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ABSTRACT

We present a compactification of the moduli space of principal G-bundles on higher-dimensional
complex projective manifolds, which extends the algebro-geometric construction of Balaji of the
Donaldson—Uhlenbeck compactification. This is achieved by considering semistability calculated with
respect to a multipolarization on a projective n-fold, consisting of n—1 ample integral divisor classes.
Moreover, given a curve C' that arises as the complete intersection of (n — 1) very ample divisors
associated with the multipolarization, we construct a modular compactification of the moduli space
of principal bundles that are slope-stable with respect to C. Furthermore, the geometry of the
newly constructed moduli spaces is described by relating them to Gieseker moduli spaces.



1. INTRODUCTION

In gauge theory, one looks at a smooth manifold X and a differentiable principal K-bundle P
over X, where K is a compact Lie group. Connections on P are gauge potentials. The gauge group
& of automorphisms of P acts on the space & of connections. One may complexify a compact real
Lie group K and obtain a reductive algebraic group G. If X is a projective algebraic manifold over
C, then one may look at holomorphic principal G-bundles over X. In order to obtain moduli spaces,
i.e., spaces classifying principal G-bundles, one needs to impose a stability condition and then one
can try to construct the moduli spaces with the help of geometric invariant theory [MEFKO94]. For the
structure group G = GL,(C), principal G-bundles correspond to vector bundles of rank r. Moduli
spaces for vector bundles on curves were successfully constructed by Mumford [Mum63| and Seshadri
[Ses67], using the so called Mumford stability condition. Ramanathan obtained moduli spaces for
principal bundles with arbitrary (connected) structure group on curves [Ram75|. He accomplished
this by defining a new stability condition that generalizes Mumford’s and working with the adjoint
representation of the group G. Similarly, Schmitt [Sch02] constructed moduli spaces for principal
G-bundles (and singular generalizations parallel to torsion free sheaves) over base manifolds of
arbitrary dimension. Schmitt’s method involves fixing a faithful representation p: G — SL,(C) and
then constructing an abstract representation x: SL,(C) — SL(W) with properties similar to those
required for Ramanathan’s work.

The two worlds just described are related by the Kobayashi—Hitchin correspondence (see [LT95]
for a detailed account). For the structure group U(r) and a projective algebraic manifold X, it
establishes a bijection between Yang—Mills connections on a given differentiable principal U(r)-
bundle or, equivalently, on a differentiable vector bundle E' endowed with a Hermitian metric, and
polystable holomorphic vector bundles of rank r over X of the same topological type as E. It
also induces a real-analytic isomorphism between the gauge theoretic moduli space and the moduli
space of polystable vector bundles. However, the latter does not coincide, in general, with the
Gieseker—Maruyama moduli space.

In the case of a projective algebraic surface, the Donaldson—Uhlenbeck compactification is based
on Uhlenbeck’s compactness theorem which shows that a family of vector bundles E;, ¢t € C\ {0}
with co = d degenerates, in some sense, to a vector bundle Ey with a different second Chern class,
c2(Ep) = d— k, together with an effective O-cycle ¢ of degree k in X. For r > 0, ¢; € H*(X,Z), and
c2 € H4(X,Z), LePotier and Li constructed the moduli space M*~P5(r, 1, co) of (slope) polystable
vector bundles with rank r, first Chern class ¢;(E) = ¢1, and second Chern class ca(E) = c2. They
achieved this by building a determinant bundle on the Gieseker—Maruyama moduli space, which
detects slope polystable sheaves and consequently defines a morphism to the Donaldson—Uhlenbeck
moduli space. The aforementioned moduli space is defined set-theoretically as

MHF=33(r,c1,¢9) = |_| MHP7P(r,c1, 00 — k) x Sym* X. (1.1)
k>0

Here Sym” is the k-th symmetric power of X, i.e, the quotient of the k-fold product of X quotiented
by the action of the symmetric group.

In |Li93a)], Li managed to endow the so-called Donaldson—Uhlenbeck compactification with an
algebraic structure, when the base manifold is an algebraic surface, see [HL10, Section 8.2]. These
constructions had spectacular applications to Donaldson theory , see [FM94].

In [Bal07], Balaji applied the formalism of singular principal bundles in order to construct the
Donaldson—Uhlenbeck compactification for principal bundles with semisimple structure groups on al-
gebraic surfaces. In [Tia00], Tian managed to construct the gauge theoretic analog to the Donaldson—
Uhlenbeck compactification on manifolds of arbitrary dimension. In their influential paper [DT9§],

Donaldson and Thomas suggested that Tian’s moduli spaces could be used to define new invariants
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of higher dimensional projective algebraic manifolds. On the other hand, Greb and Toma |[GT17]
constructed moduli spaces for slope semistable sheaves on projective algebraic manifolds of arbi-
trary dimensions. Their moduli space compactifies the moduli space of stable vector bundles. They
achieve the construction by using a more general notion of slope semistability which depends on
so-called multipolarizations. We draw significant inspiration from their work in this regard.

1.1. Main results. The main construction of this thesis is a generalization of the moduli space of
Greb and Toma to the case of principal G-bundles over a projective manifold X of dimension n > 2,
where G is a connected reductive algebraic group with a fixed representation p: G — GL(V'). We
present the semistability condition used throughout.

Here and in the following, we say that a multipolarization on X consists of an (n — 1)-tuple of
classes of integral ample divisors on X. A multipolarization will be denoted by (Hy, Ha, ..., Hy—1)
where each H; is the class of an integral ample divisor. Further, we say that the degree of a
torsion-free sheaf & with respect to (Hy, Ha, ..., H,—1) is given by the formula:

deg(&) = c1(&) - (Hy -+ Hyp_y). (1.2)

First, let G be a connected reductive algebraic group and @ a proper parabolic subgroup of G. Then,
there is the principal @-bundle 2 := G — G/@ over the projective manifold G/@. If x : Q — C* is
a character of @, we get an action of @ on C* and hence an induced action of @ on C. This allows
us to form the associated fiber space

L, = 2(C), (1.3)
by changing the fibre. This is a line bundle on G/@. We say that —y is an dominant character if
L, is an ample line bundle.

Using this terminology, we formulate the following semistability condition.

Definition 1.1.1. We say that a principal G-bundle P over X is p-stable (respectively p-semistable)
with respect to a multipolarization (Hi,...,H,_1), if for every parabolic subgroup @ C G, ev-
ery reduction of structure group og: X — P(G/@Q) and every dominant character y: @ — C*,
deg(oj(Zy)) < 0 (respectively < 0).

Let us explain how to construct the line bundle .%. Since P/@ = P(G/@), then P — P/@ is a
@-bundle, hence &2, := (P/Q)(x) is the line bundle over P/@ associated with P by x, see Equation
(L.3). Finally we see that oj (%) is a line bundle over X.

This definition was originally stated for compact Riemann surfaces in [Ram75, Lemma 2.1] and
later generalized for rational principal bundles over higher dimensional manifolds in [RR84]. In
order to construct compact moduli spaces one needs the notion of a singular principal bundle. This
plays the role of the torsion free sheaf so as to realize the boundary points. A formal definition
of these objects together with an accompanying semistability condition will be presented later in
Section il Let us state the main theorem.

Theorem 1.1.2. (Main Theorem) Let X be a projective manifold of dimension n > 2 and G
an algebraic semisimple group. Fix a multipolarization consisting of (n — 1) ample line bundles
Hy,...,H, 1 over X. Take ¢; € H*(X,Z) for 1 < i < mn, where ¢ € K(X)yum a class with rank
r and Chern class ¢;j(¢) = cj. Let h; be the class of Oy, in the numerical Grothendieck group
K(X)num of X and let x € X be a point. Set

un—l<é) = _Thn—l """ hl + X(é : hn—l """ hl)[ﬁaz] S K(X)num-

Further, let M* 3% be the moduli functor, which assigns to every weakly normal space B the set of
equivalence classes of (Hy, ..., H,_1)-semistable singular principal G-bundles over X parameterized
by B. Then, there exists

e o natural number v € N,



e a weakly normal projective manifold ME™(p),
e an ample line bundle L := ﬁMg_ss(p)(l) over ME*%(p) and
e a natural transformation ®: M*~%% — Hom(_, ML **(p)).
The previous transformation maps a family &2 over a weakly normal variety B to a classifying
morphism @ : B — M *(p) such that:
i) @5p(L) = Xy (n—1(8))®” where v € N, A, (un—1(¢)) is the determinant line bundle on B
induced by the family of torsion free sheaves P (p) (associated with & through the representation
p) and un—1(€).
i) For any other triple (M', L', V"), there exists d € N* and ¢: M} >*(p) — M’ such that ¢*(L') =
L.
The triple (ME™%(p), L,v) is uniquely determined up to isomorphism by the previous properties.

The restriction to families over weakly normal parameter spaces is necessary due to the use
of extension properties. It is unknown at this point if and to what extent this restriction may
be relaxed. Weak normality, integral to constructing Chow varieties, poses a challenge. Notably,
certain instances of the previous moduli spaces are isomorphic or closely related to Chow varieties
of cycles of codimension two.

In addition to the main theorem and when G is a simple algebraic group and when a connectedness
assumption on the fibres of the Quot-to-Chow map (see Lemma we get the following de-
scription of the closed points (see Lemma: Suppose 2! and £? are two different polystable
singular principal G-bundles. If the naturally associated two codimensional cycles Zg 1 and Z g2
differ, then they give rise to different points in the moduli space Mg_ss(p). As a consequence, we
conclude that the moduli space M >*(p) contains the weak normalization of the moduli space of
(Hy,...,H,_1)-stable principal bundles with the chosen topological invariants as a Zariski-open set,
see Theorem [9.3.4

1.2. Methods employed. Let us begin by exploring Ramanathan’s original approach in construct-
ing the moduli space of principal G-bundles over curves in [Ram75]. In his doctoral thesis, he
analyzed the adjoint representation Ad: G — GL(g) of G on its Lie algebra g. By starting with
a principal G-bundle on X, he derived an associated principal Aut(g)-bundle. These bundles can
be represented as pairs (E,7 : E* ® E — FE), comprising a vector bundle E with fiber g and a
Lie bracket 7 : E* ® E — FE such that the pair (F, 1) is fiberwise isomorphic to g. Then, Ra-
manathan constructed the moduli space for these Lie bundles and detailed how one could revert
back to principal G-bundles.

In [Sch04a], Schmitt introduced a method for building the moduli space of principal G-bundles
with G a connected reductive group which is allowed to have non-trivial radical. He achieved
this construction, by fixing a representation p: G — SL(V) and then constructing an auxiliary
representation x«: SL(V) — SL(WW) such that the composition p o x has similar properties to the
adjoint representation Ad: G — GL(g). Through composition with the newly built representation,
every G-bundle results in an associated decorated sheaf in such a way that the semistability condition
of the G-bundle can be instead checked in the decorated sheaf. Moduli spaces of decorated sheaves
were already established for cases where X is a projective manifold of dimension n by leveraging an
ample linearization of an action on some Quot scheme and constructing the GIT quotient, this gives
the projectivity of the moduli space for free. In turn, this reveals that the moduli space of principal
G-bundles embeds in the projective moduli space of decorated sheaves, yielding its properness. In
some sense, the aforementioned embedding respects the semistability conditions of both spaces, this
result is termed Semistable Reduction Theorem in [Sch08, Theorem 2.4.4.1].

We take a moment to discuss the term “semistable reduction”. Typically, this term refers to
a statement that proves the compactness of the moduli space that is being constructed. More
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precisely, it denotes a result such as Conjecture [4.4.7] in the case of §-semistable tensor fields, or
Proposition [3.5.9] in the case of torsion free sheaves. Balaji proves the properness of the moduli
space of slope stable principal bundles over a surface using some intricate arguments related to
Bruhat-Tits theory, see [Bal07, Section 4]. In contrast, Schmitt constructs the moduli space of
Gieseker-e-semistable tensor fields over a higher dimensional projective manifold as a projective
quotient. Then, he embeds the parameter space of singular principal bundles in the parameter space
of tensor fields. By showing that this embedding behaves well with respect to the corresponding
semistability conditions he shows that the moduli space of Gieseker-e-semistable singular principal
bundles is also a projective quotient, see [Sch04b]. This is the previously mentioned “semistable
reduction” for singular principal bundles. The advantage of this approach is that it is the one which
is technically the most simple and the most faithful to the GIT (geometric invariant theory) process.

In the literature the moduli space of slope-stable principal G-bundles has been shown to be com-
pact using wildly different methods. As we have mentioned before Ramanathan’s idea in [Ram75|
is to use the adjoint representation of the group G to work with Aut(g)-bundles. This approach
was generalized by Schmitt in [Sch08], where he used the machinery of tensor fields to prove the
compactness of the moduli space. The later approach works well for the curve case and it generalizes
to the higher dimensional case [Sch04a| by taking Gieseker-e-semistability.

This marks the debut of our endeavors. Since our objective is to build a moduli space of slope
semistable singular principal bundles, then the moduli space has to be constructed as the projective
spectrum of a linearization. Unfortunately, we will see later, that the natural linearization that
realizes the slope semistability condition is semi ample rather than ample, see Lemma [7.1.2] This
tells us that the projectivity the moduli space will not follow directly from performing a GIT
quotient.

Additionally, in Subsection [£.4] we show that a construction of the moduli space of slope-6-
semistable tensor fields as a projective variety depends on Conjectures[.4.2and [£.4.7] This suggests
that our compactness result has to come from a “semistable reduction” theorem similar to the one
developed by Balaji as opposed to the approach through decorated sheaves elaborated by Schmitt.
On the positive side, we will be able to use results about the moduli space of slope-d-semistable
tensor fields, developed in Section to deduce that a singular principal G-bundle & = (&, 0)
is semistable, if and only if the associated torsion free sheaf & is slope-semistable. Based on this
result we will be able to use the construction performed by Greb and Toma in [GT17|, see Section
[3] for an exposé.

In summary, the main idea of this thesis is to imitate the procedure of “semistable reduction” given
by Schmitt in order to construct the moduli space of slope semistable singular principal bundles as
a spectrum of the ring of invariant sections of a semi ample linearization and then rely on intricate
arguments related to Bruhat-Tits theory, as done by Balaji in [Bal07] (see Section , to prove
the compactness of the moduli space.

More precisely, the primary strategy employed in this thesis to achieve a boundedness result is to
adapt the theory of decorated sheaves, as detailed in [Sch04b| for the curve case, to the slope with
respect to a multipolarization case, thereby realizing a parameter space in the form of a weighted
projective bundle over a Quot scheme.

Within this parameter space lies a locally closed subscheme R¥*~5% which parameterizes semistable
singular principal bundles. The isomorphism classes of these bundles correspond to orbits of a linear
group GL(Y') within RF#~°%  where Y is a C-vector space whose dimension will be clarified later.
Additionally, a determinant line bundle .2 | on R*~*° is considered, shown to be generated by
global sections and providing a linearization of the natural GL(Y)-action inherited from the Quot
scheme. Unfortunately, as we mentioned before, this linearization will be just semi ample which is
why the use of GIT is only peripheral.



Since even in the case of torsion free sheaves the construction of the Donaldson—Uhlenbeck com-
pactification is not done entirely by GIT methods (see [HL10, Chapter 8|), it is natural that their
use is only peripheral in the general case of arbitrary structure groups. The proof of the main
theorem follows ideas of Greb and Toma [GT17] for the construction of the moduli space and Balaji
[Bal07] for the proof of the properness of the moduli. Le Potier mentions in [Pot92 Section 4],
that in the case when H; = --- = H,_1 =: H his proof of this fact in the two-dimensional case
could be extended to higher dimensions, if a restriction theorem of Mehta—Ramanathan type were
available for Gieseker- H-semistable sheaves. Indeed, such a result would be needed, if one pro-
ceeded by restrictions to hyperplane sections on X. This issue is avoided and instead families are
restricted directly to the corresponding complete intersection curves, where slope-semistability and
Gieseker-semistability coincide. The price to pay is some loss of flatness for the restricted families.
This is the point at which our restriction to weakly normal parameter spaces comes into play: in
order to overcome the difficulty created by the lacking flatness of restricted families, we pass to
weak normalizations of the parameter space which is an algebraic variety and show that sections in
powers of £ | extend continuously, and hence holomorphically in the weak normalization of the

analytification of the parameter space, over the non-flat locus. Thus, the moduli space Mgfss(p)
arises as the projective spectrum of a ring of G-invariant sections of powers of .2/ _; over the weak
normalization of R3S,

Unfortunately, M, >°(p) is not a GIT quotient. Nevertheless, it has a certain universal property
for triples of the form (M’, L',;v') as in the main theorem above. This remark is interesting because
it implies that Méfss(p) identifies some singular bundles under an equivalence relation that will be
clarified with the help of Uhlenbeck’s equivalence relation which will be presented as a separation
result.

Since the representation p : G — GL(V') was arbitrary and because the group G is connected and
reductive but its radical is not necessarily trivial, then the strategy of Ramanathan (see [Ram75]) will
not be possible since he requires the use of the adjoint representation of GG, as opposed to the general
representation p. Recall that Gomez and Sols generalize the strategy of Ramanathan to higher
dimensions and to the case where G is a classical group and p is its “ standard” representation. Their
strategy consists in using the representation p and composing it with an associated representation
k : GL(V) — GL(W), for which there is a point wy € W, such that G has finite index in G,
the stabilizer of wp, and such that, for every one parameter subgroup A : C — GL(W), one has
(A, wp) > 0 with equality if and only if A is actually conjugate to a one parameter subgroup of G
within the associated parabolic subgroup QGL(V)()\). For example, if G is an adjoint group, then

V =g and W = Hom(g, g), wo = Lie-bracket of g, and G = Aut(g). In this case, one is allowed to
use Ramanathan’s original approach, see [RamT75].

Since we allowed the representation p : G — GL(V) to be arbitrary and the group G to be
connected and reductive but not necessarily semisimple, then in Section [5.1.5] we construct an
auxiliary representation p: GL(V) — GL(W) such that there is an embedding v: GL(V)/G — W.
This auxiliary representation will allow us to work with the group G, the GL(V)-stabilizer of [e]
instead of working directly with G. In Section we will see that G has many desirable properties
that will allow the classification task easier.

1.3. Outline of the thesis. In Section 2, we give all the required preliminaries. More specifically,
we will focus on weakly normal varieties defined over C. We will state a key extension property
that holds in these spaces. Additionally, since all our semistability conditions depend on ample line
bundles, we will introduce some basic results from Intersection Theory and develop the required
language of divisors. Finally, we will give some relevant results on geometric invariant theory
required for the construction of Gieseker-type moduli spaces.
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In Section 3, we will present the construction of the moduli space of semistable torsion free
sheaves over a projective manifold X with respect to a multipolarization (Hi,...,Hy,—1). We will
present the construction performed by Greb and Toma in [GT17]| and give some useful results that
will be needed for our own construction.

Section 4 plays a pivotal role as we delve into the theory of decorated sheaves. As we have
mentioned before, this will be our main tool to prove the relation between the semistability of a
singular principal bundle &2 = (&, o) and the semistability of its associated torsion free sheaf &. In
the process of proving a “semistable reduction” theorem similar to the one developed by Schmitt,
we will construct the moduli space of Gieseker-e-semistable tensor fields, with respect to a single
polarization H over a projective manifold X. Additionally, we come really close to construct an
equivalent moduli space of slope-§-semistable tensor fields but we are held back by Conjectures|4.4.2
and Nevertheless, we will be able to characterize the behavior of slope-d-semistable tensor
fields when § is very big and this will give us the required relation between the semistability of &2
and &.

Section 5 will be the place where the main object of classification, namely singular principal
G-bundles where G is a semisimple connected linear algebraic group, are presented. In order to
have a moduli space, we introduce a semistablility condition & la Ramanathan, see [Ram75|, but
with respect to a multipolarization (Hj, ..., H,—1) consisting of ample integral divisor classes on X.
Then, we will associate to every singular principal bundle a tensor field. Afterwards, we will compare
the intrinsic semistability condition on the singular bundle to the semistability condition induced
by the associated tensor field. Note that, in order to construct the moduli space in the previous
section, a boundedness result for slope-d-semistable tensor fields has to be used. Since we have
such a boundedness result, we will use it to prove the boundedness of the slope-semistable singular
principal bundles. After that, we will construct the parameter space as a weighted projective bundle
over a Quot scheme, as was done in [Sch08| Section 2.4].

As we mentioned before, in Section 6, we will prove the properness of the moduli space by using
the approach presented by Balaji in [Bal07, Section 4|. Namely, we will develop some aspects of
Bruhat—Tits theory in order to prove a semistable reduction theorem for singular principal bundles.
To prove this result we will discuss about extensions of structure group to the flat closure. To
do this we will give some estimates such as the Grauert—Miilich theorem, see Theorem [6.2.1] from
which we will prove an effective restriction theorem such as Mehta—Ramanathan for slope semistable
singular principal bundles (see Theorem . Before stating such theorems, we will introduce the
equivalent of the Harder—Narasimhan filtration for singular principal bundles, which will be termed
the H-N reduction, see Proposition [6.1.6]

In Section 7, we bring all the theory developed in the previous sections together to construct a
moduli space. To accomplish the construction, we will employ a combination of techniques, drawing
inspiration from the work of [Bal07] and [GT17]. Our methodology builds upon the construction
proposed by [Bal07] for the moduli space of singular principal G-bundles, in the case dim(X) = 2,
while incorporating the refined techniques and insights presented in [GT17]. This will give us some
desirable universal properties, described in Theorem [1.1.2

In Section 8, we state a separation property that describes the points of the moduli space under
some conectedness constraints. As we have mentioned before, this is related to the identification
that the moduli space M5 %(p) performs.

Additionally, in Section 9 we will show that under these constraints the moduli space Mg *°(p)
corresponds to the Donaldson—Uhlenbeck compactification. More specifically, we prove that the
weak normalization of the moduli space of stable principal G-bundles embeds into the moduli
space constructed as a Zariski open set. This implies that the moduli space is a compactification.

Throughout this thesis, we delve into the intricacies of our construction, presenting the details
and results obtained. We will highlight the significance of our findings and discuss their implications
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for the broader understanding of principal G-bundles and their moduli spaces. By comprehensively
examining the construction and properties of the moduli space of principal G-bundles, we aim
to contribute to the advancement of the field and provide valuable insights for future research
endeavors.

To provide a clear overview of the thesis, the table of contents is presented below.
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1.4. Notations and conventions. Throughout this thesis, unless otherwise stated, we have the
following notations and assumptions:

e We work over the field of complex numbers, except when dealing with valuation criteria
such as Langton’s theorem, see Theorem |3.5.8

e A separated scheme of finite type over C is called an algebraic variety. Irreducible smooth
projective varieties are referred to as projective manifolds. We will always work with alge-
braic varieties over C in this text.

e In a ring A, the height of a prime ideal p is the supremum of all integers n such that there
exists a chain pg C p1 € --- € p, = p of distinct prime ideals. We say that the dimension
of A, denoted by dim(A), is the supremum of the heights of all prime ideals.

Furthermore, if X is an affine algebraic set, then the dimension of X is equal to the
dimension of its affine coordinate ring A(X).
e A complex space (or more precisely, a C-analytic space) is a C-ringed space X = (|X|, Ox)
satisfying the following conditions:
a) |X| is Hausdorff.
b) For every x € |X|, there exists an open neighborhood U of = such that (U, Ox|y) is
isomorphic (as a C-ringed space) to some local model of C™ (see [Fis76, Section 0.14]).

e To each projective manifold X we associate a complex space, denoted by X?2", through
a process called analytification. The set X (C) canonically carries the complex analytic
topology, as such it is a topological space denoted by | X?"|. When the space is equipped
with the canonical structure sheaf &|yan| this will result in a complex analytic space. The
pair (| X[, &|xan|) is called the analytification of X.

e Let X be an n-dimensional projective manifold. We will focus on principal G-bundles over X
parameterized by weakly normal varieties. We will always denote by P a principal G-bundle.

e We purposefully use the notation P for principal bundles and & for singular principal
bundles, akin to the convention of using E for vector bundles and & for torsion-free sheaves.
This intentional choice in notation aims to assist the reader in grasping these concepts and
their interconnections more effectively.

e By a big open subset U C X we mean an open subset, in the Zariski topology, such that
codimx (X \U) > 2.

e The symbol G denotes a connected semisimple linear algebraic group and we fix once and
for all a faithful representation p: G — SL(V'), where V is a finite dimensional vector space
of dimension r € N.

e Given a principal G-bundle Pz over X and a closed subgroup H C G, a reduction of
structure group to H is a principal H-bundle Py over X together with an isomorphism
Py (G) = Pg. Giving a reduction of structure group of Pg to H is equivalent to giving a
section of the fiber bundle Ps(G/H) over X, where G acts on G/H on the left.

More generally, given a left action o of G on a complex manifold F'; we denote

P(0,F) =P xg F = (P xF)/G,
11



the associated fiber bundle. If the action o is clear from the context, we will write P(F).
If p: G — H is a group homomorphism, let ¢ be the action of G on H defined by left
multiplication h +— p(g)h. Then the associated fiber bundle is a principal G-bundle, and it
is denoted P(p). If o is a character of the group, we will denote by P(c) the corresponding
line bundle.

o If p: ¥ — X is a principal bundle over X, and U is a subscheme of X, we denote by
E|; — U the restriction of E to U.

e Let V be a finite dimensional C-vector space, then we say P(V) is the space of lines of the
dual VV. More concretely we set P(V') := Proj(Sym*V).

2. PRELIMINARIES

This section comprises three parts. Firstly, we present a comprehensive overview of weakly normal
spaces, drawing inspiration from [Fis76]. We then delve into the fundamentals of the intersection
theory of divisors and ampleness, closely following the insights in [Kol96|. Last but not least, we will
give an introduction to geometric invariant theory inspired by the exposition in [Sch08]. This part
will be important for two reasons. Firstly the methods of construction of the main moduli space
in Theorem [3:3.7] are adjacent to the methods in geometric invariant theory. Secondly our proof
of boundedness for singular principal G-bundles is reliant on the boundedness of decorated sheaves
and a careful geometric invariant analysis of the semistability of singular principal G-bundles and
the semistability of decorated sheaves.

2.1. Weakly normal spaces. In this subsection, we aim to provide a concise overview of classical
theorems related to extending holomorphic functions. The main goal of this section is to introduce
the normalization and weak normalization of a complex space which will be done in Theorem [2.1.12
Theorem and establish some key properties that will be used to construct the moduli space
of Theorem [3.3.7, We will also provide some visual examples in order to develop an intuition for
these concepts.

An analytic subset A of a reduced complex space X is said to be rare if, when examined locally
at every point x € X, its intersection with each irreducible component of X is a proper subset

(i.e., codimx (A) > 1). In simpler terms, this means that for any open U C X the restriction map
OU)— O(U \ A) is injective.

Theorem 2.1.1. (First Riemann removable singularity theorem)|AhIT8, Section 3.1| Assume X is a
complex manifold and A C X is a rare analytic subset. If f: X — C is continuous and holomorphic
on X \ A, then f is holomorphic on X. Further, if f: X \ A — C is holomorphic and |f]| is locally

bounded on X, then there is a unique holomorphic extension f: X —>Cof f.

Theorem 2.1.2. (Second Riemann removable singularity theorem)JAhI78| Section 3.1 Assume X
is a complex manifold and A C X is an analytic subset such that codimx (A) > 2 for every x € X.

Then any holomorphic function f: X \ A — C has a unique holomorphic extension f: X — C .
The following is a toy example to keep in mind.

Example 2.1.3. Let C* be the pointed complex plane, viewed as an affine open subset of C, see
[CLS11, Example 1.0.2]. By working on the analytification of C* we can say that any function
f: C — C which is continuous and holomorphic in C* can be extended holomorphically to C.

The previous example shows that by looking at the analytification of C* we can say that the
complex space C* is a space where the first Riemann removable singularity theorem holds. Sadly,
these two theorem do not hold on the analytification of a general algebraic variety. Here are two
illustrative examples:

12



Example 2.1.4. [Fis76, Example 1, Section 2.24| Consider the reduced complex subspace
X = {(.731,1’2) €C?: 2?2 — 23 :O} — C2
See Figure [I] for a graph of X.

X:x2-x2=0

FIGURE 1. Graph of the set X : 23 — 23 =0

Consider the holomorphic map ¢ : C — X,z — (23, z2) .
Clearly ¢ is a homeomorphism and it is easy to see that

fi=¢1: X=>C

is not holomorphic in 0. But f; is continuous and holomorphic outside 0 and equal to the restriction
to x of z1/xs.

Example 2.1.5. [Fis76, Example 2, Section 2.24|
Consider the reduced complex subspace

X = {(331,.7)2} eC?: (z1—x9) 1m0 = O} c C2.
See Figure [2] for a graph of X.
Now define
fo: X\ {0} —C
i) (2.1)
T — —.
Z1
Note that fy attains the values 1 and 0 on the two components of X; hence f cannot be extended
holomorphically to the origin.

In order to characterize those complex spaces where the different forms of the Riemann removable
singularity theorem hold we present the following definitions.

Definition 2.1.6. [Har77, Definition page 32| Let X be an algebraic variety. X is non-singular at
a point z € X (we call « a regular point) if the local ring Ox ,, with maximal ideal m, is a regular
local ring. By this we mean that the equality dimm/m? = dim(&x ;) holds. X is non-singular if it
is non-singular at every point. X is singular if it is not non-singular.

13



X:(X_] 7X2]X2 =0

FIGURE 2. Graph of the set X : (z1 — x2)x2 =0

Definition 2.1.7. Let X be a reduced complex space and denote by S(X) C X the singular locus.
The function f is said to be a weakly holomorphic function on X, if
e fis defined on X \ S(X) and f: X \ S(X) — C is holomorphic,
e f is locally bounded on X.
The function f is said to be continuous weakly holomorphic on X, if

e f: X — C is continuous,

e f is holomorphic on X \ S(X).
For any reduced complex space X we define Ox C Ox as the sheaf of continuous weakly holomorphic
functions and Ox as the sheaf of weakly holomorphic functions. Clearly Ox and Ox are Ox-
modules.

We state the definition of the spaces where the different forms of the Riemann removable singu-
larity theorem hold, namely weakly normal and normal spaces.

Definition 2.1.8. [Fis76l, Section 2.24| Let X be a reduced complex space, if x € X is a point then
X is called

e weakly normal in z if and only if the equality of local rings & X,z = Ox 4 holds,

e normal in z if and only if the equality of local rings Ox , = Ox ; holds.

We say X is weakly normal (respectively normal) it it is weakly normal (respectively normal) in
every point.

In [Fis76], a weakly normal space is called maximal.

Remark 2.1.9. Note that since C* is not singular then it is both normal and weakly normal.
Additionally, note that the existence of the function f; tells us that the complex space of Example
is not weakly normal in 0 and hence not a weakly normal space. The existence of fy tells us
that the complex space of Example 2.1.5]is not normal in 0 and hence is not a normal space.

We have just seen that there are spaces which are not normal or weakly normal. In order to
remedy this problem, we will construct the weak normalization and the normalization of a space
14



X. This spaces will carry a universal property which property tells us that they are the “closest”
spaces to X which are normal and weakly normal respectively.

Before we start, recall that a ring without zero-divisors is called normal if it is integrally closed in
its full ring of quotients. Further, X is normal if it is normal at every point. We say X is normal in
x if and only if Ox ; is normal, see [Fis76, Page 112]. This implies that O , is an integral domain,
see []RGRT71, Anhang §4|. Consequently, every normal complex space is locally irreducible.

Let us introduce the non-normal locus of an arbitrary complex space X, denoted by N(X). We
have the following definition:

N(X)={z € X : X is not normal in z, i.c., Ox o # Ox..}
the non-normal locus.
Lemma 2.1.10. [Fis76, Section 2.25] For any reduced complex space X, the non-normal locus
N(X) :={x € X : X is not normal in x}
1s analytically rare.
Now, let us give the definition of the normalization of a complex space X.

Definition 2.1.11. [Fis76, Section 2.26] For a reduced complex space X, a holomorphic map
f: X — X is called a normalization if the following conditions are satisfied:

e X is a normal complex space, }
e A:= f"Y(N(X)) C X is analytically rare and the restriction f’f(\A: X\A—- X\N(X) is
biholomorphic.

In order to guarantee that we can always find the normalization of a complex space X let us state
the following theorem.

Theorem 2.1.12. (Normalization-Theorem) [Fis76l Section 2.26] If X is a reduced complex space
then the sheaf Ox of weakly holomorphic functions is a coherent Ox-module and the morphism
X = Specan(é’x) — X is a normalization of X. Moreover there is a canonical isomorphism Ox —
viO . For every x € X, there is a canonical correspondence of irreducible components of X at x
and points of v (z).

Proof. Since the proof of this theorem is quite long we omit it here. A detailed proof can be found
in [Fis76, Page 114]. O

Recall that in Definition 2.1.6] we said that a point z € X of a complex space is called regular
if the local ring Ox , is regular. It is easy to see that the tangent space at x is isomorphic to
m/m?, where m is the maximal ideal of & x,z- Then the condition of being regular is equivalent
as saying that the dimension of the tangent space given by dim(m/m?) equals the dimension of
| X| as a topological space. By the topological invariance of dimension theorem this is the same as
saying that there exists an open neighborhood U C X, around z, such that U is biholomorphically
equivalent to an open subset of C" for some n € N. We denote the set of singular points of X by
S(X).

Let us give the following characterization of normal spaces. We will show later that these are the
spaces where the First Riemann removable singularity Theorem holds.

Proposition 2.1.13. [Fis76l Section 2.27| For a complex space X the following conditions are
equivalent:

e X is normal,
e For every open U C X the restriction map Ox(U) — Ox (U \ S(X)) is bijective.
15



Lemma 2.1.14. [Fis76l Section 2.27] In every normal complex space X the singular locus S(X)
has codimension at least 2 in every point.

Example 2.1.15. [Fis76, Section 2.27] The 2-dimensional cone X3 = {(x1,22,73) € C? : 22 =
zox3} C C3, see Figure is a hypersurface and the origin is its singular locus. Hence by Proposition

Set X:xi —xx3=0

Intersection with x; = x5

FIGURE 3. Graph of the set X : :1:% —xox3 =0

2.1.13] the cone X3 is normal.

Recall that a reduced complex space X is weakly normal if the sheaf o x of continuous weakly
holomorphic functions is equal to the structure sheaf @y, see Definition [2.1.8, These are the spaces
where the Second Riemann removable singularity theorem [2.1.2] holds. For an arbitrary complex
space X the non-weakly normal locus is denoted

M(X) = {z € X | X is not weakly normal in z, i.e., Ox , # Ox.}-

Since being weakly normal is an open condition then M (X) is given the closed subspace structure.
As a consequence of Theorem we have M(X) C N(X) C S(X) C X. Let us now give the
definition of the weak normalization of a complex space X.

Definition 2.1.16. [Fis76, Section 2.29] A holomorphic map p : X — X is called a weak normal-
ization of X, if

o X is weakly normal,

e 1 is a homeomorphism,

o If A:= pu~'(M(X)) then the restriction of u, denoted by '“|X\A: X\A— X\ M(X)is
biholomorphic.

We have the following relation between the normalization and weakly normal functions.
The following theorem is derived from the normalization Theorem [2.1.12]and the previous remark,
see [Fis76), Section 2.29] for a detailed proof.

Theorem 2.1.17. (Weak-Normalization Theorem )[Fis76, Section 2.29| Let X be a reduced complex
space. Then we have:

e The sheaf ﬁx 1s a coherent Ox-module.
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o The non-weakly normal locus M (X) C X is a rare analytic set.
e The canonical holomorphic map p: X := Spec,,, Ox — X is a weak normalization of X. In

particular there is a canonical isomorphism Ox — 0 ;.
o There is a commutative diagram

of holomorphic maps, where p denotes the normalization map.
o If ui: X1 — X and ps: Xo — X are two weak normalizations then there is a unique
biholomorphic map ®@: X1 — Xs such that the diagram

X1 Xo

X

commutes.

Let us give a couple of preparatory results in order to construct the weak normalization of a
space X based on the normalization X and the equivalence relation induced by Remark |2.1.23] To
do this we introduce the notion of cokernel in the category of complex spaces

Definition 2.1.18. Let R and X be two C-ringed spaces with a pair of morphisms p1,ps : R — X.
Then a C-ringed space X/R together with a morphism v : X — X/R such that ) o p; =9 0 py is
called a cokernel of the double arrow R = X, if the following universal property is satisfied:

If 0 : X — S is any morphism of C-ringed spaces such that o o p; = 0 o pa, then there exists a
uniquely determined morphism ¢’ : X/R — S such that the diagram

S
A
g !
o
P1 "
R _X—X/R
P2

commutes.

Proposition 2.1.19. [Fis76l Section 1.20]
For any double arrow p1,p2: R = X of C-spaces, a cokernel ¢: X — X/R exists.

Remark 2.1.20. If R and X are complex spaces, then X/R is not necessarily a complex space.
One essential obstruction is the fact that, in general, | X/R| is not Hausdorff.
Nonetheless, we give the explicit equivalence relation determined by R. Call points z,y € | X|
equivalent if there is some n € N, zg, ..., z, € | X|, and 1, ...,7, € |R| with the following properties:
e r=ux9, x, =y and
® pi(ri) = wi—1,p2(ri) = z;, or
o po(r;) =xi—1,p1(r;) =x; fori=1,...,n.
This is the smallest equivalence relation such that xz,y are equivalent if x = py(r) and y = pa(r) for

some 7 € |R)|.
17



Theorem 2.1.21. [Fis76l Section 1.22] Let X,Y be complex spaces and ¢: X — Y a proper holo-
morphic map and denote by Ry := X Xy X then the cokernel given by the canonical projections
7, T2 Ry =Y denoted by X/R is a complex space.

Using the results above and Remark [2.1.23| we deduce the following construction of the weak
normalization of a reduced complex space X. The idea here is to identify points of X = Spec,,, (0'z)
which have the same image in X. Let

R := (X Xx X)red

since the normalization map v is proper, we obtain from Proposition [2.1.19] a cokernel

R=X % X/R

where X/R is a complex space and 1 is holomorphic. The universal property of the cokernel, see
[Fis76, Chapter 1], implies the existence of a holomorphic map

p: X/R— X

such that v = p o). Moreover as a consequence of the proof of Theorem we have that
|X/R| = |X| and |¢| = |v|. We thus have

ﬁAX = ﬁX/R and X/R = Specan(ﬁx).

Remark 2.1.22. [Fis76, Section 2.29] For any complex space X, the weak normalization map
p: XV — X is a homeomorphism.

Remark 2.1.23. [Fis76, Section 2.29] If v : X — X denotes the normalization then for any
[ € Ox(X) = 0% (X) the following conditions are equivalent:

o f€Ox(X),

elfrc Xandv=(z)={y1,...,ym}, then f(v1) = f(y2) == f(Ym).
That is, a holomorphic function f on X such that f € Ox (X) is a holomorphic function on X that
is constant on the fibres of v.

In general, a holomorphic map cannot be lifted to the normalizations. Let us look at an example
of this fact.

Example 2.1.24. Take a reduced complex space X such that the non-normal locus N(X) is a
normal complex space. Consider the normalization v: X — X and assume the restriction of v
to v H(N(X)) — N(X) does not admit a holomorphic section. Then the canonical inclusion
t: N(X) < X cannot be lifted to the normalization. We recommend the reader to see Figure 5 in
[Fis76l Section 2.28].

These obstructions do not exist for weak normalizations. It is for this reason that we will heavily
use them in the later sections We now present an example of a weakly normal surface.

Example 2.1.25. Let X = {(x,y,2) : y> — 2?2 = 0} C C? be the surface known as Whitney’s
Umbrella. Let A = Clu,uv,v?] C B = Clu,v]. Note that the singular locus of X consists of the
z-axis given by the equations y = z = 0 together with the negative z-axis given by the equations
x =1y =0, 2<0. Thus by Proposition we have that Y = Spec(B) is the normalization of
X = Spec(A). We claim that X is weakly normal. Let 7 : A2 — A3 be given by 7 (u,v) = (u, uv,v?).
Suppose f € B agrees on the fibers of w. Write f = > gi(u)v?, g; € Clu]. Then f(0,c) = f(0,—c)
for all ¢ € C and hence >_1% g;(0)v' = Y"1 (—1)’g;(0)v’. Thus, g;(0) = 0 whenever i is odd. Then
[ =>"u0gi(w) — gi(0)]o + 3, oven 9i(0)0 s in A since g;(u) — ¢;(0) € uB C A, hence by Remark
we can conclude that X is weakly normal. The zero set of y?> = 22z is X together with
18



Whitney's Umbrella

the negative z-axis and is called the Whitney umbrella. Here is a graph of the umbrella minus its
handle, which is the negative z-axis.
Note that the map ¢: Y — X induced by the inclusion A C B is the normalization of X .

We will now present a lifting property for the weak normalization of complex spaces.

Proposition 2.1.26. [Fis76, Section 2.30] If ¢ : X — Y is a holomorphic map between reduced
complex spaces, then there is a unique holomorphic map gi) X =Y such that the diagram

X2y
X N Y
commutes. Here the vertical maps are weak normalizations.

Let us give the following characterization of weak normality.

Proposition 2.1.27. [Fis76, Section 2.31|
For a reduced complex space X, the following conditions are equivalent:

i) X is weakly normal.
it) If Z is an arbitrary reduced complex space then every holomorphic homeomorphism ¢: Z — X
is btholomorphic.

Let us go back to our original examples 2.1.4] and 2.1.5] We have that the map ¢: C — X,z —
(23, 2%) is a normalization of X according to Definition [2.1.11|and by Definition we have that
¢ is also the weak normalization of X.

On the other hand, we have that the map v: C| |C — C? which sends a copy of C to 1 = x5 and
the other copy to x2 = 0 lands on X5 and it is the normalization. Indeed, as in Definition [2.1.11] the
map ¢ is finite and surjective. By using Theorem [2.1.21| we conclude that the weak normalization of
X, has a homeomorphic topological space, i.e., | Xa| 2 | Xs| but as a consequence of Remarkm
the sheaf 0'¢ %, does not contain the function f2

Before we finish this section we will introduce the important concepts of Stein space and Stein
fibration. The contents of which come from [Fis76, Section 0.36 and Section 1.24]. After the
definitions are established we will present a result that tells us when the normalization and weak
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normalization of a space X are Stein spaces. The afford mentioned spaces and the Stein factorization
are important for us because we will study the space of fibres of Quot to Chow morphisms in Section
8.2

Definition 2.1.28. [Fis76, Section 0.36] Let X be a complex space, we say X is holomorphically
separable if for any two distinct points p, ¢ € X there is an f € Ox(X) with f(p) # f(q). Moreover

we say X is holomorphically convez (respectively weakly holomorphically convex) if for any compact
K C X the set

K = {p € X such that |f(p)| < sup|f(K)| for all f e Ox(X)}

is also compact (respectively has compact connected components).

Definition 2.1.29. [Fis76, Section 0.36] We say X is holomorphically spreadable if every point
p € X has an open neighborhood U such that

{zx eU]| f(x)= f(p) for all f € Ox(X)} = {p}.

We say X is holomorphically regular if there are “local coordinates by global functions”, i.e., for
every p € X the set

{fp€Oxp | feOx(X)}
generates the maximal ideal mx .
By the Lemma of Nakayama, it follows that this is equivalent to the condition that for every
p € X the set

{df (p) = (fp = f(p)) + m%, € mxp/m%, | f € Ox(X)}
generates the C-vector space my ,/ mAQXJ).

Remark 2.1.30. [Fis76l Section 0.36] Clearly, a holomorphically separable space is holomorphically
spreadable.

If we provide C?x(X) with the product topology and introduce the map
F:|X| = C 0 pis (£(p) reoy(x)s
then we have:

e X is holomorphically separable <= F' is injective.
e X is holomorphically convex <= F is proper.
e X is holomorphically spreadable <= F' is locally injective.

In case X has a countable topology, holomorphic convexity is equivalent to the following condition:
If (p;) is any sequence in X without a point of accumulation, then there is an f € A such that the
sequence (| f(p;)]) is unbounded.

Definition 2.1.31. [Fis76, Section 0.36] X is called Stein if it is holomorphically separable and
convex.

In [Fis76] Stein spaces are also called holomorphically complete. We state some fundamental
results about this type of space.

Theorem 2.1.32. [Fis76, Section 0.37] Let X be a complex space such that X,.q is Stein, and let
F be a coherent Ox-module. Then:

A. For everyp € X, the set {s, € F},: s € F(X)} generates F), over Ox .

B. H¥(X,F) =0 for all k > 0.

Corollary 2.1.33. |Fis76l Section 0.37] A complex space X is Stein if and only if Xyeq is Stein.

Stein spaces can be characterized in a number of ways.
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Theorem 2.1.34. [Fis76l Section 0.38] A Stein space is holomorphically regular. A complex space
X is Stein if and only if:

i) X is holomorphically spreadable, and

i1) X 1s weakly holomorphically conver.

In order to introduce the concept of Stein fibration we will first give some further properties of
the cokernel defined in 2.T.18]
If p: X — Y is a holomorphic map, we define
RS@ =X xy X

and the canonical maps yield a double arrow R, = X as described in Theorem @ Note that
the compositions of the top arrow and the bottom arrow of R, = X with ¢: X — Y coincide and
yield a map denoted by 7: R, — Y.
Theorem 2.1.35. [Fis70, Section 1.21| Assume the diagram of complex spaces and holomorphic
maps
P1 0
R : X —Y
P2
has the following properties:
i) pop1=pop,
i) |(p1,p2)(R x R)| generates the equivalence relation |R,| C |X x X| on |X| defined in Remark
[Z21.20.
iii) @ and p o p1 are proper.
Then there is a commutative diagram of complex spaces and holomorphic maps

P1 ¥
R -~ X—X/R

. @i// l
Y < p(X)

such that
i) ¥ : X — X/R is a cokernel of the given double arrow,

ii) |7'| is a homeomorphism.
In case R = Ry, we obtain a canonical factorization
XY X/RD p(X) > Y
of the holomorphic map @. If, in addition, v is flat, then 7' is biholomorphic.

Lemma 2.1.36. [Fis70, Section 1.23| Let ¢ : X — Y be a proper holomorphic map such that the
canonical map @ : Oy — ©.Ox is an isomorphism. Then all the fibers of ¢ are connected and
non-empty.

Now we can give a factorization theorem for proper holomorphic maps.

Theorem 2.1.37. [Fis76l Section 1.24| Let ¢ : X — Y be a proper holomorphic map. Then there

1s a commutative diagram
ag
J{‘P\

T
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of complex spaces and holomorphic maps with the following properties:

i) T is the canonical map defined above Theorem .
i) f and T o f are finite.
iii) o 1is proper, surjective, has connected fibers, and the canonical map & : Oz — 0.0x is an
isomorphism.

The space Z may be considered as classifying the level sets of ¢, by this we mean that Z
parameterizes all the sets of the form {x € X | ¢(x) = a} for a given a € Y. Note that this is the
same as saying that Z is the space of fibres of ¢. The above diagram is called the Stein factorization
of .

We finish this section by giving some properties of Stein spaces and their normalization and weak
normalization.

Theorem 2.1.38. [Fis76l, Section 2.32| Let f : X — Y be a finite holomorphic map. Then the
following conditions are equivalent:

i) X is Stein.

i) Y is Stein.

Lemma 2.1.39. [Fis76, Section 2.32] Let f : X — Y be a proper surjective holomorphic map
between reduced complex spaces, and assume Y is normal. Then we have:

i) X holomorphically conver = Y holomorphically convez.
it) X Stein = Y Stein.

Corollary 2.1.40. [Fis76l Section 2.32| For a reduced complex space X, the following conditions
are equivalent:

i) X is Stein.

ii) The weak normalization X is Stein.

iii) The normalization X is Stein.

2.2. Ample divisors. For this section we follow the expose in [Laz04, Section 1.1 and 1.2|. The aim
of this section is to develop some results of intersection theory in order give a better understanding
of the degree formula given in Equation . To do this we will define Cartier and Weil divisors in
Definition [2:2.2] and [2:2:3] This is necessary in order to define cycles. After this, we will talk about
Linear series in Subsection [2.2.1 which will pave the way to introduce intersection numbers. This is
the main tool required to hit the goal of this section and it will be done through the cup product of
singular cohomology, see Equation . Then, we will talk about some properties of intersection
numbers, the main one being Theorem [2.2.24] which tells us that the degree defined in Equation
can be calculated as one of the coefficients of a multivariable Hilbert polynomial. Finally, we
will carefully develop the notion of ampleness in Subsection [2:2:4] this will prove necessary when
discussing theorems such as|3.4.8

Consider an irreducible complex variety X, and denote by #x = C(X) the (constant) sheaf
of rational functions on X. It contains the structure sheaf &x as a subsheaf, and so there is an
inclusion 0% C M of sheaves of multiplicative abelian groups. In this way the space (|.X|, Ox),
where |X| is the topological space of X with the Zariski topology, is also a complex space.

Definition 2.2.1. The Grothendieck groups K°(X) and Ko(X) for a Noetherian scheme X are
the abelian groups generated by locally free and coherent &'x-modules, respectively, with relations
[F'] — [F] + [F"] for any short exact sequence 0 — F' — F — F” — 0.

For the purposes of this document we will simplify notation. Let the Grothendieck group of
coherent sheaves on X be denoted by K(X). We give it a commutative ring structure by assigning
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the tensor product as the product and 1 = [@x] by putting
[F1] - [F2] := [F1 @ P
for locally free sheaves F} and Fs. A projective morphism f : X — S induces a homomorphism
fii Ko(X) = Ko(S) defined by fi[F'] := > 5o (=1)"[R" fi F].
Two classes v and « in K(X) will be called numerically equivalent, denoted v = o/, if their
difference is contained in the radical of the quadratic form

(a,b) = X(a-b).

Where X is the Euler pairing defined by X(a,b) = >_(—1)* dim(Ext’(a, b)), see [HLI0, Defintion
6.1.1]. We set K(X)pum = K(X)/ =.

Definition 2.2.2. [Laz04, Definition 1.1.1] (Cartier divisor) A Cartier divisor on X is a global
section of the quotient sheaf /% /0% . We denote by Div(X) the group of all such, so that

Div(X) = I'(X, M | 6%).

More concretely, a divisor D € Div(X) is represented by the data {(U;, fi)} consisting of an
open covering {U;},.; of X together with elements f; € I'(U;, #%), having the property that on
Ui; = U; N U; the following equality holds

fi = gijfj for some gij € F(Uij, ﬁ;}) (22)

The function f; is called a local equation for D at any point x € U;. Two such collections
determine the same Cartier divisor if there is a common refinement {Vj} of the open coverings on
which they are defined so that they are given by data {(Vj, fi)} and {(Vj, f;)} with

fk = hkf]/€ on Vj, for some hy, € F(Vk, ﬁ;ﬂ() (2.3)

The group operation on Div(X) is given as follows: Let D, D’ € Div(X) be represented respectively
by data {(U;, fi)} and {(U;, f/)}, then D + D' is given by {(U;, fif!)}. The support of a divisor
D = {(U;, fi)} is the set of points z € X at which a local equation of D at x is not a unit in Oy ,.
The divisor D is effective if f; € I'(U;, Ox) is regular on U; for every i € I this is written D > 0.

Definition 2.2.3. |[Laz04, Definition 1.1.3] (Cycles and Weil divisors). Let X be a variety or
scheme of pure dimension n. A k-cycle on X is a Z-linear combination of irreducible subvarieties
of dimension k. The group of all such is written Z;(X). A Weil divisor on X is an (n — 1)-cycle,
i.e., a formal sum of codimension one subvarieties with integer coefficients. We often use WDiv(X)
in place of Z,,_1(X) to denote the group of Weil divisors.

Remark 2.2.4. [Laz04, Remark 1.1.4| (Cycle map for Cartier divisors). There is a cycle map
Div(X) — WDiv(X), D [D]=> ordy(D)-[V]

where ordy (D) is the order of D along a codimension one subvariety, it is calculated by looking
at the order of vanishing determined by the local ring @p v, see [Ful84 Section 1.3]. In general,
this homomorphism is neither injective nor surjective, although it is injective when X is a normal
variety and an isomorphism when X is non-singular.

A global section f € I' (X, M%) determines a divisor
D = div(f) € Div(X). (2.4)
Here div(f) is defined locally with respect to a covering {U;}ier. Since this local equations are
determined by a global function then they trivially satisfy the conditions in Equations (2.2]) and
(2.3). A divisor of this form is called principal and the subgroup of all such is Princ(X) C Div(X).

Two divisors Dy, Do are linearly equivalent, written Dy =y, D, if D1 — Do is principal.
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A similar condition allows one to define the divisor of a section of a line bundle L on X. Let
s € I'(X, L) be a global section of L and assume that s does not vanish on any associated subvariety
of X. If X is reduced, then s does not vanish on any associated subvariety whenever s does not
vanish identically on any component of X. Then, a local equation of s determines in the natural
way a divisor div(s) € Div(X).

A Cartier divisor D € Div(X) determines a line bundle 0x (D) on X, leading to a canonical
homomorphism:

Div(X) — Pic(X) , Dw— Ox(D) (2.5)
of abelian groups, where Pic(X) denotes as usual the Picard group of isomorphism classes of line
bundles on X. Concretely, if D is given by data {(U;, f;)} as above, then one can build Ox (D)
by using the g;; in Equation as transition functions. More abstractly, one can view (the
isomorphism class of) Ox (D) as the image of D under the connecting homomorphism

Div(X) =I'(X, MY )0%) — H' (X, 0%) = Pic(X) (2.6)
determined by the exact sequence 0 — 0% — My — M /0% — 0 of sheaves on X. Evidently
ﬁX (Dl) = ﬁX (DQ) <~ D1 =lin D2

If D is effective then Ox (D) carries a global section s = sp € I' (X, Ox (D)) with div(s) = D.
In general, Ox (D) has a rational section with the analogous property.

One may ask if every line bundle comes from a divisor. This is more a difficult question. On the
positive side, we have the following example:

Example 2.2.5. [Laz04, Example 1.1.5] (Line bundles from divisors). There are two hypotheses
to guarantee that every line bundle arises from a divisor.

e If X is reduced and irreducible, or merely reduced, then the homomorphism in Equation

([2.6) is surjective.

e If X is projective then the same statement holds even if it is non-reduced.

(If X is reduced and irreducible then any line bundle L has a rational section s, and one can take
D = div(s). For the second statement one can use the theorem of Cartan—Grothendieck—Serre to
reduce to the case in which L is globally generated. But then one can find a section s € I'(X, L)
that does not vanish on any of the associated subvarieties of X, in which case D = div(s) gives the
required divisor.)

2.2.1. Linear Series. The goal of this subsection is to introduce the definition of linear series, which
will be used later in Corollary [3:4.1]in order to properly define general complete intersections. This
will be key in order to have restriction theorems such as Theorem The results presented here
come from [Laz04, Section 1.1.B].

Definition 2.2.6. Let X be a variety, L a line bundle on X, and V' C H°(X, L) a non-zero subspace
of finite dimension. We denote by |V| := P(V") the projective space of one-dimensional subspaces
of V. When X is a complete variety, |V| is identified with the complete linear series of divisors of
sections of V', we refer to |V as a complete linear series.

Given a divisor D, we also write |D| for the complete linear series associated with the line bundle
Ox (D). Additionally, note that when X is a complete variety an element of |V is the class of a
section s of a line bundle and by looking at the 0-locus of s we get a divisor in X. This is the divisor
div(s) defined in the discussion after Equation (2.4). Clearly this definition is independent of the
class in P(V"). We will interchangeably use these two points of view.

Remark 2.2.7. This notation coincides with the topological space associated to an analytic space,
given in [1.4] since they come up in quite different contexts we will abuse the use of this notation.
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Definition 2.2.8. Let the base locus of V', denoted by Bs(|V]), be the set of points at which all
the sections in V' vanish, and b(|V]) is the ideal sheaf spanned by these sections.

Definition 2.2.9. |[Laz04] Definition 1.1.10] (Free linear series). One says that |V| is free, or
basepoint-free, if for each point € X, one can find a section s = s, € V such that s(x) # 0. A
divisor D or line bundle L is free if the corresponding complete linear series is so. In the case of
line bundles, one says similarly that L is generated by its global sections or globally generated.

Assuming that the dimension of the vector space V is at least 2, and denoting the base locus as
B = Bs(|V]), the linear series |V| defines a mapping ¢y from the open complement of the base
locus in X to the projective space of one-dimensional quotients of V. At each point x in X, the
image ¢(x) corresponds to the hyperplane in V formed by the sections vanishing at 2. This mapping
can be represented in homogeneous coordinates using a basis sq, ..., s, of V by

o(x) = [so(x),...,s.(x)] € P". (2.7)

In the case where X is an irreducible variety, it is a good idea to ignore the base locus and
consider ¢y as a rational map ¢ : X --» P(V) from X to the projective space P(V). If [V] is a
free linear series, then ¢y is a globally defined morphism.

When the base locus is empty, these operations can be reversed: a morphism ¢ : X — P(V)
to projective space induces a linear series |V| on X. Specifically, if ¢(X) does not lie on any
hyperplane, the pullback of sections through ¢ identifies V = H°(P(V), Op(v)(1)) as a subspace of
H°(X,¢* Opyy(1)), and |V| becomes a free linear series on X. Furthermore, ¢ corresponds to the
morphism ¢y

2.2.2. Intersection numbers. Let X be a complete irreducible complex variety. Given Cartier di-
visors Dq,..., Dy € Div(X) together with an irreducible subvariety V' C X of dimension k, the
intersection number

(Dl s DkV) eZ (2.8)

can be defined in various ways. We illustrate here the one we are most interested in.
In the above situation, each of the line bundles Ox(D;) has a Chern class

c1(Ox(Dy)) € H*(X;Z),

here the cohomology group is taken as ordinary singular cohomology of X with its classical topology.
The cup product of these classes is then an element

c1(Ox(Dy)) - ... c1(Ox(Dy)) € H*(X; 7).

Here, we write o - 3 for the cup product of elements «, 3 € H*(X;Z). Denoting by [V] € H2*(X;7Z)
the fundamental class of V', the cap product leads finally to an integer

(c1(Ox(D1) - ... e (Ox (D) N [V] € HY(X:Z) = Z (2.9)

which is how we will define the intersection number appearing in Equation from now on. By
linearity, one can replace V' by an arbitrary k-cycle, and evidently, this product depends only on
the linear equivalence class of the D;. If Dy = ... = Dy = D, we write (D* - V) and when V = X
is irreducible of dimension n, we often use the abbreviation (Dy -...- Dy,) € Z.

For the special case when D € Div(X) is a Cartier divisor and C' C X is a curve on X the above
definition simplifies. More specifically, consider the restriction &x (D)|c, this is a line bundle on the
curve C' and hence there is a rational section s of &x(D)|c. Moreover the zero locus of s, denoted
by Z(s), is a Cartier divisor, see [Har77, Chapter II, Proposition 6.11]. We say that D - C' is the
finite sum of the multiplicities of the zeroes and poles of the section s, i.e., D-C = [Z(s)].

