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Abstract

We are concerned with two applications of GIT.

First, we prove that a geometric GIT quotient of an affine variety X =
Spec(A) by a reductive group G, where A is an almost factorial domain, is a
Mori dream space, regardless of the codimension of the unstable locus. This
includes an explicit description of the Picard number, the pseudoeffective
cone, and the Mori chambers in terms of GIT.

We apply the results to quiver moduli to show that they are Mori dream
spaces if the quiver contains no oriented cycles, and if stability and semista-
bility coincide. We give a formula for the Picard number in quiver terms.
As a second application, we prove that geometric quotients of Mori dream
spaces are Mori dream spaces as well, which again includes a description
of the Picard number and the Mori chambers. Some examples are given to
illustrate the results.

The second instance where we use GIT, is the construction and variation of
moduli spaces of quiver sheaves.

To that end, we generalize the notion of multi-Gieseker semistability for
coherent sheaves, introduced by Greb, Ross, and Toma, to quiver sheaves for
a quiver (). We construct coarse moduli spaces for semistable quiver sheaves
using a functorial method that realizes these as subschemes of moduli spaces
of representations of a twisted quiver, depending on (), with relations. We
also show the projectivity of the moduli space in the case when () has no
oriented cycles. Further, we construct moduli spaces of quiver sheaves which
satisfy a given set of relations as closed subvarieties.

Finally, we investigate the parameter dependence of the moduli.
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Introduction

In his talk [ ], Mumford outlined a strategy for building varieties,
or schemes, which parameterize algebro—geometric objects — like, the vector
bundles on a curve, or 0—cycles on a variety. Later, he developed this idea
into Geometric Invariant Theory (GIT), as explained in his famous book
[ }

The general strategy is to write the objects under consideration as a variety
X, together with the action of a group G, which encodes isomorphisms of
the objects. To parameterize the isomorphism classes, we should then try
to find a variety structure on the set of orbits.

Though in general, it is not possible to find a scheme structure on the whole
set of orbits: in some sense, this set is too large. But on a subset consisting
of so called stable orbits, or on semistable orbits, a construction is possible.
This implies that for classification problems of algebro—geometric objects,
we have to find suitable notions of stable and semistable objects as well.

From here, two natural directions of further development emerge. First, one
could try to apply Mumford’s strategy in order to construct moduli spaces of
other interesting objects. Another natural question is to describe properties
of the spaces of orbits, also called GIT quotients, in terms of properties of
the action on X.

Mori dream spaces

One example of the second line of thought is the notion of a Mori dream
space, as introduced by Hu and Keel in | .

By construction, Mori dream spaces are varieties which are well-behaved
with respect to Mori’s minimal model program. They are also closely re-
lated to Variational Geometric Invariant Theory.

Examples of Mori dream spaces include P", Grassmannians, quiver moduli,
toric varieties, and Fano varieties.

The results of this thesis which are concerned with Mori dream spaces may
be found in Chapter 2. Also, they are available as the preprint | |

Mori dream spaces and VGIT.

Suppose that a reductive group G acts on a quasiprojective variety X. The
construction of a GIT quotient starts with the choice of an ample line bundle

F—- X,
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together with a lift of the group action, a so called G-line bundle. To such
a choice, GIT associates the semistable locus

XEs = | )X\ N(s),

where the union is taken over all s € H(X, mE)% for all multiples m > 0.
This is an open subset, and the central result of GIT is the existence of a
quotient

qE : _XVE_SSt — Yg.

A simple, yet important, example of a G-line bundle is L,, given by the
trivial line bundle

L— X,
where the lift of the group action is induced by a character x of the group G.

Evidently, the construction of the GIT quotient depends on the choice of
the G-line bundle E. Variational Geometric Invariant Theory (VGIT), as
developed by | 1, Ll Ll I, |, provides a system-
atic study of this dependence.

The G-line bundles which are ample as line bundles and have non-empty
semistable locus form a rational polyhedral cone

C%(X) c NSY(X)g

in the space of all G—line bundles. This cone is called the G—ample cone.
Moreover, the G—ample cone is divided into finitely many full-dimensional
and rational polyhedral subcones, the so called GIT chambers. The hyper-
planes diving the GIT chambers are called GIT walls.

Within a chamber, the semistable locus does not depend on the concrete
choice of the G—line bundle. Consequently, the quotient does not depend on
it as well.

Suppose that we have two neighboring GIT chambers C and C_, separated
by a wall H. A line segment connecting interior points F, € Cy and
E_ € C_ of the chambers intersects H in a G-line bundle Ey. In good
cases, the corresponding quotients are related by a so called Thaddeus flip

Hence, VGIT influences the birational geometry of the quotients. We re-
mark, that the construction of rational maps between the quotients is not
restricted to this case. Under some mild conditions, it is possible to map
from the quotient associated to any point in the interior of the G—ample
cone to any other quotient.

On a Mori dream space Y, the cone of pseudo—effective divisors
Ef(Y) c N'(Y)r
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admits a similar decomposition into finitely many full-dimensional and ra-
tional polyhedral cones with disjoint interior, the so called Mori chambers.
They have the property that for all divisors in the interior of one fixed Mori
chamber, the associated contractions

fD :Yr——é-Yb

are well-defined, and are equivalent in some suitable sense. The equivalence
used here is the notion of Mori equivalence, also introduced by Hu and Keel.

If the variety and group action satisfy some good conditons, a GIT quotient
translates between these two chamber structures.

ASSUMPTION 1. Among some technical conditions, Hu and Keel consider
the action of a reductive group G on an affine variety X, and the choice of
a character xo of G, such that the following conditions hold.

(1) X is normal and Cl(X)g = 0.

(2) xo is contained in the interior of a GIT chamber, and

codim (X \ XX7*') > 2.

Here, the first condition implies that all G-line bundles are, up to multiples,
of the form L, for a character x. In that sense, the GIT chamber structure
for G-line bundles reduces to a chamber structure in the space x(G)r of
characters, explaining the second condition.

In the following, we will refer to the inequality in the second assertion as
the codimension condition on the unstable locus.

Hu and Keel then show that the GIT quotient Y = Y,,, associated to xo, is
a Mori dream space, closely related to the VGIT of the group action on X.
THEOREM 1. Under the Assumption above, the following assertions hold.

(1) Y is a Mori dream space.
(2) Descent of G-line bundles induces an isomorphism

¥ : x(G)g = Pic(Y)q.

(3) The map v identifies the G—ample cone with the pseudo—effective cone,
and the GIT chambers with the Mori chambers.
(4) For any divisor D, the associated map

fp:Y - Yp

is equivalent to the rational map induced by VGIT for a character x
such that ¢ (x) = D.

Conversely, to a Mori dream space Y, Hu and Keel associate an affine va-
riety X, such that Y is given as a GIT quotient satisfying the conditions
imposed above.

This affine variety is the spectrum of a so called Cox ring

Cox(Y) = @ H*(Y,0(a1 Dy + ... + a, D)),
a€Z"



where D1, ..., D, are Cartier divisors on Y such that
O(Dy),...,0(D,)

forms a basis of the vector space Pic(Y)g. The group action is that of the
torus T' =TT, action via the multi-grading of the Cox ring.

To ensure that this construction is well-defined, Hu and Keel show that if
Y is a Mori dream space, Cox(Y") is finitely generated as a k—algebra.

Unstable components in codimension one.

In applications of Hu and Keel’s results, the codimension condition on the
unstable locus seems to be a technical hurdle.

For example, in [J11], Jow even considers a Mori dream space Y such that
the unstable locus in the spectrum X of the Cox ring is of codimension at
least three. This requirement is guided by his desire to construct a hyper-
surface Y/ C Y which is itself a Mori dream space. Indeed, his stronger
codimension assumption ensures, that for a hypersurface in X, the unstable
locus is of codimension at least two.

Another example is the work [ | of Craw, where he wants to consider
a certain class of quiver moduli as Mori dream spaces. The need to ensure
the codimension condition restricts him to a rather limited special case.
On the other hand, in [ |, Béker proved, that a quotient of a variety
with finitely generated Cox ring also has finitely generated Cox ring in gen-
eral, posing no condition on the unstable locus at all. But, his work does
not allow insight into the quantitative data, like the Mori chambers. Even
the Picard rank remains unknown.

It thus seems desirable to obtain a version of Hu and Keel’s theorem about
GIT quotients, which does not need the codimension condition. This was
achieved by the author in [ ], and is outlined in Section 2.1.

Consider a situation as in the Assumption of Hu and Keel, but where the
unstable locus is potentially of codimension one. We have an induced action
of the group G on the irreducible components

Z=AZ,...,Z}
of the unstable locus which are of codimension one. To each orbit
B e Z/G={B,...,B,},
we can associate a regular function f;, such that
N = 7
ZEB;

and such that f; is a semiinvariant with respect to a character x;. The
descend of line bundles ¢ then has a kernel

0= Q" — x(G)g Y, Pic(Y)g — 0,

which is spanned by the characters y;.
As we can show, the quotient is still a Mori dream space, but not all GIT
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chambers correspond to a Mori chamber. By definition, a GIT chamber
C C x(G)q is called stable with respect to xo, if

xi+CcC

for all the characters y; associated to the orbits in Z. Our main result is
now the following.

THEOREM 2. Under the Assumption of Hu and Keel, but where the unstable
locus is potentially of codimension one, the following assertions hold.

(1) Y is a Mori dream space.
(2) Descent of G-line bundles induces a surjection

¢ : X(G)Q — PiC(Y)@,
such that the kernel is spanned by the, linearly independent, characters
X; associated to the orbits in Z.

(3) The union of the images of the stable GIT chambers under 1 is the
pseudo—effective cone of Y, and the stable GIT chambers are identified
with the Mori chambers.

(4) For any divisor D, the associated map

fp:Y --2Yp

is equivalent to the rational map induced by VGIT for a character x
such that ¢(x) = D, and such that x is contained in the closure of a
stable GIT chamber.

Applications of the Theorem.

We provide two applications of our main result. The application to quiver
moduli is discussed in Section 2.3, and the application to quotients of Mori
dream spaces may be found in Section 2.2.

Quiver moduli. In the language of representation theory of algebras, di-
rected graphs are typically called quivers. Moduli spaces for the represen-
tations of a quiver, or simply quiver moduli, were constructed by King,
employing Mumford’s general strategy (cf. | ). The GIT quotient he
used satisfies the Assumption of Hu and Keel, except for the codimension
condition on the unstable locus.

Given a quiver @, consisting of a set of vertices Qg and arrows « : i — j,
King considered the representation variety

R4(Q) = @ Hom (k‘di,k‘df) )
ai—jJ
where d is a fixed dimension vector, assigning to each vertex i € @y a
dimension d;. Simultaneous base change induces a natural action of the
group
Ga= [] GL(d)
i€Qo
on this variety. King then showed that the isomorphism classes of represen-
tations of (), with fixed dimension vector d, correspond to the orbits of this
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action. Furthermore, he translated GIT stability on R4(Q) to a stability
condition for representations. Hence, the GIT quotients parameterize such
representations, forming a moduli space.

It is not true in general that the unstable loci are of codimension two, so
that the results of Hu and Keel can not be applied directly. However, our
results show that quiver moduli are Mori dream spaces even if this is not
the case. Since the GIT behavior of the representation variety admits an,
at least partial, description via combinatorics, the same is thus true for the
birational geometry of quiver moduli. We build upon this philosophy in
some of the examples in Section 2.4.

Quotients of Mori dream spaces. As a second application, we were con-
cerned with quotients of a Mori dream space Y. Suppose that a connected
and reductive group G acts on Y, such that there exists a quotient

q:V =27

for a G—invariant and open subset V' C Y. Using the Cox ring description
of Y, we were able to express Z as a quotient

q:U—Z

for an open and T x G-invariant subset U C X = Spec(Cox(Y')). Here, T is
the torus used in the Cox ring description of a Mori dream space, and the
quotient ¢ is taken with respect to the lifted action of T' x G. By comparing
these two actions, and applying our main result, we are able to prove the
following.

THEOREM 3. The variety Z is a Mori dream space, and
rk Pic(Z) =1k Pic(Y) + 1k x(G) — |Z2(V))],

where Z(V) is the set of irreducible components of the complement of V' in
codimension one. The Mori chamber structure of Z is determined by the
stable GIT chamber structure of 7' x G on X.

Moduli spaces of quiver sheaves

As a second project, we applied GIT to construct moduli spaces of multi—
Gieseker semistable quiver sheaves, following the general strategy of Mum-
ford. Furthermore, we establish a theory of variation for these moduli spaces,
which includes a variation result for the usual notion of stability for quiver
sheaves.

In Chapter 3, the reader may find the detailed results of this thesis which

are concerned with quiver sheaves. Additionally, many results are available
in the preprint [ ]. This is joint work with Henrik Seppénen.
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Gieseker—stability of sheaves.

The vector bundles on a curve were one of the earliest examples of a class
of algebro—geometric objects which can be parameterized using Mumford’s
strategy. The work of Gieseker and Maruyama (cf. | 1Ll 1), ex-
tended this classification to the case of torsion—free sheaves on arbitrary
smooth and projective varieties. Finally, Simpson gave a further extension
to the case of pure sheaves (cf. | D).

We briefly sketch Simpson’s approach.
A purely d—dimensional sheaf E is Gieseker—semistable, if for all non—trivial
subsheaves F' C E we have an inequality

Pg _ Pg
ag(F) =~ ag(E)’

where PIQ and PP% are the Hilbert polynomials with respect to some fixed
ample line bundle L on X, and af(F) as well as ok (FE) are their leading
coeflicients.

Since the family of semistable sheaves with fixed Hilbert polynomial P is
bounded, such sheaves are n—regular for sufficiently large n. Further, they
can be embedded as points in a Grassmannian scheme

[V H — H°(E(m))] € Grass"™ (V @ H),

where H = H°(O(m —n)), and V ~ H°(E(n)) is a fixed vector space
among the hY (E(n))-dimensional ones, and m > n > 0. Different choices
of the isomorphism V ~ H° (E(n)) correspond to the action of GL(V) on
the Grassmannian scheme. One can then show, that the semistable sheaves
correspond to GIT semistable points in the Grassmannian, and that the
GIT quotient of the image of the embedding parameterizes S—equivalence
classes of semistable sheaves.

This approach was later reformulated by Alvarez—Cénsul and King in a
functorial way (cf. | 1), where they build upon the fact that Grass-
mannians are quiver moduli.

In some analogy to the case of VGIT, the set of Gieseker—semistable sheaves,
and hence their moduli space, depends on the choice of the ample line bun-
dle L. The behavior under variation of L bears some similarity to VGIT.
Namely, the ample cone of X is divided into chambers by hypersurfaces, such
that stability does not depend on the explicit choice of L within some fixed
chamber. However, in contrast to the case of VGIT, the walls are generally
of higher degree, and need not contain the class of an honest line bundle,
potentially consisting only of formal real powers of line bundles (consider
[ | for an example). Hence, for such a wall, a birational map



which is the analogue of a Thaddeus flip, can not be constructed. A notable
exception is the case of a surface (eg. consider [ ]). Here, the walls
are rational hyperplanes, so that analogues of Thaddeus flips exist, and the
moduli spaces are generically birational.

Multi—Gieseker—stability of sheaves.

In | ], Greb, Ross and Toma approached this problem from a different
direction. Instead of varying the line bundle L directly, they essentially con-
sider linear combinations of the stability conditions for different line bundles.

Let (L1,...,Ly) denote a tuple of ample line bundles on X, which we think
of as fixed, and choose a tuple o € Rgo. Then, a purely d-dimensional sheaf
E is called multi-Gieseker semistable if for all non-trivial subsheaves F' C E
we have an inequality

N L. N L
Zj:l 0j Py’ < ijl oj Py’
N L; — N L; :
Ej:l oja’ (F) Zj:l ojay’ (E)
Clearly, for o = ej, this recovers the notion of usual Gieseker-semistability

with respect to the ample line bundle L;. In that sense, the problem of vari-
ation of L is translated into a problem of variation of o within the space ]RJEVO.

For the case of torsion—free sheaves on an integral and projective scheme,
Greb, Ross and Toma showed that there is a decomposition of RY into
chambers by finitely many rational hyperplanes, which encode the equiva-
lence of multi-Gieseker semistability.

Moreover, subject to a boundedness condition, and after fixing the Hilbert
polynomials, they constructed moduli spaces of multi-Gieseker semistable
sheaves, by building upon the functorial approach of Alvarez—Cénsul and
King. In their work, they construct an embedding functor

Hom(T), *) : Coh(X) — Q' — rep,

from the category of sufficiently regular sheaves, to the category of repre-
sentations of an auxiliary quiver ()’, which is schematically given as follows

==

U3 ws.

U1 w1

Each row of this quiver corresponds to the functor as introduced by Alvarez—
Cénsul and King, further corresponding to one of the ample line bundles L;.
Consequently, there is a parameter space for such sheaves which is embed-
ded into the representation variety Ry(Q').

By an argument in the spirit of Le Potier and Simpson, they further showed
that the multi-Gieseker semistable sheaves correspond to GIT-semistable

12



points. Hence, the moduli space of semistable sheaves M7 ~%'(X) is embed-
ded into the moduli space of semistable quiver representations.

Furthermore, by invoking an argument of Langton, they showed that this
moduli space is projective. Together with the result about the chamber
structure indicated above, this enabled them to establish a variation result.
More precisely, they show that for two stability conditions o1 and o9, the
moduli spaces M71755%(X) and M7275%(X) are related by a sequence of
Thaddeus flips

Mo'l—SSt(X) -2 Y] -3 Yy -2 - Moz—sst(X),

and are thus birational. Here, the Thaddeus flips, and the varieties Y;, are
given by VGIT of a suitable variety Z C R4(Q’) which encodes the image
of the embedding functor Hom (7', *).

The case of Quiver sheaves.

In | ], Greb, Ross and Toma raised the question whether their ap-
proach can be extended to quiver sheaves. Indeed, we are able to show that
this is possible, as outlined in Chapter 3. Most of the results may also be
found in the preprint | ].

Quiver sheaves are representations of a quiver ) in the category of coherent
sheaves on some scheme X. The prototypical example is that of a morphism
of sheaves

F—dG.

For a general quiver @), a quiver sheaf £ consists of sheaves &; at the vertices,
and morphisms of sheaves &, : & — &; attached to the arrows.

Stability conditions. We also fix a tuple (Ly,..., Ly) of ample line bun-
dles, and consider stability conditions o € ]RQSXN. We then say that a
purely d-dimensional quiver sheaf £ is multi-Gieseker semistable, if for all
non—trivial quiver subsheaves F C £ the inequality

N L; N L;
Zier ijl 0ij Pr! < Zz‘er Zj:l 0ij g

N Iy = N I;
Zier Zj:l gijay’ (Fi) Zz’eQO Zj:l oijay’ (&)

holds. This notion reduces to that of usual Gieseker—semistability for quiver

sheaves with respect to Ly, if we choose 0;; = d,1, and to the multi-Gieseker

semistability for sheaves in the case that ) consists of a single vertex, where
quiver sheaves are simply ordinary sheaves.

The parameter space of possible stability conditions admits a decomposition
respecting the change of stability as well.

THEOREM 4. The space Rgng is divided into chambers by finitely many
hypersurfaces, such that the notion of stability is unchanged as we vary o
within some chamber.

13



These hypersurfaces need not be hyperplanes, but are of degree two in gen-
eral, so that we can not ensure the existence of rational points on the walls.

Symmetric stability condition. However, for the special case of a sym-
metric stability condition o, ie. such that the value of o;; is independent
from 7 € g, and torsion—free quiver sheaves, we are able to prove that the
walls are indeed rational hyperplanes.

Another technical condition is the boundedness of the family of semistable
quiver sheaves, which might possibly not hold in general. In the case of a
symmetric stability condition o, we show that the family of o—semistable
quiver sheaves is bounded if and only if the family of 6—semistable sheaves
is bounded. Here, ¢ is the multi—-Gieseker stability condition for sheaves de-
fined by the symmetry of ¢. Hence, we can translate the main boundedness
result of | | to the case of quiver sheaves.

THEOREM 5. Suppose that one of the following conditions holds.

(1) The Picard number of X is at most two.

(2) The dimension of X is at most three.

(3) The ranks of the sheaves under consideration are at most two.
Then, the family of quiver sheaves which are semistable with respect to any
RggXN

symmetric stability condition o € , is bounded.

Hence, at least for symmetric stability conditions in this special case, all of
our technical assumptions are satisfied.

Construction of the moduli space. Our construction of the moduli
spaces of quiver sheaves further exploits the functorial approach of Alvarez—
Cénsul and King. We consider a twisted quiver Q(Q'), essentially given by
replacing each vertex of () with a copy of Greb, Ross and Toma’s auxiliary
quiver @'. Arrows a : i — j in @ are split up to arrows between the
corresponding vertices in the copies of @), attached to the vertices i and j.
Schematically, Q(Q’) thus looks like

Q' Q'
We additionally need relations I’ on this quiver, to ensure that the mor-
phisms attached to the split up arrows are compatible. On the technical

side, this made it necessary to introduce an extension of King’s construction
of quiver moduli spaces to the case of labeled representations with relations.

The embedding functor Hom (7', %) of | | easily extends to a functor
from the category of quiver sheaves on X to the category of representations
of Q in the category of representations of Q’, and the latter can be identified
with representations of Q(Q') satisfying the relations sketched above. Our
embedding functor thus reads as

Hom(T, %) : Q — Coh(X) — (Q(Q"), H,I') — rep.

Moreover, by extending the argument of Le Potier and Simpson even further,
we manage to show that this embedding preserves stability, in the sense that
Hom(T,€) is semistable for a suitable stability condition of vector space

14



representations, if and only if £ is multi-Gieseker semistable. Hence, we are
able to form the GIT quotient of the image of the embedding functor.

THEOREM 6. The moduli space M7755¢( X Q) of multi-Gieseker semistable
quiver sheaves can be constructed as the restriction of the GIT quotient
which produces the moduli space of quiver representations of Q(Q").

Variation of the moduli space. If () does not contain oriented cycles, we
are able to show that the moduli space we constructed is projective. In view
of the fact that moduli spaces of quiver representations are projective if and
only if the quiver does not contain oriented cycles, this condition appears to
be necessary. Combining this projectivity result with the description of the
chamber structure, allows us to prove a variation result in the same spirit as
that of Greb, Ross and Toma. That is, as we change o, the moduli spaces
are related by sequences of Thaddeus flips

Mo7SYX Q) —-» Y] ——» Yo ——» ... ——» M7275YX,Q),

again given by VGIT of a suitable variety Z C Ry(Q(Q’), H,I'), and are
thus birational.

Relations on (. In a further refinement, we succeed in incorporating rela-
tions I on @ into our results. For example, this makes it possible to consider
moduli spaces of sheaves F, together with a nilpotent, or idempotent, endo-
morphism ¢ : £ — E. Another example is that of a commutating square.

Again, the treatment of relations was greatly facilitated by the functorial
nature of the construction. Namely, we can translate the relations I on @
to a set of relations I'(I) on Q(Q’), such that if £ satisfies the relations I,
Hom (T, &) satisfies the relations I'(I). Then, by following the program of
construction similar to the one outlined above, we obtain the moduli space
of quiver sheaves which satisfy the relations I, using the GIT construction
of the quiver moduli.

THEOREM 7. The moduli space of multi-Gieseker semistable quiver sheaves
which satisfy the relations [ is given as a closed subvariety

Mcr—sst (X, Q, I) C MU_SSt(X, Q)

If ) does not contain oriented cycles, this moduli space is projective, and
the same variation results as in the case without relations hold.
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CHAPTER 1

Preliminaries

In this chapter, we collect basic notions and results about the topics dis-
cussed in this thesis.

The discussion about Geometric Invariant Theory, rational maps and divi-
sors contains almost no novel results, so we omit proofs here. For almost fac-
torial domains, we review the results from Storch’s PhD thesis | |, and
discuss the uniqueness of primary decompositions. The subsection about
moduli of representations of quivers is fairly detailed, and contains sketches
of proofs. Mainly, this is to justify our use of relations in the labeled case.

Before discussing the special topics, we give some general conventions.

Unless indicated otherwise, we work with varieties and schemes over an al-
gebraically closed field k, and varieties are assumed to be irreducible. We
restrict ourselves to characteristic zero.

Whenever we have a Z-module A we denote by
Ak =A®z K

the change of scalars, where K € {Z,Q,R}. Of course, a similar convention
holds for Q—vector spaces.

For a variety X we denote
E(X)=0(X)"/k".

This is a free and finitely generated group (consider | ], Proposition
1.3). If an algebraic group G acts on X, there is an induced action of G' on
E(X).

Finally, we remark that over normal varieties we have an analogue of Har-
togs’ lemma (see Theorem 6.45 in | D.

LEMMA 1.0.1. Let U C X denote an open subset in a normal variety such
that X \ U is of codimension greater or equal to 2. Then the restriction map

O(X) —0()

s an tsomorphism.
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1.1. Geometric Invariant Theory

We recollect basic definitions of Geometric Invariant Theory (GIT), mainly
to fix notation. For the relevant aspects of VGIT we refer to | | or
[ ], or to | | for the transfer to the affine case. For GIT itself, we
refer to | ]-

1.1.1. Good and geometric quotients.

Let an algebraic group G act on some variety X.

A naive hope is that the set X/G of orbits canonically admits the structure
of an algebraic variety such that the quotient map is a morphism of varieties.
But this is not possible in general.

Assume that there was some quotient

p: X = X/G,

which is a morphism of varieties. The fiber of a closed point 2 € X/G should
be an orbit

O =p (z),
which must be closed by the continuity of p. Morally, quotients can thus
only see closed orbits. But in general, orbits are not closed.

It turns out that good quotients are a useful approximation to the properties
we desire.

DEFINITION 1.1.1. Let an algebraic group G act on a variety X. Then a
morphism

qg: X —>Y
is called a good quotient if the following holds.

(1) q is surjective and invariant under the group action.
(2) For an affine open subset U C Y the inverse image ¢~ }(U) C X is
affine and pullback of regular functions induces an isomorphism

o) ~0(¢ 1 (U))°.

If additionally, each fiber consists of exactly one orbit, we say that ¢ is a
geometric quotient.

A good quotient ¢ : X — Y is also a categorical quotient. That is, any
G—invariant morphism f : X — Z uniquely factors over q.

X
J{X
q

Y >/

3

In particular, if a good quotient exists, it is unique up to unique isomor-
phism.
Moreover, one can show that two orbits @ and O are mapped to the same
point if and only if

ONoO #£10.
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Finally, we remark that a geometric quotient ¢ : X — Y induces a geometric
quotient

q:U = q(U)
on any open and G—invariant subset U C X, and that ¢(U) C Y is open. In
general, this is not true for good quotients.

There is a very simple example illustrating these concepts.

ExaMpPLE 1.1.2. Let the torus 7' = G,, of rank one act on the variety
X = A" via scaling. A good quotient of this action exists, though it is the
trivial morphism

q: A" — Spec(k)
because the origin is the unique closed orbit.
Note that if we remove the origin, all pointed lines become closed orbits,
and indeed the well-known map

¢ A"\ 0 — P!
is a good and geometric quotient.

The general philosophy of removing a set of bad orbits is also found in the
construction of quotients via Geometric Invariant Theory.

1.1.2. GIT quotients.

Let a reductive group G act on a quasiprojective variety X, which we some-
times call the prequotient.

Mumford’s Geometric Invariant Theory (GIT) is a powerful tool to find open
subsets such that good quotients exist.

A G-line bundle £ — X on X is a line bundle £ — X, equipped with an
action G x E — FE such that the diagram

GxE——=EF

L

GxX—X

commutes, and the induced action on fibres of E is linear. We refer to
[ | for more background on this notion.

Two G-line bundles E, E’ are isomorphic if there exists an equivariant iso-
morphism of line bundles E — E’ (leaving the base space fixed).

DEFINITION 1.1.3. By Pic%(X) we denote the group of isomorphism classes
of G—line bundles on X.
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Interpreted correctly, Pic*(x) is functorial.

LEMMA 1.1.4. Consider the category C, where objects are pairs (X,G) of
algebraic groups acting on varieties X, and morphisms

(f;¢) (X, G) = (Y, H)

are pairs of morphisms of varieties and algebraic groups respectively, such
that f(g*xz) = (g) * f(z) for all x € X and g € G. Then there is a
contravariant functor

Pic*(x) : C — Ab,

extending the usual functor Pic(x). If (f, ) is a morphism in C as above,
and x € x(H), then (f,¢)"(Ly) = Ly (y)-

PRrROOF. We use the notation (f, ) for a morphism in C' as in the statement
of the lemma. Recall that the pullback of an ordinary line bundle 7 : E — Y
is given as

fH(E) ={(z,e) € X X E[f(x) = 7(e)},

and if additionally F is an H-line bundle, we define gx(x, e) = (g*x, p(g)*e).
Now, it is straightforward to check that this construction is well-defined and
satisfies the assertions. (]

For a G-line bundle E we denote by H°(X,E)“ the space of invariant
sections, and by R(X, E)® the section ring consisting of invariant sections.
We now want to associate the stable and semistable locus to a G-line bundle
E. To avoid further complication, we assume that E is ample as an ordinary
line bundle.

DEFINITION 1.1.5. To a G-line bundle FE, which is ample as a line bundle,
we associate the following loci.

(1) The semistable locus with respect to F is defined as

X = (o),
!

where D(f) = X \ N(f), and the union is taken over all invariant
sections f € H(X,mE)%, where m > 1.

(2) The stable locus X~ is the set of points € X¥~5 such that the
stabilizer GG, is finite, and the orbit G x z is closed in the semistable
locus.

(3) The unstable locus with respect to F is the complement

X \ XE—SSt'
As is apparent from the definition,
XE*St C XE*SSt C X

are open and G—invariant subsets, though they could possibly be empty.
The technical cornerstone of GIT is the fact that, unless they are empty,
quotients for these subsets exist.

20



THEOREM 1.1.6. The evaluation of sections defines a good quotient
g : X' - Yp = Proj (R(X, E)“) ,

which restricts to a geometric quotient on the stable locus.

REMARK 1.1.7. By construction of the quotient Y = Y, the canonical line
bundle Oy (1) pulls back to E, i.e.

qp(0y(1)) = E,

where we use the notion of pullback as outlined in Lemma 1.1.4. If the
quotient is projective, this could also be phrased as the statement that E
descends to an ample line bundle on the quotient.

A special case important to us is that of the linearization of the trivial line
bundle on an affine variety.

CONVENTION 1.1.8. We will denote the trivial line bundle by
L— X.

