not apply
in this case for several reasons. First of all, the monomials do not have "higher degrees” by
definition of the exterior algebra and so we cannot use elementary row transformations, since they
might disturb the structure. Moreover we do not have a well developed theory of determinants, so
we loose the elegant description using the minor-monomiality property of the matrices.

However in the following special case, which is particularly interesting for the Beilinson monads,
we get the following result.

Corollary 5.13. If the matriz F' contains only A-monomials of the vector space V', then if we
replace F' by F', that is fi; = ozijeA(“”) by fi; = oujx® we get the same result as for the structure
sheaves, i.e. F is toric if and only if F' is minor-monomial.

Proof. Since here we don’t have to care about the skew-symmetric structure the proof of theo-
rem 5.5 applies to the matrix F. O

Example 5.14. The formulation of the theorem might seem cryptic, but let’s check on an example
what can go wrong and why we have to do like we did: Let X = P? with coordinates x¢, 1, T2, 3
and consider the following map

F = (II?() A\ I 2{E0 N x2> ]
I To

This matrix does in fact define a toric morphism. To see this we have to find toric divisors
D1, Dy, E1 and E5 such that

( ToN\xT1 ToNT2 )
Z1 2

Qs (D1) @ Q3 (Do) Qps (B1) ® Qpa (E2)
is toric, i.e. if the following relations are satisfied

Dl_E1:(1717O7O) DI_E22(0717170)
Dy — Ey =(1,0,0,0) Dy — E5 =(0,0,1,0),

69



so a possible choice might be

Dy = (1,1,1,0) E; = (0,0,1,0)
Dy = (1,0,1,0) Ey = (1,0,0,0).

Note however that there is no reasonable choice to define the determinant of this matrix in order
to obtain a monomial. For example

(1’0 /\.’El) A\ T2 J_r.’El A\ (iCO /\.’EQ)

and (zg A z1)xs T 21 (29 A 12)

cannot be seen as monomials. So this example shows already that we have to make “everything”
commutative or in other words interpret the terms as monomials in the usual coordinates. This
reflects the idea that the commutative structure of the torus should not be disturbed by the
antisymmetric structure of the exterior product when we talk about questions of T-equivariance.

Now that we have seen how the toric structure of the differential sheaves is related to the
structure of the structure sheaves, let us check an example to get a deeper understanding of this
relation.

Example 5.15. Recall that for a stable rank 2 bundle F on P2 = P(V) with ¢;(F) = 0 and
c2(F) = n we had the Beilinson I and ITA resolutions, see section 4.4 for the details. In the case
of n = 2 these resolutions can be written as follows:

0 —=202,(2) — <% 20L,(1) —>0

oy

2OIP’2(_1) (e(? 601 e(J2 e(:) eol eoz>

ap a1 az bg b1 b2\ _ 7
(Co c1 c2 do di dz)_A

0——==2V*ROp ——=2V*® Opz —— 0

o 0
T 0
T2 0
0 xo
0 xrq
0 i)

0 ——= 202 (1) =——— 202 (1) ——= 0

0 0

Here the entries of A are elements of the vector space V and the entries of A are linear forms in
the Cox coordinates. It is now easy to see that, neglecting the structure of the vector spaces, for
any given A we obtain an induced map A by the sequence

A
B—keV
(606162 00 O)
0 0 O €p €1 €2

KoV
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where the isomorphism A2V — V* is given by

egNep «—— o =:eg N e
eg N\ ey «—— —x1 =: €9 N\ e

61/\€2<—>£L'0 =:e1 N\ es.

This means that we have the following relation

A (@ a1 a bo b1 b2
"\ 1 ¢ do di do

_(aNey alNer alNea bAey bAer bAes
" \cAey cAeg chAhes dAey dAer dAes)’

which implies that A also determines A and moreover that we can compare the coefficients of the
single "blocks”; e.g. a and (a,, a1, as), directly.

We claim that A is toric if and only if A consists of A-monomials and w.l.o.g. the entry c is
zero (which is in this case equivalent to the last property of the theorem, since if A has a minor as
determinant, this simply means that c is a multiple of a and can be deleted by row transformations).
First, if A consists only of A-monomials and ¢ = 0, then by the above relation we see that every
entry of A again has to be a monomial and that the block (co,c1,¢2) is zero. Thus A is in any
case minor-monomial, since every other nonzero block consists of exactly two nonzero entries and
so the only possibility for a nontrivial 2-minor is the case when (bg, b1,b2) = (dop, d1, d2), but then
is clearly has to be a minor.