Intersection numbers involving line bundles instead of divisors are defined by considering the
divisor obtained from the zero locus of a rational section.
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Definition 2.2.10. |[Laz04, Definition 1.1.14] (Numerical equivalence)
Two Cartier divisors D1, Do € Div(X) are numerically equivalent, denoted as D; =pum D2, if

(D1-C) =(D2-C)
for every irreducible curve C' C X, or equivalently if (D; - o) = (D3 - o) for all one-cycles o on X.
Numerical equivalence of line bundles is defined analogously. A divisor or line bundle is numerically

trivial if it is numerically equivalent to zero, and Num(X) C Div(X) is the subgroup consisting of
all numerically trivial divisors.

Definition 2.2.11. [Laz04, Definition 1.1.15] (Néron-Severi group). The Néron-Severi group of
X is the group
NY(X) = Div(X)/Num(X),

of numerical equivalence classes of divisors on X.

Remark 2.2.12. Let Pic’(X) be the connected component of the neutral element in Pic(X). The
difference between the two is measured by the quotient Pic(X)/Pic’(X), which is isomorphic to
the Néron—Severi group of X under the canonical morphism ([2.5)).

Lemma 2.2.13. |Laz04, Lemma 1.1.18|
Let X be a 'complete variety, and let D1, ..., Dy, D(l), el Dé“ € Div(X) be Cartier divisors on X.
If D; =pum D§y for each i, then

(D1 Dy-...- Dy [V]) = (D - D§ .- D - [V])
for every subscheme V- C X of pure dimension k.
The Lemma allows us to discuss intersection numbers among numerical equivalence classes instead

of just divisors. So from now on we will do that. Let us now talk about multivariable Hilbert
polynomials.

Theorem 2.2.14. [Kle66, Theorem (Snapper)| Let .# be a coherent sheaf on V' a reducible variety,
and let s be the dimension of Supp #. Assume £1,..., % are invertible sheaves on V. Then the
Euler—Poincaré characteristic X(F @ L" @ -+ @ L") is a numerical polynomial in ni,...,ny of
total degree s.

By a numerical polynomial in nq,...,ns, we mean a polynomial in nq,...,ny with rational coef-
ficients, which assumes integer values whenever ni,...,ng are integers.

Lemma 2.2.15. [Kle66, Lemma 1| A polynomial

F(ny,...,ny) :Za(il,...,it)<n1,+il> <”t;:it>

11
is numerical if and only if the coefficients a(i1, ..., i) are integers, i1 > 0,...,9; > 0, where, for all
n?
] ] ,—1)... 1
<n;—z):(n+z)(n+zi' )...(n+ )z’fi>0,

(Y =1ifi=0, and ("T) =0 if i < 0.

Definition 2.2.16. [Kle66l, Definition 1| Let .27, . . ., % be t invertible sheaves (¢ # 0) on a complete
algebraic scheme V', and let .% be a coherent sheaf on V' such that dim Supp.# < t. The intersection
number

(G- .G F)=(L-...- L F)y
of A,..., 4 with & is the coefficient of the monomial nj ---n; in X(F @ " @ - @ L™).

Proposition 2.2.17. [Kle66, Proposition 0| The number (£ - ---- 4 - .F) is an integer.
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Let us give some notation. Let W C V be a closed subvariety of dimension less than or equal to
t, and take .# = Oy be the quotient sheaf that fits in the following exact sequence

0— ﬁv(—W) — ﬁv — ﬁw—>0

Then for simplicity we often write (& ----- % - W) for (£ ----- % - Ow). Further, if W =V,
we also write (£ ---- - %4) for (& ----- % - V). Additionally, if A is an effective divisor in V' we
denote by %A the tensor product # ® OA.

The previous definition agrees with the one given in Equation , as can be seen by the following
Corollary.

Corollary 2.2.18. [Kle66l, Corollary 3| Suppose that V is a non-singular projective variety, hence
complete and irreducible, 43 = Oy (D1),..., 4 = Oy(Dy), with Dy,...,D; Cartier divisors in
Div(X), and W is a irreducible subvariety of dimension t of V.. Then

(AL W)y=(Dy----- D,.W),
the classical intersection number defined in Equation (@

Proof. Kleiman proves this corollary by establishing the uniqueness of the intersection number. He
does this in turn by showing that the intersection number satisfies 6 properties that are classical for
intersection theory and then he shows that the intersection number is determined by them. Since
we do not need all of them we will content ourselves with citing them, these are [Kle66, Proposition
1-6]. 0

Let us define regular sequences in order to introduce the Hilbert polynomial.

Definition 2.2.19. [HLI10, Definition 1.1.11] Let X be a Noetherian scheme, let & be a coherent
sheaf on X, and let L be a line bundle on X. A section s € H?(X,L) is called &-regular if
and only if & ® LV 2 & is injective. A sequence si,...,s € HY(X,L) is called &-regular if s;
is &/(s1,...,8i-1)( ® LY)-regular for all ¢ = 1,...,l. We also say that the divisor H € |L] is
&-regular if the corresponding section s € H%(X, L) is &-regular.

Example 2.2.20. (Hilbert polynomial) Let X be a projective scheme over C. Let Ox(1) be an
ample line bundle on X, then the Hilbert polynomial P(&) is given by m — X(& ® Ox(m)). The
Hilbert polynomial can be explicitly calculated as follows:

Suppose & is a coherent sheaf of dimension d and let Hy,...,Hy € |Ox(1)| be an &-regular
sequence. Then

d .
m4+1—1
P(&,m)=X(&® O(m)) = ZX(&mmHj)( . )
=0
We know that this is a numerical polynomial so we write it as in Lemma [2.2.15] We define the i-th

coefficient of & by a;(&) := X(&|n,_,m,)- We can then define rank(&’) = ;;‘E;;) and similarly the
degree of & with respect to Ox (1) is defined to be deg(&) = a4—1(&) — rank(&)ag—1(Ox).

These two definitions make sense because in the special case when X is a compact complex
manifold and F is a holomorphic vector bundle of rank r» on X then, by the Hirzebruch—Riemann—

Roch theorem [Hir95, Theorem 21.1.1], one has

X(O(m)) = /exp(mH) ~td(X)

ded N md_lHd_ltdl
d! d—1)
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So we see that ag(Ox) = H? and ag_1(Ox) = H%'td;. We can also see that

X(&(m)) = /Ch(é") ~exp(mH) - td(X)

rmeHe ¢ (&)HY " Imd—! n rmd—1HI1¢d,
d! (d—1)! (d—1)!

So, we see that aq(&) = rH? and ag_1(&) = c1(&)H¥™! 4 rtdy H¥1. Here, td(X) is the Todd
class of the tangent bundle of X, see [Hir95, 10.1, Chapter 3|.

Example 2.2.21. Note that, on the curve C, the Hilbert polynomial of a torsion free sheaf .# is
given by X(.#(m)) = rank(.%) - m + deg(.#) and so the only non-trivial coefficient of the reduced
polynomial is the slope.

Let us examine one of the properties mentioned earlier, specifically focusing on the additive nature
of the intersection number.

Proposition 2.2.22. [Kle66, Proposition 3| If 0 = .F' — % — F" — 0 is exact, then
(gl ..... ﬁj):(jlﬂj/)+($l ..... %.j”).
In fact, we have
X(FoLMe L") =X(F LM L™

2.10
+X(9” ®$1n1 ® . ®D§/,ént) ( )

To end this subsection we will present a result known as Asymptotic Riemann—Roch. We start
with a definition:

Definition 2.2.23. |[Laz04, Definition 1.1.23](Rank and Cycle of a Coherent Sheaf) Let X be an
irreducible variety (or scheme) of dimension n, and .# a coherent sheaf on X. The rank rank(.%)
of % is the length of the stalk of .# at the generic point of X. If X is reduced, then

rank(F) =n-X(X,.7) - X(X, Ox).

If X is reducible (but still of dimension n), then one defines similarly the rank of .%# along any
n-dimensional irreducible component V' of X: ranky (%) = length,, (%,), where .7, is the stalk of
Z at the generic point v of V. The cycle of .# is the n-cycle

Zn(F) = ranky(F)-[V],
14

the sum being taken over all n-dimensional components of X.

Theorem 2.2.24. |[Laz04, Theorem 1.1.24|(Asymptotic Riemann-Roch) Let X be an irreducible
projective variety of dimension n, and let D be a divisor on X. Then, the Euler characteristic
X(Ox(mD)) is a polynomial of degree n in m, with

deg(D)"

X(0x(mD)) = ===

m" + O(m™ ).

More generally, for any coherent sheaf .% on X:

deg(D)"

X(Z @ Ox(mD)) = rank(F) - — 5
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2.2.3. Cycles and Rational equivalence. This subsection is devoted to quickly define the Chow group
of a variety. We follow the approach of [Ful84, Section 1.3]. Recall that in Definition we defined
a k-cycle on X as a finite formal sum

D vi

i>0
where the V; are k-dimensional subvarieties of X, and the n; are integers. Additionally, we define
the assignment from the set of subvarieties to the the free abelian group @, Zi as follows: to
each subvariety V' of dimension k of X correspond to it [V] in Z;X. -

Recall that to each rational function f of X, we assign the k-cycle [div(f)] defined in Equation
(2.4). We say that a k-cycle « is rationally equivalent to zero, written o ~ 0, if there are a finite
number of (k + 1)-dimensional subvarieties W; of X, and rational function f; € .., such that

o =@ ldiv ().

>0

Since [div (r‘l)] = —[div(r)], the cycles rationally equivalent to zero form a subgroup Raty X of
Z,. X, called the group of rationally trivial cycles. The group of k-cycles modulo rational equivalence
on X is the factor group

AL X = ZkX/ Rat; X.

Define Z,X (respectively A, X ) as the direct sum of the Z;X (respectively AxX ) for k =
0,1,...,dim(X). A cycle (respectively cycle class) on X is an element of Z, X (respectively A..X ).
If a is a class in A, X, and k is an integer, we denote by

{adk
the component of o in A X. Thus a = P> of{ats.

A cycle is positive if it is not zero, and each of its coefficients is a positive integer. A cycle class
is positive if it can be represented by a positive cycle.

Definition 2.2.25. The Chow group Chow;(X) of i-dimensional cycles on X is the quotient group
of Z;(X) by the subgroup of cycles rationally equivalent to zero. We define Chow,(X) to be the
graded group @,~, Chow;(X).

For each subvariety Z we denote by [Z] the class of Z in the Chow group, and if two subvarieties
Z and W are such that [Z] = [W], then Z and W are said to be rationally equivalent.

Example 2.2.26. Let X be a variety of dimension n, the Chow group Chow,,_1(X) is the divisor
class group of X, see Equation When X is smooth over k, this is isomorphic to the Picard
group of line bundles on X.

We will shortly comment on the ring structure of Chow;(X) without giving any proof. Instead,
we recommend the reader to see [Ful84, Chapter 19] for a complete discussion on this ring structure.

When X is a smooth variety over C, the Chow groups form a ring, not just a graded abelian
group. Namely, when X is smooth over k, define Chowi(X ) to be the Chow group of codimension-i
cycles on X. Note that if X is of dimension n, this just means that Chow’(X) = Chow,_;(X).
Then the groups Chow™(X) form a commutative graded ring with the product:

Chow!(X) x Chow’ (X) — Chow'™/(X).
The product arises from intersecting algebraic cycles, see Corollary [2.2.18
For example, if Y and Z are smooth subvarieties of X of codimension i and j respectively, and if
Y and Z intersect transversely, then the product [Y][Z] in Chow""?(X) is the sum of the irreducible

components of the intersection Y N Z, which all have codimension i + j.
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2.2.4. Ampleness. This subsection is devoted to lay down some useful results pertaining to the
classical theory of ample line bundles.

Definition 2.2.27. [Laz04, Definition 1.2.1](Ample and very ample line bundles and divisors). Let
X be a complete scheme, and L a line bundle on X.

i) L is very ample if there exists a closed embedding X < P of X into some projective space
P = P¥ such that
L= ﬁX(l) = ﬁpN(l)‘

ii) L is ample if L®™ is very ample for some m > 0.

X
A Cartier divisor D on X is ample or very ample if the corresponding line bundle &x (D) is ample
or very ample respectively.

Remark 2.2.28. Note that a very ample bundle is basepoint-free since for every point x € X one
can find a hyperplane H C P that does not contain the point ¢(x). This implies that there is a
section of Opn (1) not vanishing in ¢(z), this is equivalent to saying that there is a section of L not
vanishing in x.

Here we take the opportunity to make an definition, which is less well known.

Definition 2.2.29. (Semi-ample line bundles) A line bundle is semi-ample if some positive power
of it is basepoint-free, see Definition [2.2.9]

From this definitions and the previous remark we deduce the following implications:

L is very ample (2.11)

— T~

L is ample L is semi-ample.

Example 2.2.30. [Laz04, Example 1.2.3](Ample line bundle on curves) If X is an irreducible curve,
and L is a line bundle on X, then L is ample if and only if deg(L) > 0.

Example 2.2.31. [Laz04, Example 1.2.4|(Varieties with Pic = Z) If X is a projective variety with
Pic(X) = Z, then any non-zero effective divisor on X is ample. This applies, for instance, when X
is a projective space or a Grassmannian.

Example 2.2.32. |[Laz04, Example 1.2.5|(Intersection products) If Dy, ..., D,, are ample divisors
on an n-dimensional projective variety X, then Dy -...- D, > 0. (One can assume that each D; is
very ample, and then the inequality reduces to Example [2.2.30))

Theorem 2.2.33. [Laz04, Theorem 1.2.6|(Cartan—Serre-Grothendieck Theorem) Let L be a line
bundle on a complete scheme X. The following are equivalent:
(i) L is ample.
(ii) Given any coherent sheaf F' on X, there exists a positive integer m; = m;(F') having the
property that H (X, F ® L®™) = 0 for all i > 0 and m > m(F).
(iii) Given any coherent sheaf F' on X, there exists a positive integer mg = ma(F) such that
F ® L®™ is generated by its global sections for all m > ma(F).
(iv) There is a positive integer mg > 0 such that L™ is very ample for every m > msg.

The conclusion in (ii) is often referred to as Serre’s vanishing theorem.
Example 2.2.34. [Laz04, Example 1.2.11](Ample line bundles on a product) If L and M are ample

line bundles on projective schemes X and Y respectively, then prjL @ pr5M is ample on X x Y.
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Corollary 2.2.35. [Laz04, Corollary 1.2.15|(Globally generated line bundles). Suppose that L is
globally generated, and let

¢=¢p: X > P=PHX,L))

be the resulting map to projective space defined by the complete linear system |L|. Then L is ample
if and only if ¢ is a finite mapping, or equivalently if and only if fC c1(L) > 0 for every irreducible
curve C' C X.

Proposition 2.2.36. |[Laz04, Proposition 1.2.16] Let X be a complete scheme, and L a line bundle
on X.

(i) L is ample on X if and only if Lyeq is ample on X, eq.
(ii) L is ample on X if and only if the restriction of L to each irreducible component of X is ample.

Theorem 2.2.37. [Laz04, Theorem 1.2.17|(Amplitude in families). Let f : X — T be a proper
morphism of schemes, and L a line bundle on X. Given t € T, write X; = f~1(t), Ly = Ll|x,.
Assume that Lo is ample on Xo for some point O € T. Then there is an open neighborhood U of 0
in T such that Ly is ample on X; for allt € U. Observe that we do not assume that f is flat.

Here we show that amplitude is characterized numerically in the following sense.

Theorem 2.2.38. [Laz04, Theorem 1.2.23 |(Nakai-Moishezon-Kleiman criterion). Let L be a line
bundle on a projective scheme X. Then L is ample if and only if

/ c1 (L)dim(V) >0
v

for every positive-dimensional irreducible subvariety V' C X (including the irreducible components

of X).

From this Theorem it follows that the amplitude of a divisor depends only on its numerical
equivalence class as we can see from

Corollary 2.2.39. [Laz04, Corollary 1.2.24| (Numerical nature of amplitude). If Dy, Dy € Div(X)
are numerically equivalent Cartier divisors on a projective variety or scheme X, then D1 is ample
if and only if Do is.

For questions of positivity, it is very useful to be able to discuss small perturbations of a given
divisor class. The natural way to do so is through the formalism of R-divisors, which we develop
Now.

Definition 2.2.40. [Laz04, Section 1.3.B] (R-divisors). Let X be an algebraic variety or scheme.
An R-divisor on X is an element of the R-vector space

Divg(X) = Div(X) @z R.

Let Divg(X) be the set of R-divisors on X. Supposing X is complete, there is an associated R-
valued intersection theory, giving rise in particular to the notion of numerical equivalence. More
concretely, an R-divisor is represented by a finite sum D = ), ¢;A; where ¢; € R and A; € Div(X).
We say that D is numerically trivial if and only if ", ¢;(A;, C) = 0 for every curve C C X. The
resulting vector space of equivalence classes is denoted by N!(X)g. Note that after tensoring with
R, the previous statement coincides with Definition [2.2.10] Hence, according to Definition [2.2.11]
we have N1(X)gr = N}(X) ®z R. We say that D is effective if D = Y, ¢;A; with ¢; > 0 and A,
effective.

Operations and supports of R-divisors are defined as follows, see [Laz04] Section 1.3.B|.
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Definition 2.2.41. (Supports) Let D € Divg(X) be a R-divisor. A codimension one subset £ C X
supports D, or is a support of D if D admits a representation D = ). ¢;A; in which the union of
the supports of the A; is contained in F.

All the usual operations and properties of Cartier divisors extend naturally to this setting simply
by tensoring with R:

Definition 2.2.42. (Equivalences and operations on R-divisors). Assume henceforth that X is
complete.

i) Given a subvariety or subscheme V' C X of pure dimension k, an R-valued intersection product
DiVR(X) X ... X DIVR(X) —)R, (Dl,...,Dk) — Dy - Dk . [V}

is defined via extension of scalars from the analogous product on Div(X).

ii) If f:Y — X is a morphism such that the image of every associated subvariety of Y meets a
support of D € Divg(X) properly, then f*D € Divg(Y') is defined by extension of scalars from
the corresponding pullback on integral divisors (this being independent of the representation
of Das D=3, cA;).

iii) If f: Y — X is an arbitrary morphism of complete varieties or projective schemes, extension of
scalars gives rise to a functorial induced homomorphism f* : N*(X)g — N'(Y)r compatible
with the divisor-level pullback defined in in the discussion below Definition [2.2.40]

Example 2.2.43. |[Laz04, Example 1.3.10] One has an isomorphism
N (X)r = NY(X) @z R.
For ampleness of R-divisors, however, the situation is slightly more subtle.

Definition 2.2.44. [Laz04 Definition 1.3.11|(Amplitude for R-divisors). Assume that X is com-
plete. An R-divisor D on X is ample if it can be expressed as a finite sum

D = ZCZ‘Ai,

where ¢; > 0 is a positive real number and A; is an ample Cartier divisor, recall Definition [2.2.2
As before, amplitude depends only on numerical equivalence classes:

Proposition 2.2.45. [Laz04, Proposition 1.3.13](Ample classes for R-divisors). The amplitude of
an R-divisor depends only on its numerical equivalence class.

Finally, we give with the definition of Nef divisors.

Definition 2.2.46. [Laz04, Definition 1.4.1|(Nef line bundles and divisors).Let X be a complete
variety or scheme. A line bundle L on X is numerically effective or Nef if

/Ccl(L) >0

for every irreducible curve C' C X. Similarly, a Cartier divisor D on X (with Z, or R coefficients)
is Nef if
(D-C)>0

for all irreducible curves C' C X.

The definition evidently only depends on the numerical equivalence class of L or D, and so one
has a notion of Nef classes in N'(X) and N!(X)g. Note that any ample class is Nef, as is the sum
of two Nef classes.
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2.3. Geometric Invariant Theory. In this subsection we want to give a very succinct introduc-
tion to Geometric Invariant Theory (GIT) applied to schemes over the complex numbers. The
choice to restrict to this case is twofold, first the theory is cleaner an easier to understand in this
case and second the results needed for the rest of the thesis only draw from the complex case. There
are a lot of very good references for this topic including [Hos23|, we will be following [Sch08|. At
its core, GIT is a method for constructing group quotients in algebraic geometry. For this reason,
it is frequently used to construct moduli spaces.

More concretely, we will deal with two special cases: when X is an affine variety over the complex
numbers and when X is a projective variety, again over the complex numbers. Moreover, we are
interested in actions of an affine algebraic group G and we want to get a notion of a categorical
quotient within the algebraic category. For starters the only compact affine groups are finite groups.
This means that for an affine non compact group its action on a topological space X typically
has some non-closed orbits. Consequently, the topological quotient X/G will not be Hausdorff.
Therefore, the space of orbits is quickly ruled out as a candidate and thus we are lead to look into
some further identification of orbits in order to get a quotient.

The previous remark tells us that a geometric quotient (i.e., orbit space) does not exist in general
because the action is not necessarily closed, see Example For finite groups G, every good
quotient is a geometric quotient as the action of a finite group is always closed. In some special
cases when G is discrete and the action is properly discontinuous then a quotient still exists because
the orbits remain closed. By allowing a discrete group to have a wandering action in the sense of
[PS24, Remark 3.19] a different kind of quotient, known as Orbifold, is possible. See [PS24] for a
construction of the modular curve as an Orbifold.

Without further ado let us start with some basic definitions.

2.3.1. Affine quotients.

Definition 2.3.1. A linear (or affine) algebraic group is a group object G in the category of affine
algebraic varieties. More precisely, this means that G is an affine algebraic variety equipped with a
neutral element e € G, a regular map p: G X G — G, called the multiplication, and a regular map
inv : G — @G, called the inversion map, such that the tuple (G, e, u,inv) is a group.

Definition 2.3.2. An (algebraic) action of an affine algebraic group G on a variety X is a morphism
of varieties 0 : G x X — X such that the following diagrams commute:

x e x GxGx X9 axx
o mGXidx\L lo’ (212>
idx
X GxX X

(e

Suppose we have actions ox : G Xx X — X and oy : G X Y — Y of an affine algebraic group
G on varieties X and Y. Then, a morphism f : X — Y is G-equivariant if the following diagram
commutes:

GXXMGXY

axl l"y

Xf)Y.

If Y is given the trivial action oy = 7y : G X Y — Y, then we refer to a G-equivariant morphism
f X =Y as a G-invariant morphism.
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Note that this action induces an action on the ring of regular functions of X by the following
homomorphism

G x Aut(O0x) — Aut(Ox)
(9. f(@) = flg7"-2) Vo € X

In the particular case when X has the structure of a vector space we call the action o a repre-
sentation of the group G.

(2.13)

Example 2.3.3. [Sch08| 1.2.1.2] Consider the action
c:C"xC"—=C", (z,v)—z-v.

As a point set is equal to P"~1 U {0}. A regular function on C" which is constant on any line is a
constant function. Thus, the ring of invariant functions C[C"]? is just C and hence Spec,,,,(C) =
{pt}.

This example is interesting because it demonstrates that when a function f € C[V]? is continuous
in the Zariski topology, it implies that the function must be constant not only on the orbit O itself
but also on the closure O of any orbit. This fact is also true in the strong topology, because the
closure of a path in the Zariski and strong topology coincide because a path is constructible.

In this example, orbits are of the form C* - v hence the only closed orbit is attained when
v = 0. This fact suggests that a quotient space only composed by orbits does not capture enough
“geometric” information, but rather one should identify orbits if their closures meet. We stick with
this idea and make the following definition:

Definition 2.3.4. Let V be a finite dimensional complex space, G be an affine group together with
a representation p: G — GL(V).

We say that the ring of invariant functions, denoted by C[V]? is the graded ring of functions
f € C[V] such that for all g € G and all v € V the following holds:

flplg™) -v) = f(o). (2.14)

Since C[V]? is a subset of C[V] then it inherits the graded ring structure from it.
Furthermore we denote the quotient of V' by G through the action p by

V//p G := Spec. CIV]’. (2.15)
Note that there is an accompanying quotient map 7: Spec,,,.. C[V] — Spec,,.x C[V].

We distinguish the points in V' according to the structure of their orbits

Definition 2.3.5. An element v € V is said to be p-stable if the orbit of v is closed and has the
same dimension as G; p-semistable if the origin 0 is not contained in the closure of the orbit of v;
not p-semistable if 0 lies in the closure of the orbit of v. A nullform is a point v in V which is
mapped, through the quotient 7, to the same point in the quotient as 0 € V. If it is clear of which
representation p we are talking, we will simply speak of stable points and so on.

Remark 2.3.6. Note that by definition, stable points are semistable. A point v € V' is semistable
if there is a non-constant homogeneous element in C[V]? that does not vanish at v. In other words,
v is a nullform if and only if all non-constant homogeneous p-invariant functions vanish at v.

Let us give some useful theorems in algebraic group theory.

Theorem 2.3.7. [Sch08, Theorem 1.1.3.3] Let G be a linear algebraic group. Then, there exists a

positive integer m, such that G is isomorphic to a closed subgroup of GL,(C).
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In the following, we will use the notion “torus” only in the algebraic sense, that is a linear algebraic
group isomorphic to (C*)" for some r € N. Let G be an affine algebraic group. A mazimal torus of
G is a subgroup T which is a torus and is maximal with respect to inclusion among all subgroups
of G which are tori. It is known ( [Bor91, Corollary 11.3]) that any two maximal tori 7" and 7" of
G are conjugate, that is, there is an element g € G with 7" = ¢ - T - ¢g~'. In particular, 7 and T"
have the same dimension.

Theorem 2.3.8. [Sch08, Theorem 1.5.1.7](Cartan Decomposition) Let G be a reductive affine alge-
braic group and T a maximal torus of G. Then, there is a compact real Lie subgroup H C G, such
that G=H-T-H.

Let G be an affine algebraic group, V' a finite-dimensional complex vector space, and p : G —
GL(V) a representation of G on V. We say that the subspace W C V' is p-invariant if p(g)(W) C W
for all ¢ € G. In that case, the group G acts on W, and we may restrict the representation p to
plw : G — GL(W). We call p irreducible if V' does not contain p-invariant subspaces apart from
the trivial ones, {0} and V.

Definition 2.3.9. [Sch08, Section 1.1.4] A representation is called completely reducible if it de-
composes as a direct sum of irreducible representations. See [Sch08|, Section 1.1.2| for details on the
definition of operations among representations.

The group G is called reductive, if any finite dimensional representation of G is completely
reducible.

Theorem 2.3.10. (Chevalley’s theorem )|Mill7, Theorem 4.19| Let G be an algebraic group. Every
algebraic subgroup H of G arises as the stabilizer of a one-dimensional subspace L in a finite-
dimenstonal representation V of G.

Example 2.3.11. Let G be a reductive group, p : G — GL(V) a faithful representation. For
non-negative integers a, b, ¢ we have the GL(V)—module

Vipe = (VE) @ /\V e pi=dim(V), (2.16)
and, for tuples a = (ay,...,ay), b= (b1,...,by,), and ¢ = (c1,...,¢,), we define the GL(V')-module

abc . @Vai,bi,cy (217)

Hence we get a representation GL(V) — GL(Vgy, Q) we will denote it by kg p . By [Sch04bl, Corollary

1.2] we have integer tuples a, b, ¢ such that the representation p is a direct summand of the natural
representation kg p .. Thus, there exists a G-submodule W' of V,p . which is complementary to W,

and we find an 1somorphlsm Vape =W & W' of G-modules. Hence p is a direct summand of the
restriction of k4 p . over G.

Let us discuss the structure of the orbits of an action through the following proposition, which is
more general, and through an illustrative example.

Proposition 2.3.12. Let G be an affine algebraic group acting on a variety X. The orbits of closed
points are locally closed subsets of X. Moreover, the boundary of an orbit G-x — G - x is a union
of orbits of strictly smaller dimension. In particular, each orbit closure contains a closed orbit.

Proof. Let x € X(C). The orbit G - = is the set-theoretic image of the morphism o, hence by a
theorem of Chevalley [Har77, II Exercise 3.19], it is constructible, i.e., there exists a dense open
subset U of G-z with U C G-z C G - x.
The boundary of an orbit GG - z is invariant under the action of G and thus is a union of G-orbits.
Since the orbit is a locally closed subvariety of GG, it contains a subset U which is open and dense
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in its closure G - x. The orbit G -z is the union over g of the translates gU of U, and therefore it is
open and dense in its closure G - z. Thus the boundary G - \ G - z is closed and of strictly lower
dimension than G - z. It is clear that orbits of minimum dimension are closed, so each orbit closure
contains a closed orbit. O

Definition 2.3.13. An action of an affine algebraic group G on a variety X is closed if all G-orbits
in X are closed.

An example of the following is obtained by removing the origin from the following Example, see
Figure [4]

FIGURE 4. Graph of the orbits of the action «

Example 2.3.14. Consider the action of the group C* on C? given by «a: t - (z,y) = (tz,t 1y).
The orbits of this action are:

e Conics {(z,y) : xzy = B} for g € C*,

e The punctured z-axis,

e The punctured y-axis,

e The origin.

The origin and the conic orbits are closed, whereas the punctured axes both contain the origin in
their orbit closures. The dimension of the orbit of the origin is strictly smaller than the dimension
of C*, indicating that the stabilizer of the origin has positive dimension, thus the stabilizer group
is C*.

The orbit space X/G = {G-x : x € X} for the G-action on X, may not always admit the structure
of a variety. A natural variety structure on X/G is associated whenever the map X — X/G is
regular, see [Har77, Section 3|. Instead, we ask for a universal quotient in the category of varieties.

Definition 2.3.15. A categorical quotient for the action of G on X is a pair (¢,Y") consisting of a
G-invariant morphism ¢ : X — Y of varieties which is universal together with the space Y. More
specifically we have that every other G-invariant morphism f : X — Z factors uniquely through
¢ so that there exists a unique morphism h : Y — Z such that f = ¢ o h. Furthermore, if the
preimage of each point in Y is a single orbit, then we say ¢ is an orbit space.
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As ¢ is constant on orbits, it is also constant on orbit closures. Hence, a categorical quotient is
an orbit space only if the action of G on X is closed; that is, all the orbits G - x are closed.

Remark 2.3.16. The categorical quotient exhibits useful functorial properties: If ¢ : X — Y is
invariant under the action of G, and we have an open cover U; of Y such that ¢ restricted to each
»~1(U;) is a categorical quotient, then ¢ itself is a categorical quotient.

In this case, let us denote the subalgebra of invariant functions by
C[X]¢:={feC[X]:g-f=fforallgeG}. (2.18)

Here, g- f stands for the associated action on the ring of functions C[X], given by g- f(z) = f(g~-z).
This is similar to the representation case where G acted through p: G — GL(V), see Equation m
Similarly, if U C X is a subset which is invariant under the action of G (that is, g - u € U for all
u € U and g € G), then G acts on Ox(U) and we write Ox(U)% for the subalgebra of invariant
functions.

The concept of “Good quotients” originated from geometric invariant theory, specifically, GIT
quotients are constructed as the spectrum of the ring of invariant functions under certain conditions.
In [MFK94], Mumford showed that GIT quotients satisfy the criteria of good quotients and further
he showed that they are also categorical quotients. Moreover, Good quotients are highly desirable
because they parameterize orbits.

Definition 2.3.17. [SchO08| Section 1.4.1] A morphism ¢ : X — Y is a good quotient for the action
of G on X if

i) ¢ is G-invariant.
ii) ¢ is surjective.
iii) If U C Y is an open subset, the morphism Oy (U) — €x(¢~1(U)) is an isomorphism onto the
G-invariant functions Oy (¢~1(U))%.
iv) If W C X is a G-invariant closed subset of X, its image ¢(W) is closed in Y.
v) If W and W; are disjoint G-invariant closed subsets, then ¢(W) and ¢(Ws) are disjoint.
vi) ¢ is affine (i.e., the preimage of every affine open is affine).

If moreover, the preimage of each point is a single orbit then we say ¢ is a geometric quotient.

Remark 2.3.18. Note that if G is an affine algebraic group acting on a complex space X and
¢: X =Y is a good quotient; then:
1) G-21NG-xy # 0 if and only if ¢(x1) = ¢(x2).
ii) For each y € Y, the preimage ¢~!(y) contains a unique closed orbit. In particular, if the action
is closed (see Definition [2.3.13)), then ¢ is a geometric quotient.

Since ¢ remains constant on orbit closures, if G - 1 and G - x2 intersect non-trivially, then ¢(x1) =
¢(z2). Conversely, according to property v) of the good quotient ¢, if ¢p(x1) = ¢(x2), then G - x4
and G - 9 must intersect.

To address i), consider two distinct closed orbits Wi and W3 in ¢~!(y). The fact that both of
their images under ¢ are equal to y contradicts property v) of the good quotient ¢.

Corollary 2.3.19. If ¢ : X — Y is a good (respectively geometric) quotient, then for every open
U CY the restriction ¢|y-1p) ¢~ 1(U) — U is also a good (respectively geometric) quotient of G
acting on ¢~ 1(U).

Lemma 2.3.20. [Sch08, Lemma 1.4.1.1] Let 0 : G x V. — V be an action of the affine algebraic
group G on the variety V, and suppose (Y, 7) is a good quotient. Then, the pair (Y, m) enjoys the
universal property of the categorical quotient, see Definition [2.5.19]
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Recall that an action of an algebraic group G over a variety X induces the action Equation [2.13|
on the ring of function C[X]. From now on we will always assume that G is a reductive group, see
Definition

It is worth noting that any element f belonging to C[X] can be found within a finite-dimensional,
G-invariant subvector space W contained in C[X], where G acts via a rational representation, see
[SchO8| proof of Proposition 1.1.3.1]. In a broader context, a rational representation of the reductive
group G on a finitely generated C-algebra A is defined as a mapping

T:GxA— A,

satisfying the following axioms:
i) For any g € G, the map 7, : f— g f :=7(g, f) is a C-algebra automorphism of A; 7. =id4.
ii) For all g1, g2 € G, one has 74, 0 7y, = T4, 4,-
iii) Every element f € A is contained in a finite-dimensional subvector space W C A on which G
acts by a rational representation.

Remark 2.3.21. [Sch08, Remark 1.4.2.1 |(The Reynolds operator): If A is an infinite-dimensional
C-vector space and 7 : G x A — A satisfies the above properties with “C-algebra automorphism”
replaced by “C-linear automorphism”, we say that A is a locally finite G-module. Locally finite
modules basically behave like finite-dimensional modules. For example, it is rather obvious that
any locally finite G-module is a direct sum of finite-dimensional simple modules. In particular,
the submodule A% of G-invariant elements in A is a direct summand of A. The resulting linear
projection A — A% is called the Reynolds operator. It behaves functorially with respect to G-
module homomorphisms. The Reynolds operator is only available in characteristic zero.

For a rational action of an affine algebraic group G on a finitely generated C-algebra A, Hilbert
asked whether the algebra of G-invariants A is finitely generated. This is known in the literature
as Hilbert’s 14th problem. The answer to this problem is negative in this level of generality: Nagata
gave an example of an action of an affine algebraic group (constructed using copies of the additive
groups) for which the ring of invariants is not finitely generated. However, for reductive groups
(as defined in Definition , Nagata’s theorem, see [Nag64, Main Theorem|, provides a positive
answer to Hilbert’s 14th problem. Unfortunately, the proof of this result lies beyond the scope of
this text.

Theorem 2.3.22. [Sch08, Theorem 1.4.2.2|(Hilbert): Let G be a reductive algebraic group, A a
finitely generated C-algebra, and p: G — GL(A) a rational representation of G on A. Then, the
algebra

AP ={feAlplg.f)=f foral geG}
defined in Equation[2.18, is finitely generated.

Take 8 : G x C[X] — C[X] to be the associated representation coming from an action a: G x
X — X, as in the discussion following Equation Let us denote by p: G — GL(C[X]) the
representation obtained by setting

plg) - f=Blg, f) Vf € C[X],Vg € G.

Note that is a rational representation of G on C[X]. The algebra C[X]” is finitely generated by the
above theorem. Thus, we find a quick quotient by applying Equation (2.15]) to the ring of invariant
functions of the affine variety X. Hence we set

X//5G 1= SPeCyu(CIX]?), (2.19)

The inclusion C[X]? C C[X] yields the morphism 7 : X — X//G. It turns out that this is the right
choice for the categorical quotient.
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Theorem 2.3.23. [Sch08| Theorem 1.4.2.4] The pair (X//G, ™) is a good quotient for X with respect
to the action o.

Note that, when a reductive group G acts on an affine variety X in general a geometric quotient
does not exist because the action is not necessarily closed. The way to solve this problem is to
define an open subset X*® of “stable” points in X for which there is a geometric quotient.

The open subset X* will be defined with the help of p-stable points, see Definition [2.3.5]

Definition 2.3.24. We say x € X is stable if its orbit is closed in X and dimG -z = 0 (or
equivalently, dim G - z = dim G). We let X® denote the set of stable points.

The open subset X*® of stable points in X is important because when restricting the action to it
and performs the quotient construction then one obtains a geometric quotient. We will explore this
in the projective case in the next section.

The most important tool for finding the stable and semistable points is provided by the following
theorem:

Theorem 2.3.25. [Sch08, Theorem 1.2.1.9](Hilbert-Mumford criterion). Let V' be a vector space
on which the reductive group G acts. The point v € V fails to be stable (semistable), if and only if
there is a non-constant one parameter subgroup A : C* — G with

Zlggo AMz)-v=w (=0)
for an appropriate point w € V.

Remark 2.3.26. [Sch08, Remark 1.2.1.10] Note that lim, ,o, A(2) - v lies, if it exists, in the closure
of the orbit of v. Thus, the necessity of the stated condition is evident.

2.3.2. Projective quotients and linearizations. The goal of this section is to use the theory of affine
quotients developed in the previous subsection as a local model for constructing projective quo-
tients. Recall that the affine GIT quotient just constructed is the morphism 7 : X — X//G :=
Spec,,.x C[X]¢ of affine schemes associated to the inclusion 7* : C[X]¥ — C[X].

More concretely, the goal is to find invariant affine open subsets {U;};c; of X for which the
restricted action o; : G x U; — U; has a good quotient, after which a gluing construction may be
performed. In this section, we define an open subset X® of ‘stable’ points in X for which there is a
geometric quotient by using linearizations.

Definition 2.3.27. [Sch08| Section 1.4.3 page 56] Let p: L — X be a line bundle. A linearization
of the action o: G x X — X on L is an action ¢’: G x L — L of G on the line bundle L, satisfying
the following two axioms:

i) The projection p is G-equivariant, i.e., p(g o 1) = g ¢ p(l) for all g € G and [ € L.

ii) For g € G and x € X, the induced map L, — Ly ,z, W+ g o w, is linear.

A given linearization ¢ in L induces further linearizations of the action o, for example, o®” in
the tensor powers L®", r € N, and ¢" in the dual line bundle LV.

Definition 2.3.28. Let s : X — L be a G-equivariant section of the line bundle L. Then, the set
X, :={x € X | s(z) # 0} is a o-invariant, open subset of X. We call a point z € X

i) o-semistable if there exists a positive number r and a G-equivariant section s of L®" such that
X, is affine and contains x.

ii) We say that x is o-polystable if, in addition, the orbit G - z is closed in X.

iii) Finally, a point € X is o-stable if there exist 7 > 0 and a G-equivariant section s € H°(X, L®")
such that X, is affine, z € X, dim(G - z) = dim(G), and all orbits of the action of G on X
are closed seen inside of Xj.
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The set of o-semistable points is denoted by X% and the set of o-stable points by X3. These
sets are open in X, see [Sch08, Lemma 1.4.3.4].

Example 2.3.29. In the previous subsection [2.3.1) we defined stable points for the action of a
reductive affine algebraic group G on a vector space V. If we look at the resulting action o on P(V")
together with its induced linearization o in Op(yvy(1) =: &, then [v] € P(VY) is o-(semi)stable
if and only if v is (semi)stable in the sense defined in the linear case. Although not necessary,
this can easily be verified by using the Hilbert—Mumford criterion. More precisely given a point
v € V one has that 0 does not belong to the closure of the orbit G - v if and only if for every one
parameter subgroup A: C* — G the point vy := lim, 00 A(2) - v is not 0. Since the action of A
is linear on V then it is diagonalisable, meaning that there are weights r; and a basis {v;}1<i<n
satisfying A(t)v; = t"v; for all 1 < ¢ < n. The previous condition is equivalent to asking the
quantity weight(Z|},_.)) = min{r;|z; # 0} to be more than or equal to 0, see [Hos23, Remark 3.10].
In turn, the reductiveness of G' and the disjointedness of G - v and 0 imply that there is a section
s € HO(P(VV), 2% such that s([v]) is not 0, see [Hos23, Theorem 3.9].

An alternative to this approach is to interpret the global sections in H(P(VY), Opyvy(n)) as
polynomial functions of degree n for all n € N. An extra dimension comparison between the orbits
of V and P(V) is then performed.

Before presenting the main theorem on the existence of quotients, we note that in the following
theorem it is not necessary to require the ampleness of the linearization, see [Sch08, Theorem
1.4.3.7].

Theorem 2.3.30. [Sch08, Theorem 1.4.3.8] Let G be a reductive affine algebraic group, and X a
quasi-projective variety together with a G-action denoted by o, and L an ample line bundle over X.
Suppose o : G x L — L is a linearization of the action o.

i) The good quotient of X5° with respect to the induced G-action does exist and is a quasi-projective
variety. We denote it by (X//,G,m). If X is projective and L is ample, then the quotient X//,G
18 projective, too.

i) In X//,G, there is an open subset Us with m=1(U®) = X3

5, such that (U®, |xs) is the geometric
quotient of X5 for the induced action by G.

Proof. Here we repeat the proof given in the reference because we find it useful for what follows.
If » € N is sufficiently large, then there are invariant global sections si,...,s, € H(V,L®"),
such that the U; := X;,, ©« = 1,...,n, are affine subsets which cover the variety X5°. The action
of G on X induces actions of G on the U;. Since the U; are affine varieties, the good quotients
(W;,m;) of the U; by these actions exist, according to Theorem The functions s;; := s;/s;
are G-invariant and regular on U; N Uj, so that we may interpret them as elements of C[W;]. Set
Wij := {w € W; | s45(w) # 0}. Then, we have 7; ' (W;;) = U; N U; = W;l(Wji). Since restriction
of a G-invariant function induces an inclusion of spectra then (Wij,m;|w,;) and (Wj;, m;|w,,) are
both good quotients for U; N U; with respect to the induced G-action. Thus, there is a uniquely
determined isomorphism ;; : Wj; — Wj; with ¢ om; = ;. Since the 1);; are uniquely determined,
they obey the cocycle rule v;; o 1;, = 1;, on the triple intersection. Therefore, we may glue
the W; to a pre-variety W. By the compatibility conditions on the m;, there is also a morphism
m: Vs — W with 7|y, = m;. It remains to be shown that W is quasi-projective (and, therefore, in
particular a variety). The W; form an affine covering of W, and the s;; € Ow (W; N W) satisfy the
cocycle condition. Hence, they define a line bundle M over W, such that 7#*(M) = L®". Moreover,
it is clear that the sections s; € H(V, L®") descend to sections sf € H°(W, M), i.e., there are
sections sf € HO(W, M) with 7*(s}) = s;, i = 1,...,n. Note that Wer = Wi, i =1,...,n. By
Theorem [Gro60, II, Theorems 4.5.2 and 4.5.10], the line bundle M is ample. Finally, (W,7) is a
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good quotient, this is true because by construction we have a covering where the same statement is
true for each open set of the covering, see [Sch08, Exercise 1.4.1.2].

If V is a projective variety and L is an ample line bundle, then we may equivariantly embed V'
into Proj(W), W := H°(V, L®"). Let R be the homogeneous coordinate ring of V in Proj(W). The
linearization induces a degree preserving representation * of G on R. The quotient V//,G is then
the projective variety Proj(R*). This verifies the first part of the theorem.

The second part is proved along similar lines. Here, we choose the sections s; € HO(V, L®"),
t = 1,...,n, in such a manner that the sets U; := V;, are affine and such that all orbits of the
induced G-action on U; are closed. O

Remark 2.3.31. [Sch08, Remark 1.4.3.9] The above construction yields a variety V//,G, a mor-
phism 7 : V' — V//,G, and an ample line bundle M on V//,G. Notably, the line bundle depends
solely on the number r. Let s1,...,s, and s},...,s], be two sets of sections as described in the
preceding proof. Define W := (s1,...,s,) and W' := (s],...,s),). It suffices to consider the case
where W/ C W. The evaluation map W ® €y — L defines the rational map

V- V//,G 5 P(W),

and we find M = 1.(Opayy(1)). Now, composing this morphism with the projection P(W) --»
P(W'), the resulting rational map is associated with the evaluation map W’ ® &y — L, yielding
the same line bundle M on V//,G.

Furthermore, we claim that for the line bundles M and M’ constructed with respect to the
numbers r and 7/, respectively, there exist positive numbers p and p' such that

M®H ~ MK
Assuming 7’ = t-r for some ¢t > 0. Let M be constructed from the sections s1,...,s, € H°(V, L%").
Then, the construction with respect to the sections si,..., st € HY(V, L®’”') supplies the line bundle

M®! which, as observed before, agrees with M’.

In general, two line bundles L and L’ on the variety V are called equivalent if there exist positive
integers 1 and p/ such that L& ~ L/®* A polarization is then the equivalence class [L] of an
ample line bundle L on V.

If the linearization is not ample one can still proceed as follows. Let X be a quasi-projective
scheme with an action by a reductive group G and L be a linearization of this action. Recall that
in Definition we say that a point z € X is L-semistable if it satisfies item (1) and we say it
is L-stable if it satisfies item (3).

The open subsets of stable and semistable points with respect to L are denoted X°(L) and X3%(L)
respectively.

Remark 2.3.32. Of course if X is projective and L is ample, then this agrees with Definition
2.0.23]

In this setting, the GIT quotient X//pG is defined by taking the projective spectrum of the
ring R(X, L)% = @,~o H(X,L®")¢ of G-invariant sections of powers of L, we will do such a
construction multiple times in particular in One proves that ¢ : X*3(L) - Y := X//;G is a
good quotient by locally showing that this morphism is obtained by gluing affine GI'T quotients in
exactly the same way as Theorem Then similarly to item (i), one proves that this restricts
to a geometric quotient on the stable locus. In particular, we have the following result.

Theorem 2.3.33. [MFK94, Proposition 1.9|(Mumford) Let G be a reductive group acting on a
quasi-projective scheme X and L be a linearization of this action. Then there is a quasi-projective
scheme X// .G and a good quotient ¢ : X*°(L) — X//1.G of the G-action on X®3(L). Furthermore,
there is an open subset Y C X//1.G such that =1 (Y*) = X3(L) and ¢ : X*(L) — Y* is a geometric
quotient for the G-action on X*(L).
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Let us prove the following proposition.

Proposition 2.3.34. [Sch08| Exercise 1.4.3.11| Let G be a reductive linear algebraic group which
acts on the quasi-projective varieties X and Y and let ¢ : X — Y be a G-equivariant affine
morphism. If the good quotient Y — Y//G exists then we have the following:

i) The good quotient X — X//G exists and comes with an affine morphism @ : X//G — Y//G.
ii) If ¢ is finite then @ is finite, too.

Proof. In order to prove this statement, we will cover X with G-invariant open subsets which will
then glue as in Theorem

Since 7 : Y — Y//G exists, then we know that the inclusion C[Y]¢ — C[Y] induces a rational
morphism which is undefined on the nullcone:

Ns(Y)={yeY:fy)=0Vfe St =S} cY.
>0

Denote the map 7o ¢ by @, we have that ¢~ '(Yy) = Xfo,. Since Yy = {y € Y | f(y) # 0} is an
open affine subset of Y with f a G-invariant function on Y then ¢~ !(Y}) = X o, is an open affine
subset of X. Since ¢ is G-equivariant we have that f o ¢ is a G-invariant function.

Let Uy := m(Y}), by Equation we have that C[Uy] = C[Y]? the localized ring of invariant
functions. This induces a well-defined morphism (¢|g-1(1,))* : (C[Y]ch — C[X]fop. Define Ry :=
im((¢lg-1(v;))")- We have the following commutative diagram

*

ClY]; —— C[X]s0p (2.20)

]

ClY;]¢ —=Ry.
S

Note that this diagram induces a morphism of algebraic varieties X ., — Spec(Rys). We define the
nullcone of Xy, in the following way

NS(Xfoap) = {$ S Xfc,(p : g(m) =0 Vg S Rf} C Xfogo-

We thus get the quotient (Xjop, \ Ns(Xfoy))//G := Spec(Ry), further by the universal properties
of the localization we have a quotient morphism X35 := Xyop \ Ng(Xfop) — Spec(Ry).

Since Y = (J;eg+ Yy and ¢ is affine then (J;cg+ Xfop is a cover by affine subsets of X. Note
that the intersection of two affine invariant subsets Y; and Y}/ is the affine subset Yy hence
the intersection of Xyo, and Xjio, results in the affine open subset X(;.tr)0, = o N Yyp) =
oYYy NYp). We define X//G by gluing the local quotients of the form Ry, this is well defined
because removing the nullcone ensures unique gluing conditions, see Theorem [2.3.30 and [Sch08),
Exercise 1.4.3.10]. More precisely, the local quotients Spec(Ry,) can be glued via the transition maps
between overlapping Uy, N Uy, induced by the ring homomorphisms between Ry, and Ry,. Since
we have the affine property on intersections of affine invariant subsets then X//G is separated.
Moreover, the quotient morphism 7’ : X — X//G is obtained by gluing the local morphisms
X?(SMP = Xfoﬁﬂ \ NS(Xfocp) — Spec(Rf).

For the second part, we have the following commutative diagram

xX—% oy (2.21)
I
X//G—=Y//G.
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We will repeat the argument in [GLSS08, Lemma 2.1.7]. The argument follows from the last part
of [MEK94, Theorem A.1.1]. The point is that, if ¢ is finite, then X is the spectrum of the sheaf
0«(Ox) of Oy-algebras which is coherent as an Oy-module. Hence, by the theorem cited above,
(p«Ox)C is a coherent Oy jg-module, which is also an Oy g-algebra whose spectrum is X/G.
Hence, @ is a finite morphism.

O

In particular, it is well known that the pullback of an ample line bundle through a finite morphism
is again ample, see [Gro61, Proposition 5.1.12]. This means that if we apply the previous proposition
to the case where Y//G is projective then X //G will also be projective.

Example 2.3.35. [Sch08, Example 1.4.3.14](Weighted Projective Spaces).
Let V.= V1 @ --- ® Vi be the direct sum of finite-dimensional complex vector spaces, and
(di,...,ds) a tuple of positive integers. We look at the C*-action

aC*X(W@@VS)—)W@@‘/B, (Zv(vla"'avs))'_)(zdl'/Ula"',zds'vs)‘

Then, the quotient P(d) := (V' \ {0})//C* exists as a normal projective variety. It is the weighted
projective space for the weights d = (dy,...,d1,...,ds,...,ds), where the number d; is repeated
r; := dim(V;) times. Let us give a construction which will be useful to us later on. To this end, we
look at the linearization

0:C*x (V\{0} xC) — (V\{0} xC), (z(v,t)) = (z-v,2-1).

If v; = (vi,...,v., ) is a basis for V;, i = 1,...,s, andifm%,...,xil,...,m{,...,xi

is dual to the resulting basis of V', then one checks
P(d) = Proj(C [93%, ol D

»ryy ?Trs

s the basis which

we note that the ring R := C [m%, ces ,x%l, coxf, ,xis] is not graded as usual. Rather the variable

x! has weight d;, v =1,...,7;, i =1,...,s. We write R = @izo R;. For every positive integer d,

we define the subring
RO — (@ R,
i>0
By the Veronese embedding (see [Har77, Exercise 2.12]),
Proj (R(d)> = Proj(R).

For a suitable common multiple d of the integers d; (one may, in fact, take the least common multiple
in this setting), the ring R@ is generated in degree one, i.e., by the elements in Rq. Therefore, we
have the surjective homomorphism

Sym*(Rg) — R
of graded algebras which gives rise to the closed embedding

P(d) — P(Rq).
Let us consider the vector space
Vg = D Sym'* (V) @ -+ & Sym" (V).
ii(h,...,ts):t1d1+~~~+t5d5:d

Note that there is the obvious surjection Vg — Ry, so that we altogether find the surjective homo-
morphism

Sym*(V4) — R
of graded algebras and with it the closed embedding

Ld . P(d) — P(Vd)
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This embedding might also be described in a slightly more functorial manner. Indeed, over V,
there are the tautological sections s; : Oy — V; ® Oy which give rise to the homomorphisms
7 : VY @ Oy — Oy. Thus, we may form the homomorphism

Ta = @ Sym' (1) ® - - ® Sym’s (15) : Vg @ Oy — Oy
t=(t1,...,ts):t1d1++tsds=d

The restriction of 74 to V' \ {0} provides a morphism V' \ {0} — P(V;) which factorizes over the
closed embedding ¢4.

Since the GIT process we have described so far depends on the choice of a linearization, it raises
the question of whether any choice of linearization yields an isomorphic quotient. In order to given
an answer first note that a linearization o : G X L — L can be changed by multiplication by a
character of G. More specifically, if x : G — C* is a character of G, let the linearization x - ¢ be
such that G x L, — Lg.,, (9, w) — x(g)-0(g,w), for every point v € V. If V is a projective variety,
this is the only way to get new linearizations.

Lemma 2.3.36. [Sch08, Lemma 1.4.3.16] Assume, in the above setting, that V is a projective
variety. Then, two linearizations 01,09 : G X L — L of the G-action in V differ only by a character

of G.

The proof of existence of linearizations requires deeper results on reductive groups and algebraic
varieties which go beyond the work presented here. We recommend the reader to see the proof
of the following theorem which was originally stated as [MEK94, Corollary 1.6, for the sake of
completeness we present it next.

Theorem 2.3.37. |[Sch08| Theorem 1.4.3.18| Let G be a reductive affine algebraic group, X a normal
variety, o : G x X — X an action of G on X, and L a line bundle on X. Then, there exist a
number n € Z~qo and a linearization o : G x L™ — L™ of the action o in L™.

To end this section we would like to present some descent results. They can all be found in [HLI10,
Section 4.2] except for the last one.

Theorem 2.3.38. [HLIO, Theorem 4.2.15] Let 7 : X — Y be a good quotient, and let F be a
G-linearized locally free sheaf on X. A necessary and sufficient condition for F to descend is that
for any point x € X in a closed G-orbit the stabilizer G, of x acts trivially on the fibre F(x).

Let Picg(X) denote the group of all isomorphism classes of G-linearized line bundles on X, the
group structure being given by the tensor product of two line bundles.

Theorem 2.3.39. [HL10, Theorem 4.2.16| Let m : X — X//G be a good quotient. Then the natural
homomorphism 7* : Pic(X//G) — Picg(X) is injective.

These results in particular will be very useful for moduli spaces constructed as good quotients,
see Section

Next, we will present the following generalization of the classical projection formula to the equi-
variant setting:

Lemma 2.3.40. |Grel(, Lemma 9.2|(Equivariant projection formula). Let G be an algebraic group,
let Y be an algebraic G-variety, and let f 1Y — Z be a G-invariant morphism to an algebraic variety
Z. Then, for every G-linearized coherent algebraic sheaf F on'Y and every locally free sheaf & of
finite rank on Z, there is a natural isomorphism

f(F@E = f(F) 08,

Here, f*& is given the natural G-linearization as a pullback bundle via an invariant morphism, and
F ® f*& is given the natural tensor product linearization.
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2.3.3. Variation of GIT quotients. In this subsection we will study the linearizations of an action
A: C*xP(W) — P(W) in more detail, in order to characterize the different quotients it might have.
More specifically, we will clarify how the sets of (semi)stable and polystable points look like for
different linearizations. The discussion is taken from the Section [Sch08, Polarized C*-quotients].
Additionally we insist on the importance of this discussion because the general variation of GIT-
Quotients stems from it, see [Sch08), Section 1.6].

Suppose A : C* x WY — WV is a lifting of the action . This is equivalent to a linearization of
A in Opaw)(1), denoted again by A, see [Sch08, Lemma 1.4.3.4]. The action of C* decomposes the

module WV as
m
~dw
i=1

where WY is the non-trivial eigenspace associated to the character x4, : C* — C*, z — 2
assume dy < ... < dp,. Let v € P(W) and w € WV \ {0} a lift of v. We set

d)\

min

& and we

(v) := min{d; | w has a non-trivial component in W,’},
7

) () = miax{di | w has a non-trivial component in W,'}.

Theorem 2.3.41. [Sch08| Theorem 1.4.3.20]
i) The point v € P(W) is A-semistable if and only if A} (v) < 0 < d (V).
ii) The point v € P(W) is A-polystable if and only if either d; (v) = 0 = d} . (v) or &), (v) <
0 < diyox ()

To describe all possible linearizations of A in ample line bundles, we start with the given repre-
sentation A, which corresponds to a linearization of the C*-action in ﬁP(W)(l). The kth powers,
k > 1, of this linearization may also be described in terms of representations. We have the kth sym-
metric power A* : C* x Sym”* (W) — Sym”*(W") of A. Using the identification of Sym*(W") with
Sym* (W)Y coming from linear algebra, A¥ provides an action of C* on P(Sym”(W)). The Veronese
embedding v, : P(W) — P(Sym*(W)) is then C*-equivariant, so that A¥ leads to a linearization of
X in Opgyy (k). So far, we have found a linearization of A in each line bundle Opyy(k), k € N*.
According to Lemma [2:3:36] we obtain any other such linearization by multiplying an element of
the above list by a character of C*. Define the representation Ak : C* x Sym"(WV) — Sym*(W"),
(z,w) = 2% \¥(z,w), k € N*,d € Z. This supplies a linearization of \ in Op(w (k) which will
be denoted by )\2 too. All possible linearizations of X in ample line bundles are, therefore, given by
the members of the family A%, k € N*,d € Z.

Any of these linearizations yields a polarized variety (Q’j, [M 5]) as the quotient. If ¢ 5= Z'v then
(Qk it [MF%]) and (Q%,[M%]) are isomorphic as polarized varieties. This results from the fact that
)\i 5 (as a representation) is just the ¢ th symmetric power of )\k’ t>1.

Observe that, for any point v € P(W),

3 (0p(0) = k- din(v) — d,  dotie(0p(0) = k- B (v) — d.

This leads to the following result:

Theorem 2.3.42. [Sch08| Theorem 1.4.3.22]
i) A point v € P(W) is \k-semistable if and only if d}; (v) < < d;}lax( ).
ii) A point v € P(W) is )\k -polystable if and only if either dmm( ) =9 =a),.(v) or &, (v) <
k < d} (V). In particular, any point v € P(W) is polystable with respect to the linearization

)\5, for an appropriate choice of d € Z and k € N,
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To an integer ¢ with 1 < ¢ < 2m, we associate a subset I; of Q, according to the following list:
Q\[di,dm], ifi=2m
L= { {din }, if i is odd
d%,d%+1>, if 1 # 2m is even.
Corollary 2.3.43. [Sch08 Corollary 1.4.3.23| The equality P(W)iz = (W)i%; holds, if and only

if there is an index i € {1,...,2m}, such that I; contains both d/k and d'/k'.

Moreover, if i is even and d,k with d/k € I; and dii, k;th'th d; [k = disp and df Jk = dija41
are given, then

P(W)iz - ]P)(W)ii_ and ]P’(W)i% C P(W)iii
d— d

All in all, there are 2m notions of semistability for the given C*-action X. Denote the correspond-
ing unpolarized quotients by Q;,i = 1,...,2m. Note that Qo, = &. The final observation in the
previous corollary shows that there are maps between those quotients.

