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Abstract. Let X be a smooth projective curve over the field of complex numbers, and fix
a homogeneous representation p: GL(r) — GL(V). Then one can associate to every vector
bundle E of rank r over X a vector bundle £, with fibre V. We would like to study triples
(E, L, p) where E is a vector bundle of rank r over X, L is a line bundle over X, and ¢: E, —
L is a nontrivial homomorphism. This setup comprises well known objects such as framed
vector bundles, Higgs bundles, and conic bundles. In this paper, we will formulate a general
(parameter dependent) semistability concept for such triples, which generalizes the classical
Hilbert—-Mumford criterion, and we establish the existence of moduli spaces for the semistable
objects. In the examples which have been studied so far, our semistability concept reproduces
the known ones. Therefore, our results give in particular a unified construction for many moduli
spaces considered in the literature.

Introduction

The present paper is devoted to the study of vector bundles with an additional
structure from a unified point of view. We have picked the name “decorated vector
bundles” suggested in [23].

Before we outline our paper, let us give some background. The first problem to
treat is the problem of classifying vector bundles over an algebraic curve X, assumed
here to be smooth, projective and defined over C. From the point of view of projective
geometry, this is important because it is closely related to classifying projective bundles
over X, so-called ruled manifolds. The basic invariants of a vector bundle E are its rank
and its degree. They determine E as a topological C-vector bundle. The problem of
classifying all vector bundles of fixed degree d and rank r is generally accessible only in
a few cases:

e The case 7 = 1, i.e., the case of line bundles which is covered by the theory of
Jacobian varieties.
e The case X = P; where Grothendieck’s splitting theorem [18] provides the
classification.
e The case g(X) = 1. In this case, the classification has been worked out by
Atiyah [1].
As is clear from the theory of line bundles, over a curve of genus g > 1, vector bundles
of degree d and rank r cannot be parameterized by discrete data. Therefore, one seeks
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a variety parameterizing all vector bundles of given degree d and rank r characterized
by a universal property like the Jacobian. Such a universal property was formulated by
Mumford in his definition of a coarse moduli space [29]. However, one checks that the
family of all vector bundles of degree d and rank r is not bounded which implies that
a coarse moduli space cannot exist. For this reason, one has to restrict one’s attention
to suitable bounded subfamilies of the family of all vector bundles of degree d and rank
r. Motivated by his general procedure to construct moduli spaces via his Geometric
Invariant Theory [29], Mumford suggested that these classes should be the classes of
stable and semistable vector bundles. His definition, given in [28], is the following: A
vector bundle E is called (semi)stable if for every nontrivial, proper subbundle F C E

(F) = deg I
BE) = R

(S)u(E).

Here, “(<)” means that “<” is to be used for defining “semistable” and “<” for stable.
Seshadri then succeeded to give a construction of the coarse moduli space of stable vector
bundles, making use of Geometric Invariant Theory [42]. This moduli space is only a
quasi-projective manifold. To compactify it, one has also to look at semistable vector
bundles. Seshadri formulated the notion of S-equivalence of semistable bundles which
agrees with isomorphy for stable bundles but is coarser for properly semistable ones. The
moduli space of S-equivalence classes exists by the same construction and is a normal
projective variety compactifying the moduli space of stable bundles. Later Gieseker,
Maruyama, and Simpson generalized the results to higher dimensions [14], [27], [43].
Their constructions also apply to curves and replace Seshadri’s (see [24]). Narasimhan
and Seshadri related stable bundles to unitary representations of fundamental groups,
a framework in which vector bundles had been formerly studied [31], [32].

The next step is to consider vector bundles with extra structures. Let us mention a
few sources for this kind of problems:

e Classification of algebraic varieties. We have already mentioned that the
classification of vector bundles is related to the classification of projective bundles via
the assignment F — P(FE). Suppose, for example, that we want to study divisors in
projective bundles. For this, let E be a vector bundle, P(F) its associated projective
bundle, k a positive integer, and M a line bundle on X. To give a divisor D in the
linear system |Op(g) (k) ® 7* M| we have to give a section o: Op(g)y — Op(g)(k) @ 7*M
which is the same as giving a nonzero homomorphism Oy — S¥E® M, or S¥FEY — M.
Thus, we are led to classify triples (F, M, T) where E is a vector bundle over X, M a
line bundle, and 7: S*E — M a nontrivial homomorphism. In case the rank of F is
three and k is two, this is the theory of conic bundles, recently studied by Gémez and
Sols [15].

e Dimensional reduction. Here one looks at vector bundles G on X x P; which
can be written as extensions

0—-nxF —G—rxE®mp Op (2) =0

where E and F' are vector bundles on X. These extensions are parameterized by
H°(EV®F) = Hom(E, F). The study of such vector bundles is thus related to the study
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of triples (E, F, ¢) where FE and F are vector bundles on X and ¢: E — F is a nonzero
homomorphism. These are the holomorphic triples of Bradlow and Garcia—Prada [13]
and [7]. They were also studied from the algebraic point of view by the author [39]. For
the special case E = Ox, we find the problem of vector bundles with a section, so-called
Bradlow pairs [4]. An important application of Bradlow pairs was given by Thaddeus
in his proof of the Verlinde formula [45].