Second, if A is minor-monomial we use that the Beilinson IIb resolution is a complex, so we have
for every block the following conditions:

2 2
E ai(Ei:O,...,E dZ{El:O
=0 =0

This leaves us with two possibilities. Either a block is completely zero, or it is of the form
(Ax1, —Ax0,0) (Ax2,0,—Az0) (0, Aza, —Ax1),
for some A € k. Such a block then can be lifted to a A-monomial in A, which is explicitly given by
Aea — \ejp Aeg

respectively. Moreover, since A is minor-monomial and has the above determined shape, we can
add a suitable multiple of the first row to the second such that w.l.o.g. the block (cq, ¢1,¢2) is zero
and thus lifted to the element 0 in A, which proves the claim.
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5.2 Theoretical Preparations for Moduli problems

To finally apply the tools developed in the last chapters we need to recall some facts from the
theory of moduli spaces and have a closer at the results from this theory in order correctly treat
the subclass of toric sheaves. We begin with properties of

The Moduli Spaces Mp=2(2;c1,c2) and Mp2(2;¢1, co)

Most of what we say in this section can for example be found in [Bar77]. We will mainly refer to
the book [CO80] Before stating the necessary results we recall what moduli spaces are.

Definition 5.16. Let S be a scheme and fix numbers ¢1,...,c,.. A family of stable bundles on
P™ of rank r and prescribed Chern classes ¢y, ..., ¢, is a rank r vector bundle £ over S x P™ such
that for all s € S the restricted bundle

E(s) = ‘5'|{s}><JP"l

is a vector bundle over {s} x P" = P" with ¢;(E(s)) = ¢;. We say that the family £ is parametrized
by S.

There is a natural equivalence relation on such a parametrization. Denote by p;: S x P — S
the projection onto the first factor and let £ and F be two families parametrized by S. We say
that £ is equivalent to JF iff there is a line bundle £ over S such that

F=2ERp]
Notation. We denote by Clpn(r;cq,..., ¢, )(S) the set of equivalence classes of families of stable
vector bundles of rank r and Chern classes ¢y, . . . , ¢, on P" parametrized by S. Clpn (r;c1,...,¢.)(_)

is a contravariant functor from the category of schemes to the category of sets.

Definition 5.17. A pair (M := Mpn(r;c1,...,¢r),U) where M is a scheme and U a bundle over
M x P™ is called a fine moduli space for stable rank r bundles with Chern classes ¢; on P™ if

it represents the functor Clp» (r;cy, ..., ¢, )(_). We will usually write only Mpr(7;¢1,...,¢r) or M
for (M,U).
Definition 5.18. We say that a scheme M := Mpn(r;cq,...,¢,) is a coarse moduli space for

Clpn(r;cr,...,cn)( ) if
e there is a natural transformation
Clpn(r;c1,...,¢)(_) — Hom(_, M)
which is bijective for every point x and

e any other transformation factors uniquely through the given one, i.e. for every scheme N
and every natural transformation

Clpn(r;¢1,...,¢-)(_) — Hom(_, N)

there is a unique morphism 7: M — N such that for the induced morphism 7 the following
diagram commutes:

Clpn(r;er,...,er)( ) qu(_,M)

72



It is known that coarse moduli spaces Mpn(r;cq,...,c,) always exist, but it is in general not
clear which geometric properties those spaces have. We restrict ourselves to the special case of
r = 2 and n = 2, where in fact a lot of geometric aspects are known. It can be shown that by
twisting every vector bundle of rank 2 on P? can be normalized such that either ¢; = 0 or ¢; = —1,
see for example [Har80].

Theorem 5.19. o Mp2(2;0,n) is a coarse moduli space which is always irreducible and it is
fine iff n is odd.

o Mp2(2;—1,n) is a fine moduli space for all n.

Proof. This is a summary of [CO80, Theorem 4.1.12, Theorem 4.1.14, Theorem 4.1.17 and Theorem
4.2.1] O

In the last section of the chapter about Beilinson’s theorem we calculated a monad for the
space Mp2(2;0,n). As said before we are only interested in the toric bundles within this space,
i.e. we want to investigate properties of Mp2(2;0,n)”. Moreover we can also consider the closure
Mp2(2;0,n) of the moduli space, which allows us to study the toric sheaves in the boundary of
this space.

On weighted projective spaces we do not know about the existence of moduli spaces, but never-
theless we can use Beilinson monads pushed down from P? to filter the toric sheaves on weighted
projective planes in some special cases. Before doing so we need some theoretical considerations:

Toric Monads

In this section let F denote a stable sheaf on P? of rank 2 with Chern classes ¢; = ¢1(F) = 0 and
¢g = ¢o(F) = n for some natural number n.
Recall that by lemma 4.37 if F is a vector bundle it has a Beilinson monad of the form

0 — HY(F(-2)) ® 02:(2) — HY(F(-1)) @ Q2 (1) — H(F) @ Op2 — 0.