Qam—2 . (2.22)

85
N N
@1 @3 Q2m-—3 Q2m—1

In [SchO8, Section 1.6], Schmitt takes a look at the general situation for the variation of GIT
quotient when a group G acts on a variety X. Here we will give a short account of some results
exposed there.

Let X be a projective algebraic variety, o : G x X — X an action of the reductive group G on X,
and o : G x L — L a linearization of the action in the ample line bundle L. We have the following
result:

Theorem 2.3.44. [Sch08, Theorem 1.6.1.1] There are only finitely many open subsets U C X such
that there exists a linearization o as above with U = Xg.

Let X be a projective algebraic variety and G a reductive group acting on X. We have observed
that the flexibility in choosing linearizations results in only finitely many categorical quotients of
open subsets of X. We now aim to compare quotients obtained from different linearizations, akin
to what we did in the case where G = C*. To accomplish this, we revert to the initial scenario
discussed in this section.

Consider two linearizations o1 : G X L1 — Ly and 09 : G X Ly — Lo of the action . Here, L1 and
Lo are assumed to be very ample, leading to representations p; : G — GL(V7) and p2 : G — GL(V3),
as well as equivariant embeddings ¢; : X — P(V}) and 13 : X — P(V3). Additionally, there exists
an equivariant embedding ¢ : X — P(V}) x P(V3) mapping x to (¢1(z),t2(x)). Pulling back the
linearized line bundle &'(m,n) via ¢ yields the line bundle Ly, , := L™ ® LS"™ with the linearization

)

Omn = 0" ®05™. Introducing 1 := n/m, we observe that X = ngnin, if n/m =n'/m’. Thus,

Tm,n
we denote X,(,S)S instead of XC(,iz,sn.

We also define X(()s)S = XO(-?)S and Xéz)s = ng)s. Let M :=P(L1® Ly). The given linearizations
o1 and o9 induce a G-action on M and an equivariant embedding k : M — P(V; @ V3). Similar
to the approach in [Sch08, Section 1.6.1], we introduce an additional linearized C*-action on M,
leading to C*-quotients X,gs)s — X//op .G, where n :=n/m € [0,00], of the variety M //G.

The results of [Sch08, Section 1.4.3] and more specifically Corollary [2.3.43| imply the following
statement:
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Theorem 2.3.45. [Sch08, Theorem 1.6.2.2] There are finitely many critical values 1y, ..., Ny, €
(0,00) NQ, such that, setting no := 0 and Ny41 := 00, the following properties hold true.

i) Fori=0,...,m and n,n" € (n;,ni+1), one has X = X7
ii) Fori=20,...,m and n € (n;,ni+1), there are the inclusions

X7 D XFUXI, XD C X% XD

Set Q; == X&//G,i=0,...,m+1, and Qf :== X5, forn € (ni,ni+1), 1 =0,...,m. These quotients
fit into a diagram as follows:

VA NN

Qerl

(2.23)

3. MULTIPOLARIZATION AND SEMISTABLE SHEAVES

We will use extensively the theories of weakly normal spaces and ample divisors in order to
carefully develop the theory of sheaves that are semistable with respect to a multipolarization.

More concretely, we will first specialize the definitions given in Subsection to the case of
projective manifolds. For more information see Section 2.3 in |[GT17]. Afterwards, we will use the
properties of weakly normal spaces to overcome the loss of flatness caused by restricting families of
coherent shaves over complete intersection in Theorem [3.4.1] This theorem allows us to compare the
determinant line bundle induced by a family of coherent line bundles on X and the determinant line
bundle induces by the restriction to a complete intersection of the same family, see Proposition [3.4.2}
This comparison is the key ingredient needed to build the moduli space of semistable sheaves with
respect to a multipolarization in Theorem [3.5.7 and establish a universal property of the moduli
space in the Main Theorem of the section, see Theorem [3.3.7]

Definition 3.0.1. [GTI7, Definition 2.8] An algebraic variety X is weakly normal if and only if the
associated (reduced) complex space X", see Section is weakly normal in the sense of Definition
218

We will denote the category of weakly normal varieties by Var™™.

Weak normality is an essential tool for extension. This property is exploited by the following
lemma.

Lemma 3.0.2. (Extension of sections on weakly normal varieties |GT17, Lemma 2.12]) Let G be a
connected linear algebraic group, let S be a weakly normal G-variety, and & a G-linearized bundle
on S. Then, there exists a finite system of irreducible subvarieties (S;)i=1,... m of S with the following
property:

If T is a closed G-invariant subvariety of S such that

i) the intersection of T with each irreducible component X of S has codimension at least two in
X, and
it) T does not contain any of the S;,

then any G-invariant section o € HO(S\ T, Z)¢ extends to a G-invariant section & € H°(S, Z)C.
Let us extend the weak normalization Theorem, see Theorem to algebraic varieties.

Proposition 3.0.3. |[GT17, Proposition 2.9] For any algebraic variety/reduced complex space X,

there exists a weak normalization. More precisely, a weakly normal algebraic variety/complex space

XY™ together with a finite, surjective map v: X¥"™ — X enjoying the following universal property:
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If Y is any weakly normal algebraic variety together with a reqular map ¢:Y — X, there exists a
uniquely determined reqular map : Y — X" that fits into the following commutative diagram.:

XU)TL

pL
v Y. x

If X is a separated scheme of finite type (or complex space), then by slight abuse of notation the
reduced weakly normal scheme (or complex space, respectively) X% will also be denoted by X"™.

Remark 3.0.4. Note that, if we restrict this statement to reduced complex spaces we recover[2.1.17]
Additionally, the weak normalization map v: X*"* — X is a homeomorphism, see [Fis76l, Section
2.29| for the proof.

Weak normality is customarily used in the construction of the Chow variety, see [Kol96, Theorem
[.3.21] . This fact is connected to the construction of Quot-to-Chow type morphisms in Section
For now, let us present the main moduli problem in [GT17].

Given the established intersection theory of divisors in the Section [2.2] at this moment, we can
provide a precise definition of semistability for coherent sheaves with respect to a multipolarization.
Recall that Equation defines the degree of a torsion-free sheaf & on X with respect to a
multipolarization (Hy,..., H,—1). In the following we say that & is (Hy,..., H,—_1)-semistable if
for any coherent subsheaf .7 of intermediate rank in & we have

c(F) - (Hy- - Hpy) _c1(&) (Hy- Hp_q)
F) = < = u(E).
nF) rk(F) = rk(E) HE)
If the strict inequality holds for all .#, we say that & is (Hy,..., H,—1)-stable.

Let us define the moduli functor which determines the principal classification problem in [GT17].
First, let ¢ be a numeric class in Ky, (X) and let A be a fixed line bundle over X.

(3.1)

Definition 3.0.5. Let M*73%(¢, A) denote the functor that associates with each weakly normal
variety B the set of isomorphism classes of B-flat families of p-semistable sheaves of class ¢ €
Kpum(X) and determinant A.

Before starting with the following section, let us give some definitions and properties of coherent
sheaves.

3.1. Properties of coherent sheaves. The contents of this subsection are all contained in [HLI10,
Chapter 1|. We will only present the relevant definitions and proposition for our purposes and invite
the reader to see the reference for more details.

Definition 3.1.1. [HLIO0, Definition 1.1.1] The support of & is the closed set Supp(&) = {z €
X | & # 0}. Its dimension is called the dimension of the sheaf & and is denoted by dim(&’). The
annihilator ideal sheaf of &, i.e., the kernel of Ox — End(&), defines a subvariety structure on
Supp(&).

Definition 3.1.2. [HLIO, Definition 1.1.2] The coherent sheaf & is pure of dimension d if dim(.%) =
d for all non-trivial coherent subsheaves .% C &.

Recall that a coherent sheaf & on an algebraic variety X is torsion free if for each x € X and
s € Ox4 \ {0}, multiplication by s is an injective homomorphism &, — &,. Thus, the property of
a d-dimensional sheaf & to be pure is a generalization of the property to be torsion free.

Definition 3.1.3. [HLI0, Definition 1.1.5] The saturation of a subsheaf .# C & is the minimal
subsheaf .#’ containing % such that &/.%’ is pure of dimension d = dim(&’) or zero.
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For a sheaf & whose support is of dimension n, we define the dual as Hom(&', €x) and denoted
by &Y. Note that, it is a non-trivial torsion-free sheaf. Note that, if the dimension of & is less than
n, then the dual is trivial. Thus, a modification for sheaves of smaller dimension is necessary.

Definition 3.1.4. [HLI10, Definition 1.1.7] Let & be a coherent sheaf of dimension d, and let
¢ =n — d be its codimension. The dual sheaf is defined as &Y = Ext (&, wx). Here wy is a fixed
polarization of X.

Lemma 3.1.5. [HL10, Lemma 1.1.8] There is a spectral sequence
qu = Eth((Ext)_(q(éa,wx),wX) = &.
In particular, there is a natural homomorphism 0g : & — & ¢ = &VV.

Definition 3.1.6. [HLI10, Definition 1.1.9] A coherent sheaf & of codimension c¢ is called reflexive
if 0 is an isomorphism. &V is called the reflexive hull of &

We summarize some results about reflexive sheaves in the following lemma:

Proposition 3.1.7. [HL10, Proposition 1.1.10] Let & be a coherent sheaf of codimension ¢ on a
smooth projective variety X. Then, the following conditions are equivalent:
i) & is pure
ii) codim(Ext?(&,wx)) > q+ 1 for all ¢ > ¢
iii) Q¢ is injective.
Similarly, the following conditions are equivalent:
(i) & is reflexive, i.e. g is an isomorphism
(i7') & is the dual of a coherent sheaf of codimension c
(i7i") codim(Ext?(&,wx)) > q+ 2 for all ¢ > ¢

Let us discuss what happens when restricting a torsion free sheaf to a hyperplane section.

Lemma 3.1.8. [GT17, Lemma 3.1|(Preserving flatness under restriction to hyperplane sections)
Let G be a connected algebraic group. Let G act on X a projective manifold of dimension n > 2.
Let H be a very ample polarization on X, S an algebraic G-variety, Si,...,Sm closed irreducible
G-invariant subvarieties of S, and & a G-linearized S-flat family of coherent sheaves on X such
that for each i € {1,...,m} there exists some point s; € S; such that &, is torsion-free.

Then, there exists a dense open subset U in |H| such that every X' € U is smooth, and such that
for every X' € U, there exists a G-invariant closed subvariety T C S with the following properties:

i) The restriction &|s\1yxx is flat over S\ T.
i) Each &s,|x: is torsion-free on X'.
ii) If we denote the restriction &|g\ryxx’ by &, the following sequence of G-linearized (SNT)-flat
sheaves is exact:
0= Els\ryxx/ (=((S\T) x X)) = &ls\ryxx = & — 0.
iv) For every i € {1,...,m}, the intersection T N S; has codimension at least two in S;.

Proof. The set Sy C S parameterizing torsion-free sheaves in the family & is G-invariant and
Zariski-open in S. Moreover, for every i € {1,...,m}, the intersection of S with \S; is dense in S;.
For any smooth hyperplane section X’ € |H|, the restriction &g« x- is flat, and the sequence

0— g’stfxxl(—(stf X X/)) — éa‘gtfxx — g’sthX/ —0

is exact, see [HL10, Lemma 2.1.4].
In addition to the given points s;, choose further points, one on each irreducible component of
S; NSy, whenever these open subschemes are non-empty; call the resulting finite set Sc,. By [HL10,
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Lemma 1.1.12], for each s € S, there exists a Zariski-open dense subset V' (s) of |H| such that every
X' € V(s) is smooth and &;-regular, i.e., the natural map &(—X’') — & is injective. Moreover, by
[HL10, Corollary 1.1.14.ii], the set V(s) may be chosen in such a way that additionally for every
X' € V(s), all the restricted sheaves &;,|x/ remain torsion-free.

With these preparatory considerations in place, if we set

U:= (] V(s),
SESch
it follows from [Mat86, Corollary to Theorem 22.6] that for each X’ € U the restricted family
& s, xx is flat over a G-invariant open neighborhood N(X',s) of s in S, and that the associated
sequence

0= &lnxrsyxx (—(N(X'5) x X)) = Elnxrsxx = Elnxrsxx: — 0

is exact. Therefore, the subvariety 7' := S\ (Stf UUse s IV (X, s)) has the desired properties )
to iv). O

Let us explore what happens to global sections when restricting to hyperplane sections and
intersection curves. To do that let us introduce the incidence variety.

For a positive integer m, let S,,, denote the projective space of lines in the vector space H°(X, H™).
For a sequence of positive integers m = (mi,...,m;), 1 < ¢t < n —1, let S, be the product
Smy = P(HY(X, H™)) x -+ X Sy, = P(HY(X, H;™)). We have the following diagram:

X X Sy D Zy —25 Sy

-

where Z,, is the incidence variety:
Zm ={(z,81,...,8) € X xSy, | si(x) =0,1<i <t} (3.2)
and p,, and g, are the projections.

Proposition 3.1.9. (General Enriques—Severi Lemma) [BR82, Proposition 3.2]

Let X C PN be a non-singular projective variety of dimensionn > 2. Let F be a coherent reflexive
sheaf on X . Then, there is an mq such that if m = (my,...,my), 1 <t <n—1, with each m; > my,
then there is a nonempty open subset U of S™ such that for s = (s1,...,8;) € U, the restriction
map HY(X,F) — H%(X,, F \ Xs) is surjective, where Xs = q..'(s) is the subscheme of X defined
by the ideal generated by s1,...,S;.

3.2. Boundedness. In the process of constructing moduli spaces, it is crucial to ensure that the set
of sheaves to be parameterized is suitably constrained. This motivation leads to the consideration
of semistable sheaves with a reduction of structure group. Here, we present fundamental definitions.

Definition 3.2.1. [HL10, Definition 1.7.5] A family of isomorphism classes of coherent sheaves on
X is bounded if there is a C-scheme S of finite type and a coherent gy x-sheaf .# such that the
given family is contained in the set {7 |gpec(k(s))xx|$ @ closed point in S}.

Let us give two definitions that will help us state some equivalent conditions of boundedness.

Definition 3.2.2. Let m be an integer, and .% a coherent sheaf on X. We say that .% is m-regular
if
HY(X,.Z(m —1i))=0; foralli>0.
Clearly, if % is m-regular and mg > m, then .% is also mg-regular. From Serre’s vanishing theorem,
it follows that there is always an integer m such that .# is m-regular. Therefore, we can define,
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Definition 3.2.3. Let % be a coherent sheaf on X. The regularity of .% is defined by
reg(Z) = inf{m € Z : Z is m-regular}.
We will give some useful equivalent conditions for boundedness.

Lemma 3.2.4. [HL10, Lemma 1.7.6]
The following properties of a family of sheaves {F#,},c1 are equivalent:
i) The family is bounded.
i) The set of Hilbert polynomials {P(.%,)}.cr is finite, and there is a uniform bound reg(.%,) < C
forallvel.
iii) The set of Hilbert polynomials {P(.%,)}.er is finite, and there is a coherent sheaf .7 such that
all Z, admit surjective homomorphisms F — %,.

Definition 3.2.5. Let & be a torsion free sheaf on X. A Harder-Narasimhan filtration for & is an
increasing filtration
E*=0=&CE C...CéL,=6,

such that the factors Grf. = &;/8;—1 for i =1,...,k, are semistable torsion free sheaves satisfying
(1) =t > o> g = () E—1).
where p is the slope with respect to the fixed multipolarization Hy,..., H,_1 from the beginning.

Definition 3.2.6. Let & be a torsion-free sheaf then fimin(&) denotes the minimum number in the
set {1(&i/6i—1) }1<i<i- Similarly pimax (&) denotes the maximum number in the set {1(&;/8i-1) }1<i<i

Theorem 3.2.7. [HL10, Theorem 3.3.7| Let f : X — S be a projective morphism of schemes of
finite type over k, and let Ox (1) be an f-ample line bundle. Let P be a polynomial of degree d,
and let py be a rational number. Then, the family of purely d-dimensional sheaves on the fibres of
f with Hilbert polynomial P and maximal slope pimax < po @s bounded. In particular, the family of
semistable sheaves with Hilbert polynomial P is bounded.

In order to construct a moduli space Greb and Toma proved that the set of semistable coher-
ent sheaves over a projective manifold X that are semistable with respect to a multipolarization
(Hy,...,H,_1) is bounded, according to the definitions above. The idea of the proof is, as in the
single polarization case, to use Kleiman’s criterion (see [HL10, Theorem 1.7.8]) together with a
uniform bound for the number of global sections of a semistable sheaf in terms of its slope. This
bound can be obtained from the Grauert—Miilich theorem, and in the single polarization case, it is
realized by Le Potier-Simpson’s inequality (see [HL10, Lemma 3.3.2]).

Coming back to Harder-Narasimhan filtrations we have the following theorem.

Theorem 3.2.8. Every torsion free sheaf on X has a unique Harder-Narasimhan filtration.

Proof. The proof of this statement is based in [HL10, Theorem 1.3.4]. Which in turn is based on
the existence of maximal destabilizing subsheaves. This is a subsheaf .# C & such that for all
subsheaves ¥ C & one has deg(.%#) > deg(¥), and in case of equality .# D ¢. Moreover, ¥ is
uniquely determined and semistable. The existence of the maximal destabilizing subsheaves comes
from finding a maximal element among a partial order defined on the set of nontrivial subsheaves.

Note that slope with respect to a multipolarization also defines a partial order on the set of
nontrivial subsheaves. In this way, we also find the maximal destabilizing subsheaves with respect
to a multipolarization by finding the maximal element in the partial order, this is guaranteed
by a straightforward use of Zorn’s lemma just as in the reference above. Thus by iterating this
construction over the appropriate subsheaves one obtains the desired filtration. ]

We take a moment here to define the minimal slope of a sheaf.
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Definition 3.2.9. Let & be a torsion-free sheaf over X and 0 =& C & C --- C & is its Harder—
Narasimhan filtration (constructed with respect to the multipolarization (Hy, ..., H,—1)). Recall
that fimin(&) denotes the minimum number in the set {4(&;/&—1) h<i<i and fimax(&) denotes the
maximum number in the set {{(&;/&-1) h<i<i-

Further, assume that H; is a very ample invertible sheaf and let D; € |H;| be hypersurfaces.
Then, we denote by w(&); the slope of the restriction of E to a general complete intersection
D:=Dyn---ND;, 1 <1<n-—1 with respect to the multipolarization (H;11|p, ..., Hn+1|D).

Next, we briefly recall the notion of regular sequence of hyperplane sections.

Definition 3.2.10. Let & be a coherent sheaf on X, and let L be a line bundle on X. A section
s € H(X, L) is called &-regular if and only if

ERLY S &
is injective.
A sequence s1,...,5 € H(X, L) is called &-regular if s; is &/(s1,...,8i-1)(& ® L)-regular for
alli=1,... 1.
Obviously, s € H°(X, L) is &-regular if and only if its zero set H € |L| contains none of the
associated points of &. We also say that the divisor H € |L| is &-regular if the corresponding

section s € HY(X, L) is &-regular. In the same way we say that a sequence of hyperplane sections
Hy,...H, is &-regular if the corresponding sections s; € H°(X, L) for i = 1,...n are &-regular

We present a classical criterion for boundedness. For a precise definition and different properties
of boundedness we refer the reader to a further section, namely Section [3.2]

Theorem 3.2.11. [Lan04, Theorem 1.1| (Kleiman’s Criterion) The family {Et} of coherent sheaves
on X with the same Hilbert polynomial P is bounded if and only if there are constants C;, i =

0,...,deg P, such that for every Ey, there exists an FEi-regular sequence of hyperplane sections
Hl, . 7HdegP such that hO(Et‘ﬂ,-SiHj) < CZ

J
Lemma 3.2.12. [Lan04, Lemma 1.2| Let E be a torsion-free sheaf of rank r. For any E-regular
sequence of hyperplane sections Hy, ..., Hy, the following inequality holds for i =1,...,n:

hO(X%E‘Xi) 1 NmaX(E‘XI) 19
<= + Z]_,_,

rdeg(X) it deg(X)
where X; € |[Hy|N...N|Hp—;| and for any real number x, we set [x]+ = max(0, x)
Theorem 3.2.13. [Lan04, Theorem 4.1|

Let pimax, (ming) denote the mazimal (respectively: minimal) slope of the restriction of & to a
very general complete intersection in |[Hi|N...N|H|, 1 <1 <n—1. Then

/2 _1q
r
HMmax,! — Hmin,l < W\/zdﬂ(éa)k@ .- Hn—l]-i- + Tl/z(ﬂmax - Hmin)-

Where A(&) = 2rk(&)ca(&) — (rk(&) — 1)c3(&) is the discriminant of a sheaf &

Theorem 3.2.14. [Lan04, Theorem 4.2 Let f : X — S be a projective morphism of schemes of
finite type over C, and let Ox (1) be an f-ample line bundle on X. Fix a degree d polynomial P and
a real number po. Then, the family of purely d-dimensional sheaves on geometric fibers of f with
Hilbert polynomial P and the mazximal slope bounded by g is bounded.

Proof. Boundedness of torsion-free sheaves follows from Theorem [3.2.11] Lemma [3.2.12] and Theo-

rem [3.2.13] Then, the proof given by Simpson in [Sim94] implies boundedness for pure sheaves (see

the proofs of Theorem 1.1 and Proposition 3.5). O
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Proposition 3.2.15. |[GT17, Proposition 2.5] The set of coherent sheaves over X with fized Chern
classes that are semistable with respect to a multipolarization is bounded.

Proof. The proof, in the multipolarization case, follows the same outline as the corresponding state-
ment for a single polarization. First let X,.S be two projective manifolds and let & be a family of
torsion free sheaves parameterized by S whose slope is bounded by pg and whose Hilbert polynomial
is equal to a fixed polynomial P. Consider Theorem which tells us, under our hypothesis,
that the slope with respect to (Hy, ..., H,_1) of the family & is bounded. O

3.3. Determinant line bundles. Let us leverage the theory developed in Section in order to
construct the determinant line bundle. This determinant line bundle will be used for the construction
of a classifying space of sheaves over X. First some preparatory propositions.

Proposition 3.3.1. [HL10, Corollary 2.1.11] Let S be a C-scheme of finite type and f: X — S a
smooth projective morphism of relative dimension n. If F' is an S-flat family of coherent sheaves on

the fibres of f, then [F] € K°(X) and fi[F), defined in Definition is in K°(S).
Let us define the determinant of a coherent sheaf, see [HL10, Section 1.1.17].

Definition 3.3.2. If & is a locally free sheaf of rank s, then we define its determinant, denoted
det(&), by the line bundle A*(&). More generally, let & be a coherent sheaf that admits the
following finite locally free resolution:

0—-&, — &1 — ...~ E — E—NO.

In this case, we define det(&) = ®; det(&;)(—1)*. The definition does not depend on the resolution,
this fact can be readily checked in [Kob87, Chapter V, Paragraph 6.

For any Noetherian variety X and since the determinant is multiplicative in short exact sequences,
then it defines a homomorphism det : K°(X) — Pic(X). Applying this homomorphism to the
elements [F] € K°(X) and f|[F] € K°(S) in the proposition above, we get well defined line bundles

det(F') := det([F]) € Pic(X) and det(Rf.F) := det(fi[F]) € Pic(S).

More explicitly, if Fy — .# is a finite locally free resolution of .%, then det(.%#) =[], det(F,)(—1)".
This construction commutes with base change. For example, there is a natural isomorphism

det(Rf..7 ®det (H'(Fy))(—1)*

for each s € S. We recommend the reader to see [HL10, Proposition 2.1.10] for some further details
on resolutions of sheaves.
Let us give some class computations.

Remark 3.3.3. We will denote the degree of X with respect to Hy, ..., H,_1, H; (i.e., H; appearing
twice) by d; ;== Hy -« - - H,_1 - H;, see Definition n We will also denote by h; the class of Og, in
K(X), which coincides with [0x] — [Ox(—H;)]. X© :=N_, X;.

By [GSTW21l, Corollary 3.2|, there ex1sts dense open subsets Uy C |Hy| for  =1,...,n—1. Such
that for any X, € Uy the intersection X ¢ ﬂ X; is smooth. We will denote X’ 1nstead of X,

Note that by definition X (™1 is a smooth curve in X.
Choose a fixed base point z € X1 and for every class ¢ € K(X)pum, set:

U (E|xxn-1)) = —T[Ox -] + X(¢] xn-1))[Os] € K(X7D),
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Ui (¢ xn-1-0)) = —Thp_1|xn-1-i-- -~ hn—il x(mn-1-0+
X(é|X(n—1—i) . hﬂnfl‘X(n—l—i) ceee hnfi|X(n—1—i))[ﬁg;] (3.3)
e K(XM 1)) for 1 <i<n-—2

and finally:
un_l(é) = —rhp_1---+-hy+ X(é chp_q - hl)[ﬁz] € K(X)

Note that, this definition works even if H; are just ample. Also note that, these classes are
somehow similar to the formula of Theorem [2.2.24] we will develop this idea further in the proof of
Proposition [5.0.20} In order to emphasize the dependence on the multipolarization, we will denote
ui(¢, Hy, ..., Hy,_1) for the previously defined wu;(¢).

Let us give some examples that motivate the classes u;(¢) and where they originated.

Example 3.3.4. [HL10, Examples 8.1.8 iii)| Let X be a smooth variety of dimension n, H a
very ample divisor and h = [Of] its class in K(X). Moreover, let ¢ be a class in K(X)pum. This
corresponds to the case when H; = --- = H,_1 = H. In order to simplify notation we will denote by
h the product h-----h of i copies of h and we will omit the restriction part of the class Pop—i| x(n—1-3)
so that it reads shortly as h,_;.

Observe that, in the expression v;(¢) := —X(é-h") - h + X(é-h?) - h" the first coefficient X(¢- hy,)
equals rk(¢)deg(X), whereas h"™ is represented by deg(X) points on X. Choose a fixed base point
r € X and in the case when Hy = --- = H,_1 = H we have

ui(¢) = —r-h' + X(¢- h') - [O,]

according to Equation (3.3). Since X(¢-h") = rdeg(X), then v;(¢) = deg(X)-u; (&) +X(é-ht)- (h™ —
deg(X) - [0%]). Thus we remark that the class u;(¢) can be used to calculate specific coefficients of
the Hilbert polynomial P(m) = X(é- h®™), see Theorem [2.2.24

Let S be a weakly normal complex manifold, and let & be an S-flat family of coherent sheaves
over X with class ¢ and fixed determinant bundle A. Just as in [HLI10, Definition 8.1.1], we consider
the following composition:

K(X) —2 KO(S x X) =1L K01 x x) 5L K019y~ pie(s) | (3.4)

In particular, for each ¢ € K(X), we denote by Ag(¢) € Pic(S) the evaluation of the above com-

position evaluated in ¢, where S <5 9 x X X+ X. We will construct determinant line bundles

over S with the help of the classes u;(¢|yn-1-1). Here is a list of some properties of the A formalism
defined above:

Lemma 3.3.5. [HLI0, Lemma 8.1.2]

i) If0 = & — & — &" — 0 is a short exact sequence of S-flat families of coherent sheaves, then

Ao Z Ao @ Agr.

ii) If & is an S-flat family and f : S — S is a morphism, then for any v € K(X) one has
Arge(u) = f*Ag(u).

iit) If G is an algebraic group, S a complex space with a G-action and & a G-linearized S-flat family
of coherent sheaves on X, then A\g factors through the group Picg(S) of isomorphism classes
of G-linearized line bundles on S.

i) Let & be an S-flat family of coherent sheaves of class ¢ € K(X)pum and let A be a locally free
Os-sheaf. Then, N ggr-.s)(u) = A (u)®A) @ det(A)X(E@w)
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Let us take a look at some examples from line bundles constructed with the A-formalism of
Equation [3.4] This examples will shine some light on why the resulting line bundles are called
determinant line bundles.

Example 3.3.6. [HL10, Examples 8.1.3]

i) Let z € X be a smooth point and u = [&;] the class of the structure sheaf of z. Let & be an
S-flat family of sheaves on X and & — & a finite locally free resolution. Then, by the previous

Lemma i) we have
As(u) = ® Ag, (U)(_l)i = ®det(R‘p*(£i ® ﬁx))(—l)i.

Now, det(R*p.(&' © 0,)) = det(puilsx s)) = p(det(&)5x z)). Hemee

s (u) = 7 @i det(6) T g qay = 7 (Aet(E) 5 gay)-

ii) Let H C X be a very ample divisor and let h = [0 be its class in K(X). Then, [Ox(])] =
(1—h)~' = 141h+ (lgl)hQ—i—. ... Let Quot(.#Z, P) be the Quot scheme parameterizing quotients
of the form [p: S — F], where F is a Gieseker-semistable sheaf on X with Hilbert polynomial
equal to P and . = CP™) @ Ox(m) with m a large enough natural number making F an
m-regular sheaf. The Hilbert polynomial here is of course calculated with respect to H, see
[HLI0L Section 4.3] to see the details of this construction and see [HL10, Theorem 3.3.7] for the
boundedness result that guarantees the existence of such a Quot scheme.

Let F be the universal sheaf on Quot(.#, P). The line bundles det(p(F ® ¢*@x(1))) on
the Quot scheme Quot (.77, P) were used for the construction of the moduli space of Gieseker
semistable sheaves. These bundles are very ample for [ > 0. Using the A-formalism we have
the following expression:

det(py(F @ ¢*Ox (1)) =Ap([0x (1)) (35)
D) @A) @ @ mTh). '

iii) Let & be a universal family parameterized by the moduli space M* of Gieseker-stable sheaves
on X, where again the Hilbert polynomial is calculated with respect to H, see [HL10, Theorem
4.3.4] for the details. As above we find that the dominant term in the l-expansion of A\g([0x (1)])

l4+n—1
is )\g(h”)( . Now, h" = Z?igl(X)[ﬁIj] where x1, ..., Z4eg(x) are the intersection points of
n general hyperplanes. According to the example in i) we have

l+n—1 deg(X) I+n—1
As (B () = det(&) W) | ages g
j=1

This final example illustrates why line bundles such as A\g([Ox(1)]) are called determinant line
bundles.

Let us use determinant line bundles to state the main result in [GT17]. This result is the
construction of a moduli space for the functor of Definition

Theorem 3.3.7. [GT17, Main Theorem page 42| Let X be a projective manifold of dimension
> 2 and fix a multipolarization (Hy,...,H,_1) consisting of ample line bundles in Pic(X). Take
¢ € H*(X,Z) for 1 <i <mn, and let r be a positive integer, ¢ € K(X)pum be a class with rank r
and Chern classes c;(¢) = ¢j, and A a line bundle on X with c¢i(A) = ci.

Then, there exists a natural number N € N0, a weakly normal projective variety M*~5%, an
ample line bundle Oyu-ss(1), and a natural transformation M*~%% — Hom(_, M*~3%%) mapping a
family & to a classifying morphism @ g, with the following properties:
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o For every B-flat family & of semistable sheaves of class ¢ and determinant A, with induced
classifying morphism ®¢, we have

Dy (Opgu-ss (1)) = Mg (n-1(8)*". (3.6)

e For any other triple (M', Opp(1), N'), where M' is a projective variety, Oy (1) is ample on
M', and N' is a natural number such that [3.¢ is fulfilled, then we have N | N’, and there
exists a unique morphism : M*=5% — M’ such that *(Opp (1)) = Oppu—ss(N'/N).

The triple (MH*=33% O yu—ss (1), N) is uniquely determined up to isomorphism among the triples that
satisfy the properties above. Consequently, we call this triple the moduli space of (Hy, ..., Hy_1)-
semistable torsion free sheaves.

The proof of the Main Theorem draws inspiration from the ideas presented by Le Potier [Pot92]
and Jun Li [Li93Db] in the two-dimensional case, this is the same as we discussed in Section
For a comprehensive exploration of these methods, refer to [HL10, Chapter 8]. More concretely,
the main tool for proving this theorem is the existence of a linearization of the SL(V')-action on a
parameter space inside a suitable Quot-Scheme.

Let us discuss some aspects of the A formalism applied to Gieseker semistable torsion free sheaves.
For any class ¢ in K(X)yum, we write ¢(m) := ¢+ [Ox(m)], where Ox (1) is a fixed ample line bundle
on X, and denote by P(¢) the associated Hilbert polynomial P(¢,m) = X(é(m)). If # is an S-flat
family of coherent sheaves with Hilbert polynomial P(¢), the points s € S such that % is of class ¢
form an open and closed subscheme of S. This follows from the fact that for a flat family .% | the Euler
characteristic s — X (%) is a locally constant function, see [HL10, Page 215]. As a consequence, the
moduli space M (P) of Gieseker semistable (with respect to O'x (1)) torsion free sheaves, constructed
in [HL10, Chapter 4], decomposes into finitely many open and closed subschemes M (¢;), where ¢
runs through the set of classes with P(¢;) = P. When an universal family & on M¢s:5(¢) x X
exists, it is well-defined only up to tensoring with a line bundle on M®®s5(¢). Part iv) of Lemma
[3.3.5] shows that Ag(u) is independent of this ambiguity if X(¢ ® u) = 0 (when this happens we say
that w is orthogonal to ¢). We therefore define:

Definition 3.3.8. [HL10, Definition 8.1.4] For a given class ¢ € K(X)num, let
K;=¢t and Kopg=cé-n{1,hh?% ... A"}
Here ¢+ denotes the subset of all elements in K(X)pum that are orthogonal to ¢é

The following theorem says that the condition ¢ L w is also sufficient to get a well-defined
determinant line bundle on M%5:5(¢) by means of u. This will be a very important criterion in
Section The set-up is the following:

We choose a very large integer m, fix a vector space V of dimension P(¢,m) and let S :=
V ® Ox(—m). Let R(¢) C Quot(#, P) denote the open subscheme of quotients [q : S — F|
for which .# is a Gieseker semistable sheaf (with respect to Ox (1)) of class ¢ and ¢ induces an
isomorphism V' — H%(Z#(m)). There is a universal family ¢ ® Op) — Z. If m was chosen

large enough and ¢ >> 0, R(¢) is the set of semistable points in R(¢) with respect to the action
of SL(V') and the canonical linearization of A z([0x(£)]). Moreover, M(c) = R(¢)//SL(V). The
determinant bundle det(.%) of the universal family induces a morphism det : R(¢) — Pic(X) such
that det(.Z) = det’ (2) ® p*o where P is the Poincaré line bundle on Pic(X) x X and & some
line bundle on R(¢). We can formulate the following theorem:

Theorem 3.3.9. [HL10, Theorem 8.1.5] Let ¢ be a class in K(X)num as above. Then, there are
group homomorphisms As : Kz — Pic(M%°%5(¢)) and X : Ko g — Pic(M(¢)) with the following
properties:
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(1) The homomorphisms X and As commute with the inclusion Ke g C K¢ and the restriction
homomorphism Pic(M (¢)) — Pic(MEes5(¢)).

(2) If & is a flat family of Gieseker semistable sheaves of class ¢ on X parameterized by S, and
if og + S — M(¢) is the classifying morphism, then X\ and Mg : K(X) — Pic(S) commute
with the inclusion Ke g C K(X) and the homomorphism ¢ : Pic(M(¢)) — Pic(S).

(8) If & is a flat family of Gieseker stable sheaves of class ¢ on X parameterized by S, then A,
and Ap : K(X) — Pic(S) commute with the inclusion K, C K(X) and the homomorphism
@3, : Pic(MCe=5(¢)) — Pic(S).

The proof of this theorem is extremely beautiful and for that reason we recommend the reader to
see it in the reference. We do not include it here because some more background on the construction
of the moduli space of Gieseker semistable torsion free sheaves over a projective manifold is needed.
Since our goal is to study slope semistability conditions we refer to [HL10, Chapter 4] for more
details and background. We will point out that the proof of Theorem [9.4.2] below is quite similar.

Before we construct determinant line bundles with the classes w;(¢), defined in Equation ({3.3]),
note that, the definition of the class u,_1(¢) depends on the choice of a point 2 € X (™=, This in
turn implies that the line bundle Ag(u,—1(¢)) also depends on the choice of a point. However, it is
shown in [HLI0, Example 8.1.8 ii)| that two different points define isomorphic line bundles. Let us
take a look at the isomorphism.

Example 3.3.10. [HL10, Example 8.1.8.ii] Under the same hypothesis as Example we have:
Let Dy, D1 € K(X) be the classes of zero-dimensional sheaves of the same length, and let D =
Dy — Dy. Then, D = 0, so that D is, in particular, an element in K(X) such that X(¢- D) = 0.
Moreover, if & is a flat family of coherent shaves on X parameterized by S of class ¢, then we
have that \e(D) = det*(L) for some line bundle L on Pic(X), where det : K°(S) — Pic(X) is
the determinant morphism mentioned in Equation . To see this assertion is true it suffices to
prove it for the special case that D; is the structure sheaf of a closed point x;. Then, we have the
following isomorphisms of line bundles:

A& (D;) = pa(det(E)] gxz;}) = A @ det™ (Plpic(x)x{z:})>
where A is some line bundle on S and 2 is a Poincaré line bundle on Pic(X) x X, see [HL10, Section
4.A]. Thus
Ae(D) = det™ (Plpic(x)x{zo} @ P IPic(X)x {z1})-
This implies that if we restrict Ag(D) to the fibres of det™!(Q), for example when we include in
the hypothesis that & to have fixed determinant bundle, then we have that A\g(D) = 0 and hence
Ae(Dg) and A\g(D1) are isomorphic.

Definition 3.3.11. As before, let & be an S-flat family of coherent sheaves over X, where S
is a weakly normal complex manifold. We say that any line bundle in the isomorphism class
A¢ (un—1(¢)) is the determinant line bundle associated with the family &. Since this is well defined
up to isomorphism we also say that Ag(u,—1(¢)) is the determinant line bundle.

Let us consider the Hy = --- = H,_1-case shortly in order to showcase some very useful calcula-
tions on the bundles Ag(u;(¢)) performed in [HLI10, Proposition 8.1.10 and Theorem 8.1.11].
Note that, in the above case, we have

ui(¢) = —r - h' + X(¢- hY) - [O).
Additionally, we have that the moduli space of Gieseker semistable torsion free sheaves of class
¢ € K(X), denoted by M (¢), is realized as the GIT quotient of a closed subscheme of Quot(#, P)
by the SL(V)-action. Let q: V ® s — F be the universal quotient, then the SL(V')-action on the
Quot scheme is linearized in the line bundle A z([0x (1)]) we refer to [HL10, Example 8.1.3 ii) and

Section 4.3] for more details.
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Proposition 3.3.12. Let 7, : M (¢) — M(é(m)) be the isomorphism induced by [F| — [FQOx(m)].
Then

% “ ~ " m—+v—1

T (i(8)) = @ Ap (i (&)

v>0

Proof. Recall that [Ox(m)] =3, ("N R € K(X), and of course [&,]-h; = 0 for i > 0. Hence

w(etm) - 1oxtmi)] = (v + 3 ("7 )xe oyt X (M T w

v>0 v §>0 J
m+v—1 , -
=S (" e xie i (o) 37)
v>0
m+v—1 R
= Z ( )uzurl,(c).
v
v>0
Applying A we get the isomorphism of the proposition. ([l

Theorem 3.3.13. [HL10, Theorem 8.1.11| Let (X, H) be a smooth polarized projective variety, and
let ¢ be the class of a torsion-free sheaf of rank r > 0. For m > 0, the line bundle Xz (ug(¢)) on
M(é(m)) is relatively ample with respect to the determinant morphism det : M (é(m)) — Pic(X).

Proof. Recall that in the general setup explained above, for all points [q : ## — F] in the parameter
space of semistable quotients, denoted by R(¢), the sheaf F(m) is regular and V. — HO(F(m))

is an isomorphism. Hence, the universal family yields isomorphisms V' ® Og & miF (m) and
det(V) ® ORs) = det pi(F(m)). Since ug(é(m)) = —r - [Ox] + P(m) - [04], we get

A(F (m)(ug(é(m)))) = det(V) ™" @ (det F|geyxfzy) "™ = det(V) ™" @ (o @ det” Plpiox) o)™

(3.8)
In [HL10, Theorem 4.A.1], Huybrechts and Lehn prove that 7 is ample relative to Pic(X) and that
some tensor power of &7 descends to a line bundle on M (¢) which is again ample relative to Pic(X).
This shows that the line bundle Az (ug(¢)) on M(¢é(m)) is ample relative to Pic(X). O

Note that, if the dimension of X is 1, then the line bundle Az (ug(¢)) coincides with Az ([0x (1)]).
By fixing a line bundle A € Pic(X) and by setting @ C R(¢) to be the subset parameterizing
quotients ¢q: 5# — F such that I has determinant isomorphic to A we have that Az (uo(¢)) is ample
over (. By Example and by the proof of Theorem (see also [HL10, Section 4.3]) the GIT
quotient performed with respect to the line bundle Az ([0x(1)]) yields the projective moduli space
of semistable vector bundles over X, as the quotient )//SL(V). Note that, Gieseker semistability
and slope semistability are equivalent in this case.

3.4. Effective restriction theorems. In the two-dimensional case, the extension of the Mehta-
Ramanathan type restriction theorem to higher dimensions becomes a crucial consideration for the
construction of the moduli space. However, to circumvent challenges associated with Gieseker-
semistability, especially in the context of restrictions to hyperplane sections on X, Greb and Toma
opted for an alternative approach. They directly restrict families to the corresponding complete
intersection curves where slope-semistability and Gieseker-semistability coincide. This choice, how-
ever, results in some loss of flatness for the restricted families. We provide some preparatory
results. Before we do that, recall from Definition the definition of linear series. As before, let
(Hy,...,H,_1) be a very ample multipolarization on X. For each £in 1,...,n — 1, every element
s in |Hy| induces the divisor div(s).

Recall that in Lemma and for the rest of the section, we have that G is a connected algebraic
group that acts on X. Note that, repeated application of the this lemma yields the following result.
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Theorem 3.4.1. [GT17, Corollary 3.2| (Preserving flatness under repeated restriction to hyperplane
sections) Let G be as before and let S be an algebraic G-variety, Si,..., Sy closed irreducible G-
invariant subvarieties of S, and F a G-linearized S-flat family of coherent sheaves over X such
that for each i € {1,...,m} there exists some points s; € S; such that Fs, is torsion free.

Then, there exists dense open subsets Uy C |Hy| for £ =1,...,n — 1, such that for any X, € Uy

0.

the intersection X ﬂle X is smooth and there is a G-invariant closed subvariety T C S with

the following properties:
o for all1 < ¢ <n—1 the restriction F|q, xw 1is flat over S\ T,
o Bach Fs,|x« is torsion free on X0,

e If we denote the restriction F|q\p X X by Zt the following sequence of G-linearized
(S\ T')-flat sheaves is exact:

0= Z 7 s\ryxx (=(S\T) x XO) 5 Z7 g 1) x = FL— 0. (3.9)
e For everyi € {1,...,m}, the intersection T N S; has codimension at least two in S;.

This result implies that restricting a family to a smooth complete intersection curve, X ™1 for
instance, is flat over S \ 7" but not on the whole S. In order to construct the set 7', where the
restriction of the family .# is not flat, one has to first construct the non-flatness locus of .%. This
is done by taking the set St C S parameterizing torsion-free sheaves in the family E and realizing
that it is a G-invariant and Zariski-open in S [GT17, Lemma 3.1|. Therefore, the subvariety 7" is
constructed as a subset of the complement S\ Si¢, where Sy is the subset of points that parameterize
torsion-free sheaves over X. For this reason, the category of weakly normal algebraic varieties is
used. Precisely, to ensure the existence of extensions of maps on the whole X, this is where Lemma
3.0.2] comes in.

The following result compares determinant line bundles of flat families of sheaves on X with their
restriction on the curve X (1),

Proposition 3.4.2. Let G be a connected linear algebraic group and S an algebraic G-variety. Let
& be a G-linearized S-flat family of torsion-free sheaves over X with class ¢ and fixed determinant
line bundle A, such that for alli=1,...,n—1, we have:

o The restriction & := &gy x () 15 flat over S.
o The sequence

0——&O(—X0) —= £0-1) & 0 (3.10)
18 exact.
Then, for everyi=1,...,n — 1, there exist isomorphisms
Mgt (i1 (& x 1)) Z 7 2 X pnion) (U3 (E g nim1) ) B0 (3.11)
where dy = Hy - -+ - Hp—1 - H; as defined in Remark[3.3.3 In particular, we have an isomorphism
Agn—1) (U0 (€] xp(non) ))E It 22 X o (1, (€)) EF-In (3.12)

of G-linearized line bundles on S.

The proof can be found in [GT17, Proposition 3.4]. For the convenience of the reader we present
the proof here.

Proof. In order to prove the statement of the proposition, it is enough to show that for 1 <i <n-—1
an isomorphism as in Equation (3.11]) exists. For this, it suffices to consider the special case when
i =n—1, where n > 2 is arbitrary. Setting &’ := &), we thus need to check that

Aot (tn—2(clx)) 5™ 2= Ag(un—1(&)*". (3.13)
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In order to do this, we will use the following auxiliary class in K(X):
w = —X(é-hn,1 . -h1 . [ﬁX’])hnfl . hg—FX(éhn,l hg . [ﬁX’])hnfl . 'hl.

The idea of the proof is to compute the restriction of w to X’ in two different ways, see [HL10),
p. 223]. Indeed, on the one hand, we have

w|xr = —X(|x  hp-1lxr - h1lx)hn-1|xr .. halxs
+ X(elxr - hn—1lxs - ho|x)hn—1]xr - he|x (3.14)
=dy1(—rhp-1|x' .. halx +X(é|x/ - hn-1|xr - .. ha|x)[Ox]) '
—dyun_o(e)x) € K(X).
On the other hand, we have
w—w- [Ox(=X")] =w - [Ox/]

=w- hy
— X hpet e hy At B 1)

+X(é-hp—1-...-h1))hp—1-...-h1-hy
=di(—rhp—1-...-h1 +X(¢-hp—1-...-h1)[O%])
:dlun_1(é).

Since & is S-flat with fixed determinant line bundle and has the additional properties that the
restriction & := &|gxx/ remains flat over S, and that the sequence , which in our current
notation reads

0= &(-X)—>& =& -0, (3.16)
is exact, we obtain the following equivariant isomorphisms of G-linearized determinant line bundles
on S:

Ao (tn—2 (& x7)) 2N = Agr(w]x7)
= dg(w) ® /\g(,X/)(w)_l
= As((w —w- [Ox(=X")])

= A (up_1(8))®%.

This completes the proof. O

These results generalize the calculations in [HLIO, Equation (8.2)]. We would like to mention
that the calculations performed by Huybrechts and Lehn are simpler because in dimension 2, one
has [O,1] = ah — (%)h?. Nevertheless, in both cases, the strategy is identical.

To finish this section we present an effective restriction theorem akin to Bogomolov’s restriction
theorem, see [HL10, Theorem 7.3.5]. However, the proof of Bogomolov’s restriction theorem relies
on advanced techniques such as the Kobayashi-Hitchin correspondence, a strengthened version of
Bogomolov’s instability theorem (refer to [HL10, Theorem 7.3.4]), and the semistability of repre-
sentations of a semistable bundle. Given the scope of this text, we will limit ourselves to presenting
the following theorems.

We recall that pmin and pmax were defined in Definition [3.2.6] Further, for 1 <i¢ <n — 1 let H;
be a very ample invertible sheaf and let D; € |H;| be a divisor associated with a given section s; in
the linear system |H;]|.

Theorem 3.4.3. [Lan04, Theorem 5.1] If & is a torsion-free sheaf of rank r, then

D%DQ o Dp_q- A(éa)DZ o Dypq + TQ(MmaX - M)(:u - :umin) > 0. (317)

As an application of Theorem [3.4.3] we obtain the following effective restriction theorem:
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Theorem 3.4.4. |[Lan04, Theorem 5.2] Let & be a torsion-free sheaf of rank r > 2. Assume that
& is p-stable with respect to (D1, ...,Dp_1). Let D € |kD1| be a normal divisor such that &|p has
no torsion. If

r—1 1
k>{ , A(éa)DQ”.Dn_l—’_dr(r—l)J’

then &|p is p-stable with respect to (D2|p, ..., Dn_1|D).
Proof. Suppose that &|p is not stable and let .# be a saturated destabilizing subsheaf of rank 7’.

Set 7 = (&|p)/”. Let 4 be the kernel of the composition & — &|p — 7. Then, we have two
short exact sequences:

0% & -7 =0

and
0—&(-D)—>9%——0.

Computing A(¥) we get
A(4)Dy---Dyy = A(E)Dy---Dyy_y —1'(r — ' )D*Dy--- Dy

, (3.18)
+2(re1(F) — (r —r")Der(E))Da -+ - Dp—q.
By assumption (rc1(7) — (r — ') Dey(&)) Do - - - Dy—1 < 0, so that
AY)Dy--- Dy 1 < A(E)Dy--- Dy q — 7' (r — 1 )D*Dy - Dy 4.
Using the stability of & and &(—D) we get
r—r r—r 1
max - = Hmax — (& DD;y---Dp1 < dk_7’
fmax(¥) — (F) = pmax(¥) — u(&) + 1 1 . D)
and
(Z) — pmin(9) = p(E(—C)) — fimi (g)—i-T—/DD D <T—/dkz—$
12 Hmin =p Hmin r 1 n—1 2> r T(T _ 1) :
Hence, application of Equation ((3.17))) to ¢ gives
0 <dAZ) + 1 (pmax(9) — 1(D))(1(F) — pmin(¥))
7! ! 3.19
<dA&) —v'(r —)2h 402 (T — Pak- L), (3.19)
r r(r—1) r r(r—1)
Therefore g
T 1
<
- 1k < dA(8) + -1
which contradicts the assumption on k. O

In order to give the following result we need to introduce Jordan—Hdélder filtrations. We remark
that Jordan—Hélder filtrations in our multipolarization case are very similar to classical Jordan—
Héilder filtrations, see [HL10, Chapter 1].

Lemma 3.4.5. For a semistable sheaf & over X, there exists a Jordan—Hdélder filtration with torsion-
free factors, denoted by &M . By this we mean

0=&&CH C...Cé =6,

such that the factors gr'(&) = &/&_1 are stable with respect to (Hy,. .., H,_1) and deg(gr(&)) =
deg(&). Note that, the sheaves &, i > 0, are also semistable with deg(&;) = deg(&).
Up to isomorphism, the sheaf gr(&) := P, gr'(&) does not depend on the choice of the Jordan—
Holder filtration.
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Proof. The existence of Jordan—Hdolder filtrations is shown exactly as in [HLI0, Proposition 1.5.2],
uniqueness as in [HLIO0, Corollary 1.6.10]. Let us show the arguments here for the convenience of
the reader.

Recall that a torsion free sheaf & is called slope-(semi)stable if for all subsheaves 0 # # C
& with rk(F) < rk(&), one has pu(F#)(<)u(&). Any filtration of & by semistable sheaves with
deg(&) = d has a maximal refinement, whose factors are necessarily stable. Note that, the set
of proper subsheaves &' C & with u(&”’) = u(&) is non-empty. Choose a maximal subsheaf &’
satisfying the conditions above, it exists by Noetherianity. Then, we can take the quotient of & by
&', and obtain F = &/&’. By construction, the maximal subsheaf .# satisfies pu(.#) = u(&) and
tk(.Z) < rk(&). Then, the saturation .# has the same rank as .#, and ¢1 (%) +c1(F /.F) = c1(F).
Since Hy,...,H, 1 are ample then ¢;(F /%) -Hy----- H, 1>0,so

61(§)'H1"“'Hn—1261(9)"H1"-"Hn—1,

and since rk(.%#) < rk(&) then one can divide by the ranks and obtain the same inequality for
slopes. Since .# already has maximal slope then (%) = u(.%), and hence .# = .# by maximality.
Thus one can repeat this process iteratively and since the rank of & is finite we will finish in a finite
number of steps with a Jordan—Holder filtration.

Now, suppose that &, and &, are two Jordan—Hélder filtrations of length m and m/, respectively,
and assume that the uniqueness of gr(.#) has been proved for all .# with deg(.#) < deg(&’). Let
i be minimal with &1 C &/. Then, the composite map & — & — &//&_, is non-trivial and
therefore an isomorphism, for both & and &;/&/_; are stable and deg(&7) = deg(&;/&/_). Hence
&l = & | @ &1, so that there is a short exact sequence

0= &1 5 &/6 - &/ —0.
The sheaf .# = &/& inherits two Jordan-Hdlder filtrations: firstly, let .%; = &j41/61 for j =
0,...,m —1. And secondly, let ﬁ]’ = éoj{ for j =0,...,7—1 and let 353’ be the preimage of éoj’ﬂ/é”i’
for j =4,...,m' — 1. The induction hypothesis applied to .# gives m = m’ and

De/s=Per/s
j=1 j=i
Since &1 = &/ /&, we are done. O

Here, we can define S-equivalence of sheaves. We would like to remark that, S-equivalence was
first defined for bundles on curves by Seshadri in [Ses67].

Definition 3.4.6. Two semistable sheaves &1 and &» with the same reduced Hilbert polynomial are
said to be S-equivalent if gr(&1) = gr(&2).

As a corollary to Theorem [3:4.4] we obtain an effective restriction theorem for semistable sheaves.
It also explains the meaning of a “general” element of |kD; | in previously known restriction theorems.

Corollary 3.4.7. [Lan04, Corollary 5.4| Let & be a torsion-free sheaf of rank r > 2. Assume that
& is p-semistable with respect to (D1,...,Dp—1) and let 0 = & C & C -+ C &, = & be the
corresponding Jordan—Holder filtration of &. Set F; = &/&i—1, ri = vk %;. Let D € |kD1| be a
normal divisor such that all the sheaves F;|p have no torsion. If
r—1 1
k AE)VDy--- Dy + ——— 1|,
>{ r (€)Ds 1+dr(r—1)J

then &|p is p-semistable with respect to (Da|p, ..., Dn—1|D).

We will use the two previous results to prove an important restriction theorem, namely the
Semistable restriction theorem [3.4.8
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Theorem 3.4.8. [GT17, Proposition 2.6](Semistable restriction theorem) Let & be a coherent sheaf
which is semistable with respect to a multipolarization (Hy, ..., Hy,_1), then there exist ay, ..., an—1
positive natural numbers such that

(1) a1Hy, ... ,an—1Hy—1 are very ample and
2) for any general (smooth) complete intersection curve X1 = nz_l X, where X; is a
=1
general element in |a;H;|, the restriction &|xm-1) is semistable

It is worth noting that semistability on the curve X"~V is well-defined without firing any further
parameters, as it only depends on the projectivity of X and the inclusion X1 — X

Proof. The proof of this theorem is a direct application of Theorem and Corollary O
We can restate this theorem as the following corollary.

Corollary 3.4.9. If the coherent sheaf & is (semi)stable with respect to the multipolarization
(Hi,...,H,_1), then there is a positive threshold ko € N>q depending only on the topological type
of & such that for any k > ko and any smooth divisor D € |kHy| with gr &|p torsion-free, one has
that &|p is (semi)stable with respect to (Ha|p,...,Hn—1|D).

3.5. The moduli space of slope semistable sheaves. We are ready to construct the parameter
space for the moduli problem at hand. By Proposition [3.2.15] we have that the family of u-
semistable sheaves of class ¢ and determinant A is bounded, so that for a large m € N, each
u-semistable sheaf of class ¢ is m-regular with respect to a chosen additional ample line bundle
Ox (1) and such that H (X,.%#(m)) = 0 for all i > 0. This means that after multiplying a -
semistable sheaf .7 with O (1)®™ the sheaf .7 (m) is generated by global sections, meaning there is
a surjective homomorphism ¢: H%(X,.# (m))® Ox — .%. Setting F to be a vector space isomorphic
to HY(X, % (m)) and 7 := F ® Ox(—m), the surjection ¢ together with an isomorphism F —
HY(X,.%(m)) yields a surjection p: # — .#. Note that the dimension of V is given by the Hilbert
polynomial of %, more precisely, dim(F') = P(m) where P is the Hilbert polynomial of .% with
respect to Ox(1).

Let us define the Quot-scheme Quot(7#, P) as the scheme parameterizing isomorphism classes
of quotients of the form

q: H — F (3.20)

where two quotients are said to be isomorphic if their kernels are equal.

Let R*73%% C Quot(s#, P) be the locally closed subscheme parameterizing quotients, where the
quotient sheaf is torsion free and p-semistable, which are u-semistable with class ¢, rank 7, deter-
minant A, and such that the quotient map induces an isomorphism F =2 H°(.Z(m)). Let

S = (Rl (3.21)

and note that the reductive group SL(F') acts on RF~°% by change of base in the vector space F.
Further, the SL(F)-action lifts to S making the map S — R!_** equivariant, the lift is done in two
steps first to the reduction and then to the weak normalization; see [GT17, Equation (3.10)].

Denote the pullback of the universal quotient from Quot(7, P(m)) x X to S x X by pg: Os ®
A — F. Recall the A-formalism developed in Equation (3.4). In [GTI7, Equation (3.11)], Greb
and Toma give the following notation:

fn_l = )\y(un_l(é))
This line bundle on the parameter space S will be referred to as the determinant line bundle. This

name makes sense as we saw in Example [3.3.10]

Remark 3.5.1. Since the sheaves parameterized by S have the same determinant A, it follows by
Example |3.3.10| that .%,,_1 does not depend on the point z € X.
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Before we proceed any further, we would like to give a construction that will in some sense moti-
vate the definition of the line bundle .%,—1. In the literature this is known as Reese’s construction.
Recall that in the monopolarization case, see for instance the discussion in Illustration in [Sch08|
Section 2.2], the linearization is ample and one can use the Hilbert—Mumford criterion to determine
which points are semistable. The following construction is often used for performing an analysis
of semistability that results in establishing a relation between the GIT-semistability given by an
ample linearization, as defined in Section m (more specifically see Remark and an intrinsic
semistability condition chosen on sheaves.

Construction 3.5.2. Let ¢ : F'® Ox(—m) — & denote a closed point in S and let A : C* — SL(F)
be a 1-parameter subgroup. We recall that the action is given by

—1
At)-q: F@ 0x(-m) - F @ ox(—m) & 6.

First of all, we would like to calculate the limit as ¢ — 0. For this, we need some notation. The
action of A1 on F = CP(™) determines a weight space decomposition

F=@F.
TEL

where F, := {v € F : \™}(t)v = t"v, Vt € C*} are zero except for finitely many weights r, and, as
A is a 1-parameter subgroup of the special linear group, we have

> rdim F, =0.