¢ Representations of fundamental groups. Higgs bundles are pairs (E, ¢), con-
sisting of a vector bundle F and a twisted endomorphism ¢: EF — F ® wx. Simpson
used in [43] the higher dimensional analogues of these objects to study representations
of fundamental groups of projective manifolds. This ties up nicely with the work of
Narasimhan and Seshadri.

e Gauge theory. Here, one starts with differentiable vector bundles together with an
additional structure and considers certain differential equations associated to these data.
The solutions of the equations then have — via a Kobayashi-Hitchin correspondence
— interpretations as holomorphic decorated vector bundles over X, satisfying certain
stability conditions. Again, the first case where this arose was the theory of Hermite—
Einstein equations and stable vector bundles (see [26]) and was later studied in more
complicated situations as in the above examples. Recently, Banfield [2] and Mundet i
Riera [30] investigated this in a broad context. We will come back to this again.

Now, for all of these problems and many more, there exist notions of semistability,
depending on a rational parameter. The task of projective geometry is then to generalize
the construction of Seshadri and successors to obtain moduli spaces for the respective
semistable and stable objects. These constructions, where existent, were done case by
case and follow a certain pattern inspired by Gieseker’s, Maruyama’s, and Simpson’s
constructions. One is therefore led to ask for a single unifying construction incorporating
the known examples. This would complete the algebraic counterpart to the work of
Banfield and Mundet i Riera.

We will consider this problem in the present article. Our framework is as follows:
We fix a representation p: GL(r) — GL(V), such that the restriction to the centre
C* C GL(r) is z — 2z -idy for some integer a. Then to any vector bundle E, we
can associate a vector bundle E, of rank dim V. The objects we will treat are triples
(E,M,T) where E is a vector bundle of rank r, M is a line bundle, and 7: E, — M is
a nonzero homomorphism. E.g., for p: GL(3) — GL(S?C?), we recover conic bundles.
The list of problems we then have to solve is the following.

e Formulate an appropriate notion of semistability for the above objects!

e Prove boundedness of the semistable triples (E, M, 7) where deg E' and deg M
are fixed!

e Construct a parameter space P for the semistable objects together with an
action of a general linear group G, such that the equivalence relation induced
by this action is the natural equivalence relation on those triples!

e Show that the categorical quotient 3//G exists!

The latter space will then be the moduli space. As one sees from this list, especially
in view of the existing constructions, Geometric Invariant Theory will play a central
role. Let us explain how one can find the semistability concept. First, assume that
we are given a bounded family of triples (E, M, 7). Using the theory of quot-schemes
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it is by now not too hard a task to construct a parameter space 3 for the members
of the family in such a way that we have a group action as required together with a
family of linearizations — depending on a rational parameter — in line bundles over
PB. Therefore, we have realized the input for the GIT process. The Hilbert—-Mumford
criterion now tells us how to find the semistable points. Thus, it is clear that our notion
of semistability should mimic the Hilbert—Mumford criterion as closely as possible. Such
an approach was also taken in gauge theory [2] and [30]. The structure of one-parameter
subgroups of the special linear group suggests that one-parameter subgroups should be
replaced by weighted filtrations of vector bundles. For weighted filtrations, one then
defines the necessary numerical quantities resembling Mumford’s “u” and arrives at the
desired semistability concept.

Our paper is organized as follows: In the first section, we collect the necessary back-
ground material from representation theory and GIT. Then we come to the definition
of semistability for the triples (E, M, 7) which depends on a positive rational parameter
and describe the associated moduli functors. We state the main result, namely the
existence of moduli spaces, and proceed to the proofs along the lines outlined before.
The paper concludes with a long discussion of examples in order to show that the known
problems in that context can be recovered from our results and that, in some cases, ad-
ditional light is shed on them. The reader will notice that our general semistability
concept is in the known cases more complicated than the existing ones and has to be
simplified to recover the known ones. This is one of the key points of the paper: The
notion of semistability should be simplified after doing the GIT construction and not
before. This is why a unifying construction is feasible. However, we will present a
general method to simplify the semistability concept in terms of the representation p.
This method enables us to write down in every concrete situation the semistability
concept in a more classical form. Applying this procedure, e.g., to framed bundles or
conic bundles immediately reproduces the known semistability concepts. This provides
us with a mechanism for finding the correct notion of semistability without guessing or
referring to gauge theory.