As | | shows, linearizations of the trivial line bundle are essentially
given by a character

X € x(G) = Hom (G, Gy,) .
For such a character, L, is the corresponding G-line bundle with action

g* (v, e) = (g*z,x(g) - e).

A section f € H(X, L,)Y is also called a semiinvariant and satisfies

gxf=x(g)-f

Note that some authors call a function as given above a semiinvariant of
rank 1. We do not need this distinction.

CONVENTION 1.1.9. We abbreviate the semistable locus as
XSSt Xfosst

and similarly for the stable locus. We write the associated good quotient as
gy XX 5 Y,

1.1.3. Variational GIT.

The space PicG(X )r can be thought of as a parameter space for GIT, and
it is interesting to ask, how the GIT quotient changes as we vary the choice
of E € Pic®(X). The answer to this question is the theory of Variational
Geometric Invariant Theory (VGIT). For general reductive groups, this was
developed by Thaddeus (cf. | ]) and Dolgachev and Hu (cf. | ).
For the most part, they work over a normal and projective variety X. We
also need VGIT on affine varieties, which was discussed by Halic (consider
[ ]), at least for linearizations of the trivial line bundle.
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The main results of VGIT are about the G—ample cone
C%(X) C NSC(X)g,
which we now need to describe. The right hand side is a finite-dimensional

replacement for the possibly infinite-dimensional space PicG(X )R-

REMARK 1.1.10. In the convention of Thaddeus, the space NSY(X) is given
as the set of G-line bundles modulo equivariant algebraic equivalence (see
[ ], Section 2 for details). In the language of Dolgachev and Hu, it is
given by modding out homologically trivial line bundles which are trivially
linearized (consider | ], Definition 2.3.4.).

In the cases we are interested in, we only want to vary linearizations of the
trivial line bundle L, so that the subtle difference between Pic®(X) and the
two versions of NSY(X) is of no further relevance.

DEFINITION 1.1.11. The G—ample cone is the convex cone
CY%(X) c NSY(X)g

spanned by classes of G—line bundles E which are ample as line bundles,
and which are G—effective. That is,

H(X,mE)% #0
for some multiple.
For ample line bundles, the second condition is equivalent to
XE—sst 7& @

DEFINITION 1.1.12. We say that two G-line bundles F and E’ are GIT

equivalent if
X E-sst _ XE’—sst_

This also implies that the stable loci, as well as the associated quotients, on
the stable and semistable locus, coincide.

The first main result of VGIT (consider | ], Theorems 2.3 and 2.4, as
well as | ], Theorem 3.3.3 and Theorem 3.4.2) can now be phrased as
follows.

THEOREM 1.1.13. Let X denote a normal and projective variety.

The G—ample cone CY(X) is rational polyhedral. There are finitely many ra-
tional hyperplanes, called GIT walls, such that E and E' are GIT equivalent
if they can be connected by a path which does not cross a wall.

Here, we say that a path 7 crosses a wall H if there exists a point v(a) € H
and a point v(b) € H. In particular, a path can potentially start and end in
some wall H without crossing it.
Clearly, the walls divide the G—ample cone into finitely many pieces, which
we call GIT chambers and cells.

DEFINITION 1.1.14. Consider the wall structure on the ample cone C%(X)
as discussed in Theorem 1.1.13.

A GIT chamber is a connected component of C%(X) with the walls re-
moved. A GIT cell is a connected component of some wall W without the
intersections with any other, properly intersecting, wall.
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By Theorem 1.1.13 it is immediately clear that the GIT chambers are pre-
cisely the full-dimensional GIT equivalence classes, and that each GIT cell
is contained in a single GIT equivalence class.

REMARK 1.1.15. There are some differing conventions for the notion of walls
and chambers. In the language of | ], for E inside a chamber we
necessarily have

XEfsst — XEfst’
although it is not explicitly required in the definition (consider | 1,
Theorem 3.3.2). On the other hand, their definition of a wall allows codi-
mension zero walls.
Even worse, the definition of a chamber as used in Section 3.6.2, which
discusses walls and chambers in the space of stability conditions for quiver
sheaves, includes subsets which are not of full dimension. Additionally, the
walls used there are not necessarily hyperplanes. Since both conventions
seem to be standard in their respective field of study, we will use both in
the according sections.

The second main result of VGIT states that the GIT quotients undergo
birational transformations as the choice of the stability condition E varies
(compare with | ], Lemma 3.2 and Theorem 3.3, and [ |, Lemma
4.2.1 and the discussion below that Lemma).

Suppose that C; and C_ are chambers in C%(X), separated by a wall H.
Assume that we may choose G-line bundles F; € Cy and E_ € C_ which
are linearization of the same (class of a) line bundle E. Then the line segment
between them intersects the wall in a rational point, which is thus another
linearization Fy € H of the line bundle F.

THEOREM 1.1.16. There are inclusions
Ey —sst Eo—sst E_—sst
X Bt —ss c XEo Ss 5 X ss’

and a diagram

where f1 and f_ are proper and birational.

Actually, more is true. It is possible to construct a rational map
f : YE = YE’

from any G-line bundle E in the interior of the G—ample cone to any other
G-line bundle E’ € C%(X). If E' is also contained in the interior, this map
is birational. We will give a more explicit construction of this map below,
at least for the case of linearizations of the trivial line bundle.
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REMARK 1.1.17. The rational map which is constructed in Theorem 1.1.16
is called a Thaddeus—flip, even though it is not necessarily a flip in the sense
usually considered in birational geometry. Moreover, the same naming is
used in other contexts of variation problems (eg. in | | or | D).
However, if the complements of the stable loci with respect to Fy and E_
both have codimension at least 2, the birational map f is a flip, in the sense
of birational geometry, with respect to the ample line bundle Oy, (1) as
explained in Remark 1.1.7.

Now, we want to discuss the case of an affine and normal variety X, following
[ ]. We can use the standard linearization

X — AN
into a G-module A" to give the description
XX—sst - XN (AN)X_SSt

where x € x(G) is some character, and a similar description for the stable
loci. Thus, at least for linearizations of the trivial line bundle, we have the
same chamber behavior for the action of G on X as outlined for projective
varieties above.

From now on, we want the following to hold.

AssUMPTION 1.1.18. For all characters x which are contained in a GIT
chamber C' C x(G)r we have

XX*St — Xxfsst

Note that this may fail for all GIT chambers at once, or it may fail for some
chambers, while it holds for others (consider the counterexample | D).

However, there are two important situations where our assumption is satis-
fied.

(1) This holds for the action of PG4 on R4(Q), where @ is a quiver (for the
relevant definitions, see Section 1.2), and d is a coprime dimension vec-
tor, i.e. the entries of d admit no nontrivial common divisor (compare
with Section 3.5 in | D).

(2) If G =T is a torus, the fact that stability and semistability coincide for
one chamber implies the same assertion for the other chambers (again
we use a linearization to reduce to the case of a T—module, where it

holds by Proposition 3.10 in [ D).
Furthermore, we can use the linearization to transfer the Hilbert—Mumford
criterion for G-modules, as established in | or | ], to an arbitrary

normal affine variety.
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Next, we want to give a more explicit description for the rational maps
f . YX -——> YX/

between the quotients. Suppose that we are given two characters x, x’ of G,
and assume that XX5' is nonempty. Setting

V = Xx—st N XX —sst’

the restriction V' — ¢, (V) C Y, is again a geometric quotient, with open
image. Further, the composition

VXXt Ly,

is G-invariant, and hence factors to give a morphism ¢, (V) — Y,,. This
defines a rational map f :Y, --» Y,
The situation is summarized in the following diagram.

Y X—sst ¢ XX —sst

Joo

Yy <—)qX(V) Yy

Note that f is a birational map if XX =5t £ (). Indeed, the images under ay
and g,/ of

V' = xx—stn XX/*St
give open subsets ¢, (V') C Y, and ¢,/ (V') C Y,s, which are both geometric
quotients of V/, and are hence isomorphic.

1.2. Quivers and their representations

Quiver moduli were introduced to study the isomorphism classes of mod-
ules over artinian algebras (see | ]). In this section, we recall the basic
notions of a quiver and its representations. We also recall the concept of
stability and the construction of a moduli space as introduced by King. For
a concise introduction we refer the reader to | .

Furthermore, we develop an extension of these concepts to the case of la-
beled quivers, i.e. ordinary quivers with labeling vector spaces assigned to
the arrows. This is a mostly straightforward procedure, but even though
special cases have been studied (eg. in | Jor| ]), there seems
to be no such concise treatment in the literature.

DEFINITION 1.2.1. An (unlabeled) quiver @ = (Qo, Q1) consists of a set of
vertices (Jg, a set of arrows Q1, and two functions

tvh:QléQOa

assigning to an arrow « its tail and head.

Typically, arrows are denoted by « : i — j, where i = t(a) and j = h(«).
We further assume that both sets g, @1 are finite.
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Suppose that there are precisely n distinct arrows
11— 52
from vertex 1 to vertex 2. Often, we are not interested in the concrete set

of arrows, but just their joint properties, i.e. the sum of their images. This
gives rise to the idea to replace them with a vector space H of dimension n.

DEFINITION 1.2.2. A labeling for a quiver @ is a collection of vector spaces
H=(Hy|a€®)

of finite dimension for each arrow in (). An arrow « with label H, = k is
considered to be unlabeled. The pair (Q, H) is called a labeled quiver.

We think of an unlabeled quiver as the special case, where the labeling is
trivial, i.e. H, = k for all arrows.

1.2.1. The category of representations.

Usually, one is not very interested in the quiver itself, but in its representa-
tions, which are a very well-established concept.

A representation M of an (unlabeled) quiver @ in some category C consists
of a tuple of objects (M; | i € Q) for each vertex, and a tuple of morphisms

(Mo : My — Mj | (a:i—j) € Q)
for each arrow. Together with the appropriate notion of morphisms, these

representations form a category.

DEFINITION 1.2.3. The category of representations of () in the category C
is denoted as @ — repe.

The special cases of representations in the category k — vect of vector spaces
of finite dimension, and in the category of coherent sheaves Coh(X) on some
scheme X over k deserve the special notations

Q —1ep = Q —rePj_vyecty @ — COh(X) =Q— I'€PCoh(X)-

In Chapter 3, we further discuss objects in @ — Coh(X), which are called
quiver sheaves.
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A representation of a labeled quiver is given in a slightly different manner.

DEFINITION 1.2.4. A representation M of a labeled quiver (@, H) consists

of a tuple (M; | i € Qo) of finite-dimensional vector spaces, and a tuple
(Mo : M; @ Hy — M | (a1 — j) € Q1)

of linear maps. A morphism of representations ¢ : M — N consists of a tuple

of linear maps (¢; : M; — N; | i € Qp), such that for all arrows a: i — j in
@ the diagram

Mo
M; @y Ho M;
<pi®idl i‘ﬂj
Ni @ Ho —— N;

commutes.

Clearly, we recover the unlabeled case if we delete all occurrences of @i H,,.
Equivalently we can use the canonical identification V ®; k ~ V. Again, the
representations form a category.

DEFINITION 1.2.5. The category of representations of (Q, H) is denoted as
(Q7 H) — rep.
We also need the dimension vector of a representation.

DEFINITION 1.2.6. The dimension vector of a vector space representation
M is defined as

d(M) = (dim(DM;) | i € Qo) ,
both for the labeled and unlabeled case.

In the unlabeled case, relations on the quiver are a well-established concept.
To the best knowledge of the authors, there is no previous treatment of re-
lations in the case of a labeled quiver.

We need such relations. More precisely, we need one very special case in-
volving non—trivial labels, and relations only involving unlabeled arrows.
Developing a more general theory seems tedious and technical, with no clear
application.

CONVENTION 1.2.7. Suppose that (@, H) contains a subquiver

1 H 9
(07

3 Ll :
)

that is two unlabeled arrows 3, and two labeled arrows «, §, with the same
label H on opposite sides of a square. We then say that a representation M
satisfies the relation ya — §3 if there is a commuting diagram

My
M, @ H My
M@@ndi lMW
Mz @ H My.

1
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Again, after removing the terms ®;H, we arrive at a very special case of a
relation in the unlabeled case.

Another special case we need is that of relations which only involve unlabeled
arrows. We recall that a path is simply a sequence

Y=07...01

of arrows such that the tail of each arrow is the head of its predecessor. The
relations we are interested in are then of the form

.
> Vs
k=1

where the )\, are scalars, and all the v : ¢ ~ 7 are non—trivial paths starting
in the same vertex ¢ and ending in the same vertex j, such that the arrows
which compose v are unlabeled.

For a path v = a;...a1 : i ~ j composed of unlabeled arrows, and a
representation M we denote

My = Mg, ... My, : M; — j,

and say that M satisfies a relation as given above if

i MM, = 0.
k=1

Later in the discussion, we will provide a more general discussion of paths,
allowing non—trivial labels.

We further remark that relations in the unlabeled case also make sense for
arbitrary k—linear categories. In particular, we can consider quiver sheaves
satisfying a set of relations I.

DEFINITION 1.2.8. The full subcategory of quiver sheaves satisfying the re-
lations [ is denoted as

(Q,I) — Coh(X) C @ — Coh(X).

A labeled quiver with relations is now defined as a triple (Q, H, ), where
(Q, H) is a labeled quiver and I is a set of relations of a form as discussed
above.

DEFINITION 1.2.9. The category

(QaHaI) —1ep C (QvH) —rep
is the full subcategory of representations which satisfy the relations 1.
The connection of the notion of labeled representations to the unlabeled
ones is via a choice of basis for each label H,. This also allows us to inherit
many already established results.

Specifically, let (@, H, I) denote any labeled quiver with relations. Construct
a new (unlabeled) quiver Q" by setting

Qy=Qo, Qi ={ap:i—jl(a:i—=37)e€qQ, k=1,...,dim(H,)}.
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Roughly speaking, we replace each arrow by dim(H,,) copies. For a relation
ya — 8 in a form as explained above, we equip Q' with dim(H) relations
of the form

’yak—ékﬁ, kzl,...,dim(H).
Relations only involving unlabeled arrows can be imposed on @’ in a straight—
forward way. The set of all such relations is denoted as I'.

If 0 is a stability condition on @), as discussed in Subsection 1.2.2, it is also
possible to consider it as a stability condition on @’.

Now, choose a basis for each label H,. We restrict this choice by assuming
the following.

(1) If the label is trivial, i.e. H, = k, the canonical basis 1 € k is chosen.
(2) If two labels are exactly the same, i.e. H, = Hpg, the same bases are
chosen.

ProposiTiON 1.2.10. The choice of bases induces an isomorphism of cate-
gories

(Q,H,I) —rep — (Q', I') — rep.
This identification respects dimension vectors.
PRrROOF. We sketch the definition of the involved functors. Extending them
to morphisms, and checking the identities is then straightforward.
The choice of bases B, = (h1, ..., hy, ), where n, = dim(H,,), induces direct
sum decompositions

Na Na

M; @ Hy = @ M; @y k- by ~ @5 M.
=1 =1

The associated projections and inclusions (composed with identification) are

denoted as m; and ¢; respectively. Suppose we are given a representation M
of (Q, H,I). Define a representation M’ by

M} = M; for all i € Qo and M, = Mg for the arrows.

Our restrictions on the choices of bases imply, that the representation M’
satisfies the relations I’. Conversely, suppose that M’ is a given representa-
tion of (', I"). Then M can be constructed via

M; = Mj for all i € Qo, and M, = Y%, My, m for the arrows.
It is obvious that dimension vectors are respected. O

The paths in a labeled quiver (@, H) are simply paths in the underlying
quiver @, and the label of a path v = ajas ... qq is defined as

I‘Ly = Hal Rk - - S Hal-
By convention, the paths e; of length zero should be labeled by k.
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DEFINITION 1.2.11. The path algebra of (Q, H) is

A=AQH)= D k-yerHy
v path

as a vector space, and multiplication is given on homogeneous elements by
(voh)-(Yoh)=v/® M ®h)

if the concatenation 74’ is possible, and zero otherwise. Relations of the
form 65 — ya in (Q, H) give rise to the relations

(6@hs)- (B@hg) = (y®hy)- (@@ ha) =0

independent of the elements hq,hs € H and hg, h, € k. The path algebra
with relations is then simply the path algebra of (@, H) modulo the ideal
generated by these relations.

Again, removing ®H, from the definition recovers the path algebra of an
unlabeled quiver. Similarly to the argument above, we can show that there
is an identification of the labeled and unlabeled case.

PROPOSITION 1.2.12. There is an isomorphism
A~ A
between the path algebra A of (Q, H,I) and the path algebra A" of (Q',I).

As a first example of the translation of results from the unlabeled to the
labeled case, we recall and proof the identification of modules over the path
algebra and representations. Let A denote the path algebra of (Q, H, I) and
let A’ denote the path algebra of the associated unlabeled quiver (Q', I’).

ProposITION 1.2.13. There is a commuting diagram of equivalences of cat-
egories
(Q,H,I)—rep —— A — mod

| |

(Q',I') —rep — A’ — mod.

PRrOOF. The vertical arrows are given by Proposition 1.2.12 and Proposition
1.2.10. The functor in the upper row is given as follows.
For a representation M of (Q, H,I), the corresponding A-module is given

as
v= @,
i€Qo
where an element a ® h € A for an arrow « : i — j acts as

(a®h)-m=M,(m®h)

from the i—th to the j—th summand, and as zero otherwise. Conversely,
suppose we are given an A-module M. Since the elements e; ® 1 for i € Qg
form a decomposition of unity into indecomposable orthogonal idempotents,
there is a decomposition

M= M= (e; 1) M,
1€Qo 1€Qo
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which we take as the collection of vector spaces for a representation. An
arrow « : ¢ — j is equipped with the map

(ei®1)M®yHy — (e, @1) M, (e;@1)m@h— (m®h)(e; ®1)m.
This construction respects choices of bases, and dropping the terms ®H,,

gives a similar functor for the lower row, making the diagram commute. The
lower row given by this is well-known to be an equivalence. U

1.2.2. Stability conditions.

To construct meaningful moduli spaces, we need to restrict to semistable
representations as introduced by King. His original work was concerned
with the unlabeled case, but there is no difficulty in extending the defini-
tions to the labeled case.

A stability condition on a quiver, labeled or unlabeled, is a tuple § € R%0,

DEFINITION 1.2.14. The slope of a representation with respect to 6 is given

as
Yieqp dim(M;)
and M is said to be f—semistable if and only if
p(N) < p(M)
holds for all non—trivial subrepresentations N C M. If strict inequality holds

for all subrepresentations we say that M is stable. Consequently, for some
representation M we say that N C M is destabilizing if u(N) > p(M).

The full subcategory of semistable representations of fixed slope is closed
under kernels, cokernels and extensions, and hence abelian. The stable ones
are exactly the simple objects in this category, and objects are artinian.
This gives us the following variant of the Jordan—Holder filtration.

PROPOSITION 1.2.15. Let M denote a semistable representation of some
quiver (labeled or unlabeled). Then there exists a filtration

0o=McM'CcM*cC..cM'=M
of semistable subrepresentations of the same slope, such that the subquotients

MkH/Mk are stable. Moreover, the subquotients are uniquely determined
in any such filtration up to isomorphism and permutation.

The uniqueness of the subquotients allows us to define S—equivalence of
representations.

DEFINITION 1.2.16. For a semistable representation M we define the graded
representation as

l
gr(M) = P m*/m+,
k=1

where the M* comprise some Jordan-Hélder filtration of M. We say that
two semistable representations M and M’ are S—equivalent if gr(M) ~
gr(M’).
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Consider the identification of Proposition 1.2.10. Since ) and @’ have the
same set of vertices, a stability condition # can be used on both simulta-
neously. Subrepresentations and dimension vectors are preserved, so that
stability is preserved as well.

COROLLARY 1.2.17. The identification
(Q7 H7 I) —Trep = (Qla I/) —Iep

preserves stability, semistability and S—equivalence.

1.2.3. Moduli spaces.

The method of construction of a moduli space of semistable quiver represen-
tations is to parametrize representations by some variety Ry(Q, H,I), with
a canonical group action which encodes isomorphisms. In the next step, we
relate stability of representations with stability on the variety in the sense
of GIT, and the associated quotient is the moduli space. This program was
first carried out by | ]

Let (Q, H,I) denote a labeled quiver with relations.
DEFINITION 1.2.18. The representation variety for dimension vector d € N®o
is given as

Ry(Q. H) = @ Hom (kdi ®Ha,kdﬂ'>,

at—g

and the relations I define a closed subvariety Rq(Q, H,I) C Ry(Q, H).

On R4(Q, H) we have an action of the group
Ga= [] GL(d;, k)
1€Qo
via conjugation, that is
(9: 17 € Qo) (fala:i—j) = (97 fa (9s ®@id) |a:i — ).

Note that the diagonally embedded scalars G,, C G4 act trivially, so that
we can equivalently pass to the action of the group

PGy =Gy/Gy,.

Furthermore, there is a tautological bundle M of A-modules On R;(Q, H, ).
Here, A denotes the path algebra of (Q, H,I).
As a vector bundle, M is trivial

M= | & kr"| x Ry(Q,H,I) - R4(Q,H, I).
1€Qo
Each fiber M, carries the structure of an A—module, by declaring that each
arrow acts via the morphisms encoded in z.
Clearly, any representation N of (Q, H,I) with dimension vector d is iso-
morphic to a member of this family (identifying N; ~ k%), and hence gives
a point in Ry(Q, H,I). Isomorphism classes of representations correspond
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to orbits under the action of Gy.

This construction is compatible with choices of bases, and restricts to the
well-known case of unlabeled quivers. Hence, we can transfer the following
theorem due to | ]. Note, that we may assume 6 € Z%0 without loss
of generality (see Remark 1.2.22), and define a character via the following
well-known identification.

LEMMA 1.2.19. Mapping a tuple § € Z90 to the character

X0 : Ga— G, (gi i€ Qo) — [] det(g:)™”
i€Qo
induces an isomorphism Z2° ~ x(Gyq). The characters of PGy correspond
to tupels orthogonal to d.

On R;(Q, H,I), we hence have the notion of stability and semistability in
the sense of GIT by considering the trivial line bundle L, linearized with yjg.

PROPOSITION 1.2.20. Orbits in Rq(Q, H,I) are in one-to—one correspon-
dence with isomorphism classes of representations of (Q, H,I) with dimen-
sion vector d. Stable and semistable representations correspond to stable
and semistable orbits respectively, and two representations are S—equivalent
if and only if the closures of the corresponding orbits intersect.

This implies that there is a GIT—construction of the moduli space. Here, we
use the abbreviations st = # — st and sst = 6 — sst.

THEOREM 1.2.21. There is a commuting diagram

Rd(Qa H7 I)Stc—> Rd(Q7 H)SStC—> Rd(Q7 H7 I)

| | |

MsH(Q, H, I)— MY(Q, H, I) 2~ M5P(Q, H),

and the following assertions hold.

(1) The vertical arrows are good quotients, and the leftmost quotient is even
geometric.

(2) The inclusions are open, and p is a projective morphism.

(3) The varieties M5(Q,H,I), M$(Q,H,I) and M;*(Q,H,I) are the
moduli spaces of stable, semistable and semisimple representations of
(Q, H,I) of dimension vector d, respectively.

(4) The variety M;*(Q,H,I) is affine. It is trivial if and only if Q does
not contain oriented cycles.

(5) Closed points in M$*(Q, H,I) correspond to S—equivalence classes of
semistable representations, and closed points in M5'(Q,H,I) corre-
spond to isomorphism classes of stable representations.

PROOF. The special case of an unlabeled quiver without relations is settled
by | ], and the general theory of GIT (see eg. | |, Section 3.5), and
the question when M;(Q) is affine is settled by | ].

Relations in the unlabeled case can be handled, once we note that S-—
equivalence respects relations. This is because orbit closure respects S—
equivalence and

Ra(Q, )" = Ry(Q,T) N Ry(Q)™.
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Finally, our identifications allow a transfer to the labeled case. Note that
Q' contains oriented cycles if and only if Q) does. O

REMARK 1.2.22. As seen above, an integral tuple § € Z%° defines a character
of G4 such that stability with respect to the G-line bundle L, on R4(Q, H,I)
is related to A-stability of representations. For arbitrary 8 € Q90 we can
reduce to this case by scaling with a positive rational (and actually integral)
number, allowing an extension of the definition of stability.

According to VGIT (see Section 1.1), the vector space Q%0 is divided into
finitely many rational polyhedral chambers such that the behavior of stabil-
ity does not depend on the explicit choice of § inside any fixed chamber (this
can also be seen by more concrete calculations, see eg. | ). The walls
inducing this decomposition are the hyperplanes orthogonal to potential di-
mension vectors e < d of subrepresentations, and hence rational. Using the
closures of these walls, it is possible to extend the notion of stability to
arbitrary real tuples § € R0,

Denote by A the path algebra of (Q, H,I), by R the representation variety
R4(Q,H,I), and by G the group G4. Consider the functor

My : (Sch/k)°P — Sets,

which maps a scheme S to the set of isomorphism classes of A® Og—modules
which are locally free as Og—modules.

By sending a morphism f : S — R to the pullback f*M of the tautological
family, we obtain a natural transformation

h:R— My.
Just like in | |, Proposition 4.4, we can prove that My is locally

isomorphic to a quotient functor.

PROPOSITION 1.2.23. The natural transformation h induces a local isomor-
phism
K R/G — My.

1.3. Rational maps and divisors

In this section, we review some basic notions and conventions concerning
divisors and rational maps.

The notion of a rational contraction is given as in the foundational paper
[ ]. We sometimes use equivalent descriptions provided by [ .
For divisors, the standard reference is the book | ] of Lazarsfeld.

1.3.1. Divisors.

We will often consider normal and projective varieties X which are Q-
factorial. That is,

Cl(X)g = CaCl(X)q,
i.e. every Weil divisor is Q—Cartier. Recall that the Cartier Class group can
be identified with the group Pic(X) of line bundles on X, where O(D) is
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the line bundle corresponding to a divisor D.

Let D denote a Cartier divisor on a projective and normal variety X. The
section ring of D is defined as

R(X,D) = @ H° (X,mD) = @ H® (X,0x(mD)).
m>0 m>0

Here, and elsewhere sometimes, we speak of sections of O(D) as sections of
D by a slight abuse of notation.

If R(X, D) is finitely generated (as a k—algebra), then evaluation of sections
gives rise to a rational map

fp: X —=» Yp = Proj(R(X, D)),

which is regular outside the stable base locus of D.

Here, the stable base locus is defined as the intersection
B(D) = (] Bs(mD)
m>0

of the base loci of its multiples.

REMARK 1.3.1. Taking a thinning
R(X,D)M = P H® (X, 0(kmD))
m>0

does not change the projective spectrum, or the question whether the ring
is finitely generated. Thus, the maps fip are essentially the same for suf-
ficiently large multiples k. Actually, they are Mori equivalent (consider
Definition 1.3.7 below).

Similarly to the situation in Remark 1.1.10, we need an appropriate quotient
of the space Pic(X). That is, we consider the space

Nl(X) = Ca(X)/ =num

of Cartier divisors up to numerical equivalence. By definition, two divisors
Dy and Ds are numerically equivalent if for all curves C' we have

D,-C=Dy-C.
Recall that N!(X)g is a free abelian group of finite rank, and that this rank
p(X) =1k (N'(X))

is called the Picard number of X. Inside N!'(X)g one is often interested in
the subcones

Amp(X) C Nef(X) C Mov(X) C Ef(X) € N'(X)g,

which we now want to describe.

It is well-known that a Cartier divisor D is called ample if
ka X = PI‘Oj (R(X, kD))
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is a closed embedding for some multiple k, and that the classes of ample
divisors span a cone

Amp(X) € N'(X)r

which is open. By the Kleiman—criterion, the closure of the ample cone is
the nef cone, i.e.

Nef(X) = Amp(X).
By definition, it is spanned by classes of Cartier divisors D such that
D-C>0
holds for all curves C. In between, there is the cone of semiample divisors
Amp(X) € SAmp(X) C Nef(X),

which is spanned by classes of divisors D such that some multiple is base
point free. This cone is neither closed nor open in general.
Clearly, for a semiample divisor D, the associated map

fD:X—>YD

is regular (if it exists). Even more, this map is a regular contraction, i.e. it
is surjective and and has connected fibers.
However, the map

fp:X-->Yp
may be regular even though D is not semiample. For an example, consider
the Hirzebruch surface F; (see Example 2.4.3).
A Cartier divisor D is called movable if
codim(B(D)) > 2.
Clearly, semiample divisors are movable, so that there is an inclusion
Nef(X) € Mov(X).
Here, Mov(X) is the closure of the cone which is spanned by classes of mov-
able divisors.
Finally, we consider the cone of pseudoeffective divisors
Eff(X) ¢ NY(X)g.

It is the closure of the cone spanned by Cartier divisors D which are effective,
that is such that

H® (X, mD) # 0
for some multiple m.
We remark that the interior of Eff(X) is the so called big cone, spanned by
classes of divisors D such that
fp: X --Yp
is a birational map.
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1.3.2. Rational contractions.

Let f: X --+ Y denote a dominant birational map of projective and normal
varieties, where additionally X is Q—factorial.

DEFINITION 1.3.2. We say that f is a birational contraction if there exists
a resolution

w

where W is normal and projective, p is birational, and for every p—exceptional
effective divisor E on W the equation

Q*(OW(E)) ~ Oy
holds. For a Q—Cartier divisor D on Y the pullback is defined as

[*(D) = p«(q*(D)).

REMARK 1.3.3. All these notions do not depend on the choice of a resolution.
The pullback is well-defined on numerical equivalence classes (cf. | ,
Lemma 1.3), but not functorial in general.

The rational map

Jmp : X --» YD,
for a suitable multiple of a Q—Cartier divisor D with finitely generated sec-
tion ring, provides a natural example of a rational contraction.

DEFINITION 1.3.4. A small Q—factorial modification (SQM) of a normal and
projective variety X is a birational map

f:X--»Y

to a normal, projective, and Q—factorial variety which is an isomorphism in
codimension one.

The map f above is automatically a rational contraction. This is implied
by the following characterization (consider [ |, Remark 2.2). This also
shows that the inverse map f~! is a contraction as well.

LEMMA 1.3.5. Consider a birational map f : X --+ Y between normal and
projective varieties such that X is additionally Q—factorial. Then f is a
rational contraction if and only if there are open subsets U C X and X CY
such that

f:USV
and codim(Y \ V) > 2.
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REMARK 1.3.6. It is possible to define rational contractions

f:X--Y
which are not necessarily birational, though the definition is rather technical
([ ], Definition 1.1), and we make no use of it.