TEZ
We can define the following ascending filtration of F = CP(™ given by F=" := @, Fs and an in
light of the isomorphism F' = H(&(m)) we have induced ascending filtration of & given by

E<p = q(F" © OX)

and ¢ induces surjections ¢, : F, ® Ox(—m) — &, := &<,/E<y—1 which fit into a commutative
diagram

Fsr-l@ Oy —— FS'®@ Ox —— F, ® Ox

| | [

g1 y &7 &
Claim Let ¢: F® Ox — & be a closed point in S and A : C* — SL(F') be a 1-parameter subgroup

as above; then
1i g= .
tl_{%)‘(t) q @QT
reN
Let us proof the claim. As the Quot scheme Quot(s#, P) is projective, see [Nit05, Theorem 5.1],

there is a unique limit. Therefore, it is enough to construct a family of quotient sheaves of F'® O'x
over A! = Spec C[t],

@ZF@ﬁxxAlﬁg

such that @; = A(t) - ¢ for all t # 0 and @9 = P, ¢,
We will use the equivalence between quasi-coherent sheaves on A' and C[t]-modules. Consider
the C[t]-module
F =P FactC
T
with action given by t - (v=" ® t7) = v=" @ t'T! € FS"H @ "1 which works as the filtration is

increasing. Since the filtration on F' is zero for sufficiently small » and stabilizes to F' for sufficiently
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large 7, there is an integer R such that F<" =0 for all » < R and so & C F ®¢ t?C[t]. Hence, F is
coherent. The 1-parameter subgroup A~! determines a sheaf homomorphism over A! denoted by:

v : F @c C[t] @F<T ct'C

such that on elements of the form v ® ¢* it assigns the sum Y, v, ® t"5, where v, € F, such that
vt =) v,®t" and so, as s is non-negative, v, € F=r+s_ By construction, if we evaluate vy only in
elements of F,. we get the r-degree shift on the C[t] component. In other words, (v, ®t*) = v, ®t"-t°.
Let us construct an inverse of . Consider the morphism given by v,_s ® t" — v,_s ® t°. We note
that, this morphism is clearly C[t] linear and by replacing r — s with r in the previous equations we
find that the composition of the two morphisms yields Y, v, ®t* = Y 0, @ =3 v, @t" —
Yors Ur—s @1 =3 v, @ 1" hence by C-linearity we have the inverse of ~.

Over Spec C, the C-module CJ[t] determines a quasi-coherent sheaf, we let &x ®c Clt] denote the
pullback of this quasi-coherent sheaf to X. Then, to describe coherent sheaves on X x Al, we will
use the equivalence between the category of quasi-coherent sheaves on X x Al and the category of
Ox ®c C[t]-modules. Using the filtration &<" we construct a quasi-coherent sheaf .# over X x Al
as follows. Let

r—Ss

F =P @ct'C C & acthCl
T
where R is as above. The action of ¢ is identical to the action of ¢ on F' given above. Furthermore,
we have the above inclusion as the filtration is zero for r sufficiently small and stabilizes to & for r
sufficiently large; In particular, & is a coherent sheaf on X x Al
The homomorphism ¢ induces a surjective homomorphism of coherent sheaves over X x Al given
by:

Al : @FST ®ct'C— F = @@@ST ®ct'C
T T

and we define our family of quotient sheaves over X x A! to be @ := g1 o Tr*Alfy, where as always
a0 X x A — Al is the projection.

If we restrict @ to A\ {0}, then this corresponds to inverting the variable ¢. In this case, we
have a commutative diagram

A\{O}()
F® Ox @c Clt,t71] — F® Ox ®c C[t,t7]

l‘P'Al\{O} lq@’id

F ®¢ Clt,t7] ——— & ®c C[t, t71]

where v gives the action of A™!. Hence we have that [®;] = [A(t) - ¢] for all t # 0. Let i : 0 — A!
denote the closed immersion; then the composition 7,¢* kills the action of t. We have

Wi'(&)=6/t- &= |PETact’C| /| T act'C| =P act'C,

r>R r>R
with trivial action by t. Hence, the restriction of & to the special fibre 0 € Al is & = P, &

By following the remark above Construction the following natural step is to compute
the Hilbert—Mumford criterion on the fibre of the line bundle %, 1 over the fixed point ¢y :=
limy_,0 A(t) - g. We stop here and remark that the Hilbert—Mumford criterion is only available for
ample linearizations, see Example and more explicitly [MEK94, Theorem 2.1|. In any case,
we will perform the computation in order to motivate the definition of .%,,_1
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Let A : C* — SL(F) be a l-parameter subgroup and ¢ : FF® Ox — & be a closed point in S.
Then, using the notation introduced above and the computations in the proof of Theorem [3.3.13]and
Example [3.3.10, we have that the fibre of %, over the fixed point qq := @,y ¢ = limz 50 A(t) - ¢

1S

F(m) - 7 (un-1(6))))lgo
F(m) -mx[=rhi- hp1 +X(E hi-hp1) - [O2]]) g
F(m)  [Ogy xm-1) (=) + X(¢h1 -+ hyp1) - 7x[O2]]) g

D 6i(m = Dlgscxen + X (- b+ huoa) - (@ Ei(m)) - 75 [0])
= (R det((ms (& (m — 1)) © () det(ms)(Ei(m) - wig[0])) 6

% i

n 7

= Q) det(H*(&(m)[ s x(-1)) " @ () @(det((m8) i (1)) 95 () <1 m=1))
i i=1

(3.22)

where ¢; is the class [&] and H*(&j(m)|gy yn-1))) denotes the complex defining the cohomology
groups H" (X, &;(m)|gy x(n-1))) for r = 0,1 and the determinant of this complex is the 1-dimensional
vector space

ho Kt

@ det H'(X, &(m)| s xn-0))@(=1)" = [\ H(X, &(m)[ 5 x-0))@ [\ H' (X, & ()]s x0-0))"
i>0

where h = dim H (X, &(m)|g xm-1) ). Note that, Equation coincides with the computations
performed in the proof of Theorem This is telling us that computing the weights of the action
of a l-parameter subgroup A\: C* — SL(F') on the fibre £, 1|4, where qo is the graded object
of ¢ € S, see Construction [3.5.2] is equivalent to computing the weights of the induced action of
A on the restricted quotient g|yn-1). This remark is important because by Theorem we
know that the moduli space of torsion free sheaves on the curve X (™1 is realized as the projective
spectrum of the ring of sections of the line bundle % which is ample. Hence, the computations of
Equation are telling us that there is a map from the parameter space S to the Quot scheme
parameterizing quotients over the curve X1 and that the semistability condition with respect
to a multipolarization (Hj, ..., H,_1) is related to the semistability condition on the curve X (n—1),
We will make a more precise statement in Theorem [3.5.4

We note that we will use the Semistable restriction theorem, see Theorem to show that the
moduli space M*~%% of (Hy,..., H,_1)-semistable torsion free sheaves, emerges as the Proj-scheme
of a ring of invariant sections of powers of .%,_1 over S. Before we do that, we have the following
remarks.

Remark 3.5.3. Let us give some useful remarks. Recall that we defined pmin and pimax, in Defini-
tion [3.2.6] as the maximum respectively minimum slope achieved by the quotients of the Harder—
Narasimhan filtration of a sheaf.

e Note that, if & and .Z are torsion free sheaves such that fimin(&€) > fimax(-#) then the only
possible morphism & — % is the zero morphism. This is because a non-zero homomorphism
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f: & — Z has an image such that p(&) < p(im(f)) < wp(.#), which would imply that
tmin (&) < pimax(F), which is a contradiction.

e Let us now consider what happens when & or .# are stable and u(&) = u(.%), in this case
we have that any non-zero morphism f: & — % is an isomorphism. This is because the
image of f now satisfies u(&) = p(im(f)) = p(.#) which implies that im(f) is a destabilizing
subsheaf of .# unless im(f) is zero in which case f is the zero morphism or unless im(f) = .%
in which case ker(f) would be a destabilizing subsheaf of & unless ker(f) = 0 which implies
that f is an isomorphism.

e By the comment above and since the Harder—Narasimhan filtration of a stable sheaf is
given by the trivial filtration, we deduce that the only automorphisms of a stable sheaf are
multiples of the identity, see [HL10, Corollary 1.2.8|.

e By [Lan04) Theorem 6.1] we know that the tensor product of two slope-semistable torsion
free sheaves is again semistable, see [HL10, Theorem 3.1.4| for the monopolarization case.
Thus we deduce that pimax(&1 ® €2) = pimax(E1) + fmax(82), similarly pmin(€1 ®@ &) =
Mmin(gl) + Nmin(@@?)-

Having established the previous result, we now possess one of the key components necessary for
constructing the moduli space M# 3%, As such, we take a moment to give some preparatory words
before the statement and subsequent proof. This theorem and all the techniques can all be found
in |[GT17, Page 53| but we take the time to write them down here because some calculations will
be useful later.

Theorem 3.5.4. [GT17, Theorem 3.6| (Equivariant Semiampleness) There ezists a positive integer
m € N such that %%7_”1) is generated over S by SL(F)-invariant sections.

Proof. Let s be a point in S. In this proof the main idea is to construct an invariant section in
some tensor power of .%,_; that does not vanish at s by finding a section of a curve X(»=1 ¢ X
that does not vanish in s and then finding our way back to a section of X with the same property.
The claim then will follow by Noetherian induction.
By Theorem [3.4.8] there are positive natural numbers a1, as, . ..,an—1 € N such that
(1) a1Hy,a2Hs, ... ,an—1H,_1 are very ample, and
(2) For any general (smooth) complete intersection curve X1 of elements in |a1H,|,...
,|an—1Hy—1|, the restriction .# |y n-1) is semistable.

(n—1) — L*é]X(n,l) denote the restriction to ¢: X1 < X and
let P(—1) = P(é(”_l)) be the associated Hilbert polynomial with respect to the ample line bundle
Ot (1) = Ox (Dl s

Let m("=1 be a large positive integer, set

YD) = P - gpn=l) 2 YD) @ 0 (—m ™),

For any class ¢ € K(X )num, let ¢

and let @ xx-1) be the closed subscheme of Quot ("= P(=1)) parameterizing quotients with
determinant A|yn-1). Denote by ﬁQwal) @ =Y 5 Z(™=1 the universal quotient sheaf on
Q x(n-1), and set

go(nfl) = )\j‘(n—l) (UO(é(nfl)))

Note that, on the curve X1 the notion of semistability is well-defined without fixing a further
parameter.

The following lemma thus follows from the construction of the moduli space for semistable sheaves
on the curve X1,

Lemma 3.5.5. [GT17, Lemma 3.8] After increasing m(=Y) if necessary, the following holds:
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(1) For a given point [q : A1) — &) € Q xn-1), the following assertions are equivalent:
i) The quotient & is a semistable sheaf, and the induced map V=1 — HO(X, & (m=1))
s an isomorphism.
ii) The point [q] € Qxwm-1) is GIT-semistable with respect to the natural SL(V(=1)-
linearization of .,2”0(”_1).
iii) There exists a positive integer v € N and an SL(V™~V)-invariant section
o € H' Qo1 24" V)
such that o([q]) # 0.
(2) Two points [q; : D = &) € Q%_l), 1 = 1,2, are separated by invariant sections in
some tensor power of Dﬁfo(n_l) if and only if either one of them is semistable but the other is

not, or both points are semistable but & and & are not S-equivalent.

Additionally, by increasing m("~1) further if necessary, we may assume that for each s € S the
restricted sheaf fs(n_l) is m(™D_regular with respect to Oxn-1)(1), see Definition m Conse-
quently, each such sheaf defines a closed point in @ x -1y with the additional property that the
induced map V=1 — HO(X (=1 ﬁsgn_l)(m("_l))) is an isomorphism.

Let us denote the projection from S x X1 to the first factor by p. The push-forward
peZ ™D (m=1) is a locally free SL(V)-linearized g-sheaf of rank P~ (m™=1) on S. The
associated SL(V')-equivariant projective frame bundle 7 : S — S parameterizes a quotient

Oz 7=V g g.(1),

which induces an SL(V (*~D)-invariant morphism ¢~V : § — Qg?il) that is compatible with the
SL(V)-action on S. We summarize the situation in the following diagram:

§—"" Qxon (3.23)
T
S
By Proposition and by Equation , there exist positive integers kg and k,_; such that
Ao (o (€)= A5 (1 () e, (3.24)

With these preparations in place, Greb and Toma leverage the calculations done in Lemma [3.3.5
to obtain:

(@D (D) = (@D 00 (o)
= )‘w*(%"—l))@m(l) (uo(é(n—l)))®k0
= Ao (zon (g (")) ho

= 7 Azt (ug (6" ~D)) =k
= 7" (A7 (Un-1(&)
— ﬂ_*(gn_l)kn,1

Now, let & be an SL(V (=) invariant section in (Zo(n_l))@”ko that does not vanish at a given point

of the form [g: ,%’é(n_l) — F | xm-p]. Since &1 is SL(V)-invariant, the pullback (#~1)*(o)

is an SL(V("~1) x SL(V)- invariant section in

(@0 D) (L") = w (A (i)
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Since 7 is a good quotient of S by the SL(V(”_l))—action, the isomorphism in Equation implies
that (@("~D)*(¢) descends to a section Iz(c) € HO(S, (L)®#-1)SL(V) that does not vanish at
t € S. Finally, recall that we want to produce a section in .%,,_1 that does not vanish at the point
s € 85. As F|xmn-1) is semistable, and as the induced map

V(n—l) N HO(X(n—1)7g;s(n—l)(m(n—l)))
is an isomorphism, according to to Lemma there exists a positive integer v € N and an

invariant section o in H°(Q y(n-1), (.iﬂo(nfl))ég”ko)suv(nil)) such that the induced section [z (o) €
HO(S, (L—1)®kn-1)SMV) fulfills 1.7 (0)(s) # 0. This completes the proof of Theorem O

The previous theorem shows that for ¥ € N big enough, the line bundle £, is generated by
SL(V)-invariant sections. If the linearization .%,_; was ample instead of semiample then GIT would
give us a projective moduli space by embedding the parameter space S inside of the projective space
of global section. Hence, it is a natural idea to construct the moduli space as an image of S under
the map given by invariant global sections of .£* ;| for v > 0.

For this, set W, := HO(S;.,%T’L’_l)SL(V). Since S is Noetherian, for every v € N such that W
generates .ZY_; over S, there exists a finite-dimensional C-vector subspace W, of W, that keeps
generating £ | over S. With this in mind, consider the induced SL(V)-invariant morphism ¢y, -
S — P(WY) and set My, = ¢y, (S). Now, consider the projective varieties M, for increasing
values of v. Greb and Toma obtain the following result.

Proposition 3.5.6. |[GT17, Proposition 4.3|(Finite generation) There exists an integer N > 0 such
that the graded ring eakzo Win is generated over Wy = C by finitely many elements of degree one.

Proof. The arguments of this proof are taken from [HL10, Proposition 8.2.6] since they also work
for this case.

Let v > 0 be an integer such that £, is generated by a finite-dimensional subspace W C W,,.
For d > 1, let W be the image of the multiplication map W ® --- @ W — Wy, and let W/ ¢ W
be a finite-dimensional space containing W¢. Then, W% and W’ generate .,%T‘Liﬂ 1, and there is a
finite morphism 7y : My — My such that oy = 7y oy and W;V,/WﬁMW (d) = On,, (1).
Moreover, there are inclusions

W C w’
N N
HY (Mw, ﬁ(d)) c H° (MW/, ﬁ(l)) Cc Wy
and - /y is an isomorphism if and only if H(My, €(d)) = HY(My, 0(1)). Clearly, the projec-
tive system { My, my/ /W} has a limit since it is dominated by S. If the limit is isomorphic to, say,
My with W € Wy, then HO(Myy, O(k)) = Wy for all k > 0. d

Greb and Toma then build the moduli space by the following theorem:

Theorem 3.5.7. |GT17, Definition 4.4] There exists a natural number N > 1 such that the graded
ring Pr=o HO(S, ff_klN) is generated over k = 0 by finitely many elements of degree one. Then,
we define the moduli space by
M¥s* = Proj(@D HO(S, £ZNF)SH).
k>0

This space is accompanied by the ample line bundle L := Oypuss(1), which satisfies &*(L) = fff\lf
where we let @ : S — M be the induced map.

We note here that it can be proved that the moduli space M#®® is compact. In order to do that
we give the following two results.
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Theorem 3.5.8. [GT17, Theorem 4.1|(Langton’s Theorem) Let R be a discrete valuation ring with
field of fractions K, let i : X x Spec K — X x Spec R be the inclusion of the generic fibre, and
let j : Xp — X X Spec R be the inclusion of the closed fibre in X x Spec R over Spec R. Then,
for any (Hy, ..., H,_1)-semistable torsion-free coherent sheaf Ex over X x Spec K, there exists a
torsion-free coherent sheaf over X x Spec R such that i*FE = Ex and such that j*E is torsion-free
and semistable.

By replacing Langton’s original theorem with Theorem above, the following result is ob-
tained

Proposition 3.5.9. (Semistable reduction for torsion free sheaves)|GT17, Proposition 4.2| Let Z C
S be any SL(V)-invariant closed subvariety. If T is a separated scheme of finite type over C, and if
v : Z — T is any SL(V)-invariant morphism, then the image o(Z) C T is complete. In particular,
any SL(V')-invariant function on S is constant.

Proof. The proof of this proposition follows the same ideas as [HL10, Proposition 8.2.5|.

Let tg € ¢(S) be a closed point. Then, there is a discrete valuation ring A with quotient field K
and a morphism f : Spec(4) — T that maps the closed point &y to ¢y and the generic point & to
a point t1 in the image of ¢. Let y; € p~1(¢1) be a closed point in the fibre, then k(t1) C k(y1) is
a finite extension, and there is a finite extension field K’ of K and a homomorphism k(y;) — K’
such that

K' < k()
) )
K <+ k(tl)

commutes. Let A" C K’ be a discrete valuation ring that dominates A. Geometrically, k(y;) — K’
corresponds to a morphism ¢’ : Spec(K’) — Spec(k(y1)) — S and thus to [gx/ : K/ @ 7 — Fi].

Spec(K') S (3.26)

™

Spec(A")

|

Spec(K) — Spec(A) ——=T

According to Theorem[3.5.8] the family Fr extends to an A’-flat family F4/ of u-semistable sheaves.
Since A’ is a local ring and therefore p.(F4/(m)) a free A’-module of rank P(m), there is a quotient
[qar : A’ @ A# — Fy. Let f': Spec(A’) — S be the induced morphism. Since K’ ® Far & Fi, the
quotients K’ ® g4 and qg differ by an element in SL(V)(K'). But ¢ is an invariant morphism, so
that ¢ o f'|spec(k7) = 909" = foT|spec(k7), Where  : Spec(A’) — Spec(A) is the natural projection.
Since T is separated, we have g o f' = fom. Thus if & is the closed point in Spec(A’), we see that

to = f(&) = f(m(£0)) = ¢ (f'(£))

and is therefore contained in the image of ¢. 0

Note that, by applying this proposition to the case ¢ = ¢ : S — M**% we obtain the compactness
of the moduli space.

Now that we have presented the road map of the construction of the moduli space for torsion
free sheaves we are ready to talk about the objects being classified in this thesis, namely principal
bundles. Some of the results presented above will be used for the construction of the moduli space
of principal bundles as well as the overall procedure.
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4. THEORY OF DECORATED SHEAVES

In order to find moduli spaces for the functor M% *°(p)(¢,\) we have to show that the set of
isomorphism classes of p-semistable singular principal bundles is bounded. In order to do that we
will associate a decorated sheaf to each singular principal bundle. We will then use results in the
theory of decorated sheaves to settle the boundedness of semistable singular principal bundles. The
theory of decorated sheaves was developed by Schmitt in its habilitation thesis, we recommend the
reader to look at [Sch04b| for decorated vector bundles and the book [Sch08]| for a very thorough
exposition of the curve case. The theory of tensor fields which are a very similar concept was
developed by in [GS05| for the higher dimensional case as part of the works in [GLSSO8| which
deals with tuples. We will explain the definition of these two objects and we will explain how the
intersection of these two notions will help us in the construction of the moduli space of principal
bundles.

In this section we will construct multiple moduli spaces. In particular, we will review the con-
struction of the moduli space of tensor fields in [Sch08] and adapt it to the higher dimensional
case, for this we will present a Gieseker-semistability condition that will generalize the one in the
reference, see Definition we will compare it to the Gieseker-semistability condition of tensor
fields given in |GS05]. The main result of the section will be the construction of the moduli space
of decorated sheaves in Theorem In |GS05], Gémez and Sols also give the definition of slope
semistable tensor field, we will take this as a guide to present a slope-semistability condition with
respect to a multipolarization, see Section [4.4]

The objects we focus on in this section are called decorated sheaves. Let V be a finite dimensional
complex vector space and D a line bundle over X, then a decorated sheaf of type (a,b,c, D) over
X consists of a pair (&, ¢) where & is a torsion-free sheaf with generic fibre of type V over X and
@ : (E9)P0 @ (det £V)®¢ — D.

We are interested in the case where the determinant of the sheaf & is trivial and D is set to be
O'x. More precisely, we give the following definition.

Definition 4.0.1. A tensor field over X is a triple (&, ¢, D) where D is a locally free sheaf over
X, & is a coherent 0x module of rank r, with Hilbert polynomial P and a non-zero morphism of
O'x-modules,

¢: (69)* = D, (4.1)
From now on, we will say that P is the Hilbert polynomial of the tensor field (&, ¢). We remark

that both deg(&’) and deg(D) are calculated with respect to a multipolarization (Hi, ..., H,_1), as
in Definition

In certain cases, such a triple is also known a p-swamp (“Swamp”=“sheaf with a map”). The term
was coined by Adrian Langer, see [Sch08|, page 136].

Definition 4.0.2. Let (%, ¢, D) and (¢,1, D) be two tensor fields with the same Hilbert polyno-
mial P. A morphism between them is a pair (f,a) where « € C and f : . — ¢ is a morphism
such that the following diagram

(g‘@a)@b (f®a)®>b (g@a)@b

| lw

D a-id D

commutes.
Further, there is a more general notion of torsion free sheaf with a decoration of type (a,b,¢),
which will be related to tensor fields through the Construction Let us present these objects

in the following definition.
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Definition 4.0.3. [Sch04al Section 3| Fix tuples a = (a1,...,a,), b = (b1,...,b,), and ¢ =
(c1,...,cpn) of non-negative integers, such that a; —re; > 0 fori =1,...,n. If a; — r¢; = aj — ¢,
1 <i < j < n, we call the triple (a, b, ¢) homogeneous. We look at pairs (&, ¢) with & a torsion-free
sheaf of rank r and ¢ : &, — Ox a non-trivial homomorphism. Here,

n

Enpe = EPE)® @ det(£Y)5. (4.2)

i=1
We call (&, ) a torsion-free sheaf with a decoration of type (a,b,c). Note that, ¢ can also be
interpreted as a section ¢: X — @5 | ((&Y)®%)P% @ det(£)®“. Thus we can say that ¢ breaks
into components ;: (£%%)%% @ det(&Y)®% — Ox, which are just tensor fields whenever D is
prescribed to be equal to Ox and & is prescribed to have trivial determinant.

Additionally if there are two decorated sheaves (Z,¢) and (¢4, ¢’). A morphism between them
is a sheaf homomorphism f : . # — ¢ such that the induced morphism f, . makes the following a
commutative diagram

fg,kyg N
Z, a,b,c 7 Jab,c

N

Definition 4.0.4. A decorated sheaf with decoration of type pgp.c is a triple (&, D, ¢) which consist
of a torsion free sheaf & of rank r, a line bundle D, and a non-zero homomorphism ¢ : & . — D.

We follow [Sch04al Example 3.1.3] very closely in order to present the following example of a
decorated sheaf coming from a G-principal bundle.

Example 4.0.5. Let P — X be a principal G-bundle, let p: G — SL(V) be a fixed representation

Ra,b,c

and we will denote by p’ the composition of representations G £ SL(V) —=% GL(W) where W =
V.. as in Equation (2.17). We denote by E the associated bundle P(p), note that the associated

a

vector bundle P(p') is a vector bundle with fibre V, , = and coincides with F,p .. By Example[2.3.11

and our assumptions we have that E is a subbundle of E/, .. Thus, a section ¢': X — P(p) (such as

a reduction of group structure, for instance) defines components ¢}: X — ((EY)®%)% @ det(E)®¢
for all i = 1,...,n and equivalently it defines components @;: ((E)®%)®% — det(E)®% for all
1=1,...,n.

Altogether, we obtain an associated vector bundle E with a decoration ¢ of type (a,b,c).

Now we will present the construction of the homogenization of a decorated sheaf performed in
[SchO4al Page 11].

Construction 4.0.6. (Homogenization of a decorated sheaf)
Let (&,¢) be a decorated sheaf with & a torsion-free sheaf of rank r and ¢ : &, = Ox a
non-trivial homomorphism, let v; < --- < v, be the integers which occur as a; — r¢;,i = 1,...,n.

For j =1,...,m set V; := @i:ai_m:vj Viaibs,ci» - Choose a sufficiently large common multiple w

of v1,...,vm. Then, letting C* act on V; by multiplication with 2%/, the weighted projective space
(Vap,c\{0}) /C* gets embedded into P (V,,), see Example [2.3.35, where we have
V= @ Sym® (Vlv) ® -+ ® Sym?m (V,x) .
(d1yeeeydm):

vidi++vmdm=w

We may find positive integers A, B, C' with A — rC' = —w, such that V, is a direct summand of
VaB,c (see [Sch04bl, Corolary 1.2]) and we have an embedding P (V,,) = P(VaB,c).
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Let (&, ¢) be a torsion free sheaf with a decoration of type (a, b, ¢), then ¢ defines, for every tuple
d=(dy,...,dp) with vid; + - -+ + vy d;;, = w, a homomorphism
¢q: Sym™ (B) @ --- @ Sym?™ (B,,) — Ox.

These homomorphisms add to

2 D sm"(@)e-esym™ () — O,

(dl,...,dm)i
vid1+-+Vmdm=w

B = @i:ai_rcz_:vj Suibicind =1,...,m. This finally defines

7: (62 5 det(£)=C.
We call the pair (&, ¢) the associated tensor field of the decorated sheaf (&, ¢) we also call this
object the homogenization of the decorated sheaf (&, ).

Let us define an abstract quantity that will later be used to define the semistability condition of
a tensor field. Let W be an r-dimensional complex vector space and let wq, ..., w, a base of it. We
say that a weight vector v = (v1,...,7,) with integral entries is an r-tuple such that

o N(z) - Y iy ciwi = Yo 2Vicw;.

The main example of such weight vectors is given by the following.

Example 4.0.7. Let X\ be a one-parameter subgroup of SL(W) then we get a basis w = (wy, ..., w,)
of W := C" such that

)\(z)(z ciw;) = Z 27w (4.3)
i=1

for all z € C and all tuples (cy,...,¢,) of complex numbers. We organize the basis w so that
1 < ... <7, further, since A(z) has determinant 1 for all z € C* then >, ;v = 0.

Additionally note that, a basis w of C" and a weight vector « with the above properties define a
one-parameter subgroup A(w,~) of SL(r) in the obvious way. Of course we get a weighted filtration
of W, denoted by (W*,a). We define the parabolic subgroup associated with X as

Qc(\) :={g € G| zlgglo Az)-g-Mz)7! exists in G}. (4.4)

Note that the filtration (W*, «) is preserved by the parabolic subgroup associated with A.
To conclude, note that, for any vector v = (71,...,7) of integers with 41 < ... < 5, and
> i = 0, there is a decomposition
§= (i1 — )
_ i+1 = Vi) () 4
=2 (4.5)
=1
with ‘
7(1) =—r,...;i—r,0,...,0)fori=1,...,r =1
7 times r—1 times

We have all the necessary ingredients to define weighted filtrations.

Definition 4.0.8. Let & be a coherent &x-module on X. A weighted filtration, (&, m), of & is a
filtration
be=(0)CEHCEC...CECE=E
equipped with positive numbers my...,m; € Qsg. We adopt the following convention: the one
step filtration is always equipped with m = 1. A filtration is called saturated if the quotients &/&;
are torsion free sheaves.
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In order to define the semistability condition for tensor fields and decorated sheaves we need the
following preparatory results.

Definition 4.0.9. Let (&, ¢) be a decorated sheaf on X and recall that ¢ is a section from X to
DL, ((£V)®%)%b @ det(&)®%. Let (&, a) be a weighted filtration. We define the weight vector

Y=, Yeg1) ZO‘Z (rk (&) —r,...,tk (&) —r,vk (&), ..., vk (&)),r :=1k(&), (4.6)
rk(&;) times (r—rk(&;)) times
and set, &1 ;=& andit=1,...,n,

E® a; ;) i= —mi j ; 11y -+« Ja, 1,... 11%%: p; ,Z0
:U’( 7gas01) mln{7]1+ +’Y]ai|(.]17 a]m)e{? 7S+ } ¢Z|(gj1®“'®gjai)®bl§é }

as well as
p(&®, asp) :=max{p (6% a;pi) [i=1,...,n}.

Remark 4.0.10. Note that the definition above is also available for tensor fields. This is because
a tensor field (&, ¢) is clearly a decorated sheaf with decoration of type a = (a,0,...,0), b =
(b,0,...,0) and a = (¢,0,...,0). Thus p(&°, ;) reduces to p (&, a; 7).

Until this moment we have not considered the torsion free sheaf in the calculations. In order to
define a semistability condition we have to take it into account.

Definition 4.0.11. Let  be a positive rational number. A decorated sheaf (&, ¢) is d-(semi)stable
if for each weighted filtration (@@., «) the following holds

L(&®, ) + v (&, a; ) Z a; (deg(&) rk(&;) — deg(&;) rk(&)) + v (&, a; ) (>)0, (4.7)

where we define the quantity v (é".,g; ¢) to be equal to %,u (&, ;). Here ¢ is as in Construction
4.0.0l

Before continuing, we make a short digression into the H; = --- = H,_1 = H-case.

Definition 4.0.12. Let € be a positive rational polynomial of degree at most n — 1. A decorated
sheaf (&, ¢) is e-(semi)stable (Gieseker -(semi)stable also) if for each weighted filtration (&, a), as
in Definition [£.0.8] the following holds

M(&%,a) + = SH (& Zaz P, 1) (E)IK(E) = Py, 1, 1) () 1K(8)) 48)

+ —u(@‘”“.,@; @) = 0.
w

Additionally, we recommend the reader to see the discussion before Equation [5.3]for some motivation
on why is the quantity M (&*, a) defined as it is.

Remark 4.0.13. According to [GS05, Definition 1.5], we have that Equation (5.5) and (5.6) to-
gether imply that for a decorated sheaf (&, ¢) and § = ¢(n — 1)! we have the respective chain of
implications :

p-o-stable =  Gieseker-e-stable = Gieseker-e-semistable = is p-0-semistable. (4.9)

Here € is the coefficient of the monomial "~ !, we point at the same chain of implications in the
Hy =--- = H,_j-case given in [GS05), Definition 1.5|.
Let us go back to the moduli problem of decorated sheaves of type (a,b,c¢) in the general mul-
tipolarization case. Note that, the previous moduli problem is reduced to the moduli problem of
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decorated homogeneous sheaves of type (a,b,c). The homogeneous moduli problem was treated in
[Sch04b] for the curve case.

Before we prove the boundedness of the moduli problem of slope semistable decorated sheaves,
let us give some estimates for the weights of some special representations. These estimates can be
found in [Sch04bl, Section 1.4], but for the convenience of the reader we also write them here.

In the following, psp. will stand for the induced representation of GL(V') on the vector space
Vab,c Where a,b € Z>q, c € Z, see Example . Then, P (Vope) =P (Vapo) and Vope = Voo
as SL(V)-modules.

Let w = (w1, ...,w,) be a basis for V and y = ZZ 1 Q57 @) o, € Q>0, an integral weight vector.
Let I® be the set of all a-tuples v = (t1,...,1q) wWith ¢; € {1,...,7},7 =1,...,a. For , € I* and
k€ {1,...,c}, we define v, = w, ® - ®@w,,, and wF = (0,...,O,w£,0,...,0) ,w, occupying
the k-th entry. The elements w® with . € I® and k € {1,...,c} form a basis for Va,0,c. We let
wk' L e Ik € {1,..., ¢} be the dual basis of V0. Now, let [I] € P (Vao,) where I = Y aFwk.

L 2

Then, there exist kg and Lo With afoo # 0 and

e N 1) = 00 A, 7), 1) = B (M), [0 ])
and for any other k£ and ¢ with af #£0

e A1), 1) = g, (A2, [t ]).
We also find that for i € {1,...,7 — 1}

Hpa0,c <)‘ (wa’y(Z)) ) [wfo(\)/:|> =v-r—a-i,v= #{[’j <1 ’50 = (517--'7La)>j = 1,...,&}.
We conclude with the following lemma.

Lemma 4.0.14. [Sch04b Lemma 1.8.i)] For every basis w = (wy,...,w,) of C", every integral

weight vector v = Y1~} Loy, a; € Qso, and every point [I] € P(Vap.e)

r—1 r—1
<Z Ofi) a(r —1) = pp, . (AMw,7),[1]) = - <Z az) a(r —1)

i=1 i=1
We will immediately use these estimates to prove the following boundedness result.

Theorem 4.0.15. Let X be a projective manifold, let 6 € Qso. Then, the maximal slope of
torsion-free sheaves, with fized topological invariants, occurring in §-semistable tensor fields (&, )
is bounded.

Proof. We follow [Sch04a, Remark 3.1.4. i)|] and [Sch02, Remark 2.2.2] for the proof of this theorem.

Let (&, ) be as above. We can choose w so that it works for all the objects involved, since it
depends only on the fixed input data, a, b and ¢ see [Sch04a, Remark 3.1.4 i)| and [Sch08, Remark
2.3.4.2| for the curve case. Then, as in [Sch04b, Lemma 1.8(i)|, for every saturated subsheaf .#
of &, by Lemma [£.0.14 we have a(r — 1) > pp,, . (A(w,7),[l]) = u(0 € F C &,1,¢), hence the
semistability condition yields

deg() k() — deg(#) rk() + =L
5-u(0C.FC &) (4.10)

deg(&) rk(F) — deg(F) rk(&) + -

>0

which means

deg(&) d-a-(r—1) <deg(<§") d-a-(r—1)

w(F) < ) + &) (75 )~ 1k(&) + wrk(&)



O

Remark 4.0.16. For the H; = --- = H,_1—case, boundedness is proved by the results presented
in [Sch04al Remark 3.1.4. i)| and [Sch02, Remark 2.2.2]. In our language this means the set of e-
semistable (also referred to as Gieseker-semistable) decorated sheaves, see Equation , is bounded.

The goal of the following Theorem is to provide some much stronger bounds than the ones
introduced in Theorem [4.0.15]

Theorem 4.0.17. There is a non-negative constant Co, depending only on r, a, b, ¢, d, such
that, for every § € Qsq, every §-semistable p-decorated sheaf (&,¢) with deg(&) = d, and every
non-trivial proper subbundle F of &,

d
N(9)§;+C2-

Proof. We will follow very closely the proof of [Sch08, Theorem 2.3.4.3].
Suppose (&, ) is a tensor field which is d-semistable for some § > 0. Assume & is not slope-
semistable and consider its Harder—Narasimhan filtration, see Definition [3.2.6

{0}:£0C£1C---Cé”kcéak+1:é”.

As before, we use the notation & = &;/&_1, r; = rk(&), r* := 1k(&), and p' = u(&Y), i =
1,...,k+ 1. Define

C(éa°) = {7 = (’717 cee 77k+1) € Rk+1

k+1 A
7 =< "'§’Yk+1a2%"?"z=0}.
i=1

The space R¥™! comes equipped with the maximum norm ||.||. For all v € C(&,) \ {0}, we have

k
Z w - (deg(&)r; — deg(&i)r) < 0,
i=1
so that the d-semistability of (&, ) implies

f(Y) = (&, a(v),0) >0, aly) = <72;71,,..77k+1r— ’Yk) .

Consider the set
K := C(EJ) N {7 € RF+1 ‘ ]| = 1} .

We have that K is a compact set and f is piecewise linear, hence continuous, so that f attains its
infimum on K. It is easy to see that there are only finitely many possibilities for the function f, so
that we may bound this infimum from below by a constant Cy > 0 which depends only on the input
data. Take a tuple (i1,...,%a) with ¢|g @..g,) # 0. Then, imin(&, @ -+ ® &,) < ¢ deg(&),
because there is no non-trivial homomorphism & — % since pimin(&) > fimax(-% ), see first item of
Remark Note that, pmin(&;) = pf, i =1,...,s+ 1. The second item of Remark shows

pit 44t < C = - deg(&).
Take the point
Y= (Il'l’(g) - M1y 7”(@@) - ,uk+1) S Rk+1.
By construction, v € C(&,) \ {0} and
f(0) = (b, a(y),9) <C':=C—a-p(E).

But f is linear on each ray, so

£ = 1yl - f<ﬁ> > Cy - .
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This shows that either u' — u(&) = ||y|| < C" := C"/Cy or u(&) — ' = ||7|| < C” this means
that
either fimax(€) < u(&) +C” or pmin(&) > u(&) — C”
(Il

Remark 4.0.18. Note that, if deg(&’) = 0 then the above result shows that & is slope-semistable.

4.1. The parameter space of tensor fields. The objective of this section is to construct the
parameter space of decorated sheaves of type (a,b,c). For this we will follow very closely [SchO8|,
Section 2.3.5] adjusting to the fact that we are working with a higher dimensional projective variety
X. We will also take [GS05, Section 3 GIT construction| as a close reference making the necessary
adjustments to the multipolarization case.

Note that, in the H; = --- = H,_j-case, the construction done in [Sch08, Section 2.3.5] gener-
alizes to produce the parameter space of Gieseker-semistable decorated sheaves, denoted by T. In
particular, we remark that the Gieseker space G and map Gies: T — G together with the GL(Y)-
linearization Og(s1, s2) constructed in [Sch08| Equation (2.12) Section 2.3.5] embed the parameter
space in such a way that the GIT-semistability of a point Gies(t) corresponds with the Gieseker-
semistability of the decorated sheaf represented by ¢ € T, this will be done in Subsection [£.2] This
suggests that by working with the correct linearization we will be able to use a similar approach as
in Section [3:5] we will do this in Subsection [£.4] We will give more details as we go through the
section.

Let us first introduce the moduli functor of tensor fields. In order to introduce it, we first fix the
topological data of a tensor field for that we fix ¢ € K(X)pum and we say that (&, ¢) is of type ¢ if
& is of type ¢. Then, we fix a Poincaré line bundle & on Pic;(X) x X. For every weakly normal
variety S and every morphism « : S — Pic;(X), we define Z[k] := (k x idx)*(Z).

Definition 4.1.1. (Families of tensor fields) A family of tensor fields of type (¢,l) parameterized
by a weakly normal variety S is a tuple (&5, kg, #s, ¢s) which has the following entries:
e an S-flat torsion free sheaf &5 of rank 7 on X, having degree d on {s} x X for all s € S,
e a morphism kg : S — Pic;(X),
e a line bundle 45 on S,
e a homomorphism ¢g : (@“’g)a)@b — Z[ks] @ E(Ns) whose restriction to {s} x X is non-zero
for every point s € S.

Two families (&3, kL, /2, ¢L) and (62, k%, 42, ¢2) are called isomorphic if Ky = k% =: kg and
there exist isomorphisms g : é"; — 552 and fg: ./VS1 — /VS2 with
¢5 = (Idepes) @ T5(f5)) ™ 0 35 0 s p-
We define the functor
Mé_ss(g, ¢, l): Var'™ — Set
isomorphism classes of families (4.11)

S — of §-semistable tensor fields
of type (¢,1) parameterized by S

We define in an analogous way the functor M (g, ¢,l) parameterizing families of Gieseker-e-
semistable tensor fields.

Remark 4.1.2. [Sch08, Remark 2.3.2.4] At a first glance it looks like the definition of the moduli

functor depends on the choice of a Poincaré sheaf. This is not the case, because by choosing

another Poincaré line bundle 3)’( on Pic; x X, there is a line bundle K% (/pi,;) on Pic; with Ly =

Ly @ Tpie,(Mpic;). Therefore, assigning to a family (s, ks, Vs, ds) defined via Ly the family
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(&s, ks, Ns ® kg(Mpic,), ¢s) defined via &% identifies the functor which is defined with respect to
Zx with the one defined with respect to Z%.

Let us give a preliminary result that will lead us out of the realm of varieties. The following
result is due to Gomez and Sols ([GSOI, Lemma 3.1]). Also see [Sch08, Proposition 2.3.5.1] for the
curve case.

Proposition 4.1.3. [Sch02, Proposition 1.5.1] Let S be a complex variety, JZ%SI and 42752 coherent
sheaves on S x X, and pg : d§ — Q/SQ a homomorphism. Assume that dg is S-flat. Then, there
is a closed subscheme Z C S the closed points of which are those s € S for which ¢s|(sxx = 0.
More precisely, it has the property that any morphism f :T — S factors through Z, if and only if
(f xidx)*ps is the zero homomorphism.

Proof. We may write szsl as the quotient of a vector bundle Vg. Let ¢ : 75 — 42%51 — 52/52 be the
composed homomorphism. This is a homomorphism between S-flat sheaves. Choose n large enough,
so that the higher direct image sheaves of 75 ® % Ox (n) and @2 ® 7% Ox (n) under mg vanish and
the evaluation maps Tims. (75 @ 75 Ox(n)) — Vs @ 15 Ox(n) and mime. (2 @ T4 Ox(n)) —
A% ® 75 Ox(n) become surjective. Then, Tg.(¢ly @ idﬁ}ﬁx(n)) is a map between vector bundles,
and we may define Z as the zero scheme of this map.

Given a morphism f : T'— S, it will factor through the scheme Z, if and only if f*(mg«(¢s ®
idys oy (n))) is identically zero. By base change, this is equivalent to the vanishing of T ((f %
idx)*(¢s ® idﬁ}ﬁx(n))). This is in turn equivalent to the vanishing of ¢f, = (f X idx)*(¢s ®
idﬁ} 6x(n))> by our choice of n. The latter homomorphism factorizes as

(f xidx)*Zs — (f x idx)* e 25 (f x idx)* /2
with o7 = (f x idx)*(ps @ idrs oy () As (f x idx)*"Zs — (f ¥ idx)*g is still surjective,
the vanishing of ¢/, is equivalent to the one of @7, and we are done. (|
Let us give an extension property before we continue. Let X be a smooth projective manifold,
S a noetherian scheme, and «7g an S-flat family of coherent &x-modules. Let Uy be the maximal

open subset over which 7 is locally free. Then, for any s € S, the set Uy N {s} x X is the maximal
open subset where s[4, x is locally free, see [HL10][Lemma 2.1.7].

Proposition 4.1.4. [Sch02, Proposition 1.6.1] Assume codim (X \ (Ui N {s} x X), X) > 2 for all
s € . Then, any homomorphism of Oy,.-modules

Lt 'Q{S|Ulf 7 ﬁUlf

can be extended in a unique way to a homomorphism of Ox-modules

Lyt 5275 — ﬁx.

The torsion free sheaves occurring in d-semistable decorated sheaves of type a, b, ¢ with rank r
and fixed Hilbert polynomial equal to P can, by Theorem [£.0.15 be parameterized by some Quot

scheme. Note that, for the H; = --- = H,_1-case, the corresponding boundedness result is found
in [Sch04b, Remark 2.2.2]. We mention this because other than this technicality the construction
of the parameter space in the H; = --- = H,_q-case follows the same steps.

Namely, fix an ample line bundle &x (1) and a big enough o € N so that the torsion free sheaves
appearing in the class of J-semistable decorated sheaves are o-regular. Let Y be a complex vector
space of dimension P(0). Then, we denote by 9 the Quot scheme that parameterizes all quotients
of Y ® Ox(—o) which have rank r and Hilbert polynomial P. Recall that we have the universal
quotient

an: Y ® ﬁx(—o) — 32 (4.12)
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on ) X X. Let Q be the open part of the Quot scheme which parameterizes quotients ¢: ¥ ®
Ox(—0) — &, such that H%(g(0)) : Y — H%(&(0)) is an isomorphism. Define Fq = Falaxx-
Let Pic; be the Picard variety of invertible sheaves of degree [ on X. We set Q' := Q x Pic; and
qga: Y ® Ox(—0) = &g and Fa to be the pullback to Q' x X of the universal quotient and the
Poincaré sheaf, respectively.

In the following, we denote by A, instead of (A®9)®b for any sheaf A on the complex space S.
For m > 0,

Sm =T (Yo @ mx (Ox(a(m — n))))

will be a torsion free sheaf on £’, and so will be

B 1= (mor#)(det(60) 5 ® Loy ® i (Ox (am))).
We form the projectivization
7P = P(Hom(Fm, Bm)Y) — Q. (4.13)
On B x X, we have the universal quotient
ap = (m x idx)*(q2r) : ¥ @ 7§ Ox(—0) = &y 1= (m x idx)* (bar),
the pullback Ly of Zg/, and the tautological homomorphism
fio + Yoo ® 75 Ox(alm — 0)) — det(Ep) > © Ly © 75 Ox (am) * ws(Op(1)).

Set fp = fqg ® idgy (—am)- Now, the subscheme T C P will be defined by the condition that foy
vanish on the following kernel:

ker(Y,, ® 7 Ox (a(m — 0)) 2 Sp.an)- (4.14)

To see that this is a closed subscheme of 13, we apply Proposition We have that T C P is a
closed subvariety where the restriction of fi to the kernel above vanishes, so that fiyz|gx x factorizes
over &z 44, 65 1= Eplexx. Thus, on T x X, we have the universal quotient

q§:Y®7T§(ﬁx(—O) —>(o(d§. (4.15)
and the universal homomorphism
Op 1 Exqp — det(8x)%° © Lx @ ma(Mz), L= Dplexx, Mz = 0Oz(1)]s.

Let 7pic,(x): T — Pic;(X) be the projection onto the Picard variety. Then, £z = L[mpic,(x)]. We
call (&%, mpic,, Mz, pg) the universal family. If ¢t € T, then we may restrict the universal family to
{t} x X. The resulting tensor field will be written as (&, %, ¢).

Remark 4.1.5. By construction, if (E, L, ¢) is any tensor field of type (¢,1) with ¢ € K(X)num,
then we will find a point ¢t € ¥, such that (E, L, ¢) is isomorphic to (E, L, ¢;). This explains the
use of the word universal in the name.

Definition 4.1.6. (Quotient-tensor field families) Let S be a weakly normal variety. A quotient
family of tensor fields parameterized by S is a tuple (¢gs : Y ® 7% (0x(—0)) — &5,ks, Vs, ds)
where (&8s, kg, Vs, ¢g) is a family of tensor fields parameterized by S (see Definition and ¢gg :
Y®0Osxx — &5 is asurjective map, such that (75)«(qs®idgy () : Y®Os — (75)+(Es@7% (Ox (0)))
is an isomorphism.

We call two such quotient families (g5 : Y ® 7% (Ox(—0)) = &s,ks,Ns,¢s) and (¢ : ¥ ®
7% (Ox(—0)) = &4, Ky, N, ¢) isomorphic, if kg = K’y and there are isomorphisms g : &5 — &%
and fg: Ng — A, such that

ds = ¥s 0 gs and ¢ = (idgpey TE(f5)) 0 b5 0 V5.
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By construction we have a universal quotient family on ¥ x X. The next proposition gives the
precise universal property of the parameter scheme ¥.

Proposition 4.1.7. Any quotient family parameterized by a weakly normal variety S gives rise to
a unique morphism f : S — ¥, such that it is isomorphic to the pullback of the universal quotient

family by (f x idx).

Proof. In order to prove this proposition we will follow closely [Sch08| Proposition 2.3.5.5]. Let
(gs : Y @ 7% (0x(—0)) = &, ks, Vs, ¢s) be a quotient family. By the universal property of the
Quot scheme, the quotient gg gives rise to a unique morphism fy : S — £, such that gg is isomorphic
to the pullback of the universal quotient. Since &g is locally free on a family of big open subsets,
the discussion before Proposition @ and (7s)«(gs ® idg, (n)) is an isomorphism, this morphism
lands in the open subscheme Q. Together with kg, we obtain a morphism fo: S — Q.

The universal property of the scheme 3 says that giving a morphism f; : S — P to it which
covers fy amounts to giving a line bundle /g and a homomorphism

Ps i (foBm)) = (f5(Em) ® As).
By construction, Z[ks] = (fo x idx)*(Zy’). The base change theorem implies that

fo@m) = (75)«(Yap @ 7 (Ox (a(m — 0)))

and
f5 (&) = (m5)(det(65)% @ ZLws] @ mx (Ox (am))).
Thus, we define

. . (WS)*(¢S®idw;((ﬁX(am)))
B ¥, ® (7). (w5 (Ox (am))) >, © i (Ox(alm — 0)) (416

—(75)+(det(85)%° @ ZL[ks] @ 7% (Ox(am))) @ Hs.

By the construction of @g and the universal property of T established in Proposition [4.1.3] we
have that the morphism f; given by @g factorizes over T C L. O

We have the following local universal property:

Proposition 4.1.8. Let S be a weakly normal variety over C, and (8s,ks, Ns,ps) a family of
d-semistable tensor fields parameterized by S. Then, there exist an open covering {S;}ier of S, and
morphisms B; : S; — ¥, i € I, such that the restriction of the family (&s, ks, Ns, ¢s) to S; x X is
equivalent to the pullback of (&%, ks, Nz, d<) via B; X idx, for all i € I.

Proof. By our assumptions, the sheaf (7g).(&s ® 7% Ox(n)) is locally free of rank r since its higher
cohomology groups vanish, see [HL10, Definition 1.7.5]. Therefore, we can choose a covering S;,
i €1, of S, such that it is free over S; for all i € I. For each i, we can choose a trivialization

Y ®ﬁsi (71—5)*(55 ® ﬂ}ﬁx(ﬂ)”s@ = gS|S¢ X Xa
so that we obtain a surjection
gs, 1 Y @ mxyOx(—0) = &sl|s, x X

on S;x X. Therefore, (gs,, ks|s;, Vsl|s;, ps|s;xx) is a quotient family of p, p ~~pairs parameterized by
S;. Since T parameterizes such families, see Proposition , we have the required isomorphisms
between the pullback of (&%, ks, Nz, ¢<) via f; x idx and the restrictions above. O

There is also a natural GL(Y)-action I" on 3 which leaves T invariant. Note also that We can
view the GL(Y)-action as a (C* x SL(Y))-action. Thus, when considering the quotient of T by the
GL(Y)-action we will do it in two steps, considering the actions of C* and SL(Y') separately. The
reason why we can separate the action as described previously lies in the following properties.
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Proposition 4.1.9. i) We have that C* - idy acts trivially on T.
i) We have that for two pointst and t’ in the parameter space X, there exists an element g € GL(Y'),
such that t' = g - t, if and only if (&, Lt, ¢) and (&, Ly, ¢yp) are isomorphic.

Proof. The first item follows from the fact that if we fix a quotient (¢ : ¥ ® 7% (Ox(—0)) —
&, kt, Ny, o) and a basis of the vector space Y then the action I" acts on ¢ by acting on Y as matrix
multiplication. Since C* only scales the basis and we defined B as a sheaf with projective fibers,
see Equation , then the C*-action is trivial.

The second item is a direct consequence of the following Proposition. O
We have the following gluing property:

Proposition 4.1.10. Let S be a weakly normal variety and 12 : S — T two morphisms, such that
the pullbacks of (&, ks, Nz, dz) via f1 X idx and [y x idx are isomorphic. Then, there exists a
covering map p: T — S, with T a weakly normal variety, and a morphism = : T — SL(Y), such
that By equals the morphism

EXB1

T—>SL(Y)><S£>‘Z.

Proof. For the proof of this proposition we will follow very closely the curve case, which was treated
in [Sch04bl Proposition 2.10].

The morphisms £ and B2 give us two quotient families (¢, k5, ¥4, ¢L) and (¢3, k%, NVE, %)
of pap-pairs parameterized by S. By hypothesis, RIS = /ﬁ}% =: kg, and we have isomorphisms
Vs 6 — &2 and fg: Ng — NE, see Definition with

05 = (idgpeg) @5 F5) " 0 ¢ 0 (1hs © a)*.
In particular, there is an isomorphism

(78)+(a5®idrx 6 (o)) .
20 (19)(63 @ T Ox(0) —

((WS)*(‘I%@idrr;( ﬁX (o)))71

Y ®pg

. (4.17)
WE(¢S®1d7T§( 6x(0) 9 "
(m5)«(€5 @ mx Ox(0)) Y ®0s
This yields a morphism =g : S — GL(Y') and Ag := (det)o Zg: § — C*. Let T := S x C* x C* be
the fibre product taken with respect to Ag and C* — C*, 2 — 2P. The morphism 1 : T — S is then
a p-sheeted étale covering coming with the projection map A : T — C*. We set A® := (z = 2°)0A,
e € Z. One has AP = Ag on. By construction, the morphism

. )
7 AXEsn, e qriy) 2 Gr(y)

factorizes over a morphism = : T'— SL(Y’). The quotient family defined by the morphism

T Ex(B1om)

SL(Y)xT L%
is just (g, ks on,n* M, (n x idx)*¢L) with

=% —1 ; :
E*(m )®1d7T;(5>X(_0) (nxidx)*q}
=5

iy Y @ % Ox(—0) Y @ nxOx(—o) (n x idx)*&4.
Let us prove that this family is equivalent to the quotient family ((n x idx)*q%, kg o n,n*WE, (n x
idx)*¢%). This is seen by using
Y= A ((nxidx)*Ygh) : (n x idx) 62 — (n x idx)* &4
and
fri= A0t fgh) st A — A
This finishes the proof. ]
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Remark 4.1.11. Recall that we assume, in this section, that the underlying representation is pq p.c.
If p and p’ are representations such that p,p . := p® p’. By restricting these sheaves to the big open
subset U C ¥ x X where &z is locally free we have that the associated sheaves satisfy the following:

(&x|v)ap = Exlu(p) ® Elu(p').

Hence, we may define T, over U by the condition that fs vanishes on &% . By Proposition
this is a closed subvariety of €. It is invariant under the group action and parameterizes tensor
fields.

Remark 4.1.12. The parameter scheme T, inherits from ¥ the universal and local universal prop-
erty of tensor fields. This is clear because by Example we have that any homogeneous
representation p is a direct summand of the representation pg ., see [Sch08, Remark 2.3.1.1 ii)].

We make a short statement here to draw attention to the fact that the parallelism between the
H, = ... = H,_j-case and the multipolarization case ends here. This is to say that in order to pursue
the multipolarization case we will have to take weak normalizations and the A-formalism defined in
Equation (3.4). However, the H; = --- = H,_1-case continues in a similar way as the main reference
for this section namely [Sch08, Section 2.3.5| with the construction of the Gieseker space. In the
next subsection we will give an account of the most important results for the Hy = --- = H,_1-case.
After this, we will continue with the multipolarization case.

4.2. The Gieseker space and map. For the whole section we will be dealing with the H; =
.-+ = H,_1-case. The main objective of this section is to relate the semistability condition of
Gieseker semistable tensor fields to the GIT semistability condition induced the SL(Y)-action on
the parameter space . The approach followed here is based in [Sch08| Section 2.3.5], which treats
the curve case. In order to adapt the previous construction to the higher dimensional case we will
take reference of [Sch04bl Lemma 2.2.3|.

Recall that £Lx is the pullback of a chosen Poincaré sheaf on Pic; x X. If we have chosen o large
enough, the sheaf

G = L%ﬂom(/\y X ﬁPic“ (ﬂ'Picl *(gx X W}ﬁx(TU)))) (4.18)

is locally free, see [HLI0| Definition 1.7.5]. We set Gy := P(¥4,’). By replacing & with Zx & Tpie, M
where M is the dual of a sufficiently ample line bundle, we may assume that g, (1) is very ample.
Let 0 : ¥ — Pic; be the morphism associated with the line bundle det(&%) on ¥ x X, see [HLI0,
Corollary 2.1.11], and let &z be a line bundle on T with A" & = (0 x idx)*(Zx) ® 75(Hz). Then

Az @ides (o4 0)): \Y ® 05 = (0@ idx)"(Zx @ 7% (Ox(ro))) ® wk(dtx) (4.19)

defines a morphism ¢;: T — Gy such that §(0g, (1)) = <.

From the considerations exposed in [Sch08|, Section Illustration page 131] more specifically from
[Proposition 2.2.4.17 and Corollary 2.2.4.18| we have that this linearization induces Gieseker semista-
bility on the torsion free sheaf, this means that the M (&®, a) part of the semistability will come from
this linearization. We will make this ideas more explicit when we do the appropriate semistability

analysis.
Set P%! := Picy x Pic;. Then, the sheaf

Gy = AHom(Yyp @ Opas, Tpat.(Thic, xx (LX) @ Thic, x x (Lx) ® X Ox (0a))))
on P%! is also locally free. Set G := P(%4,’). Making use of Remark we can assume 0g, (1)
to be very ample. The homomorphism
Yop ® Oz = &5 43 @ 1 (Ox(0a)) —

— (0 x idx)* ® (Zx[kz] ® 7% (Ox (0a)) @ T AL @ Nz)
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provides a morphism t9 : T = Go with 12(0g, (1)) = 4£° ® M. Altogether, we define the Gieseker
space as G := G1 x Gy and the Gieseker map as

Gies:=11 X 19 : T = G. (4.21)
This map is injective and GL(Y')-equivariant morphism. Linearize the GL(Y)-action on G in
Og(n1,ng) with
oo 2 _ P(m)e(o) — e(m)P(o)' (4.22)
ny P(0) — ae(0)
We would like to remark here multiple things.

Remark 4.2.1. i) The Gieseker space approach to linearize the action on the parameter space is
also performed for the moduli space of vector bundles over a curve in [Sch08, Section Illustration
page 131]. The original idea is an older approach by Gieseker, see |[Gie77|. We mention this
because this is a moduli space that has been more studied and hence the reader might be more
familiar with it.

ii) At this point we see that the semistability parameter e and more specifically its asymptotic
behavior corresponds to the choice of a linearization in the GIT construction.

iii) Let M and N be two line bundles on X. By construction, The Gieseker space comes with a
map to P%!. Tts fiber over ([M],[N]) is P(H) x P(K) with

H:=H,s := Hom(/r\ Y, H°(M(ro)))"

and
K := Ky := Hom(Y,;, H*(M®® ® N(ao)))".

There are representations p; : GL(Y) — GL(H) and p2 : GL(Y) — GL(K) which give the
GL(Y)-actions on P(H) and P(K) together with linearizations in Op) (1) and Opky(1), re-
spectively. This implies that there is an action of GL(Y) on P(H) x P(K), and, for positive
integers s1 and so, the linearization oy, 5, of that action in the line bundle

O'(n1,m2) = (T Op(m) (1)) ® Tp) (Op() (12)))-

Since the evaluation of the Hilbert—Mumford criterion commutes with closed embeddings, we
are lead to evaluate it on the spaces P(H) x P(K) where M varies over Picy and N over Picy,.
This brings us to the situation considered in Section

For the following considerations, note that, by Part i) of Exercise , we have to investigate
the SL(Y")-action instead of the GL(Y")-action.

In Proposition [£.2.5] we will identify the GIT-(semi)stable points in G using the Hilbert-Mumford
criterion. Afterwards we will pullback the linearization &g (ni,n2) though the Gieseker morphism,
since this map is injective and equivariant (see Equation (4.21])) we will have a linearization of
the SL(Y)-action on T. In Theorem we relate filtrations of sheaves with filtrations of the
vector space Y to prove that GIT-(semi)stable points of ¥ coincide with the points associated with
e-(semi)stable points.

We will start with some preparatory results, we omit the proof of some of them but we give
complete references.