Finally, we remark that we have confined ourselves to the case of curves in order
to have a nice moduli functor associated to every representation of the general linear
group. However, if one restricts to direct sums of tensor powers, the construction can
also be performed over higher dimensional manifolds [16]. These higher dimensional
versions have, in turn, important applications in the problem of compactifying moduli
spaces of principal bundles with singular objects [40], [17]. Finally, there is now also
a version for product groups GL(r1) x --- x GL(rs) over base manifolds of arbitrary
dimension [41] the construction of which is based on the results of the present paper.
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Notation and conventions

e All schemes will be defined over the field of complex numbers, X will be a smooth
projective curve of genus g > 2. We denote by Sch¢ the category of separated schemes
of finite type over C. A point will be a closed point unless otherwise mentioned.

e For a vector bundle E over a scheme S, we denote by P(E) the projective bundle
of hyperplanes in the fibres of F.

e Given a product X x Y of schemes, mx and 7y stand for the projections from
X x Y onto the respective factors.

e Let V be a finite-dimensional C-vector space and p: G — GL(V') a representation
of the algebraic group G. This yields an action of G on P(V) and a linearization
G x Opvy(1) = Opgvy(1). We will denote this linearization again by p.

e Let E be a vector bundle of rank . Then the associated GL(r)-principal bundle is
given as P(E) = U,y Isom(C", E;) C Hom(OF", E). If we are furthermore given an
actionT': GL(r)x F — F of GL(r) on a quasi-projective manifold F, we set P (E) x G=(")
F:= (B(E) x F)/ GL(r). Here, GL(r) acts on B(E) x F by (z,y)-g = (z-g,97 ' -y). If
F is a vector space and the action I' comes from a representation p: GL(r) — GL(F),
we write E, for the vector bundle P(E) x L") F.

e For any = € R, we set [z]+ := max{ 0,z }.

1. Preliminaries

1.1. Representations of the general linear group

First, let p: GL(r) — GL(V') be an irreducible representation on the finite-dimensional
C-vector space V.

Theorem 1.1. There are integers ay,...,a, with a; >0 fori=1,...,r — 1, such that
p is a direct summand of the natural representation of GL(r) on

59 (C) @@ ST (NTET) @ (A )

Proof. See [12], Proposition 15.47. O

For any vector space W, the representations of GL(W) on S*(W) and A\* W are direct
summands of the representation of GL(W) on W®. Setting a := a1 + - +a,_1(r — 1)
and b := a,, we see that p is a direct summand of the representation p,; of GL(r) on

(€)% (A€,

Corollary 1.2. Let p: GL(r) — GL(V) be a (not necessarily irreducible) representa-
tion of GL(r) on the finite-dimensional C-vector space V, such that the centre C* C
GL(r) acts by z +— z% -idy for some a € Z. Then there ezist a,b,c € Z>qo, ¢ > 0, such
that p is a direct summand of the natural representation pgp,. of GL(r) on

Va,b,c = ((C7‘)®a ® (/\r C,.)®7b> Gac.
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Proof. We can decompose p = p1 P - -®p. where the p;’s are irreducible representations.
By what we have said before, there are integers a;,b;, i = 1,...,¢, with a; > 0, i =
1,..., ¢, such that p is a direct summand of pg, b, ® - D pa,.b.. Our assumption on the
action of C* implies that ay +rby = -+ = a. + rb.. Let b be a positive integer which
is so large that b; +b > 0 for ¢ = 1,...,c. Then p,, p, is the natural representation of
GL(r) on

((Cr)®ai ® (/\r CT)@bier ® (/\r Cr)®fb’i R

Now, the GL(r)-module ((C")®a7' ® (A" (C’“)®bi+b is a direct summand of ((C’“)®a7 a:=
ar +7r(b1+b) =...=ac+r(b. +b), and we are done. O

1.2. Basic concepts from GIT

We briefly summarize the main steps in Geometric Invariant Theory to fix the notation.
References are [29] and [33].

The GIT-process. Let G be a reductive algebraic group and G x F — F an action of
G on the projective scheme F'. Let L be an ample line bundle on F. A linearization of
the given action in L is a lifting of that action to an action p: G x L — L, such that for
every g € G and z € F the induced map L, — L, is a linear isomorphism. Taking
tensor powers, p provides us with linearizations of the action in any power L®* k > 0,
and actions of G on H°(F, L®*) for any k > 0. A point zg € F is called semistable if
there exist an integer k¥ > 0 and a G-invariant section o € H°(F, L®*) not vanishing
in xg. If, moreover, the action of G on the set {x € F | o(x) # 0} is closed and
dimG - 2o = dim G, o is called stable. The sets F(®)5 of (semi)stable points are open
G-invariant subsets of F. Finally, a point x € F is called polystable if it is semistable
and its G-orbit is closed in F**. Using this definition, the stable points are precisely
the polystable points with finite stabilizer. The core of Mumford’s Geometric Invariant
Theory is that the categorical quotients F'** /G and F* //G do exist and that F*° /G is
a projective scheme whose closed points are in one-to-one correspondence to the orbits
of polystable points, so that F*//G is in particular an orbit space.