Since we know from our preparations that in the case of a toric F the torus canonically acts on
the cohomology groups, we can replace these finite-dimensional vector spaces by their dimension
we computed in the last chapter:

0 — n02(2) 25 n0l (1) 25 (n— 2)0p: — 0

Proposition 5.20. F is toric < There is a monad given by T-equivariant matrices M and N

Proof. Since the cohomology given by two equivariant morphisms is equivariant, one direction is
clear. Let F be toric. Then the torus acts on the cohomology groups H'(F(—i)), i = 0,1,2
occurring in the Beilinson monad as well as on the dual vector space V*.This gives clearly gives
us T-equivariant morphisms

p: HY(F(-2) @ V* — HY(F(-1)) and v: HY(F(-1)) @ V* — H'(F)
respecting this action and dually corresponding to T-equivariant matrices
M: H(F(-2)) » HY(F(-1))®V and N: H(F(-1)) -H'(F)aV

which give us our desired monad. This finishes the proof. O
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Remark. Note that if we are given two T-equivariant matrices M and N, then there always are
by definition minor-monomial matrices M’ and N’ such that the following diagram commutes

n02,(2) > nQl, (1)

im

00— n02,(2) > nQL (1) —> (n — 2)0p —— 0

:T | T:

nk, (1) —Y> (n — 2)Ops.

The problem lies in the fact that M and N may be chosen with respect to different T-linearizations
of the involved sheaves. In particular the sheaf nQ'(1) could have a toric structure coming from
toric divisors Aq,..., A, inducing M and completely different divisors Bj,..., B, inducing the
matrix V. This can equivalently be expressed by saying that the composition of the isomorphisms
in the middle column of the diagram might not be the identity and we have to plug in an additional
isomorphism to make the sequence

0 — n02(2) 25 nQL (1) =5 nk (1) 25 (n — 2)Ope — 0

respect the given T-linearizations. Another way to express this is that M and N can not be chosen
simultaneously with respect to a fixed toric structure of the differential sheaves.

Example 5.21. A minor-monomial matrix M does not automatically imply that IV is also minor-
monomial. Let for example
T2 T2 I
X1 0
0 0 T2

M

|

|
8
A

then N could for example be
xr1 + xo
N = xr1 + X9
2(E2

However there might be the possibility that other choices of N are minor-monomial, e.g.

T2
N = X9
0
in our case.

Since we want to compute vector bundles from the Beilinson monads we need to know when
the matrix M is injective, respectively N surjective. The following lemma gives an easy criterion

Lemma 5.22. 1. N is surjective if and only if the columns in N do not generate a column that
consists only of linearly dependent entries.

2. M is injective iff the same holds true for the rows of M, i.e. every row in M and every row
generated by these rows consists of at least two linearly independent entries.

Proof. First of all we know that that M is injective iff the dual map

7T
n(Qa(1))” 7 n(3:(2)"
is surjective. This is obviously the same as to say that

a0k (2) M5 nop (1),
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This means that after twisting by —1 we see that have the same condition for N and M”. Thus
it suffices to prove the statement for N. Recall that for all v € V' we have

Qe (D)) = (V/{0)",

which implies that N: k" @ (V/(v))* — k"2 is surjective iff N7: k"2 — k" ® (V/(v))* is injective
iff (c1,...,¢n—2) — ((c1,...,¢n_2) - NT)/(v) is nonzero for all (c1,...,c,_2). This is after picking
a basis equivalent to say that

0+#w:= (wr,...,0,) €EE"QV/{v)

for all w in the image of the map, which means that there exist at least one i such that w; # \v
and this is true for every v € V. Thus N7 is injective if and only if there are at least two linear
independent rows in N7. This shows the analogous statement for N and finishes the proof. O
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5.3 Applications

In this last section we apply the theory developed so far to some examples. After having mastered
all the technical details of the last chapters, the whole problem of classifying toric sheaves using
the Beilinson monads comes down to rather trivial arguments from linear algebra.

As a first example we find, all toric vector bundles on P? with ¢; = 2 and ¢y = 3 and all toric
sheaves in the boundary of the corresponding compactified moduli spaces Mp2(2;0,7). In the
second example we compute some toric stable sheaves of rank 2 with ¢; = 0 and ¢ = 1 on the
weighted projective plane P(1,1,2).

The space Mp:(2;0,2)7

Proposition 5.23. Within the moduli space Mp2(2;0,2) there are 18 toric sheaves in the boundary
of the space and no toric vector bundles.