Theorem 4.2.2. [Sch08, Theorem 2.3.5.13] There exists an ny such that for every n > ng and
every point t € T with (semi)stable (with respect to the linearization from Equation ({4.29)) point
Gies(t) € G, the tensor field (8, L, ¢1) is €-(semi)stable.
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Let A : C* — SL(Y) be a one parameter subgroup, we will calculate the weight of A on the
linearization Og(s1,s2). Let us denote by (Y'*, «) the weighted filtration induced by A. Recall that
in Theorem [5.1.8 we established the following equation

1 i) = = 3 an(tk(&n)a; — ea(6°)r). (4.23)
n=1

Given a subspace Y/ of Y and a quotient ¢ : Y ® Ox(—m) — &, we define the subsheaf &y of & as
the image of the restriction of ¢ to Y. We have the following diagram

Y@ﬁX(—m)Héa

]

Y'® ﬁx(—m) — Sy

where the horizontal arrows are surjective and the vertical arrows are injective. In particular,
&y+(m) is generated by global sections. Moreover, if the quotient ¢ : Y ® Ox(—m) — & induces an
injection Y’ < HY(&(m)) (as in the beginning of this subsection, recall that g : Y — H%(&(m)) is
an isomorphism), and if &’ is a subsheaf, we define Yo = Y N H(&"(m)).
Lemma 4.2.3. |[GS05, Lemma 3.2] Given a point (q,[P]) € T such that q induces an isomorphism
Y < H°(&(m)), and a weighted filtration (&°,a) of &, we have:

i) Evg =&

ii) P (65, @~ @8, )& = 0, if and only if @|(y£,i1 ®-®Ys, )& = 0
iii) St —oei(P, 8%, a) = 30y —igi(D, Yge, Q)
Lemma 4.2.4. [GS05, Lemma 3.3] Given a point (q,[®]) € T such that q induces an injection
Y < H°(&(m)), and a weighted filtration (Y*,a) of Y, we have:

i) Y; C ngi

ii) (‘O’(@@Yn@"'@gﬂs)@c = 0 if and only if @](yil(g)...@;/is)@c =0
i) Yoy —igi(p, v, @) = SiL; —igi(®, Ya, @)
Proposition 4.2.5. [GS05, Proposition 3.4| For sufficiently large m, the point Gies(q, [®]) in G is

GIT-(semi)stable with respect to Og(n1,n2) if and only if for every weighted filtration (Yo = (Y2 C
. CY;=Y),a) of Y, the following inequality holds:

ny <Z ao; dim(Y;) P(m) — dim(Y') P, (m))> + na(u(?,Ys, ) <0.
i=1

Furthermore, there is an integer As (depending only on n, P, a, b, ¢, and D, see Definition
such that it is enough to consider weighted filtrations with a; < Ao for all i.

Theorem 4.2.6. [GS05, Theorem 3.6] Assume n is big enough, see |GS05, First paragraph of
Section 3|. For m sufficiently large, a point Gies(q, [®]) in G is GIT-(semi)stable if and only if the
corresponding tensor field (&, ¢) is e-(semi)stable and the linear map H%(g(n)) : Y — H%(&(n))
induced by q is an isomorphism.

The previous two results are major ingredients for the construction of the moduli space of Gieseker
-semistable tensor fields. We note that G5, the set parameterizing GIT-semistable points in G,
possesses a projective quotient (see Section . This is a result of the fact that the linearization
O (n1,n2) is ample, one can verify this by Nakai’s criterion Theorem

The previous results show that the subsets T¢~ ()% parameterizing e-(semi)stable tensor fields are
the preimages of the open subsets G(®)3, see [SchO8, Theorem 2.3.5.11] for the equivalent result in
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the curve case. Thus we need the following proposition in order to conclude the construction of the
moduli space.

Proposition 4.2.7. The restricted Gieseker morphism
GieS’gss DT G®®
is proper. Since it is also injective then, it is finite.

Proof. This theorem is proved by applying the valuative criterion of properness. Since the proof is
quite technical we will content ourselves with giving the reference [Sch08, Theorem 2.3.5.17]. U

The previous facts together with the Proposition imply that the quotient ¥//SL(Y") exists
as a projective scheme.

More concretely, let M2® (respectively M¢) be the GIT quotient of 3% (respectively T°) by SL(V),
see Proposition Since Ozss(ni,n2) = Gies*(Og(n1,n2)) is ample then, M2® is projective.
GIT gives that M? is an open subset of the projective scheme MF%. The restriction T° — M?
to the stable part is a geometric quotient, i.e., the fibers are SL(V')-orbits, and hence the points
of M? correspond to isomorphism classes of e-stable tensors. It only remains to show that MZ®
corepresents the functor M“%(p, ¢,1). This is a consequence of the local universal property spelled
in Proposition [£.1.8 and the gluing property given in Proposition [£.1.10} In conclusion we have

Theorem 4.2.8. There exists a coarse moduli space MF®, projective over Picg(X), of e-semistable
tensors. The closed points of M correspond to S-equivalence classes of e-semistable tensor fields.
There is an open set M? corresponding to e-stable tensors. Points in this open set correspond to
isomorphism classes of e-stable tensors.

Here we say that two tensors (E, ¢,u) and (F,v,u) are S-equivalent according to |[GS05, Propo-
sition 4.1]. See [Sch08, Page 140]| for the curve case.

4.3. On the geometry of the moduli spaces. We continue with some properties of the moduli
spaces just constructed. Since the moduli space MZ® was constructed as a projective quotient then
one can apply the theory developed in Section Indeed we have the following result which
corresponds to [Sch08, Theorem 2.3.7.1] in the curve case. We encourage the reader to see [Sch08|
Section 2.3.6] for an account of the equivalent results in the curve case.

Recall that we denote by e the leading coefficient of the rational polynomial e. In light of the
second item of Remark we have the following theorem.

Theorem 4.3.1. Fiz the input data p and ¢ € K(X)pum. Then, there is a finite set {é1,...,én} of
rational numbers

0=:6 <& <...<éEmyl =00,
such that, for a tensor field (&, @) with & of class ¢, the following properties hold true:

i) Suppose there is an index i € {0,...,m} with & < €1 < e < G11. Then, (&,¢) is €1-
(semi)stable if and only if it is ea-(semi)stable. In particular, there is a canonical isomorphism
MSS ~ MSS

e _ ‘ . ‘ .

ii) Assume € < € < €41, for some index i € {1,...,m — 1}. If (&,¢) is e-semistable, then
there are polynomials e; and e; 11 of degree less than n with leading coefficients equal to € and
€11 respectively such that (&,p) is also e;- and e;1-semistable, so that there are canonical

morphisms
Mg (e,l) — MZ3(¢,1) and M (¢,1) — Mesiil(é, l).
Conversely, if (&,¢) is e;- or e;11-stable, then it is also e-stable.
iii) Suppose € > €n,. If (&, ) is e-semistable, there exists a polynomial ey, as above such that (&, p)
s also e, -semistable, so that there is a natural morphism
ME(e, 1) — M2 (¢,1).
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Conversely, if (&,p) is en-stable, then it is also e-stable. See Asymptotic semistability in
[SchO8, Section 2.3.6] in order to see how to construct €, and e,.

iv) Suppose 0 < € < €1. If (&,p) is e-semistable, then & is a Gieseker -semistable torsion free
sheaf. Letting My be the moduli space of Gieseker-semistable torsion free sheaves of rank r
and type ¢, we find a canonical morphism

M#S(e,1) — M.

If & is a stable torsion free sheaf, then (&, ¢) is e-stable. See Remark4.0.18/and [Sch08, Remark
2.3.4.4 ii)]

We set ]\Z = Mg(e,l),i=1,...,m, M; := M%(¢,1) for some e withe; 1 < e <e;i=1,...,m,
and Mo, := MZ5(¢,1) for some € with € > e,,. This theorem is summarized by the following picture:

My My, M (4.24)
]/W\O J/\}l J/\Zm—l ]/W\m

This is a nice parallel to the situation in Section [2.3.3]

4.4. Multipolarizations and tensor fields. We start the construction in a similar fashion as
[GS05] Section 3.

Let us first restrict the sheaves parameterized by ¥ so that they have the same determinant
A. Since this is a closed condition, then we have a closed subscheme of T. We will also restrict
decorated sheaves to tensor fields by setting L = Ox and p = p, . because this is the objects that
we will need for the principal bundle classification.

Recall that the main technique to prove Theorem [3.5.4] was the following: if T' parameterizes
a family .% of slope semistable sheaves, and if X"~ € M|a;H;| is a smooth curve and a; is as
in Theorem ‘ then restricting .Z to T x X~V produces a family of p-semistable sheaves on

X (n=1) (see |3.4.8)) and therefore a map T" — @ x(n-1) Where @ yn-1) parameterizes quotients of
‘ (n—1)

semistable sheaves on the curve X The ample line bundle £y on @y -1y pulls back to a
power of Az (u,—1(¢)), see Theorem and in this manner we can produce sections in the latter
line bundle. The goal of this section is to reproduce the same technique for tensor fields instead of
sheaves.

Fix m > max{N,o} (N is as in Proposition and o is as in Section and let Y be a
vector space of dimension p = P(m). The choice of m implies that if (&, ¢) is a d-semistable, then
&(m) is generated by global sections and & is m-regular. Let (g,&, @) be a tuple where (&, ¢) is
a d-semistable tensor field and g is an isomorphism g : CP™) =Y — HY(&(m)). This induces a
quotient

q:Y®0x(—m) — &. (4.25)

Let @ = Quot(Y ® Ox(—m), P) be the Quot scheme parameterizing quotients as in Equation
. Note that, this is very similar to the parameter space defined in Equation . We have
a universal quotient family denoted by ¢g: Og @Y — #'.

By Proposition and the construction leading up to it we have a parameter space ¥', a
universal quotient on ¥’ x X given by ¢z : Y ® 7% Ox(—m) — &z and a universal homomorphism
o S g p — det(Ex)®¢ @ Mg, where My = Op(1)|7. Similarly to we define

T = (T 55 (4.26)

red

where 973% is the open subvariety parameterizing quotients comprised of d-semistable tensor fields.
Of course, we pullback the universal quotient, the universal homomorphism and the SL(V')-action
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to T through the reduction T°_* making the reduction morphism T2, — T'9-5 equivariant

with respect to the two actions. Additionally we pullback everything one more time through the
weak normalization map, see Theorem and denoting the pullback of the universal quotient
over T x X by gr : Y @ 15 0x(—m) — &r and the pullback of the universal homomorphism by
o1 : Epap — det(Ep)®° @ wh N, where A is the pullback of .

By Remark and by construction we get that if (&, ) is a d-semistable tensor field, then
there is a point ¢ € T such that (&, ) is isomorphic to (&, ;). Hence we get the corresponding
version of Proposition to for the slope case. This is the following result.

Proposition 4.4.1. Any slope (Hy, ..., H,_1)—semistable quotient family parameterized by a weakly
normal variety S gives rise to a unique morphism f : S — T, such that it is isomorphic to the pull-
back of the universal quotient family by (f x idx).

Similar to the torsion free case we define the following determinant line bundle on T' x X by
g?ifl = /\(g’T (un_l(é)). (4.27)

Note that, for a big enough N’ € N we have a map ¢} : T'— P(Hom(A Y, D, HO(E’;?E]lVl))) = H
which satisfies (1})* g (1) = .2/9N .
Moreover, our assumptions imply that the tuple (g, &7, pr) induces a linear map

D: Y,y ® Or — Erp @ mxOx(ma) = 7% (A4)%° @ 1% Ox(ma) ® W}(f/gﬂﬂ ® MT). (4.28)

We define the projective space G, := P(¥;), where
5 := Hom(Y, p, H(T, (1)®° @ 7% Ox(0a)))).

Then, ¢ induces a morphism ¢y : 7' — Go with (15)*(0g, (1)) = & ';?f]fl ® M. Altogether we have
that T" parameterizes a universal family of tensor fields given by

or - gT;a,b — (det éaT)®c (024 ﬂ}./VT (4.29)

Since the morphisms ¢}, 5 are both SL(Y)-equivariant by construction, then we can linearize the

SL(Y)-action on T by:
N’ N’

Or(s1,52) 1= L5 @ (15)" Oy (s2) = Lo ") @ wh b, (4.30)

At this point we want to apply arguments similar to the ones in the proof of Theorem [3.5.4] in

order to conclude that the line bundle & (ny,n2) is semi ample. In order to do this we first need a

restriction theorem. We note that such a restriction theorem for the rank 2 and Hy =--- = H,,_1-

case has been worked out in [Pus15l Section 4.3]. We will state the result for our case as a conjecture.

Conjecture 4.4.2. Let (&,p) be a d-semistable tensor field over X. Then, there is a positive
threshold ko € N such that for any k > ko there is a dense open subset U(k) C |kHi| such that for
any divisor D € U(k) the divisor D is smooth and (&|p,¢|p) is d-semistable.

Under this conjecture we proceed with the following theorem.

Theorem 4.4.3. (Equivariant Semiampleness for tensor fields) There exists a positive integer V' €
N such that Op(s1,s2)?" is generated over T by SL(Y)-invariant sections.

Before we begin the proof of this result, we need the following preparatory results.
We need to relate the determinant line bundle on T to its pull-back from the corresponding total
family Q¢ of tensor fields on a high degree curve C' C X.
First note that, by the semistable restriction theorem Proposition and by Conjecture [4.4.2
there exists positive natural numbers aj,as,...,a,—1 € N such that
i) a1Hy,a9Ho,. .., ay,_1Hy,—1 are very ample, and
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ii) For any general (smooth) complete intersection curve X (=1 of elements in the linear series

layHil, ..., |an—1Hp—1], if (F,) is a slope-semistable tensor field on X, then the restriction
(F|xm-1), 9| xm-1)) is slope-semistable. This also works for families of slope semistable sheaves
on X.

For any class ¢ € K(X)uum, let ¢~ = t*c|x(n—1) denote the restriction to ¢: X=1 <y X and
let P(n—1) — P(é(”*l)) be the associated Hilbert polynomial with respect to the ample line bundle
Oxin-1)(1) :== Ox(1)| x(n-1). Set é”jgn_l) := &p|pxxn-1, then by the arguments in [GT17, Corollary
3.2] and since T is weakly normal we have that this family can be taken to be T-flat.

Let m(™=1 be a large positive integer, set

y (=1 .= Cp(nil)(m(nin), D =yl ﬁxm_l)(_m(n_l))a

and let Q) y(»-1) be the Quot scheme Quot(%("_l), P(”_l)) parameterizing quotients with determi-
nant Al ym-1).

The torsion free sheaves occurring in d-semistable torsion fields over X (=1 are bounded by
[Sch08, Theorem 2.3.4.1]. Let Q y(n—1) be the open subscheme parameterizing q: 21 5 E with

E locally free and HO(g(m"~1)) an isomorphism. Denote by ﬁQX(n—l) ® "D 3}’(”_1) the
universal quotient sheaf on Q y(n-1).

By the construction in [SchO8, Section 2.3.5| we have a parameter space T(=1) " a universal
quotient on it given by gz(n-1) : y (n=1) Ty ﬁX(—m("_l)) — &z(n—1) and a universal homomorphism
Pn-1)  Egn-) g p > det(Exn—1))%° @ Mg(a-1).

Note that, on the curve X ™1 the notion of §-semistability can also be obtained with the Hilbert
polynomial calculated with respect to Oy m-1)(1).

We set .’ [()"71) to be the determinant line bundle on T™~1 given by:
n—1 ~(n—
g/(() ) — /\gfz(n—l) (U()(C( 1))) (431)

Note that this bundle is naturally linearized with respect to the SL(Y (®~1)-action. Additionally it
is the line bundle with respect to which the GIT construction on sheaves is performed. We have
that «7(0g(1)) = (Z’(()nfl))@’m(nfl) as one can see in the first line of [SchO8, Page 151|. This fact
was also talked about after Equation , when specialized to the curve case, this is because on
the curve X (=1 slope semistability and Gieseker-semistability coincide, see [GT17, Remark 3.7].

Since we have a universal homomorphism Qm-1) : Exm-1) 4 — det(Exn-1))%¢ @ Nzm-1) we can
construct the homomorphism h

YJ,Z’” ® Og(n-1) = Egtn-) g — det(Exn-1)) % @ Hgm-) (4.32)

which provides a morphism 1 : T~ — Gy as described in Equation , which satisfies
15(0g,(1)) = (f’gnfl))@’c@/l/g(nq). Altogether we have the Gieseker space, given by G = G; x G,
and morphism given by
Gies™ ™V := 1) x 19 : TN 5 G, (4.33)
This map is injective and GL(Y (»~1)-equivariant morphism. Linearize the GL(Y (*~1)-action on
G in Og(s1,s2) with
no1) _ S2 _p—ad
e .= ol (4.34)
Here p =d+r(m+ 1 — g) where d and r are the degree and the rank of the sheaves parameterized
by @ y(n-1) respectively and g is the genus of the curve X (1),
As in page 162 of [Sch08| Section 2.3|, the following lemma thus follows from the construction of

the moduli space for d-semistable tensor fields on the curve X (1),
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Lemma 4.4.4. After increasing m\"=Y) if necessary, the following holds:

(1) For a given point t € T~ represented by a quotient tensor field ([q : ™Y — E], ),
the following assertions are equivalent:
i) The tensor field (E,¢) is a 6-semistable sheaf and Y1) — HO(X; E(m™~1)) is an
isomorphism.
i) The point [q, ] € TV is GIT-semistable with respect to the SL(Y "~ 1)-linearization
in Gies" " V*Og(s1, 52).
iii) There exists a positive integer ' € N and an SL(Y ") -invariant section

o e H'(T" Y, Gies"V* 05 (s1, 59))

such that o([ql, ) # 0.

(2) Two points ([q; : H™V — E;], ;) € TV i = 1,2, are separated by invariant sections in
some tensor power of Gz’es(“_l)*ﬁ@,(sl, s9) if and only if either one of them is semistable but
the other is not, or both points are semistable but (E1, p1) and (Ea, p2) are not S-equivalent,
see [SchO8, Remark 2.3.5.18] for a useful alternative formulation of S-equivalence in the
curve case.

In addition to assertions (1) and (2) of the previous lemma, by increasing m("~Y further if
necessary, we may assume that for each t € T represented by a quotient tensor field ([g], ¢¢) the
restricted sheaf &z, xn-1) is m(™1_regular with respect to Oxn-1(1). Consequently, the sheaf
Ex| -1 (M) is globally generated. This is a consequence of the fact that Y1) @ &y (-1
is a globally generated sheaf.

At this point we note that a semistable reduction theorem for tensor fields as in Conjecture [4.4.2
is necessary to continue with this construction. As we mentioned prior to the conjecture the rank 2
and H; = --- = Hy,_j-case has already been worked out, we believe that this alone makes pursuing
this construction worthwhile.

We will work with the family (¢ : Y @ % Ox (—m™ 1) = &, pr) and its restriction to T~ x
X. Let us denote by é"T(nfl) the restriction &7|p, xm-1). Now, by increasing m™=1 if necessary
and by Conjecture [£.4.2] we can make sure that:

e Each restriction ([q:]]xm-1),9¢|x-1)) with t € T defines a closed point in TV with the
additional property that Y= — gO(X (=1, é%(nfl)]t(m(”_l)))) is an isomorphism.
e The sheaf p*gr}n_l)(m(”*l)) is a locally free &p-module of rank P (m™=1) where
p: X~ % T — T is the projection.
Let T be the associated projective frame bundle with p*@‘"j(qnfl)(m(”_l)) and let n : T — T be the
natural projection map. The projective frame bundle parameterizes a quotient

Op @ A - n*éi}nil) ® Op(1).

This quotient together with the restriction 7|y m-1) induces an SL(P"~1 (m(~1))-invariant mor-
phism

@g(nﬂ) T — g1,
o

Recall that we also have the SL(Y")-action on T" defined in Equation Further, the SL(Y")-action
is linearized with the determinant bundle Or(nq,n2) = &’ ffivll(nﬁcm ® W}JV:,@”Q. Then, by the
same arguments in the proof of [HLI0, Proposition 8.2.3] we have that 7" inherits the SL(Y")-action
which commutes with the SL(P’(m’))-action such that both 5 : 7' — T and & gin-n) are equivariant
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for the SL(Y') x SL(P’(m’))-actions. We summarize our situation in the following diagram:

. 45&(%1)
7T, gh-1) (4.35)

/

By Proposition and by Equation (3.12)) there exists positive integers kg and k,—1 such that

Astnn (o (& x 1)) R0 2 Ag(up_1())FFn-1.

Further, the exact sequence in Proposition and the fact that 7747 is constant along X
implies that restricting the line bundle 7747 to T' x X (n=1) results in the following isomorphism

%k rkn_1 ~ %% ko
77 WT‘A/Tn = (@(g;nfl)) 7-(-3:(”,1),/‘/’1(”71)

Let us show by the following degree computation how to relate both linearizations.
(@ gn0))" (O (51, 52)) 2k
N (n— (n-1) 2
:(ééaj(ﬂn—l))*()\é‘%(n_l) (UO(C(n 1)))®k‘0m (81+CS2) ® ﬂ—;(n—l)/y&gffl))

~ * ~(n— (n—1) * [k k
= (dséaén—l)) ()\gi(n_l) (UO(C(” 1)))®k0m (81+082)) ® (gﬁg}n—l)) (Wg(nfl)‘/’/‘z(gbsfl))

~ A(n—1)\\®@kom (=1 (s1+cs % _x grkn_152
:/\n*gé"_”ewn(l)(uo(c( ))eko Crtess) @ ' mp My

~ A (n—1) kn_

277*)\(9%7171) (uO(C))®k0m (s1+cs2) ® 77*71_:}./’/’1171 152

gn*)\gT (un_l(é(nfl)))(@kn—lm(nil)(81+082) ® n*ﬂ;‘/,/jlfn—lSQ
=" Or (51, 52) 1.

(4.36)
Now, we are ready to prove Theorem [£.4.3]

Proof. Now, let o be an SL(Y (»~V)-invariant section in Oz(n-1)(51,52) that does not vanish at a

given point of the form ([g : jﬁ(n_l) — Ert|lxm-v], o). Since D o(n-1) Is SL(Y)-invariant, the
°T
pullback (@o@;nq))*(a) is an SL(Y ("~ x SL(Y)-invariant section in

(@ o) (Oxnn (51, 52)) %R0 = 0" Agp (112)" 1. (4.37)

Since 1 is a good quotient of T by the SL(Y(”_l))—action, the isomorphism in Equation
implies that (@&}n_l))*(a) descends to a section lg, (o) € HO(T, f’?”l(n1+cn2) @ mhNE"?)SEV) that
does not vanish at t € T.

Finally, recall that we want to produce a section in Or(s1, s2) that does not vanish at our given
point t € T. As (74| xmn-1),¥t|xn-1)) is semistable, recall Conjecture and as the induced
map

Yy o HOX MY & | ey (mM DY)

is an isomorphism, recall Lemma there exists a positive integer v/ € N and an invari-
ant section o € HO(T("_D,6"3(”71)(81,SQ)V,kO)SL(Y(Wl)) such that the induced section lg,. (o) €

HO(T, Op(s1,52))" Fn=1)SLY) fulfills lg.(0)(t) # 0. This completes the proof of the theorem . [
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Let us continue with the construction of the moduli space of slope semistable tensor fields. We
will proceed as in Theorem and |[GT17, Section 4.2].

Let us proceed with the construction. Since the linearization Or(s1,s2) is semiample we would
like to construct the moduli space as the image of T" under the map given by invariant sections
of Or(s1,s2)®” for big enough /. To do this we first need a finite generation result. First set
W/, .= HY(T, Or(s1,59)%")S“Y). Since T is Noetherian, for every v € N such that W/, generates
Or(s1,82)®” over T, there exists a finite-dimensional C-vector subspace Wlﬁ C W) that still generates

Or(s1,52)%" over T. We consider the induced SL(Y)-invariant morphism f, : T — P(W’Z) and

set MWe .= fii/(T). Let us consider the projective varieties M Wo for increasing values of v. We
obtain the following result.

Theorem 4.4.5. (Finite generation for tensor fields) There exists an integer N' > 0 such that the
graded ring @ W 5 is generated over Wy = C by finitely many elements of degree one.

Proof. Note that, we are in the same situation as in Proposition3.5.6] Hence the same proof will
work in this case.

As a referee told me, these observations need to be complemented by the results obtained in
[Pav22]. This is because the torsion-free case treated in [GT17, Proposition 4.3] was generalized to
the pure sheaves case and in the process some computations were streamlined. [l

We are finally in a position to define the desired moduli space.

Definition 4.4.6. (Moduli space for slope-d-semistable tensor fields) Let N’ > 1 be a natural
number as above. Then, we define the polarized variety (M°~3%, L) to be the projective variety

MO—ss .= Proj @HO(T, Or(s1, SQ)I“N’)SL(Y)’
k>0

together with the ample line bundle L' := &) s-(1). Moreover, we let &7 : T — M%7 be the
induced SL(Y)-invariant morphism with ®%(L') = Or(s1,s2)Y

In order to prove the compactness of the new moduli space we first recall that Theorem [3.5.8]
point at an analogous to Langton’s theorem for tensor fields. More precisely, by an analogous
statement we mean a statement such as the following

Conjecture 4.4.7. (Slope-§-Semistable reduction for tensor fields) Let R be a discrete valuation ring
with field of fractions K. For any family (&x, ¢i, Nk) of 0-semistable tensor fields on Spec(K)x X,
there exist a finite field extension K'/K and a family (8, R, Ng') of -semistable tensor fields on
Spec(R') x X, R’ the normalization of R in K' which extends (Ex, pr, Nic) Xspec(k)x x (Spec(K') x
X).

Since such a result is not known to the author at the time of writing we have formalized it as a
conjecture.

By assuming that the previous conjecture holds we can emulate the process outlined in Proposition
in order to obtain the following.

Proposition 4.4.8. Let Z C T be any SL(Y)-invariant closed subvariety. If T is a separated
scheme of finite type over C, and if ¢ : Z — T is any SL(Y)-invariant morphism, then the image
©(Z) C T is complete. In particular, any SL(Y)-invariant function on T is constant.

Again, note that, by applying this proposition to the case when ¢ = ¢r : T — M9~ we obtain
the compactness of the moduli space.
Further,we have a universal property summarized in the following theorem.
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4.4.1. Some properties of the moduli space. To start, let us give the universal property of the just
constructed moduli space.

Theorem 4.4.9. Let X be a projective manifold of dimension > 2 and fix a multipolarization
(Hy,...,H, 1) consisting of ample line bundles in Pic(X). Take c; € H*(X,Z) for 1 <i <n, and
let v be a positive integer, ¢ € K(X )num be a class with rank r and Chern classes ¢j(¢) = ¢, and A
a line bundle on X with c¢1(A) = c;.

Then, there exists a natural number N' € N>9 a weakly normal projective variety M°=3%, an
ample line bundle Oyp5-ss(1), and a natural transformation M=% — Hom(_, M%~5%) mapping a
family (&g, ¢B) to a classifying morphism ®p, with the following properties:

e For every B-flat family (6B, vB) of d-semistable tensor fields of class ¢ and determinant A,
with induced classifying morphism @ g, we have

B (Oppo-ss(1)) = Ay (un—1(8) V. (4.38)

Additionally, we have PN = THNB

e For any other triple (M', Oy;(1), N"), where M’ is a projective variety, Oy (1) is ample on
M', and N" is a natural number such that is fulfilled, then we have N' | N”, and there
exists a unique morphism : M55 — M’ such that 1*(Oyp (1)) = Opu-ss(N" /N).

The triple (M3, 0y y5-s(1), N') is uniquely determined up to isomorphism among the triples that
satisfy the properties above. Consequently, we call this triple the moduli space of (Hy,..., Hy—1)-
semistable tensor fields.

Proof. Let B be a weakly normal variety and (&, ¢, 4p) a family of J-semistable tensor fields
parameterized by B of type ¢ € K(X)yum- Recall that we have chosen an ample polarization @x (1)
of X. Denote the natural projections by 7p: B x X — B and nx : B x X — X as always.

Let m € N be as in the beginning of Section [4.4] such that every d-semistable sheaf .# with the
given invariants is m-regular. We set % :=Y ® Ox(—m). The sheaf Yy = 75(& ® 75 Ox(m)) is
locally free of rank P(m), and there is a canonical surjection ¢¢ : 75 (Ye ® 75 Ox(m)) — &.

Let 7 : T(&) — B be the frame bundle associated with Y. Note that, the group GL(V)
acts on T(é" ) making it a principal GL(Y)-bundle with good quotient 7. Since the pullback of
Ys to T(&) has a universal trivialization (just as in the proof of Theorem , we obtain a
canonically defined quotient Gs : Op o) ® ¥ — (m x idx)*€ on T(&) x X. We also have a
morphism Yo 300y — (r x idx)*& — det((r x idyx)*&)® @ 7* A45. The quotient Gg together
with the composition just mentioned and the pullback 7*. A% give rise to a classifying morphism
Drxidy )= T(&) — H x 4}, which is equivariant with respect to the GL(Y )-actions on T'(&) and
T/°7%% Here, the latter action is induced by the SL(Y)-action via PGL(V), see [HL10, Lemma
4.3.2] and the proof of [GT17, Proposition 4.5|.

Since the sheaf &, ¢|1xx Was assumed to be slope-semistable for all b € B, the image of
D(rxidy)*& is contained in T975% . Note that, as a principal bundle over the weakly normal variety
B, the space T(&) is itself weakly normal. Consequently, by Theorem the map Py yid )

lifts to a morphism from T(é") to T, which we will continue to denote by @(ryiqy)+s. Composing
the previous morphism with the SL(Y )-invariant morphism @7 : T — M?%~%% we obtain a GL(Y)-
invariant morphism @, : T(&) — M 9=ss  Since 7 is in particular a categorical quotient, there

exists a uniquely determined morphism @« , : B — M,¢s such that the following diagram commutes:
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. D
(&) T (4.39)

el

B P50 M(S—ss

In order to construct the required natural transformation assign to each ®¢, € Mor(B; M°=®)
the tensor field (&, ¢, 43) seen as a point in M?~5%. In conclusion we have the following natural
transformation

M?°7%% = Mor(_, M°~%%),

It remains to show the isomorphism in Equation (4.38)). This fact will follow from the commutative
diagram (4.39)) and from the definition of (M®~5%, &, 5-ss, N'). In particular, the previous conditions
imply that

* % ~Y ®N’ ~J 4 ~Y * !
TP Ops-ss(1) = Brsiayyre (L no1) = Apes (Un1)®N =2 7 Ag (un—1) N

We know that 7* : Pic(B) — Pic(T(&)) is injective, see [MEFK94, Chapter 1, §3, Proposition 1.4]
and [Pot92, Lemma 2.14]. Hence, the previous chain of isomorphisms implies

D% Opps-ss (1) = A (1)

!

We will leave the proof of the second statement in the theorem for later since it will be quite
similar to the principal bundle case, see the proof of the Main theorem [7.2.2] O

Theorem 4.4.10. (Weak normality) The variety M°~5 is weakly normal.

Proof. The weak normalization 1 : (M®~5%)"® — M?S together with the line bundle L/ := n*L’
and the natural number N’ has the universal properties spelled out in the first statement of Theorem
. Indeed, by Theorem every map from a weakly normal variety T' to M® 5% can be
lifted in a unique way to a map from 7" to (M 5*55)‘”‘1 satisfying the required pullback properties.
Consequently, the second statement of Theorem yields a uniquely determined morphism 1 :
MO=ss — (MO~3%)"" which gives an inverse to 7. O

Let us discuss what happens when we let the parameter § vary, more precisely, what happens
when it tends to infinity. More specifically, let us give a different description of the concept of §-
(semi)stability for those parameters § which are very large. For this discussion we will follow [Sch08,
Section 2.3.6]. Since the moduli space M®~5% is not constructed from an ample linearization, then
we cannot apply the theory of variation of GIT, obtained in Subsection [2.3.3] in order to obtain a
chain of moduli spaces. Nevertheless, asymptotically the semistability condition behaves similarly
to the ample case. We will explore this phenomenon in the following results.

Definition 4.4.11. A tensor field (&, ¢) is called §-asymptotically (semi)stable, if:

1) (& a,¢) >0, for every weighted filtration (&, a) of &, and
i) L(&*,a) > 0, for every weighted filtration (£°, a) with u(&*, a, ¢) = 0. Recall that the quantity
L(&®,a) > 0 was defined in Equation (5.2)).

Recall that Remark tells us that we can verify p(&°, a, ¢) = 0 in the generic point denoted
by ¢, € P(V(p)).

Proposition 4.4.12. Fiz the input data ¢ € K(X)pum. Then, there exists a positive number ds
such that, for every stability parameter 6 > 0, a tensor field (&, y) of type ¢ is §-(semi)stable if
and only if it is asymptotically (semi)stable.
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Proof. Due to the bound in Theorem [£.0.17] we may construct our parameter space 7' in such a
way that it parameterizes the tensor fields that are semistable for some stability parameter § > 0.

Given a stability parameter ¢ > 0, the set Us of points ¢ € T for which (&}, ;) is d-semistable is
open. This follows from the fact that é—semistability is determined by sections of the semi ample
linearization Op(sy, s2), see Theorem We also define

U<s = U Uss and U®® .= U Us.
0<6’'<é 6>0
These are all open subvarieties of T', and U<s, C Ucs, if 61 < d2. Since U®® is an union of open
subvarieties of T" which is Noetherian, there exists a positive number dg with U<s, = Uss.

Lemma 4.4.13. Suppose we are given stability parameters 6o < 61 < d2, then Us, O Us,.

Proof. Let t € T be a point such that (Ey, o) is da-semistable but not §;-semistable. Then, there
exists a non-trivial filtration (E®, a) of E; with

L(&% a) + 0z - u(&°%, 2, 1) 2 0
and
L(&°, a) + 61 - (&%, a, ) <O0.
We must have L(&*,a) < 0 and u(&°,a,¢¢) > 0. For any 6 < §; (in particular, for any § < dy),
thus we find
L(&% ) +6- (&% o, 1) < L(E%, @) + 01 - p(E7°, a, 1) < 0.

This tells us t € U<s, C Uss but t ¢ U<, a contradiction to the hypothesis. ]
We set
Uy := ﬂ Us.
6>d0

We will show that Uy is open and we will characterize the points in U, by an intrinsic semistability
condition, namely asymptotic semistability. Note that, if Uy, is indeed open, then there must be a
stability parameter o, such that

Us =Usx, V6> .

Lemma 4.4.14. Let (E,L,p) be an asymptotically (semi)stable tensor field of type ¢. Then,
(E, L,p) is 0-(semi)stable for all numbers § > 0.

Proof. As in the proof of Theorem we have a finite set ¥, independent of 4, such that the
condition of J-(semi)stability has to be verified only for non-trivial weighted filtrations (&*, «), such
that the weight vector ((tk(&1),...,rk(&%)),a) is in T. Without loss of generality, we may assume
that the weight vectors associated with the elements in T by means of Equation are integral.
Hence we have that p(&°,a,¢) is an integer. There is a negative number ¢y, depending on ¢,
Hmax (&), and T, such that
L(éa.a Q) > €

holds for all non-trivial weighted filtrations (&£°,«) with ((tk(&1),...,rk(&s)),a) € . Suppose
d > —ep, and let (&°, ) be such that ((rk(&1),...,1k(&s)),a) € T. If u(&° a,¢) = 0, then
L(&®% a)+0- (&, a,¢) > 0, by asymptotic (semi)stability. On the other hand, if u(&£*, a,¢) > 0,
then it must be bigger or equal to 1, because it is an integer and we have

L(&®,a) +6 - u(&% a,¢) > e+ 6 > 0.
This establishes the J-(semi)stability of (&, L, ). O
Let Uy, be the set of points ¢ € T', such that (&}, Ly, ;) is asymptotically semistable.

Lemma 4.4.15. The set Uy, is open.
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Proof. We first verify that Condition b) in Definition [4.4.11 is open. We will do this by checking
what happens in the generic point. Let U C T x X be the maximal open subset where @7 is
surjective. Then, p7|y yields a section

o:U—P:=P (5{@“)%).

Let NC C P(Y) denote the GL(r, C)-invariant subset of points which are not SL(r, C)-semistable.
associated with the torsion free sheaf &y and the GL(r, C)-variety NC, we have a closed subscheme
NE — P. Let B C U be the preimage of 4% under o and B C T x X its closure. Then, we have
the morphism p : B — T. Define the closed subset

E:=|J{dimp'(t)>1} CT.
teT

The open subset Uy := T\ E is the set of points which satisfy the condition b) in the generic point.
Observe that, Us N Uy C U, is open for any § > 0, and, by Lemma

U = U (Us N Uy).
>0
This means that U®® is an open subset. O

Lemma 4.4.16. U, = U%.

Proof. The inclusion Uy, 2 U?® follows from Lemma [£.4.13] and Lemma [£.4.T4 The converse
inclusion comes from the fact that if a tensor is in Us, then the values of the function f(0) :=
L(&°, ) + 0 - u(&°, a, ) remain positive for big § and for all filtrations (&, ). In particular,
if u(&°, a, @) was negative, then by making ¢ bigger we would make the function f(4) negative
which contradicts d-semistability. For the second condition, note that, if u(&®, a,¢;) = 0, then

f(9) = L(&°, ) for 6 > §p hence f(§) > 0 and we are done. O
By the comment before Lemma the above result proves Proposition [£.4.12] Additionally
we have that Uy, = U* = Us, N Uy. ]

Remark 4.4.17. Note that, by changing L(&*,a) by M (&, ) in the previous results one obtains
the required €5, that was promised in Theorem This is because the asymptotic behavior of
the Hilbert polynomial is captured by the leading coefficient which behaves just like § above.

5. SINGULAR PRINCIPAL BUNDLES

Ramanathan showed in his doctoral thesis how to construct the moduli space of principal G-
bundles on curves, see [Ram75|. His construction is very difficult and technical, but the essential
idea for it is the following. He took the adjoint representation Ad: G — GL(g) of G on its Lie
algebra g, in particular this is a faithful representation. Then, given a principal G-bundle P he works
with the associated Aut(g)-bundle P(Ad), which he parameterizes as a pair (E,7: E*® E — F),
consisting of a vector bundle F with fiber g and a Lie bracket 7 : E ® ' — F which is fiberwise
isomorphic to g. Then, he explains how to go back to principal G-bundles. The reason why this
going back procedure works is because the representation Ad is such that the connected component
of the kernel containing the neutral element is the radical of G, at this point we recommend the
reader to check [Sch08 Section 2.4.8] for an account of this method. Schmitt then generalized the
theory by allowing a non necessarily faithful representation p: G — SL(V') to play the roll of the
adjoint representation, where V' is a finite dimensional complex vector space. In order to work with
p, he showed that a faithful representation k: SL(V) — GL(W) can be constructed abstractly in
such a way that the composition ko p satisfies the required properties. We will follow this procedure
in order to obtain a parameter space of singular principal bundles.
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In [Hye02|, Hyeon has generalized Ramanathan’s construction to give the moduli spaces of slope
stable principal bundles over higher dimensional base schemes, but the resulting moduli spaces are
only quasi-projective, and the constructions do not suggest any natural compactification. In [GS05],
Gomez and Sols generalize Ramanathan’s notion of semistability and construct a moduli space of
principal bundles over higher dimensional projective varieties. They allow objects which they call
semistable principal G-sheaves, in order to obtain a projective moduli space. Briefly, a principal
G-sheaf is a triple (P, &, ), where & is a torsion-free sheaf, P is a principal G-bundle on the open
set U where & is locally free, and ¢ is an isomorphism between & |7 and the vector bundle associated
to P by the adjoint representation.

Since we want to construct a compact moduli space of principal G-bundles over higher dimensional
manifolds, then we also need to consider objects that degenerate in codimension bigger than 2. The
correct definition of these objects was given by Schmitt in [Sch02|, the idea is to generalize a G-
bundle through the concept of a torsion free sheaf.

Let G be a semisimple linear algebraic group over the complex numbers. We fix a faithful
representation p: G — SL(V) C GL(V'), V being a finite dimensional complex vector space.

Recall that given a vector bundle 7w: E — X with fibre V| one can construct the associated
frame bundle by setting the total space to be Sg := .#pec(Sym*(EY ® V)). Further, we have the
following inclusion

Isom(V @ Ox, E) C #Hom(V ®@ Ox, E) = .#pec(Fym*(EY @ V)) = Sg.

The group G acts on Sg via the representation p. If G is a reductive group, then the quotient Sg /G
exists, see [Sch08, Example 2.1.1.14]. Moreover we have the inclusion Zsom(V® Ox, E)/G C Sg /G
because the representation p is valuated in SL(V).

A map 0: X — Fsom(V ® Ox,FE)/G C Sg//G is called a reduction of structure group. By
pulling back the quotient S — Sg//G through o, one obtains a principal G-bundle over X. All
principal G-bundles over X can be obtained from such a pair (&, 0).

Let us introduce the definition of the main object of study in this thesis by replacing the vector
bundle E by a torsion free sheaf & on X.

Definition 5.0.1. A singular principal G-bundle over X is a pair (&, 0) where & is a torsion-free
sheaf with generic fiber of type V', with trivial determinant and o is a non-constant (not identically
equal to 0) section o: X — Sg /G := Spec(Lym*(& @ 0(V))F). Here the quotient is taken in the
sense of Theorem The geometric realization of such an object is the fibration obtained via
the pullback diagram

P = 0*(Sg) — Sy

| |

X ——~ S/G.

We will often refer to a singular principal G-bundle by the space &2 and also refer to it just as a
singular bundle when there is no risk of confusion.

Remark 5.0.2. Using the description
Hom(V @ Ox, &) |G = Spec(.Fym* (V @ &)Y,
we see that giving a section o : X — #om(V ® Ox,&)//G is the same as giving a homomorphism
7 AmH(V eV - Ox

of Ox-algebras. We will refer to this process as taking the dual of . Further, we will say that a
section 7: Am*(V ® &) — Oy is non-trivial when o is not the zero section.
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Note that, since & is a torsion-free sheaf, there exists an open subset U C X where &y is a
locally free sheaf. The maximal open subset U where this happens is such that codimx (X \U) > 2,
see [Ish14l Proposition 5.1.7|. Let us denote this set by Ug.

Definition 5.0.3. We say that a singular principal G-bundle (&,0) on X is honest if the image of
o|y is contained in the open subscheme #som(V ® Ox|y, &V |y)/G.

Definition 5.0.4. [RR84, Definition 4.6] A pair consisting of a big open set U C X and a vector
bundle E over U will be called a rational vector bundle over X.

Note that, pulling back the G-quotient Sg| ve — Se| Ug /|G through oy, results in a principal G-

bundle P on Ug. The pair (P,Ug) is baptized as the associated rational principal bundle in [RR84,
Definition 4.6] and will be used in the definition of semistability for singular principal bundles.

Definition 5.0.5. Let (&,7) and (.%,7') be singular principal G-bundles on X. A morphism
between them is a morphism of &x-modules f : & — % such that the triangle

Am*(V @ &)¢ ! Sym*(V @ F)¢

Ox

is commutative, where f is the morphism of &x-algebras induced by f. Isomorphisms are defined
accordingly.

Further, we insist in the fact that the class of all singular principal bundles is not bounded, so let
us give a semistability condition inspired by |[RamT75, Lemma 2.1 but with some new ingredients
taken from [GT17].

Definition 5.0.6. A singular principal bundle (&, o) over X is said to be (semi)stable if the rational
principal bundle (Ug, P) is p-(semi)stable, according to Definition [L.1.1]

Note that, this definition makes sense because the line bundle (L, ), defined on the big open
set Ug, extends uniquely to a line bundle over X. So its degree with respect to (Hy,..., Hy,—1) is
well defined.

The choice of calling a singular principal bundle semistable instead of p-semistable is two-fold.
First we will not refer to any other semistability condition such as Gieseker—Maruyama-semistability
until the last section, thus there is no risk of confusion. Second since we use p-semistable for principal
bundles, the fact that slope semistability is being used is already emphasized there.

An equivalent definition of u-(semi)stability is formulated by Schmitt in [Sch04a]. In order to
state it and prove it is indeed equivalent to let us give the following preparatory definitions.

Definition 5.0.7. A proper subgroup @ of an affine algebraic group G is said to be a parabolic
subgroup, if the quotient G/@ is a projective variety.

A Borel subgroup of G is a connected solvable subgroup B of G which is maximal with respect
to inclusion among the connected solvable subgroups of G.

We recommend the reader to see [Sch08 Example 1.5.1.31] for some interesting examples. Recall
that p: G — SL(V) is a faithful representation and we denote by & = (&, 0) a singular principal
G-bundle with 7: Sym*(V ®@ &) — Ox the dual of o, as in Remark Let \: C* — G be a
one-parameter subgroup. Recall that

Qc(N) :=={g € G| Zlggo Az)-g-Az)7! exists in G} (5.1)

is the parabolic subgroup associated with .
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Remark 5.0.8. We note that whenever G is connected then any of its parabolic subgroups arise
in this way, this can be seen by composing with the representation p and verifying that one obtains
a decomposition as in Equation , we will give the details in Construction . This fact is
also proven in [MFK94, Chapter 2.2] along with the following fact.

The centralizer Lg(A) of A is a Levi-component of Qi (\) given by

LeA):={g€G|Xz)-g=g-A(z), forall ze C"}.

Further,we have the decomposition @g(\) = %, (Qc(A)) % Lg(N). In this picture, the unipotent
radical of @Qg(\) is characterized as

(M) = {9 € QN | lim A(z) -g-A(:) " =,

The one-parameter subgroup A and its associated parabolic subgroup @g(\) induce a weighted
flag (V*,a) in V. This is true because the group Qgy,y)(A) := p(Qc())) is a parabolic subgroup
of SL(V'), associated with the one-parameter subgroup p o A, which stabilizes the flag V* given by
Vi = @;1:11/]‘ and V7 being the eigenspace of the C*-action coming from p o X. Here we have that
V7 is the eigenspace of the character z — 2%, and 71 < --- < 541 are different weights. We also
set a; := (Vi1 — i)/ dim(V).

Let & be a coherent &'x-module on X. Recall that a weighted filtration is a pair (&, m) where

be=(0)CEHCEC...CECE =8

and m is a collection of positive numbers m ..., m; € Qs¢. See Definition

A reduction of (&,0) to A is a section : U C Ug — |y /Qc(N) where U is a big open subset.
Such a reduction defines a weighted filtration (é”ﬁ?,gﬁ), where ag = (s, ..., a1), ifa = (a1,..., ),
by the following procedure:

Construction 5.0.9. [Sch04al Page 3| Consider the composition
U — P|y/Ga(\) — Fsom(V @ ﬁy,cg’m)/QSL(v)()\),

where the first arrow is 8. Note that, 8 yields a filtration 0 C & C --- C &, C &|}; by subbundles
with rk(&}) = dim(V;) for all 4 € {1,...,s}. This is because @gr,1)(A) is the SL(V)-stabilizer of
the flag V* and thus Ssom(V ® Oy, &) /Qsivy(A) = U is the bundle of flags in the fibres of &)
having the same dimensions as the flag V*. We define & := ker(&'|y — &1, ) so that we obtain
a filtration

0océ&' c---cé& Ccély

by subbundles.

Note that, deg(&") = deg(&7,,_;) for all i € {1,...,s} where deg is the degree with respect to
(Hy,...,H,_1) as in Definition because det(&) = Ox and the fact that deg is additive in exact
sequences (see Equation ) Let j: U — X be the inclusion and define &; as the saturation of
ENj& forallie{l,...,s}

Definition 5.0.10. We say that an admissible weighted filtration is one that is induced by a
parabolic subgroup Q¢ () and a reduction og: U(&) — P(G/GQc(N)) as above.

Definition 5.0.11. A singular principal bundle (&, o) is slope (semi)stable if the following inequal-
ity holds for all admissible weighted filtrations (&£*, «):

L(&% a) = Z a;(deg(&)rk(&;) — deg(&;)rk(£))(>)0 (5.2)
i=1
Here, « = {a; | i =1,...,s} is a tuple of real numbers.
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This definition is advantageous because of its close relation to the Hilbert—Mumford criterion, as
we will see in Construction below.

Here we take a moment to define Gieseker semistability. Recall the definition of the multivariable
Hilbert polynomial P(&)(my,...,m,_1) = X(&-HZ™ - --H;?_Wi”_l) was given in Definition .
This polynomial will be denoted by Pp, . m, ,(&) or by Pgies(&) if the multipolarization is clear
from the context.

Then, by Theorem and more specifically by Example [2.2.20] we know that the degree

of a torsion-free sheaf & with respect to a multipolarization (Hi,...,Hy,_1) is obtained from the
multivariable Hilbert polynomial as the coefficient of the monomial my ... m,_1 of Pgies(&) . Let
us step back into the domain of torsion free sheaves and the H; = --- = H,,_1 = H-case shortly,

see [Sch04al Page 3| for instance. Here the multivariable polynomial Hilbert polynomial simply
becomes the Hilbert polynomial calculated with respect to H. For a torsion free sheaf & and a
weighted filtration (&®, «v), as above, we define the polynomial quantity

M(&°%,a)(m) = ai( Py (&) (m)rk(&) — Py (&) (m)rk(£))
i=1

and we say that a torsion free sheaf & is Gieseker-(semi)stable if for any weighted filtration (&£°, «)
we have

M(&°, a)(m)(3=)0. (5.3)
Here Py (&)(m) stands for the Hilbert polynomial X(& ® H®™) defined in Example [2.2.20, Ad-
ditionally, the symbol (=) stands for the graded order in polynomials. This order can be checked
asymptotically in the following sense: a polynomial of degree k is (=)0 if and only if the leading
coefficient is (>)0. Usually semistability is defined using one step filtrations, see [BG03|, Introduc-
tion| for instance. It is easy to verify that in the case where (6* =0C % C &,a=(0,1,1)) is a
one step filtration then
M(&°, a)(m) := Py (&) (m)rk(F) — Py (F)(m)rk(&)
and hence the semistability inequality reduces to the well known inequality
Pu(€)(m)k(#) _ Pu(F)(m)
k(&) tk(F)

The previous fact implies the following chain of implications for the torsion free sheaf &

(5.4)

(=)

& is p-stable = & is Gieseker-stable = & is Gleseker-semistable = & is p-semistable. (5.5)

Which in the dim(X) = 2-case allows for the construction of the Gieseker to Donaldson morphism
[HL10, Page 103| also known as Hilbert to Chow morphism in the literature. This morphism is
extremely important for the construction of the Donaldson—Uhlenbeck compactification as we will
see in the final sections of this text. We recommend the reader to see [HL10, Theorem 8.2.8
and Remark 8.2.17] for a discussion of this subject and the Gauge theoretic implications in the
monopolarization case and see |[GT17, Section 5.3] for the multipolarization case.

We come back to the singular principal bundle realm by setting & = (&,0) but we remain in
the Hy = --- = H,_1-case. Note that, the previous discussion applied just to admissible filtrations
results in the following chain of implications:

P is p-stable = & is Gieseker-stable = & is Gieseker-semistable = & is u-semistable. (5.6)

This chain of implications can be found in [Sch04al, Section 5.1]. We draw the attention of the
reader to page 25 of this reference in particular.
To show that u-(semi)stability is equivalent to slope (semi)stability, we give the following results.
If p: G — SL(V) is a faithful representation, then any one-parameter subgroup A: C* — G supplies
G with the parabolic subgroup @¢(A) and SL(V') with the parabolic subgroup @gr,vy(A). Further,we
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will construct next an anti dominant character xgp,yv)x on @gpv)(A) which restricts to an anti-
dominant character y) on Qg(M\).

Construction 5.0.12. Let us consider a one-parameter subgroup A: C* — SL,.(C). Without loss
of generality, we may assume that it is of the form

Az) =diag(2", ..., 270, .0 20 Lo 20, (5.7)
71 times (r—rs) times

The associated parabolic subgroup in GL,(C) is
my | * *
Qar,(c)(N) = o | . % m; € GLy,—p, ,(C),i=1,...,s+1
0|0 |msy

(5.8)

In [SchO8, Example 1.7.2.4] and [Sch04al, Example 2.1.8] Schmitt associated with A the character

xx: Qar,(c)(A) — C* (5.9)
(w;ma,...,msy1) — det (mq)™ - - - det (mgyq)"*" . '

We claim that this is an anti-dominant character of @qr,,(c)(A). First of all, we note that it is
trivial on C* - Id,, so that it factorizes over Qpqr,, (c)()). Next,

F:=GL;(C)/@Qqy, (c)(A) = PGL,(C)/@paL, (c)(N)
parameterizes flags {0} = Wy € Wy € - C W, C Wyyy := C" where dim¢ (W;) = ry, for

i €{1,...,s}. Furthermore, there is the universal flag
{(}==FRCF G CFCFy =0 (5.10)
on F. For any choice € := (e1,...,e,) of positive rational numbers, the Q-line bundle

L5 = @det (ﬁ?r/ﬂ)®€i = @det (Fi)®_€i

is ample. Indeed, the quotient ﬁgr — ﬁ?r /F; defines a morphism F — &; to the Grassmannian

of (r — r;)-dimensional quotients of C”. The resulting map F — & := X:_, ®; is an embedding.
The line bundle L£ is just the pull-back of the ample line bundle O (£1,...,e5). Now,

s+1 s
Ly, = ®det (Fy/Fi_q)Vi = ®det (FZ.)®(%—%+1) _JE (5.11)
i=1 i=1
for ¢ = (v2—71,...,7s+1 —7s) . The above construction provides the anti-dominant character

XsL(v),x on @sp,v)(A) which restricts to an anti-dominant character x on @g()).

Remark 5.0.13. [Sch08, Page 209| If G is a semisimple algebraic group and p : G — GL(V) is
a faithful representation, then any one-parameter subgroup A : C* — G determines the parabolic
subgroup @g(A) of G and the parabolic subgroup @qr,vy(A) of GL(V). Using this construction,
we obtain an anti-dominant character xqr(v)),x» on Qqr,v)()), which restricts to an anti-dominant
character x on Qg(\).

Proposition 5.0.14. [Sch08, Proposition 2.4.9.1] Given a pair (Q, x) which consists of a proper
parabolic subgroup @ of G and an anti-dominant character x on @, there is a one-parameter subgroup
A: C* = G such that Qg(\) = Q and x) = l.x with | € Q.
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Let us show the equivalence of the two semistability conditions. Recall that G is a semisimple
linear algebraic group with a faithful representation p: G — SL(V) C GL(V), & = (&,7) a
principal G-bundle and denote by (U := Ug, P := &|y,) the associated rational principal bundle.

Theorem 5.0.15. A singular principal G-bundle is slope (semi)stable as in Deﬁnition if and
only if

deg(c*Zy) >0
holds for every proper parabolic subgroup @ of G, every anti-dominant character x on @, and every
reduction o : U — P/@. Where, the line bundle c*(Zy) was defined in Definition |1.1.1]

Proof. Firstly, note that —y is a dominant character.

By Proposition the parabolic subgroup @ together with the anti dominant character —y
induce a one-parameter subgroup \: C* — G such that @g(\) = @ and x) = —l.x. Consider the
principal @-bundle given by

m: P — P/Q. (5.12)
Recall that in order to determine if & is (Hj,..., H,_1)-semistable, see Definition , we are
interested in the line bundle 0*.%, , where .Z, is the line bundle associated with m by means of the
dominant character x.

By Construction the one-parameter subgroup A induces the anti-dominant character
XsLv)a on Qarvy(A) = p(@c(N) = p(Q), further xar)x = p o xa restricts to xn = —l.x
on Qg (A). Further, since the Qgr,vy(A)-bundle given by 7': P(p) — (P/Q)(p) = P(p)/Qc1, V)()\)
is isomorphic to 7, then the associated line bundle with «’ by XarL(v),x, denoted by 2 is
identified with .Z,. We will work with XXGL(V NOw.

As in Constructlon 7 choose a basis of V' such that the one-parameter subgroup po X is of the
form \(z) = diag(z”l7 el :ﬂl, co 20 27t Equation gives us the associated parabolic
subgroup Qqr,, (c)(A), which preserves the weighted filtration (V*, ) given by V; = @é-:le where

GL(V),A?

V7 is the eigenspace of the character z — 2% and o; = (yi11 — i)/ dim(V). Recall that by
Construction we have a weighted filtration (&r, a, ).
By Equation (5.9)), we have

XaLvy (wsmi, ..., mgi1) = det (mq)" -+ - det (m41) 7+

Finally according to Equation (5.11), we have that L,, = L(2777%s+17%)  Since the bundle
Isom(V @ Oy, &)/ @srvy(A) — U is the bundle of flags in the fibres of &, having the same

dimensions as the flag V'*, then we have that the flag induced by (&r, . ) induces a map ¢: U — F
such that Ssom(V @0y, &));)/@sr,v)(M) is the pullback of the universal flag through 1, see Equation
(5.10). We conclude with the following equation

deg(0* L) = deg(c" %y, ) = deg(v" Ly, ) ZO‘Z (deg(&)rk(&;) — deg(&)rk(&)) = L(&E°, «)

(5.13)

Finally, since (Hi,..., H,—_1)-semistability was determined by the inequality —% deg(0*ZL_1y) =
deg(c*.%,)(<)0, then we have the equivalence with slope semistability as defined in Definition
. O

In order to represent the points in the closure of the yet to be constructed moduli space of stable
principal bundles inside of the moduli space of semistable singular principal bundles we state the
following polystability definition.

Definition 5.0.16. A singular principal bundle (&,0) over X is said to be polystable if it has a
reduction of structure group to a Levi subgroup R of a parabolic subgroup @ C G on U (&) such
that the following conditions hold:
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i) The R-bundle &R := & X R is stable.

ii) The extended @-bundle &r(Q) is admissible, where a reduction is said to be admissible if for
any character x on @ that is trivial on the center of GG, the line bundle associated with the
@-bundle &g has degree 0.

Before we state the moduli problem, let us consolidate some pertinent facts about polystable
principal bundles over curves here. For the reader’s convenience, we will provide the following
reference [Bal07, Theorem 2.11| since there one can find the proof of the following theorem.

Theorem 5.0.17. Let C be a smooth projective curve over the complex numbers, and let G be a
semisimple algebraic group. The following statements are equivalent:

i) A principal G-bundle P is polystable in the sense of Ramanathan, see Definition above.

ii) There exists a faithful representation G — GL(V') such that the associated bundle P(V') is
polystable of degree 0.

iii) For every representation G — GL(W), the bundle P(W) is polystable of degree 0.

i) Let ad : G — GL(g) be the adjoint representation, where & is the Lie algebra of G. Then, P(®)
is polystable (of degree zero).

v) The bundle P arises from a representation p : m(C) — K, where K is a mazximal compact
subgroup of G.

vi) The bundle P carries an Finstein—Hermitian connection.

Let us give the definition of a family of singular principal bundles.

Definition 5.0.18. Let B be a weakly normal variety. We say that a B-family of singular principal
p-semistable G-bundles &g is a pair (6p,0p), consisting of a B-flat torsion free sheaf &5 and a
morphism op: X x B — Sg, |G = Spec(Sym* (& @ O(V))Y) satisfying the following:
e For each b € B the restriction gl = (B}, 0B xx{p) is a singular principal bundles
over X.

e For each b € B the restriction Zg|g is p-semistable as in Definition [5.0.11

We are ready to define the appropriate moduli functors that will give rise to our main moduli
problem.