A finite-dimensional representation p: G — GL(V') provides an action of G on P(V)
and a linearization of this action in Op(yy(1), called again p. A point [v] € P(V)
represented by v € V'V is then semistable if and only if the closure of the orbit of v in
V'V does not contain 0, stable if, furthermore, its orbit is closed and the dimension of
this orbit equals the dimension of G, and polystable if the orbit of v in V'V is closed.

Around the Hilbert—Mumford criterion. Let F be a projective variety on which the
reductive group G acts. Suppose this action is linearized in the line bundle L. Call the
linearization p. Then given a one-parameter subgroup A of G and = € F, we can form

Too = 2151010 A(2) - .

The point z is clearly a fix point for the C*-action on F' induced by A. Thus, C* acts
on the fibre of L over x,, say, with weight . One defines

pp(A, ) = —7.
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Theorem 1.3. (Hilbert—-Mumford criterion [29]) A point x € F is (semi)stable if and
only if for every montrivial one-parameter subgroup A: C* — G

up()\, :c) (>) 0.

Moreover, a point x € F is polystable if and only if it is semistable and, for every one
parameter subgroup A of G with pu,(\,x) =0, there is a g € G with oo = g - .

As we have explained in the introduction, our concept of stability for decorated vector
bundles is basically a Hilbert—-Mumford criterion. To define the necessary numerical
invariants, we need the following preparatory result.

Lemma 1.4. Let S be a scheme and o: S — F a morphism. Suppose the G-action on
F is linearized in the ample line bundle L. Then

to(N, o) == max{ p,(X,0(s)) | s € S }ewists.

Proof. 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(V) and a G-equivariant
embedding ¢: F' — P(V). Since obviously j,(\, ) = pidgy, (A, t(z)) for all points
x € F and all one-parameter subgroups A of G, we can assume F' = P(V). Now, there are

a basis v1,...,v, of V and integers 1 < -+ <, with M(2) - Y1 civy = Yy 2Yicv;.
A point [I] € P(V) can be thought of as the equivalence class of a linear form [: V' — C.
Then p1, (A, [I]) = —min{ 5; | {(v;) # 0 }. Therefore, p1,(X,0(s)) € { =71,..., =7 }, and

this implies the assertion. [

Remark 1.5. Let F C P(V) and A a one-parameter subgroup of G. Choose a basis
V1,...,0, of V and 73 < --+ <, as before. Suppose j1,(\,0) = —v;, and let VO C V
be the eigenspace for the weight ~v;,. Let U C S be the open set where the rational map
S % F s P(V) --» P(V?) is defined. Then p,()\,0(s)) = —;, for all s € U. In other
words, if S is irreducible, p1,(A, ) is just the generic weight occurring for a point o(s),
seSs.

Semistability for actions coming from direct sums of representations. Let G be a re-
ductive algebraic group and Vi,...,V; finite-dimensional vector spaces. Suppose we are
given representations p;: G — GL(V;), i = 1,...,s. The direct sum p; & --- ® ps pro-
vides us with a linear action of G on P(V), V := V4 & --- & V5. Furthermore, for any

L= (t1,...,0) with 0 < t < 8, t1,...,0¢ € {1,...,8}, and 11 < -+ < 1, the p;’s
yield an action o, of G on P, :=P(V,,) x --- x P(V,,), and, for any sequence of positive
integers k1, . .., k¢, a linearization of o, in the very ample line bundle O(kq, ..., k). The

computation of the semistable points in P(V) can be reduced to the computation of the
semistable points in the P,’s by means of the following statement.

Theorem 1.6. Let w':=([w,,,w,,], [wy,],-..,[w,]) be a point in the space P(V,,®V,,)x
P(y,...nn)- Then w' is semistable (polystable) with respect to the given linearization in
the line bundle O(k, ks, ..., k) if and only if either ([w,,], [w], ..., [w.,]) is semistable
(polystable) in P, ., ..., with respect to the linearization in O(k, ks, ..., ki) for either
i=1 (and w,, =0) ori=2 (and w,, =0), or there are positive natural numbers n, ki,
and ko, such that k1 + ko = nk and the point (Jw,,], [w.,], [ws],- .., [w.,]) is semistable
(polystable) in P, 1, .1s.....0,) With respect to the linearization in O(ky, ka,nks, ..., nks).
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Remark 1.7. As one easily checks, for stable points only the “if” direction remains true.