Proof. We start with the case of We know that in this case any toric bundle of this type is
determined as the cokernel of the monad

0 — 20%,(2) 2L 20L,(1) » F — 0,

where M is minor-monomial and its rows have at least two linearly independent entries. This
means that M has no zero entry and is therefore because of the minor-monomiality of the form

Aoo€; >\016'>
M = j
(/\1032‘ A11T;

for i # j € {0,1,2}. Thus by elementary row transformations we can assume that w.l.o.g. Ag; =0,
but this contradicts the assumption for M. So we see that there are no toric bundles in this case,
but we can still consider the toric sheaves in the boundary. There are essentially two possibilities:
A0 =0: Since we can multiply M from both sides with matrices from GL2(k) which do not
destroy minor-monomiality, no matter how we choose the coefficients Agg and A1; we can alway

normalize them:
Mo 0 [Aooei O 1 0\ (e O
0 )\;11 0 )\116j 0 1 - 0 €
Hence we are left with six possibilities for the choice of ¢ and j, namely the following:
eg 0 er 0 es 0
0 ep 0 e 0 e2
€0 0 €0 0 €1 0
0 e 0 eo 0 e

Note that the corresponding sheaves have fitting support on the set of points where the determinant
det(M) € S?(V) vanishes, so in our case this corresponds to the following degenerated quadrics:

{e5 =0} {el =0} {e5 =0}
{6061 = O} {6062 = 0} {6182 = 0}
A10 # 0: In this case the matrix M has, after similar transformations as above, to be of the

form
M — <6i 0)
€ €5

where i # | # j since otherwise we would be in the first case by linear transformations. Thus we
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get twelve new sheaves from the matrices

eg 0 eg 0 er 0
er e ey €p € €1
e 0 es 0 es 0
e e €y €2 €1 €2
€o 0 €1 0 €p 0
ey €] €2 € €1 €2
€9 0 €1 0 €9 0
e1 € ey €2 €y €1

since this time the order of the entries on the diagonal is important. To summarize this we see
that for every type of determinant from above there are exactly three sheaves, so altogether there
are 18 of them. O

The space Mp:(2;0,3)7

Proposition 5.24. There are exactly 6 toric vector bundles in Mp=(2;0,3) given by the Koszul-like
monad

0 e e e
M=1e 0 ¢ N=1e],
e, e 0 €;

with i # j # 1 # i. Moreover there are 70 toric sheaves in the boundary of this space.

Proof. We first consider toric vector bundles. The condition for M is that every row and column
has at least two linearly independent entries and M is monomial. In this case M does not have a
full 2 x 2-minor. Assume this would be true, then w.l.o.g. M would be of the form

Aoo€i  Aoir€;  x
M = )\10€j )\11€j *

* * *

Since all rows have to have two independent entries it follows that the two upper right stars also
have to be nonzero. But then the minor-monomiality of M implies that those entries also have to
be of the form (/’\\?22 ) contradicting the row-property of M. Therefore we can assume that every
row and column has exactly two nonzero entries. Thus M has to be of the form
0 )\Olej )\ogei
M = /\106j 0 /\1261 s
Ago€i  As1ep 0

where ¢ # j # [ # i. This symmetric matrix is minor-monomial and it is easy to check that the
only possible nonzero choice producing a complex is

)\el
N = | pe;
Vej

for some nonzero scalars A, u, v € k with the condition
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(Aoipt — Aozv)e; Aej 0

MAN = ()\10)\ — )\12V)€j Ne |l =10
()\20/\ — )\21/,6)61' N e 0
)\01 )\10 )\20
Sv="Tpnu v=""\ ==
Mo MM
€l
& ) is arbitrary, N = \ - :\\72(1)6@ and Aig - Aoz - A21 = Ao1 - A2o - A1z
A1o
26

Thus we see that the monad gives us a vector bundle if and only if M is of the form

0 Aote;  Aop26;
M = )\106j 0 )\1261
A20€;  A21€ 0

and Aig - Ag2 - A21 = Ag1 - A2g - A12. We show that this M can also be normalized. For this we can
use matrices g1, 92 € GL3(k) that preserve the minor-monomiality of M. It is easy to see that in
our special case because of the structure if M only diagonal matrices are allowed, i.e.