If X is a Mori dream space it can be shown a posteriori, that all rational
contractions factor as a SQM followed by a regular contraction (consider
[ |, Proposition 3.3).

DEFINITION 1.3.7. Let Dy and Dy denote Q—Cartier divisors on a normal
and projective variety X such that their section rings are finitely generated.
We say that Dy and D5y are Mori equivalent, if for some multiple m > 0, the
associated contractions are isomorphic. That is, there exists an isomorphism

¢ between Yp, = Y;,,p, and Yp, = Y,,,p,, such that the following diagram
commutes.
X
mel V2 g h N me2
7/ N
¥ N
Yp, % Yp,

1.4. Mori dream spaces

Mori dream spaces were introduced by Hu and Keel in their foundational
paper [ |. They form a class of varieties where Mori’s program works
very well, whence the name.

There are two different approaches to discuss the properties of a Mori dream
space. One approach uses the cone structure inside the space of divisors,
while it is also possible to describe it by VGIT of its Cox ring. In this sec-
tion, we provide an overview of both points of view.

1.4.1. Characterization via cones of divisors.

The original definition of a Mori dream space (] |, Definition 1.10)
characterizes it via its cone structure.

DEFINITION 1.4.1. A projective and normal variety Y is called a Mori dream
space if the following holds.
(1) Y is Q-factorial, and Pic(Y)g = N'(Y)g.
(2) The nef cone Nef(Y') is spanned by finitely many semiample line bun-
dles.
(3) There is a finite collection of SQMs

fi:Y--sY, i=1,...,N

such that each Y; satisfies (2), and the movable cone Mov(Y') is the
union of the cones f(Nef(Y;)).

The second condition implies that the cones Nef(Y;) are rationally polyhe-
dral, so that Mov(Y") is rational polyhedral as well.
If f; and f; are Mori equivalent, the pullbacks of the nef cones coincide, so
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that we can assume the f; to be pairwise inequivalent.

We state some of the good properties of a Mori dream space (consider
[ ], Proposition 1.11).

THEOREM 1.4.2. Let Y denote a Mori dream space. Then the following
holds.
(1) For all line bundles L, the section ring R(Y, L) is finitely generated.
(2) The SQMs f; appearing in Definition 1.4.1 are, up to Mori equivalence,
the only SQMs of Y.

(8) There are finitely many birational contractions
gi:Y -—-Y, 1=1,.... M,

where the Y; are Mori dream spaces, such that
M
Ef(Y) = | J g7 (Nef(Y;))  exc(g;).
i=1

In particular, Bf(Y) is rational polyhedral. Here, exc(g;) is the cone
spanned by the g;—exceptional prime divisors. Up to Mori equivalence,
these are all birational contractions of Y with Q—factorial image.

(4) For any divisor D on'Y we can run a Mori program. If the divisor
becomes nef at some step in the program, it also becomes semiample.

As for the case of SQMs, we can assume the birational contractions g; to be
pairwise Mori inequivalent. Clearly, the SQMs f; appear among the g;.

DEFINITION 1.4.3. Consider the situation of Theorem 1.4.2. The cones
g; (Nef(Y;)) * exc(g;)

have disjoint interior for inequivalent g;, and are called the Mori chambers
of Y.

REMARK 1.4.4. The decomposition of the effective cone into Mori chambers
has the following properties.

(1) The Mori chambers are precisely the closures of the Mori equivalence
classes which have non—empty interior. Different Mori chambers can
only intersect in their boundaries.

(2) The identity map is a rational contraction, so that

Nef(X) C Eff(X)

is a Mori chamber.

(3) The decomposition of Eff(X) into Mori chambers respects the mov-
able cone. This is because the SQMs f; appear among the birational
contractions g;.

We close this subsection by a very brief sketch of Mori’s program, motivating
the naming of Mori dream spaces. We refer to | | for more details.

REMARK 1.4.5. The final property given in Theorem 1.4.2 is the reason why
Mori dream spaces are named that way.
Suppose we are given a divisor D on a variety X. The general goal of the

39



Mori program is to find a birational model (X', D’) such that the trans-
formed divisor D’ is nef on X’. The strategy to construct X’ is to apply a
sequence of contractions, which remove curves C' such that

D-C<0.

In general, it is not known whether the steps of such a program can be
carried out, and even if this is possible, whether such a program terminates.
But for a Mori dream space X, this is possible, and the contractions which
are need are parameterized by the cone structure of Eff (X).

1.4.2. GIT quotients and the Cox ring.

Suppose that Y is a normal, projective and Q-factorial variety such that
Pic(Y)g = N*(Y)g. Choose a collection of line bundles

Li,...,L, € Pic(Y),

which forms a basis of the vector space N1(Y)g over Q. The Cox ring of Y,
with respect to that basis, is defined as

Cox(Y)= P H* (Y, LY @ ... ® LE*).
a€Z”
Corresponding to the grading of Cox(Y"), there is the action of the torus T' =
T" on the Cox ring. Namely, for ¢t € T" and s a section in the homogeneous
piece to some a € Z" we have

txs=(t" ... ti") - s.

REMARK 1.4.6. The Cox ring is named after Cox, who used a similar ring
for the description of toric varieties (consider | D.

The Cox ring itself depends on the choice of a basis Li,...,L,, but the
question whether the Cox ring is finitely generated does not.

With a more careful treatment (see | 1), it is possible to introduce
a variant of the Cox ring which does not require the choice of a basis.

Using the Cox ring, one can give an alternative description of Mori dream
spaces (consider [ |, Proposition 2.9).

THEOREM 1.4.7. LetY denote a normal, Q—factorial and projective variety
such that

Pic(Y)g = N*(Y)q.
Then'Y is a Mori dream space if and only if Cox(Y') is a finitely generated
k—algebra.

The strategy of proof rests on another result of | ]. They show that,
under sufficiently good properties, a GIT quotient of an affine variety is a
Mori dream space. They then show that the action

T" x Spec(Cox(Y')) — Spec(Cox(Y))

satisfies these properties, and that a GIT quotient recovers Y.
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More precisely, they assume the following situation.

ASsSUMPTION 1.4.8. Let a reductive group G act on an affine variety X,
and let xo € x(G) denote a character such that the following assertions are
satisfied.
(1) The general stabilizer G is finite.
(2) X is normal and Cl(X)g = 0.
(3) Up to constants, there are no non—trivial G—invariant invertible regular
functions, i.e.
E(X)Y =0.
(4) All GIT quotients of X are projective.
(5) For GIT chambers, stability and semistability coincides, i.e. Assump-
tion 1.1.18 holds.
(6) xo is contained in the interior of a GIT chamber, and the unstable
locus is of codimension at least two. That is,

codim (X \ XX075) > 2,

The condition Cl(X)gp = 0 implies that X is Q-factorial, and that, up to
multiples, all line bundles are trivial. Hence, the G—line bundles are of the
form L, for some character .

THEOREM 1.4.9. Consider the situation as in Assumption 1.1.18, and de-
note by

q: XXty
the GIT quotient. Then the following assertions hold.

(1) Y is a Mori dream space.
(2) Descent of the linearized bundle L, induces a map

¥ x(G)g = Pic(Y)q,
which is an isomorphism.
(3) We have o
¥ (CO(X)) =ER(Y),
i.e. the G—-ample cone is identified with the pseudo—effective cone.
Moreover, Mori chambers are identified with GIT chambers, and the
GIT chamber containing xo is identified with the nef cone.
(4) Every rational contraction
f:Y Y’

is induced by VGIT. That is, Y' =Y, for a suitably chosen character
X, and f is equivalent to the rational map provided by VGIT.
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1.5. Almost factorial domains

Let X = Spec(A) denote an affine variety. In particular, X is supposed to be
irreducible, so A is an integral domain. It is well-known that A is a unique
factorization domain (UFD) if and only if X is normal and C1(X) = 0.
Following | |, we call A an almost factorial domain (AFD) if and only
if X is normal and Cl(X) is torsion.

First, we review the relevant properties of and conventions on AFDs, which
are established in | ].

(1) A nonzero nonunit x € A is called primary if the ideal (z) C A is a
primary ideal. In that case, the associated prime ideal p, is defined as
the prime ideal associated to (z).

(2) Two primary elements which have the same associated prime ideal are
up to units powers of a third primary element. Conversely, powers of
a primary element are again primary.

(3) For a nonzero nonunit y € A, a suitable power y™ can be factored into
primary elements.

(4) If D C X is a prime divisor, there exists a primary element x € A and
a natural number n such that

nD = div(x).

Additionally, we need the uniqueness of the set of associated prime ideals
in a primary decomposition, which can be proven by a slight variation of
the well-known proof that the elements in a decomposition into primes are
uniquely determined. We note that the prime ideal associated to a primary
ideal is given as its radical ideal.

LEMMA 1.5.1. The following statements hold in any integral domain.
(1) Suppose there are two decompositions
ar- ... ap =by-... by
into primary elements. Then the sets of the prime ideals associated to

the a; and associated to the b; respectively coincide.
(2) If we have a primary element x € A such that

xlay-... ap,

then x|al for a suitable index i and a suitable power n.
(3) Given two primary elements x,y € A such that x | y, it follows that
the associated prime ideals coincide.

PROOF. The first assertion easily follows from the second and third asser-
tions.

Induction over r proves the second assertion, where r = 1 is trivial. If
x| ay-... ap—1, we are done by the induction hypothesis, and if not we
have a]' € (x) since x is primary.

Under the hypothesis of the third assertion we may write y = zy’. Now
y 1y, since otherwise z would be a unit, so y | " for some power n. Thus
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there are inclusions of ideals
(y) C () D (") C (y).
This yields the inclusions

Py C Pz = Pan TPy
by taking the radicals, which finishes the proof.
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CHAPTER 2

Mori dream spaces

In this section, we generalize the theorem of Hu and Keel about GIT quo-
tients to the case where the unstable locus is of codimension one. We apply
this result to quiver moduli, and use it to describe quotients of Mori dream
spaces.

2.1. Quotients of spectra of AFDs

In this first section we establish our main result. We use the properties of an
almost factorial domain to describe the influence of unstable codimension
components to the GIT chamber structure, and how this is related to Mori
chambers of the quotients.

2.1.1. Divisors under the group action.

As a first step, we compute the regular invertible functions on an open subset
of the spectrum of an AFD. Obviously, this does not require the introduction
of a group action yet.

AssumMPTION 2.1.1. Let A denote an AFD, and let U C X = Spec(A) denote
an open subset. By

Z=Z(U)={Z,..., 2}

we denote the set of irreducible components of X \ U which are of codi-
mension one in X. Interpreting the elements Z; as prime divisors on the
variety X, the fact that A is almost factorial implies that n;Z; = div(g;) is a
principal divisor for some natural number n; and a primary element g; € A
(consider Section 1.5). In particular it holds that Z; = N(g;).

In the special case where A is a UFD, we have that every prime divisor is
principal, and hence Z; = div(g;) for prime elements g; € A.

LEMMA 2.1.2. In the situation of Assumption 2.1.1 the map
F:A"x7%— OU)",
given by

()\,al,...,aq)b—>)\-g‘1“-...-ggq]U,

1s injective with torsion cokernel. In particular, there is an isomorphism
E(X)g x Q"= E(U)q-
If Ais a UFD, the map F is an isomorphism, and E(X) x Z9 ~ E(U).
ProoF. First assume that
L=X-g" ... g7
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on U for some (ai,...,aq) € Z9, and A € A* on U. By removing factors with
a; = 0 and bringing factors with a; < 0 to the other side, we can assume
without loss of generality

As41

gt g =N g g
for some a; > 0 globally on X.

If we assume that this equation is non—trivial, which is r # 0 # s, there exists
apoint © € Z1 \ (Zs41 U...U Z,). But then we obtain the contradiction

0=g1(@)" ... gs(x)® = A(@) - gs1 ()" - ... gr(@)™ #0.
Thus all a; have to vanish, which also implies A = 1. This proves the injec-
tivity of the map F.

To prove surjectivity (up to torsion in the case where A is an AFD), we may
assume without loss of generality that X \ U is of pure codimension one,
using Hartogs’ lemma 1.0.1.

Given g,h € O(U) = O(D(g1 - ... gq)), which are inverse to each other, we
may write

g=ag/(g1-----9¢)%, h=an/(g1-... g9)*"
for some ay,ap, € A and sy, s, € N, and hence

(g1 'gq)sg+sh = QgQp.
First assume that Cl(X) = 0. Then, since the g; are irreducible in the
unique factorization domain A, both a4 and aj, are products of multiples of
the g; up to invertible elements, and are hence contained in the image of F',
so ¢ is in the image of F' as well.

For the general case we choose a power n such that there exist decomposi-

tions ag =1 ... x5 and ay =y - ... y; into primary elements. Clearly

)n(5g+5h) :CLZCLZ =1 ... TsY1 ... Yt

(91" 9q
are two decompositions of agay into primary elements. By uniqueness of
the associated prime ideals in a primary decomposition (Lemma 1.5.1), the
prime ideals associated to primary elements on the right must be contained
in the family p1,...,p,. Thus, up to units each of the elements z; is a
multiple of a primary element z; such that one of the g; is a multiple of z;.
Again taking multiples if necessary, this implies that some power of a, is up
to units a product of the g;, which implies that ¢% is in the image of F' for
some power. U

Now we introduce a group action. Note that any geometric quotient of the
form as below is given as a GIT quotient for a character in the interior of a
GIT chamber according to Proposition 2.1.15.
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AssuMPTION 2.1.3. Given the situation of Assumption 2.1.1, we assume
furthermore that a reductive group G acts on X such that U is G—invariant.
Later on, we will further require that there exists a geometric quotient

q:U =Y,

and that the stabilizers G for x € U are finite. Except for in Proposition
2.1.7, we additionally assume that Y is projective, and hence E(Y) = 0.
All GIT quotients of X are required to be projective, which is implied by
O(X)¢ = A% = k.

We recall that the vanishing order of g; on Z; = N(g;) is denoted by n;.

LEMMA 2.1.4. In the situation of Assumption 2.1.3 the following holds.

(1) The action of G on X induces an action of G on Z, and we denote the
set of orbits as

Z/G=1{B,...,B).

If G is connected, this action is trivial.
(2) Suppose that N(h) C X is G-invariant for some nonzero nonunit h €
A. We further require that in the primary decomposition

h"™ =hy-...-hg

the vanishing orders of h; and h; on their respective nullstellensets
N(h;) and N(h;) agree, whenever N(h;) and N(h;) have the same orbit
under the action of G on Z(D(h)), and that the prime ideals associated
to h; and h; differ when i # j. Then h" is a semiinvariant with respect
to a uniquely determined character. Conversely, all semiinvariants are
of such a form.

PRrROOF. To prove the first assertion observe that if G’ C G is a connected
component, and Z € Z, then G’ x Z C X \ U is irreducible and hence con-
tained in some Z’ € Z. By equality of dimensions we have G’ x Z = Z'. 1t
is easy to see that this defines an action of G/G° on Z, and hence an action
of G.

For the second assertion we need some preparations.
By the first assertion, G acts on Z(D(h)) = {N(h1),...,N(hs)}, and we
denote by 7, the permutation of indices associated to an element g € G. It
is immediate to verify that N(g * h;) = N(hy (), so

g% h; = \2* and by iy = N2

are multiples of a third primary element z € A up to units \, \' € A*.
On the other hand, g can be interpreted as an automorphism of A, and
hence of X, which induces an isomorphism of local rings

Ox¢ — Oxpe,

g(i)?
where &; and &; are the generic points of N(h;) and N(h;) in the affine scheme

X. So ordyp,(hi) = ordN(hwg(i))(g * h;), from which we deduce k = [. In

other words, g permutes the elements h; up to units, so that the equation
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holds for a unit A(g) € A. A suitable power ¢? is contained in the con-
nected component G of the identity element, hence the class of h”\D(h) in
ED(h)) = E(D(h))% (the equality holds by | ], Proposition 1.3) is
gP—invariant. We conclude that A(g)? € G, so A(g) is a constant function
on D(h), and hence on X, which takes value in k*. Finally, it is easy to see
that the assignment g — A\(g) € G,,, defines a character of G.

Conversely, h™ and g * h™ = x(g) - h™ have the same vanishing order on any
prime divisor, and the claim follows from the computations above. O

For an orbit B; € Z/G, the group action provides ambient isomorphisms be-
tween the divisors Z; € B;. We can thus assume that the defining functions
g; have the same vanishing order, i.e.

niZj = diV(gj).

LEMMA 2.1.5. In the situation of Assumption 2.1.3, the following holds.
(1) For any orbit B; € Z/G, the function
fi= 11 9
ZjEBi
satisfies the assertions of Lemma 2.1.4.(2), so g * fi = xi(g) - fi for a
uniquely determined character x; € x(Q).
(2) The isomorphism F : E(X)g x Q7 — E(U)q giwen in Lemma 2.1.2
induces an isomorphism
E(X)§ x Q" — E(U)§.
If A is a UFD, the same statement is true with coefficients in Z.

PROOF. The first assertion immediately follows from Lemma 2.1.4. For the
second assertion, consider the map F’ : E(X)¢ x Z" — E(U), given by

(A, .o mp) = A fi e
where the f; are associated to orbits as in the third assertion. We are done
by applying the second assertion of Lemma 2.1.4, and Lemma 2.1.2. U

From now on we will continue using the notation as it is introduced in
Lemma 2.1.4 and Lemma 2.1.5.

CONVENTION 2.1.6. Let r denote the number of orbits of Z(U) under the
action of G. Further, let f; and y; denote the associated semiinvariant and
character to an orbit B; € Z(U)/G.

PROPOSITION 2.1.7. In the situation of Assumption 2.1.5, there is an up to
torsion exact sequence

0— E(Y) = E(X)YxZ" — x(G) = Pic(Y) — 0,

which is that this sequence becomes exact after tensoring with Q. In partic-
ular, the formula

p(Y) = tk(x(G)) — (I12/G| + 1k(B(X)%)) + rk(B(Y))

for the Picard number holds. If the stabilizers for points on U are trivial,
A is a UFD, and if furthermore G is connected, then the above sequence is
exact by itself.
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PROOF. We want to apply Proposition 5.1 of | | to our situation.
For the remainder of the proof we adopt the notation given there, except
that we replace X by U.

Because U is open in X, the group

Pic(U)—— Cl(U) <=— CIl(X)
is torsion, and vanishes if A is a UFD. The cokernel of
q* : Pic(Y) = Pic®(U)

is a subgroup

coker(q*) C H X(Gz),
zeC
where C is a finite set of points representing closed orbits. To show that this
group is finite, it thus suffices to prove that each x(Gy) is finite, which is
true since the G, are finite by assumption.
Furthermore, because the group G//GY is finite, the group H(G/G°, E(U))
is torsion (consider [ ], Theorem 6.5.8), and vanishes if G is connected.

Up to torsion the diagram thus reduces to an exact sequence
0— E(Y) = E(U)Y = x(G) = Pic(Y) — 0,
and the claim is implied by Lemma 2.1.5. O

2.1.2. Divisors under descent.

We now introduce the descent map v, sending characters to line bundles

on the quotient. This map is surjective, and by Lemma 2.1.5, the kernel is

spanned by the characters x; € x(G) and X’ € x(G) such that
g*fi=xilg) fioand gx f=x"-f

for B; € Z/G, and for f € E(X)C.

DEFINITION 2.1.8. The last map in the exact sequence of Proposition 2.1.7
induces a map

Y x(G)g — Pic(Y)q,
given by sending a character to the descent of the trivial line bundle L,
linearized by that character.

It is easy to see that multiplication with x’ corresponding to an invertible
regular function f does not change the semistable locus. This is not true in
general for the characters x; associated to B; € Z/G. Note that the x; as
in Lemma 2.1.5 can be interpreted as directions in the space x(G)q.

DEFINITION 2.1.9. A GIT class C' C x(Q) is called a stable class with respect
to U if for all the characters y; as in Lemma 2.1.5 we have

xi-C cCC.
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As might be expected, a GIT chamber is stable with respect to itself.

LEMMA 2.1.10. Let x € x(G) denote a character in the interior of a GIT
chamber C'. Then, C is stable with respect to

U = XX,

PROOF. Let f; denote the semiinvariant with respect to the character y;,
associated to some orbit in Z(U)/G according to Lemma 2.1.5. For a semi-
invariant f to some multiple of x, we have

N(f - fi) = N(f),
since the vanishing locus of f; is contained in the complement of U. Thus,
Xx—sst C XXXi—SSt

which implies x; - X € C by VGIT. But this holds for all ¥ € C, so that
x:C C C. But this is only possible if C' remains invariant under translation
by Xi- O

Because there are only finitely many GIT classes, a ray starting in any
character will stay in some fixed class for large distances, and the content of
the following lemma is that the rays in the directions of the x; satisfy this
simultaneously.

LEMMA 2.1.11. Using the notation of Assumption 2.1.3, choose an arbitrary
character x € x(G). Then, after replacing x by a suitable multiple, there is
an isomorphism of section rings

R(X, Ly mr)¥ = R(U, Ly)%,
given in degree n as

S —

prma slu,
1 e fr
if we take the m; = m;(x) suitably large. In particular,

XXX

is contained in a stable class, for m; large enough.

PROOF. Injectivity is obvious. Consider the map
. 0 G 0 G
¢: @B H'X Ly )= E@HU, L),
meN" n>0 n>0

given on homogenous elements in a similar form as the map in the statement
of the lemma. Note that ¢ is graded with respect to the n—gradings, and
surjective since every section in H°(U, LX)G can be lifted to a global section
after multiplication with sufficiently many g;.

Note that the characters y; are linearly independent by the sequence in
Lemma 2.1.7 and the isomorphism in Lemma 2.1.5.(2), so that the left hand
side is isomorphic to

H(X,L)[S, T\, Ts,...,T,]¢ = A[S, T\, T», ..., T;]°,
where the action of GG is given as
g%8=x(9)7"9, gxTi = xi9) ™' T,
50



and the action on scalars is inherited from the action of G on A. This fixed
point algebra is finitely generated as a k—algebra by the Theorem of Hilbert—
Nagata, so the right hand side is finitely generated as well. Of course it is
sufficient to lift the finitely many generators, which after taking a suitable
thinning of the section ring can be assumed to all live in degree 1. Taking
fixed powers my, ..., m, which lift all generators thus gives a surjective map
as claimed. O

The following useful observation can be deduced from Lemma 2.1.11.

COROLLARY 2.1.12. If x € x(G) is contained in a stable class, then
Xx—sst NU = Xx—sst
in codimension one.

PRrOOF. Clearly, the only codimension one components which could con-
tradict the equality are of the form Z;. But by Lemma 2.1.11 there are
isomorphisms

HO(X, Lxxi”l“...x?‘rﬂ)G — HOU, L)% « H(X, LXX;nl_._X;nT)G

for sufficiently large m;, and thus we can assume without loss of generality,
replacing x by x - x7"* - ... x;"", that any semiinvariant with respect to x
can be divided by fi,..., fr. So the Z; are unstable with respect to x. [

Another consequence of Lemma 2.1.11 is the following.

LEMMA 2.1.13. For a character x € x(G) contained in a stable class, the
canonical map

R(X, Ly)" = R(Y,%(x))
s an isomorphism, where we may have to replace x by a suitable multiple.
In particular, the pseudoeffective cone Bff(Y) is exactly the image of the
union of all stable G—ample classes.

PROOF. By definition of descent we have an induced isomorphism
¢ R(Y.9(x) = R(U, Ly)©.

Taking suitable multiples and multiplying with suitable powers of the y;,
where the latter operation does not change 1(y), the right hand side is
isomorphic to R(X, L,)“ by Lemma 2.1.11.

Hence, the divisor ¥(x) admits a section if and only if L, admits a section,
which is equivalent to XX~ £ () up to multiples of x. O

LEMMA 2.1.14. Let x € C and x' € C' denote two characters in the interior
of GIT chambers which are stable with respect to U such that f, and f,. are
Mori equivalent. Then

Y X—sst Xx’—sst
in codimension one.
PROOF. We proceed as in the proof of Lemma 5.2 of | ], up to the point
where
Xty = xxXstny
in codimension one. Corollary 2.1.12 now implies the desired result. (]
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We now have established the results needed to show that all subsets and
quotients of the form as in Assumption 2.1.3 are induced by GIT.

PROPOSITION 2.1.15. Suppose that a reductive group G acts on the spectrum
X of an almost factorial domain A. Furthermore, assume that there exists
an open G—invariant subset U C X and a geometric quotient

q:U—=Y,

where Y is projective. We then claim that U = XX for a character
X € x(G) in the interior of a GIT chamber.

PrROOF. We adapt the classical proof of a similar result in the smooth case
( | Converse 1.13) to our situation. Fix an ample line bundle A €
Pic(Y') and consider the pullback

q*(A) € Pic(U).

Up to multiples, ¢*(A) is trivial as a line bundle, hence the action of G
on ¢*(A) is given by global multiplication with a cocycle. By the proof of
Proposition 2.1.7 such cocycles are given by characters, so

¢"(A) = (Ly)lv

for some character x € x(G). Furthermore, the isomorphism

¢ (Ll = (L) lvs (@,0) = (2, f7 (2)v),

where we use the notation of Lemma 2.1.5, shows that we can assume x to
be stable with respect to U. Then, by an argument as in Corollary 2.1.12,
we see that the codimension one components of X \ U are unstable with
respect to x.

The original proof of Mumford furthermore employs the fact that the com-
plement of an open affine subset is of pure codimension one. This carries
over to our case. Indeed, let V' C X denote an open affine subset, and denote
by Z C X the union of the codimension one components of the complement.
Up to multiples, Z is a prime divisor, so that X \ Z is a principal affine open
subset. The map

O(X\ Z) = O(V)

is an isomorphism by Hartogs’ lemma 1.0.1, so that these two subsets coin-
cide.

Now that these facts are established, the proof of | | provides us
with the assertion U C XX5*. Hence we have a diagram

U( Xx—st( Xx—sst

N

YC— dx (XXfSt)(—> Y,.

Since Y is projective and g, (X X_St) is irreducible, the open immersion

Y < gy (XX

52



is an isomorphism, and the same reasoning applies to the lower right arrow
of the diagram. Because geometric quotients parametrize all orbits, this
implies that U and XX~ consist of the same orbits. For any orbit

O C Xx—sst

the fiber of ¢,(O) must also contain a stable orbit O’ by the lower right
isomorphism. By the properties of a good quotient, the closures of O and
O’ must hence intersect, but O’ is closed and of maximal dimension among
the orbits, so that the orbits coincide.

In other words, the maps in the upper row are identities as well. O

2.1.3. The main theorem.

We are finally ready to prove the main result of this section. While the
general outline of the proof follows that of the original proof in | |, our
proof is much more detailed. This is because the presence of codimension
one components presents us with several subtle problems, which have to be
solved by applying the results discussed in the preceding subsections.

We assume the situation of Assumption 2.1.3. In particular, we have the
action of a reductive group G on an affine variety X which is the spectrum of
an AFD. We assume that all GIT quotients are projective, and the existence
of a geometric quotient

q:U—=Y

to a projective variety. As Proposition 2.1.15 shows, there is no harm in
assuming that ¢ is the GIT quotient associated to a character xg in the
interior of a GIT chamber C. Also recall our general Assumption 1.1.18
about GIT chambers.

THEOREM 2.1.16. In the situation of Assumption 2.1.3 the following holds.

(1) Section rings of divisors on'Y are finitely generated, the rational maps
associated to stable characters are contractions of Y, and every rational
contraction to a normal, projective variety is of such a form.

(2) Y is a Mori dream space.

(8) Under the canonical map

Q/) : X(G)Q — PiC(Y)Q,

the image of the G—ample stable GIT classes is exactly the pseudoef-
fective cone of Y.

(4) Mori chambers of Y are identified with stable GIT chambers, and C' is
identified with Nef(Y).

PROOF. It is well-known that a quotient of a normal variety is again nor-
mal. To ensure the Q-factoriality of Y, we apply Lemma 2.1 of | ].
Furthermore, since we assume that stability and semistability with respect
to chambers coincide, the chamber quotients are geometric, and hence nor-
mality and Q—factoriality for them holds by the same argument.
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For discussing contractions, it suffices to consider the contractions associ-
ated to divisors, because all rational contractions are induced in such a way
(consider | |, Lemma 1.6). Further, since v is surjective, we can write
any divisor on Y as D = 1(x) up to multiples. By Lemma 2.1.11 we can ad-
ditionally assume that y is contained in a stable class, so that the canonical
map

R(X, Ly)" = R(Y,%(x))
is an isomorphism by Lemma 2.1.13. Consider the induced isomorphism

¢ : Yy, = Proj(R(X, L,)%) — Proj(R(Y, D)),

and the following diagram

U V¢ Xxsst
P I
Y < ’q(V) Yy
fD\ N /
Proj(R(Y, D)),

where again V = U N XX7!_ Note that the two squares at the top form
the diagram used in the construction of the rational map f, : Y --» Y} (see
section 1.1.3). Commutativity is clear except for the part involving fp and
the isomorphism ¢.

If we choose generators sy, ...sy for R(X,L,)¢ and s),..., s/, for R(Y,D)
compatible with ¢, and without loss of generality of degree 1, then the GIT
quotient g, is given as

x = [so(z) : ... 1 sq(2)],

and a similar description holds for fp. Hence fp o qly = ¢ o gy|v and using
the surjectivity of the quotient map V' — ¢(V'), this implies that the lower
triangle commutes as well. This proves the first assertion.

If x¥ and x’ are characters corresponding to the same stable class, then by a
similar argument as above () and (') are Mori equivalent.

Since there are only finitely many GIT chambers, which are rational poly-
hedral, this implies that there are only finitely many Mori chambers as well,
which are rational polyhedral as well.

Now, assume conversely that D and D’ are general elements of the interior
of the same Mori chamber. We can again write D = () and D" = ¥ (x/)
for characters x, X’ € x(G) in stable GIT chambers, considered to be in the
interior. We want to prove that y and x’ are GIT equivalent, for which it is
sufficient to show XX~55t ¢ XX —sst,
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Consider the following diagram, where V = XX~55t n XX —sst,

X Xx—sst oY/ C AX"X/_SSt

D ax (V) = g (V) ey
/ 2 \
YX X'
N \ / :
\ /
\ /
\\ w(UNV) — o (UNV) /
\ \ / /
\ /
AN /
N q(UNV) 7
TN £ e

— —

-y _ -~

Note that ¢(U NV) = (U N XX~ N ¢(U N XX =) is an open subset,
where both contractions f,, f,/ are defined. For the commutativity of the
square involving ¢ and the isomorphism ¢ (V) ~ ¢,/(V), note that both
maps coincide on the open subset ¢, (U N V). The commutativity of the
other squares is immediately clear by construction.