Definition 5.0.19. Similarly as for Definition let MY, **(p)(¢,\) denote the functor that
associates with each weakly normal variety B the set of 150m0rph15m classes of B-families of singular
principal p-semistable G-bundles such that for every b € B, the underlying torsion-free sheaf & is
of class ¢ € Kpym(X) and determinant A.

Let us give an important result originally proven by Ramanan and Ramanathan in [RR84,
Proposition 3.10]. This result will help us prove the semistable restriction theorem of singular
principal bundles, see Section [6.5] Let P — U be a rational principal bundle over the big open
subset U C X. Suppose we are given a representation £: G — GL(W). This induces an action
a:GxP(WY) = P(WY) and a linearization @: G' x Opgyvy(1) = Opayvy(1) of this action. Let
Pss C P(WV) be the open subset of semistable points.

Proposition 5.0.20. Assume that U is a big open subset of the manifold X. Let 0 : U —
P(P(WV),a) be a section, and £, the pullback of the line bundle P(Opyvy(1), @) — P(P(WY), a)
to U through o. If o(n) € P(P*%, ), then

deg(Z,) > 0.
Where, 1 is the generic point of U.

Proof. Since P is a principal G' bundle, then by making U smaller and passing to an étale coverlng
U we can trivialize it, see [Sch08, Theorem 2.1.1.17]. Over U we get an isomorphism P|g =T xW.
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Therefore o(n) € P(P*%,«) implies that there exists a section s € HO(W, Opqyvy(m))© such that
s(n) # 0. The space P(H°(W, Opawvy(r))¥) has a functorial property. Namely, for any vector

space V', a point of P(V) is a 1-dimensional quotient of V. This property induces the natural map
P(H(W, Opayvy(r)Y) = 0*(P(Opayvy(r))) = £7) which in turn gives a map

HO(U, Sym®™(P(H*(U, Opyv)(r)"))) = H(U, 0" (Sym™ P(Opyvy (1))

=~ HO(U, Sym®™ (7). (5.14)

By taking the image of s under this map we get a non-trivial section in H°(U, Sym™ (.%,)).

On the other hand, recall our definition of degree given in Equation ([1.2]). This means that we
can find a complete intersection curve X (1) ¢ Uy, as in Conditions uch that if we restrict
5 to X1 we get a section in HO(X(”_l),$U|X(n_1)). Since X (™1 is a curve, the existence of a
non-trivial section shows that deg(.Z,|yxn-1)) > 0. Then, by setting S to be a point and & = %,
in Theorem more specifically Equation , we get that

det(pr(un—1(¢) - [Z ]))®d1 n—1 ~ det(p.(uo [30|X(n71)b)®d1...dn,l

Recall that the definition of u;(¢) was given in Equation (3.3]). Working in K-theory we notice that,
the right hand side of the equation is equal to

det(p(—r[Ox 1] - [ Lol xn1)] + X(€] xn1))[O2] - [Lo] xn-)])) B Int,

Then, by Asymptotic Riemann—Roch 1 (see Theorem [2.2.24]) and Example [2.2.20| we have that this
is equal to dy - - - dp—1 - deg(-Zy | x(n—1)). Similarly the left hand side of the equation is equal to

det(p!(—rhn,1 et hl . [ga] + X(é : hnfl BRI hl)[ﬁx] : [fo]))®dl..'dn71

which according to Definition and the equivalent Definition[2.2.16|is exactly equal to dy - - - dy—1 -
deg(Z,). Finally deg(%,) > 0. O

Before closing this section, we note that for large characteristic classes Balaji showed in [BalQ7|
that the moduli space of stable principal G-bundles over algebraic surfaces is non-empty. A similar
result for higher dimension is unknown.

5.1. Associated tensor fields. The goal of this section is to associate a tensor field to each singular
principal bundle and later a decorated sheaf. Unfortunately this is quite a technical process that
we will divide into three steps for more clarity. First to each singular principal bundle with a fixed
representation p we will associate a tensor field, in Section Second we will homogenize the
associated tensor field, as we did in Construction [£.0.6] As we mentioned in the outline of this text,
we will work with G and its natural inclusion G — GL(V). In Section we constructed the
required representation p: GL(V) — GL(W) that allowed us to define G. In particular j is such
that the following two properties hold.

e One needs only honest singular principal bundles of the form (&, 0) in order to obtain a
projective moduli space.

e The concept of J-semistability does not depend on 4, it implies the slope-semistability of &,
and is a natural generalization of Ramanathan’s notion of semistability, see Definition [5.0.6]

These two properties will later allow us to associate to each singular principal G-bundle & a singular
principal G-bundle 2 obtained by extending the structure group via G — G. We will call a principal
G-bundle 2 (semi)stable if the principal G-bundle & is (semi)stable in the sense of Section |5
We will give the necessary background and theorems required to make this association in what
follows. The second property will be proved in Remark and Proposition [5.2.3
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5.1.1. Some GIT preliminaries. In this subsection we follow carefully the theory developed in
[SchO8| Section 2.4.2].

As before, let p : G — GL(V) be a fixed faithful representation with V" an r-dimensional C-vector
space. We have the space I := Isom(V,C")/G. Let (&,0) be a singular principal G-bundle, where
o: X = Isom(W®0x,&)/G. As always let U = Ug be the big open subset where & is locally free,
then we set (U, P) to be the associated rational principal G-bundle. Note that, there is a canonical
GL,(C)-action on I. The associated fiber space has the following isomorphism:

Fsom(V @ Oy, &|y)/G = P().

Thus, in order to study the rational principal bundle (P,U) it is important to understand the
GL,(C)-variety I. First, we look at the representation

R:GL,(C) x G — GL(Hom(V,C"))
(h,g) = (f € Hom(V,C") = (w = h(f(k(g™")(w))))) -
The representation R provides an action of GL,(C) x G on
Hom(V,C") and P(Hom(V,C")Y)

(5.15)

and induces a GL,(C)-action on the categorical quotients
H := Hom(V,C") /G and H := P(Hom(V,C")") /G = (H\ {0})/C*.

The last equality comes from the fact that (X//G)/H = X//(G x H). The coordinate algebra of
H is Sym*(V ® C"™V)%. For s > 0, we set

W, = @Ui, U; == Sym'(WY @ (CTV)G, 1> 0.
i=1

If s is large enough, then we have that @;_, Sym‘(V ® C™)% contains a set of generators for the
algebra Sym*(V ® C™)%, then we have a GL,(C)-equivariant surjection of algebras
Sym*(WY) — Sym*(V @ C")F,
and, thus, a GL,(C)-equivariant embedding ¢s : H — Wi.
We choose a basis for V' in order to identify it with C". This enables us to define the function

det: Hom(V,C") — C, f+— det(f).

Now, this function is invariant under the G-action because the image of o lies in SL(V'). Further,
since Isom(V,C") is G-invariant, then we have that Isom(V,C")/G = {[f] € H | D[f] # 0}. There-
fore, det descends to a function ID: H — C. Let us describe the semistability with respect to the
action of SL,(C) of points ¢s(h) for h € H.
Lemma 5.1.1. [Sch08, Lemma 2.4.2.3]

i) Every point 1s(i), i € I, is SL,(C)-polystable.

ii) A point 1s(h), h € H\ L, is not SL,(C)-semistable.

We have the following important proposition.

Proposition 5.1.2. [Sch08 Proposition 2.4.2.4.|Let V' — C" be an isomorphism. It induces the
isomorphism

¥ : GL(V) — GL,(C)
of linear algebraic groups and the isomorphism

¢ : GL(V)/G — Isom(W,C")/G
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which is equivariant with respect to the action of GL(V') on the left-hand space, of GL,(C) on the
right-hand space, and the isomorphism 1. Define i = p([e]) as the class of the fized isomorphism
and x = I5(i). Then, for a one-parameter subgroup \: C* — SL,(C), the following conditions are
equivalent:

i) p5 (x,A) =0, ps being the representation of SL,(C) on W,, see Equation ,
ii) There is a one-parameter subgroup X' : C* — G(C SL,(C) via 9 o k) with
(V)\.7Q/\):(V>\.’7Q)\§)7 v =Cn
Here (V) is the associated weighted flag with .

Next, we look at the categorical quotient
H = Proj Sym*(V ® C"™)¢,

For any positive integer d, we define

Sym@(V @ C™V)% = @ Sym(V @ C™V)¢.
i=0
Then, by the Veronese embedding (or Segre transformation [Mum99, Page 203]),
Proj(Sym*(V ® C™)%) 2 Proj(Sym'® (V @ C"V)%).

We can choose s such that

i) Sym*(V ® C"™V)% is generated by elements in degree < s.

ii) Sym(S!) (V®CTV)% is generated by elements in degree 1, i.e., by the elements in the vector space

Sym* (V @ C™V)¢ [Mum99, Chapter III, §8, Lemma.
Set
We= @  sym*(VeCcV)®-- @ Sym®(Sym*(V e C™)%).

(dla---vdm):

There is a natural surjection W, — SymS!(V ®C™)%, obtained by multiplying each summand, thus
there is also a surjection
Sym*(W,) — Sym)(V @ C™)¢. (5.16)
This defines a closed GL,(C)-equivariant embedding
Ts : H < P(Wy).

Lemma 5.1.3. [Sch08, Lemma 2.4.2.7] Let s be a positive integer such that conditions a) and b)
are satisfied, and f € Hom(V,C") is a G-semistable point. Set h = 15([f]) and h = 15([f]), and let
ps be the representation of SL.(C) on Wy, and o, the linearization of the SL,(C)-action on H in
Oz (s!). Then, for any one-parameter subgroup X: C* — G, we have

s (R A) >, =,< 0 <= gy, (h,A) >,=,<0.
In particular, h is SL,.(C)-semistable if and only if f € Isom(V,C").
With the previous results available we are ready to proceed with the following construction,
which will be used to associate to a singular principal G-bundle a decorated sheaf. Let pq; . be
the representation of G on V., a,b,c € N>q, see Equation (2.17), where V' = C". According to

Example [2.3.11} we may choose a, b, ¢ such that there is a surjective homomorphism 7 : V4. — W,
of GL,(C)-modules, see [Sch04al Section 2.2]. This yields the closed embedding

VU :P(Wy) = P(Vape)

[l: Ws+— C]— [lom].
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Denote by o, the canonical linearization of the GL,(C)-action on P(Vg,) in the line bundle
Opv,,.)(1). For any point [I] € P(W;), we find

pos (1 A) = g (O], A) = pipg (Lo 7], A)

. . S ‘ 5.18
= —min{vy;,,...,iq) € {1,. ., 7, |(i1...7a) €{1,...,s +1}*%: (I OT[')(‘/Z_1®W®VL_G)@b # 0}, (5.18)

where (y1,...,7s+1) and Vo(A\) : {0} = Wy C ... C V5 C C" are the data associated with A and
the standard action of GL,(C) on V' = C". The first two equalities are immediate and the last
equality comes from Theorem [5.1.8]

5.1.2. Construction of the associated decorated sheaf. Based in Example .0.5] we know how to
construct an associated decorated sheaf starting from a principal bundle. Let us revisit the con-
struction but this time starting from a singular principal G-bundle & = (&, 0) and its associated
ration principal bundle (Ug, 2|, ).

Construction 5.1.4. Let p: G — SL(V) be a fixed representation and as before p’ will denote the

Ka,b,c

composition of representations G £ SL(V) —=% GL(W) where W = V. ,. as in Equation (2.17).

We denote by &, the sheaf @I, (£%%)%% ® det(&V)®% as in Equation . By Example
and our assumptions we have that the generalized reduction of group structure o: X —
Se /|G = Spec(Fym* (& @ O(V))Y) and more precisely its restriction oy, define a principal G-
bundle &|y, over Ug and by considering the associated principal bundle 2|y, (p’) we get an induced
section p' o 0|y, which breaks down into components ¢: Ug — ((&V |y, )®%)®% @ det(&|y, )®< for
all i = 1,...,n which are equivalent to components ¢/: ((&|y,)®%)% — det(&|y,)®% for all
i=1,...,n and latter extend uniquely to ¢;: ((&)®%)%% — det(&)®% foralli=1,..., n.

Altogether, we obtain an associated vector bundle & with a decoration ¢ of type (a, b, c). In the
following section, see Section [5.1.3] we will perform Construction to this decorated sheaf in
order to obtain the associated tensor field to a singular principal bundle.

We would like to know if a one parameter subgroup of G will allow us to define a weighted filtration
similar to the one defined in Definition for a singular principal bundle. In order to see if this
is possible, let A: C* — G be a one-parameter subgroup, we also have the induced parabolic
subgroup @¢(\). We study the resulting action on P(W) with its linearization in Opy(1), we will
denote the linearization by x without any risk of confusion. By considering A as a one-parameter
subgroup of GL(W) we get a basis w = (wi,...,w,) of W :=C" as in Equation (4.3). Further, for
a non-trivial linear form [ = """ | ¢; - v;/ we have that [[] € P(W), and further

e 1)) = (O, [1) = — min {y; | 1(wi) # 0} (5.19)

We also get a weight vector 7 = (71,...,7,) with integral entries. Let us generalize this approach
further by giving the following lemma.

Lemma 5.1.5. [Sch04b, Lemma 1.4| Let F' be a projective variety on which the reductive group G
acts. Suppose this action is linearized in the line bundle L. Let S be a scheme and f: S — F a
morphism. Then

Lp(A, f) == max{u,(\, f(s)) | s € S} exists. (5.20)

Proof. The proof of this lemma can be found in [Sch04b, Lemma 1.4], for the convenience of the
reader we also write it here.
We may assume that L is a very ample line bundle. Set V := H(F,L). The linearization p
provides us with a representation p : G — GL(W) and a G-equivariant embedding ¢ : F' — P(W).
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Since fy(A, ) = fidgy, ) (A ¢(2)) for all points z € F' and all one-parameter subgroups A of G, we

can assume ' = P(W). Now, there is a basis wy, ..., w, of w and integers vy, < --- < 7y, with
n n
A(z) - Z cw; = Z 2Vicw;.
i=1 i=1

A point [I] € P(IW) can be thought of as the equivalence class of a linear form

W —C.
Then,
pp(A; [I) = —min {r; | 1 (w;) # 0}
Therefore, p1,(A,0(s)) € {=71,..., =}, and this implies the assertion. O

Remark 5.1.6. [Sch04bl Remark 1.5] Let F C P(W) and A a one-parameter subgroup of G.
Choose a basis wi,...,w, of W and v < --- < 9, as before. Suppose p,(A, o) = —7v;, and let
WO C W be the eigenspace for the weight ~;,. Let U C S be the open set where the rational map

s re P(W) --»> P (WY) is defined. Then, p,(\, 0(s)) = —7, for all s € U. In other words,
if S is irreducible, p,(X, o) is just the generic weight occurring for a point o(s),s € S.

Let us exploit Remark with the following argument.

Let (&°, a) be a weighted filtration coming from a one-parameter subgroup A\: C* — G LN GL(W)
and a reduction of structure group o: X — & /Qqrw) to the parabolic subgroup Qgrw)(A),
denoted by #. We will give a more intuitive description of u(&y,a, ;) for a decoration coming
from a principal bundle. The idea here is to check the quantity p (&7, a,; ¢) which comes from the
GIT along the fibers P(&yp.clu,)-

Construction 5.1.7. Let U’ be a big open subset of Ug C X. By making U’ smaller if necessary
and passing to a covering U we may trivialize . This trivialization gives rise to an isomorphism
Y&V = V& Of with ¥(&"|5) = V* ® Op. Here (V°, ) is the weighted flag of X viewed as a
one-parameter subgroup of SL(V') and &”* is as in Construction . Then, 1 gives an isomorphism
Elg(k) — U x W and ¢ induces a morphism @: U — Elg(k) 2 U xW — W. Recall that we have a
basis w defined in Equation , if a is a vector of integers, we define the quantity p,(A(w, @), @)
according to Lemma Where A\(w, ) is the one-parameter subgroup determined by w, «, see
Equation (4.5)).

If a is not a vector of integers, we choose k > 0 such that k - v is a vector of integers and set
Wi (8°, a;0) = (1/k) s (AMw, ka), ). Since for an integral weight vector 7/ and a positive integer
k' one has . (AMw, £'v'), ¢) = k' e (M(w, '), ¢), this is well-defined. Note that, the weight vector «
is canonically defined by (&£, «).

Theorem 5.1.8. Under the above considerations one has
Hir (A,s%) = (65,055 0) -
Proof. First denote £;(&*) the number
ei(6®) =#{k € (Jr,- - Ja)) | k < Ji},

where (1,...,a;) ranges over all multi-indices attaining the minimum u (&7, a,;¢). Then, let us
show that
S
B8, aps0i) == > an(tk(&n)a;i — en(E°)r). (5.21)
n=1
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By the decomposition Equation li we know that the k-th component of the weight vector v is
obtained as follows

v, =oa (tk(&) — ) + - 4+ a;, k(&) — 1) + aj+1 k(&) + - - - + asTk(E)

5.22
—Zan rk(&,) — 7“204” ( )
Then by adding we get
Jan
Vi + o+ Y, —azzanrk —rZan +Zanrk —TZan
" (5.23)

=q; Z antk(&,) —r Z anvn(I) = Z a;o, 1k(8,) — rapun (1))
n=1

where v, (I) = #{k € (]1, ceyda) | K< ]n}. Note that, if I is a multi-index giving the minimum,
then v, (I) = £,(&*), and we are done.
With this description and the fact that &1 = & we see that

w(&® a;p) = [ nax {pn(8°, a,gpl)}— max { Zan (rk(& (é"')r)}

By definition of y, (see Equation ([5.20])) we have
e\ @) = max{ (X, 3(2)) | @ € U},

Since we have a basis v of V' which satisfies then by Remark we have that (A, <,5|U) is

calculated as the minimum weight of the one-parameter subgroup ko . Since (&y, ) is determined
by A using Construction m then the weight vector v is obtained as in Equation (4 . Since

E(K)g — U x W is an isomorphism then ¢ is not identically 0 and since £ is as in Exampl
we obtain:

H()\(Z)’Ui) — ff(Z%Ui) _ Z—(’Yj1+~-~+’)/j,li)wi

Thus we have the required equality. O

5.1.3. Construction of the associated tensor field. The goal of this section is to associate a tensor
field to each singular principal G-bundle, for this we will follow very closely [Sch08, Section 2.4.3]
specially the part titled Associated swamps together with [Sch04a, Example 3.1.3]. After this is
carried out, we will leverage the boundedness of the family of torsion free sheaves appearing in
semistable tensor fields to prove the boundedness of sheaves with a reduction of structure group.

As we mentioned previously, when we apply the homogenization construction (Construction
to the associated decorated sheaf of a singular principal bundle we will get the associated tensor
field.

As before, let & = (&, 0) be a singular principal bundle such that 7 is the dual of ¢ as in Remark
5.0.2 By the discussion preceding Equation and the construction in the previous section,
see Equation and Construction we have that by restricting to the big open subset
Ugs C X where & is locally free we can choose a natural number s big enough (by setting s! = w in

Construction ) to get a surjection
Sym*(Va,p.c) — Sym®(V & &1, ).
This generalizes to give the following natural homomorphism of sheaves

Fym* (624 @ det(£)®C) — Fym(V @ £Y)C.
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Note that, whenever 7 is not trivial, it induces the following homomorphism:
76 Sym (W @ &V)¢ — ox
of Ox-algebras. Everything comes together, we arrive at the following non-trivial homomorphism
of O'x-algebras:
S ym* (€8NP @ det(£)97C) — O

of Ox-algebras. This homomorphism is determined by its restriction

@r : (E9NPE @ det(£)97C — Ox
to the component of degree one, which is a nontrivial homomorphism

or 1 (EFNPB 5 det(&£)®¢

of Ox-modules. Note that, we prescribed the determinant of & to be trivial in Definition We
thus get the composition

¢y (E9NHEB 5 det(£)®¢ — Ox.
In this way we obtain a tensor field as in Definition We call (&, QNST) the associated tensor

field of (&, 7). In [Sch08, Page 186, where the curve case is treated, this is known as the associated
Pa,b,c-SWainp.

Remark 5.1.9. Let & :~(<f ,0) be a singular principal bundle such that 7 is the dual of o as in
Remark We call (&, ¢7) the associated tensor field of (&, ) constructed above. When dealing
with the dual 7 we will stick to the notation (&, ¢,) without risk of confusion.

Definition 5.1.10. Let § € Q5. We say that a singular principal G-bundle (&, 1) is 0-(semi)stable
if its associated tensor field (&, ¢;) is d-(semi)stable, see Definition [4.0.11}

We would like the assignment 7 — ¢, to be injective on isomorphism classes because this would
embed the parameter space of singular principal bundles, yet to be constructed, inside the parameter
space of decorated sheaves, see Section [£.4] for the multipolarization case.

Proposition 5.1.11. The assignment

of singular principal

G-bundles on X

isomorphism classes . )
_){ isomorphism classes }

of tensor fields on X (5.24)

(&,7) = (8, 6r)
18 1njective.
Proof. We will follow [Sch08| Proposition 2.4.3.2|, some adjustments need to be made since he
considers the curve case.

The assignment is clearly compatible with isomorphisms for both types of objects. In order to
check injectivity, we have to prove that (&,7) and (&, 7') are isomorphic, if (&,7) and (&,7’) are
two singular G-bundles such that (&, ¢;) = (&, o).

For d > 0, let

Tdy Ty : Symd(W ® 5V)G — Ox
be the degree d component of 7 and 7/, respectively. Note that, 7 is determined by @;_; 74. Let

Ts @ Sym® (W @ &Y)Y - .. Sym® (Sym* (W @ &)%) — Ox
(di,...ds):
d;>0,3" id;=s!
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be the map induced by 71, . .., 75, and define 7/ in a similar way. Looking carefully at the construction
of the associated tensor field, we recognize that the assumption is equivalent to the fact that (&, 7s)
and (&, 7%) are equal. This implies that, for 1 < d < s,

Sym7 (r4) = Sym 7 (7).

Restricting this equality to the big open set U of X, see the discussion above Theorem [5.1.8] it
follows that there is an (s!/d)th root of unity {; with

/
Tg=Ci T, d=1,...,8

Use Proposition 1.6.1 [Sch02] It remains to show that there is an s!-th root of umty (¢, such that
Cq = (% for all d. To see this, let E be the restriction of & to U. Then, 7, and 7 71, restricted to U,
define the same point

z € P:=PSym™ (W@ EV)¢®--- @ Sym® (Sym*(W @ EV)%)).

On the other hand, ®5_,74 and @®;_, 7} define points

v,y €B:= (@ Sym?(W @ EV)9)V.
d=1

By our assumption, y and y’ map both to x under the quotient map followed by the Veronese
embedding

B\ {0} — (B\{0})/C(X)" = P.

Putting all the information we have gathered so far together, we find the claim about the ¢;.
What we’ve demonstrated leads to the following conclusion: When we apply the automorphism

¢ -id & to the singular G-bundle (&, 7), we end up with a pseudo G-bundle (&, 7”). Remarkably,

the restrictions of 7/ and 7" to U coincide. Since 7/ and 7/ are homomorphisms between torsion-
free sheaves, their equality is contingent on the agreement of their restrictions to the generic point.
Therefore, (&,7") = (&,7"), establishing that ¢ - id & serves as an isomorphism between the two
singular G-bundles (&, 7) and (&, 7). O

For every weighted filtration (&®, ) of &, we set

o 1 . -
v (&% o 9) ::;-M(@@ L5 P) .

Now that we have defined the homogenization we have a more general semistability condition.

Definition 5.1.12. Let 0 be a positive rational number. A decorated sheaf (&, ) is d-(semi)stable
if for each weighted filtration (&, «) the following holds

L(6*,0) + Dp(6uaip) = Zaz deg (&) k(&) — dea(&) 1K(6) + Zp (6 0:9) ()0 (529

Here ¢ is the homogenization of ¢, as defined before. An important fact about the homogenization
is that there exists a natural number w such that the following equation is satisfied (see [Sch04al,
Equation (11)]).

(8%, 0a;9) <, =,> 06 u(E® a5 0) <,=,>0. (5.26)
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5.1.4. Boundedness of principal bundles. Let us leverage the theory of Decorated sheaves and the
construction above in order to prove the boundedness, as in Definition [3.2.1] of the set of slope-9-
semistable principal bundles.

Theorem 5.1.13. Let X be a projective manifold, let 6 € Q=g and ¢ € K(X)pum- Then, the set of
torsion-free sheaves, with fized topological invariants, occurring in 0-semistable tensor fields (&, )
1s bounded.

Proof. We use Maruyama’s boundedness result i.e, Theorem together with the bound in The-
orem [.0.15] in order to conclude the boundedness of §-semistable decorated sheaves. O

Corollary 5.1.14. Let X be a projective manifold, let 6 € Q=g and ¢ € K(X)pum- Then, the set
of torsion-free sheaves, with fized topological invariants, occurring in §-semistable singular principal
bundles, see Definition[5.1.1(] is bounded.

5.1.5. Construction of the representation. As we promised before, in this section we follow very
closely the construction presented in [SchO4al Section 4.1] making the necessary changes to our
setting. More concretely we will construct a representation x : GL(V) — GL(W) where there
exists a point wg € W such that G has finite index in G, the stabilizer of wy. Moreover, for every
one-parameter subgroup A: C* — GL(W), it holds that u(\, wp) > 0 with equality if and only if A
is conjugate to a one-parameter subgroup of G within the associated parabolic subgroup @qr,(v) (N).

The idea behind this new representation is to emulate the properties of the adjoint representation
Ad: G — GL(g) used by Ramanathan in his original construction, see [RamT75|.

More precisely, note that, for reductive groups other than semisimple ones, the notion of -6-
semistability given in Definition [5.1.10]is more restrictive compared to Ramanathan’s original defi-
nition, see Definition [5.0.6] For semisimple ones the two coincide by Remark [5.0.13] Specifically, we
require Equation @ to hold for reductions to any one-parameter subgroup, whereas Ramanathan
only considers reductions to one-parameter subgroups of the commutator subgroup [G, G], which
induce anti-dominant characters, see Page 3 [Sch04a, Remark iii) |. This difference is best illustrated
for the reductive group G := [['_, GL,,(C), we recommend the reader to see the treatment of this
example in [Sch08, Section 2.4.8]. Consequently, there might be cases where we find no semistable
objects although there are Ramanathan semistable objects. This is not desirable.

There are two ways out of this the first way out is to use a representation x : G — GL(V') with
image in SL(V'), such that the connected component of the kernel containing the neutral element
is the radical of G. The canonical candidate for this is the adjoint representation we mentioned
before.

We will present the second way out in what follows, it is based on [Sch04a, Section 4|. The
approach to get nice moduli spaces for principal G-bundles consists in applying our results to the
semisimple group G with its faithful representation p constructed below.

First, there exists a representation #: SL(V) — GL(W) and an SL(V)-equivariant embedding
n:SL(V)/G — W (5.27)

by [Bor91, Proposition 1.12]. The representation & may be extended to a representation & :
GL(V) — GL(W). By twisting the direct summands of k by powers of the determinant, we
are able to assume that all weights of the action of C* = C* - idy are positive. Let the resulting
representation be denoted again by k. The key aspects of this construction are outlined in the
following lemma. For g € GL(V), [g] will denote the image of the orbit g - G in W.

Lemma 5.1.15. [Sch04a, Lemma 4.1.1]

i) The group G has finite index in G, the GL(V)-stabilizer of [e].
ii) For every g € GL(V), the point [g] is SL(V')-polystable.
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iii) A point k € GL(V) - [e] \ GL(V) - [e] is not SL(V')-semistable.
Remark 5.1.16. Note that this statement is essentially the same statement as Lemma [5.1.1

If we are given a point [g] € W and a one-parameter subgroup A\: C* — g- G - g~!, then [g] is a
fixed point for the induced C*-action, and we have u(A,[g]) = 0.

We want to characterize the weighted filtrations (&®,«) that arise from reductions to one-
parameter subgroups such that u(&, a, ¢) = 0. Here, ¢ is obtained as follows:

Let k : GL(V) — GL(W) be the representation constructed in Example and let (&,0)
a singular principal G-bundle such that 7 is the dual of ¢. Over the open set U = Ug where
& is locally free, we have the principal bundle (&|y, o|y). This implies that 7 has the data of the
rational principal G-bundle associated with the singular principal G-bundle (&, 7). Considering x as
a representation of G, we obtain an alternative description: the associated vector bundle &?(k) has
fibre W and is therefore a subbundle of & a\{b, Ju. Thus, a section ¢’ : U — (k) defines components

o U — (cg’v@ai)@bi ®@ det (&), fori=1,...,n,
which correspond to
ol (8157 = det(8]p)®, fori=1,...,n,
and the latter extend uniquely to

@i+ (9400 det(£)%%, fori=1,...,n.

Altogether, we obtain an associated torsion-free sheaf & with a decoration ¢ of type (a, b, c).

Let us continue with the characterization. Suppose we are given a point [g] € W and a one-
parameter subgroup \: C* — SL(V') that satisfies p(A, [g]) = 0. Because [¢] is SL(V')-polystable, it
follows that there exists [¢'] € GL(V) such that lim, . A(2) - [¢] = [¢/] . Additionally, A is a one-
parameter subgroup of the identity component of the GL(V)-stabilizer of [¢], denoted by Gl9') :=
g -G - g~ Therefore, Qarvy(A)N G191 is the parabolic subgroup @Gg,()\). By [Sch08|, Proposition
2.4.2.5], there is an element u € Ry (Qgr,v)())), such that u - [¢'] = [g]. As we have seen before,
Qcrvy(A)N (Y is the parabolic subgroup @y (A). Observing that u- Qar,)(A) -u™t = Qarvy(N),
the previous discussions allows to deduce:

Proposition 5.1.17. [Sch04al, Proposition 4.1.3] If we are given a one-parameter subgroup A: C* —
SL(V) and a point [g] € W with u(\,[g]) =0, then

QaLayN)Ng-G-g7" = Qg1 (N)

9-G-g

for some one-parameter subgroup N of g- G - g=! with QcrLv)(N) = Qarvy(N). More precisely, A
and Ao define the same weighted flag in V.

Let us finally give the needed characterization of the weighted filtrations. Let us lay down our
setting and make some simplifying assumptions. Assume that W = V,; . instead of just being
embedded. As always let &2 = (&, 0) be a singular principal G-bundle and s : GL(V) — GL(W)
be the representation constructed above in Equation . Over the open set U where & is locally

free, we have the reduction
o:U— Isom(V® 0Oy, & |v)/G.

Remember that we denote by &2 := Zsom(V®0y, Y|y ) the principal GL(V)-bundle corresponding
to &Y|y. Also, recall that o describes the data of the rational principal G-bundle (U, P = 2|y)
associated to &. Using the representation k, we get a different point of view, namely o gives rise
to a section
pv U= (EV0)* ) @@ ((6Y]r)®)*n = P(r),
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which can be extended to a decoration ¢ : (£®41)®b1  (£99)81 5 gy of type (a,b,c) over X.
Let 8 be a reduction of (&, 7) to the one-parameter subgroup A of G, and (5’6’ ,gﬁ) its associated
weighted filtration of the sheaf &. Under these circumstances we have the following:

Lemma 5.1.18. [Sch04al Lemma 4.2.1]

M(@@[;,Q@ ¢) = 0.
Proof. If we apply the construction described in Example the resulting section
Clg:U— P(hoo)g =Wl — W,
is just x — [e], for all z € U. Thus by applying Theorem we have that

&S, g, @) =max{pxes (A, ¢'(2))|z € U}

= max (s (0 [e]) = 0. (529

where A is the one parameter subgroup which induces the filtration (é‘g, gﬁ) and the last equality
comes from the fact that [e] is invariant under the G-action hence it is invariant from the action of
any one parameter subgroup. O

Finally we have the characterization given by the following statement.

Proposition 5.1.19. [Sch04al, Proposition 4.2.2| If (&°,«a) is a weighted filtration of & such that
w(&®, a, p) =0, there exists a reduction 3 to a one-parameter subgroup A : C* — G with

(6% a) = (&5, ap).
We omit the proof of this result, but we recommend the reader to see [Sch04al, Proposition 4.2.2].

5.2. Analysis of semistability. Recall that the slope-d-semistability condition of singular princi-
pal bundles is based on the slope-d-semistability of tensor fields, see Definition [.4.6] Additionally,
recall that in Section [£.4.T| we established a nice characterization of asymptotically semistable tensor
fields. In this section, we will leverage this two facts in order to explain how the slope-d-semistability
condition of singular principal bundles, see Definition [5.0.11] relates to the slope semistability of
singular principal bundles defined in Definition [5.0.6]

As we explained before, the term is used by Schmitt, see [Sch08, Theorem 2.4.4.1] for the curve
case, in the following sense.

Theorem 5.2.1. (Semistable reduction for honest singular principal bundles) Suppose 0 > o, see
Proposition and let (&,7) be a singular principal G-bundle. If (&, 1) is §-semistable, then it

is an honest singular principal G-bundle.

Proof. For this proof we will follow [Sch08, Theorem 2.4.4.1]. Let (&, p,) be the associated tensor
field. Denote the generic point of X by 1 and choose a trivialization & x g, Ox,, — C(X)®". This
trivialization, 7 and ¢, yield the points

o(r), € Homgx)(W ®c C(X),C(X)*" /G

and
J(‘PT)H € P(Wa,b,c) X Spec(C) SpeC(C(X))7

respectively. If the stability parameter satisfies d > ., then we know, by the remark in Definition
that o(v7)y € P(Wap.e)®® Xspec(c) Spec(C(X)), where P(W, 4 )%° is the open set of SL;(C)-
semistable points in P(W, ;). Note that, Lemma and the formulae in Equation , show
that

o(7)y € Isomg(x) (W @c C(X), C(X)®")/qG. (5.29)
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The assertion results from the fact that one can verify the honesty of a singular principal bundle
on a big open subset. More precisely, let U be the open set where & is locally free. If we let
my : H = om(&|y, WY ® Oy) — U, then on H, there is the universal homomorphism u :
& = AW WY @ @y, Note that, the homomorphism det(u) : Oy = det(r)&|y) —
WdnV & Gy = ¢ is G-invariant and hence it descends to the quotient JZom(& |y, WY ® 0y)//G.
By an abuse of notation, we will still denote the induce morphism by det(u). Let oy : U —
HHom(& |y, WY @ Opy)//G be the section induced by 7. By pulling back the morphism det(u) from
the quotient Som(&|y, WY ® Oy)//G to U we get a homomorphism det: &|y — Oy which we
will extend to X in order to obtain the homomorphism d: det & — Ox. This extension is possible
because X is normal and codim(X \ U, X) > 2. By Equation (5.29) we know that d is not zero in
the generic point, hence not identically zero. Consequently, it is an isomorphism, because det & is
trivial. In conclusion (&, 7) is honest. O

Remark 5.2.2. If (£, 0) is a d-semistable singular principal bundle, see Definition [5.1.10} such that
7 is the dual of o, then according to Remark [4.0.18| the tensor (&, ¢,) satisfies
d-a-(r—1)

wrk(&)
for every saturated subsheaf .# C &, see Theorem [4.0.15] This implies that & is slope semistable.
We will discuss the converse of this result in the following lemma.

() < (&) +

Let us further, explore the interaction between the two semistability concepts.

Proposition 5.2.3. Let § > 0o € Q>0, as in Proposition |{.4.14. Then, we have the following
properties.

(1) An honest singular G-bundle (&,7) is (semi)stable if and only if the associated decorated
sheaf (&, ¢-) is 6-(semi)stable (as defined in Definition [{.0.11)). Equivalently, we have that
slope-(semi)stability as in Definition[5.0.6 is equivalent to §-slope-(semi)stability as in Def-
inition [L. 110

(2) The bundle (&,7) is a (semi)stable honest singular G-bundle if and only if & is slope-
(semi)stable (in the sense of Equation[3.1)).

Proof. Let us begin the proof of the statement by taking a look at the first statement.

(1) By Lemma the J-(semi)stability of (&, ¢) implies the (semi)stability of (&, 7). If
(&,7) is (semi)stable, Remark shows that & is a slope-semistable torsion-free sheaf.
Therefore, for every weighted filtration (&£®, ), the number L(&®, ) is non-negative. Thus,
if (&%, a;¢) >0, then L(&°%,a) + - v(&°, a;9) > 0. On the other hand, if u(&*, ;) =
0, then by Proposition we have that the condition L(&*,a)(>)0 follows from the
(semi)stability of (&, 7).

(2) Recall that Remark tells us that if (&, 7) is d-semistable, then & is slope semistable.
The converse is clear, recall that asymptotic semistability, see Definition [£.4.11]is equivalent
to dso-semistability by [4.4.12] This implies that p(&*, a) > 0 for all filtrations (£*, «) and
hence all the quantities in

L(&% a)+0-v(8° a;9)

are positive.

Remark 5.2.4. The previous proof shows us that the equality
L(&% a)+0-v(&®% a;p) =0,

can only occur if both L(&*®, «) and v(&°, a; $) are zero.
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Note that, Ramanathan derived the previous assertion in the curve case from the correspondence
between semistable principal G-bundles and representations of the fundamental group in a maximal
compact subgroup K of G, see Theorem [5.0.17}

5.2.1. Singular G-bundles. For this subsection we will follow the exposé in [SchO4al Section 6.1],
where the same theory is developed for the Gieseker-semistable case.

Let G be the group defined in Section and  : G — GL(V) its natural inclusion into GL(V).
Since p(G°) = p(G) € SL(V), Proposition 1.15 in [MFK94, Chapter 1.4] tells us that the open set
of stable points (respectively semistable points) is the same for the action of G and G thus we can
develop a theory of singular principal G-bundles as well. We have the following result:

Lemma 5.2.5. Let (&,7) be a singular principal G-bundle, U = U(&) the maximal open subset
where & is locally free, and & : U — AHom(V @ Oy, &V|v) /)G the section defined by 7|y. Then, &
is entirely contained in either & som(V ® Oy, &V |y)/G or its complement. In the former case, we
call (&,7) an honest singular principal G-bundle.

Proof. For this proof we will follow directly the arguments in [Sch04al Lemma 6.1.1]. Let h :
Hom(V @ Oy, &Y|y) — U be the Hom-bundle. Then, there is the universal homomorphism f :
V ® O ypom(veoy &v|y) = (6" |r). Choosing a trivialization for det(&) and a basis for V', det(f)
becomes an SL(V'))-invariant global section of & y,mvea, sv|,)- Since the image of G under the
determinant homomorphism is a finite, hence cyclic subgroup of C*, some power of this function is,
G-invariant. Thus it defines a function d € I'(fom(V ® Oy, &V |v)//G, O stom(Veoy&V|y)). Then,
*(0) is a constant function, because U is a big open subset of X. This implies the claim. 0

Definition 5.2.6. Let S be any weakly normal variety. A family of singular principal G-bundles
parameterized by S is a pair (&5, 7g) consisting of an S-flat family & of torsion-free coherent sheaves
on X and a homomorphism 7g : Sym*(V ® &5)¢ — Osxx. The definition of morphism of families
and equivalence of families is compatible with their respective definitions in the case of singular
principal G-bundles, see Definition [5.0.5

Next, let (&s,7g) a family of singular principal G—bun(illes parameterized by S as above. We
obtain the associated family (&g, 7g) of singular principal G-bundles with

g1 Sym*(V @ &) € Sym*(V @ &5)¢ 25 Ggy x.

Remark 5.2.7. Note that, Sym*(V ® &)Y is the algebra of invariants in Sym*(V ® &) for the
induced action of the finite group G/G.

Lemma 5.2.8. i) A singular principal G-bundle (&,7) is honest if and only if the associated
singular G-bundle (&,7) is honest.
ii) For every positive rational number §, a singular principal G-bundle (&,7) is §-(semi)stable if
and only if the associated singular G-bundle (&,7) is 6-(semi)stable.

Proof. For the proof of this lemma we follow directly the arguments of [Sch04a, Lemma 6.1.3].
The first assertion is clear since 7 induces a section 0: X — Sg /G = Hom(V @ 0(X),&)//G) C
Sg//G thus if (&,7) is honest clearly & which is the previous composition will be contained in
Fsom(V @ 0(X),&)//G). The converse follows from the remark . Since P(Hom(V, V))//G is
the quotient of P(Hom(V,V))//G by the finite group G/G. We have that [Sch04al Lemma 2.1.1]
implies
(&, a;7) = p(&®,a;7)
for every weighted filtration (&£°,a) of &. O
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5.3. Construction of the parameter space. As before, let X be an n-dimensional projective
manifold, Hy,...,H, 1 € Pic(X) ample line bundles, and ¢; € H*(X,Z) classes on X. Let r be
a positive integer and ¢ € K(X)num a class with rank r and Chern classes ¢; = ¢ with ¢; = 0, and
A = Ox € Pic(X) the trivial line bundle with ¢1(A) =0 € H*(X,7Z).

For the rest of the section, we use the representation x : GL(V) — GL(W), with W = V. for
appropriate tuples a, b, ¢ as constructed in Section Moreover, we fix a Hilbert polynomial P,
determined by the class ¢ € K(X)pum, and a positive number § € Q. By Theorem there
is a constant C, such that pmax(&) < C, for every d-semistable singular principal G-bundle (&, 7)
(respectively G-bundle (&£,7)). By Maruyama’s Theorem, see Theorem & lives in a bounded
family. Further, we prescribe the determinant of & to be isomorphic to A, hence & has degree 0.
We choose an m” > 0, such that, for every torsion free sheaf & of rank r with trivial determinant

and fimax (&) < C. According to Section we have the following:
e HY(&(m")) = {0} and
e &(m”) is globally generated.

Moreover, we suppose:

e The construction of the moduli space of J-semistable tensor fields (&, ;) (respectively
(&, 7)) with det(&) # Ox, performed in Section [4.4] can be performed with respect to m”.
This is equivalent to saying m” > m/
We choose a complex vector space Y of dimension P(m'"). Let @ be the Quot scheme parameterizing
quotients of the form ¢ : Y @ 7% (Ox(—m")) — & for simplicity let # :=Y x Ox(—m"). We have
the universal quotient
1Y © mi(Ox(-m") - &,
Then, there is the maximal open subset U C @ x X where & is locally free. Let Zg be the
complement of U and @’ be the complement of 7o (Zg) in Q. By [HLI0, Lemma 2.1.7], Q" consists
of those points ¢ € @, such that &y (ahxx is locally free. Moreover, the semicontinuity theorem

implies that there is an open subset Q" of @, consisting of the quotients ¢: Y ® Ox(—m") — & for
which h*(&(m")) = 0 holds for every i > 0. Now, set Q" := Q' N Q", and let
g Y @ mxOx(—m") = Egm
be the restriction of the universal quotient to Q" x X. We form
p = TQr(dQr @ idrs (ox(mry)) 1 Y ® Ogrm — mmi(gm @ i Ox(m”).

This is a homomorphism of locally free sheaves of the same rank. This can be seen by using the
semicontinuity theorem again. There is an open subset Q" C Q" of points g where the restriction
p\{q} is surjective, hence an isomorphism. Next, there is the morphism

"

Q — Picg
q: Y x Ox(—m") = & — [det(&)].
We define @ as its fiber over [Ox].

The quasi-projective scheme () parameterizes quotients ¢: Y ® 7% Ox(—o0) — &, such that & is
a torsion free sheaf of rank r with trivial determinant and H%(g(n)) is an isomorphism. Let

(5.30)

qQ: Y x W}ﬁx(—m”) — (E’Q
be the universal quotient.
For the torsion free sheaf &, we have the canonical isomorphism

r—1
sy = N\ g (Néy).
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Since the restriction of (£g)Y to any fiber {q} x X with ¢ € Q, is trivial, there is an invertible sheaf
27 on (Q, such that

(/\ Q)" = nj().
Gathering all this information, we find a surjection
r—1
Lym* (W ® /\ (Y @ m% (Ox(—m"))) ® Waﬂ)G — Sym* (W @ &g)°.

For a point [¢: Y ® Ox(—m") — &] € @, any homomorphism 7 : .Zym*(W @ &¥)¢ — Ox of
O'x-algebras is determined by the composite homomorphism

s r—1
P rym'(We A\ @ ox(-m")" - ox
i=1
of Ox-modules. Noting that
r—1 r—1

Sym' (W \Y&ox(-m"))"=.sym'We \ V) ox(i(r—1)m"),

7 is determined by a collection of homomorphisms
' r—1
pi: Sym' (W \ V)@ 0x — Ox(i(r - )m"), i

1,...,s.

Since ; is determined by the induced linear map on global sections, we will construct the pa-
rameter space inside

s r—1
Y =P # om(Fym' (W \Y @)% H(Ox(i(r — 1)m")) @ 6g).
i=1
Write 7 : ) — @ for the bundle projection and observe that, over ) x X, there are universal
homomorphisms
. r—1
g Sym'(We \Yorpe)" = H(Ox(i(r—1)m") ® Og, , i=1,....s.
Define ¢; = evop;, where the evaluation map is given by

ev: H(Ox(i(r — 1)m")) ® Ogx = Tx Ox (i(r — nm”), i=1,...,s.

We twist ¢; by idy, (Ox(—i(r —1)m")) and put the resulting maps together to the homomorphism

s r—1
p: Wy =P Sym'(We \Yeri(0x(-m")) erpa) = 0F, «.
i=1
Next, ¢ yields a homomorphism of ﬁ@x y-algebras
%5% JWyTn*(%%Z) — é%ﬁxk?

On the other hand, there is a surjective homomorphism of graded algebras given by

B ym* (M) — Sym' (W @ (r x idx)*(65)).
Here the left-hand algebra is graded by assigning the weight i to the elements in .ym*(W ® (7 x
id X)*(@@é/ ))¢. The parameter space )’ is defined by the condition that ?ﬁ factorizes over (3, recall
that in Equation (4.14) this was done to define the parameter space T. In particular, this means
that by setting &y := ((7m x idx)*(£g))|y x x, there exists a homomorphism

Ty ¢ Lym (W @ é"@v/)a — Oyixx (5.31)
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with ?@\@/X x = Ty o 3. Formally, 9’ is defined as the scheme-theoretic intersection of the closed
subschemes , see Proposition

Va={ye€D | (Flyyxx) ker(B ) — Ox is trivial}, d > 0.

There are natural actions of GL(Y") on the Quot scheme @ and on g)’. The latter action leaves the
closed subscheme )’ invariant, and therefore yields an action

I:GLY)x9 — 9.
We have the following proposition.

Proposition 5.3.1. Two points y1 and yz lie in the same GL(Y)-orbit if and only if the singular
principal G-bundles (&, ,7y,) and (&y,, Ty,) are isomorphic.

This group action can be lifted to the reduction 9)!_,, making the reduction morphism 2! _; — 2’
equivariant with respect to the two GL(V)-actions. Lifting the action one step further, we have
that GL(V') also acts on the weak normalization

Y = (Vrea)™ (5.32)
in such a way that the weak normalization morphism (2);.4)"" — 2)..q intertwines the two GL(V)-
actions.

We also lift the family (&y, ) to ) and denote the resulting family by (&y,7y). This is the
universal family of pseudo G-bundles parameterized by ). By its construction and the fact that
the weak normalization is a homeomorphism, see Theorem [2.1.17] it has the following property:

Proposition 5.3.2. The set of isomorphism classes

{(Ey, 7y) = (Sylpyxx: lpyxx)] |y € Y}
contains the isomorphism class of every §-semistable pseudo G-bundle.

Note that, in the exact same way we can build the parameter space of singular principal G-bundles,
denoted by 2’ (é) This is done by replacing G for G and 7 for 7 in the above construction. We
denote by 2)(G) the weak normalization of 9)’(G)req, With it we get the universal family of G-singular
principal bundles denoted by (é"@(é)ﬂ'@ (é)).

The homomorphism

Sym*(V ® é%(é))é C Sym*(V ® é"@)c — Oyxx

leads, by the universal property of 2) to a GL(Y")-equivariant morphism that fits into the following
diagram

Y —>(G) (5.33)

L,

Q——~q,
here s maps ([¢: Y ® Ox(—m") — &),7) to ([¢: Y @ Ox(—m") — &, 7).

There are GL(Y)-invariant open subschemes 2" and 9)"(G), parameterizing the honest sin-
gular G and G-bundles, respectively. More precisely, we want to construct an open subscheme
9" parameterizing those pairs ([g : W ® Ox(—m") — &],7) where H%(gq(n)) is an isomorphism
and (&,7) is an honest singular G-bundle, similarly for 2)*(G). To do so, observe that we can
embed Som(&y, WY ® Oyxx)//G into a vector bundle Vy, and Vy into the projective bundle
]P’(V% ® Oyxx). Let Uy be the maximal open subset of ) x X where &y is locally free. Then, we
have the open subscheme

jsom(ggj‘(]lf’ wY ® ﬁUlf) C IED(V%/)|U1f @ ﬁUlf)‘
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Let I, be its complement and Iy C ]P’(V% @ Ow«x) the closure of I;;,. By elimination, the image
Py of Iy is a closed subscheme of 9), similarly for 9)(G). Then,

V" =\ Fy and Y"(G) == V(G) \ Ly

We will denote by 297°° and 2)°~5%(G) the open subschemes that parameterize d-semistable
singular principal G-bundles and G-bundles respectively. So that in total we have that 9)h-0—ss
and Q)h0—ss é) parameterize d-semistable honest singular principal G-bundles and G-bundles. By
Lemma we have that the morphism s descends to a well defined morphism )9-ss —
2)9-53((3) that we will denote still by s.

Let T — @ be the parameter space for tensor fields which was constructed in Section [£.4] The
map

AYPhOTS(G) — T (5.34)
(q:Y @ Ox(—m") = &),70) = ([g: Y @ Ox(—m") = &), or) '

is invariant under the action of C* and equivariant with respect to the action of SL(Y"). Further,

it is well defined by Definition
Recall that (X//G)/H = X//(G x H). Hence, we may first form

pho=ss(q) //C*, PM0==% //C* and T//C* (5.35)

and then we just have to worry about the SL(Y)-action in order to have a moduli space. Note
that, the quotients just formed are weighted projective bundles over ), so we note that the vertical
morphisms in the following diagram are proper

Yho=ss J/C* s ghI=s3(G) //C* —2> T/ C (5.36)
R
Q Q Q.

By the universal property of the categorical quotient, we have that the morphism A enjoys the
following properties:
e It is SL(Y)-equivariant, because A was.
e It is proper. In fact, A is a morphism of schemes over Q. Since ) //C* — @ is a proper
morphism, the same is true of A, see [Har77, Corollary I11.4.8].
e It is injective. This follows from the arguments presented in the proof of Proposition [5.1.11}

We note here that the family (&, ) also descends to the quotient 2)+9~% //C* because the action
on it is trivial, we will not change notation for this new family. Recall that by fixing a § > do, we
get that the space )-0-ss //C* parameterizes quotients of slope-semistable honest singular principal
bundles. To simplify notation we will declare

R *2(p) = phome (537)
and we let the restriction of the family (&y,y) to R, *°(p') be denoted by ((O@RéfsS(p,)7 TRéfsS(p,)).

Remember that the moduli space M%~3% is defined by taking the projective spectrum of the ring
B rnen HU(T, Or(s1, 59)N')SUY) of SL(Y )-invariant sections of powers of @1 (s, s2), see Definition
[4.4.6l More crucially, the construction of the moduli space of d-semistable tensor fields depends
on Conjecture [4.4.2] which is a semistable restriction theorem for tensor fields. Additionally the
properness of the previous moduli space is dependent in Conjecture [4.4.7] which is a Langton’s
theorem for tensor fields. In order to avoid these two conjectures and construct the moduli space
of singular principal bundles we will also require a similar semistable restriction result. In order to
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have such a result we will need some key inputs from Bruhat—Tits theory that will be developed in
the following section.

6. SEMISTABLE REDUCTION AND PROPERNESS

As we mentioned before, the goal of this section is to prove the properness of our yet to be
constructed moduli space. The proof of properness requires some intricate arguments related to
Bruhat-Tits theory. For these key inputs and the development of this theory we will follow very
carefully the work of Balaji in [Bal07]. Along the way we will also develop some effective restriction
theorems such as a version of Mehta—Ramanathan theorem adapted to our case. For this we will
follow the reference [BG03].

6.1. H-N reduction. Note that, many of the results in [BGO3|, such as the Grauert—Miilich in-
equality or Flenner’s Theorem for principal bundles, can be generalized to the multipolarization
case. Let us give here the generalization of the Grauert-Mdilich theorem. In order to do that let us
first discuss filtrations of singular principal bundles.

The relative Harder—Narasimhan filtration is defined with respect to one ample divisor, for the
case of torsion free sheaves in [HL10, Section 3.1]). However, this can be generalized to a collection
of very ample divisors. Recall that we constructed the incidence variety for very ample line bundles
in Equation . The construction for ample divisors is mostly the same. Let Dy, ..., D, be such
a collection, with ¢ < dim(X) and let V; ;== H°(X, &(D;)). Furthermore, let V; := P(V,Y) = |D;|
be the complete linear system of hypersurfaces of degree d; := D; - Hy--- H,_1, defined as the
intersection number see Equation . Let Y =Y xx -+ xx Y. If we define Z; := {(D,z) €
Y x X|x € D} C Y; x X to be the incidence variety, we can define the generalized incidence variety
by Z = Z1 Xx -+ - Xx Z.. The projections p;: Z; — Y; and ¢;: Z; — X induce the following diagram:

' (6.1)
|
Y
Moreover, if s € Y is a closed point corresponding to a collection of hypersurfaces Dy, D}, ..., DL,
then Zg := p~1(s) is identified with the scheme-theoretic intersection Dj N...N D, C X.

Note that, if Dq,..., D, is a collection of ample divisors, then one can generalize the previous
construction by fixing a collection of natural numbers aq,...,a. such that the twisted divisors
a;D; are very ample. Note that, the degree of a hypersurface in P(H(X, 0(a;D;))V) = |a;Dy| is
a;d; = a;D; - Hy - -+ - H,_1. One can repeat the construction with the newly constructed twisted

divisors.

Now, let us move on to the construction of the H-N reduction for a singular principal bundle
over X. In [AHSTS|, Atiyah and Bott give a reduction of structure group to a parabolic subgroup.
In [ABOI] this reduction is shown to be the Harder-Narasimhan reduction of a principal bundle.
We will use the following theorem, proved in [BGO03|, for defining the H-N reduction for singular
principal bundles.

Theorem 6.1.1. [BG03, Theorem 1.4] Let P be a principal G-bundle on X. There exists a
nonempty Zariski open subset U C X with codim(X \ U, X) > 2, and a unique reduction Py of
Py to a parabolic subgroup @ C G such that:

(1) The principal L-bundle Pp obtained by extension of Pg to the Levi factor L of @ is a
semustable L-bundle.

(2) For any nontrivial character x : @ — C* given by a non-negative linear combination of
simple roots (with respect to any Borel subgroup contained in @), the line bundle Pg(x)
associated to Pg and x has deg Pg(x) > 0.
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Note that P is semistable if and only if @ = G.

Let us consider what happens when & = (&, 0) is a singular principal bundle over X. As always
let U C X be the open subset where & is locally free. Consider the associated rational principal
bundle (U, 2|y = P) then by the theorem above there is an open set U’ C U and a reduction
B: U"— P/@ of P|j; that satisfies conditions (1) and (2).

Definition 6.1.2. For & = (&, o) a singular principal bundle over X as above we call 8: U’ — P/@
the H-N reduction of 4.

We will now show the main motivation for this definition. Given a proper parabolic subgroup @
of GG, choose a maximal torus and Borel subgroup T' C B C @. This gives a choice of simple T-roots
A={ai,...,an} (see [Bor9l, Section 8.17]) and an embedding of the Levi factor L in @. Let Zj,
be the center of L. Set 37, = Lie(Zy) and t = Lie(T"). Let II' C A be the subset of simple roots «
such that —« is not a root of Lie(Q). Let a € II'. The Levi factor L acts on the following vector
space by conjugation

= P ¢ (6.2)
BERT:Bl;, =als,

where we think of a root « as a linear function on t, and a/;, is the restriction to 37, C t. Under the
assumptions above, consider that & is a semistable singular principal G-bundle. Let D = (;_; D;
be a general complete intersection of hypersurfaces D; € [Ox(a;)], where ¢ < dim X.

If the restriction £|p is unstable, let Py — U’ C D be its H-N reduction and Py, the L-bundle
obtained by extension of P4 to the Levi factor L. Choose a maximal torus and Borel subgroup
T C B C P, and define I’ as before. The vector bundle P (g%) is only defined in U’, but since
codim(X \ U, X) > 2, its degree is well defined. For this reason we do not extend the reduction g
to U, further since the semistability of & is checked with the rational principal bundle (U, 2|y)
then Definition is adequate.

Remark 6.1.3. A few remarks are in order. In the first place remember that in Section [5.1.5]
we constructed a representation x: SL(V) — GL(W) such that x o p had similar properties to the
adjoint representation of G, see Lemma [5.1.15] With this representation in hand we studied the
semistability of a decorated sheaf (&, ) based on the semistability of the sheaf &, see Theorem
[1.2.6] Same goes for a singular principal bundle (&, 7) and its associated decorated sheaf (&, ¢;),
see Proposition[5.2.3] Now we would like to study the H-N filtration of (&, 7) based on the Harder-
Narasimhan filtration of &. Second note that by Proposition [5.2.3| we have that a singular principal
bundle (&, 7) is semistable if and only if the associated tensor decorated sheaf (&, ¢.) is d-slope
semistable for § > .. Further by Proposition [5.1.19] we have that the singular principal bundle
P is slope-semistable if and only if & is slope-semistable.

We will give the explicit construction of the H-N reduction for a singular principal bundle. For
this we will take reference on the construction in [BG03| Section 3| for the non singular case.

Construction 6.1.4. Let & = (&, 0) be a singular principal G-bundle on X, and let (U, P := Z2|y)
be the associated rational principal bundle, where U C X is the open subset where & is locally
free. Let &|y(g) be the vector bundle on U associated to the adjoint representation. The Harder-
Narasimhan filtration of &|¢(g) is of the form

0=&41Cé4C---CEICVHCTHC--Cé&=2Elun) (6.3)

where &} is orthogonal to &_;_ for the Killing form (we extend the Killing form on the semisimple

part of g by taking the direct sum with a nondegenerate symmetric bilinear form on g) [ABOI,

Section 2, (3)]. There is a Zariski open subset U’ C U whose complement has codimension at least
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two, such that over U’ the filtration is a filtration of vector bundles (that is, the quotient
(&/&—1)|u is locally free for all 4). By [ABOI, Lemma 2.11], the restriction &y|y is a bundle of
parabolic subalgebras, and it gives a reduction P4 of &/ to a parabolic subgroup @ of GG. This is
the H-N reduction.

We would like to comment a parallelism of the previous situation in the literature. Originally
in [Ram96l Corollary 3.18| for the curve case and later in [AAB02, Proposition 2.10| for the com-
pact Kdhler case, it was shown that a principal G-bundle P over X is p-semistable if and only if
the adjoint vector bundle ad(P) is u-semistable. Later Ramanathan derived the equivalence be-
tween semistable principal bundles and semistable vector bundles from the correspondence between
semistable principal G-bundles and representations of the fundamental group in a maximal compact
subgroup K of G, see [Ram96l, Proposition 3.17|. Later, Ramanan and Ramanathan could give an
algebraic proof for that fact based on the theory of the instability flag, see [RR84]. In the construc-
tions of Balaji [Bal07] and Balaji and Seshadri [BS02|, this fact is used in their constructions. We
remark here that this is the chosen definition of Hyeon in [Hye02].