(7)) 0 0 ﬁo 0 0
g1 = 0 (65} 0 g = 0 ﬂl 0
0 0 (65 0 0 52
Thus we obtain
0 B taorore; B3 taohoze;
g Mgs = | By arAioe; 0 By tarAize
By tasdaoei By tasdare 0

and we have to check if those six equations

B1 = agro1, B2 = agro2, Bo = a1Aio,
B2 = a1Ai2, Bo =z, [1= a2l

are compatible with the relation of the A;;. This is clear since if we fix ag then every other
coefficient is determined and:

A
B1 = aoro1 = B1 = Ao S as =ap - TOI
21
_ _ Aot
=6y = 20 = Az00p0 - o
21
A20 * Aot
=>0=aAdpE a1 =— =qy —————
Bo Q110 aq Mo Qo Mot - Mo
A12 - A20 - Aot

=0pAo2 = B2 = i A2 = g ol

but this is exactly the relation of the A;;. Hence by permutation of the coordinates we get exactly
6 toric vector bundles from the monads

0 e & e
M=1e 0 ¢ N =]e;
e, e 0 €;

Note that every such toric sheaf has support on the degenerated cubic {epejes = 0} corresponding
to the three coordinate lines.
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Let us now look at the stable sheaves in the boundary. We therefore drop the condition on the rows
of M, but we are still looking for surjective matrices NV, i.e. matrices with at least two independent
vectors. Thus M has to have at least (which means exactly) one row with two zero entries and
can be seen as an extension of the case n = 2, i.e.

/\ooek ‘ 0 0
M = * )\1161' 0
* )\2161 )\22€j

and we have to distinguish several cases depending on what the two stars are. It is clear by the last
case that every full 2 x 2-matrix can either be replaced by a matrix with at least one zero or is not
minor-monomial. Moreover a 2 x 2-matrix with three nonzero entries has to be one of the twelve
types above. Thus we are essentially left with the following types (as before we can normalize
the matrix, but this can be done in the same way as before, so we don’t repeat the rather boring
procedure):

1. Since permutation of the coordinates can be realized by invertible matrices we only have one
M and four choices for N.

€ 0 0 €0 €p 0 €0
M=10 e 0], N=1le |, 0],le ]| or |e
0 0 e 0 () () €3

2. In the next case permutation plays a role, since two of the vectors are the same, so we obtain
six possible matrices M and have for each of them three choices for NV, thus 18 new sheaves:

eg O 0 €0 €0 €0
M=10 e 0], N=1le |, 0 or | e
0 0 e 0 el el

3. There are twelve possible matrices M of the following type

€ 0 0 €0 0 €0
M=10 e 0], N = el | er or 0
0 eg2 €1 €0/2 €0/2 el

inducing three possible choices for N and hence gives us 36 new toric sheaves.

4. The fourth possible type for M, inducing a unique surjective N, is the following

€o 0 0 €o
M=1e e 0], N=1le
0 €1 €o €0

and so we can add 6 sheaves for each choice of M obtained from permutations.

5. The last possible M not equivalent to any of the types listed above looks like this

€o 0 0 €o
M=1e e 0], N=|e
es 0 e €2

with N again determined by M and thus we get the last six sheaves.

So all in all we have 70 toric sheaves in the boundary of Mp2(2;0, 3). O
This finishes our first examples and we now pass over to to the weighted projective plane
P(1,1,2) and construct some toric sheaves from Beilinson sequences.
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Some toric sheaves on P(1,1,2)

Proposition 5.25. Let F be a vector bundle on P(Q) = P(1,1,2) of rank 2 with Chern classes
c1(F) = 0 and co(F) = 1 and having no global sections, i.e. H(F) = 0. Then all possible F are
obtained by one of the following sequences:

1. 0— QOP(Q)(—Q) — 40]11:(@)(—1) — F —0

=1
2. 0— 0@(@)(*2) b Op(Q)(*l) — QIP’(Q)(I) o2 Op(Q)(*l) — F —0
3. 0 — 20p(g)(~1) — 20 (1) — F — 0

Proof. We use the morphism 7: P2 — P(1,1,2) to pull this sheaf back to P2. Note that 7*F is of
course a rank 2 vector bundle. Since the induced morphism of the Chow rings

7t 72 A*(P(1,1,2) — A*(P?) = Z

is just multiplication by 2 by example 3.27 the Chern classes of 7*F are ¢1(7*F) = 0 and co(7*F) =
2-n. Moreover, since H’(F) = 0 the sheaf 7*F also has no sections. Assume this would be wrong,
then since 74¢ is exact 749 7*F = F would also have sections, which is a contradiction. By lemma
3.1 from [Har80] we know that H’(7*F) = 0 this is equivalent to 7*F being stable. Thus we can
apply Lemma 4.37 to get the Beilinson I resolution we used before. We only consider the first and
easiest case n = 1 and we will see that this is combinatorial already hard enough. We have the

following resolution for 7*F
0 — H'(7*F(-2)) ® Q% (2) — H' (7" F(~1)) @ U (1) — 7*F — 0

where both cohomology groups have the dimension 2-n = 2. Now we push this Beilinson sequence

with 70 = 749 down to P(1, 1,2). We abbreviate the second character by 7} := 7% and obtain
H' (7" F(=2)))°©n 05 (2) H (7" F(=1)))° @m0 (1)
0— ® — ® — 7lr* F = 0.
[H! (7" F(=2))]' @797 (2) [H (x* F(=1))] @7 D (1)