Pick any point x € XX755¢,

By the GIT-construction, we have the following for any point y € Y,.:
there exists a section s € HY(X, L,/)¢ such that 8|y = qy/(s'), where
s’ € H(Y,s, A') is a section of the ample line bundle A’ on Y,/, given as the
descent of the bundle (Ly/)|yy/—sst, such that s'(y) # 0. In particular, this
holds for y = (¢ o qy)(z) € Y.

Via ¢ the ample line bundle A’ can be identified with an ample line bundle
A on'Y,, and s’ with a section s”, and working through the diagram it is
easy to check that

(Ly)lv = a3 (Alg, (vy)-

A similar statement holds for s and s”. We thus have a diagram

HO(XX=5 [ )6~ HO(V, L,,)¢

HO(XxisStv q;(A))GC—> HO(V> q;(A))G
By Lemma 2.1.14, we have XX 55t — XX'=sst ip codimension one, so by

Hartogs’ lemma 1.0.1 the map in the first line is an isomorphism.
This finally gives an identification

S‘Xxfsst = q;(S”) S HO(XX_SSt,LX/)G,
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and thus s(z) = (¢, (z)) = ' (pog,(z)) # 0, so x is semistable with respect
to x’ as desired. This proves the third assertion.

For the second assertion it remains to check that the Mori chambers con-
stituting the moving cone are spanned by divisors which are pullbacks of
semiample divisors under SQM’s f; : Y --» Y}, and that the nef cones of the
Y; are spanned by finitely many semiample bundles (note that id : Y — Y
is a SQM as well).

We first observe that the pullback f*(D) of a semiample divisor D under
a SQM f : Y --» Y’ is movable. Indeed, this is even well-known for the
pullback of movable divisors.

Conversely, assume that D is a movable divisor which is contained in the
interior of some Mori chamber. Then fp is an isomorphism outside the
union of the stable base locus with the augmented base locus (][ 1,
Theorem A). A small perturbation L — %A by an ample divisor A does
not leave the Mori chamber, and consequently both divisors are given by
characters inside the same stable GIT chamber. Obviously, GIT equivalent
divisors descend to line bundles with the same stable base locus (by lifting
and descending sections), from which we deduce that the augmented base
locus of D agrees with its stable base locus

B, (D) = B(D).

This implies that fp is a SQM. By Lemma 1.6 in | ], it follows that
D is the pullback of an ample divisor under the SQM fp.

This proves that Mov(Y’) is the union of the cones f(Nef(Y;)), and we only
need to establish that the cones Nef(Y;) are spanned by semiample bundles.

We claim that it suffices to show that Nef(Y') is spanned by semiample line
bundles. Indeed, as we have shown already, the Y; are themselves GIT quo-
tients of X with respect to a character in the interior of a GIT chamber. But
all steps of the proof up to now can be carried out for these quotients in par-
allel, where the stable GIT chamber structure has to be changed accordingly.

Now, let D € Nef(Y) denote any divisor, which we write as D = ¢(x)
for a character y € C’, where C’ is a stable GIT class with respect to U.
This class is contained in the closure of the GIT chamber C' C x(T")q, with
respect to which Y is the GIT quotient. Hence, by VGIT we know

—sst —sst
U = xxosst ¢ xx—st,

ie. for any point in U, there exists a semiinvariant with respect to a multiple
of x which does not vanish in it. For any point y € Y, choose a preimage
x € U and some semiinvariant f € H(X, LXm)G, which does not vanish in
z. Then, using Lemma 2.1.13, we know

R(X, L)% ~ R(Y,¥(x)),

so that this semiinvariant descends to a section of mD which does not vanish
in y. This shows that D is semiample, and we are done. O
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REMARK 2.1.17. In the situation of Assumption 2.1.3, choose any G—ample
character y. In any case we can find a GIT chamber C' such that x is
contained in its closure.

The quotient Y associated to the chamber is a Mori dream space by Theorem
2.1.16, and still Y, is normal and projective but may fail to be Q-factorial.
As the construction shows, the rational contraction

Y =Y,
induced by GIT is a regular contraction, so Y, is at least a not necessarily
Q-factorial Mori dream space by the result of | |, Section 10.1.

Apart from an upper bound on the Picard number, and the assertion that the
Mori chamber structure of Y, is a coarsening of the Mori chamber structure
of Y, this observation does not seem to provide any quantitative results, and
the qualitative result is already covered by | |. Even though this does
not seem to be helpful in itself, it sparks the hope that the results of this
section might possibly extend to good quotients.

REMARK 2.1.18. Another natural approach to extend Hu and Keel’s result
to the case where the unstable locus has codimension one works as follows.
Suppose that we have the action of a group G on an affine variety X, sat-
isfying the assumptions of [ ]. Let U denote the semistable locus as-
sociated to a character xg in the interior of a GIT chamber, but where the
unstable locus is of codimension one. Then the variety X’ as in

UcX' =X\2Z2,

where Z is the union of the components in Z(U), is again affine, normal and
has Cl(X")g = 0. For the induced action of G on X’ we have

(X/) X0—sst — XXO_SSt,

so that X’ additionally satisfies the codimension assumption of Hu and Keel.
It then seems tempting, to apply Hu and Keel’s result to X’ instead of X.

However, the GIT chamber structure for the action of G on X’ differs from
the chamber structure on X. To describe how they are related, one has to
use arguments similar to those of the preceding subsections.

Furthermore, X’ acquires additional invertible regular functions. Such func-
tions yield a kernel for the descent map

@D : X(G)Q — PiC(Y)Q,
where Y denotes the quotient. Hence, the theorem of | | can not be
applied directly.

On the other hand, this discussion shows that morally, invertible functions

and codimension one components in the unstable locus are the same, at least
with respect to the application of our result about quotients.
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2.2. Quotients of Mori dream spaces

Let Y denote a Mori dream space, acted upon by a reductive group G,
which we here assume to be connected. Again we assume that stability
and semistability with respect to chambers coincide (consider Assumption
1.1.18). Suppose that there is a G—invariant open subset V' C Y admitting
a geometric quotient

q:V = Z,

where Z is projective and stabilizers on V are finite. We want to show in
this section that Z is again a Mori dream space, and compute the Picard
number.

Again, by Remark 2.2.5 given below, such a quotient is given as a GIT quo-
tient with respect to the interior of a chamber. But the proofs occurring in
this section do not depend on this observation.

Recall that Y admits the description as a GIT quotient via its Cox ring. Let
r = p(Y) denote the Picard number of Y, and choose line bundles

Dy,...,D, € Pic(Y),

which form a Q-basis of Pic(Y)q. Without loss of generality, we can choose
this basis such that Eff(Y') is contained in the convex cone spanned by it.
The Cox ring
Cox(Y)= € H*(V,D" ... DJ™)
meN”

is finitely generated as a k—algebra, and there is a quotient representation
" :U=Y,

where U C X = Spec(Cox(Y")) is the stable and semistable locus for some
character xo € x(7') in the interior of a GIT chamber, where T is the torus
acting on Cox(Y') via the grading. The codimension of X \ U is greater or
equal to two.

REMARK 2.2.1. It is easy to see that
E(X)=Cox(Y)"/k*=0

using the projectivity of ¥ and the N"—grading of Cox(Y') (compare with
Corollary 2.2 in | D).

A lifting of the action pg : G X Y — Y is defined to be an action
po:Gx X - X

such that U is G-invariant, and such that the actions of 7" and G on X
commute. Obviously, this is equivalent to an action of the product group
TxGon X.

As a first step, we ensure the existence of a lifting to a suitably chosen Cox
ring. Additionally, we establish that we may take the Cox ring to be an
AFD. Note that if Pic(Y') is torsion—free we may even assume Cox(Y") to be
a UFD (consider | 1)-
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LEMMA 2.2.2. There exists a basis Di,...,D, of Pic(Y)q such that the
following assertions hold.

(1) The Cox ring with respect to this basis is almost factorial.
(2) There ezists a lifting of the action ug : G xY =Y to X.

PRrROOF. We start with any basis D1,..., D, € Pic(Y') of Pic(Y')g such that
Eff(Y) is contained in the cone spanned by these bundles.

The proof of [HK] Proposition 2.9 shows that T acts freely on U if we re-
place the D; with sufficiently high powers. In the terminology of Jow (see
[J], Theorem 1.8) such a basis is called a preferred basis, and the associated
Cox ring is normal ([J], Proposition 1.12).

We again consider the commutative diagram given in [KKV] Proposition
5.1, where X in the notation of [KKV] corresponds to U, G to T, and X//G
to Y. By normality of U, and because T is a torus, we know that any line
bundle admits a linearization ([ |, Proposition 2.4).

Using Hartogs’ lemma 1.0.1, the group F(U) ~ E(X) vanishes by the Re-
mark 2.2.1 above. Further, H'(T /Ty, E(U)) vanishes since T is connected,
and [], e x(T%) vanishes because the action of 7" on U is free. The diagram
thus induces an exact sequence

0 — x(T) = Pic(Y) — Pic(U) — 0,

where x(7') and Pic(Y') are both of rank r. Since U is Q-factorial ([HK]
Lemma 2.1), this implies the first result.

To see the second assertion we fix a G-linearization for each bundle D;.
These linearizations induce a linearization of each product

D*=D"®...Q D"

for a € N". Note that the linearization of D? is uniquely determined by the
linearizations of the D, since the decomposition of D as a product of the
D; is unique. This gives an action of G on H°(Y, D?%), and thus on Cox(Y))
and X as well.

Recall that the action of T'= Hom(Z", G,,) on Cox(Y) is given as
txs=t(a)-s

for t € T and s € H°(Y, D%) homogenous of multidegree a € N". Since the
action of G is given by a linear action on the fibres of D® these two actions
commute. The commuting actions of G and T on X induce commuting
contragredient actions on H%(X, L) = O(X). Hence, if f € H(X, L,)T is
a T—eigenfunction with respect to some character x € x(7'), which does not
vanish in a point x € X, then g * f for ¢ € G is again a T—eigenfunction
with respect to x, which does not vanish in the point g * x.

This implies that the semistable locus with respect to any character x of T
is G—invariant; in particular this holds for U. U
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REMARK 2.2.3. If G is not connected, the proof of Lemma 2.2.2 applies in
case there exists a basis D1, ..., D, of Pic(Y )g which consists of G-invariant
line bundles. However such a basis might not exist. The obvious action of
Zy on P! x P! gives a counterexample (as explained in [ ], Example
1.16).

Fixing a basis which satisfies the assertions of the lemma above, we obtain
the following result. The proof is straightforward.

LEMMA 2.2.4. Let V C Y denote a G-invariant open subset such that there
exists a good quotient
q:V = Z
Then the composition
()7L vLz

is a good quotient with respect to the action of T xG on X. If ¢’ is geometric,
so0 is the composition.

REMARK 2.2.5. A similar assertion as in Proposition 2.1.15 holds if we re-
place X by a Mori dream space Y. That is, any geometric quotient

q:V =27

of an open and G—invariant subset V C Y such that Z is projective, is given
as the GIT quotient of X = Spec(Cox(Y')) associated to a GIT chamber.

PRrROOF. Replacing the notation ¢ : U — Y in the proof of Proposition 2.1.15
by the geometric quotient
q:V = Z,

we get by a similar argument, that ¢~ 1(V) — Z, where ¢ is given as in
Lemma 2.2.4 and the preceding construction, is a geometric quotient. Using
the descent properties of the quotient ¢” : U — Y, with notation again as in
Lemma 2.2.4, we can thus lift the pullback (¢')*(A) € Pic®(V) of an ample
line bundle on Z to a G-line bundle on Y, and the proof of Proposition
2.1.15 applies. U

We are now able to prove the main result of this section.

THEOREM 2.2.6. In the situation above, Z is a Mori dream space with Picard
number

p(Z) = p(Y) +1k(x(G)) — |Z(V)].
If Pic(Y) is torsion—free, and stabilizers of points in V are trivial, the group
Pic(Z) is torsion—free as well. Furthermore, the Mori chamber structure of
Z is given by the GIT chambers for the action of T x G on X which are
stable with respect to (¢")~1(V).

Proor. Using the Lemmata 2.2.2 and 2.2.4 we can write Z as a geometric
quotient of the open set U’ = (¢”)~1(V). By the codimension assertion on
the unstable locus with respect to o, the codimension one components of
X \ U’ in X are in one-to-one correspondence under ¢” with the codimen-
sion one components of Y\ V.
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Hence, Z is a Mori dream space by Theorem 2.1.16, with Picard number
p(Z) = k(x(T x G)) — [Z(V)].
The claimed formula follows using
X(T' x G) = x(T) x x(G),
tk(X(T)) = k(T) = p(Y).
Under the additional assumptions we see that T" x G is connected, X is the

spectrum of a UFD, and that stabilizers for the action of T'x G on (¢”)~*(V)
are trivial, so the torsion—freeness of Pic(Z) follows.

Finally, by Theorem 2.1.16, we know that Mori chambers of Z are identified
with stable GIT chambers in x (7' x G)q. O

REMARK 2.2.7. It seems desirable to describe the Mori chambers of Z in
terms of the Mori chambers of Y. Using the notation of the proof of Theorem
2.2.6, we could try to apply the functor Pic*(x) ® Q (consider Lemma 1.1.4)
to the diagram

11

q

(Y, %) (U, T)C (X,T)
W
(X,GxT)
(2, %) T (@) L(V),G X T),
to obtain

PiC(Y)Q ~ X(T)Q — X(G X T)Q — PiC(Z)Q.
One would expect that the inclusion x(7') C x(I" x G), or the projection
X(T x G) = x(T), respects the GIT chambers, though a proof remains elu-
sive. The difficulty seems to be imposed by the change of the group action.
For example, we could attempt to use the Hilbert—-Mumford—criterion.
Recall that this criterion tells us that a point x € X is y—semistable if and
only if for all one—parameter subgroups A such that the limit

lim A(s) *
s—0
exists, the numerical criterion
(Ax) =0

holds. Here, (*,%) denotes the canonical pairing between characters and
one—parameter—subgroups. While the numerical side poses no problems, it
seems difficult to relate the existence of limits for a group A : G,,, =T x G
to the existence of limits for the group Ay : G,,, = T.
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There is a natural construction of Mori dream subspaces.

REMARK 2.2.8. Let Y denote a Mori dream space, and consider the descrip-
tion as a GIT quotient

q:U—=Y

with respect to the action of the torus T, where U C X = Spec(Cox(Y)).
Suppose that we have a closed subset X’ C X which is invariant under the
action of T, and which is the spectrum of an AFD as well. Then, there is a
diagram

XNU———=U

| f

yvie— .,

where ¢’ is again a geometric quotient, and Y’ is a Mori dream space. By
applying the functor Pic*(x), we can show that

Pic(Y)g L Pic(Y")g — 0

is surjective. Furthermore, by relating the Mori chamber structures through
the GIT chamber structures of the prequotients, we can show that f respects
this chamber structure.

It seems very desirable to find torus—invariant hypersurfaces X’ of X which
are again spectra of an AFD, because a positive answer in that direction
would allow us to construct a flag of Mori dream spaces.

Of course, instead of considering the Cox ring construction of a Mori dream
space, we could consider any other quotient of the spectrum X of an AFD.
Examples of such a situation are provided by representation varieties

Ry (Q') € Ra(Q),

where the quiver @’ is obtained from ) by removing arrows or vertices.

2.3. Application to quiver moduli

From our point of view, quiver moduli form a class of examples for Mori
dream spaces, which admits an at least partial description in a combina-
torial flavor. An explicit instance of this philosophy is given in Examples
2.4.4 and 2.4.3. Conversely, the description of quiver moduli as Mori dream
spaces might be helpful in understanding their birational geometry.

It has been observed before that Theorem 2.3 in | | can be applied to
some quiver moduli (see for example | |), but the assumption on the
codimension of the unstable locus seems to restrict the possible applications.

For background on the construction of quiver moduli, consider Section 1.2.
Recall that the representation variety with respect to a quiver (2 and dimen-
sion vector d is defined as

Ry(Q) = €D Hom(k%, k%).
aii—j
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There is a canonical action of the reductive group

PGy = | [] GLa (k) | /G

i€Qo

on Ry(Q), given as simultaneous conjugation.

For a stability condition # € Z%°, the moduli space Mg_SSt(Q) of quiver
representations is then given as the GIT quotient of Ry(Q) under PG4 with
respect to the character x = xg.

Obviously, PGy is connected, and Ry(Q) is just affine space. Note that if d
is coprime, which is that the greatest common divisor of the d; equals 1, the
set of stability conditions for which stability and semistability may differ is
a finite union of hyperplanes (see Section 3.5 in | ]). Thus for GIT
chambers stability and semistability coincide. We thus have the following
corollary.

THEOREM 2.3.1. Suppose that Q is a quiver which does not admit oriented
cycles, that d is a coprime dimension vector, and that 0 is a stability condi-
tion contained in the interior of a GIT chamber.

Then Mfl_SSt(Q) is a Mori dream space satisfying the assertions of Theorem
2.1.16. In particular, the Picard number is given as

PIMGH(Q)) = 1Qol — (r + 1),

where v is the number of components of the unstable locus which are of
codimension one.

If @ admits oriented cycles, MZ(Q) is no longer projective, and hence fails
to be a Mori dream space for trivial reasons. Since Mg4(Q) is projective
over the Hilbert quotient, the author expects that this however gives an ex-
ample of a relative Mori dream space, which as of yet needs to be defined.

Furthermore, we note that the same results hold if we allow relations for the
quiver, such that the associated representation variety is again a spectrum
of an AFD. However, it seems very hard to describe relations which meet
this criterion in general.

REMARK 2.3.2. There is an alternative proof showing that quiver moduli
as in Theorem 2.3.1 are Mori dream spaces, which only makes use of the
quotient result established in [ I

Consider the framed quiver @ with additional stability parameter ¢ attached
to the additional point co (we refer to | |, Section 3 for more details).
We may take our framing to be large, in the sense that for each vertex i € Qg
we attach at least n; = d; + 1 arrows oo — 1.

Similarly to [ ] Proposition 3.3, we see that for £ > 0 a representation
(M, f) of the framed quiver is stable if and only if it is semistable if and only
if f is dense, which is that there is no proper subrepresentation containing
the vector space k attached to co. Since the framing is large, we can always
equip the arrows landing in each vertex i € Qg with linear maps such that
their images generate the vector space at ¢, and thus the unstable locus is
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contained in
Ry(Q) x ] Hom(A**, k%) neca, 1,
1€Q0
which is well-known to be of codimension at least two. By Theorem 2.3

in | ], the associated quotient M\E>>0 is a Mori dream space, and so
is the other chamber quotient M ~o, where we take ¢ to be positive but
sufficiently small (] | Proposition 1.11.(2)). However, for this chamber
there is the structure of a bundle

]/\ZEQO — .1\47
where M is the moduli space for the unframed quiver ([ | Proposition

3.8). Hence M is a Mori dream space as well by the main result of | ].
However, it seems difficult to extract information about the Picard number
or the Mori chambers using this construction.

Of course we could directly apply the result of | |, since the prequotient
R4(Q) is just affine space, but this does provide us with no quantitative
information about the moduli space at all.

2.4. Examples
2.4.1. Affine prequotients.
We start with a very basic example, showing that Theorem 2.3 of [ ]
can be extended to the case of unstable components in codimension one.
ExaMPLE 2.4.1. Let the group G = G,, x G, act on the variety
X = Al x A?

via (g, h) * (x,y) = (gz, hy), where we denote by x the coordinate of Al and
by y1,y2 the coordinates on AZ. It is easy to verify that there is only one
GIT chamber with stable locus

U= (A"\0) x (A%\0),
and associated quotient
q:U =P x P!~ Pl

The quotient is a Mori dream space despite the fact that the unstable locus
is of codimension one. However, the Picard number p(P!) = 1 differs from
the rank of the character group rk(x(G)) = 2, as is predicted by Theorem
2.1.16. Indeed, we have that

Z(U) = {0x A*}

consists of a single component. Furthermore, the relation between the stable
GIT chambers and the Mori chambers is correctly predicted as well (though
both are trivial). To see this note that

0 x A2 =N(z), (g,h) xz =g 'z,
so if we identify ¢ : Z? ~ x(G) via
plab) = ((g.h) = gh ")
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the character associated to 0 x A? is given as the vector (—1,0) and the only
GIT chamber is given as the cone spanned by the rays through the origin
and (—1,0) or (0, —1) respectively.

In the first example we can easily replace A% by any other prequotient.

EXAMPLE 2.4.2. Suppose that a reductive group G acts on X = Spec(A),
where A is an AFD. Consider the action of the group G’ = G x G, on

X' =X x Al

given by (g, h)*(x,y) = (g*x, hy). For the character lattice this corresponds
to the addition of an orthogonal direction

() = X(G) X Z.
Since the action is diagonal, we can compute that
(X/>x—sst _ XXl—SSt x (Al)XZ*SSt

where x = (x1, x2) is the decomposition with respect to the above isomor-
phism. A similar statement holds for the stable loci. Hence the chamber
structure for the action of G on X and for the action of G’ on X’ coincide
in the sense that the chambers are stretched into the additional direction.
One can compute that for U’ equal to the semistable locus to some chamber
in x(G')g the unstable codimension one components are given as

Z(U)={ZxA"| Ze Z(U)} U{X x 0},

where U is the semistable locus corresponding to the chamber in x(G)q.
The action of G’ on Z(U’) is induced by the action of G on Z(U), where
X x 0 is fixed.

The associated characters for Z x Al lie in the hyperplane x(G)g, and the
character associated to X x 0 points into the orthogonal direction. Thus,
the stable chamber structure in x(G’) is induced by the stable chamber
structure in x(G), which agrees with the description of the quotients

Y~V xP'~Y,

where Y’ is the quotient with respect to a chamber in x(G')g, and Y is the
quotient with respect to the corresponding chamber in x(G)g.

Our first nontrivial example is the Hirzebruch surface Fi, which also allows
a description as a quiver moduli.

EXAMPLE 2.4.3. Consider the vector bundle E = O(0) ® O(—1) — P!, and
the associated projectivization

F1 =P(O0) ® O(-1)) — P!,

which is the first Hirzebruch surface ;. Denoting by 7 : A2\ 0 — P! the
canonical quotient map, we have the pullback 7*E = Lo @ L_1 — A?\ 0,
where as always L — A2\ 0 is the trivial bundle, and 0 and —1 correspond
to characters of G, via the isomorphism x(G,,) ~ Z. Note that as a variety
7 E ~ A% x (A%\ 0), so taking out the image of the zero section gives the
variety

(m*E)o ~ (A%\ 0) x (A%\ 0).
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There are two natural actions of G, on (7*E)y. The first one is given by the
description 7*E = Lo @ L_1 and the second action is induced by the action
of G, on the fibres of E (corresponding to the quotient 7’ : Ey — P(E)).
Since these two actions commute, we obtain an action of G = G,,, x G,, on
(m*E)o, which reads as

(A1) # ((a,b), (e, d)) = ((Aa, Ab), (e, Aud)).

We claim that the composition (7*E)y — Eg — P(E) = F; is a geometric
quotient. Indeed, the construction of the involved bundles works locally over
the open subsets where E is trivial or the inverse images under 7 thereof,
and on these sets the claim holds.

We note that (7*E)y C A* is the stable and semistable locus associated to
the character y(\,p) = A2u. Computing the GIT chambers for this action
yields the following result, which is both accessible by an elementary calcu-
lation or by a quiver—like computation as in Example 2.4.4 (for the involved
quiver see below).

] \ stable locus \ quotient ‘
I (a,b) 0N (c#£0Vd+#0) F1
IM[c#0A((a,b) #0Vd#0) P?

For chamber II, the formula for the Picard number as in Theorem 2.1.16
thus gives the correct result. We further remark that the only stable cham-
ber with respect to chamber II is again chamber II, which agrees with the
Mori chamber structure of P2.

Also, for chamber I, the theorem gives the correct result since there are
no unstable codimension one components, and the GIT chamber structure
agrees with the known Mori chamber structure of JFj.

We can describe the morphisms induced by VGIT, or equivalently by the
divisors, quite explicitly for this example. All of this agrees with the well—
known birational geometry of Fj.

(1) For a character x in the interior of chamber II, the map associated by
VGIT

fX:]'—1—>IP>2

is the blowup morphism, and is hence regular. This is also the contrac-
tion of the associated divisor D = 1(x), but D is neither semiample
nor movable.

(2) Further, for a character x in the ray supporting both chamber I and
the G—ample cone, the associated map

fo: P =P

is the map inducing the structure of F; as a P'~bundle over P'.
(3) For a character in the ray supporting chamber II and the G—ample
cone, the map induced by VGIT is trivial.

66



Note that the action of G,, x G,, on A* as above admits a description as
the action of PG4 on R4(Q), where the quiver @) is given as

and the dimension vector as d = (1,1,1) (compare with Example 3.6 in

[ D

2.4.2. Quiver moduli examples.

The following example provides a non—trivial stable chamber structure. Note
that the group G4 associated to the occurring dimension vector is a torus,
and that the following quotients also admit a description in the toric lan-
guage.

EXAMPLE 2.4.4. Let Q denote the following quiver.

We consider the dimension vector d = (1,1,1,1). If M € R4(Q) is a repre-
sentation, we use the notation M = (a,b,c,d,e), where a € k is the linear
map associated to the arrow a and so forth.

As explained in section 2.3, the character group of PGy is identified with
the hyperplane (1,1,1,1)* C Z* ~ x(Gy). To facilitate the discussion, we
will always extend the scalars to R, and work with coordinates on x(PGg)r
given by the basis

B: by =(1,1,-1,-1), by = (1,-1,1,-1), bg = (1,—1,-1,1)

for this hyperplane. To further simplify the picture, we consider the intersec-
tion of the GIT cone in R? with an affine hyperplane S, given in parameter
form as
S x(s,t) =p+ sug + tug,

where p = (1,1,0),u; = (1,—1,0), and uz = (0,0,1). We can interpret
this as the hyperplane of points which have value 1 in direction (1,1,0). A
GIT chamber in x(PG,) is thus represented by a polytope in the plane R?
corresponding to the coordinates on S.

We need to translate between cones, or half spaces, in x(PGy), and half
spaces in S. This is a standard linear algebra computation, which gives the
following result. Let v € (1,1,1,1)* € R* denote a nonzero vector. Then
the restriction of v+ C R* to the slice S in the coordinates as above is given
as

x(t) = a +tb,
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where
b= (v1 + v4,v3 — v2),

and a is given by

a= (O, U4_v1> , Or a = (Ul_w,()) .
V1 + U4 U3 — V2
If vy — v3 > 0, then the restriction of the half space H(v) C R* with the
slice S is given by translating the line given above in the direction of the
first coordinate. If vy — v3 < 0, the same holds with a change of direction.

For the translation in the direction of the second coordinate a similar asser-
tion holds when we use the inequalities vi + v4 > 0, or v1 + v4 < 0.

We are now ready to compute the intersections of the 14 potential walls
with S. Instead of a complete computation we focus on two prototypical
examples and only state the full result without proof.

First, consider the dimension vector e = (0,0, 1,1). This dimension vector
does always occur as the dimension type of a subrepresentation, and hence
the associated hyperplane supports the G—ample cone. The condition for
slope semistability reads as

Oy + 03 <90+91+92+03
2 = 4 ’

Since this is equivalent to 0 < 0y + 67 — 02 — 03, the associated half space in
X(PGg)r is given as H(1,1,—1,—1). A necessary condition for a character
to be G—ample is thus that it is contained in the half space H(1,1, —1,—1).

The dimension vector e = (1,1,0,0) occurs as a subrepresentation of a
representation M = (a,b,c,d,e) € Ry(Q) if and only if the maps starting in
one of the points 0,1 and ending in of the points 2,3 are represented by 0.
That is, if and only if b=c=d = 0.

Here, the condition for slope semistability reads as

0y + 01 <¢90+91+92+93
2 - 4 ’

which is equivalent to 0 < —6y — 61 + 02 + 03. The associated half space in
X(PGg)r is thus given as H(—1,—1,1,1). For a character in H(—1,—1,1,1)
this dimension vector does not impose any condition on the semistable lo-
cus. However, if the character is not contained in the half space, a necessary
condition for a representation to be semistable is that this dimension vector
does not occur, which is b # 0 or ¢ # 0 or d # 0.

Continuing the computation in the same spirit, the 14 potential dimension

vectors of nontrivial subrepresentations give the following 14 potential walls.
We also state into which direction the associated half space extends.
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] \ e \ occurs iff \ a \ b \ extends to ‘
I 1(0,0,0,1) (always) (0,2) (2,0) | neg. y—axis
II |(0,0,1,0) e= 0 (2,—4) | pos. z—axis
III | (0,1,0,0) c=d=0 0 (2,4) | neg. x—axis
IV | (1,0,0,0) | a=b=0 |[(0,-2)| (—2,0) | neg. y—axis
V 1(1,1,0,0) [ b=c=d=0|(—-1,0)| (0,2) |neg. z—axis
VI | (1,0,1,0) e=a=0 (1,0) | (0,—2) | pos. z—axis

VII | (1,0,0,1) a=b= 0 (=2,0) | neg. y—axis
VIII | (0,1,1,0) d=e=0 0 (2,0) | pos. y—axis
IX [(0,1,0,1) c=0 (1,0) (0,2) | neg. z—axis
X 1(0,0,1,1) (always) (—=1,0) | (0,—2) | pos. z—axis
XI [(1,1,1,0) | d=e=0 (0,2) (2,0) | pos. y—axis
XII [ (1,1,0,1) | b=c=0 0 (—=2,4) | neg. z—axis
XTI | (1,0,1,1) a=0 0 [ (—2,—4) | pos. z axis
XIV | (0,1,1,1) (always) (0,—2) | (2,0) | pos. y—axis

From this, we are able to read off the full chamber structure on S. The
stability conditions for the chambers, which we sketch below in Figure 1,
read as follows.

(Ra(@)* ™ ={a#0Ae£0A(b#0Vc£0Vd#£0)}
(Ra(@)P ™ ={a#£O0N(b#0Vc#0)A(d#0Ve#0)}
(Ra(@)™" ={(@a#0VbZ0)A(b#O0Vc#0)A(c#0Vd#0)

ANd#0Ve#0)AN(e#0Va+#0)}

(Ra(@)P™ ={c#0A(a#0Vb#0)A(d#0Ve#0)}
(Ra(Q)" ™' ={e #0A(@a#0Vb#O0)A(c£0Vd#0)}.