Remark 6.1.5. The above statement highlights an important fact. The way to obtain a H-N
reduction for a singular principal bundle & is by restricting to the open set U = U(&) C X and
working with the associated rational principal bundle. Since we will be working with restriction
theorems we will now make an assumption on the compatibility of the rational principal bundle and
restrictions to complete intersections.

Since Ug is a big open subset of X, then there exist natural numbers ay,...,a. making a;D;
very ample divisors and open subsets U; C |D;| for i = 1,..., ¢ such that for any choice of elements
X; € U; the associated complete intersection X := ﬂi’:l X; is smooth and every time ¢ > 1

we have that X() € Ug (see [GTT7, Remark 3.2]). From now on, we assume we are under these
conditions.

Let us return to defining the relative H-N reduction for singular principal bundles. Using the con-
struction of the relative H-N filtration for torsion-free sheaves found on [Lan04, Page 265| and Defini-
tion we have an H-N filtration for singular principal bundles. We recommend the reader to see
the techniques of [AAB02| and [BGO03|, Proposition 3.3| for the same statement in the monopolariza-
tion case. We also recommend the reader to see [GHZ24] for the construction of Harder—Narasimhan
filtrations of families of principal bundles and |[GN18] for the singular case.

Proposition 6.1.6. Let & = (&,0) be a singular principal G-bundle on the incidence variety Z
defined above the diagram . Then, there exists a Zariski open dense set Y CY = Y] xx
oo X x Yo, an open Zariski set U C Z' = p~1(Y") with codim(Zs — Us, Zs) > 2 for all s € Y' (where
Us =UNZs), and a reduction Py of P = 2P|y to a parabolic subgroup @ such that for all s € S,
the principal @-bundle

P@’US — US

is the H-N reduction of |z, with respect to the multipolarization (Hi, ..., Hp—1) given by the closed
point s €Y.

Proof. For simplicity, we will work over the open subset U (&) C X for the entire proof. Whenever
another subset of Z is mentioned, we refer to its intersection with ¢~ 1(U(&)). Fix § > 64 as in
Proposition [5.2.3

Let &[y(s)(g) be the vector bundle associated to the adjoint representation of the associated
vector bundle &(s). By [Lan04, Theorem 3.9], we obtain an open subset Y’ C Y and a filtration

ocWvic---CcVi=8&(g)ly (6.4)
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of subsheaves. We can further reduce Y so that this is a filtration of subbundles. The restriction to
each s € Y’ is the Harder—Narasimhan filtration, so it is of the form . Moreover, the slope of any
sheaf &|, on a general fiber Z, is equal to the slope of & with respect to (7*@4™)Y)g*(D; ... D,).

It follows that there is an integer !’ such that Vy|y, C &(g)|y, is a subbundle of parabolic
subalgebras for a parabolic subalgebra q C g C GL(V). These I’ and q are independent of s € S
because S is integral. Hence Vj|yy C &(g)|v is a subbundle of parabolic subalgebras, and we get a
reduction Pgly, of P|y (s to a parabolic subgroup Q.

The restriction Pg|y, of this reduction to the fiber over s is the principal @-bundle given by the
subbundle Vj|y, C &(g)|y,. Since this reduction arises from the Harder—Narasimhan filtration of
&(9)|u., it follows from Definition that Pg|y, is the H-N reduction of 2|z, .

Finally, by Lemmal[5.1.18land Proposition[5.1.19|we obtain a reduction Py to a parabolic subgroup
@ = Q(X\) C G where the one parameter subgroup A induces the filtration . O

6.2. Estimates. As before, let X be a projective manifold of dimension n and let &x (1) be a very
ample line bundle. Let [z]4 = max(0, z) for any real number z.

Suppose that a1D1,...,a.D,. is a collection of very ample divisors, and let m;: Z — Z; be the
projections. Since Z is a fiber product, the relative tangent is given by

Ty x =mTy ) x ® O 1y, /x-

Let & = (&,0) be a semistable singular principal G-bundle over X and & its associated torsion
free sheaf. Then, there is a nonempty Zariski open subset S in Y such that for all s € S, the
following holds. Let Z| 7, be the restriction of & to the complete intersection Zs = D10+ N Dyy,.
Further, we can assume for dimension reasons that the complete intersection above is contained in
U(&), we denote by P the principal bundle |y (s. If it is unstable, let P, — Uy C Zs be its
H-N reduction, and P, be the L-bundle obtained by extension of Py to the Levi factor L. By the
constructions in Section [6.1] we know that the previous information is equivalent to the Harder-
Narasimhan filtration of the restriction &)z, together with the maximal destabilizing sheaf which
we will denote by F; C &]z,. Choose a maximal torus and a Borel subgroup T' C B C @ (with Lie
algebras Lie(T') = t, Lie(B) = b, and Lie(Q) = q), let Ry be the set of roots of G with respect to
T. Let R; C R be the positive roots with respect to B, Ar C R; the simple roots and define IT/
as the set of simple roots a such that —a is not a root of the Lie algebra q.

As in Equation 7 let Z1, be the center of L. Set 37, = Lie (Z1), and let I’ C A be the subset
of simple roots a such that —a is not a root of Lie(P). Let a € II". The Levi factor L acts on the
following vector space by conjugation:

g = b (6.5)

BERT:B‘jL:a‘aL

where we think of a root « as a linear function on t, and «| 5, 1s the restriction to 31 C t.

Let Hy,...,Hy,—1 be very ample divisors and let A be a nef divisor such that T’x,(A) is globally
generated for a general complete intersection X; in |a1Hi|N---Nja;H;| and all 0 <1 < n—2. Then,
we will present here the results obtained in [Lan04] that we will need for posterior sections.

We start by recalling that we already presented [Lan04, Theorem 4.1 in Theorem Let us
apply it in order to get a version for singular principal bundles.

Theorem 6.2.1. (Grauert-Miilich Theorem for principal bundles).
Let & = (&,0) be a singular principal bundle as above, recall that X; is a general complete
intersection in |ay Hy| N -+ N |a;H;| with 0 <1 <n —2. Then, for any a € II’ the inequality

_ /2 _
0< M(PL(ga))l < T_Q\/; (\/2ad1 [A(g)HQ . Hn_1]+) + 7’1/2 (,umax — Mmin) . (66)
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Where A(&) is the discriminant of the sheaf & as in Theorem [3.2.13]

Proof. By the previous remarks we just have to apply the estimates in Theorem [3:2.13 to the
restriction Harder—Narasimhan filtration of &|z,, which we will denote by V. The filtration V4
gives a reduction &p to a parabolic subgroup P on a Zariski open set. Let &1 be the extension of
structure group to the Levi factor L of 2. If we fix i in the set {1,...,[}, the subsheaf V; defines a
reduction of structure group of Z(g)|y to a maximal parabolic group @ containing P. Let « be the
T root corresponding to @ (i.e., —a is not a root of Lie(@)), and let a be the associated Z-root.
By [BGO03l Equations (4.7) and (4.9)], we have

u(Vi/Vie)i = (Vi1 /Vi)i = p(Hom(Vig1 / Vi, Vi/Viea) i = i(Pa(g®)i- (6.7)
Thus, we have the required inequality. O

Let us continue with the statement of Flenner’s Theorem for principal bundles

Theorem 6.2.2. (Flenner’s Theorem for principal bundles) Suppose & = (&,0) is a semistable
singular principal bundle with respect to (Hy,...,H,—1), and let Vi C Vo C --- C V] be the Jordan-
Hélder filtration of the torsion free sheaf 2(g), which is of rank r > 2. Set F; = V;/Vi_1 and
r; = rk(F;). Consider a very ample line bundle H over X such that D € |kHy| and F;|p have no
torsion. If

k> V_lﬂ(é"‘)Dz---an-i-lJ,

r dyr(r—1)
then 2P|, is p-semistable with respect to (Ha|p ..., Ho—1|p).
Proof. We can apply the estimates in Corollary to the sheaf &, which is p-semistable with
respect to the restrictions (Hi, ..., H,—1), in order to conclude that &|p is u-semistable with respect
to (Ha|p,..., Ha—1|p). This implies that the rational principal bundle P := £y np is also p-
semistable by Remark O

6.3. Effective restriction theorem. Now, we will focus on giving a Mehta—Ramanathan restric-

tion theorem. More specifically, we will construct a high degree curve X (=1 inside of X such that

the restriction of a singular principal bundle to the curve is p-semistable according Definition [5.0.6]

if and only if the singular bundle is p-semistable with respect to a multipolarization (Hi, ..., Hy,—1)

over X. In order to do this we first prove the sufficient condition which will be easier to deal with.
Fix an integer ¢ € [1,n — 1] where n = dim(X) and

(a1,...,ac) € Z°

with a; > 2 for all i € [1,¢]. For any integer m > 1, by a complete intersection of type (m) we mean
a complete intersection of divisors:

DinDyN---ND,

with D; € |a]"H;|. By a general complete intersection subvariety of type (m) we mean the complete
intersection formed by the D}s from a non-empty open subset S of the linear system H?;ll |al H;|.

Note that, for m > 0, a general complete intersection of type (m) is a smooth irreducible
subvariety of X of dimension n — ¢, see [BG03, Theorem 6.1].

Lemma 6.3.1. Let & be a singular principal G-bundle and set ¢ = n — 1. If & is u-stable, then
there is an integer mgo and C' a complete intersection smooth curve of type m with m > mg such
that if 2|c is a polystable (respectively stable) singular bundle, then & is stable. Where the natural

numbers a; are as in Theorem|3.4.8
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Proof. Let & be realized by the pair (&,0). We assume that there exists a general high degree

smooth complete intersection C' = X (n=1) — () X; such that C C U|g and a1 H, ... ,an—1H,_1 are

very ample as in Theorem where X; € U; C |al"H;|, let a denote the product of the a;.
Next, we choose @ C G to be a parabolic subgroup and x a dominant character of @. We have:

deg(Z(G/Q)(x)|c) = cr(Z(G/Q)(X)e) - [C] =i"er (P (G/Q) (X)) - [C]
=a®" 1(2(G/Q)(x))-(Hy -+ Hno1)  (6.8)
=a®" deg(2(G/@)(x))-

These equalities hold because C' is a smooth complete intersection and the pullback through the
inclusion i: C' < X is obtained by intersection with the divisors in |a$™ H;|, see the diagram .
Then, by the semistability of &|c we have deg(Z(G/@)(x)) <0, i.e. that & is semistable.
Finally, since the restricted bundle Z|¢ is semistable, this implies that the bundle & is also
semistable. O

Theorem 6.3.2. (Mehta—Ramanathan) Let &2 = (&,0) be a stable singular principal G-bundle.
Then, there is an integer mg such that for all m > myg the restriction Z|¢ to a general complete
intersection of type (m) is a stable singular principal bundle.

Proof. The previous lemma proves one of the implications.

The remaining implication follows from the semistable restriction theorem [3.4.8] applied to the
torsion free sheaf & and then using Remark to conclude that the singular principal bundle &
is polystable. O

6.4. Extension of structure group to the flat closure. In this section, we construct a semistable
reduction for singular principal G-bundles over a smooth variety X defined over a discrete valuation
ring R with fraction field K. The results of this section are taken mostly from [Bal07, Section 3 and
4], we will indicate which results are directly taken from the reference and prove the ones that need
to be adapted to our setting. As always, let p’ : G — GL(W) be the representation constructed in
Section for convenience we will denote GL(W) just by GL when the context is clear. Let Pk
be a family of semistable singular principal G-bundles on X x Spec K. Equivalently, if Gr denotes
the group scheme G x Spec R, one can also consider the semistable singular G g-bundle £ on Xg,
which will be denoted by (6r,or). We proceed as follows:

i) Let &R be the extended torsion-free sheaf obtained by the generalized Langton’s theorem, see
Theorem Since R is a discrete valuation ring, we can choose a open subset U C X such
that the limiting sheaf &}; is locally free. By [New78, Lemma 5.4 page 111], the family &% is
also locally free when restricted to the big open subscheme Uy, which we denote by &k vy -

ii) Suppose that & is polystable of degree 0. Then, by the semistable restriction theorem for
torsion free sheaves, see Theorem there is a complete intersection X1 c X such that
Ex|lynx -1 remains polystable of degree 0.

iii) For convenience, we assume that X (n=1) « U, which can always be done since U is a big open
subset. We restrict the family Ex to the curve Xé?il) C Uk, which is equivalent to a family
of vector bundles on X (=1 parameterized by Spec K, where the limiting bundle is polystable
of degree 0.

iv) Note that, a restriction of structure group of the principal G-bundle &% over Uk is equivalent
to a section sk of &k (GLk/Gk) over Uk.

v) Fix a base point x € X®=1) and denote zr = x x Spec R as the induced section of the family
Cr C Xr — SpecR. Since z € U, we can work with principal bundles. Let &, r (resp. &; k)
be the restriction of the family &r to the section xg (resp. zx). Then, si(z) is an element of
&k (GLk /G )y, which we denote by &,(GLk/Grk).
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vi) Since & g is a principal GL(n)-bundle on Spec R, it is trivial and can be identified with GLg
via the morphism

fKI Cg):r,R — GLR.

Thus, we have an identification F,(GLg/Gk) = GLg/Grk. Under this identification, we
have an identity section denoted by ex. Thus, sx can be written as an element of GLx /G k.
Moreover, let g € Gg be the element such that Gl_(lsK(:c) = ek (the existence of Ok is
guaranteed after going to a finite extension of K, which is required since GLg — GLg/Gk
need not be locally trivial). Then, the stabilizer of s (z) is O Gr0%".

vii) One can realize sk (z) as the identity coset of 0xG KHI_(l by using the isomorphism

GLK/QKGKQI_(l i>GrLK/GK gK(HKGKQI_(l)I—>gK9KGK

viii) Let G’ be the group scheme 0 G KQ;(I. By using the isomorphism £, we have an isomorphism
between &,(GLk /G’ ) and GLk /G, together with a section s’ of &x(GLk /G’ ) that is the
identity section.

In conclusion, the extension of the GLg-bundle &k to &g has a reduction to G’ given by a
section s’y of &g(GLR/G';). At the given base xx, we have sy (zx) = € € GLg /GY.

Definition 6.4.1. [Bal07, Definition 3.4] The flat closure of the reduced group scheme G’ in Gr
is defined to be the schematic closure of G in GLg with the reduced scheme structure. Let G’
denote the flat closure of G’ in GLg.

We can establish the following extension property:

Proposition 6.4.2. [Bal07, Proposition 3.8] Let E be a polystable principal SLy,, (or GLy,) bundle
of degree 0 on a smooth projective curve C. Let W be a SL,, (or GL, ) module, and let N be a SL,
(or GL,,) subscheme of W of the form SL,,/G" (or respectively GL,,/G’).

If there exists a section s of E(W') such that s(x) lies in the fiber E(N)y for some x € C, then
the entire image of s lies in E(N). Consequently, E has a reduction to G'.

Definition 6.4.3. [Bal07, Definition 3.9] Let G’ be an affine algebraic group, not necessarily reduc-
tive. Let P be a principal G’-bundle on a smooth projective curve C. We say that P is polystable
if it satisfies the following conditions:

i) It is flat, meaning that it comes from a representation of the fundamental group of C, and
ii) There exists a faithful representation p: G’ — GL(V) where P(V) is polystable of degree 0.

For convenience, let .# denote the Zariski closure of the image of p o x in GL(V'), which is also
referred to as the monodromy of the map p o x. Note that, we have an inclusion .# — G'.

Proposition 6.4.4. [Bal07, Proposition 3.11| Let G’ be an affine algebraic group (not necessarily
reductive), and let P be a polystable principal G'-bundle on a smooth curve C. Let G' — G be
a morphism such that G is semisimple. Then, the associated principal G-bundle P(G) is also
polystable.

Let us return to higher-dimensional manifolds, where we introduce a generalization of Balaji’s
[Bal07, Proposition 3.13|, which reads as follows:

Proposition 6.4.5. Let & be a rational polystable principal GL-bundle of degree O over a big open
set U C X. Let W be a GL-module and N a GL-subscheme of W of the form GL/G', where
G’ = Stabg(w) for some w € W. If s is a section of &(W) such that s(x) = w in the fibre of &(N)
for x € C C U, then there exists a big open subset U° C U such that s(U°) C &(N).
In particular, & has a reduction of structure to G' on a big open subset.
126



Proof. We proceed with the proof by following the arguments in the reference cited above. Given
that x € C C U and &|¢ remains polystable of degree 0 by Theorem we can apply Proposition
to obtain s(C') C N.

Moreover, according to the Semistable restriction theorem there exist dense opens Qﬁn -
|H;| for m > 0 such that for ¢t € Hfz_ll 02!, the restriction to Y (¢), the induced intersection curve,
remains polystable of degree 0. We define the set {t € H?:_ll QLY (t)NC # 0} as a open subset of
17 24, which is non-empty and referred to as [[}'' 2, Since Y (t) N C # 0 for ¢t € [} 24,
then there exists a point x; € Y (¢) N C with s(z;) € N. By Proposition we have that
s(Y(t)) C N.

Thus, the dense subset Uy = |J, Y (t) C U is mapped into N. This implies that s(U) C N C W.

Observe that, N C N is open; therefore, the set U° = {u € Uls(u) € N} is a open subset of
U. We claim that it is also a big open subset of U. If it weren’t, then the complement of U° in
U would contain a curve C, and by the density of H?;ll 2! . there would exist curves Y (t) with
t € 17! 2, that meet the curve C. This is a contradiction since s(Y (t)) is completely contained
in N.

Therefore, we have shown that s(U°) C &(N), which completes the proof of the first part of the
proposition.

For the second part, note that, &(N) is a GL(W)-bundle, and the subgroup G’ C GL(W)
stabilizes the fiber N. Therefore, we can reduce the structure group of &(N) to G’, which proves

that & has a reduction of structure to G’ on a big open subset of U. O

The aim of the following results is to prove that the structure group of the bundle &r(Gr) can
be reduced to G. The proof is given in the following theorem:

Theorem 6.4.6. There exists a big open subset U° C U such that the section s extends to a
section sy of Er(GLR/G'y) when we restrict &4 to the open subset Uy, C Ug. In other words, the
structure group of é"R\UI% can be reduced to G'y; in particular, if G, denotes the closed fiber of G,
then the structure group of &, can be reduced to G,.

Proof. The general strategy for the proof is the same as in [Bal07, Theorem 3.7|. Namely, we consider
a family that is parameterized by a discrete valuation ring R. By a generalization of Chevalley’s
embedding to non-reductive groups, see Theorem , we have an immersion &r(GLg/G%) C
Er(WR). Recall that we had established the existence of a section sy of &x(GLk/G%). By
composing with the previous immersion, we get a section of &y, that will be denoted by ur. We
also recall that z € X"~V NU c U.

Further, the restriction of ux to x x (Spec A — p), denoted as ug(x), extends to give a section
ur(z) of &(Wgr) (the restriction of &r(Wr)|c, to @ x T'). By extension properties, see [Bal07,
Lemma 2.10], and by semistability of &(Wg),, on C, the section ux extends to give a section ug of
Ex(Wi) over C x T. We use the extension properties of vector bundles, see [Bal07, Lemma 2.14],
to cover the whole Ur by successive extension, and the extension will be called up.

We need to verify that the image of the extended section up is contained in &r(GLg/G’;), which
would then define 7. To prove this, we have to show that ur(U x p) lies in &g(GLR/G',)p. Observe
that, if &, denotes the principal GL-bundle on U, which is the restriction of the GLg-bundle &z on
U x T to U x p, then we have that &gr(Wg), equals Er(WRr)|uxp, and also the following diagram:

Er(GLR/Gly) —— &,(GLy/GL,)

L

gR(WR)p gp(W)
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commutes. Here the vertical maps are inclusions where &,(W) = &, x g W with fibre the GL-module
W = Wgr ® k. Note that, GL/G, is a GL-subscheme of W denoted by Y .

Recall that &, is polystable of degree 0. Then, from the foregoing discussion, the assertion that
ur(U x p) lies in 6gr(GLR/G’) is a consequence of Proposition applied to &, (we may have to
reduce U to U®). Thus we get a section s, of €r(GLgr/G%) on U x T, which extends the section
s of Er(GLR/G'R) on X x (T — p). This gives a reduction of structure group of the GLg-bundle
&r on U x T to the subgroup scheme G'y. O

6.5. Semistable reduction for singular principal bundles. We have the necessary background
to prove the properness of our yet to be constructed moduli space of slope semistable singular
principal G-bundles. Recall that the general strategy to prove the properness of the previous
moduli space, denoted by M{ *°(p), is exposed in [HLI0, Proposition 8.2.5]. This is the same
strategy that we have employed already twice in this text, see Theorem [3.5.8] and Proposition
[4.4.8] Let us quickly layout the main steps, first we will prove a version of Langton’s theorem for
semistable singular principal G-bundles in Theorem Second, recall that the space Ré_ss(p/ )
parameterizes quotients of torsion free sheaves with a reduction of structure group, see Equation
(5.35). The first step will allow us to show that the image of the parameter space through an
SL(Y')-invariant morphism ¢ into a space of sections of a semi ample line bundle is complete by a
theorem analogous to Proposition [3.5.9

Since proving Langton’s Theorem for semistable singular principal G-bundles is quite a technical
feat that involves key input from Bruhat—Tits theory, we will state the main theorem now but it
will be proven at the end of this section. The proof of these results are based in [BP22, Theorem
1.1] and [Bal07, Theorem 4.1|, which in our context are the main theorems giving the semistable
reduction in the monopolarization case.

Theorem 6.5.1. (Semistable reduction for singular principal bundles) Let Py be a family of
semistable singular principal G-bundles on Spec K x X, or equivalently, a semistable singular prin-
cipal G -bundle on Xg. Then, there exists a finite extension L/K with an integral closure B of R
in L such that after base change to Spec B, Px can be extended to a singular principal G g-bundle.

To prove the theorem, we need to make some remarks.

Remark 6.5.2. Since the characteristic of the base field is zero and by assuming that G’ is flat,
then we get that G is smooth over R, see [Bal07, Remark 4.2].

We need the following result from [BS02|, proposition 6.2 page 335, this is where Bruhat—Tits
theory is used. See also the appendix of [BP03|. Note that, in the last section we managed to extend
the original G bundle up to isomorphism to a rational G’ see Theorem [6.4.60 To complete the
proof of the semistable reduction theorem we will extend the Gk bundle to a Gg using the G,
extension.

Proposition 6.5.3. [Bal07, Proposition 4.3]| There ezists a finite extension L|K with the following
property. If B is the integral closure of R in L, and if G’y are the pullback group schemes, then we
have a morphism of B-group schemes

G/B — Gp
which extends the isomorphism G, = G1,.

A proof of the previous proposition was performed in [BS02, Proposition 6.2 page 335]. We also
need the following generalization of [Bal07, Lemma 4.4].

Lemma 6.5.4. Let G’ be a non-reductive group and let 1p: G' — G be a homomorphism of algebraic
groups. Let P be a rational principal G'-bundle on the big open U C X obtained as a reduction of
structure group of a polystable vector bundle E of degree 0, through an inclusion G' — GL(V).
Then, by the extension of structure group the rational principal G-bundle P(G) is also semistable.
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Proof. By the semistable reduction theorem [3.4.8 and the choice of P, there exist positive integers
ai,...,an—1 and elements Xi,...,X,,—1 € U; C |a;H;| such that a;Hy,...,an—1H,—1 are very
ample and a high degree general smooth complete intersection curve ¢ = X1 = X exists
such that F|¢ remains polystable of degree 0.

Let a denote the product of the a;. By Proposition the associated G-bundle P(G)|c
is semistable on C. Thus, by Equation and the semistability of P(G)|c, we have that
deg(P(H)g(x)) is non-negative for any parabolic subgroup @ C G and any dominant character
x of @. Hence, P(G) is semistable, as desired. For if @ C G is a parabolic subgroup and x a domi-
nant character of @ and P(H )g(x) the line bundle obtained from a reduction of structure group to
@, then we have:

Where the previous equalities hold because C' is a complete intersection and the pullback through
the inclusion i: C' < X is obtained by intersection with the divisors in |a;H;|. Then, by the
semistability of P(G)|c we have deg(P(H)g(x)) < 0, i.e. that P(G) is semistable. O

We are ready to prove Theorem by following the arguments of [Bal07, Theorem 4.1].

Proof. Let Pk be the semistable singular principal G g-bundle that arises from the faithful repre-
sentation p’ : G C GL(W). In other words, we have a pair (6, 0x) on Xg. By Langton’s theorem
, there exists a semistable extension &g of &k (by possibly going to a finite extension L|K such
that &), is polystable of degree 0). Let U = U(&),). As we have seen earlier, the entire family & is
locally free when restricted to Ug.

Note that, the fiber of &5 over the closed point is semistable. To see this, recall that the fiber is
obtained as the extension of structure group of é“;; by the map ¢, : G, — G, see Proposition
Since @‘"I; is obtained as the reduction of structure group of the polystable vector bundle & (Wg),,
see Lemma , we have the desired semistability.

By proposition we have a rational G’z-bundle &7}, on Up that extends the Gg-bundle up
to isomorphism. Moreover, as a consequence of proposition [6.5.3] we know that by going to the
extension L|K, there exists a morphism of B-group schemes ¢p: G’z — Gp that is an isomorphism
over L. Hence, one can extend the structure group of the bundle &7 to obtain a rational Gp-
bundle Zp that extends the Gx-bundle &k . Using the faithful representation G C GL(W), we
get a family of vector bundles Z5(W) on Up.

Next, we apply Langton’s theorem to conclude that the bundle &g(W) on Up can be extended
to a torsion-free sheaf &g on Xpg. Furthermore, the reduction o;, extends to a section op on Up,
which is defined by the principal Gg-bundle &p. We can understand the reduction datum as a

mapping:
ORB: (UB X XL) — SgB//GB

that agrees on the intersection. The set of points that are not in Ug U X, in Xp is a subset of points
of codimension > 3, and it is possible to embed the affine scheme S, //Gp as a closed subscheme
of a vector bundle over Xpg.

Therefore, the section op extends to a section op: Xp — (Sg,//Gg). In other words, the pair
(&x, 0k ) has been semistably extended (up to isomorphism) to a pair (65, 0p). This means that the
singular principal Gx-bundle Px has been semistably extended to a singular principal G p-bundle
Pg. O
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7. CONSTRUCTION OF THE MODULI SPACE

As we have mentioned before, we will follow the strategy of constructing the moduli space of
singular principal bundles by proving that there exists a semi ample line bundle that linearizes the
SL(Y)-action on the parameter space Rf, *°(p’), constructed in Section

7.1. Setup. The scheme RY, *°(p') parameterizes pairs (¢, ), where ¢ € @Q is such that the restric-
tion &pu-ss () ]{q}x x has a reduction of structure group given by 7 such that the resulting singular
G

bundle is isomorphic to (é"Réfss(p,) l{gyx x> TRE= (41) l{q}xx)- We abuse notation again and denote by

R the parameter space R‘éﬁss(p’ ), when no confusion can arise. We denote by Rg, C R the subset
of pairs (g, 7) such that 7 defines a principal G-bundle. Note that, this is an open subset because
the condition of being locally free is an open condition see [HL10, Lemma 2.1.8] for instance.

Note that by forgetting the decoration 7 in a pair (¢, 7) € R we get a projection map 7: Rg — Q.
By the theory of characteristic classes of principal bundles we have that the fixed characteristic
classes on the sheaves parameterized by @ are also fixed on Rg. This follows by the basic result of
Borel-Hirzebruch which relates the characteristic classes of principal bundles with the Chern classes
of associated vector bundles. For a nice exposition and explicit results see [BeaOll Proposition 3.2]
also see Chapter 6: Principal bundles and characteristic classes of [Tul7] for an account on the
smooth category. For sunph(nty, we denote this datum by ¢ as we also did in Section [3]

Let us denote by P the tautological family over Rg X X to Rg. Note that we can present P
as a pair (@p ,7) where & is a torsion free sheaf over Rg x X. By forgeting 7, we associate to the
tautological family P the family of torsion-free sheaves & =:9. Note that, this family can also be
obtained as the pullback (idx x ﬂ)*f . It was established in Section that the family ¢ linearizes
of the SL(Y')-action on Rg x X. We have the following determinant line bundle.

Definition 7.1.1. Fix a class ¢ € K(X), recall the definition of u;(¢) € K(X) given in Equation
(3.3), then let
L= g1 (0)) (71)

be the determinant line bundle over Rg.

By the theory developed in Section we know that £ ;| linearizes the SL(Y')-action on Rg
and the determinant line bundle does not depend on the chosen point z € X (™1,
The aim is to establish a relation between the determinant bundle . ; on R¢ and its pullback

from the corresponding determinant bundle on the high-degree curve C' = X~ This will be
done similarly to Theorem

Lemma 7.1.2. (Separation pr’opertz’es of the line bundle £ ;)
Fiz a multipolarization (Hy, ..., Hy,—1) of X.

e Ifr € Rg is a point such that 95|C is slope semistable, then there exists an integer v > 0

and a SL(Y")-invariant section & € HO(Rg,.i””%ﬂ) such that 5(s) # 0. Note that, on the
curve C' the notion of semistability is well-defined without fixing further parameters.

o Let s and so be two points in Rg such that Ps,|c and Ps,|c are both semistable but not
S-equivalent (in the sense of Seshadri, see Deﬁm’tion for the higher dimensional case
and [SchO8|, Page 178] for the definition on the curve case) or one of them is semistable and
the other is not. Then, there are SL(Y)-invariant sections of some power of £",_1 which
separate them.

Proof. The proof of this Lemma is based on the proof of [BS02, Lemma 5.6] and [HL10, Lemma
8.2.4]. It also shares the same strategy as Theorem Some minor generalizations are made in
the calculations of Equation ((7.4)).
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We recall some notation in Theorem , for any class ¢ € K(X )pum let ¢~ = i;c denote the
restriction to C, and let P("~1) = P(e"=1Y) be the associated Hilbert polynomial with respect to
the line bundle 0¢(1) := Ox(1)|c. Recall that &x (1) is the ample line bundle for which we have
m-regularity in the class of slope semistable sheaves of class ¢ with a reduction of structure group,
see the introduction to Section and Equation |D Let m(~1) be a large positive integer, as
before, set

YD .= Cp(nil)(m(nil)), A =Y @ Oo(-m™Y)

and let Q¢ be the subscheme of Quot(,%”(”*l), P(”*l)) parameterizing quotients of 52~ of the
form [Y =1 ® 0c(—m) — E], where E is a torsion-free sheaf with determinant A|¢ = Ox|c = O,
rank r, Hilbert polynomial P("~1. Let p: Rg x C — R¢ and ¢: Rg x C — C be the projections.
Denote the universal quotient on Rg x C by go: YD @ ¢*(Oc(—m"V)) — E¢, and set the
corresponding determinant line bundle to be

Ly = Ao (up(ipc)). (7.2)

Note that, on the curve C' p-semistability and Gieseker-semistability coincide, see [HL10, Remark
3.7]. We denote the restriction of 4 to Rg x C by 9c. Note that, by increasing m™=1 _if necessary,
we may assume that for each r € Rg the restricted sheaf ¥, |c is m(™=1_regular with respect to
Oc(1). Hence by the boundedness of the family ¢ and by increasing m(»=1) if necessary, the
following holds:

e There is an isomorphism Y ("~ = HO(C 4, |c(m(~1)). Additionally, the restriction %,|c
is globally generated in such a way that the equivalence class of the induced evaluation map
Y @ Oc(—m™ V) = 4.|c is a quotient such that %.|c is semistable. Thus for all
r € Rg the restriction to C' gives a point of Q¢ .

e The sheaf p,%c(m V) is a locally free O, module of rank P~ (m(=1)).

Remark 7.1.3. Note that, by applying the theory developed in Section one can also construct
the parameter space of singular principal bundles on a curve. On curves a singular principal bundle
is just a principal bundle, hence this approach leads to a construction of the moduli space of principal
G-bundles over a curve C. This is actually carried out in [Sch08, Sections 2.3 and 2.4]. The main
take away is that by using this method, the moduli space of principal G-bundles is constructed as
a GIT quotient, see [Sch08, Page 190] .

Let Pg be the associated projective frame bundle of p*%c(m("*l)), and let u: P — Rg be the
PSL(Y (»=1Y)-fibration. It parameterizes the quotient bundle

Op, ® ¢ Oc(-m" )@Y = '%e ® 6,(1),
which induces an SL(Y (*~V)-invariant morphism
@gc : PG — Qc. (7.3)

Recall that SL(Y) also acts on ¢, see Equation , so we can pull back this action to Pg,
and it will commute with the SL(Y(”_I))—action. Moreover, g, and p are equivariant for the
SL(Y) x SL(Y (™~1Y)-action because the actions commute and the action of SL(Y)) on Q¢ and the
action of SL(Y (=) on Rg are trivial.
Let us give the degree computation, similar as in Equation , that shows the relation between
the two determinant bundles. As in there are natural numbers kg and k,_1 such that:
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B, (Z"0)** =07 (g, (uo

(7.4)

Since P¢ — Rg is a principal PGL(Y ™~1)-bundle, a section invariant under SL(Y™~1) de-
scends to give an SL(Y)-invariant section, see the arguments after Equation (4.37)) for more details.
Thus, for any v € N, we get a linear map:

Syt HO(Qxnmny, L5 5 HO(Rg, (1)) S0, (7.5)

To conclude, we can separate restrictions of singular bundles in Rg via the sections of powers
of £ on Q¢. Hence by lifting sections through the morphism Sy we can also separate singular
bundles in Rg. ]

The previous theorem shows that for v € N big enough, the line bundle "} _, is generated by

SL(Y)-invariant sections. Hence, it is a natural idea to construct the moduli space as an image of
R¢ under the map given by invariant global sections of .Z"7 _; for v > 0.

Proposition 7.1.4 (SL(Y')-completeness). Let Z C Rg be any SL(Y)-invariant closed subvariety.
If T is a separated scheme of finite type over C, and ¢: Z — T is an SL(Y)-invariant morphism,
then the image ¢(Z) C T is complete.

Proof. By replacing Langton’s original Theorem with the Semistable Reduction for singular prin-
cipal bundles , we can obtain a similar result as [HL10, Proposition 8.2.5|. The proof of this
proposition follows the same ideas as Proposition [3.5.9

Let tg € ¢(Z) be a closed point. Then, there is a discrete valuation ring A with quotient field K
and a morphism f : Spec(4) — T that maps the closed point &y to ¢y and the generic point & to
a point t; in the image of ¢. Let y; € ¢ !(t1) be a closed point in the fibre, then k(t1) C k(y1) is
a finite extension, and there is a finite extension field K’ of K and a homomorphism k(y1) — K’
such that

K' < k(n)
) )
K <+ k(tl)

commutes. Let A" C K’ be a discrete valuation ring that dominates A. Geometrically, k(y;) — K’
corresponds to a morphism ¢’ : Spec(K’) — Spec(k(y1)) — S and thus to ([¢x : K' @ # —
Fril,oK).

Spec(K") S (7.6)

™~

Spec(A”)

|

Spec(K) — Spec(A) ——=T
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According to Theorem [6.5.1 the family Fys extends to an A’-flat family Fa together with a
reduction of structure group o4/ giving a family of slope-semistable singular principal G-bundles.
Since A’ is a local ring and therefore p.(F4/(m)) a free A’-module of rank P(m), there is a quotient
[qar : AR — F /] together with an induced reduction of structure group o 4. Let f': Spec(A’) —
R¢ be the induced morphism. Since K’ ® Far & Fg, the pairs (K’ ® qar,04/) and (qx7, ox) differ
by an element in SL(Y')(K’). But ¢ is an invariant morphism, so that ¢ o f'|spec(xry = w0 ¢ =
J © Tlspec(kry; Where m : Spec(A’) — Spec(A) is the natural projection. Since T' is separated, we
have p o f/ = f om. Thus if § is the closed point in Spec(A’), we see that

to = f(&) = f(m(£0)) = o (f'(£))

and is therefore contained in the image of ¢. 0

The fact that Rg is quasi projective, see the use of Proposition in Sectior} com-
bined with the semiampleness of £ |, guarantees the existence of a vector space J, C J, :=
HO(Rg, 22" )SMY) that generates the entire space .J, and is finite-dimensional. Consequently,
we obtain an induced morphism ¢; : Rg — P(JY), which is SL(Y)-invariant and arises from
taking a basis {j;}1<i<; of J, and mapping a point x € Rg to the line generated by the image

MICIRRERRN/ICOIR

Definition 7.1.5. Let M; denote the quasi-projective variety given by the image ¢ jV(R(;). We
note that here we use the term variety in a more general sense of a reduced algebraic scheme of
finite type, which need not be irreducible. So, in what follows, we will be working with the C-valued
points of ij.

Remark 7.1.6. By Proposition |’Ti_7[|, the variety M is complete. Hence, because of its quasi-
projectivity, it is a projective variety. In particular, any SL(Y)-invariant function on R¢ is constant.

For any d > 1, let j;/i be the image of the canonical multiplication map fjy: J, @ ®J, = Jg.
Furthermore, let J’ be a finite-dimensional subspace of Jy, containing jyd Since J, generates
(L"-1)®", then J? as well as J' generate the line bundle (£”,_1)®%. Hence the previous line
bundle is globally generated by SL(Y)-invariant sections coming from the subspace J'.

Thus, we have the embeddings J,, < jyd — J’, which induce the following commutative diagram:

) dy

My —=M;
QSJIT /
Q'Bjy

Rg

Since M; and M, are projective, the map L is a finite map. So if we fix a J,, as above, we
get an inverse system, indexed by d > 1 and dominated by Rg. We can thus construct an inverse
limit by considering the following diagram:

Rq

AN

My Ty Mj,

Hence the inverse limit is isomorphic to M, where J is a finite dimensional subspace of the space of
global sections HO(Rg, 2" )SUY) | then HO(M;y, 0(k)) = Jpn» for all k > 0. Hence the graded
ring @lzo Jy is finitely generated. We get the following proposition
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Proposition 7.1.7. There is an integer N"” > 0 such that the graded ring @~y Jinv is finitely
generated. -

Proposition 7.1.8. (Finite generation) We denote the inverse limit variety by ME *°(p). By the
previous remark, we can describe the moduli space in the following way:

Mg—SS( ) —PI‘Q] @HO R g//@dN )SL(Y))7
a>0

together with the ample line bundle L := O ME* )( ). Moreover, let &: Rg — M(, >*(p)be the
canonical morphism induced by the invariant sectwns from the subspace Jo. Note that, it is an
SL(Y)-invariant morphism such that &*(L) = LN, Furthermore the representation p : G —

SL(V) induces a natural morphism m,: ME~°(p) — MH~3% where MF~3% is the moduli space for
slope-semistable sheaves with respect to the multipolarization (Hy,...,Hp—1), see Definition ,

Remark 7.1.9. Since the linearization we used is not very ample, the constructed moduli space
is not a categorical quotient. This also implies that the manifold Mg_ss(p) is not a coarse moduli

space. This implies that the moduli space M} *°(p) identifies different singular principal bundles
not only by S-equivalence (see [Sch08| Page 178]| for the curve case) but also by an extra equivalence
relation. Consequently, we have different universal properties, instead of the usual ones.

7.2. Universal properties. Let us give a proof of the main theorem of this thesis, the proof of
which is based on |[GT17, Main Theorem|. Let us give a small definition first.

Definition 7.2.1. [GT17, Definition 4.6] Let X be a proper variety, and L a line bundle on X.
Then, the section ring of L is defined to be
@ HO L®k

k>0

For any d > 2, we define the d-th Veronese subring of R(X, L) to be

R(X,L)y =P H*(X; L¥) C R(X, L).
d|k

We are ready for the main theorem.

Theorem 7.2.2. (Main Theorem) Recall that MY, *°(¢, A) is the moduli functor of singular prin-
cipal G-bundles defined in Definition . Then, there is a natural transformation M“ =
Hom(_, ME™*%(p)) that maps a family & = (&,0) over a weakly normal variety B to a classzfymg
morphism @ : B — M} >*(p) and a natural number v such that:
) (L) = Mg (-1 (D)"
i) For any other triple (M', L', V"), there exists d € N* and ¢: M}, >*(p) — M’ such that ¢*(L') =
Ldl/

Proof. In order to prove this theorem we will follow very closely the main theorem in [GT17]. More
precisely, see [GT17, Proposition 4.5], where a very similar result is deduced for the torsion free
sheaf case. Let B be a weakly normal variety, and let & = (&,0) be a B-flat family of semistable
singular bundles with fixed characteristic classes ¢. Let the projections of B x X be denoted by
p: BxX —- Bandqg: BxX — X.

Choose an integer m € N sufficiently large, such that the torsion-free sheaves &}, are m-regular
when restricted to the curve C = XY for each b € B. Let Y := CP(™)_ where P is the Hilbert
polynomial common to all the sheaves in the family &. Define 7 = V ® Ox(—m). Then, the
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sheaf Yy = pu(& ® ¢*Ox(m)) is locally free of rank P(m), and there is a surjection @g: p*Ve ®
q¢*Ox(—m) — & which is canonical.

Next, construct the frame bundle associated with Ve and denote it by 7: F(&) — B. Since 7 is a
good quotient, the pullback of Vg to F(&') induces a classifying morphism ¥g: F (&) — Quot(sZ, P).

Since the family & consists of semistable singular bundles, the image of W¢ is contained in Rg.
In particular, since B is a weakly normal variety, F(&') is also weakly normal. By the properties
of the weak normalization of a space, we can lift ¢ to its weak normalization, and for consistency,
we will also denote this lift as ¥s. By composing this lift with the projection @: Rg — ME ™ >*(p),
we obtain a GL(Y)-invariant morphism ®,. Since 7 is a good quotient, there exists a morphism
Ds: B — ME(p) such that the following diagram commutes:

F(&) —2 . Rg (7.7)
|~
B—5 ME (o)

Thus, the natural transformation M *°(p) — Hom(_, ME **(p)) is defined by assigning to each
family & = (&, 0) the morphism @g.
It remains to show the isomorphism in item ¢). This fact will follow from the commutative

diagram 1} and from the definition of (M **(p), 0

" . L
Mg_ss(p),N ). In particular, the previous

conditions imply that

* Tk ~ N ~ R "ol % R "
TPl e (1) = Driay) 6 (L1 ) = Apee (Un—1(6)2N 2 7 Ng (w1 (6) N
We know that 7* : Pic(B) — Pic(F(&)) is injective since 7 is a principal bundle, see [MFK94,
Chapter 1, §3, Proposition 1.4] and [Pot92, Lemma 2.14].Hence, the previous chain of isomorphisms
implies

PO pues (1) = A (un—1(2) "

Next, we prove the claims made in item 7). If (Mo, Lo, Ng) is another triple satisfying the

conditions of 7), then applying the universal property we obtain a uniquely determined morphism
@y : Rg — My such that &f(Lg) = f”%ﬁo. We claim that @ is SL(Y)-invariant. Indeed, the
restriction of @y to an SL(Y)-orbit O gives the classifying map for the restriction of the universal
family to O. But this latter classifying map is constant, which implies that ®,(O) = pt. Let d € N*
such that the d-th Veronese subring R(Moy, Lo)(q) of R(Mo, L), see Definition is generated
in degree one. Let f : My — Proj(R(Mo, Lo)@y) =: P(d) be the natural isomorphism. Then, the
pullback f*(Op(q)(1)) is naturally isomorphic to L&, Setting d' := dNp and using the universal
property of Ly, we obtain a natural morphism of graded rings

R(Mo, LO)(dN) - @ HO(RGv EHS)EJIV )SL(Y)7
&'k

by pulling back sections via the SL(Y")-invariant map ®y. This in turn induces a uniquely determined
morphism

v M = Proj | D H’(Re, £, ™) | — Proj(R(My, Lo)an)) = Mo,
&'k
such that o* (L) = L®No. This concludes the proof of 44). O

Corollary 7.2.3. The complex variety Mg_ss (p) is weakly normal in the sense of .
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Proof. The weak normalization map 7: Mg *°(p)™ — M} >*(p), together with the line bundle
L’ = 7*(L) and the natural number v, has the universal properties described in Proposition m
This is because every map from a weakly normal variety B to Méfss(p) can be uniquely lifted to
a map from B to M{, **(p)™ that satisfies property ). Therefore, by property ii), we have an
inverse of . U

The following lemma characterizes the regular functions of the moduli space.

Lemma 7.2.4. (Pushing-down invariant functions) Let & : Rg — ME>°(p) be as before. Then,
we have

Proof. For the proof of this lemma we will follow very closely |[GT17, Lemma 4.8|. Since @ is
invariant, we obtain a natural morphism 6 : & M= () ¢*(ﬁRc)SL(Y) of quasi-coherent sheaves
G

of ﬁMé_ss(p)-modules. Since L = ﬁ’Mg—ss(p)(l) is ample, and since R(ME*°(p), L) is generated in

degree one, in order for 6 to be an isomorphism it suffices to show that the induced map
O HOME™(0), L%F) = HO(ME™(0), @,(0ne)™ ) © L)

is an isomorphism for all natural numbers k£ > 1. For this, we note that ék can be factored in the
following way:

HOME ™ (p), %) % H (R, 2" VM) 25 HO(ME ™ (0), @O, © 97 L))

e (7.8)
Ty HO(Mg (p),di*(ﬁ’Mg_ss(p))SL(Y) ® L&),

In the previous diagram, oy and ) are isomorphisms by definition and by the SL(Y')-equivariant
isomorphism @,L%* = Diﬂ??_kll’ ”, and ~; is an isomorphism by the equivariant projection formula,
Lemma [2.3.40} Consequently, the composition, which is equal to ék, is an isomorphism. ]

We finish this section by noting that the universal properties discussed in Theorem [7.2.2] imply
that when restricted to the case dim(X) = 2 the moduli space M} *°(p) generalizes the moduli
space constructed in [Bal07] (in a sense to be specified in section [9.4)

8. GEOMETRY OF THE MODULI SPACE

From this section onward G is a connected simple algebraic group. Recall that in the previous
section, we denoted by R¢, the open subset of Rg parameterizing principal bundles. Since R, is
open and SL(Y)-invariant, then the restriction of the line bundle #”,,_; is also semi ample. A
consequence of the estimates in Theorem is the fact that slope-stability is an open condition,
see [HL10, Definition 3.A.1| for a detailed argument. Thus by following the same process as in
Section we obtain the subscheme M °(p)° C M} °(p) parameterizing semistable principal
G-bundles, as opposed to singular ones. The objective of this section is to study the points of the
moduli space Mg_s(p)O intrinsically as well as in relationship with their image points in the moduli
space ML *%(p).

8.1. Description of the closed points of the moduli space. Recall that the moduli space
M} **(p) was constructed as the projective spectrum of the ring of invariant sections of the line
bundle .#”,,_1. Since this bundle is not ample, then we do not have the usual description of
the points as intersection of closures of orbits of the SL(V')-action on Rg. Rather there is an
extra underlying equivalence relation such that the moduli space identifies two semistable singular
principal G-bundles, caused by the lack of ampleness of ", 1. In this subsection we will prove
some separation properties, characterizing the previously mentioned equivalence relation. It turns
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out that under some conditions, see Corollary [8.2.10] this separation properties describe the points
of the moduli space M} **(p). In order to make this description possible we will introduce Quot-
to-Chow type morphisms, in Subsection Additionally, the surface case is discussed in [Bal07,
Section 6].

As always, let X be a n-dimensional projective manifold, and let (Hi,...,H,) be a multipo-
larization on X. In the following definition we will associate to each semistable sheaf & over X
a reflexive polystable sheaf, denoted by &#. By Proposition any semistable sheaf & has a
Jordan—Hdélder filtration with torsion-free factors, denoted by &, with graded object denoted by

gr(&) = P, gri(&).

Definition 8.1.1. Since the graded object gr(&) := €0, gr'(&) does not depend on the choice of
the Jordan-Hélder filtration, we define &% = (gr(&))VV, as in Section

Note that, &% is a reflexive polystable sheaf, according to Definition and Proposition |3.4.5|

Remark 8.1.2. Recall that in Lemma we gave a natural map fe: gr(&) — &%, Since gr(&)
is torsion-free and ¢ is injective, the quotient &% / gr(&) is supported in codimension at least two.

Recall that we defined the Chow group of X in Definition [2.2.25] At this point we will take
inspiration from the Hilbert—to—Chow morphism defined in [HLI10, Example 4.3.6] in order to make
the following “Quot-to-Chow” association.

Definition 8.1.3. We define the “Quot-to-Chow” morphism, denoted by Ce, as the morphism that
assigns to each & the support Chow cycle of the quotient &% / gr(&).

C_ : Q — Chow™(X)

" (8.1)
([q: Y @ Ox(—m") = &]) = Cs := [Supp(&7 / gr(&))]

We recommend the reader to see [MFK94, Conclusion 5.10 and Chapter 5 Section 3| for an in-
depth construction of this association and why it is indeed a morphism. We also recommend [GT17,
Notation 5.2 and Remark 5.3| for a rundown on how to calculate the cycle Cg. In order to better
understand this important morphism, let us give the following example.

Example 8.1.4. [HL10, Example 8.2.9] Assume that X is a smooth projective surface with a fixed
polarization H. Let us denote by M (1, Ox,[) the moduli space of slope-H-semistable sheaves over
X with rank 1, trivial determinant and second Chern number equal to I. Let Hilb!(X) be the set
parameterizing zero-dimensional subvarieties of X. Since any zero-dimensional sheaf is semistable,
then there is a canonical isomorphism Hilb"(X) = M (1, 0x,l) obtained by sending a subscheme
Z C X to its ideal sheaf .z, see [HL10, Example 4.3.6].

Let ¢ : Hilb'(X) — S*(X) be the morphism which assigns to any cycle in X its support counted
with the correct multiplicity, see [HL10, Example 4.3.6]. According to the calculations in [HL10),
Example 8.2.1|, there is an isomorphism Ag(u;(¢)) = ¢* L, see Definition where L is an ample
line bundle on S!(X), the symmetric product of X. It follows from Zariski’s Main Theorem that
HO(Chow!(X), e (uy1(¢))”) = H(SY(X), L”). The morphism g is known in the literature by the
name “Hilbert to Chow” morphism see the last two paragraphs of [HLI0, Example 4.3.6| for instance.

This type of morphism is part of a wider phenomenon. When we see g as a morphism from
M(1,0x,1) to S"(X), then it is a particular case of the “Gieseker to Donaldson” morphism, which
we will discuss in Section [

At this point, one can define an equivalence relation that relates Jordan—Hélder filtrations and
restrictions to high degree curves. Variants of the following result appear in the literature, see
[HL10, Lemma 8.2.12] for the surface case.

137



Lemma 8.1.5. [GSTW2I| Let &1, & be slope-semistable torsion-free sheaves on X. If my,...,my_1
are sufficiently large integers, then & and & are isomorphic if and only if the restrictions of &1
and & to any general complete intersection curve X1 := X; NN Xp1, X; € |mjH;|, are
S-equivalent, i.e., gr(&1]xm-1) = gr(éa] xm-1))-

The following propositions aim to construct a similar Quot-to-Chow map based on the double
dual of a singular principal bundle given below.

Construction 8.1.6. Let &2 = (&, 0) be a singular principal G-bundle over X. Since & is a torsion
free sheaf, according to Definition we have that &V is the reflexive hull of &. Further, by
Proposition we have that &YV is reflexive. This means that fgvv: &Y — (&YY)VY is an
isomorphism.

We want to extend o to a generalized reduction of group structure of &VY. When we restrict &
to the open set Ug C X where it is locally free we get the rational vector bundle (Ug = U, &y, =
E). According to Proposition we have that E is a reflexive sheaf over U hence we have an
isomorphism 0z between E and its double dual EVV. By using the isomorphism 0 we have a
reduction of group structure o’: U — Fsom(V ® Oy, EVY)/G and hence its dual 7/ is a morphism
of algebras of the form .Am*(V ® EVV)¢ — 0p. We can now use Proposition m to extend 7/,
we get the following algebra morphism

TV Amt(V @ V)9 ox.
We obtain the extended singular principal bundle (&VV,7VV)

Definition 8.1.7. (Double duals) If (P,U) is a rational G-bundle with U a big open subset of X
then by the construction above, there exists an extension (unique up to isomorphism) P** which
is a singular principal G-bundle over X with singularities in codimension greater than or equal to
three. We refer to this extended singular principal bundle as the double dual or the reflexive hull
of (P,U).

We say that a singular principal bundle & over X is reflexive if 22** = &.

Remark 8.1.8. Let us make the following remarks.

e The double dual &7** is a principal bundle when X is a surface, see [CTS79, Theorem 6.7].

e We extend Definition to a singular principal G-bundle & = (&, 0) by saying that the
double dual &#7** is the double dual of the rational principal bundle (Z|y,,Usg).

e Recall that our semistability condition is calculated on big open subsets of X. Since the
definition of the double dual is done on the rational principal bundle associated to a singular
principal bundle, then for every (semi)stable (respectively polystable) singular bundle 22,
we have that &7** is (semi)stable (respectively polystable) as well.

e It is clear to see that whenever &2 is a principal bundle then it is reflexive.

Lemma 8.1.9. Let P; and Py be two polystable principal G-bundles over X. Suppose there exist
natural numbers aq,...,an_1 such that:

i) a1Hy,...,an—1H,—1 are very ample, and
i1) for any general smooth complete intersection curve X =1 obtained by intersecting elements in

Then, Py = Py if and only if Pi|xm-1 = Pl xm-1).

Proof. To prove this lemma we will follow the arguments of [Bal07, Lemma 5.16] and [GT17, Lemma
5.4].

Consider the principal G x G-bundle P; x x P5. Let us denote this bundle by P. By [Ser95, page
19|, giving an isomorphism between P; and P» is equivalent to giving a reduction of structure group
of P to the diagonal embedding A C (G x G). By the Chevalley’s embedding theorem [2.3.10] we
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can embed €%X¢ C W into an (G x G)-module W as a closed orbit. Thus a section of P(¢%C) is a
section of the vector bundle P(W) which lies in P(GXG).

Claim. The principal bundle P is also polystable of degree 0.

Let us assume this claim and complete the proof. By the Enriques—Severi lemma, see Proposition
, for a general high-degree curve such as X1 the restriction map

HO(X, P(W)) = H X"V, P(W)|x(u-) (8.2)

is surjective. Furthermore, by assumption, we have Pi|ym-1) = P2|ym-1. Hence, we have a
reduction of the structure group:

Gx@G
A )|X(n—1) — P(W)’X(n—l)

By the surjection (8.2)), there exists a lift of oy 1) to a section o: X — P(W). We need to show
that the image of thls sectlon lies in P(GXG)

One knows that P is polystable of degree 0. Thus we are on the setting of’ Thus we can get
a big open subset U C X such that the image of the section is contained in P G . This provides
the required reduction of the structure group to A.

Let us prove the claim. Recall that Lemma[6.3.1]tells us that in order to show that P is polystable
of degree 0, it suffices to check this property for the restriction to X (n=1),

Since Py|yn-1) and Pa|y -1y are polystable of degree 0, we can apply the Narasimhan—Seshadri
theorem for principal bundles, see Theorem [5.0.17] Therefore, for ¢ = 1,2 there exist representations
it T (X(”_l)) — K, where K is a maximal compact subgroup of G, such that P;|yx-1) is the G-
bundle associated to p;.

Note that, P| -1 is the bundle associated to the representation p; x pa, see [Ram75), page 146].
Thus the polystability follows from Ramanathan’s theorem, see Theorem once again. O

Oxm-n: XD 5 P

In order to identify what is the equivalence relationship induced on polystable bundles by the
semi ample linearization £, recall Definition let us define graded objects.

Definition 8.1.10. Let & = (&, 0) be a singular principal G-bundle. Let p : G — GL(V) be the
accompanying faithful representation, recall that & is the associated torsion-free sheaf to &2. Let
Joe=68e={0=6y C---& C & = &} be a Jordan—Holder filtration by saturated subsheaves, recall
Lemma We say that gr?}z(@) = gr;, (&) = @, &i/&i—1 is the associated graded sheaf of 2.

Remark 8.1.11. Recall that for two different filtrations &, satisfying the conditions of being a
Jordan—Hélder filtration, see Lemma, [3.4.5, we have an isomorphism of vector bundles (gr &})** ~
(gr &2)**, see the second part of Lemma Thus by an abuse of notation we denote by gr*h(2)
the associated graded sheaf obtained by any Jordan—Hdlder filtration of &. This justifies the name
the associated graded sheaf above.

Recall that we define the space S as (Rfeass)wn, parameterizing quotients of p-semistable torsion
free sheaves. Furthermore, let A = AL = Spec C[t], as in Construction Recall that given a
torsion free sheaf & € S there exists a family {&;}1ea of torsion—free sheaves such that & ~ & for
t # 0 and & ~ gr;, (&). Here J, is obtained by using the Construction m Hence the family
{&;}1ea can be seen as a morphism A — S.

We are ready to construct the associated graded object of a singular principal bundle & = (&, o)
over X. We will first provide the construction and then prove the properties of the constructed
object.

Construction 8.1.12. Let A be as before. Recall that in the proof of the Semistable reduction

theorem, see the proof given a singular principal bundle & = (&,0) we have a complete

discrete valuation ring A such that Spec A C A is an open subset which contains 0 € A and a
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singular principal G 4-bundle &4 over X that satisfies some properties. In order to state these
properties more easily we interpret &4 as a singular principal G-bundle over X x Spec A, see
Section and denote it by {2 }espec a-

Furthermore, this family is such that & ~ & for t # 0, and there is a big open set U C X
and a rational G’-bundle P} = (E{, 0{) on U, such that the restriction of the limit bundle &y
is obtained from P} by an extension of structure group via ¢ : G’ — G (recall that G’ could be
a non-reductive group, see Proposition and Lemma . Additionally from the proof of
Theorem one knows that &y|y is isomorphic to E{, which is a polystable vector bundle with
respect to the fixed multipolarization (Hy, ..., Hp—1).

Thus starting with the singular principal bundle &7 we constructed the family {7 }respec 4 and
we associate to & the limiting object of the family which is just &.

Proposition 8.1.13. The singular principal G-bundle 2y from Construction obtained by
extension of structure group via ¥ : G' — G, is polystable according to Definition |5.0.16].

Proof. Recall that one of the directions of Mehta—Ramanathan restriction theorem, see Lemma
, tells us that the singular principal bundle P is polystable if the restriction Py|¢ is polystable,
where C' is a high degree curve contained in the big open subset U. Further, by construction
(see Proposition and Theorem Pjlc is a bundle which comes from a representation
x1 : m(C) — G'. Moreover, Pj(p)|c ~ &y|c which is polystable by the semistable restriction
theorem, see Theorem since &y is polystable.

Recall that our definition for polystability for not necessarily reductive groups, see Definition
6.4.3] states that a principal bundle on a curve C is polystable if it comes from a representation and
Py(V). In other words, under our definition of polystability of principal bundles with non-reductive
structure groups, see Definition again, the bundle Pj(V)|c =~ &|c is polystable. Then, Pj|c
is polystable.