By lemma 3.9 we know how the Eigenspace decomposition of the cohomology groups looks like,
namely

H' (07" FRnlOp (— 2))®7r052]§2(2) Hl(wﬂw*f@wf@lpz(fl))(gﬁgﬂéz( )

0— ) — ) — T, Or* F — 0
H' (mi7* F@n Opa (—2)) @71 Q2 (2) HY (mi7* F@m} Op2 (—1)) @710k (1)

Using n07*F 2 F and 71X Op2(j) = Opq)(j — |x|) from Lemma 3.10 we obtain

H' (FQOp(q)(—2))@702; (2) H' (FQOp(q)(—1))@7202 (1)

0— ® — ® —-F -0
H' (FQO0p(g)(—3)) @m0 (2) HY(FQO0p(g)(—2))@m Qo (1)

Moreover, since 7X, (1) = (ﬁé,(@))(log y'00)(1—|x|) by corollary 4.32, the sequence is isomorphic
to
HY (FO O o) (~2))802 o) (2) H (F@Osq) (—1))0m001 (1)

0— 632 — @1 —F =0
HY (FROpq) (—3)®%0% ) (log v’ W) (2-1)  H' (FROwq) (—2)®0pq) (log y" M) (1-1)

We can replace the nontrivial logarithmic differential sheaves by the rule

o #1001
Doy (log " NG — | =X = @D Opiy(i — x| — Q)74

JNI#£2

where [Qs| = > ,c;¢. Thus, for ﬁﬂlp(Q)(log y'M) we have exactly two choices for .J, namely
J =(1,0,0) and J = (0, 1,0) which shows that

=1
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In the case of ﬁ;(Q)(log y'M)(1) the only possibility is J = (1,1,0) and we therefore get an
isomorphism

—1
Qp(g)(log y' ™M) = Opg)(—1).

Furthermore, there is an isomorphism

. —~——
Qp()(2) = 5"(2 - |Q]) = Op(g) (—2)
by remark 3.2. Therefore we can write the above sequence as

H (F®0r(q)(~2)®0p(q) (—2) H' (F®0s(q)(—1)®0 (1)
— 53] - &
HY (F®Op(q)(—3))®0p0)(—1) H' (F®Op(q)(—2))®2-Opg) (—1)

—F —0.

Now we have to distinguish several cases, since it is a priori not clear how the cohomology
groups are decomposed into Eigenspaces under the action of the group pg. Since the group
H' (F® Op(q)(—2)), which can only have dimension 0,1 or 2, occurs in both sides of the monad
and all other dimensions are determined by such a choice (since the dimension has to sum up to
2), we are left with the following three cases:

1. 0— QOP(Q)(—Q) — 4OP(Q)(—1) — F —0
—1
2. 0— OP(Q)(—Q) &) OP(Q)(—l) — QP(Q)(l) D2- OP(Q)(—I) — F —0
3. 0 — 20p(g)(—1) — 20 (1) — F — 0,
which finishes the proof. ([

Warning. Since we don’t know how pg acts on the cohomology groups, we also don’t know
whether the three cases listed above are nonempty. In what follows we simply assume that they
are and check all the possibilities to obtain a toric sheaf.

Since except for Op(g)(—2) all the sheaves in our three resolutions are not locally free, we cannot
use Whitney’s sum formula to compute the Chern classes “by hand”, so the sheaves F have the
right Chern classes, although we cannot check this via the given resolutions.

Remark. To avoid the technically difficult computations with the logarithmic differential sheaves,
one might have the idea to use the well known isomorphism Q3,(2) = Op2(—1). Then by the
calculations of the above proof we clearly have to have

T Q252 (2) = Op(g)(—1) ® Op(g)(—2) = mOp2(—1),

using the morphism 7, to push the isomorphic sheaves. However, for single characters this might
be wrong. We see by a direct calculation

m0p2 (—1) = Opg)(—1) T10p2(—1) 2 Opg)(—2)

that the pushed down sheaves occur in a different order. The reason for this is that the isomorphism
02,(2) = Op2(—1) is not pg-invariant and therefore changes the action of the characters. Thus we
always have to be careful using such isomorphisms.