Xa

Xe

B

E

FIGURE 1. These are the restrictions of the GIT chambers
to the slice S, where the z— and y—axis correspond to coor-

dinates on the slice and the y—axis is scaled with factor 3

1

The origin is the point in which the chambers A, B,C' and
FE meet. Additionally, the directions associated to possible
unstable codimension one components are given.
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To compute which chambers are stable, we need to be able to translate
directions in x(PGg)r to directions on the slice S. Hence suppose that we
have a direction given as

c=cpp+ cruy + coug € ]R?’,
where ¢, > 0, and an arbitrary vector
T =p+ suy +tug € S.
Then the translation of x into the direction c is given as
z+nc= (14 ney)p+ (s + ner)ur + (t + neg)us.

Obviously, the ray spanned by x + nd through the origin meets the slice S
in the point
s+ necy t 4+ nco
(75} u
1+ nep 1+ ncy

2.

If ¢, # 0, this converges to the point (c1,c2) € S in the chosen coordinates
on S. But if ¢, = 0, the translation into the direction of ¢ corresponds to
the translation into the direction of (c1,c2) in the coordinates on S.

Now we need the characters associated to codimension one components of

the unstable loci. For the first coordinate function we have
90
g*xa= "—a,
g1

which corresponds to the vector
Xa = (1, —1,0,0) S X(Gd)R-
An elementary computation yields that this corresponds to a direction of

the first type for x, = (—1,2) in coordinates on S.

With similar computation steps we obtain the directions . = (—1,—2) of
the first type, and x. = (1,0) of the second type.
This yields the following structure of stable chambers.

] chamber \ zZ \ stable chambers ‘
A N(a),N(e) A
B N(a) AB
C [} all chambers
D N(e) D
E N(e) AE

Finally, we compute some quotients associated to the chambers, showing
that the Mori chamber structure of the quotients coincides with the stable
GIT chamber structure.
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For the chamber B, we claim that the associated quotient is the Hirzebruch
surface F;. Consider the maps

©: Ry(Q) = Ry (Q), (a,b,c,d,e) — (e, b, ca,da),
Qb : Rd’(Q/) — Rd(Q)7 (aaﬁlaﬁ%’y) — (1,51,52,7,C¥),

where the quiver @' and the dimension vector d’ are given as in Example
2.4.3. It is straightforward to check that ¢ and 1 respect the semistable
loci of the chambers B and I respectively, and induce an isomorphism of the
quotients.

Similarly the maps
o(a,b,c,d,e) = (eb, eca,da),
Y(ag, ae,a3) = (1, a1, ag, a3, 1),
where Q' is given as

A=——=B8,

show that the quotient with respect to the chamber A is isomorphic to P2.

For these chambers the predictions of Theorem 2.1.16 are thus confirmed. As
a side remark we note that similar computations confirm the predictions for
the chambers D and E, where the quotients are both nontrivial P!-bundles
over P!,

2.4.3. Quotients of Mori dream spaces.

We conclude with an example of a quotient of a Mori dream space.
ExXAMPLE 2.4.5. The group G = SLs acts on the Mori dream space

X = (P’
via the diagonalized canonical action on P'. Some quotients for this action
are computed in [ |. Following the notation given there, we consider
quotients X®(m)/G, where m = (my,...,mg) indicates that we take the
GIT quotient with respect to the bundle O(m;) ® ... ® O(mg). Note that

since the character group of SLs is trivial this bundle admits a unique G-
linearization.

Corollary 5 in [P95] shows that in the case when |m| = m; + ... + mg is
odd, the corresponding bundle lies in the interior of a GIT chamber, and we
can use Theorem 3 of | ] to compute the unstable loci.
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Three geometric quotients are explicitly given. They are well-known to be
Mori dream spaces (even toric), and the formula of Theorem 2.2.6 correctly
predicts the Picard number.
(1) X*(2,3,3,1,1,1)/G =~ Bl(1,1,1),(00,00,00) (P1)?,
which has Picard number 5. Indeed, there is one unstable component
of codimension one

7 = {(561,...,336) € (P1)6 |xo = :cg}.

(2) XS<27 2,2,1,1, 1)/G = Bl(O,O,O),(l,l,l),(oo,oo,oo) (P1)37
which has Picard number 6. There are no unstable components of
codimension one.

(3) X°(1,1,2,1,1,1)/G =~ Bl(9,0,0),(1,1,1),(00,00,00) (B)°,
so the quotient again has Picard number 6. In this case there are no
unstable components of codimension one as well.
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CHAPTER 3

Moduli spaces of quiver sheaves

In this chapter, we provide a construction for the moduli spaces of multi—
Gieseker semistable quiver sheaves, following Mumford’s strategy. Further-
more, we discuss the variation of the moduli space under change of the
stability condition.

3.1. Quiver sheaves

We start by introducing the notion of multi-Gieseker stability and the cat-
egory of quiver sheaves. Also, we establish some foundational results about
this notion of stability.

3.1.1. Basic notions.

Let X denote any scheme, and let @) denote an (unlabeled) quiver.

DEFINITION 3.1.1. A quiver sheaf £ on X associated to the quiver @ is a
representation of () in the category of coherent sheaves on X. That is, we
have a family of coherent sheaves &;, ¢ € QQy associated to the vertices, and
afamily &, : & — &, a: i — j of morphisms of coherent sheaves associated
to the arrows.

Occasionally, we will also consider representations of @ in the category of
quasi—coherent sheaves, and call them quasi—coherent quiver sheaves.

A morphism of quiver sheaves ¢ : &€ — F is a collection of morphisms
p; » & — JF; for each vertex i € (g, such that the canonical diagram

Pi

& F;
gal lfa
& ———7

for each arrow a : ¢ — j commutes.

For a path v = oy ...a; and a quiver sheaf £ recall that we denote
E =8 Eays
and say that & satisfies a relation >, _; A\gyx if the identity

D My, =0
k=1
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of morphisms of sheaves holds. This property is inherited by quiver sub-
sheaves and quiver quotient sheaves.

To give a first idea about how to interpret quiver sheaves as configurations
of morphisms of shevaes, we provide some simple examples.

ExXAMPLE 3.1.2. The simplest non—trivial example of a quiver sheaf is a
morphism

& £ &,
associated to the quiver consisting of two vertices and an arrow between

them. Another example is that of a pair (E, ¢), consisting of a sheaf F and
an endomorphism ¢. By using relations we could require

¢" =0, 0r ¢" = ¢,
ie. that ¢ is nilpotent or idempotent respectively. A slightly more sophisti-
cated example is that of two composable morphisms

Ea €
51 — 52 —ﬁ) 53,

where we could require £3€, = 0 by using relations. A commuting square
of morphisms of sheaves can also be expressed as a quiver sheaf satisfying a
relation.

Let us recall the notion of a topological type 7 of a sheaf FE (compare with
Definition 1.4 and Remark 1.5 of | ]). Tt is given as

7(E) = ch(E)todd(X) € B(X)q,
where B(X) is the group of cycles on X modulo algebraic equivalence (con-
sider the proof of | | Theorem 15.2). By definition, the topological type
thus remains constant in flat families over a connected and noetherian base
scheme. Further, it determines the Hilbert polynomial with respect to any
ample line bundle ([F'98], Example 18.3.6).
By a slight abuse of notation we use the same letter for the topological type
of a quiver sheaf.

DEFINITION 3.1.3. We say that a quiver sheaf £ has topological type
T € B(X)°
if for all ¢ € Qg the sheaf &; has topological type ;.

There are some other properties of sheaves which transfer to quiver sheaves
simply by requiring the sheaves at the vertices to fulfill this property.

DEFINITION 3.1.4. A quiver sheaf £ is called pure of dimension d if all the
shaves &; are pure of dimension d.

Assume that X is projective over k, and fix a tuple

L= (Ly,...,Lyn)
of ample line bundles. Following | |, we say that a sheaf E is (n, L)—
regular if it is n-regular with respect to each line bundle L;.
DEFINITION 3.1.5. A quiver sheaf & is called (n, L)-regular if all the sheaves
&; are (n, L)-regular. Equivalently, the quiver sheaf £ is (n, L)-regular if &;
is n-regular with respect to L; for alli € Qg and all j =1,..., N.
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Another such property is the saturation of sheaves.

LEMMA 3.1.6. Let ¢ : By — FEy denote a morphism of sheaves on X which
are of the same dimension d, and let Iy C Ey, F» C Ey denote subsheaves
which are respected by the morphism, i.e. ¢ : F1 — F5. Then the saturations

¢ : F17sat — F2,sat
are respected as well.

PRrOOF. Recall (] | Definition 1.1.5), that the saturation is given as
Fl,sat = ker (El — El/Fl — (El/Fl) / (Td—l (El/Fl))) s

where T,;_1 of a sheaf is defined to be the sum over all subsheaves of dimen-
sion at most d — 1. We have an induced morphism ¢’ : Ey/F| — FE3/F5.
Since the dimension of a sheaf does not grow under taking the image, we
have an induced morphism between the second quotients occurring in the
above description of the saturation as well. The obvious commuting diagram
tells us that ¢ thus induces a morphism between the kernels, which gives
the result. O

Lemma 3.1.6 shows that saturation of a quiver subsheaf is well-defined.

DEFINITION 3.1.7. Consider a quiver subsheaf F C & of a quiver sheaf purely
of dimension d. The saturation of F in £ is defined as the quiver subsheaf
Fsat C € such that

(Fsat)i = -Fi,sat

for all vertices i € Q.

DEFINITION 3.1.8. A family of quiver sheaves on X is called flat or bounded
over a k—scheme S of finite type, if the families of sheaves &; are flat or
bounded for all ¢ € Qg respectively.

3.1.2. Stability conditions.

Now we introduce the notion of stability for quiver sheaves. To relate them
to the already established notions of stability for vector space representa-
tions of a quiver (] ]), and to the stability condition for sheaves as in
[ ], we first give a slightly more general definition which interpolates
between these two. However, our construction and variation results only
hold in a special case.

Consider a projective scheme X over k.

DEFINITION 3.1.9. A multi-Gieseker stability condition (L, o, p) for quiver
sheaves associated to @) over X consists of a tuple

L=(Ly,...,Ly)
of ample line bundles on X, and two tuples
o,p € (RQOXN )
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where the right hand side is the subset of R?0*N consisting of tuples o
of non-negative real numbers such that for any fixed i not all o;; vanish
simultaneously. We denote the entries of such tuples o as

7 = (%i3)(i,j)eQox N -
If all entries of o are strictly positive we say that o is positive.

Typically, we think of L as being fixed, and just refer to (o, p) as the stability
condition if L is clear from the context.

DEFINITION 3.1.10. The multi-Hilbert polynomial of a quiver sheaf £ with
respect to o is defined as

N
Pg = Z ZO’l’jPEI;j,

1€Qo j=1

where PgLi 7 is the usual Hilbert polynomial of & computed with respect to
the ample line bundle L.
The multi—Hilbert polynomial can be written as

7(E alf_(FE
ag( )Td n 7-1(E)

d! (d—1)!
for real numbers af(£), and strictly positive leading coefficient. Here, d is

the maximum of the dimensions of the sheaves &£;. The coefficients can be
further expressed as

P2(T) = T 4+ ag(€)

N
(o) L;
ag (&) = Z Zaijakj(gi)v
i€Qo j=1
where a,];“j (&)/k! is the coefficient to the monomial T* in the Hilbert poly-

nomial Pé 7, computed with respect to Lj;.

Using these coefficients allows us to introduce the reduced version of the
multi-Hilbert polynomial and, later, the slope.

DEFINITION 3.1.11. The multi-rank of a quiver sheaf £ with respect to p is

defined as N
L .
rk”(é’) = Z Zpijadj (51),
1€Qo j=1
where d is the maximum of the dimensions of the sheaves &;. The reduced
multi-Hilbert polynomial of £ with respect to (o, p) is defined as

p(aﬁﬂ) _ e
£ rk?(€)
DEFINITION 3.1.12. A quiver sheaf &£ is called multi-Gieseker semistable

with respect to (o, p), or simply semistable, if it is pure and for all non—
trivial quiver subsheaves F C £ the inequality

)

pgg,p < p‘(smp)

holds. If all such inequalities are strict we call £ stable.
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REMARK 3.1.13. This stability condition is a condition in the sense of [R97].
Additionally, any quiver sheaf £ is noetherian, allowing us to adopt general
results from [ | to our setting.

There are three special cases of this stability condition.
(1) In case X = Spec(k), coherent sheaves are just vector spaces V', and the
Hilbert polynomial is just its dimension. Consequently, quiver sheaves
are simply vector space representations M of Q). Considering L = (L),

i.e. just the trivial line bundle, 0 = 6 and p = (1, 1,..., 1), we compute
p(o,P) (M) = ZiEQo 0; dim(M;) .
2 icqo Aim(M;)

In other words, (o, p)-stability is the same as the well-known slope
stability for vector space representations of @) as introduced in [ ].

(2) If Q = e is the trivial quiver, quiver sheaves are the same as sheaves F
on X. Considering o = p, the reduced multi-Hilbert polynomial for a
d-dimensional sheaf E reads as

N L;

(o,0) ZjZl UJPEJ
E - L, ’
Zj'v=1 ojog’ (E)

Thus this stability condition is the one introduced by | .

(3) From now on we consider the case of an arbitrary scheme X, an arbi-
trary quiver @, but ¢ = p. The reduced multi-Hilbert polynomial of a
quiver sheaf £ then reads as

N L;
Eier Zj:l UisziJ
N p :
Dicy 2uje1 0ijag (Ei)

Of course it is convenient to just write o instead of (o, 0) in this case.

pg =

Sometimes we need to compare our stability condition to stability conditions
for the sheaves at the vertices in the sense of | ]-

DEFINITION 3.1.14. Let (L, o) denote a stability condition for quiver sheaves
on X associated to a quiver ). We use the notation

oio = (Tioj)j—1,. N
for the restriction of o to the vertex ig € Q9. The tuple (L, 0y,) then is a

stability condition for sheaves on X in the sense of | ].

3.1.3. Properties of stability.

From now on we restrict ourselves to the special case of p = ¢, and examine
some of the properties of such conditions. In this case, the leading coef-
ficient of the reduced multi-Hilbert polynomial is 1/d!, and thus not very
interesting. The second highest order coefficient is of more importance.

DEFINITION 3.1.15. The slope of a quiver sheaf £ with respect to a stability
condition o is i
_ ag_,(€)

Sogy = Ya-1)
where d is the degree of the multi-Hilbert polynomial.
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We need the following easy technical result.
LEMMA 3.1.16. Let £ denote a quiver sheaf such that
p(€) = p

for some real number . Then there exist indices 1 < j < N and i € Qg
such that o;; # 0 and li (&) > p.

ProoF. With the obvious modifications the elementary proof of | ]
Lemma 2.11 applies. U

The reduced multi—-Hilbert polynomial can now be written as

o 1oa, 1) a d—2
pg(T) = d!T + (- 1)!T +O(T2).

As an instance of the philosophy mentioned in Remark 3.1.13, there are
variants of the Harder—Narasimhan and Jordan—Holder filtration for quiver
sheaves. Alternatively, one could check that the proofs of the respective
results for sheaves (eg. consider Proposition 1.5.2 and Theorem 1.3.4 in
[ ]) can be generalized.

The Harder—Narasimhan filtration measures to what extent a quiver sheaf
fails to be semistable.

THEOREM 3.1.17. For a pure quiver sheaf & and a stability condition o there
is a uniquely determined filtration

0=HN’E) CHNY(E) C... CHNY(E) =&,
called the Harder—Narasimhan filtration of £, such that all the subquotients
Figp1 = HNFHL(E)/HN*(E) are semistable and such that
PP (FY > p?(F2) > ... > p?(FY).
Further, p...(£) = p° (HNY(&)) is mazimal among the reduced Hilbert poly-

nomials of quiver subsheaves of £, and HN*(&) is mazimal among the quiver
subsheaves attaining this limit.

If a quiver sheaf is semistable, the Jordan—Holder filtration describes if and
how it fails to be stable.

THEOREM 3.1.18. Suppose that € is a semistable quiver sheaf with respect
to a stability condition o. There exists a filtration

0=&celc...ce=¢,

called a Jordan-Hélder filtration, such that all E* have the same reduced
multi—-Hilbert polynomial and such that all subquotients are stable.

The subquotients in any such filtration are uniquely determined up to iso-
morphism and permutation.

The uniqueness of the subquotients in a Jordan—Holder filtration implies
that the following notion is well-defined.

DEFINITION 3.1.19. Fix a stability condition ¢ and consider two semistable
quiver sheaves £ and F. We define

l
ar(€) =P ke,
k=1
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where the £F are the quiver subsheaves occurring in some Jordan-Holder
filtration of £. We say that £ and F are S—equivalent if

gr(€) = gr(F).

As in the case of sheaves, it is enough to check the inequalities on saturated
quiver subsheaves.

LEMMA 3.1.20. A pure quiver sheaf € on X is semistable with respect to a
stability condition o if and only if

pF < pg

holds for all nontrivial saturated quiver subsheaves F C E. Similarly, £ is
stable if strict inequality holds for all such quiver subsheaves.

PRrOOF. Consider any quiver subsheaf 7 C £. By construction, the satura-
tion of F differs from F only in codimension one, and is a supersheaf of F.
Hence

aaLlj (Fisat) = aﬁj (F;) and P]% < Pﬁjm

for all i € Qg and 5 = 1,..., N, where d is the dimension of £. Thus the
reduced multi—Hilbert polynomial of F is always smaller than the polynomial

of the saturation. |

We can prove a generalized version of a lemma of Grothendieck, which is
a central boundedness result in our work. To prepare for the variation of
moduli spaces as treated in Section 3.6, we formulate this result for a whole
set of stability conditions. Consider a subset

S C (R9XN)

which is a closed cone without origin in R20*N_ Clearly, we could also
consider subsets which are contained in such a closed cone, or simply a
single parameter o.

LEMMA 3.1.21. Fiz a stability condition o, integers p and d, a real number
1, a topological type T, and a cone 3 as given above. Consider the family S
of quiver sheaves F which arise as quiver subsheaves of some quiver sheaf £
such that

(1) & is (p, L)—regular of topological type T,

(2) F is saturated in &,

(3) & is pure of dimension d,

(4) and p°(F) > w for some o € .

This family is bounded.

PROOF. We proceed by induction on |Qo|.

In the case |Qo| = 1 the quiver subsheaves of some quiver sheaf £ are clearly
a subfamily of the family of subsheaves, and the boundedness of this family is
settled by | |, Lemma 4.5, invoking a lemma of Grothendieck ([ ]
Lemma 1.7.9). Note that this proof also works in the case of pure sheaves
of arbitrary dimension.

In the general case, we get by Lemma 3.1.16 that S decomposes into a finite
union of families S;; where at least one sheaf satisfies uli(F;) > p. Thus by
the lemma of Grothendieck the family of sheaves JF; occurring at the vertex ¢
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in quiver sheaves contained in Sj; is bounded (note that we can equivalently
pass to the quotient sheaves since F; is saturated in &;). It suffices to prove
that the families of the Fs, ¢ # ¢/, occurring in S;;, are bounded as well.

We concentrate on the case of S7;. In particular, the values of ar? (F1) are
confined to a finite set, and for each of value in this set, the expression
i (-Fl) _ ag:—ll (]:1>
ag'(F1)
defines a well-defined and continuous function in ¢ € . Furthermore, this
function is invariant under simultaneous scaling, and must thus be bounded;
note that, modulo scaling, ¥ yields a compact set. Hence,

p > % (Fr)

uniformly in F; and o for some real number p’. Note that by the dimension
assumption the o' (F;) are non-negative, so that we have

21#6@0 aﬁ? (Fi) — Zl;éiEQo agi (Fi)
1 (Srsicayof (B) + (= W) ()
N Zl#iGQo agi (]:Z)
ag' (F1)
Zl#iGQo agi (E)
The left hand side is the slope of the restriction of F to the quiver where the
vertex 1, together with all arrows starting and ending in it, are removed. We
claim that the right hand side is bounded from below, which would finish

the proof by induction. Indeed, the fraction on the right hand side can be
estimated as

=p+ (p—p)

oF) o)
Zl;ﬁier agi (]:l) Zie[ Zj\le UijOéCIZj (.7:1)
ag' (F1)

S —N7

Dier Zj:l Oij
where I C Qg is the subset of vertices i € (Qy not equal to 1 for which F;
does not vanish. For these vertices, oeCLlj (Fi) is integral and non—vanishing,
giving us the inequality. Now the right hand side is also a well-defined and
continuous function which is invariant under scaling, and is hence bounded.

O

REMARK 3.1.22. The choice of a closed cone X is to obtain a compact set
after modding out scaling. For the final inequality in the proof of Lemma
3.1.21 to work, we also need that 3 does not meet the boundary.
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To talk about stability in families we consider

L'=(L},...,LYy),
the pullback of L to the space X x S where the family lives on. Note that
L' consists of relatively ample line bundles.

PrRoOPOSITION 3.1.23. Being pure, semistability and stability are open prop-
erties for flat families of quiver sheaves.

PrROOF. Let £ denote a flat family of quiver sheaves of topological type 7 on
X over some noetherian base scheme S, and consider the family of relatively
ample line bundles L’ as in the preceding remark.

We know by definition that £, where s € S is a geometric point, is pure if
and only if all the sheaves &, ; for i € Qg are pure. Thus openness is implied
by the openness of the sheaf version as provided by | ] Proposition 2.3.1.

To prove openness of stability and semistability we also follow the reasoning
of | ]. For the sake of this proof we introduce the notation 7 (7) and
p? (1) for the slope and reduced Hilbert polynomial fixed by the topological
type and the stability condition. Consider the set A C B(X )80 of topological
types 7' such that u?(7') < 7(7) and such that there exists a geometric
point s € S and a pure quotient & — &£’ with the property 7(&') = 7’ and
p°(7') < p?(7). By the Grothendieck Lemma for quiver sheaves 3.1.21, the
family of quotient quiver sheaves £ underlying A is bounded, so in particular
A is finite.

Note that & is semistable if and only if s is contained in the complement of
the union of the finitely many closed images of the morphisms

Quotg/x/s — S,

where 7 € A. Here we use the Quiver Quot—scheme as introduced in Section
3.8. For stability, we use a similar argument using the inequality p?(7') <
p? (1) instead of strict inequality in the definition of A. O

A necessary condition for the construction of the moduli space is the bound-
edness of the family of semistable quiver sheaves. In contrast to the case of
Gieseker—semistable sheaves this is not automatic. For a partial result on
this problem, consider Theorem 3.7.7. Again, we think of L and also of 7 as
fixed. Additionally, we fix a (possibly empty) set I of relations on Q.

DEFINITION 3.1.24. A subset
QoxN
% C (RN

is called a bounded set of stability conditions if the family of quiver sheaves
&, which are of topological type 7, satisfy the relations I, and o—semistable
for some o € ¥, is bounded. In case that ¥ contains a single element o, we
say that ¢ is bounded.

REMARK 3.1.25. Clearly, imposing more relations can only improve the
boundedness of some set 3.

Suppose we have a fixed projective scheme X, a stability condition (L, o),
a topological type 7 and a set of relations I on a quiver Q.

81



DEFINITION 3.1.26. The moduli functor of semistable quiver sheaves
Mt = MI™SYQ, I, X) : (Sch/k)°P — Sets

sends a scheme S to the set of isomorphism classes of families which are
flat over S and consist of quiver sheaves on X of topological type 7 which
are o—semistable and satisfy the relations I. There is a similar notion of a
moduli functor

Mst — Mgfst(Qw[’X)

for stable quiver sheaves.
Following | ], Section 1, we introduce the notion of moduli spaces.

DEFINITION 3.1.27. A scheme M = M?775Y(Q, I, X) which corepresents
Mt s called the (coarse) moduli space of semistable quiver sheaves of
topological type 7. Similarly, the moduli space M3 = MZ=*(Q, I, X) of
stable quiver sheaves is required to corepresent M5t

If Mt or M represent the respective moduli functor, they are called fine
moduli spaces.

3.2. The embedding functor

According to our program of construction, we need a functor that embeds the
category of sheaves into the category of representations of a quiver Q(Q’),
which we need to construct.

3.2.1. The twisted quiver.

Our embedding functor maps quiver sheaves to representations of the twisted
quiver Q(Q'), where the twisting, or auxiliar, quiver is given as in [ ].

Fix a projective scheme X and a collection L = (L1,...,Ly) of ample line
bundles on X. Furthermore, we fix a topological type 7 of a quiver sheaf
and two natural numbers m > n.

DEFINITION 3.2.1. The auxiliary quiver with N rows is defined as follows.
Q6 = {vl,...,vN,wl,...,wN}
Q) ={op: vy —w | kil=1,...,N}.

The labels H;; = H,,;, dependent on L, m and n, attached to the arrows
©ij : Vi — wj are given as

Hij =H"(X,L;" ® L") = Hom (L}, L") .

For example, the auxiliary quiver Q' for N = 3 looks as follows (ignoring

the labels).

U3 w3

U1 wq
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For integers m > n consider the sheaf

N
_ —n —m
T=Pr,"erL;

j=1

and the k—algebra
A'=L® H C Endx(T),

where L is generated by the projections onto the summands L; " and Lj_m
and

N
H= P Hy, Hj = H(X,L;" ® LT') = Homx (L;™, L; ™).
ij=1
The algebra A’ is realized as the path algebra of the auxiliary quiver Q' with
N rows and labels H;;.

DEFINITION 3.2.2. Let @) denote any finite quiver, and consider the auxiliary
quiver @’ for some given N, m and n with given labels H;;. Then the twisted
quiver Q(Q') is defined as follows.

Q(QNo ={vij,wij | i € Qo,j=1,...,N}
Q(Q")1 ={ it : vik > wi | i € Qo, k,1=1,...,N}
U{a}fft:vik%vjﬂ(a:i%j)e@l,kzl’_“,]\f}

U{azight;wik%wjk](a:i%j)te,k:L,“,N}

The label attached to an arrow ;i is Hy = H 0 (LI;" ® le), independent
of i € Qp, and the arrows ol and a?ght remain unlabeled. Further, for any
path v =qq... 1 in Q and any integer 1 < k < N we define

igh igh igh
2 = () B () B
left

and ;> is defined in a similar way. The relations associated to the twisted
quiver are then given by
I'(Iy=1ul,

where

I = {a;ight(pikl — o™ | (@i — j) € Quik, 1 = 1,...,N},

! l
I, = {Z)"’ ()% | (Z)‘T%) €el;[1<k<N;ze {left,right}}.

r=1 r=1

We think of the twisted quiver as a copy of the auxiliary quiver Q' at each
vertex of (), where the arrows in ) are copied for each vertex in @’. The
relations I] then tell us that in following an arrow in @ and an arrow in
Q' the order does not matter (up to changing the copy of the arrow). The
relations I tell us that for each vertex in @' the corresponding copies of
paths in @ still satisfy the relations I.
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For instance, let

Q=e NS
denote the a—morphism quiver, and let Q" denote the auxiliary quiver for
N = 2. Then Q(Q'), which might as well be interpreted as the quiver @’
doubled, looks as follows.

a a
. m .
7 7
Hy Hy
* M )
a a

LEMMA 3.2.3. If the quiver Q has no oriented cycles, the same holds for the
twisted quiver Q(Q').

PROOF. The set of vertices of the quiver Q(Q') is given as a copy, Q’(i), of
Q' for each vertex i € Qp of @, and an arrow a : i — j of @ yields a set of
arrows from the ith copy @Q'(7) to the jth copy Q'(i).

Assume now that Q(Q’) has an oriented cycle 4. Then, for some iy € Qo,
the cycle v begins and ends in the igth copy Q' (i) of Q'. Now, v either stays
entirely in @)'(ig), or it passes through some @'(i), with ¢ # i, and then
returns to Q'(ip). In the first case, Q" would have to contain an oriented
cycle, which is not the case. Hence, the second case holds. Then, however,
7 describes a sequence Q' (ig), Q' (i1),...,Q (ir) = Q'(ip) of copies of Q' that
it passes through, and this sequence is in fact defined by an oriented cycle
in @, a contradiction. Hence, Q(Q’) has no oriented cycles. O

The natural target category of the extension of the embedding functor, which
we construct in the next Section 3.2.2, can be identified with the category
of representations of the twisted quiver.

LEMMA 3.2.4. There is a canonical identification of categories
(Q7 I) —T€DA/' _mod = (Q(Q,)v Hv I,(I)) — rep.

PROOF. A representation of (Q(Q’), H) in particular consists of a represen-
tation of the auxiliary quiver for each vertex in (). Also, for some fixed
arrow « : i — j of @) the arrows a}fft and azlght together with the relations
I{ comprise the data of a morphism of representations of (Q’, H). More-
over, the relations I} imply that these morphisms satisfy the relations I.
The identification of (Q', H) — rep with A’ — mod thus induces the required

equivalence. O
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3.2.2. The functor.

The functor Hom(T', *) of [ ] extends to map quiver sheaves to rep-
resentations of @ in the category of representations of (@', H), which we
identify with representations of (Q(Q'), H,I'(I)).

Fix a topological type 7 for a quiver sheaf. First, we recall Theorem 5.7 of
[ ]
THEOREM 3.2.5. For m > n > 0, the functor

Hom(T, %) : Coh(X) — A’ — mod

is fully faithful on the full subcategory of (n, L)-reqular sheaves of topological
type T; for some i € Qo. More precisely, for E in this subcategory the
evaluation

ne : Hom(T, E) X ar T - F
is a natural isomorphism, and thus Hom(T), %) is left adjoint to the functor
*Qq T.

REMARK 3.2.6. Theorem 5.7 of | ] is stated for one fixed topological
type 7. The main reason for this is to ensure the boundedness of the family
of sheaves involved. The condition m > n > 0 can be satisfied for all of
the finitely many 7; simultaneously, providing us with an adjoint pair in this
slightly more general case.

A module in the image of this functor can be written as

N
Hom(T,E) =P H (Ex L)) o H* (E® L"),
j=1
where the arrow ¢;; acts via the canonical map
HY (E® L)@, H® (L;"® L]") - H (E® L) .
Hence, the image of the functor (for a single 7) lies in the full subcategory
of representations of dimension vector d’ = d'(7, m,n) which reads as

d, =h"(E®L}) = Pg(n), d,, =h"(E® L}") = Pg*(m).

Note that the Hilbert polynomials PL’“7 and hence the dimension vector, are
fixed by the topological type .

By abstract nonsense, using the naturalness of the evaluation, we obtain an
extension of Theorem 3.2.5 to quiver sheaves. The target category of the
induced embedding functor can be identified with the category of represen-
tations of the twisted quiver by Lemma 3.2.4.