Proof. This theorem can be proved with the methods developed in [35] for s = 2. A more
elementary approach is contained in the note [38]. O

1.3. One parameter subgroups of SL(7)
Let GL(r) x F — F be an action of the general linear group on the projective manifold
F. For our definition of semistability, only the induced action of SL(r) x F — F will
matter. Since the Hilbert-Mumford criterion will play a central role throughout our
considerations, we will have to describe the one-parameter subgroups of SL(r).
Given a one-parameter subgroup A: C* — SL(r), we can find a basis w = (w1, ..., w,)
of C" and a weight vector v = (71,...,7,) with integral entries, such that
ey << and Z:=1% =0, and
o \z2)- >l ciw =Y 2Mcw;.
Conversely, a basis w of C" and a weight vector v with the above properties define a
one-parameter subgroup A(w,y) of SL(r). B
To conclude, we remark that, for any vector v = (71, -+ .,7) of integers with v, <
<o <. and > ; = 0, there is a decomposition B

r—1
_ Yitl — Vi ()

with 4
YD = (=i =g, d) i =1 = L
—_———— ——
ix (r—i)x

1.4. Estimates for the weights of some special representations
In the following, pq s will stand for the induced representation of GL(r) on the vector
space Vape = ((C")®* @ (A (C’“)®_b)$c where a,b € Z>o, ¢ € Z~¢. Then P(V,4..) =
P(Vao,c) and Vg p e = Vg 0,c as SL(r)-modules.

Let w = (w1,...,w,) be a basis for C" and y = Z:;ll ayD, a; € Q>0, an integral
weight vector. Let I* be the set of all a-tuples ¢ = (¢1,...,t,) with ¢; € {1,...,7},
j=1,...,a. Forpr € I*and k € {1,...,c}, we define w, := w,, ® --- ® w,,, and
wf =(0,...,0,w,,0,...,0), w, occupying the k-th entry. The elements wf with ¢, € I*
and k € {1,...,c} form a basis for V, g .. We let wfv, velI* ke{l,...,c} be the
dual basis of V.Y, .. Now, let [I] € P(Va,0,.) where [ = 7 afwfv. Then there exist kg

and ¢ with af{;’ # 0 and

v
/’[/pa,b,c ()\(M, 1), [l]) = Mpa,o,c ()\(w7 1)7 [l]) = Mpa,o,c ()\(w’ 1)7 [wf(? ])7
and for any other k and ¢ with af #0
lupa,b,c ()‘(Mv l)a [l]) Z Mpa,o,c ()‘(Mv 1)7 [wb ])
We also find that fori € {1,...,r—1}

, v , ) .
ppawoyc()\(w,'y(’)),[wf: ]) =v-r—a-t, V:#{Lj <ilig=(t1y-- sta), j :1,...,@}.

One concludes the following.
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Lemma 1.8. (i) For every basis w = (wy,...,w,) of C", every integral weight vector
= Z:;ll ay, o; € Q>0, and every point [I] € P(Vyp,c)

(Zim ) alr = 1) 2 . (M), 1) 2 = (X5 ) alr ~ 1),

(ii) For every basis w = (w1, ...,w,) of C", every two integral weight vectors v, =
Yictaiv®, a; € Qso, Yy = S B D, Bi € Qso, and every point [I] € P(Vap,c)

e (N7, +2), 1) = s, (a7, 1) = (021 1) alr = 1),

2. Decorated vector bundles

2.1. The moduli functors

In this section, we will introduce the vector bundle problems we would like to treat.
The main topic will be the definition of the semistability concept. Having done this, we
describe the relevant moduli functors to be studied throughout the rest of this chapter.

Semistable objects. The input data for our construction are:
e a positive integer r,
e an action of the general linear group GL(r) on the projective manifold F, such
that the centre C* C GL(r) acts trivially.

The objects we want to classify are pairs (E, o) where

e [ is a vector bundle of rank r, and
e 0: X — F(E):=P(E) xCL") Fis a section.
Here, P(E) is the principal GL(r)-bundle associated with E. Uninspired as we are, we
call (E,0) an F-pair. Two F-pairs (E', o) and (E?,0?) are called equivalent if there
exists an isomorphism ¢: E! — E?2 such that o = 02 0 ¢, ¢: F(E') — F(E?) being
the induced isomorphism.
It will be our task to formulate a suitable semistability concept for these objects and
to perform a construction of the moduli spaces. Let E be a vector bundle over X. A
weighted filtration of E is a pair (E®,a) consisting of a filtration E®* : 0 C By C -+ C
E; C E of E by nontrivial proper subbundles and a vector o = (a1, ..., as) of positive
rational numbers. Given such a weighted filtration, we set
M (E', «

) =220, a;j(deg(E) rk Ej — deg(E;) rk E).