Note that there are no toric bundles F with the properties of the proposition, since pulling
back via 7 respects the T-equivariance of a toric sheaf on P(Q)) and have seen before that there are
no toric bundles 7*F on P? in this setting. Although we don’t know whether the cases are empty,
we can still filter the possible toric sheaves from those sequences. To do so we first of all have to
know all morphisms involved, i.e. we only have to find out what

Hom(Oz(q)(—), ey (1))
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for 7 = 1 and 2 is, since all other morphisms are known. Recall from the chapter about weighted
projective spaces that there is the generalized Euler short exact sequence

Yo
Y1
Y2

—1

and so applying the covariant functor Hom(Op(q)(—j), _) gives us the induced long exact sequence

N =1
0 — Hom(Op(q) (1), 2p(g) (1)) — Hom(Op(q)(— @ Op)(1 — @)
- Hom(OP(Q)(* ), Opg)(1)) —

Hence a morphism from Hom(Op(Q)(—j),ﬁP(Q)(l)) is isomorphic to a morphism from

2 2

Hom(Op(q) (1), D Or(q)(1 - @) = @ Hom(Op(q) (—4), Op(q)(1 — ¢:)) EBS g

=0 1=0

. . . . . Yo
which is zero if we compose it with (‘Zl )
2

In the case of j = 1 this reduces to

Op(@)(—1) —— Op(q) ® Orq) ® Op(q)(—1)

Op(@)(1)
and therefore it is clear that
Hom(Or(q)(—4), Ty (1)) = {4~ h = (A, ~Ayo, 0)[A € k} = k.
The case j = 2 is a little bit more complicated, since the twist by —2 allows more choices for the

morphisms, i.e. we have

!
Op(@)(—2) — Op(q) @ Or(q) ® Op(q)(—1)

T

Op(1)

where f € S, @ S, @ S]. Since S is generated by the monomials yo and y; and Ss is generated by
YoyY1, 1/(2)7 y? and y, we see that

Hom(Op(g)(—J), ﬁ]11»(@) (1)

is generated by the four one-dimensional spaces

IN-fi= X (yoyr, —3,0)|\ € k}
{X- fa =X (U1, —you1, 0)|X € K}
{X - f3:= Ay2,0, —yo) |\ € k}

{N fai= Ay2,0,— y1)|X € K}

So let’s check if there are some toric sheaves in the "boundary” given by the monads. We begin
with the first resolution:
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0 — 20p(g)(—2) 25 40p(g)(~1) — F — 0

The 2 x 4 matrix M; consists of monomials of S1 = k- yg ® k - y;. Therefore we obtain 11
possible minor-monomial M;:

vw 0 0 0

0 % %1 O

o 0 w1 O

0 % 0 w»n

Yo 0 0 0 y1 0 0 O
0 Yo 0 0 Y1 Yo 0
y1 0 0 Y y1 0 0
0 u 0 0 wo w1 O
Y1 Yo 0 w 0 0 0

0 Y1 0 0 Y1 0 0/

2. The second case is combinatorially the hardest. The reason for this is that in the sequence

oo oo o

M, =1
0 — Op)(—2) ® Opg)(—1) = Qp(g)(1) © 20pg) (1) — F — 0

the matrix defining the sheaf is of the form

_ [ * k'yO/l k~y0/1
MZ_(* k k

where the upper star is a morphism from

Hom(Os(q) (—2), Do (1))

and the lower a morphism from
—1
Hom(Op(q) (—1), p(g) (1))

The problem is that these morphism are not necessarily “compatible” anymore, as in the
cases we studied on P2, i.e. we can not use linear algebra and even worse we don’t have a
good criterion to decide whether M5 is toric or not, since minor-monomiality does not make
sense in this case. However, the right part of the matrix is rather easy, so we mainly have to
care about the stars. We therefore have to go one step back and consider the toric divisors
that we have to choose for the T-equivariances of the sheaves.

First consider the case j = 1 and check that the one-dimensional space of homomorphism
consists of toric morphisms. To show this we have to find toric divisors A, By, B; and Bs in
73 of Z-degree —1, 0, 0 and —1, respectively, such that

Shy—a=k- yPo—A = . yOL0) = .y
and Sp 4 =k- yPrA = |y (100 — gy

Clearly, it does not matter what By is and the choice
A=1(0,-1,0) Bo=1(0,0,0) By=(1,-1,0)

is modulo divisors of degree 0 unique, hence the morphism (Ay;, —Ayo,0) is toric for every
A€k

For the morphisms in the case of j = 2 we have to find toric divisors as above, with the little
difference that the degree of A is —2, and consider four different cases:
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e In the first case the divisors have to satisfy the following relation