THEOREM 3.2.7. For m > n > 0 the induced functor
Hom (T7*) : (Q?I) - COh(X) — (Q(Ql>7H7 II(I)) — Iep

is fully faithful and exact on the full subcategory of (n,L)-reqular quiver
sheaves of topological type T. More precisely, for a quiver sheaf € in this
subcategory the evaluation

ne : Hom (T, ) @4 T — €
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is a natural isomorphism, and thus Hom (T, x) is left adjoint to the functor
x @ T. The image of the embedding lies in the full subcategory of repre-
sentations of dimension vector d (T,m,n).

PROOF. By general nonsense, the functor of Theorem 3.2.5 extends to a
functor

Hom (Ta *) : (Qa I) - COh(X) - (Qa I) — TP A’ —mod>

and the target category is identified via Lemma 3.2.4. By definition, the
functor is left—exact on Q — Coh(X), and on the subcategory it additionally
is right—exact as it is a left—adjoint. O

For a quiver sheaf £ the decomposition reads as

N
Hom(T,€) = (P P H (e L}) o H (& L},
i€Qo j=1
where the arrow ;i acts via the canonical map
H® (& @ L) @ HY (L @ L") — H° (& @ L"),

right L . .
and o;.°" for some arrow (a : i — j) € Q1 act via

HO (69 1) — HO (0 ).

and the arrows a}fft

where p = n or p = m respectively. Hence, Hom(7, £) has dimension vector
d = d(t,m,n) given as
dyy, = h? (& ® LZ) = Pfik (n)v duw,y, = h? (& Ly) = Pszk (m)

Investigating the moduli functor requires a version of Hom(7', ) globalized
to a functor between categories of flat families. First, recall the global-
ized functors in the setting of A’~modules and ordinary sheaves as given in

[ J

DEFINITION 3.2.8. Let S denote any scheme.

Denote by flat 4/(S) the category of Og® A’~modules on S which are locally
free as Og—modules. By flatg(X x S) we denote the category of Oxxs—
modules which are flat over S.

The globalized functors

Hom'(T, %) : flatg (X x S) — flat 4/(.9)
* @'y, T : flat 4/ (S) — flatg(X x S)
are defined as
Hom'(T, E) = (ps)«Hom(px T, E), M &y T = psM @0y, son PX T,
where pg: X xS — S and px : X x § — X are the canonical projections.

The globalized functor Hom' (T, *) is also fully faithful, as shown in | ]
Proposition 5.8 by reducing to the fibers.

PROPOSITION 3.2.9. For m > n > 0 the functor Hom' (T, x) is fully faithful
on the full subcategory of flatg(X x S) consisting of flat families of (n,L)—
reqular sheaves of topological type T.
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Next, we want to extend these globalized functors to the case of a quiver
Q@ with relations I. Let A denote the path algebra of the twisted quiver

(Q(Q), H,I'(I)).

DEFINITION 3.2.10. Denote the category of representations of @) in flat fam-
ilies as

ﬂatS(X X Sval) = (Q7I) — I'Pfat, (X xS5)-

By flat4(S) we denote the category of Og ® A-modules on S which are
locally free as Og—modules.

LEMMA 3.2.11. There is an equivalence of categories

(Q’ I) — ICPfiat 4, (5) = flatA(S)7

i.e. the category of representations of (Q,I) in the category flata/(S) is
equivalent to the category flat 4(5).

PRrROOF. This is the same identification as in Lemma 3.2.4, but twisted by
Og. O

PROPOSITION 3.2.12. For m > n > 0 the functor Hom'(T, *) induces a
fully faithful functor

Hom'(T, %) : flats(X x S, Q, I); — flat 4(.9)

from the full subcategory of (n, L)—reqular representations of topological type
7 in flatg(X x S) to flat 4(S), which we will also denote by Hom'(T, x). The
corresponding functor induced by * ®'y, T will be denoted by * @', T

PRrROOF. The functorial nature of Hom'(T', *) allows an extension to the cat-
egory of representations of (). The target of this extension can be identified
with flat4(S) by Lemma 3.2.11, and it is clear by abstract nonsense that
the functor remains fully faithful. O

We can give a description of the image of this functor.

ProposITION 3.2.13. For m > n > 0 as in Proposition 3.2.12 and a flat
family M of right-A-modules of dimension vector d = d(T,m,n) over some

scheme B there exists a unique locally closed subscheme 1 : Bgeg] C B such

that the following conditions hold.
(1) i*M &'y, T is a family of (n, L)-regular quiver sheaves of topological
type T and satisfying the relations I on X which is flat over Bgeg}

the unit map

, and

Nen ¢ "M — Hom' (T, i*M &'y, T)

is an isomorphism.

(2) If o : S — B is a subscheme such that c*M ~ Hom' (T,E) for some
family E of (n,L)-regular quiver sheaves of topological type T which
satisfy the relations I on X which is flat over S, then o factors through
the embedding morphism i and

E~oc"M), T.
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PROOF. The identification of Lemma 3.2.11 allows us to consider M as a
representation of () in the category of flat families of A’~modules satisfying
the relations I. Consider Proposition 5.9 in [ ], which is analogous

to the present Proposition, and take Bkeg] to be the intersection of the
corresponding closed subschemes provided for these families of A’-modules.
To see that this subscheme satisfies the intended assertions we can again
trace back the identification of Lemma 3.2.11 and observe that all assertions
may be checked at each vertex of @, since the preservation of the relations
is built into the functors. For the second assertion we also note that a
morphism factors through a set of locally closed subschemes if and only if
it factors through the intersection. O

It seems natural to think of the relations as defining a closed subscheme.
This is made precise in the following result. Just for the purpose of formu-
lating this corollary, we let Ag denote the path algebra for the case I = (),
i.e. the path algebra of the quiver (Q(Q’'), H, I}).

COROLLARY 3.2.14. Suppose that we are given a topological type T, a set
of relations I, and integers m > n > 0 such that Proposition 3.2.12 holds
for I = 0. For a flat family M of right-Ag-modules of dimension vector
d = d(r,m,n) over some scheme B which restricts to a family M of modules
which satisfy the relations I, = I5(I) over some closed subscheme B' C B
we have

(B/)geg],l — B7[_reg] N B/.

Here, BLreg] C B is the locally closed subscheme as in Proposition 3.2.12 in

a version without relations, and (B’)[Tregu 15 the locally closed subscheme as

i Proposition 3.2.12 in a version incorporating the relations I.

PROOF. By construction, the restriction of the family M allows a description
M |B[feg] ~ HOH]I (T, E),

where E is a family of quiver sheaves over Blresl = Bgeg}. Further restricted

to B8l 0 B’, the modules satisfy the relations I/, so that, due to the
construction of the functor, the quiver sheaves satisfy the relations I. This
shows that

Bﬁ[rreg] NB c (B/)Lreg],l.
Conversely, M’ restricted to (B')&l = (B! allows a description
M’ | pr)tres = Hom'(T', E')

for a family of quiver sheaves E' which satisfy the relations I. Over the
intersection (B')l*&l N Blregl | the families M and M’ coincide, so that, by
faithfulness of the functor Hom'(T,x), the families E and E’ coincide as
well. Thus, E and E’ glue to a flat family of right-A-modules over the
subscheme

(B)lreel | Blres],
But by maximality, this subscheme must equal Blegl. U
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Consider the functor
M™E(X,Q,I): (Sch/k)P — Sets,

which assigns to a scheme S the set of isomorphism classes of families of
(n, L)-regular quiver sheaves on X satisfying the relations I of topological
type 7 which are flat over S.

For brevity denote B = Ry(Q(Q"), H, I’(I))[Treg}, where we use the tautologi-
cal family of modules M as explained in Appendix 1.2.3. Sending a morphism
f S — B to the family f* (M |p ®/,T) defines a natural transformation

g:B— M™¥(X,Q,1).

Asin | ] Theorem 4.5, the existence of the locally closed subscheme
parameterizing the image of the embedding functor implies that this moduli
functor is locally a quotient functor.

PropoSITION 3.2.15. There is a local isomorphism of functors
M*(X,Q,1) = B/G,
where G = Gy4. This functor is induced by g.

PrOOF. The proof of | | Theorem 4.5 holds verbatim, where we use
our version of the local isomorphism

h':R/G — My
as in Proposition 1.2.23 and our Proposition 3.2.13. U

3.3. Stability under embedding

The next step in our program is to make sure that the embedding functor
Hom(T, x) we constructed preserves stability. The technical cornerstone of
this is a variant of the Le Potier—-Simpson theorem for quiver sheaves and
multi-Gieseker stability. We basically follow the reasoning of [ 1,
Sections 7 and 8.

3.3.1. The Le Potier—Simpson theorem.

Suppose we are given a quiver @ together with a (possibly empty) set of
relations I, a stability condition (L, o) and a topological type 7 = (73)icq, -

We assume that ¢ is a bounded stability condition, i.e. that the family of
semistable quiver sheaves with respect to o which satisfy the relations is
bounded. Using this we choose p > 0 such that all such quiver sheaves are
(p, L)-regular. Furthermore, we assume that dim(FE) = d for all sheaves of
type 7; for some i € Q.

REMARK 3.3.1. Basically, the relations I and I are not of great impor-
tance in this section. This is due to the fact that the property of satisfying
some given relation is inherited by quiver subsheaves, so that the notion of
semistability is insensitive to relations. The only relevance these relations
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have is via the question of boundedness, which might only hold on the sub-
family of semistable quiver sheaves which satisfy some relations.

On the other hand, the relations I] are essential for the technical step of
Lemma 3.3.14.

Let us recall the Le Potier—Simpson estimate for the dimension of the space
of global sections of a sheaf twisted by an ample line bundle. Because we
use similar notation, we refer to the formulation in | ] Theorem 7.1.
Here, for a real number = we use the notation [r] = max (z,0).

THEOREM 3.3.2. Let X denote a projective scheme, and L a very ample line
bundle on X. Let E denote a purely d—dimensional sheaf on X and define
the number

1
Ck = (rL)2 +3 (rl +d) -1,
where ¥ is the rank of E with respect to L. Then, for any n > 0 we have

-1

L
0 n r
W(E® L") < —

~ 1.
(it 0 (E) + CE + n]i + 5 [l (B) + Ok + n]i .

To distinguish between strictly semistable and stable quiver sheaves we need
more control over the destabilizing quiver subsheaves (compare with Lemma
2.131in | ]). Note that boundedness of o is not needed for the follow-
ing proof.

LEMMA 3.3.3. Suppose that F C £ is a destabilizing quiver subsheaf of a
semistable quiver sheaf € of topological type . Then F C £ is saturated and

F&E/F
is semistable with Hilbert polynomial pZ and of topological type 7.
PROOF. F has the same Hilbert polynomial as £ and its quiver subsheaves
are quiver subsheaves of £. It is thus again semistable. A similar reasoning
using quotients shows that £/F is semistable with Hilbert polynomial pZ as

well, which is a property inherited by the direct sum. The assertion about
the topological type is implied by its additivity.

To see that F is saturated consider the inequalities

D o; ;h° (-7:1‘ ® L?) Do o; ;hY (gi ® L?)
pF(n) = < = pg(n) < pg(n)
ro(F) ro(F)

for n > 0, where G C & is the saturation of F, and the last inequality
holds by semistability. The inequalities are thus actually equalities, and in
particular for each i€ Qy we have

HY (70 L) = 1Y (69 L)
for at least one index j = j(4) such that o;; does not vanish. For n > 0

the sheaves §; @ L7 are globally generated, so G; C F; for all ¢ € Qo, which
shows F =G. O

We are ready to proof the Le Potier—Simpson theorem for quiver sheaves
(compare with [ ], Theorem 7.2). Recall that we assume o to be
bounded, and o—semistable quiver sheaves to be (p, L)-regular.
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THEOREM 3.3.4. For an integer n > p > 0 the following assertions are
equivalent for a purely d—dimensional quiver sheaf £ of topological type T
which satisfies the relations I.
(1) € is semistable.
(2) € is (p, L)—regular and for all quiver subsheaves F C € we have
N
DieQy 2uje1 Oigh’ (Fi @ LY) o

o (F) < pz(n).

(3) & is (p, L)—regular and the above inequality holds for all saturated quiver
subsheaves F C £ such that

we(F) =z o (€).
The same statement holds for stable quiver sheaves and strict inequality.

Moreover, equality holds for a quiver subsheaf F C & if and only if F is
destabilizing.

PROOF. The set of (p, L)-regular sheaves of topological type 7; for some
1 € Qg is bounded. Hence we can bound

fidin(F) < C

for all such sheaves F' by a constant C; > 0. Recall that
1
Cg = 5rLf(E) (rli(E) + dim(E)),

the constant used in the Le Potier—Simpson estimate, is fixed by the topo-
logical type of the sheaf E. Hence we may set
C = max (C'gLij ) ,

where £ is any quiver sheaf of topological type 7.
We now claim that there exists a constant C > 0 which satisfies the follow-
ing assertions.

(1) For all (p, L)—regular quiver sheaves £ of topological type T we have
-2 (€)+1< 0.

(2) For any (p,L)-regular quiver sheaf £ of topological type 7, all non—
empty subsets I C Q) and all integers 0 < e; ; < ki (&) the inequality

Z (UijeijCﬁ) + Z (% (eij -1) (Cl +6) + (—02 +€)>

icle,j icl,j
S@E) =1) Y aijei
1€Q0,J
holds, where I¢ = @ \ I denotes the complement, and the sums are
simultaneously taken over j =1,..., N.

This is possible because of the boundedness of the family of involved quiver
sheaves, and because the parameters occurring in the second inequality, be-
sides Cs, are either fixed beforehand or only vary within a finite set.

Consider the set S of sheaves F' which are saturated subsheaves F' C E of
a (p, L)-regular sheaf E of topological type 7 and such that il (F) > —Cs
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for some j. This set is bounded by the Grothendieck Lemma for sheaves
(because the subsheaves are saturated we can equivalently consider the quo-
tients and apply [ | Lemma 1.7.9).

Furthermore, consider the set S’ of quiver sheaves F which are saturated
quiver subsheaves F C & of some (p, L)-regular quiver sheaf £ of topological
type 7 and such that u?(F) > —C5. This set is bounded as well according
to the Grothendieck Lemma 3.1.21 for quiver sheaves.

To shorten notation we introduce the numbers

Dy =C1+C, Dy=—-Cy+C.
Now we further claim that for n > p the following assertions hold.

(1) Given any quiver sheaf F which consists of sheaves in S or is in S’ and
any quiver sheaf & which is (p, L)-regular and of topological type T we
have that

pF(n) ~ pg(n) < pF ~ g,
where ~ is one of the relations =, < or <.

) All F € S are (n, L)-regular.

) The quiver sheaves F € S’ are all (n, L)-regular.

) n > 02 — 6

)

of topological type 7 and all non—empty subsets I C Qg we have

Z oij P Z %4 ( Fi)—1) (D1 + n)* + (Dg + n)d)

i€lcj i€l,j

< r7(F) (pg(n) - 1).
The first three assertions are true because the involved families of quiver
sheaves are bounded, and the fourth assertion holds because the right hand
side is just a constant. To see that the last assertion holds note that, after
bringing 77 (F) to the other side, the left hand side is a polynomial in n with
leading coefficient < a1 and second coefficient

Diele, (Uzyas 1 (F )) + > ier; (Gt (rk™ (F;) — 1) Dy + D5)
r9(F) ’

Then we may estimate
ol (Fp) = alf (F)iki (Fi) < rkb (F))finax (&) < 1k" (F3)Cy

to arrive at an expression as in the second condition for Cs. Thus for large
n the inequality of polynomials holds as claimed, and there are only finitely
many such conditions.

We now prove 1.) = 2.). Let £ denote some semistable quiver sheaf satisfy-
ing the relations, which is hence (p, L)-regular by assumption. Consider a
quiver subsheaf F C £. Note that if G denotes the saturation of F in £ we
have

ZzEQo ZN U’]h (‘E ® L?) < ZZEQO ZN U” (g’ ® L?)
r9(F) - r7(G) ’
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so we may assume that F is saturated without loss of generality.

Let I C Qg denote the set of vertices such that
it (Fi) < —Cs

for all j =1,...,N. Again, let I¢ denote the complement of this set.
Note that for i € I¢ we clearly have F; € S, so F; is (n, L)-regular by the

choice of n. If i € I we know
T (Fi) < i (€5) < O

and C]L:f < CgLf < C. Thus the Le Potier-Simpson estimate (Theorem 3.3.2)
tells us

L; ]:7, —1 L . d

hO(Fi @ LT) < TJ(d') [uﬁfax(fi) + C’J,E_] JrnLr
rki(F) -1 1

g%(D1+n) + 5 (D3 4 n)?

by our choice of constants and n.

Now we distinguish two cases.
If I =0,ie. I¢= (Qq, we have that

2ico Zjvzl oih(Fi @ L)
ro(F)

= pF(n) < pg(n),

where the first equality holds because all F; are (n, L)-regular and the in-
equality is equivalent to p% < pg, which holds by semistability of £.

If £ is stable, the inequality is strict by the same argument.

On the other hand, if I # () we may rewrite

N
YN oh (Fe L) = > oy’ (Fo L))+ Y oyh’(F e LY)

i€Qo j=1 SN 1€l
o;
<> oyP Z - ( —1) (D1 +n)" + (Ds + n)d>
iele,j iel,j

and the right hand side is strictly smaller than pZ(n)r?(F) by choice of n.

That 2.) = 3.) holds is very obvious. It thus remains to check the direction
3.)=1.).

Let £ denote any (p, L)-regular quiver sheaf of topological type 7, and let
F C & denote a quiver subsheaf. Without loss of generality we assume that
Fis saturated

If u7(F) < 7 (€) then clearly F does not destabilize. If on the other hand
we(F) > p (8) > —(C9, where the latter inequality holds by choice of Co,
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we know that F is contained in S’ and is hence (n, L)-regular. Thus

 Yieqo Ljmr 0ihO(F @ LY)
a r7(F)

pF(n) < pg(n)

for n > 0, which implies p% < pg.

If the inequality in 2.) is strict the above inequality is also strict, and thus
£ is stable.

It remains to show the addendum.

Consider some quiver subsheaf 7 C £ and its saturation G C £. Recall the
argument of 1.) = 2.), and note that most of it does not actually make use
of the assumption of 1.). Only the case I = {) is relevant though. Because if
I # () holds for G, the inequality in 2.) is strict, so G and thus F can not be
destabilizing.

If F is destabilizing it is saturated by Lemma 3.3.3, and hence consists of
sheaves in the family S. This implies that the desired equality in 2.) is
equivalent to the equality p% = pZ. Conversely, if equality holds in 2.) we
have that

 Yieqo Ljm 0ihO(F @ LY)
a 7 (F)

Sicoy ope 0ih0(Gi @ LYY
< €Q Jrla(gﬂ) J :pg(n).

Note that as G consists of sheaves in S it in particular is (n, L)-regular, so
that an argument as in the proof of Lemma 3.5.7 shows that F is saturated.
Hence F = G and equality in 2.) is equivalent to p% = pg. O

Actually, a slight reformulation of the Theorem of Le Potier—Simpson is
needed.

COROLLARY 3.3.5. For n > p > 0, the following assertions are equivalent
for any pure quiver sheaf & which is of topological type T and which satisfies
the relations I.

(1) € is semistable.

(2) & is (p, L)-regular and for all quiver subsheaves F C &€ it holds

> oyh®(F; @ L})PE < PE(n)P%.
0,J

(3) € is (p, L)—regular and the above inequality holds for all saturated quiver
subsheaves F C € such that 17 (F) > o (E).

Moreover, for semistable £ and destabilizing F C &, equality in 2) holds if
and only if F is destabilizing.

PROOF. As in the proof of | | Corollary 7.3, we may rewrite the in-
equality concerning the polynomials P¢ and PZ as an inequality concerning
the leading coefficients. The reformulated assertions are then equivalent by
the Le Potier—Simpson Theorem 3.3.4. O
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3.3.2. Semistability under embedding.

We now want to show that a quiver sheaf £ is semistable if and only if its
image under the embedding functor Hom(7, ) is semistable. Recall that
we still assume o to be a bounded stability condition given the relations I.
To that end, we start by fixing integers m > n > p > 0 that satisfy certain
technical conditions. Later, we will show that the embedding functor defined
by these integers has the desired property of preserving stability.

To formulate the technical conditions we first need some definitions.

DEFINITION 3.3.6. Let E denote any (n, L)-regular sheaf of topological type
7; for some i € ()y. Consider the evaluation map

evj: H(E® L})® L;" — E — 0.

For any subspace Vj’ CHY(E® L7) denote the image and kernel of the map
induced by ev; as
/ ! — /
0= F; = V;®L" = E; = 0.

Furthermore, consider

N N
0—>K—>@V]-'®LJ-_”—>ZE;—>O.
=1 =1
Denote by Sey the family of sheaves E}, F’ ](,Zév:l E’ and K that arise in
such a way.

DEFINITION 3.3.7. Let S denote the family of quiver sheaves F such that
F C & is a saturated quiver subsheaf, where £ is (p, L)-regular of topological
type 7, and such that u?(F) > u°(&).

We claim that there are integers m > n > p > 0 satisfying the following
assertions, which we will keep fixed in the following arguments.

(1) All semistable quiver sheaves of topological type 7 which satisfy the
relations I are (p, L)-regular.

(2) The Le Potier-Simpson corollary 3.3.5 holds.

(3) L;™is (m, L)-regular for all j =1,..., N.

(4) All quiver sheaves in S and all sheaves in Sey are (m, L)-regular.

(5) For all qu1ver sheaves & of topological type 7, for all integers c;; between

0 and P&, '(n) and for all quiver sheaves F which are in S or consist of
sheaves in Sey the relation of polynomials

N
Pg Z Zgijcij ~ Pg(m)ij—

i€Qo j=1

holds if and only if the relation

N
g(m) Z Zgijcij ~ P¢(m)Pz(m)

1€Qo j=1

holds, where ~€ {=, <, <}.
(6) The functor Hom(7, ) is an embedding, i.e. Theorem 3.2.7 holds.
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The first assertion can be achieved because the family of semistable quiver
sheaves is bounded by assumption. The second and the sixth assertions hold
by the statements of the Corollary and the Theorem, and the third asser-
tion is easily achieved because there are only finitely many L;. To guarantee
the fourth and fifth assertion note that S is bounded by the Grothendieck
Lemma 3.1.21, and Sey is also bounded (see [ | Definition 8.3).

Recall that the embedding functor Hom(7', *) maps any (n, L)-regular quiver
sheaf £ to a representation of the twisted quiver Q(Q’) of dimension vector
d, given by
L L.

dijl = ho(gz & L?) = Pgij (n), dijg = ho(gz & L;n) = Pgij (m)
For brevity, we let the indices (ij1) and (ij2) refer to the vertices v;; and
w;j respectively. We also define a stability condition 8 = 6(o,d) on Q(Q’)
by

044 0, = —0ij

N s Vig2 = N .

ZkeQO Zl:l Ukldkll ZkGQO 21:1 O'kldeQ
For a representation M of the twisted quiver Q(Q’) we use the notation

N
- @D,
1€Qo j=1
where V;; is the value of M at the vertex v;; and W;; is the value of M at
the vertex w;;. The maps associated to the arrows ¢;; are denoted as

ikt 2 Vi @ Hig — Wy,

. igh
and the maps associated to the arrows ™ and o} ® t are denoted as Ay, and

B;. in a similar fashion. We will also use obvious variants of this notation,
for example for some other representation M’.

01 =

Using this notation we may rewrite
O(M) = (6ij1 dim (Vij) + 050 dim (W) .
,J
Note that for a representation M of dimension vector d we have 8(M) = 0,

so that M is semistable if and only if #(N) < 0 holds for all subrepresenta-
tions N C M.

To relate stability of representations to stability of quiver sheaves a slightly
different notion of the slope is useful.

DEFINITION 3.3.8. Let M = &, ;V;; @ W;; denote a representation of Q(Q")

such that >, ; oi; dim(W;;) or 3, ; 0y dim(Vj;) are non-zero. Then we de-

fine the (auxiliary) slope of M as

22y 04 dim (Vi)
Zi,j oij dim (Wi;)

w' (M) € [0, c0].
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LEMMA 3.3.9. Let M denote a representation of Q(Q') of dimension vector

d, and let M" denote a representation such that 3, ; 0i; dim (W&) # 0.
Then O(M') < 0 if and only if /' (M") < p/'(M).

The same assertion holds if we replace < by <.

PRrOOF. This can be shown by an elementary argument as in the proof of
[ | Lemma 8.6. O

There are subrepresentations, called non—degenerate, on which the auxil-
iary slope is well-defined. For representations in the image of the embed-
ding functor, it suffices to check semistability on such subrepresentations.
Degenerate subrepresentations always destabilize.

DEFINITION 3.3.10. A representation M of Q(Q') is called degenerate if
Vij=0forallie Qyand je {1,....,N} and W;; =0 for all ¢ and j such
that 055 = 0.
LEMMA 3.3.11. Let M = Hom(T,E) denote the representation of Q(Q') of
dimension vector d given by a (n,L)-regular quiver sheaf € of topological
type 7. Then the following holds.

(1) If a representation M’ is non—degenerate we have

> oy dim (W);) # 0
1,J

and p'(M'") is well-defined.

(2) M is 6-semistable if and only if i/ (M) < p/ (M) for all non—degenerate
M c M.

(3) Suppose that M is 6-semistable. Then M’ C M is destabilizing if and
only if M’ is degenerate or M is non—degenerate and p/ (M) = p/(M").

PrOOF. Write M = Hom(T,&) = @, ; H*(& @ L) @ H(& ® L"), Recall
that in this representation the arrows ;i are equipped with maps
Gt : H(E @ L) @ HY(L" @ L") — H(& ® L™).

By our assumption on m and n the sheaf L;* @ L, ™ is globally generated,
so as in the proof of | ] Lemma 8.8, if ¢;xi(s @ h) = 0 for all h then
s = 0. Thus the first assertion can be shown as in the case of sheaves.

The rest follows by Lemma 3.3.9 once we note that §(M’) = 0 if M’ is
degenerate. Compare with the proof of | | Lemma 8.8. O
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We consider the notion of subordinate subrepresentations and tight repre-
sentations as in | | Definition 8.10.

DEFINITION 3.3.12. Let M’ and M" denote subrepresentations of some rep-
resentation M of Q(Q’).

(1) We say that M’ is subordinate to M" if
V;'j - Vi’]{ and WZ-’J’» C Wi’j
holds for all + € Qg and all 5 =1,..., N. We denote this by
M =< M".
(2) A subrepresentation M’ is called tight if whenever M’ < M" for an-
other subrepresentation of M we have
Vi = VY and W = W
for all indices ¢ and j such that o;; # 0.

LEMMA 3.3.13. Let M’ and M" denote subrepresentations of some repre-
sentation M such that p'(M') and p/(M") are well-defined. If M < M" we
have

p (M) < ' (M").
Moreover, if M’ is tight equality holds.
ProOF. This is elementary. Compare with | ] Lemma 8.11. O

Interestingly, the next Lemma needs the relations I on the twisted quiver.

LEMMA 3.3.14. Let M satisfy the relations I}, and consider any subrepre-
sentation M’ C M. Then

M/ < M//
for a tight subrepresentation M" C M.

PRrROOF. Adapting the proof of | | Lemma 8.12 we define M"” by

N
Wi = i (Vi ® Hyj)
k=1

Vi/j( = {v e Vij | dijr(v®h) € Wj, for all k and for all h € Hj;, } .

It is immediately clear that these subspaces get respected by the maps ¢;x,
and because of the relations I they are also respected by the maps Ay and
By, and thus define a subrepresentation. Following the remainder of the ele-
mentary proof of | ] Lemma 8.12 we can see that M’ is subordinated
to M" and that M" is tight. O

Putting the results obtained so far together, we arrive at the following cri-
terion for semistability of a representation.

LEMMA 3.3.15. Let M denote a representation of Q(Q') of dimension vector
d which satisfies the relations I1. Then M is semistable if and only if

W (M) < 1 (M)
for all tight non—degenerate subrepresentations M' C M.
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PrOOF. This works just as | ] Lemma 8.13: Using Lemma 3.3.11 it
suffices to check the claimed inequality for non—degenerate subrepresenta-
tions. Now combining Lemma 3.3.14 with Lemma 3.3.13 gives the result. [

We need to compare subrepresentations and quiver subsheaves. The key
construction for this is given by the following Lemma.

LEMMA 3.3.16. Let £ denote an (n,L)-regular quiver sheaf of topological
type 7. Given a subrepresentation M' C M = Hom(T,E) we consider the

subsheaves
N

&= (&)}
j=1
where (5,); = er(V;’j ® LJ_") is given as the image of the evaluation. These
subsheaves are respected by the morphisms E, : & — &; and hence form a

quiver subsheaf &' = E'(M') C €.
PROOF. Choose any arrow « : a — b in Q). The induced maps
HYEa® L;™): H'(E, @ L;") —» H* (& @ L; ™)
map Va’j to Vb’j because M’ is a subrepresentation by assumption. Hence the
diagram

VoL (&),

| |

Vi@ I (&)

commutes because morphisms of sheaves commute with restriction. Sum-
ming up over j gives the result. O

PROPOSITION 3.3.17. Suppose that £ is an (n,L)-reqular quiver sheaf of
topological type 7 and M’ C M = Hom(T\, ) is a subrepresentation. Con-
sider the quiver subsheaf
&cé
as in Lemma 3.3.16. Then
M' < Hom(T,&").
If M’ is tight and non—degenerate M’ satisfies the equality
w (M/) = (Hom (T, 5’)) .
PROOF. The proof of | ] Proposition 8.14 applies to each vertex.
This is sufficient to obtain a quiver sheaf version.
This remark also applies to the case of a tight subrepresentation, as the

proof of | ] shows that Hom (T, &’) is non—degenerate and we can
apply Lemma 3.3.13. U
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LEMMA 3.3.18. Let £ denote an (n,L)-reqular quiver sheaf of topological
type 7. Then the following assertions are equivalent.

(1) Hom(T', ) is semistable.

(2) For all quiver subsheaves F C & we have

ZZhof@@L”Pg Zz%hof@@m)zvg( ).

1€Qo j=1 1€Qo j=1

(8) The above inequality holds for all quiver subsheaves £ C &€ of the form
as in Lemma 3.3.16 for subrepresentations M' C Hom(T,E).