Suppose we are also given a linearization p of the GL(r)-action on F' in an ample line
bundle L. Let (E, o) be as above and let (E*, &) be a weighted filtration of E. We define
po(E®, a;0) as follows: Let w = (wi,...,w,) be an arbitrary basis of W := C”. For
every i € {1,...,r — 1}, we set Wﬁ) = (wi,...,w; ). Define i, :=1kE;, j=1,...,s.
This provides a flag

we:ocwi c...cwld cw

and thus a parabolic subgroup P C SL(r), namely the stabilizer of the flag W*. Finally,
set v = 2;21 ajfy(ij). Next, let U be an open subset of X over which there is an
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isomorphism ¢: E|ly — W ® Oy with ¢(E®|y) = W* ® Oy. Then ¢ gives us an
isomorphism F(E|y) — U x F and ¢ a morphism 6: U — U x F — F. If v is a vector
of integers, we set p,(E®, a;0) = p,(A(w,7), ), as in Lemma 1.4. Otherwise, we choose
k > 0 such that k-~ is a vector of integers and set u,(E®, ;o) := (1/k)u,(A\(w, kv), 7).
Since for an integral weight vector 4/ and a positive integer &’ one has oA w, k'~ ),0) =
K 11,(A\(w,~"), ), this is well defined. Note that the weight vector 7 is canonically defined
by (E*, g),_but that we have to verify that the definition does not depend on the basis w
and the trivialization 9. First, let w’ = (w1, ..., w..) be a different basis. Let g € GL(r)
be the element which maps w; to w}, ¢ = 1,...,r, and set ¢’ := (¢ ® idp,,) 0 3. This
defines the morphism ¢’: U — F. Then A(w’,v) = g-A(w,7)-g~ " and ¢/ (z) = g-o(x) for
every x € U. Since u,(Aw', 7),0" () = p1p(9-Mw, 7)- 971, 9-5(x)) = pp(Mw, 7), 5 (),
we may fix the basis w. Any other trivialization v defined with respect to w differs
from ¢ by a map U — P. Now, for every g € P and every point € U, p,(\, o(x)) =
pp(grg™t, g-a(x)) = pp(X, g-7(x)). The last equality results from [29], Proposition 2.7,
p. 57. This shows our assertion. To conclude, Remark 1.5 shows that the definition is
also independent of the choice of the open subset U.

Fix also a number ¢ € Qso. With these conventions, we call (E, o) §-p-(semi)stable
if for every weighted filtration (E®,a) of F

M(E®, @) +6 - py(E®,a;0)(=)0.

Next, we remark that we should naturally fix the degree of E. Then the topological
fibre space 7: §%" — X underlying § (E) will be independent of E, so that it makes
sense to fix the homology class [0(X)] € Ha(F%",Z). Given d € Z, r € Zsg, and
h € Hy(F%",Z), we say that (E, o) is of type (d,r, h) if E is a vector bundle of degree d
and rank r, and [0(X)] = h. Before we define the moduli functor, we enlarge our scope.

For a given linearization of the GL(r)-action on F in the line bundle L, we can
choose a positive integer k such that L®* is very ample. Therefore, we obtain a GL(7)-
equivariant embedding F' — P(V), V := HY(F,L®*). Note that C* acts trivially on
P(V). Therefore, we formulate the following classification problem: The input now
consists of

e a positive integer r, a finite-dimensional vector space V', and
e arepresentation p: GL(r) — GL(V') whose restriction to the centre C* is of the
form z — 2% -idy for some integer «,

and the objects we want to classify are pairs (E, o) where

e F is a vector bundle of rank r, and
e 0: X — P(E,) is a section. Here, E, is the vector bundle of rank dim V" associ-
ated to E via the representation p.

The equivalence relation is the same as before. Now, giving a section o: X — P(E,)
is the same as giving a line bundle M on X and a surjection 7: £, — M. Remember
that (M, 7) and (M’ 7") give the same section if and only if there exists an isomorphism
M — M’ which carries 7 into 7. Moreover, fixing the homology class [0(X)] amounts
to the same as fixing the degree of M. Since the condition that 7 be surjective will be an
open condition in a suitable parameter space, we formulate the following classification
problem: The input data are

e a tuple (d,r,m) called the type, where d, r, and m are integers, r > 0,
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e a representation p: GL(r) — GL(V),
and the objects to classify are triples (E, M, 7) where

e F is a vector bundle of rank r and degree d,

e )M is a line bundle of degree m, and

e 7: FE, — M is a nonzero homomorphism.
Then (E, M, 7) is called a p-pair of type (d,7,m), and (E*, M*,71) and (E?, M2, 72) are
said to be equivalent if there exist isomorphisms ¢: E' — E? and y: M! — M? with
' = x"'or?0,, where ¢,: E} — E2 is the induced isomorphism. Let (E, M, ) be a
p-pair of type (d,r,m). A weak automorphism of (E, M, ) is the class [¢] € P(End(E))
of an automorphism ¢: E — E with 7 = 7 0v,. We call (E, M, ) simple if there are
only finitely many weak automorphisms.

Remark 2.1. (i) A representation p: GL(r) — GL(V) of the general linear group with
p(z - E,) = 2% -idy is called homogeneous of degree . Every representation of GL(r)
obviously splits into a direct sum of homogeneous representations. Some cases of in-
homogeneous representations p can be treated within our framework. Indeed if p is a
representation, such that its homogeneous components p1, ..., p, have positive degrees
Qai,...,0n, let kK be a common multiple of the «;. Then we pass to the homogeneous
representation
Jm D Sme oS
vioag+-+rpan=~K

The solution of the moduli problem associated with p’ can be used to solve the moduli
problem associated with p. This trick was used in [35] and will be recalled in the section
on examples.