Again Py|¢ is obtained by extension of structure group from Pj|¢ from the morphism ¢ : G' — G.
Therefore, Proposition implies that Py|c is polystable. O

Definition 8.1.14. Let & be a singular principal G-bundle. If there exists a family {2 }espec .
with A a complete discrete valuation ring, such that &2, = &2 for all t # 0 and & polystable,
exactly as in Construction then we say that £ is an associated graded object of &. By
an abuse of notation we will also denote this bundle by gr(Z?) without referencing the complete

discrete valuation ring.

Additionally, we say that two singular principal bundles &?; and & are S-equivalent if gr(%%)
and gr(%2,) are isomorphic as polystable singular principal bundles, see Definition m

Lemma 8.1.15. Let & be a singular principal G-bundle. If P, and Py, are two associated graded
objects of &P, then PPI* = GF*.

so — “to

Proof. We will follow the arguments in [Bal07, Lemma 5.18] to prove this lemma.

Consider two families of singular principal bundles, Zg = (&s,05) and Pp = (&p,0r), defined
over spectra of discrete valuation rings S and T respectively. Suppose that both families yield
associated graded objects at the closed points sg € S and tg € T respectively.

Let U be the big open subset of X where both &5, and &}, are locally free sheaves. Since S and
T are spectra of discrete valuation rings, the families Pg and Pr are locally free over U x S and
U x T respectively. Utilizing the Mehta—Ramanathan theorem, see Theorem select a general
high degree curve C' contained in U, such that the restrictions &, |c and Z,|c are polystable.
As C lies within U, both P, |c and Z,|c are polystable limits of Z?|c, which is also semistable
due to the openness of semistability. It is well known that the associated graded of a semistable
principal bundle on a smooth projective curve is uniquely defined, see [Ram75| for instance. Thus
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we have P |c ~ P, |c. Finally, we can apply Lemma to the double dual principal bundles
on X to get the desired result. O

In conclusion we have that the graded object associated with a semistable singular principal
bundle is polystable. Recall that we have a corresponding statement for torsion free sheaves, see
Lemma Namely, let & be a semistable torsion free sheaf over X, consider a Jordan—Hélder
filtration &* by saturated subsheaves, then the graded object gr(&’) is polystable. We remark that
there is a relation between this two statements. This is the fact that if & = (&£, 0) is a semistable
singular principal bundle, then for each choice of associated graded object &y we have the associated
sheaf of &2* is isomorphic to gr(&)VY. Thus, 2% = gr(£)** is a polystable reflexive singular
principal G-bundle over X that depends only on & and not on the filtration.

Further note that gr(&)Y is the reflexive hull of gr(&) as defined in [HLI10, Definition 1.1.9].
This justifies the term reflexive hull of a singular principal bundle &2. We recommend the reader to
see the proof of [HL10, Proposition 1.1.10] where he shows why the double dual of a coherent sheaf
is reflexive, i.e., why the induced morphism f¢: & — &V is an isomorphism.

8.2. “Quot to Chow” morphism for singular principal bundles. Recall that in Definition
we defined a “Quot-to-Chow” morphism for torsion free sheaves. In this section we will con-
struct a “Quot-to-Chow” morphism for singular principal bundles based on the already constructed
one. In order to do that we will follow the arguments of Balaji in [Bal07, Proposition 6.6] for the
surface case. We will adapt his ideas to arbitrary dimension by reduction to the surface case.

Let us introduce some notation that will be useful later. Recall that we have a map f¢: gr& —
(gr &)YV, which is injective since gr & is torsion free. Let us denote the quotient sheaf &V /& by
Te. Additionally note that, the support of the quotient Ts is a subscheme of X of codimension at
least 2 since a torsion free sheaf is of pure dimension, see [HL10, Definition 1.1.4].

Let Cy for k= 1,..., K be the codimension 2 components of supp(7s) taken with their reduced
induced structure. Let X (=2 be a general complete intersection surface in X with respect to
the first n — 2 ample line bundles of the multipolarization (Hi, ..., Hy—2, Hy,—1). As in the curve
case we can assume that X (=2 is smooth and will intersect transversally the component Cj, for

k=1,...,K. This is achieved by selecting the elements in the linear systems |a1 Hi|, . . ., |an—2Hp—2]
to be as in Theorem [3.4.8] Let pgk), . ,pg\];z be the components of the scheme-theoretic intersection

X(=2) Oy, which in this case, will be smooth because we assume X ("~2) is of high enough degree
and Cj, are of codimension 2, see [GT17, Remark 5.3]. The restriction Ti¢|y -2 satisfies all the
hypotheses of [Bal07, Proposition 6.6], as we will see later in Proposition First let us establish
the set up of the proposition.

For a point z € X(2) let B.(x) be an analytic ball of radius ¢ around z. Let E be a vector
bundle on X of rank r and let E|p_(,) be its restriction to the ball B.(z). Suppose that the vector
bundle is trivial on the boundary dBc(z). Let us denote by E|p_(,)/E|op.(») the complex vector
bundle on the real sphere S* = B(z)/dBc(x) obtained by identifying E|yp, ;) to C" using the
trivialization.

Proposition 8.2.1. [Bal07, Proposition 6.6] Let &4 be a family of (analytic) torsion-free sheaves of
rank r over B x A flat over A, where B is a closed ball in the surface X"=2) and A is the affine line.
Furthermore let &y be locally free on B x A — 0 and &y be torsion-free with singularity at the origin
0 € B. Let Be,, C Bx{u} be the 2 -dimensional e-ball centered at (0,u) and let &, be the restriction
of & to Bey. Then, the smooth trivialization of é”o‘an which is induced from a trivialization of

vV
(é”O|BE u) induces a family of trivializations By, : C®" x OB, ~ lop, . which depends smoothly
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on u with u € A being e-small. Furthermore, we also have on S* ~ Be /0By, the following:
&) (é&uhs‘e,u /é"u‘aBe u) = length (é"ovv/éao)o.

Proof. We refer to [Bal07, Proposition 6.6] for a full proof. We would like to comment that the
strategy of the proof is based in results from [Li93b] and [Mor93] extended for rank r bundles. Li
and Morgan show it for the rank 2-case and so Balaji generalizes the approach to the higher rank
case. (|

In particular, the previous proposition and the fact that Tig|ym-2) is a skyscraper sheaf imply
that the natural number
length

X(n—2)7pl(‘k)
is independent of i € {1,..., Ni} and will be called my, see [GT17, Remark 5.3]. With this notation
we define the cycles

(Te | xn-2)) ,®

K K N
Ce = kaCk € Chow,—2(X) and CgS("’Q) = Z ka[pﬁk)] € Sym*(X("~2)). (8.3)
k=1 k=11=1

Here, Chow,,_2(X) is the Chow group of codimension 2 cycles on X defined in Definition
Additionally, Sym®(X ("*2)) denotes the union of the symmetric products of I copies of X ™2 for
all [ € N, this is analogous to S'(X) in Example The cycle Cg only depends on & and not
the chosen Jordan—Hélder filtration. This can be seen by reducing to the surface case and verifying
that the cycle Cé)f(n_Q) only depends on &|ym-2), see [HL10, Example 1.1.16].

8.2.1. Dynkin index. We will introduce the Dynkin index of a representation now. We will follow
the convention in [Bal07, Section 6.1.1] for this. We also recommend the reader to see the reference
[AHS78, Page 455| for more detail on this subject and some of the proofs of results presented in
this subsection.

Definition 8.2.2. [Bal07, Definition 6.1.] Let 6 be the highest root in g, the Lie algebra of G,
and sl(#) the 3-dimensional sub-algebra of g associated to it. Decompose the G-module V' into
sl(f)-modules as @V; = V. Let dim(Vj) = m;. Then, we can define the Dynkin index m, of the
G-module V as follows: 1
.
my =YL

i

Example 8.2.3. [Bal07, Example 6.3]

i) Let pn, : SL(2) — SL(V) be the standard irreducible representation V' = S™(W) where
dim(W) = 2. Then, the Dynkin index is given by m,,, = (méu)

Proposition 8.2.4. [AHST8, Page 455| Let pi : m3(G) — m3(SL(V')). Then, the morphism ps is
given by “multiplication” by m,,.

A proof of this proposition can be found in [Kum95 Corollary 5.6]

Let us turn our attention back to singular principal G-bundles. Let us denote by Mé_s(p)o
the closure of the moduli space of stable principal G-bundles over X. Take a semistable singular
principal bundle & and let &7;* be the double dual of an associated graded object. We know &, is
a polystable singular principal G-bundle, see Definition and let &7 be a family of semistable
principal G-bundles that converges to #;,. Let &1 be the associated torsion free sheaf of the family
P, and we denote the associated cycle of the limit &, by C’@@to. As we have mentioned before,
this cycle only depends on & and not on the associated grading. This is because the graded objects

correspond to Jordan—Hdlder filtrations on the underlying torsion-free sheaf.
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Theorem 8.2.5. For any component Cj € Supp(Cg), my = length,

x(n—2) ,(
multiple of the Dynkin index. In particular, the total degree l of the cycle Co‘”to 1s also a multiple of
the Dynkin index.

o Telxe-2) 0 is a

Proof. Let Ck be a component in Supp(Cy), and let X ("=2) be a general intersection surface. Recall
that p(k) . ,pg\,) are all the components of the intersection X (=2 N C,.

Since my = lengthﬁ (Tee| x(n—2) )p(k), we can restrict ourselves to working on the surface
%

X(=2)  where the intersections pgk), e pg\]flz are just O-cycles. Let x be a point in one of the

(*)

components p;’, choose an analytic ball B., C X ("=2) of radius € around z, and identify = with
0 € B. Let u € A be the point in a small disk corresponding to tg € T

By restricting &r to B x A, we obtain a family &, that satisfies the hypotheses of Proposition
[8:2.1] We also know that the bundle & for ¢ # ¢y has a reduction of the structure group that gives
us a family of principal G-bundles & for t # tg. Thus, we have

c2(8ulBs,/Eulon,,,) = length(&" /&)o. (8.4)

-2) (k)

Observe that, éau|3g7u/éau]33g,u is a vector bundle on S* that admits a reduction of the structure
group to G. Let Pe be the associated principal G-bundle on S*. By [Bal07, Proposition 6.4], it
follows that ca(&ulBs ,,/6uloB,.,) is a multiple of m,. Since the degree of the cycle is a sum of terms
obtained as the one above, [ is also a multiple of m,,. O

Definition 8.2.6. Let Z%, be a polystable singular principal G-bundle. Recall, by the

numbers my, = length, e2) () (Te| x(n—2) )p<k) are divisible by the Dynkin index m,. We define the
x\n—= Py 7

cycles Z 4 and Z?fz("iz) as follows:

Zp: = Z —Ck € Chow,_s(X), (8.5)
zeX Mp

Z5" = ZZ Tk p*)) € Sym® (X (n2), (8.6)
k=1 1=1

Consider a singular principal G-bundle 2 with associated torsion-free sheaf &. Let X2 be a
general complete intersection surface with respect to ample line bundles Hy,..., H,_2, and let &
be the associated graded sheaf of &, denoted by [E.

Define Q(E, Pr — P) to be the Quot scheme of quotients of E such that their support is of
codimension at least 2 and with fixed Hilbert polynomial Pgr— P where P is the Hilbert polynomial of
&p. Asin Sectionn 3} let P (E) be the weighted projective bundle over Q(E, P — P) parameterizing
pairs (¢, 7) where ¢: E — & is in Q(E, Pg— P) and 7 is a reduction datum giving a singular principal
bundle structure to &.

When restricted to X (™~2)_ these quotients correspond to skyscraper sheaves of length | = c3(E) —
c2(8p). Moreover, due to the choice of E, if [¢: E — T is in Q(E, Pg — P), then ker(q) is torsion-free
and has a reduction of structure group to a singular principal G-bundle.

To be consistent with notation we let

Ra(E) := (Ya(E)rea)™)//T*

be the parameter space of torsion quotients of & with a reduction of structure group to G with
Hilbert polynomial equal to Pg — P.
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Definition 8.2.7. We define the “Quot-to-Chow” map for singular principal bundles, denoted by
h, as the follows

h: Rg(E) — Chow™ %(X)
(lg: E— &],7) = Crer(q) = [Supp(E/ gr(ker(q)))].

Note that, by construction we have that for any (¢,7) € Rg(E), the sheaf ker(q) inherits the
reduction datum 7 by restricting along the inclusion ker(q) < E. Let us denote the restricted
singular principal bundle (ker(q),7) by <. Note that, the exact sequence

0= ker(q) = EL & —0 (8.8)

and the additivity of the Hilbert polynomial yield that the Hilbert polynomial of ker(q) is equal to
P. Additionally, by the definition of h we have that h(q,7) =m, - Z.

Let the restriction of the universal family of singular principal bundles to R (E) be denoted by
Qc(E) := (qrg|re(E) TRe|Ro(E))> Of course we have a projection Qg (E) — Rg(E). Note that, we
have the map f,: Rg(E) = Q(E, Pg — P), that assigns to each pair (¢, 7) the quotient [ker(q) — EJ,
it is induced by the assignment to each singular principal bundle is sent to its associated torsion free
sheaf. Moreover, let hy be the map that takes a singular principal bundle & in Rg(E) and assigns
to it the cycle m, - Z» using the notation above. These maps fit together in the following diagram:

(8.7)

Re(E) — - Q(E, Ps — P) (8.9)

hol \ ioker(_>

ChOWn_Q (X) Tp> ChOWn_Q(X)

_mx(n2)l i_mX(nz)
Sym'o (X (7=2)) e Sym! (X (=2)).

We note the following:

i) When restricting the torsion free sheaves of Equation to the curve X2 we get by
Theorem that E is a polystable vector bundle and & is a torsion sheaf of length [ =
co(E) — co(ker(q)). By construction of the cycle ho(g, 7) the intersection ho(g,7) N X"~2) has
total degree lp := [/m,,.

ii) The map ho acts on the pair (¢,7) = & by assigning to it the cycle Z4, according to the
notation above see Equation .

iii) The map -m, represents multiplication by the Dynkin index m,.

At the present moment, our objective is to study the fibers of the map hg, which is a Hilbert-to-
Chow type morphism.

Remark 8.2.8. (Action of Aut(E) on the fibre of f,). Let @ € Aut(E). Let & be a slope polystable
torsion free sheaf with E = gr(&)VV. Let &2 be a singular principal G-bundle obtained from a
reduction datum o: X — Sg//G. Observe that, since E is a locally free sheaf on X, by Hartog’s
theorem we see that the natural restriction map |7 : Aut(E) — Aut(E|y) is an isomorphism. (This
holds when & is reflexive, see [Mar81, Corollary 1.11.1]).

By restricting a to a big open set U, we have an action of o on o|y. Let o - oy = o};. By
definition o}, : U — Se¢//G extends uniquely to a new datum o’ : X — S //G. Then, we define:

/
Q-0 =0.

It is clear by checking in U that if &7’ is the singular principal bundle obtained from o/, then its
associated torsion free sheaf is also & and P2** ~ 92/**,
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Proposition 8.2.9. Let & and 2 be two polystable singular principal G-bundles on Qa(E) lying
on the same fiber of f,. If Z** = 2% then & and 2 lie in the same connected component of the
fiber of h : QG(E) — Chow,_o(X) (or equivalently, hg).

Proof. This proposition is a generalization of [Bal07, Proposition 6.10], and we will follow the
arguments in it. The key idea behind the proof is to show that if &2 and 2 are two polystable
bundles in a fiber of f, and their double duals are isomorphic, then the two bundles lie in the same
orbit of Aut(E).

We first show that if &2 and 2 are two polystable singular principal bundles in a fibre of the
map f, and such that &2** ~ 2** then & and 2 lie in the same orbit of the action Aut(E), see
Remark

Note that the polystability of & and £ ensures that the associated torsion-free sheaves in
Q(E, Py — P) are slope polystable, see Proposition Hence, both & and 2 are reductions
of structure groups of the polystable torsion free sheaves isomorphic to &. We also have that
&V ~ E. In other words, 2,2 € f,}(E — &).

Consider the restriction to a big open subset U = U(&p). By definition, both & and 2y are
reductions of structure group of 8y ~ Ky, and since &2** ~ 2** these are isomorphic reductions
of structure group of the principal bundle E;;. Therefore, they are in the same orbit of Aut(Ey).
By the definition of the action in Remark this implies that & and 2 lie in the same orbit of
Aut(E).

Since E is a polystable vector bundle on X by repeating the argument in the proof of Lemma[8.1.9]
we have that for a general curve C' € X, Aut(E) ~ Aut(E|¢). Also by the semistable restriction
theorem E|¢ is also a polystable vector bundle on C' and hence its automorphism group is a
product of GL(n)’s. Hence, Aut(E) is connected. This implies that the orbit of Aut(E) is connected
and hence both &2 and 2 lie in the same connected component of the fibre of h. O

Corollary 8.2.10. Let & and 2 be two semistable singular principal G-bundles in Qg (E) lying
on the same fiber of f,. If 25" = 25, then & and 2 lie in the same connected component of the
fiber of the map h : Qg(E) — Chow,_o(X).

Proof. Observe that any associated graded object &, is connected to & by the path given by the
family {2 }iec. Hence, applying Proposition yields the desired result. O

The connectedness and even the irreducibility of the fibers of the Quot-to-Chow map is known
when X is two-dimensional |[GT17, Remark 5.9]. This fact is exploited in [Bal07| to obtain the
following proposition:

Proposition 8.2.11. [Bal07, Proposition 6.14] Let & and 2 be two slope semistable singular
principal G-bundles. Let 275" be the canonical polystable principal bundle obtained from a choice of
associated graded singular bundle of &. Let c(Z§*) = c(Z25*) for the degree 2 characteristic class ¢
of the principal bundles Z§* and 25", see [Bal07, Section 6.2.1| for the definition of characteristic
classes of singular principal bundles over surfaces.

Then, & and 2 define the same point of Mg_ss(p) if and only if we have an identification of
pairs (23, Z(P)) ~ (25, Z2(2)) where Z(2P) is a cycle class in the symmetric power S (X)
defined as in Equation with lg given by:

;= () — (&)
0= m
o

and where & (respectively 2) is obtained from the torsion-free sheaf & (respectively .F ) by reduction
of structure group via p and & (respectively F) is an associated graded sheaf of the semistable sheaf
& (respectively F ).

145



These separation properties are used to construct the Donaldson—Uhlenbeck compactification of
the moduli space of singular principal G-bundles over surfaces. Let us give an important criterion
which relates the number of points in Mf>%(p) that give the same tuple (27**, Z»).

Since we are tackling the higher dimensional case we have the following lemma that reduces the
problem of identifying the equivalence relation realized by M} *(p) to a question concerning the
connectedness of the fibres of the Quot-to-Chow map.

Lemma 8.2.12. Let & = (&s,05) be a flat family of (H1, ..., H,_1)-semistable singular principal
G-bundles on X parameterized by a (connected) curve S, such that for all s € S one has DT~ p
and Zp, = C for some fized principal bundle P and some fized cycle C' of codimension two on X.
Then, some positive tensor power of the associated determinant line bundle "1 = Agy(un—1(¢))
on S is trivial, see Equation for the definition of the determinant bundle.

Proof. For the proof of this lemma we will follow the ideas of |[GT17, Lemma 5.7] which gives a
similar statement for the torsion free case.

Since we fixed the representation o: G — SL(V') at the beginning of the section we can set the
principal bundle P as its associated frame bundle E' = P(0) together with the natural reduction of
structure group o coming from the associated frame bundle construction. The singular set Sing(&5)
of each individual sheaf &; consists of a codimension-two part, which is equal to Supp(C), and
a part of higher codimension, which might depend on s. The union B = (J, g Sing(&) is thus a
constructible set of codimension at least two in X. We may therefore choose a complete intersection
curve X (=1 that satisfies the conditions of our Proposition and that avoids B. Moreover,
by Proposition and Theorem we have that X (™) may be chosen in such a way that in
addition to the above P|yx-1) is a semistable principal bundle on X (=1 and hence F|xn-1is a
semistable locally free sheaf.

With these choices, we have Zs|ym-1) = P|ym-1) and &|xm-1 = E|xm-1) for all s € S, and
the restricted family &|ym-1),g of semistable sheaves on X (n=1) gives rise to a single point in
the corresponding moduli space M;s(n_l)(élx(nq), Ox(n—1)) of semistable sheaves with the relevant
Chern classes and with trivial determinant on the curve X (™1 see Remark m The ample line
bundle .Z( on the moduli space M- (el xm-1), det(E| x(n-1))) described in Theorem |3.3.13| pulls
back by the classifying morphism to a trivial line bundle on S, where it is linearly equivalent to
the determinant line bundle A g1 (ug(é|ym-1)) by item i) of Theorem [3.3.9] The assertion on
& ,,_1 follows from the isomorphism . O

Proposition 8.2.13. (Non-separation) Let &1 = (&1,01) and Py = (E2,02) be two singular
bundles such that ﬁ# = 9;# =: P with P = (E,0) and Zp, = Zp,— : C. Suppose in addition
that the isomorphism classes of the sheaves E/ gr(&1) and E/ gr(&2) lie on the same fiber of Cyer( )
over C, see Diagram . Then, 21 and P give rise to the same point in ME~>%(p).

Proof. This is a consequence of Lemma More precisely, this is proven by realizing that if
Ps = (8s,05) is a flat semistable family parameterized by a connected curve S such that P¥ =p
for all s € S and Z4, are constant, then the union of the non-locally free locus of the associated
torsion free sheaf & denoted by Sing(&s) is a constructible set of codimension at least two in X.
Therefore, we may choose a complete intersection curve X (1) that avoids the constructible set
and that additionally is constructed as in Theorem We choose X (™1 in such a way that the
restriction 2% |y(n_1) is semistable, see Remark

We get the desired result by pulling back the line bundle % through the classifying morphism
from the moduli space ME™**(¢xn-1), Oxnm-1)) and applying the isomorphism O

Note that, if we assume the fibre of the Quot-to-Chow map, denoted by Cyey( ) in the Diagram

, gives an equivalent statement as Proposition [8.2.11| for higher dimensional manifolds, and
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hence it gives a complete sheaf-theoretic description of the equivalence relation realized by M, g_ss (p).
Let us state it here.

Proposition 8.2.14. Let & and 2 be two slope semistable singular principal G-bundles. Let Z*
be the canonical polystable principal bundle obtained from a choice of associated graded singular
bundle of &. Let c(Z5*) = c¢(25*) for the degree 2 characteristic class ¢ of the principal bundles
PiF and 2.

Then, under the connectedness assumption of the fibre of the Quot-to-Chow map explained above,
we have that & and 2 define the same point of Mg_ss(p) if and only if we have an identification
of pairs (2, Z(P)) ~ (2¢*, Z(2)) where Z(P) is a cycle class in the symmetric power S (X)
defined as in FEquation with ly given by:

c2(6p) — c2(&5)
mp

lo=

and where & (respectively 2) is obtained from the torsion-free sheaf & (respectively F ) by reduction
of structure group via p and & (respectively %) is an associated graded sheaf of the semistable sheaf

& (respectively F ).

This proposition will be used in the following section to construct the Donaldson—Uhlenbeck
compactification of principal bundles over higher dimensional manifolds under the connectedness
assumption explained above.

9. COMPACTIFICATIONS

9.1. A compactification of the moduli space of stable principal bundles. In this section we
will present a compactification of the moduli space of stable principal bundles in two very different
cases. The first one is in the case G = GL,(C) i.e., the torsion free sheaf case treated in |[GT17].
The second case is under the connectedness assumption of the fibre of the Quot-to-Chow map.

The construction of the compactification in the first case is technical because it requires some key
inputs from the theory of analytic and algebraic spaces. We refer the reader to the works of Altman
and Kleiman [AKS80] (in the algebraic category) and Kosarew and Okonek [KO89] (in the analytic
category) where they describe the coarse moduli space of isomorphism classes of simple coherent
sheaves on a projective variety X. Since every p-stable sheaf is simple by [HL10, Corollary 1.2.8]
it is natural to compare the moduli space of simple sheaves with the moduli space of p-stable ones.
Since the sheaf case was already treated in |[GT17], we will state [GT17, Theorem 5.10] specifically
which is the key result that gives the compactification in the sheaf case and then we will compare
the results of both constructions.

As for the G-principal case and under the connectedness assumption of the fibre of the Quot-to-
Chow map, we will take inspiration from [Bal07]. In this reference Balaji tackles the surface case
where the connectedness assumption is given. More specifically we refer to [BalQ7, Section 6] for
the proof of the analogous result in the surface case. Note that the methods for proving this result
used by Balaji are completely different in the sense that it does not require supplementary input
from the theory of analytic spaces, but rather only the theory that we developed in Section [7}

9.2. The sheaf case. In |[GT17, Section 5.2] Greb and Toma show that the moduli space M#3% of
u-semistable torsion free sheaves over X, constructed in Section provides a natural compactifi-
cation for the moduli space of p-stable reflexive sheaves (of fixed topological type) on X.

Note that by the characterization of reflexive sheaves given in [HL10, Prop. 1.1.10(4)], reflexivity
is an open condition in the base space of a flat (proper) family. Let leg; be the locally closed
subscheme of Mgy, representing (isomorphism classes of) p-stable reflexive sheaves with class ¢ and
determinant A = 0. It follows for example from [KO89, Proposition 6.6] and [Kob87, Corollary
7.12] that (M) . is a separated quasi-projective variety.
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Theorem 9.2.1. [GT17, Theorem 5.10] Compactifying the moduli space of stable reflexive sheaves
There exists a natural morphism

6t (MER)™ > A
that embeds (leg_l)wn as a Zariski-open subset of MH*5%.

As we mentioned before the proof of this result is quite technical. Since it draws tools from
the theory of analytic and algebraic spaces we consider that it is beyond the scope of this text.
Nevertheless we recommend the interested reader to see the reference for its complete prove.

9.3. Donaldson—Uhlenbeck compactification. We would like to start this section by presenting the
compactification obtained by Balaji in the previous reference.

Proposition 9.3.1. [Bal07, Proposition 6.15] There is a canonical morphism j : Ma(é)**(p) —
Mg,ss(p) which is an embedding of the moduli space of isomorphism classes p-stable principal G-
bundles into ME>®(p).

Let M be defined by the disjoint union:

Mg = | | MEP(e—1) x SH(X) (9.1)
>0

where M, g_poly(é—l) is the moduli space of p-semistable principal G-bundles with characteristic class
¢ — I (represented as classes of polystable bundles); in particular, the big stratum is Mgprly(é) =
In conclusion, Balaji finds the following;:

Theorem 9.3.2. [Bal07, Theorem 6.16] There is a set-theoretic inclusion
Me C MEZ(p).

Furthermore, the underlying set of points M., of the closure of the moduli space of equivalence
classes of p-semistable principal G-bundles, is a subset of M. In fact, Mg is independent of the
representation p up to homeomorphism.

Recall that in Equation we defined the space R¥¥ = Rg. We define R}, C R as the open
subset parameterizing quotients of stable honest singular principal bundles with fixed invariants.
Moreover, let Ry, C Rg denote the subscheme of quotients with a reduction of structure group
resulting in reflexive singular principal G-bundles; see Definition|8.1.7] Recall that in the surface case
we have that reflexive singular principal bundles coincide with principal bundles, see Remark
Hence R¢, parameterizes quotients with reductions resulting in principal bundles. Note that the
space ¢, is weakly normal by virtue of being an open inside of a weakly normal space. Furthermore,
we define R, ® := (R °(p)red)™. The weak normalizations induce an SL(Y")-equivariant inclusion

(RET®)° < R

Proposition 9.3.3. There is a canonical morphism ¢: (ME>(p)°)"™ — ME**(p) which is an
embedding of the moduli space of isomorphism classes p-stable reflexive singular principal G-bundles
in ME%(p).

G

Proof. The existence of the morphism ¢ follows by the weak coarse moduli property of the moduli
space M (p), see Theorem The injectivity of ¢ follows from Lemma [8.1.9]

Now choose a general curve X (™~ obtained by intersecting general elements in |a;H;| for i =
1,...,n—1, such that we are under the requirements of Theorem [3.4.8} we have that the differential
of the restriction map 7|ywm-1 (by the same argument involving Enriques-Severi lemma, used in
Equation (8.2)) is injective. This implies that the map j is an embedding. ]
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Let & = (&,0) be a singular principal G-bundle, such that Py is the Hilbert polynomial of the
torsion free sheaf & and further let 2% be the associated graded principal bundle. Recall that
E := &% denotes the associated vector bundle of the double dual of the graded object of &, see
Definition 8.2.6] Thus P := Ps — Pgy. Let Mg be defined by the disjoint union:

& =| | ML (p)(Ps — P) x Chow,_2(X) (9.2)

where Mgfpoly(p)(PE — P) is the moduli space of p-semistable principal G-bundles with charac-
teristic classes ¢ — [ (represented as classes of polystable bundles); in particular, the big stratum is
MEP (0)(@) = ME™ ()"

Proposition 9.3.4. There is a morphism from M to ME *(p)(C), denoted by ¢, that is a set-
theoretic inclusion under the connectedness conditions of [8.2.10

Proof. Let (27%,Z) be a point in 7. Since P# is a polystable reflexive principal G-bundle,
then its associated torsion free sheaf is a p-polystable reflexive denoted by E € Méii((c), see the
discussion after Lemma together with a reduction o : X — Sg.

By applying the case 2 of |[GT17, Theorem 5.5|, it is known that under the connectedness as-

sumption explained above, the map j : Chow!, »(X) — M(’fj'j(c), induced by the morphism from

QE,l) — Mésfj () 1s an embedding. This is an argument by restriction to a surface that does not
intersect any of the cycles (see the discussion above Definition and discussion before Diagram
. Therefore the element m, - Z € Chow,,_2(X), see Definition , gives a polystable reflexive
sheaf & such that &YV ~ E and such that m, - Z = Z(&).

Thus, we have a reduction of the structure group of %|Ug derived from the restriction o| v, of the
reduction of the structure group of E, which results in the reflexive bundle &2**|y, . Interpreting
oy, as a morphism from Ug to the quotient Sg /G, we obtain a canonical extension o1 : X —
Sg//G. This gives rise to a polystable reflexive singular principal G-bundle &2 € M} **(p) which
corresponds to the point (£7**, 7).

Additionally, Proposition [8.2.13]is equivalent to saying that this morphism is many to one, more
precisely, the number of points in M& *%(p)#~5% which give the same tuple (2%, Z) is bounded by
the number of connected components of the fibre of the morphism Q¢ (E) — Chow,,_2(X) above
Z. Under the connectedness hypothesis we have that the morphism is well defined because there is
only one choice of singular principal bundle & that maps to (2%, Z).

The map (2%, Z) — 22 is clearly injective.

Let us assume that the images through ¢ of (2%, Z ) and (L@’#, Z 1) define the same point 2
in the moduli space M *%(p)(C). Clearly we have &' = 9% > P and Zyp = Zg = Z . O

Remark 9.3.5. Note that, in the previous proof, without the connectedness hypothesis, we cannot
state that «(22**, Z) and (£7**, Z) lie in the same connected component of the Quot-to-Chow map
ho.

The previous observations suggest to create an equivalence relation in Mf,~**(p)(C) where two
semistable singular bundles &) = (&1,01) and P = (&, 02) are identified if and only if when
expressed in the form (™, Z;) and (225%, Zs) they satisfy & = Py and Z; = Z3 regardless
of which connected component the associated sheaves &1,8 € Qg belong to. This would be
particularly interesting because it would allow us to follow a similar approach as in the classical
case, as seen in [HL10, Remark 8.2.17] and in [Bal07, Theorem 6.16] to construct the Donaldson—
Uhlenbeck compactification of the moduli space.

This approach is explored for torsion free sheaves in [GSTW21| using a gauge theoretic approach
and if the equivalence relation above is fruitful, it could yield a correspondence with the Donaldson—
Uhlenbeck compactification of the moduli space of Anti-Self-Dual connections.
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9.4. Comparison with the Gieseker compactification. A compactification of slope stable sin-
gular principal G-bundles is already known for the case Hy = --- = H,, = H, see [Sch04al Section
5.1], this is a Gieseker compactification in the sense that the semistability used to construct it takes
the Hilbert polynomial calculated with respect to H. Recall that in Equation , we established
that the following chain of implications holds

2 is p-stable = & is Glieseker-stable = & is Gieseker-semistable = & is p-semistable.  (9.3)

It will be our task in this section to compare both compactifications. Let us first construct the
Gieseker moduli space, some good references for this construction are [Sch04al and [Sch02].

Recall that in Equation li we denote by Ré_ss (p") the space parameterizing pairs of the form
(g, 7) where g is a quotient of the form J# — & such that (&, 7) is a u—semistable singular principal
G bundle, see Equation ({5.31]) also.

Lemma 9.4.1. (Realizing the Gieseker moduli space as a good quotient).

The good quotient 7 : REFeS=S(p') — R¥es-55(p') // SL(Y') of the SL(Y')-invariant open subscheme
R%ies'ss(p’ ) that parameterizes Gieseker semistable singular principal bundles in RF%(p') exists.
Moreover, the quotient R es-55(p’)// SL(Y') is isomorphic to the Gieseker moduli space MEtes-ss,

Proof. Using the construction in Section[£.2)and Section [5.3] we have that there is an open subscheme
'e (p') C Q' parameterizing quotients (g, 7) where ¢ € S and 7 is the dual of a generalized reduction
of structure group as. Further, due to the chain of implications above we have an open subscheme
R&esss(p) C RZS(p'), parameterizing pairs of the form (g, 7) where ¢ is a quotient of the form
A — & such that (&,7) is a Gieseker semistable honest singular principal G-bundle. If the group
G is a connected reductive group with non-trivial radical, we construct the representation x as in
Section [p.1.5] and we get a morphism

R%ies.ss(p) _5 . R(ges.ss(p) (94)
A
Q Q.

which is just the restriction to RE5*(p) of the morphism in Diagram . It is well defined as a
consequence of [Sch04al Lemma 6.1.3|. Further, since RGGi“‘S'SS (p) — Q is a proper morphism, then
s is also a proper morphism, see [Sch04al, Page 30].

Recall that in Remarkwe constructed the parameter space T, //C* parameterizing slope-d-
semistable tensor fields. By the corresponding chain of implications, see the implications [£.9] there
is an open subscheme, denoted by ¥, parameterizing Gieseker-e-semistable tensor field. Of course,
just as in the multipolarization case, we have that the map A defined in Equation restricts
to R&e=%(p) and yields the following map:

A/ . RGGzi.es.ss(p) N of

(l¢: Y @ Ox(—m") = &), 75) = ([q: Y ® Ox(—m") — &l 7)) (6:5)

This morphism is well defined, injective and proper, whence finite by [Sch04al, Theorem 6.2.1].
Note that, on closed points the morphism A’ o s is just the assignment which associates to a
Gieseker-semistable honest singular principal bundle (&,7) the corresponding torsion free sheaf
(&, ¢-) with decoration of type (a, b, c).
We have seen in Section that the moduli space of Gieseker-semistable tensor fields is con-
structed as the projective quotient ¥//SL(Y’) with respect to the linearization (Gies)*0g(n1,n2)

defined in Equation (4.22)).
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As in Section suppose that € > €, and take a polynomial € € Q[t] with leading coefficient
€, then a consequence of Theorem [£.3.1] is the fact that e-semistability coincides with Gieseker-e-
semistability, this statement coincides with [Sch02, Remark 2.2.2 ii)] (see [Sch08|, Corollary 2.4.4.6]
for the curve case).

Since a Glieseker-semistable singular principal bundle (&, o) is slope semistable then, according
to Proposition we have that & is slope semistable. This coincides with [Sch04al, Proposition
5.1.1].

The fact that e-semistability coincides with Gieseker-é-semistability, implies that the ample line
bundle (A’ o 7)*(Gies)*Og(n1,n2) linearizes the SL(V )-action on R&es-55(p).

In conclusion, the good quotient 7 : REeS55(p) — REess5(p)//SL(Y) is the moduli space of
Gieseker semistable honest singular principal bundles. ]

Now that the construction above was completed, we want to know when a determinant line bundle
defined over °55(p) descends to the moduli space Mg, In order to do that, we recall the
setting leading up to Definition [3.3.8]

For any class ¢ in K(X)yum, we write é(m) := ¢ - [H®™], where H is the fixed ample line bundle
on X, and denote by P(¢) the associated Hilbert polynomial P(¢,m) = X(é(m)). If # is an S-
flat family of coherent sheaves with Hilbert polynomial P(¢), the points s € S such that % is of
class ¢ form an open and closed subscheme of S. As a consequence, the moduli space MEtes-ss(P)
of Gieseker semistable honest singular principal bundles decomposes into finitely many open and
closed subschemes MZ%5%(¢;), where ¢; runs through the set of classes with P(¢;) = P. A universal
family (gy: W @ 7% Oy — &,0) on PFe5(p) x X, see Proposition [Sch02, Section 4.1], defines a
well-defined determinant line bundle Ag(u) on MEes%(¢) when X(¢é ® u) = 0. In particular, note
that, the restriction to the Gieseker parameter space of the universal family over ) denoted by
(é"@%esss(p), T@((;;iesss(p)), see Equation , satisfies this condition when working with K¢ and K¢ g,
recall Definition 3.3.8

The following theorem is an analogue to [HL10, Theorem 8.1.5]. It tells us that the condition
above is also sufficient to get well defined determinant line bundles on MgHe=3(p)(¢).

Theorem 9.4.2. Let ¢ be a class in K(X)num. Recall that K¢ and K¢ i where introduced in Def-
inition |3.5.8. Then, there are group homomorphisms N° : Ko — Pic(Mges5(¢)) and X : Koy —
Pic(Mges=3(¢)) with the following properties:

i) The homomorphisms X and X\° commute with the inclusion Koy C K¢ and the restriction
homomorphism Pic(Mgtess5(¢)) — Pic(MEes=(e)).

i) If P = (&,0) is a flat family of Gieseker semistable singular principal bundles of class ¢
on X parameterized by S, and if ¢ : S — MEH55(¢) is the classifying morphism, then A
and \g : K(X) — Pic(S) commute with the inclusion Ks g C K(X) and the homomorphism
¢% : Pic(MEress2(¢)) — Pic(S).

iit) If 22 = (&,0) is a flat family of Gieseker stable singular principal bundles of class ¢ on X
parameterized by S, then A* and \s : K(X) — Pic(S) commute with the inclusion K; € K(X)
and the homomorphism ¢%, : Pic(Mgs=(¢)) — Pic(S).

Proof. In order to prove this theorem we will follow the arguments of [HLI0, Theorem 8.1.5|, see
also Theorem [3.3.9] There the authors proved a similar result for the torsion free sheaf case.

Let v € K(X)num be an arbitrary class and consider the line bundle L := Agg)Gie&SS(p)(A) (u)
el c

éiess2(p)(¢). L inherits a GL(Y)-linearization from Ag. We want to know whether L descends to
a line bundle on MgHs=5(¢) or MEtes=(¢).

According to the criterion of Theorem we must control the action of the stabilizer subgroup
in GL(Y') of points in closed orbits. The orbit of a point ([¢ : H — F],7) € D&e5=%(p)(¢) is closed

if and only if .F is a Gieseker polystable sheaf, see Proposition this is equivalent as saying
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that .# is isomorphic to a direct sum @, F; ®c W; with distinct stable sheaves .%#; and vector
spaces W;. The stabilizer of [g] is isomorphic to Aut(.%#) = [[ GL(W;), and an element (Ay,..., A4)),
A; € GL(W;), acts on the fibre

L(lq)) = R (det(H* ([ 7] - )™V @ (det (W) X171

7

via multiplication with the number [], det(A;)X(“[#]) see Proposition and the discussion
afterwards for an explanation of how this isomorphism is obtained.

Let ¢; = [%;], and let r and r; be the leading coefficients of the Hilbert polynomial of .# and .%;,
respectively. By construction, we have for all [:

rX(&- [H®Y) = rP(F (1) = rP(F(l)) = rX(& - [H®).

This is equivalent to: X((ré; —r;¢) - h') = 0 for all [, which means that (ré; —r;¢) € {1,h,..., h"}+.

Now, distinguish two cases: if .# is stable, so that Aut(%#) = G, and if u € K¢, then A € C*
acts by AX(we) = A9 = 1 If on the other hand .# is not stable but u € K¢ i, then we have
X((re; — ric) - u) = 0, since (r¢; — ric) € {1,h,...,h"}*+. Therefore X(& - u) = ZX(é-u) = 0.
Thus, any element in the stabilizer subgroup acts trivially. It follows that v € K¢ or u € Kg i are
sufficient conditions on u to let the line bundle L descend to bundles A*(u) on Mges=(¢é), or A(u)
on MEtes:s3(¢), respectively.

To get the properties of item i) and iii) proceed as follows: suppose (&,0) is an S-flat family
of semistable honest singular principal bundles of class ¢é. Let 7: S = Isom(Y, p,(& @ H®™)) — S
be the frame bundle associated to the locally free sheaf p, (& ® HE™), and let g : S — D&es3(p)
be the classifying morphism for the quotient (Y ® 0z,  — 7*&,0) where the quotient is the
composition of the tautological trivialization and the evaluation map, see [HL10, Example 4.2.6]
for details on the definition of the tautological trivialization. The map ¢z is a GL(Y)-equivariant
morphism, and 7 o s = ¢ o 7, where ¢g : S — ME5%(p) is the classifying morphism for the
family (&, 0). We have the following diagram:

§ s e ()0

'k

S 5 ME==(0) @)

We obtain the following sequence of GL(Y')-equivariant isomorphisms:

T GENW) = G NW) = 5 Mty = Ny (1) = e (0) = T As(0). (9)
Assertions 2 and 3 follow from this and the fact that 7 : Pic(S) — Pic®“Y)(S) is injective, see
[HLI0, Theorem 4.2.16] O

The following proposition serves as the promised comparison.

Proposition 9.4.3. (Comparing M5 and M} >°(p)) Let X be a projective manifold of dimen-
sion n with ample line bundle H, let M} >*(p)(¢) = M} >*(p) be the moduli space of semistable
singular principal G-bundles with respect to the multipolarization (H, ..., H) and fized invariants,
and let ME=3(p)(¢) = M= be the Gieseker moduli space with the same invariants. Then, the
following holds:

i) There ezists a line bundle Apggies-ss (u(é)) on M=%, unique up to isomorphism, such that for

every flat family of Gieseker semistable singular principal G-bundles &2 parameterized by a
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scheme Z with classifying morphism Wp: Z — M-S such that & is the associated family
of torsion free sheaves, we have the following isomorphism:

W (Apgssns (w(@))) = A (1 (8)).
If there is a group action on Z, this isomorphism is an isomorphism of linearized line bundles.
Let the pullback of Ajssies.ss (u(¢)) to the weak normalization (MZH5=5)" be denoted by .Zp,_1.

ii) The line bundle .Z,,_; is semiample. We set

ies.ss : ies.ss n =k
MEH25® = Proj (D HO(ME**5(p))™, Z,,_1)),
k>0

and we denote the natural morphism from (MEes:55(p))"™ to MEies-ss by ghies-ss,

iii) If » € N is as in Proposition then the restriction of the associated torsion free sheaf of the
universal family & = (¢, &) to the open subset R&esss .= {s ¢ Rg| 2, is Gieseker semistable}
induces a morphism @: (Mg=s5(p))* — ML *°(p) which classifies the restriction of the
universal family ¥/ Rtes.se. Additionally, the universal morphism is such that

—% ~ RV
The Stein factorization of @ (see Theorem [2.1.37) is given by the following diagram:
(Mgies.ss (p))wn (98)

dsiijsrss l x

M —— MET ().
Proof. If we set h = [0y] € K(X) then, by Equation (3.3), we have u,_1(¢) = —rh" 4+ X(é -
rH[0,] € K(X). Hence
X(tp_1-¢) =X(—=rh" 1. ¢+ X(é-h"N)[O,] - ¢)
=X(—rh" " &) + X(X(&-h" 1 [O4] - )

. . A (9.9)
=—7rX(h" &)+ X(¢-h"H)X([Oh] - €)
= —rX(h" &)+ X(¢- " (rk(e)) = 0.
Similarly let v € {1,h, h?,..., "}, in particular, we have X(v) = 0. Moreover, we have
X(tp_1 - v) =X(=rh™ v+ X(¢- " H[O,] -v
(un—1 - v) =X( ( )NO:] - v) (9.10)

= —rX(h" 1) + X(é-h"HX([O,] - v) = 0.
Hence u,,—1(¢) € K¢, g and by applying Theorem we get that the determinant line bundle
L1 = Apes o lygsen ss (un-1(¢)

descends to Mgies'ss. By an abuse of notation, we will keep the same notation for the induced
bundle on the quotient REf(p)//SL(Y). Thus let £,y := i* %" ,_1, where i: (M&es55(p))™ —
MEes2(p) is the weak normalization map. Clearly this is the desired bundle as it comes from
the universal family of singular principal bundles that satisfies the moduli properties described in
Theorem [7.2.21

Let us prove the semiampleness claim of item ii). Recall that & = (ERez(p)s TRz (p)) 18 the

universal family of quotients of singular principal bundles over Rg = Rg(p). Then, the weak
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normalization of the space Qj(}GieS‘SS(p) is isomorphic to the space

RSiesss — {5 € Rg| P, is Gieseker semistable}.

Moreover by the universal properties of the weak normalization, see Theorem applied to the
iL(Y)—invariant morphism REHes:s8 — Q)diesss(p) — NfEles:55(p) we get the following commutative
iagram

RGC;ies.ss Q)%ies'ss(p) (911)

| A
T T A,

Here the horizontal arrows are the weak normalization morphisms. Since IT is a good quotient, as a
consequence of Lemma the map 7 is also a good quotient for the lift of the SL(Y")-action. Note
that, 7 is also the classifying morphism of the family 9?] Reiesssy x by construction. Consequently,
item 7) yields an SL(Y')-equivariant isomorphism

Dg/ﬂ//n_l‘R(g.esss = )\éaRGies.SS(p) (un_l(é)) = ﬂ-*yn_l' (912)

G

It follows from Lemma [7.1.2| that there exists v € N such that z’?ﬁ'ﬂ Reesss is generated

by SL(Y)-equivariant sections over RGGieS’SS. As 7 is a good quotient, the equivariant morphism
(9.12) together with the equivariant projection formula, see Lemma [2.3.40, imply that there is

®V//

. . v . . .
an isomorphism m,(Z" 7 | R(gesAss)SL(Y) = &, and hence we have the following isomorphism

l/”

HO(W*(RGGieS'SS,f"ny_ul\Rcies.ss))SL(Y) > HO(MEess5(p), £, _1). Thus the semiampleness of &,y
follows.

For item 4i7), the existence of the morphism @ is a consequence of the universal property of
MY7%(p), see Theorem [1.1.2} and the fact that the restricted universal family | RGiess.ss 18 SL(Y)-

invariant. More precisely, the family 27| RGiess.ss induces a morphism RGiess-ss _y MIETS5(p), which
coincides with @ , RGiess.ss. Further, since Mg'®=3(p) is obtained as the quotient R&es5s /SL(Y),
then we have the following factorization:

2 =dom, (9.13)

@' Gies.ss
e

where &: MZHss5(p) — ML *%(p) is the desired morphism. Again, the universal property in
Theorem and the equivariance of the isomorphism (9.12)) gives us the following isomorphisms

* ~ l/N ~ * 7®V”
(@‘R(ges.ss) (ﬁMﬂfsS(p)(l)) = (g”n_l)® ’R(ges.ss =T (Dg/ﬂ )

P n—1

that are compatible with the respective SL(Y") linearizations. By applying Lemma we have
that the pullback mm, (@ geies.ss )S“Y) equals the sheaf o MEies.58 (p))wn- The previous fact together with

Equation (9.13) and the projection formula imply & (& = (p)(l)) = Ef?il as claimed.
G

For the the remaining claims, about the Stein factorization, made in item iii) we proceed as
follows. Let

ies. & . Ti_sss _
ME=(p) B ME () = ME=(p)
be the Stein factorization of @, recall the definition was given in Theorem [2.1.37, We have to show

the existence of an isomorphism f : M&*s5%(p) — ML °%(p) that completes the composition above,
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in the following way:
Mgies.ss (P) (9 14)

=21

. f — _
MEie32(p) —— Mg > (p) —— ME > (p).

We note that the map @ is given by a subalgebra of R(M&®==(p), Z, ). Hence, the universal

Gies.ss

properties of the Proj-construction yield a morphism f : Mges$3(p) — MEs-55(p) that makes
Diagram ({9.14) commutative.

Let us construct an inverse morphism g : Mg&H=5(p) — ME<5$%(p). To achieve this task, by the
universal property of the Stein factorization (see Theorem [2.1.37)), it suffices to show that $&1es-ss ig
constant on the connected components of the fibers of @. So, let C' be a connected projective curve
in Mgess5(p) lying in a fiber of . As a consequence of Equation 1} the restriction ?S?Zﬂc
is trivial. Hence, it follows again from the functorial properties of the Proj-construction that C' is
contracted to a point by @&ies-ss,

This concludes the proof. O

Remark 9.4.4. The map @ is birational when restricted to the respective closures of the weak
normalization (M °(p))™ of the moduli space of slope-stable principal G-bundles, which embeds

into both (MgHs=5(p))"™ and M{, >*(p), see Section @ This implies that the map @ induces the
map ¢, in Theorem when restricted to (ME&®(p)°)™™.

10. CONCLUDING REMARKS

Note that, in the surface case n = 2, Balaji obtains a Donaldson—Uhlenbeck compactification by
studying the line bundle Ag,., - (u1(¢)) on Y (p) in [Bal07, Lemma 5.6]. Note that, by Theorem
G

9.4.2|and by the proof above, we have that the line bundle /\(g’m

(u1(¢)) descends to the quotient

(g.esSS(p)

Mgres2(p) and is semiample by item i7) of the last theorem. This suggests that one could study
the maps given by complete linear systems of sections in high powers of .%,,_1 as was done by Le
Potier in [Pot92l, Section 4| for the coherent sheaf case. Note that the approach we took is based
on the approach taken by Huybrechts and Lehn in [HL10, Chapter 5|, where they do not restrict
to families of Gieseker-semistable sheaves but rather considers families of slope semistable sheaves.
By the description of the resulting moduli spaces above we conclude that both approaches induce
the same equivalence relation on M e*:5%(p), and hence are equivalent.

Hence the morphism (Mges-s(p))vn 2, M/ ®%(p) obtained in Proposition 9.4.3/is equivalent to
the morphisms in [HLI0, Theorem 8.2.8] and in [GT17, Proposition 5.12| for the sheaf case. Addi-
tionally, for the singular principal bundle case we would like to mention that since Balaji pursued
an approach analogous to the one taken by Huybrechts and Lehn, then he does not build an explicit
embedding of the moduli space of Gieseker-semistable singular principal bundles, constructed by
Schmitt in [Sch04a] for the higher dimensional case (see Section 5.1 in particular). However he ob-
tains a Donaldson—Uhlenbeck compactification in the form of [Bal07, Proposition 6.15] and item (f)
of [Bal07, Theorem 6.19]. By the comments above, we conclude that the morphism &, constructed
in Proposition generalizes the one in item (f) of [Bal07, Theorem 6.19]. Additionally, it gives
rise to the space ®((ME*=5%(p))™) which can be named the Donaldson—Uhlenbeck compactification
of the moduli space of slope stable principal G-bundles.

We would like to direct the reader to [HL10, Remark 8.2.17], where he explains the relation
between the Donaldson—Uhlenbeck compactification and the analogue concept in gauge theory for
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the surface case. At the risk of repetition, let us state the equivalence relation on Mgies'ss(p)
generated by the morphism ¢.

Proposition 10.0.1. For two singular principal bundles P = (&,0) and 2 = (F,0") in (MG (p))™™
let Zp and Z g be their corresponding cycles as in Definition . Then, we have  (P) = & (2)
if and only if
i) If 5 =228 = R, with Z = (9,0"),
i) Zp and Zg are equal. Let Zop = Z o9 =: Z and
iii) The bundles 9 /& and 9] Fy lie on the same connected component of the fiber h=1(Z), where
8y and Fy are the associated torsion free sheaves of the graded objects gr(Z) and gr(2) re-
spectively.

The corresponding equivalence relation in the gauge theoretic side is generated by Uhlenbeck’s
strong compactness theorem which asserts that every sequence of Yang—Mills connections with
uniformly bounded curvature is gauge equivalent to a sequence which has a C*°-convergent subse-
quence. We refer the reader to [Li93Dh] [Mor93] for the correspondence between the moduli space of
sheaves and the moduli space of connections in the surface case. Additionally we refer the reader to
[GSTW2I] for a generalization of this correspondence to higher dimensional manifolds. Since the
approach we took in this thesis is very similar in spirit to [GT17] it is plausible that the previous
correspondence generalizes to the principal bundle case, this is yet to be verified.

Furthermore, Balaji proved in [Bal07, Section 7| that the moduli space Mg (¢) of slope stable
principal G-bundles on a smooth projective surface X for large characteristic classes ¢ is non-empty
using the fact that the fibres of the Quot-to-Chow map are connected, see [Tau84]| for the SL(2)-case.
For this reason, it seems difficult to prove the non-emptiness in our case.

On the other hand, we would like to mention that Balaji proved in [Bal07, Theorem 6.16] that the

closure (Mgis)O of the moduli space of equivalence classes of slope semistable principal G-bundles
is independent of the representation p up to homeomorphism. He achieved this result, again, using
the fact that the fibres of the Quot-to-Chow map are connected. Thus it remains to be studied if
such a statement is possible for the higher dimensional case.

Last but not least we would like to mention that there is a well-developed theory for wall-
crossing phenomena of moduli spaces of sheaves on surfaces. Investigating these phenomena for
moduli spaces of Gieseker-semistable sheaves over higher-dimensional base manifolds, Qin adapts
his notion of “wall” from the two-dimensional to the higher dimensional case, see [Qin93]. In |[GT17,
Section 6|, Greb and Toma use this generalization and the philosophy that the natural polarizations
to consider when defining slope semistability on higher-dimensional base manifolds are not ample
divisors but rather movable curves to solve some pathologies encountered by Schmitt in [Sch00]. It
has yet to be seen if the theory of Wall crossing can be generalized to the principal bundle case
developed here.
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ZUSAMMENFASSUNG

In dieser Dissertation prasentieren wir eine umfassende Untersuchung der Kompaktifizierung des
Moduliraums von Prinzipal G-Biindeln auf héherdimensionalen komplexen projektiven Mannig-
faltigkeiten, wobei wir Balajis Konstruktion der Donaldson—Uhlenbeck Kompaktifizierung fiir den
Flachenfall erweitern [Bal07]. Diese Erweiterung wird durch Beriicksichtigung der Semistabilitdt in
Bezug auf eine Multipolarisation auf einem projektiven n-Falt erreicht, die aus n — 1 ample inte-
gralen Divisorklassen besteht. Dieser Ansatz wurde urspriinglich von Greb und Toma entwickelt,
um torsionsfreie Garben zu behandeln [GT17].

Wir beginnen mit einer Darstellung der Grundlagen. In Abschnitt 2 geben wir eine Ubersicht
iiber relevante Ergebnisse in der Theorie schwach normaler Rdume, die zu den Raumen werden,
iiber denen wir Familien singuldrer Prinzipal G-Biindel betrachten. Wir présentieren auch einige
Ergebnisse in der Theorie ample Divisoren und deren Schnittpunkttheorie, die fiir die Definition einer
Multipolarisation und damit unserer Semistabilitdtsbedingung notwendig sind. Zum Abschluss des
Abschnitts geben wir einige erforderliche Ergebnisse in der Geometrischen Invariantentheorie, die
zwar nicht das Hauptwerkzeug zur Konstruktion des betreffenden Moduliraums sind, aber peripher
und daher niitzlich. In Abschnitt 3 entwickeln wir die Theorie torsionsfreier Garben, die in Bezug auf
eine Multipolarisation semistabil sind, basierend auf |[GT17]. Wir préasentieren die Konstruktion,
wie sie beschrieben wurde, um einen Weg zu haben, dem wir folgen kénnen, wenn der Fall der
Prinzipal G-Biindel eintritt.

Inspiriert von Schmitts Ansatz [Sch08| beginnen wir Abschnitt 4 mit der Konstruktion des Pa-
rameterraums, der dekorierte Garben klassifiziert, bezeichnet als 7', die in Bezug auf eine Mul-
tipolarisation und einen Parameter § € Q semistabil sind. Wir stellen fest, dass dieser Klassi-
fizierungsraum ein Determinantenlinienbiindel Op (s, s2) besitzt. Wir verkniipfen die intrinsische
Semistabilitatsbedingung fiir dekorierte Garben mit der durch das Determinantenlinienbiindel in-
duzierten. In Abschnitt 5 untersuchen wir die Hauptobjekte der Klassifikation, ndmlich Prinzipal
G-Biindel und ihre Verallgemeinerung zu singuldren Prinzipal G-Biindeln. Fiir jedes singuldre
Prinzipalbiindel assoziieren wir eine dekorierte Garbe. Dies ermoglicht es uns, den Parameter-
raum singuldrer Prinzipalbiindel ) als ein abgeschlossenes Unterschema von T' darzustellen. Wir
versehen 2) mit einem Determinantenlinienbiindel As (u1(€)), das als £ | bezeichnet wird.

Wir stellen die intrinsische Semistabilitétsbedingung fiir singulére Prinzipalbiindel in Beziehung zu
der durch das Determinantenlinienbiindel induzierten. Weiterhin vergleichen wir das intrinsisch
definierte Determinantenlinienbiindel iiber ) mit der Einschrankung von &p(s1,s2) aus der As-
soziation mit dekorierten Garben, wenn der Parameter § grof genug ist. In Abschnitt 6 liefern
wir ein Kompaktheitsergebnis des noch zu konstruierenden Moduliraums, indem wir dem fiir den
Flachenfall entwickelten Ansatz von Balaji [Bal07] folgen. Dies erfordert einige wichtige Inputs aus
der Bruhat-Tits Theorie.

In Abschnitt 7 konstruieren wir den Moduliraum, indem wir zeigen, dass das Determinanten-
linienbiindel . | auf den Quotienten MG ®*%(p) absteigt und semiample ist. Dies ermdoglicht
uns die Untersuchung von Abbildungen, die durch vollstdndige lineare Systeme von Schnitten in
hohen Potenzen von .#”,,_ gegeben sind, dhnlich dem Ansatz von Huybrechts und Lehn fiir schiefe
semistabile Garben iiber Oberflachen. In Abschnitt 8 untersuchen wir die geschlossenen Punkte des
Moduliraums Mg*®%(p) und charakterisieren sie, wenn eine Zusammenhangsbedingung iiber eine
Quot-zu-Chow-Abbildung erfillt ist. Schliefslich realisieren wir in Abschnitt 9 den konstruierten
Moduliraum als eine Kompaktifizierung des Moduliraums stabiler Prinzipalbiindel. Wir vergleichen
auch die vorherige Konstruktion mit der Gieseker-Kompaktifizierung, die in [Sch04a] entwickelt
wurde und als (ME=3(p)) bezeichnet wird.

(é;ies.SS(p)
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