PRrOOF. The proof of | ] Lemma 8.15 applies:

The inequality in the second assertions is equivalent to f(Hom(T, F)) < 0
after unwrapping the definitions. By Proposition 3.3.17 it suffices to check
this inequality on subrepresentations of the form Hom(T,&"). O

Finally, we are ready to prove that semistability is respected by the embed-
ding functor.

THEOREM 3.3.19. Let £ denote a quiver sheaf of topological type T which
satisfies the relations I. Then & 1is semistable if and only if € is pure,
(p, L)-regular and Hom(T',E) is semistable.

Proor. With the appropriate modifications this can be proven in the same
way as the case of sheaves ([ ] Theorem 8.16) by combining the pre-
ceding results. O

3.3.3. S—equivalence under embedding.

In this subsection, we strengthen the comparison result established in the
preceding subsection. For this to work, we need to get rid of degenerate
subrepresentations. One way to ensure this is to assume that o is positive,
i.e. all its entries are strictly positive. We remind ourselves that we still
assume o to be bounded given a set of relations I, and semistable quiver
sheaves which satisfy these relations to be (p, L)-regular.

Now that we exclude degenerate subrepresentations of Hom(7', £), the only
remaining destabilizing subrepresentations are given by destabilizing quiver
subsheaves.

LEMMA 3.3.20. Let £ denote a semistable quiver sheaf which satisfies the

relations I for a positive stability parameter o. Any destabilizing quiver sub-
sheaf F C & is (p, L)-regular and Hom (T, F) C Hom (T, ) is destabilizing
as well.

PRrROOF. By Lemma 3.3.3, £’ is (p, L)-regular since it is a direct summand
Eceéag/E
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of a semistable quiver sheaf of topological type 7 satisfying the relations I,
which is thus (p, L)-regular by our assumption. In particular, it is (m, L)—
regular and (n, L)-regular as well. This yields the equations

.10 : n
Syouh® (FOL)  pgm) _ in)
S oiht (ﬂ@L’]ﬁ) Pg(m)  pE(m)

! (Hom (T, F)) =

pe(n) _
= =u (Hom (T,¢&)),
pg(m) (Hom (1. £))
which proves that Hom (7', F) is destabilizing. O

LEMMA 3.3.21. Suppose that M is a 0—semistable representation, where 0 is
defined using a positive stability condition o. A destabilizing subrepresenta-
tion M’ C M is then tight.

PROOF. The elementary proof of | | Lemma 8.18 applies word for
word. O

We are now ready to prove that subrepresentations of Hom(7, £) which are
destabilizing can be deduced from destabilizing quiver subsheaves.

LEMMA 3.3.22. Suppose that o denotes a positive stability condition and
let €& be a semistable quiver sheaf of topological type T which satisfies the
relations I. For any destabilizing subrepresentation

M’ C Hom (T, €)

the quiver subsheaf &' C & given as in Proposition 5.3.17 is either equal to
E or destabilizing as well.

PRroOOF. Consider our version of the Le Potier—Simpson theorem 3.3.4 and
Condition 5 on m and n for quiver sheaves. The proof of Lemma 8.19 in
[ | then carries over. O

We end this subsection with the desired result.

THEOREM 3.3.23. Suppose that o is a positive stability condition. For
semistable quiver sheaves £ of topological type T which satisfy the relations
I the identity

Hom (T, gr (£)) ~ gr (Hom (T, &))
holds. Hence, Hom (T, %) respects S—equivalence and £ is stable if and only
if Hom (T, &) is.

PROOF. Essentially, the proof of | | Theorem 8.20 applies, which we
repeat here as a sketch.
Consider a Jordan—Holder filtration

0=Ecé&lc...cé=¢
in the category of quiver sheaves. That is, the quiver subsheaves &£ are
destabilizing and the filtration is maximal with this property. Let M® =

Hom (T, £") and M = Hom (T, &) denote the image of the filtration under
the embedding, so that

0=M°cM'C...c M =M.
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If we assume that this filtration allows a refinement, i.e. MP C M’ c MPH!
for a destabilizing subrepresentation M’ C M, we get that £ C & c &PH!
by an argument as in | ], where £’ is given as in Lemma 3.3.16. But
this contradicts the maximality of the Jordan—Holder filtration of £.

The exactness of the embedding functor now implies that it respects S—
equivalence since

!
gr (Hom (7, £)) = @D Hom(T, £¥) /Hom(T, £F1)
k=1

!
= Hom (T, Pe /5’f—1> = Hom(T, gr(£)).
k=1
This also implies that Hom(7T, %) can distinguish stability from semistability;
because £ is stable if and only if gr(€) = £ and Hom(T, £) is stable if and
only if gr (Hom(7T,€)) = Hom(T, €). O

3.4. Construction of the moduli space

The actual construction of the moduli space is the final step in our program,
which can be summarized as follows. The existence of the tautological fam-
ily M on the representation variety gives a subscheme which is the image
of the embedding functor, and openness of semistability provides an open
subscheme of it. Finally, the GIT quotient of the representation variety
descends to this subscheme because stability of representations and quiver
sheaves are compatible, and the quotient thus obtained is the moduli space
of quiver sheaves.

Suppose that we are given a bounded and positive stability parameter (L, o)
for some fixed set of relations I. We fix integers m > n > p > 0 such that
the following assertions hold.

(1) All o—semistable quiver sheaves which satisfy the relations I are (p, L)—
regular.

(2) The functor Hom (T, ) is an embedding, i.e. Theorem 3.2.7 holds.

(3) Stability is preserved by Hom (7, %), i.e. Theorem 3.3.19 holds.

(4) S—equivalence is preserved as well, i.e. Theorem 3.3.23 holds.

Consider the representation variety

R =Ry (Q(Q/)v H, I/(I))

for the twisted quiver of dimension vector d = d(7,m,n) and recall that
we have a group action of G = G4 on it as well as a stability condition
0 = 0(d,o). The tautological family M of right-A-modules, where A is
the path algebra of the twisted quiver with labels and relations, gives us a
locally closed subscheme

i:B=RMNCcR
according to Proposition 3.2.13. In particular, the fibers of the family
iM &'y, T
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are (n,L)-regular quiver sheaves of topological type 7. Recall (Proposi-
tion 3.2.15) that the moduli functor M™8(X,Q,I) of (n, L)-regular quiver
sheaves on X is locally isomorphic to the quotient functor B/G. The open-
ness of regularity, stability and semistability (Proposition 3.1.23) provides
us with open subschemes

BBt  Bistl  Blreel g,
where the members of the family :*M®’,, T" are stable, semistable and (p, L)—
regular respectively.
PRroPOSITION 3.4.1. There is a local isomorphism of functors
MENQ, X, T) ~ B /G,
and a similar local isomorphism for the case of stable quiver sheaves.

PROOF. We have a natural transformation
BM/G — MFY(X,Q,1),

given by pulling back the restriction of the family ¢*M &'y, T' to B st As
in the proof of | ] Theorem 6.1, this is the restriction of the natural
transformation which induced the local isomorphism of Proposition 3.2.15.
The same argument applies to the stable case. O

PROPOSITION 3.4.2. There exists a commuting diagram

B[cr—sst] C Rf—sst

|l

K( - Mg_SSty

where Mg_%t = Mg_SSt(Q(Q’), H,I'(I)), q is the GIT quotient as in Theo-
rem 1.2.21, the restriction ¢’ is a good quotient and j is the embedding of a
locally closed subscheme.

PROOF. Let Y denote Bt By definition, the pullback of the tautological
family M to Y satisfies

i*M ~ Hom' (T, E)

for a family E of (p, L)-regular semistable quiver sheaves of topological type
7 which satisfy the relations I.

Consider Z = YNRY~*%, where Y is the closure in R. This is a closed and G~
invariant subscheme in R?~%%¢. By our assumption that k has characteristic
zero, we know that ¢ induces a good quotient on Z, and it thus suffices to
show that Y lies in Z and that Y C Z satisfies the assumptions of Lemma
3.4.3. To see the inclusion, note that for a point z € Y the fiber

M, ~ Hom(T, &)

is f—semistable due to Theorem 3.3.19. A similar argument yields the tech-
nical condition involving the closed orbits in the closure. Indeed, as a
point z € QB! corresponds to some representation M = Hom(T, &) for
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a semistable quiver sheaf £, the closed orbit in the closure of the orbit of x
corresponds to the module

gr(M) = gr (Hom(T,€)) ~ Hom (T, gr(&)),

where the latter isomorphism is given by Theorem 3.3.23. Since gr(FE) is
again semistable of topological type 7, the closed orbit is also contained in
the image of the semistable quiver sheaves under the embedding functor. [

We repeat the technical lemma used in the preceding theorem as given in
[ ], Lemma 6.2.

LEMMA 3.4.3. Suppose that the action of a reductive group G on a scheme
Z admits a good quotient m : Z — Z//G. Further, suppose that Y C Z
denotes an open and G—invariant subset such that for each orbit O C 'Y the
unique closed orbit O’ contained in the closure O is also contained in Y.
Then, m restricts to a good quotient

mly: Y = 7n(Y)
of Y, where m(Y') C Z//G 1is open.

THEOREM 3.4.4. The scheme K as in Proposition 3./.2 is the coarse moduli
space for semistable quiver sheaves of topological type T which satisfy the
relations 1. The closed points of

K =M2*(X,Q,1)

correspond to S—equivalence classes of semistable quiver shaves. Further-
more, there exrists an open subscheme

MZSY(X,Q, 1) Cc MZ™>Y(X,Q,1)

which is the coarse moduli space for stable quiver sheaves of topological
type T. Its closed points correspond to isomorphism classes of stable quiver
sheaves.

PROOF. Since ¢ : B! — K is a good quotient, the corresponding natural
transformation
g:B[sst}/Q_>K

corepresents the quotient functor B /G (compare with the remark to
Definition [ ], Definition 4.6). But this quotient functor is locally
isomorphic to the moduli functor of semistable quiver sheaves by Proposi-
tion 3.2.15. Hence M also corepresents this moduli functor (where we use
[ ], Lemma 4.7).

The closed points of K correspond to closed orbits in BEst!. These orbits
further correspond to S—equivalence classes of A-modules (consider Propo-
sition 1.2.20), which are of the form Hom(T, &) for some semistable quiver
sheaf £ of topological type 7, as explained in the proof of Proposition 3.4.2.
We also know by Theorem 3.3.23 that S—equivalence classes of such modules
correspond to S—equivalence classes of semistable quiver sheaves.

A semistable quiver sheaf £ is stable if and only if the A—module Hom(7', &)
is stable. Hence
B[st] _ B[sst] N Re—st.
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The geometric quotient of R?~5! then restricts to a geometric quotient
BB — ¢(BBt)) = K’ ¢ K, which has open image inside K.

Repeating the argument above we see that K’ corepresents the moduli func-
tor of stable quiver sheaves, and that its closed points correspond to S-—
equivalence classes of stable quiver sheaves. But S—equivalence reduces to
isomorphism for stable objects. O

COROLLARY 3.4.5. The moduli space of semistable quiver sheaves satisfying
the relations

MFY(X,Q,1) € MF'(X, Q)

15 a closed subscheme of the moduli space without relations, and the same
assertion holds for the moduli space of stable quiver sheaves.

PROOF. The representation variety with relations I'(I) = I] U I} is a closed
subvariety

Rd(Q(Q/)v H, I,(I)) - Rd(Q(Q/)v H, Ii)?
and the tautological family M of right—A-modules on R = Ry(Q(Q"), H, I{)

restricts to a family M’ of modules additionally satisfying the relations I
on R = Ry(Q(Q"),H,I'(I)). According to Corollary 3.2.14 we thus have

( R')[reg] = R' N Rlresl,

ie. (R)l8l is a closed subscheme of R[®8l. Further, the property of sta-
bility and semistability is insensitive to the question whether relations are
imposed, so that the corresponding open subschemes parametrizing stable
and semistable quiver sheaves are closed inside the corresponding open sub-
schemes without the relations I,. This inclusion is respected by the quo-
tient. (]

3.5. Projectivity of the moduli space

In this section we want to show that the moduli space of quiver sheaves is
projective, if the quiver ) does not contain oriented cycles. In face of the
similar result for moduli spaces of representations (compare with Theorem
1.2.21) it seems unlikely that one can get rid of this condition. Furthermore,
we require that o is a rational stability condition for a crucial technical step
of Theorem 3.5.11 below.

Since the moduli space with relations is a closed subscheme of the moduli
space without relations (consider Corollary 3.4.5), it is sufficient to show the
projectivity for the case without relations, up to the question of bounded-
ness. We consider the case of a smooth and projective scheme X.

THEOREM 3.5.1. Assume that Q does not contain oriented cycles, and that
o s rational. Then, the moduli space of multi-Gieseker semistable quiver
sheaves of topological type T is projective over k.

PRrROOF. Counsider the proof of | ] Proposition 6.6, which holds almost
word for word in our setting. Nevertheless, we give a brief sketch to point
out the relevant references.
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Let R denote a discrete valuation ring over k with field of fractions K. The
valuative criterion then requires us to construct an extension

z : Spec(R) — M™*

for any given morphism zg : Spec(K) — M = M>'(Q, X). The identifi-
cation of the moduli space with a quotient as in Proposition 3.4.2 allows a
lift

Spec(K") 0, psst

_

Spec(K) —— Msst,

where K C K’ is a suitable finite extension of fields. Denote by R’ a discrete
valuation ring with field of fractions K’ which dominates R.

The remainder of the proof then reduces, modulo borrowing arguments from
[ ], to showing that a flat family over Spec(K’) of semistable quiver
sheaves of topological type 7 on X extends to a flat family of such quiver
sheaves over Spec(R’).

By Proposition 3.5.4 we can extend the family to a flat one since ) does
not contain oriented cycles. Our version of Langton’s theorem 3.5.11 then
allows to modify the family to obtain a family of semistable quiver sheaves
as needed. O

REMARK 3.5.2. For the strategy of proof presented here, both the condition
that ) contains no cycles, and the condition that ¢ is rational, are essential.
Interestingly, for extensions of families of quiver sheaves (as in Subsection
3.5.1), the rationality of o plays no role, while for the proof of Langton’s
theorem (consider Subsection 3.5.2), we may allow cycles in Q.

3.5.1. Extensions.

In this subsection we construct extensions of flat families of quiver sheaves
from the base Spec(K) to Spec(R), where K is the quotient field of a dis-
crete valuation ring R. A condition for this to work is that the quiver does
not contain oriented cycles.

Let U C X denote an open subset of a noetherian scheme over k with inclu-
sion map ¢. It is well-known that coherent sheaves on U can be extended
to coherent sheaves on X, but we need to ensure that morphisms extend as
well. For the case of a quiver without oriented cycles we can show that this
even holds for quiver sheaves.

ProproSITION 3.5.3. Consider a quiver sheaf £ on U over a quiver Q without
oriented cycles. There exists a quiver sheaf £ on X such that

g ly=E.

This extension is given as a quiver subsheaf of the quasi coherent quiver
sheaf i4&.
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PROOF. We recall the construction of the extension for a single coherent
sheaf F on U. As a first step, suppose that X = Spec(A) is affine. The push
forward under the inclusion map ¢ is quasi coherent and hence given by an
A-module -

i F = Mp.
The module Mg can be written n as a projective limit

Mp =3 N =limyN,
N
where the sum and limit are taken over the projective system of finitely
generated submodules N C Mp. Both the restriction functor and the tilde
functor preserve colimits, which yields

F=i,F [y=TmyN [p=3_ V.
N

But this sum is equal to one of the summands because F is coherent, so that
F = NO |y. In other words F' = N is the desired extension.

For the general case take an affine open covering X = V; U...UV,, and use
induction on n. If an extension F” is already given on X, = V; U...UV,,
that is F'|x,nv = F|x,nu, we apply the above construction to the open
subset (X, UU) N V41 C V,p1 to obtain an extension to V1.

To construct the extension of a quiver sheaf we recursively apply a slight
variation of this argument. It is easy to see that the same argument for
the reduction step to an affine scheme also holds in the quiver sheaf setting;
hence assume X = Spec(A).
If i € Qg is a source of the quiver, we use the construction to obtain some
extension & = (NiO)N for a finitely generated submodule Ni0 C M; = Mg,.
Suppose we have a vertex j € Qo such that for all its predecessors, i.e.
vertices which allow an arrow « : 7 — 7, the extensions are already con-
structed. That is

& = (V)"
for certain finitely generated submodules N& C M;,. Under the tilde functor
the push forward of the morphisms for the arrows corresponds to morphisms
of A-modules

(i*gak : Z*gzk — Z*EJ) = (fk : Mik — Mj)N .
To construct the extension of £; we do not consider the full system of finitely

generated submodules of M; but the subsystem of finitely generated sub-
modules which contain the finitely generated submodule

>k (NG) € M;.
k

Obviously, the sum over this system again has M; as a limit, and the rest
of the construction works as above.

The fact that @@ does not contain oriented cycles guarantees that this recur-
sion extends the sheaves at all vertices and the morphisms at the arrows in
finitely many steps. O
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We need the application of this result to the case of families over a discrete
valuation ring.

ProproSITION 3.5.4. Let R denote a discrete valuation ring with field of
fractions K, and suppose that @Q is a quiver without oriented cycles. Any
family £ of quiver sheaves over K extends to a flat family of quiver sheaves
over R.

PROOF. An application of Proposition 3.5.3 to the inclusion
U =X x Spec(K) C X x Spec(R)

provides the existence of an extension. It remains to show flatness.

Locally on Spec(A) x Spec(K), the sheaf & is given by an A ® K—module
M;, and the push forward i.&; is given by the same vector space equipped
with the structure of an A ® R—module via the canonical map

AR R - AQ K.

According to Proposition 3.5.3 the extension & is given by some finitely
generated submodule NZ-O. Because the canonical map is injective, M is
torsion—free as an R-module, and so Ni0 is torsion—free as well. This is
sufficient to show flatness over the principal ideal domain R. O

3.5.2. Langton’s theorem.

This rather technical subsection is devoted to proving a version of Lang-
ton’s theorem (introduced in [ ]) for multi-Gieseker semistable quiver
sheaves. Suppose that we have a flat family of quiver sheaves over the spec-
trum of a discrete valuation ring. The theorem then states that if the fiber
over the open point is semistable, the family can be modified over the closed
point such that the fiber there becomes semistable as well.

For the proof we first introduce some technicalities, which are not of general
interest with respect to the other sections of this thesis. For the proof of
the theorem itself, we mostly follow the reasoning of | ], Theorem 2.B.1.

Fix a quiver @), a projective and smooth scheme X over k, a dimension
d < dim(X) and a stability condition (L,o) on Q.

For a quiver sheaf £ we consider the number
s(€) = max(dim(&;)) € N.

Following | | Definition 1.6.1, the category @ — Coh(X); is given as
the full subcategory of the category @@ — Coh(X) of quiver sheaves £ with
s(€) < s. Clearly,

Q) — Coh(X)s C Q — Coh(X),
for s < t is a full subcategory, which obviously is closed under subobjects,
quotients and extensions. Hence it forms a Serre subcategory, and we can
consider the quotient category

Q — COh(X)CLd/ = Q - COh(X)d/Q — COh(X)d/_l.
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For background on this construction we refer to | ]. The quotient cat-
egory is again abelian and the canonical functor

Q@ — Coh(X)4 — Q — Coh(X) g,

is exact ([ ], Lemma IIL.1). Note that two objects £, F in Q—Coh(X)q 4
are isomorphic if and only if there exists an ordinary morphism ¢ : € — F
such that kernel and cokernel of ¢ are contained in QQ — Coh(X )z 1 (| ]
Lemma I11.4). In this case we say that they are isomorphic in dimension d’.
By additivity of Hilbert polynomials on exact sequences we thus get a well—
defined map
P?:Q — Coh(X)ga — R[T]g,a,

assigning to a quiver sheaf its multi—Hilbert polynomial with respect to the
fixed stability condition. Here, R[T] 4 denotes the ordered vector space

of polynomials of degree at most d modulo polynomials of degree at most
d —1. By

we denote the reduced version.

We say that £ is pure in Q — Coh(X)gq if Ty—1(E€) = Tg—1(E). The defi-
nition of semistability and stability applies to the relative setting, where we
replace the multi-Hilbert polynomial by its class in R[T]4 4. This satisfies
the properties of a stability condition in the sense of [ ].

REMARK 3.5.5. Clearly, for d’ = 0 we recover the definition of semistability
in @ — Coh(X), and for d = d — 1 we obtain slope semistability. The case
d' = d is trivial because the reduced Hilbert polynomial is just the monomial
1 d

=T

d!

REMARK 3.5.6. Unless emphasized differently, we are concerned with or-
dinary quiver sheaves in the proof of Theorem 3.5.11. That is, in writing
F € Q — Coh(X)g 4 we refer to an object in @ — Coh(X)q 4 which is rep-
resented by the quiver sheaf F.

By Proposition 1.9 of | ], there exist maximally destabilizing subobjects
for objects in @ — Coh(X)g4 4. For technical reasons we want to make sure
that these subobjects are represented by saturated quiver subsheaves.

LEMMA 3.5.7. The mazimally destabilizing subobject
GCF

of any quiver sheaf F € Q@ — Coh(X)ga is represented by an actual quiver
subsheaf G C F which is saturated.

PROOF. First consider any representative and the map i : G — F giving the
inclusion. This provides the diagram

G— " - F

e

G/ ker(i)
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Since ker(7) is small we may replace G by G/ker(i). In the second step
consider the saturation

gcgsatCI-

Assuming Ggat/G not to be small, we have a strict inclusion G C Ggqt in
the quotient category. But this contradicts the maximality of G because
Gsat has larger multi-Hilbert polynomial (both ordinary and modulo smaller
degrees). Hence, G and G, are isomorphic in Cohg g/ (X). O

We need another preparatory lemma.

LEMMA 3.5.8. Suppose that € and F are quiver sheaves projective scheme
X of dimension n such that s(£),s(F) < d and such that there is an iso-
morphism ¢ : £ — F in dimension d — 1. Then the induced morphism

ol FP - &P
s an isomorphism.

PROOF. It is sufficient to prove the corresponding assertion about sheaves
on X in a functorial way. To that end, consider the exact sequence

0 — ker(p) = F — im(p) — 0,

where by assumption the codimension ¢ of the kernel is greater equal to
n — d. Consider the induced exact sequence

Ext® ! (ker(p), wx) — Ext(im(y),wx)
— Ext®(F,wx) — Ext(ker(p),wx).

By | | Proposition 1.1.6 both terms involving the kernel vanish. Hence
there is an isomorphism

o7 Ext¢(im(y),wx) — FP.
Applying the same argument to the cokernel sequence shows that
GP — Ext¢(im(p), wx)
is also an isomorphism, which finishes the proof. U
Let X denote a projective scheme over an algebraically closed field k of
characteristic 0, and consider a field extension £ C K. Denote by £k the
base change of a quiver sheaf £ on X, and by Lj the base change of the

tuple L. We now show that semistability is preserved by field extensions.
This is a variant of | ], Theorem 1.3.7.

PROPOSITION 3.5.9. Let £ denote a pure quiver sheaf on a projective scheme
X over k which is semistable with respect to some stability condition (L, o).
Consider o finitely generated field extension k C K. The pullback Ex is a
semistable quiver sheaf on X with respect to (Ly,0).

PROOF. We even claim that the Harder—-Narasimhan filtrations are compat-
ible in the sense that

HN; (k) = HN; (€) ) .
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First note that any morphism [ — L of fields induces a flat morphism
Spec(L) — Spec(l), so that

h (X, Er) = h° (X, Ey)

for any coherent sheaf F; on X; (compare with the proof of | | Propo-
sition II1.9.3). In particular, this implies that the Hilbert polynomials for
quiver sheaves £ on X = X}, remain identical in the sense that

p(LG) (&) = p(LKJ) (Ek).

Further, the flatness implies that quiver subsheaves and quiver subquotients
of £ get mapped to quiver subsheaves and quiver subquotients of £k respec-
tively.

A first consequence of these remarks is that if £k is semistable, so is .

If we can then show that the Harder—Narasimhan filtration of £ is induced
by some filtration F* of £ in the sense that HN; (€x) = (}'i)K, then F*
satisfies the properties of the Harder—Narasimhan filtration of £.

By induction on the number of generators of the field extension k C K we
reduce to the case that K = k(z), where z is either transcendental or alge-
braic and hence separable over k (note that k is perfect).

In the separable case we pass to the normal hull, so that we may assume
the extension to be Galois. Thus, HN;(£k) is induced by a quiver sub-
sheaf F* C € if and only if HN;(Ex) is invariant under the induced ac-
tion of G = Gal (K/k) on Ex. To see this, we note that the correspond-
ing descent question for sheaves is locally a question whether a submodule
N C M ®; K over R @ K, where M is a module over some k—algebra R,
is induced by a submodule N’ C M if N is invariant under the induced
action of G on M ®j K. This is true by | ], Proposition 16.7, with
N' = M ®; kN N. Clearly, these descents are also respected by induced
morphisms f ®x K : My ®p K — Mo @y K.

In our situation, we can see that for any g € G the g x HN; (k) satisfy
the properties of the Harder—Narasimhan filtration by applying our initial
remarks to the induced morphism g : Spec(K) — Spec(K). Hence the
Harder—Narasimhan filtration is invariant and we are done.

In the case where x is transcendental over k, i.e. K = k(x) is the field of
rational functions, we can use a similar argument using the relative automor-
phism group G = Aut (K/k), once we note that the relative automorphisms

T ax
for a € k* have k as their fixed point field (this follows from the fact that
there are no invariant polynomials by using | | Proposition 6.2). O
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LEMMA 3.5.10. Let X — S denote a morhpism of finite type between noe-
therian schemes. Suppose that So C S is a closed subscheme defined by a
nilpotent ideal sheaf T C Og. Then a quiver sheaf F on X is flat over S if
and only if it is flat over Sy and the natural multiplication map

IT®sF—=1TF
18 an isomorphism.

PRroOF. This follows from the sheaf version [ ] Lemma 2.1.3 once we
note that the notion of flatness can be checked at each vertex and the natural
multiplication map for sheaves extends to quiver sheaves. O

We are ready to prove Langton’s theorem for families of semistable quiver
sheaves.

THEOREM 3.5.11. Let R denote a discrete valuation ring with mazximal ideal
m = (7), field of fractions K, and residue field k.

Let F be an R—flat family of d—dimensional quiver sheaves on X such that
Fk = F @r K is semistable in QQ — Coh(Xg)qq for some d < d. Then
there exists a quiver subsheaf £ C F such that Ex = Fx and such that &
is also semistable in Q — Coh(X)gq .

PROOF. We prove the following (stronger) auxiliary statement:

Suppose that for &’ < § < d we have that Fj, is semistable in Q—Coh(X)g 541
in addition to the assumptions of the theorem. Then there is a quiver sub-
sheaf & C F such that £k = Fi and & is semistable in Q — Coh(X)g;.

Assuming that the auxiliary statement is true we obtain the statement of
the theorem by induction on §, where the case § = d — 1 is trivial (compare
with Remark 3.5.5). From now on we assume that the auxiliary statement
is false. By recursion we will define a descending sequence of quiver sheaves
on X R
F=F'>F'oF>.. .,

where Fj = Fg for all n. Under the assumption that the auxiliary state-
ment is false each F} is unstable in @) — Coh(X)gs.
Suppose that F™ was already defined. Let K" C F' be a saturated repre-
sentative for the maximally destabilizing quiver subsheaf (given by Lemma
3.5.7) and define G" = FJ'/K™ (note that G" is pure). Then F"*! is given
as

Fl = ker (F" — F — G").
Note for later use that this implies "1 = F" /7 F"~1. Because outside of
the closed point Spec(k), that is on Xg, every section gets mapped to zero
we have ]-"}}H = Fg.
There is an obvious exact sequence

(S1): 0 - K" = F = G" — 0.
Furthermore, we may now construct a second exact sequence
(52):0— G" — Fptt - K" — 0.
Note that using induction these two exact sequences imply
(EQ1) : P°(F}) = P°(Fx) € R[T].
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To construct the second sequence first note that F;' = F"/7nF", where we
denote the projection map as

q:F" = Fp = F"/nF".
By construction of F"*! and the universal property of the kernel we have

an induced map ¢qp : F*t! — K". Note that 7F" C F**! and nF" clearly
gets annihilated by ¢q. Hence we obtain an induced morphism

q0

J—_'n—i—l

l q’

Frtl g Fr.

IC’n

Further note that 77"+ c 7F™, so that ¢” induces a map
¢ Fptt = Frt e o K
The kernel of this map consists of (classes of) sections of F"! which get
annihilated by gg. Hence
ker(q') = ker(qo)/mF" T = o F" n FHL

By flatness, we further know that 77" ~ F" and 7 F"*! ~ F*+1  Since
the maps used for the construction of F"*! are surjective we also have
G ~ F"/F"*1. This yields ker(q') ~ G".

To finish the construction of (S2) observe that the surjectivity of ¢’ is in-
herited from g.

We define C" = G" N K" considered as quiver subsheaves of ]-",?H via
the exact sequences above. Then the exact sequence (52) and the obvious
inclusions C" C G" and C" C K"*! induce a map K"*!/C" — K"

0 gn f]?—H cn 0
A
I
|

00" —= KM+ o et on o),

A proof by diagram chasing shows that 4 is an inclusion (note that C" is
a pullback). In a similar fashion, using sequence (S1), we get a monomor-
phism G"/C" — gntl,

Assuming that C" is not isomorphic to zero in @ — Coh(Xj)4s yields a
contradiction as follows. In case C" = K"t we get the inequalities
(IE1) : p7(K™1) = p7(C") < prax(G") < p7(K") € R[T]as.

The rightmost inequality holds because pg,. (G") and p? (K™) are the second
and first Harder-Narasimhan weights of 7} respectively. In case C" # et
we have the inequalities

(1E2) : p7(C") < p7 (K™1) < p7 (K" /C™) < p7 (K™) € R[Ta.

The first and last inequalities hold by the defining property of a destabilizing
subobject. Note that the first inequality is strict because of the assumption,
and the latter inequality also uses the inclusion constructed above. The
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inequality in the middle is implied by the first one using the obvious exact
sequence.

In any case we have
(IE3) : p? (K™ < p?(K™) € R[T)ys.

If C™ is not isomorphic to zero this holds by (I E1) and (IE2). And if C" ~ 0
this holds because we have the inclusion X"+ = K+ /cn c K.