(ii) The identification of 7 and A - 7, or equivalently, considering sections in P(E,)
rather than in E, seems a little artificial. First, this identification is mandatory to get
projective moduli spaces. Second, for homogeneous representations of degree o # 0,
this is naturally forced upon us. Third, if we are given a homogeneous representation
p of degree zero and are interested in the moduli problem without the identification of
7 and A7, we may pass to the representation p’, obtained from p by adding the trivial
one-dimensional representation. Then one gets from the solution of the moduli problem
associated with p’ a compactification of the moduli problem associated with p. This
will be explained within the context of Hitchin pairs in the examples.

In order to define a functor, we first fix a Poincaré line bundle £ on Jac™ xX. For
every scheme S and every morphism k: S — Jac™, we define L[k] = (k x idx)*L.
Now, let S be a scheme of finite type over C. Then a family of p-pairs of type (d,r,m)
parameterized by S is a tuple (Es, ks, Mg, Ts) with
Egs a vector bundle of rank r having degree d on {s} x X for all s € S,
ks: S — Jac™ a morphism,

Mg a line bundle on 5,
7s: Es, — Llks] @ m§Ng a homomorphism whose restriction to {s} x X is
nonzero for every closed point s € S.

Two families (EL, k%, My, 78) and (E%, k%, N%, 72) are called equivalent if K} = k% =:
ks and there exist isomorphisms ¢s: E{ — F2 and xs: My, — N% with

7§ = (idgpeg) ® Texs) ' 075 0 Ysp.
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To define the semistability concept for p-pairs, observe that for given (E, M, ), the
homomorphism 7: E — M will be generically surjective; therefore we get a rational
section ¢’: X --» P(E,) which can, of course, be prolonged to a section o: X — P(E,),
so that we can define for every weighted filtration (E°®, a) of E

pp (B ;7)== pp(E®,a;0).

We will occasionally use the following short hand notation: If E’ is a nonzero, proper
subbundle of E, we set

pp(E' 7)== p,(0C E' C E,(1);7).

Now, for fixed § € Qso, call a p-pair (E, M, T) §-(semi)stable, if for every weighted
filtration (E*, a)
M(E',g) +4- up(E',g; 7')(2)0.

Remark 2.2. For the F-pairs, one can formulate the semistability concept in a more
intrinsic way. For this, one just has to choose a linearization p of the given action in
an ample Then p,(E®, a; ®) can still be defined, and an F-pair (E,®) will be called
p-(semi)stable if

M(E®, @) + np(E®, a5 2) (2)0.

In gauge theory, one would say that the notion of semistability depends only on the
metric chosen on the fibre F. If p is a linearization in an ample line bundle L and
§ € Q, we can pass to the induced linearization “p®°” in the Q-line bundle §L to
recover J-p-semistability. For the moduli problems associated with a representation p,
the formulation with the parameter 0 seems more appropriate and practical and, since
we treat F-pairs only as special cases of p-pairs, we have opted for the given definition
of é-p-semistability.
We define the functors
M(p)h, 5% Sche — Set
Equivalence classes of families of §-(semi)stable

S . . .

{ p-pairs of type (d,r, m) parameterized by S }

Remark 2.3. The definition of the moduli functor involves the choice of the Poincaré
sheaf L. Nevertheless, the above moduli functor is independent of that choice. Indeed,
choosing another Poincaré line bundle £’ on Jac™ x X, there is a line bundle MNy,cm
on Jac™ with £ =2 L' ® 7}, ,mMjacm. Therefore, assigning to a family (Eg, kg, Ny, Ts)
defined via £ the family (Es, kg, Mg @ KEMNjacm, Ts) defined via £’ identifies the functor
which is defined with respect to £ with the one defined with respect to £'.

We also define the open subfunctors M(p)jﬁ(jy); / suj
(Es, ks, Mg, Ts) where Tg|1s1xx is surjective for all s € S.

Next, let (E, M, 7) be a p-pair where 7 is surjective, and let P4" be the oriented topo-
logical projective bundle underlying P(E,). This is independent of E, and as explained
before, the degree of M determines the cohomology class h,, := [0(X)] € Ho(P%", 7Z)
where o is the section associated with 7. Set h := h,, N [§%"] € Ho(F*",Z). We
can now define M(F, p)j?fﬁf as the closed subfunctor of M(P)Zf,«(fzi / suri

classes of families (Fs, kg, Mg, Ts) for which the section S x X — P(Es,,) factorizes
over P(Eg) x) F.

of equivalence classes of families

of equivalence
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Polystable pairs. Fix a basis w = (wy,...,w,) of C". Let (E, M,7) be a §-semistable
p-pair of type (d,r,m). We call (E, M, ) §-polystable if for every weighted filtration
(E*,a), E*:0=EyCEy C---CE; C Esy1:=F, with

M(E',g) +(5~/LP(E.,Q;T) =0

the following holds true:
o E=@L Ej/E; 1,

]:
o the p-pair (E, M, T) is equivalent to the p-pair (E, M, T|g~), v := —p,(E®, o; 7).
Here, one uses the fact that giving an isomorphism £ — @;2 E;/E;_; is the

same as giving a cocycle for E in the group

Z(A(w,_)) = {g € GL(r) | g- Mw,7)(2) = Mw,¥)(2) - g ¥z € C* }

It follows that £, = E" @ --- @ EY where 71,..., are the weights of A(w, )
on V and E" is the “eigenbundle” for the weight v,, 1 =1,...,t.