(1,1,0) (2,0,0)

SBofA:k'l' SBlfA:k'f

to get the morphism f;, which means that we can again choose By to be arbitrary and

A=(-2,0,00 By=(-1,1,0)0 B; =(0,0,0).
e The second case works analogously:
S/BO—A =k- y(z,o,o) 5331—,4 =k- y(1,1,o)
gives us fo. Thus By can be chosen arbitrary and
A=(-2,0,0) Bo=1(0,0,0) By=(-1,1,0).
e To obtain f3 as toric morphism we have to have that
Spy-a=k- y o Spy-a=k- y 00
This time By can be chosen arbitrary and
A=(0,0,—1) By=1(0,0,0) By =(1,0,-1).
e The last case is analogous to the third, i.e.
SIBO—A =k- y(o,o,1) S/BZ—A =k- y(o,l,o)
Hence By is arbitrary and
A=(0,0,—-1) B;=(0,0,0) By=(0,1,-1).

So we see that every morphism calculated above inherits its own specific T-equivariant struc-
ture and by denoting the 2 X 2 matrix obtained by deleting the first column of My by M} we
can deduce several things from this calculation:

e The sum of two elements f; and f; for ¢ # j is not toric, thus we can think of the f; as
monomials, as in the case of P2.

e Assume that both stars in My are nonzero. Then we see from the cases above that this
is only possible if the lower star is a morphisms consisting of f3 or f4, i.e. of the form
(Ay2,0, —Ayo) or (0, Ay2, —Ayo), since otherwise there would be a contradiction to the
choice of the toric divisors. Moreover in this case we only have two more free parameters
for the choice of the T-equivariant divisors for 2- Op()(—1) and so we see that there at
most two other nonzero entries in Mj.

e If one star is zero, then we are left with three free parameters for the choices of the
divisors of all other morphisms, which essentially means that we have at most three
nonzero choices for the remaining entries of MJ.

Now we can simply list all possible matrices M}

* Yo WY1
* 0 0

Yo 0O

* 1o O
* 0 1

* Y1
* 1
Yo

*
* 1

and show which of them are compatible with the possible entries of the stars:

)

(£ %)
(5 1)

y1 O

0 0
1 0

/N 7 N 7 N
* ¥ % % % %

1
0
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1
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0
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(a) If both stars are nonzero, by what we said above we can only use the first nine matrices
for M. Thus we can construct 2 -1 -9 = 18 matrices.

(b) If both are zero, then M} has to have two independent rows, which is only true for six
of the above matrices.

(c) If only the upper star is zero, then all matrices MJ with at least one nonzero entry in
the lower row are “allowed”, i.e. again nine of them. Therefore we get 18 new sheaves
from this calculation.

(d) If the lower star is zero we have four choices for the lower star by the above considerations
and at least one entry of the lower row of M has to be zero. Thus we can add 4-7 = 28
sheaves to our list, which makes altogether 70 of them.

3. The third sequence
Ms =1
0— QOP(Q)(—l) — QQP(Q)(I) — F —0

is again easier to describe. We calculated that the space

Hom(Or(q) (—1), Dp (1))

is isomorphic to k£ and spanned by the toric morphism h. So the only feasible choice for Ms

is the following
h 0
My = (0 h) .

The last example already shows how difficult it is to obtain computable Beilinson monads on
weighted projective spaces for certain subclasses of (toric) sheaves and that we are far from being
able to construct moduli spaces as in the case of P™. For this we would need much more information
about these spaces, for example we would need a reasonable notion of stability. Of course there
are such notions even in a more general context, but the definition of the Hilbert polynomial
depends on the choice of an ample line bundle, which is not canonically given on P(Q). Moreover
the theory lacks of such powerful tools such as Serre duality and the Hirzebruch-Riemann-Roch
theorem, which basically enabled us to simplify the Beilinson sequences in special cases on P2.
However there are a lot of things that could be done.

Conclusions
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differential of a complex, 45 quasi isomorphism, 47
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dual cone, 8 right derived functor, 48
enough injectives, 49 semigroup algebra, 9
enough projectives, 49 Serre homomorphism, 36
equivalent complexes, 47 sheaf of logarithmic differentials, 54
equivariant morphism, 6 sheaves of regular differential form, 35
evaluation map, 64 shift functor, 47
simplicial, 10
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family of stable bundles, 72 support of a fan, 12
fan, 11
fine grading, 14 toric sheaves, 19
fine moduli space, 72 toric variety, 5
first Chern class of a line bundle, 21 toric variety associated to a fan, 11
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torus, 5
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