Since we assume Fj, to be semistable in @ — Coh(X)g5+1 we have that
p? (K") < p?(F}) € R[T]4641. But strict inequality would also imply

p7(K") < p? (Fy) € R[T]as,

contradicting the fact that F}' is not semistable. Together with (EQ1) we
thus arrive at

(EQ2) : p”(K") = p°(Fk) € R[T]as+1.
Hence

p°(K™") =17 (Fi) = BT’ € R[T]45

for some (3, € R. We need some properties of the sequence 5, € R.
Because p?(K") > p?(F}) = p°(Fr) € R[T]45, which holds by unstability
of 7 and (EQ1), the 3, are strictly positive, and by (IE3) their sequence
is decreasing. Finally, the possible values for 3,, are contained in discrete set
(consider Lemma 3.5.12). Hence, /3, must become stationary for n > 0, and
without loss of generality we restrict ourselves to such n in the following.
This implies p?(K™) = p?(K™™!) in R[T]4s, and because this contradicts
both (IE1) and (IE2) it implies furthermore that

GrnKttt =cm ~o0.

Observe that C" is a quiver subsheaf of a pure quiver sheaf of dimension d
(G"™ or K"™1). But since it can not have dimension d it must equal zero,
so that there are inclusions ¢ : K"t — K" as well as j : G* — G"! in
Q - COh(Xk)dﬁ.
Note that P7(K") = P?(K""!) € R[T)4s as well for large enough n because
the rank of the K™ can not descend forever. Combined with (EQ1) this
gives

(BQ3) : P(g") = P7(G™) € R[Tus.
Since G" is pure the kernel of j is either zero or of dimension d. Clearly the
latter is absurd, and hence there are actual inclusions j : G" C g™t Thus
we get exact sequences

0—G" — gt = grn/gntt -0,
where (FQ3) implies that the rightmost term is isomorphic to zero in the
category @ — Coh(X}y)as. So the G" are isomorphic in dimension ¢ and

thus in particular in dimension d — 1. By Lemma 3.5.8 their reflexive hulls
(G™)PP are all isomorphic, so that the sequence

¢’cg'cg’c...
is an increasing sequence of quiver subsheaves of the fixed quiver sheaf which
is given as this reflexive hull, and must thus become stationary. Again we
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restrict to the case where n > 0 is such that this is the case and set G = G".
We can see that this implies that the sequences (S1) and (52) split as follows.
Consider the diagram

0—— K"t — = Kt g gn g" 0

|

]:]?Jrl gn+1 0’

0— ICn-i—l

where the first row is given by (S1) and the middle morphism as the sum
of the injective morphisms in (S1) and (S2). Thus there is an induced mor-
phism G" — G"+1. By construction, this is exactly the inclusion morphism
G™ C G"*!, which turned out to be an isomorphism, so that

f?+1zlcn+l®gn:]c@g
for all n large enough.

Define " = F/F™. Because nF" C F"! and so by induction 7" F C F",
there is a well-defined quotient map

F/a"F — F/F" =&

By the local flatness criterion for quiver sheaves 3.5.10 we thus know that
E™ is flat over R/7".

Next, we want to show &' ~ G, which gives us the topological type of £".
Using Noether’s isomorphism theorem we obtain

& = (F/F))(w(F/F) = (F/F)/(xnF + F")[F") = F/(nF + F"*)
~ (F/nF)/(F"+nF)/nF) = Fi/im(a),

where « is the composition of the morphisms
an : Ffp = Fph [ nF e fm
Note that

ker(ay,) = nF" 7 fnFr o~ FrolJFr o~ gt
im(ay,) = F"/rF" = KL

which implies that we get decompositions

Fr=K"®G" ! =im(any1) ® ker(ay,).
Hence im(a) = im(aq) = K and £ = G° ~ G as desired.
Summarizing these results we have shown that £” is a quotient

Fr, =" —0,
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which is flat over R, = R/zn". This corresponds to a morphism ¢ over
Spec(R) which fits into a diagram

QUOtf/))( /R z Spec(R).

R

Spec(Ry,)

Hence the image of o contains the closed subschemes Spec(R,,) of Spec(R)
for all n, which is only possible if ¢ is surjective.

The morphism Spec(K) — Spec(R) corresponds to a point y € Spec(R)
such that k(y) € K. By surjectivity of o we can find an inverse image
x € Quotf/))( /R(.F,T(g)). Let K’ denote the common extension of the
induced field extension k(z) C k(y) and the extension k(z) C K, so that

/\
\/

Reversing the correspondences used above the extension k(y) C K’ gives a

morphism Spec(K') — QuOtf/g))f /R

Figr—U—0

over Spec(R) and hence a quotient

with topological type 7(G). By Proposition 3.5.9 we know that Fg/ is
semistable. But by our assumptions, the Hilbert polynomials satisfy the
inequality

p7U) =p°(G) > p7(F}) = p°(Fk)-
This is a contradiction. O
The fact that the stability condition o is rational is crucial for the validity

of the proof of Theorem 3.5.11. Because of its significance, we state the
relevant step as a separate lemma.

LeEMMA 3.5.12. With notation as in the proof of Theorem 3.5.11, the num-
bers B, such that
P (K") = p7 (Fi) = BuT®
are contained in a discrete set, if o is rational.
PROOF. Since the polynomial p? (Fy) is independent of n, it remains to show

that the coefficients of p? (K") take values in a discrete set. Such a coefficient
is given as

ZzEQO ZN Ul]a6 UC?)
> ieqo Ej:laijad (K7
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By construction, K" is a quiver subsheaf of 77!, so that each asj (KP) is

an integer between 1 and oeCLlj (K"). The upper bound is independent of n
because Fp = ]-“}“(H and F" is flat, so that there are only finitely many
possible values for the denominator.

For § < d it is well-known that the coeflicients ozéLj (K7') take value in some
lattice (1/7!)Z. The numerator thus takes values in a set of the form
Zai + ...+ Za,

for finitely many rational numbers a,. By factoring out the denominators
of the a;, we see that this set is contained in a cyclic subgroup Za C R, and
is thus discrete. U

REMARK 3.5.13. If o € R is irrational, the set
7+ Zo C R

is dense. Hence, for o which are not rational, the proof of Lemma 3.5.12,
and hence the proof of Theorem 3.5.11, is no longer valid.

3.6. Variation of stability conditions

In this section we study the question of the dependence of the moduli spaces
on the stability parameter 0. We consider some given (possibly empty) set
of relations I.

3.6.1. Walls and chambers.

Fix a natural number p, a topological type 7, a dimension d and a tuple L
of ample line bundles on some projective scheme X. Furthermore, consider

a fixed subset
QoxXN
2 C (R%XY)

which is separated from the boundary of (RQ()XN ) e That is, we require the
existence of a closed polyhedral cone

Y Y c RPoxN

which, except for the origin, is contained in (RQ()XN ) 4 We recall that
a chamber structure on X' in the sense of | | Definition 4.1, is a
collection of real hypersurfaces

W=W,; ield).

The chambers are the maximal connected subsets C' C R™ such that for each
wall W; either C C W; or C N W; = () holds. Note that, by definition, the
chambers are connected components of real semialgebraic sets, and so are
path—connected as well (since they even admit triangulations according to

[Lo64]).
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We consider the family S of quiver subsheaves F C £ which satisfy the
conditions

(1) € is pure of dimension d, (p,L)-regular, of topological type 7, and
satisfies the relations [

(2) F C € is saturated,

(3) p?(F) > p? (&) for some o € 3.

We need to ensure that this family is bounded, and the proof of this fact
employs the properties of the auxiliary cone ¥'.

LEMMA 3.6.1. The family S is bounded.

PROOF. Since the topological type 7 is fixed, the expression

N L;
Zz‘er Zj:l 0ijrg’ (&)
N L;
D icqo 2oj=1 iy’ (&)

does only depend on o € ¥/. By an argument as in the proof of the
Grothendieck lemma 3.1.21, this is bounded from below as a function in
o. Hence, S is bounded by the Grothendieck lemma. U

o(E) =

To each quiver sheaf F € S, and each integer 0 < e < d—1, we can associate
a wall. It is defined by the equation

N
Wer: S oijom (aﬁf (Fo)ak (&) — ol (&)al (]—'k)> = 0.
1,k€Qo j,l=1

The chamber structure we consider is given by the equations which are non—
trivial, i.e. which carve out neither the empty set nor the whole of >'.
Note that o is contained in the wall W,  if pZ and p% have the same coef-
ficient in degree e. Also note that the boundedness implies that there are
finitely many distinct walls, as the coefficients of the equations are deter-
mined by the topological type of F.

LEMMA 3.6.2. Let € denote a purely d—dimensional and (p, L)-reqular quiver

sheaf of topological type T which satisfies the relations I, and consider a

quiver subsheaf F C & contained in the family S. Suppose that o and o’ are

stability conditions in ¥’ which are contained in the same chamber C. Then
p% < pZ if and only if pF < pZ .

A similar assertion holds for strict inequality.

ProoOF. This is a variant of the proof of Lemma 4.6 in | ]. For

brevity, we concentrate on the case of non—strict inequality.
We may write

d a
c
M —pg =Y ST e Rl
s=0 "'
Assuming that p% < pg but p%/ > pg/, we can choose a minimal index e such
that ¢/ = ¢ = 0 for all t > e, so that
c¢Z <0 and cg/ >0,
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but not both vanish at the same time. The function
N L N L,
(o) = Zz‘GQO Zj:l gijac’ (Fi) Zz‘er Zj:l oijac’ (&)
- N L o N L
Zker 2oim1 ok (Fi) Zkng > e oriey (Ex)
is continuous in o, has the wall W, r as vanishing locus, and satisfies ¢ =

f(o). Hence, either o or ¢’ is not an element of W, r, so that C' is not

contained in the wall. But if neither ¢Z nor ¢Z’ vanishes, they have differing
signs so that f(o”) = 0 for some ¢” on a connecting path from o to ¢’ inside
C. In any case, we deduce that C N W, r # ), which is a contradiction. [

PROPOSITION 3.6.3. Consider X,%,p,d, 7 and L as explained above. Then,
the finite chamber structure W = (W, _r) encodes the equivalence of stability
conditions. More precisely, for any stability conditions o and o' inside ¥’
which belong to the same chamber C, and for any purely d—dimensional and
(p, L)-regular quiver sheaves € and &' of topological type T which satisfy the
relations 1, the following assertions hold.

(1) € is o-semistable if and only if £ is o’ ~semistable, and the same as-
sertion holds for stability.

(2) Let € and &' be semistable with respect to both o and o'. Then & is
S—equivalent to &' with respect to o if and only if it is with respect to

o’.

PROOF. The proof is the same as the corresponding proof of Proposition
4.2 in | |, where we use our Lemma 3.6.2. O

COROLLARY 3.6.4. The chamber structure on X' as in Proposition 35.6.3
induces a finite partition of % such that the behavior of stability and S—
equivalence remains unchanged as o wvaries within any fized block of the
partition.

Proposition 4.2 in | | is a special case of our Proposition 3.6.3 in
the case of the trivial quiver () = e and torsion—free sheaves on an integral
scheme. In contrast to their result, we can not guarantee the existence
of rational points in the chambers, though in the special case of symmetric
stability conditions, discussed in Section 3.7 we can. For our variation results
however, we need to assume the existence of rational points.

ASSUMPTION 3.6.5. Each chamber on ¥’ contains a rational point. In that
case, we can replace any stability condition ¢ by a rational one without loss
of generality.

REMARK 3.6.6. The relations we used in our definition of S select a sub-
family from the corresponding family S’ wich we get without imposing the
relations. The chamber structure without relations is thus a refinement of
the chamber structure with relations.

Asin | |, we think of ¥’ as a bounded set of stability parameters, so
that the integer p could then be chosen so that all semistable sheaves with
respect to some o € ¥/ are (p, L)-regular.

The cone ¥’ is just an auxiliary object. Its purpose is to ensure the bound-
edness of the family S (compare with the proof of the Grothendieck Lemma
3.1.21), so that there are only finitely many walls. A priori it seems possible
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that for the whole set (RQ()XN ) n this is no longer true, i.e. that the walls
accumulate at the boundary.

It is also true that the partition of X which is induced by the chamber struc-
ture on Y’ does not essentially depend on the choice of ¥/. We say that
two conditions o and ¢’ in ¥ are equivalent if for any purely d—dimensional
quiver sheaves £ and &£’ of topological type 7 we have

(1) &€ is o—semistable if and only if £ is o’—semistable,
(2) € and &' are S—equivalent with respect to o if and only if they are
S—equivalent with respect to o’.

COROLLARY 3.6.7. The partition of ¥ induced by a chamber structure on Y,
as i Corollary 3.6.4, is a refinement of the partition of X into equivalence
classes. In particular, the latter is finite.

REMARK 3.6.8. Even though we can not ensure the existence of rational
points in the chambers, we can ensure the existence of points with real al-
gebraic entries. Such points are even dense within each chamber.

To see this, consider a real closed field K C R, eg. K = R or K equal to
the set of real algebraic numbers. We note that each chamber in ¥/ is an
open subset of a real algebraic variety Z, which is defined by polynomials
(of degree two) with rational coefficients. Hence, for any real closed field
K C R, any fixed rational point z € R?*N and any rational number & > 0,
the statement
(Sz.e, K): Z(K) N B:(x) is non—empty

is a statement of elementary arithmetic in the sense of Tarski (see [ D,
with variables which take values in K, and not containing free variables.
According to | |, the theory of elementary arithmetic is quantifier—
eliminable, so that (S;., K) is equivalent to a statement (S .) which does
not contain any variables at all. In particular, (S .) is independent of the

choice of a model K for the axioms of a real closed field. Consequently, the
same is true for (S; ¢, K). Now, Z(K) C Z = Z(R) is dense if

Vo € QUNVe € Qug: Z(K)N B.(z) # 0 < Z N Bo(x) £ 0,

which, as we have seen above, is a true statement.

3.6.2. Variation of moduli spaces.

We now want to describe the behavior of the moduli spaces when chang-
ing the stability condition. For this to work, we need the moduli spaces
M?Z=55H(X,Q, I) to be projective. Hence, we assume that @ contains no
oriented cycles, which also implies that Q(Q’) does not contain oriented cy-
cles (Lemma 3.2.3). Furthermore, we assume that X is smooth, and that
Assumption 3.6.5 holds, ie. that each chamber contains a rational point.
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Let X C RgBXN be a finite subset of rational, positive, and bounded stability
conditions under a given set of relations I, and choose m > n > p > 0 so
that the conditions (1)—(4) in the beginning of Section 3.4 are satisfied for
all 0 € ¥. Let

Rp = Rd(Q(QI)7 H7 I/(I))
be the representation variety of Q(Q') with labeling H and relations I'(1),
where d is the dimension vector determined by 7,m and n. This embeds
as a closed subvariety into the representation variety R = Ry(Q(Q’), H).
Moreover, for o € ¥ let § = 6(d, o) be the corresponding parameter defined
in Section 3.3, and let

B [oc—sst] C Ry

denote the locally closed subset of Ry that parametrizes —semistable points
in Ry that lie in the image of the embedding functor Hom(T', %) from Section
3.2.2, i.e., f—semistable points that come from o—semistable quiver sheaves
of topological type 7 which satisfy the relations I. Then, B~ is also a
locally closed, and G—invariant, subset of R. Define

7 = U RBlo—sst]
oex

THEOREM 3.6.9. Let Z be as above. Then,
Ze—sst _ RO—sst N7 = B[a—sst]

and the moduli space M2~ (X, Q, 1) is given by the GIT quotient
]\47?—5513()(7 Q7 I) — ZQ_SSt//G.

PRrROOF. First of all, by the same argument as in the proof of Theorem 10.1
of | ], it follows that Bl is a dense open subset of Z~5,

Now, by the assumption that () has no oriented cycles, the same holds for
the twisted quiver Q(Q’), and hence the quotient R7~%5!//G is projective.
Since Z is a closed and G-invariant subscheme, the GIT quotient Z?—55¢ /]G
embeds as a closed subscheme of RY~%*//G and is thus also projective.
Since M?~%4(X,Q,I) = Blo=s81//G and Z9%//G are both projective,
the image of M?~*(X,Q,I) = Bl°=**1/ /G in Z%~5*/ /G by the morphism
induced by the inclusion Bl2—s5t) C Z0=5s is closed. Being also dense, this
image has to coincide with Z9=*5!//G.

Let m : Z0~* — Z9=55//G denote the quotient morphism. By the com-
parison of S—equivalence (Theorem 3.3.23), for each G—orbit O in B lo—sst]
the closed orbit @ in the orbit closure O lies in Bl°—55t Hence, we can
apply | ], Lemma 6.2, to conclude that 7 restricts to a good quotient
Blo-sstl _ Blo-ss1/ /G and that 7 (r(Bl~*1)) = Blo—s51l, Together
with the above established identity m(Bl7—s5t) = Z0=sst this implies that
B[a—sst} — Z@—sst' O

We obtain a Mumford—Thaddeus principle for o—semistable quiver sheaves,
with essentially the same proof as in | ]. Note that the Thaddeus
flips occurring here are to be interpreted in the context of VGIT of Z.
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COROLLARY 3.6.10. Let o and o’ be bounded stability parameters under some
given set of relations I. Then the moduli spaces

M4 X, Q,I) and M?Z~*(X,Q, )
are related by a finite sequence of Thaddeus flips induced by VGIT of the
variety Z.

3.7. Symmetric stability conditions

The results about construction and variation of the moduli spaces, as out-
lined in Sections 3.4 and 3.6, demand that the family of semistable sheaves
under consideration is bounded. In general, we can not guarantee that this
is true, though in the case that o;; does not depend on the vertex i € Qo,
we can build upon the boundedness results of | ].

Recall that

0 = (Uij)je{l,...,N}
is the restriction of o to the vertex i € Q9. For the remainder of this section
we make the following assumption, which could also be understood as o
being symmetric under permutations of ().

AssUMPTION 3.7.1. The tuples o; € ]RJEVO \ 0, for i € Qy, all coincide.

Under this assumption on o, we let & € RV denote this common restriction
of 0. As a technical tool, we consider (Qp—tuples

(gi)iEQo
of coherent sheaves on X, following an idea of Schmitt (cf. | ]). Tupels
can be identified with quiver sheaves for the quiver with the set of vertices
Qo and with no arrows. In particular, if £ is a quiver sheaf, we obtain a Qy—
tuple (&;)icq, of coherent sheaves by forgetting the morphisms &, : & — &;
given by the arrows « : i — j of Q. By a subtuple of a Qo-tuple (&;)icq,
we mean a Qo-tuple (F;)icq,, where F; is a coherent subsheaf of &; for each
i. If o € (RN, we say that a Qo—tuple (& )icq, is o-semistable if it is
pure of some dimension and the inequality

PF < pg
holds for all nontrivial subtuples (F;)icq, of (&i)icq,-

Let E denote any coherent sheaf on X, and pick any vertex ig € Q9. Then
we define the quiver sheaf §;,(E) by
E =1,
0ig (B = { 0 i4ig ,0i0(E)a = 0.

It is very easy to verify that
o __ . %ig
Ps,(B) = PE -
LEMMA 3.7.2. Let £ denote a o—semistable tuple of sheaves on X. Then
Pg = pg!
for all vertices i € Qq. Moreover, all & are o;—semistable.
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PRrROOF. Clearly, 0;,(&;,) is both a subobject and a quotient of £ in the
category of tuples. Thus the equality of the Hilbert polynomials follows.

If U C &; is any subsheaf, then §;(U) is also a subobject of the tuple €.
Hence

Py = P5,un) < PE =Dpe-

REMARK 3.7.3. The condition

g =g,
of course implies the equality of degrees of these polynomials. Since we
require that o € (R20*N),  this implies that the dimensions

dim(&'),i € Qo,
all coincide.
LEMMA 3.7.4. Let (&)icq, and (Fi)icq, be o-semistable tuples and assume
that pg > p%. Then
Hom(&;, F) =0
for all i,k € Q.
PROOF. Let i,k € Qo. By Lemma 3.7.2, & and F}, are both semistable with

respect to ¢, and pgi > p?_—k. The claim then follows from general properties
of stability conditions (cf. | |, Proposition 1.2.7 and its proof). O

Although we are interested in quiver sheaves and tuples, we formulate our
next lemma in the general setting of stability conditions on abelian categories

(cf. [RO7)).

LEMMA 3.7.5. Let
0=&c& Cc---Ccé =€
denote the Harder—Narasimhan filtration for some object £ with respect to
some semistability condition p (in the sense of | 1).
Then, for all 0 < i < r we have

(&) > p(€).

ProoF. We proceed by induction on .

If the filtration is nontrivial, we clearly have (&) > p(€). Now suppose
that u(&) > p(€) is already settled, that is, u(&) > p(€/&;). The Harder—
Narasimhan filtration of £/&; is given by

0C EZ'Jrl/gi (@R Cg/gi,

and by definition &;;1/&; is then a maximal destabilizing subobject of £/&;,
so that

(1) (&1 /&) > m(E/Es).
The short exact sequence
0—&41/& —E/E = E/Eiv1 — 0
then yields
p(E/&) > min{u(Eit1/E), €/ Ei1)} = p(E/Eivr),
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where the equality holds by virtue of (1). Hence,

(&) > p(&/E) > (€ /Eiva),

which then implies that p(&i+1) > p(€). The claim thus follows by induc-
tion. U

PROPOSITION 3.7.6. Assume that o satisfies Assumption 3.7.1. Let £ denote
any pure quiver sheaf. Then & is o—semistable as a quiver sheaf if and only
if £ is o—semistable as a Qo—tuple of sheaves on X.

In that case, all sheaves &; are 6—semistable. Moreover, the numbers dim(&;)
all coincide.

PROOF. We first assume that £ is semistable as a quiver sheaf and show
that it is then semistable as a tuple. Let therefore

0=F'crlc.-.cF=¢

denote the Harder—Narasimhan filtration in the category of tuples. We as-
sume that this filtration is not trivial, i.e., r > 2.

Because p%, > pg for all k, by Lemma 3.7.5, none of the F* can be a
quiver subsheaf of £, so that for each index k there exists at least one arrow
(a:i— j) = (a®: i — j*) such that

Ea(FF) L T
Fix one such k and « : i — j and choose | minimal such that &,(FF) C ]-'Jl
By choice of o we clearly have | > k + 1. Furthermore, choose m maximal

such that F" C ker(&,). Again, the choice of o implies m < k — 1. Then
we have a well-defined induced morphism

frFYFEr - F S
which does not vanish by the choice of m and [. Note that
FPTUFR = (FY Y,
is 6—semistable according to Lemma 3.7.2, with the same multi—Hilbert
polynomial as the corresponding subquotient of tuples. Now,
p;:k/]:k—l < p}':mﬂ/].—m
< pf;-z JFI-1
< p}’}kﬂ JFk>

where the first and third inequalities follow by the properties of the Harder—
Narasimhan filtration, and the second inequality follows from Lemma 3.7.4
because of the existence of the nonzero morphism f. Now, the inequality

p;k/]:k—l < p;:kﬂ/]:k

is a contradiction. Hence, £ is already semistable as a tuple.

The other implication is trivial, and the question of semistability of the &;
and their dimensions is taken care of by Lemma 3.7.2 and Remark 3.7.3. [
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Under the assumption of this section we can now show a boundedness result
for families of semistable quiver sheaves for certain varieties X, building on
the work of | ]. Note that this also implies the boundedness of the
subfamily defined by any set of relations 1.

THEOREM 3.7.7. Let X be a smooth projective variety, and let T € B(X)gO
be a fixed topological type. Assume further that one of the following condi-
tions holds:

(1) dim(X) < 3,
(2) the Picard rank of X is at most two,
(3) all the sheaves under consideration are of rank at most two.

Then, for any subset ¥ C (RPOXN) of parameters o satisfying Assump-
tion 3.7.1, the family of all quiver sheaves of topological type T which are
semistable with respect to some o € % is bounded.

PROOF. By Proposition 3.7.6, the claim follows from the corresponding
boundedness result for G—semistable sheaves in | |, Corollary 6.12.
O

Clearly, the set of stability conditions ¢ which satisfy Assumption 3.7.1 form
a subset Y of (RQ(’XN ) N which is convex. Hence, it is possible to move
from one such condition to another without leaving this subset. At least for
torsion—free quiver sheaves, the walls encoding the change of stability are
hyperplanes.

PROPOSITION 3.7.8. Let 7 denote a topological type of torsion—free quiver
sheaves on an integral and projective scheme X, and let p be a natural num-
ber. Then, for any closed polyhedral cone ¥/ C Xq, the walls, as given by
Subsection 3.6.1, are rational hyperplanes. In particular, each chamber in
Y contains a rational point.

Proor. Consider the wall W, r associated to the quiver subsheaf 7 C &
and integer e, which is defined by the equation

N L; N L;
Zier Zj:l oijae’ (Fi) B ZieQO Zj:l oijae’ ()
N L N L
D keQo 2aim1 Tk (Fi) D keqy 2oim1 TriCy (Ek)

=0.

Because X is integral, and each sheaf & is torsion—free, we can write
agl (Fk) = adL‘((’)X)rk(]:k), and similarly for the &, (compare with | 1,
Definition 1.2.2). Note that the rank does not depend on the choice of an
ample line bundle. Further, by Assumption 3.7.1, we can write 0;; = 6, so
that we may rewrite the equation as

o) i SN oy (0k(E)ae? (Fi) — tk(F)ae” (&)
? rk(F)rk(E)
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Here, we introduce the notation

rk(€) = > rk(&),

1€Q0
N —1
flo)y=1 3> aaj(0x)
keQo l=1

The function f is always positive, and hence can be ignored for the definition
of the wall. The remaining equation is linear in the entries o;;. O

COROLLARY 3.7.9. Let X denote a smooth projective variety, and let T de-
note a fixed topological type for torsion—free quiver sheaves. Assume that one
of the conditions of Theorem 3.7.7 holds. Then, for any stability conditions
0,0 € Xy the moduli spaces

ME=(X,Q) and MY (X, Q)
exist. Moreover, if Q) does not contain oriented cycles, these moduli spaces

are projective, and are related by a finite sequence of Thaddeus flips, induced
by VGIT of the variety Z as in Theorem 3.6.9.

3.8. Quiver Quot—Schemes

We construct the quiver sheaf version of the Quot—scheme, which is helpful
as a technical tool throughout this chapter. This section is mostly indepen-
dent of the other sections.

First, we need a version of the Quot—scheme for sheaves which uses the topo-
logical type instead of the Hilbert polynomials.

Recall the strategy of proof in the construction of the sheaf version of the
Quot—scheme Quotg /X/8 parametrizing flat quotients of the sheaf F with

Hilbert polynomial P (eg. consider | ], Theorem 2.2.4). Reducing to
the case
X =P" — S = Spec(k),
one constructs an embedding of functors
Quotg/X/S — Grassy (HO (E(m)),P),

where the right hand side is represented by the Grassmannian scheme. The
Quot—scheme is then given as the component corresponding to P of the flat-
tening stratification of some suitable sheaf F' on the Grassmannian.

This proof carries over to the case of the Quot-scheme Quot7, /X /s> barame-

terizing flat quotients of E with topological type 7 € B(X)g. More precisely,
the same construction as above gives an embedding

Quoty, x/g — Grassy (HO (E(m)),P),

where P = P(7) is the Hilbert polynomial determined by 7 (and the implic-
itly fixed relatively very ample line bundle). Since 7 is locally constant in
flat families, we may consider the component of the flattening stratification
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corresponding to 7. The same argument as above shows that this compo-
nent represents the Quot—functor.

We will mainly need the generalization to the Quiver Quot—scheme in the
version using the topological type. Though all arguments hold for the version
using Hilbert polynomials equally well.

DEFINITION 3.8.1. Consider a projective scheme X — S over a noetherian
base scheme S, a topological type 7 € B(X )80 and a quiver sheaf £ on X.
The Quiver Quot—functor

Quotg, y g : (Sch/S)* — Sets

assigns to a scheme T — S the set of equivalence classes of quotient quiver
sheaves q : & — F on X7 where F is flat over T and the topological type
of the fiberwise quiver sheaves (£); are equal to 7.

DEeFINITION 3.8.2. Consider a projective scheme X — S over a noetherian
base scheme S, a tuple of polynomials P € Q[T]?° and a quiver sheaf £ on
X. Also, implicitly fix a relatively very ample line bundle on X. The Quiver
Quot—functor

Quotg/x/s : (Sch/S)°P — Sets

assigns to a scheme T — S the set of equivalence classes of quotient quiver
sheaves q : & — F on X1 where F is flat over T" and the Hilbert polynomials
of the fibrewise sheaves at the vertices (&;); are equal to P;.

PROPOSITION 3.8.3. Let X — S denote a projective scheme over a noether-
ian base scheme S, and let E and F denote coherent sheaves on X such that
F is flat over S. Consider a morphism f : E — F and the functor

F :(Sch/S)® — Sets, (T'— S) — {¢ € Homg (T, X) | *(f) = 0}.
This functor is represented by a closed subscheme of X.
ProOOF. Consider the functor
F':(Sch/S)®? — Sets, (T — S) +— Homx,.(Er, Fr)

asin | |, Theorem 5.8. It is represented by a scheme V' = Spec (SymOS (Q))
for a suitable sheaf () on S.
In our situation, f € F'(X) corresponds to a morphism ¢¢ : X — V, so

that Remark 5.9 in | | implies that our functor F' is represented by the
closed subscheme ¢]71(‘/()), where Vy C V is the image of the zero section
S—=V. O

THEOREM 3.8.4. The Quiver Quot—functor is represented by a projective
scheme Quotg/X/S, the so called Quiver Quot-scheme. It is given as the
closed subscheme
Quotg/X/S C H Quotg/x/s
1€Q0
which satisfies the conditions to be compatible with the morphisms E,.
A similar statement holds for the version using Hilbert polynomials.
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PRroOOF. By projection to the quotient sheaves at the vertices we get a nat-
ural transformation of functors

Quotg /g — H Quotg/X/S,
1€Qo
where the right hand side is clearly represented by the projective scheme
G=lci= 1] Quotg /s
1€Qo 1€Qo
Consider the universal quotients at the vertices
¢+ (&)a, — U
on the Quot-schemes G;, and denote by e; : K; — (&;)q, their kernels.
For a morphism
o T —G
of noetherian schemes over S and any arrow « : i — j we obtain the following
exact diagram via pullback.

oK, T (&) e ;0
(ga)T
d*e; D*q; N
O Kj — (&)1 O U, 0

Hence the morphism (&, )7 descends to the quotients if and only if

0= ‘I)*Qj(ga)T‘I’*ei = CD*(qj(Sa)Gei),
which shows that the Quiver Quot—functor is given as the subfunctor of
Homg(*, G) which satisfies finitely many pullback equations. It is thus rep-

resented by the intersection of the finitely many closed subschemes provided
by Proposition 3.8.3. O
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