As before, W* : 0 C ngEl) C---C ngES) C W and v := 2;21 oy Fi) . The
stated condition is again independent of the involved choices.
Remark 2.4. (i) If (E, M, ) is d-stable, the stated condition is void, so that (E, M, T)
is also d-polystable.

(ii) It will follow from our GIT construction that (E, M, ) is d-stable if and only if
it is d-polystable and has only finitely many weak automorphisms.

(iii) For the description of S-equivalence in the case of p = pqp,. for some a,b, ¢ € Z>o,
the reader may consult [16].

2.2. The main result

Theorem 2.5. (i) There exist a projective scheme M(p)fd?:fm and an open subscheme

M(p)gﬁ/m C M(p)gﬁsfm together with natural transformations

)5, M(p)°, &)
2% M(P) gy — hM(p)‘;]ﬁzﬁ

with the following properties:
1. For every scheme N and every natural transformation 9': M(p)j?f/sm — hpr,
there exists a unique morphism ¢: M(p)i;f/sm — N with 9" = h(p) o 9°5.
§—
d/rs/m'
3. 9°°(Spec C) induces a bijection between the set of equivalence classes of §-poly-

stable p-pairs of type (d,r,m) and the set of closed points of/\/l(p)g7f/sm.

2. M(p)gﬁ/m is a coarse moduli space for the functor M(p)

(ii) There exist a locally closed subscheme M(F, p)gﬁ/h of/\/l(p)g77,5/m and a natural
transformation

. d—s
s MUEPhapepn = haacrayz),

which turns M(F, p)g;f/h into the coarse moduli space for M(F, p)‘;?:'/h.
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2.3. The proof of the main result

Given any homogeneous representation p: GL(r) — GL(V'), we have seen in Section 1.1
that we can find integers a,b > 0 and ¢ > 0, such that p is a direct summand of the
representation pgp .. Write pg .. = p@® p. For every vector bundle E of rank r, we find
E,,,.= E,® E5. Every p-pair (E, M, T) can therefore also be viewed as a pq p,-pair.
Since p,(E®,a;7) = pp,,.(E* a;7) for every weighted filtration (E®,a), the triple
(E, M, T) is 0-(semi)stable as p-pair if and only if it is J-(semi)stable as pg p o-pair. More
precisely, we can recover M(p)g;,(/szj as closed subfunctor of M(pa7b,c)3775/527i. Indeed, for

every scheme of finite type over C,

M(p)5,525(8) = {[Es, ks,Ms,7s] € M(pase)y o (S) |

7s: Esp,, . — Llks] ® TgNs vanishes on Eg 5 }

Therefore, we will assume from now on that p = pg 5 . for some a, b, c.
Boundedness.

Theorem 2.6. There is a nonnegative constant C, depending only onr, a, and §, such
that for every §-semistable pgpc-pair (E,M,T) of type (d,r,m) and every nontrivial
proper subbundle £’ of E

d
wE') < = +Ch.

Proof. Let 0 C E' C E be any subbundle. By Lemma 1.8 i), p,, , . (E',7) < a(r — 1),
so that d-semistability gives drk B/ — deg(E")r +d-a-(r — 1) > drk E' — deg(E")r +
8 thp,,.(E,7T) 20, ie,

+(5-a-(r—1)<c_l+5-a-(7°—1)7

d
EHY< =
m )_7’ r-tkE/ T r T

so that the theorem holds for C; :=d-a-(r—1)/r. O

Construction of the parameter space. Recall that for a scheme S of finite type over C, a
family of pgp -pairs parameterized by S is a quadruple (Eg, kg, Mg, 7g) where Eg is a
vector bundle of rank r on S x X with deg(Eg|(s3xx) =d forall s € S, kg: S — Jac™
is a morphism, Mg is a line bundle on S, and 7g: Eg?“eac — det(Eg)®* ® L]ks] @ miNg
is a homomorphism which is nonzero on every fibre {s} x X.

Pick a point 29 € X, and write Ox (1) for Ox(xp). According to 2.6, we can choose
an integer ng, such that for every n > ng and every d-semistable p, p ~pair (E, M, 7) of
type (d7 T? m)?

e HY(E(n)) =0 and E(n) is globally generated,

o H'(det(E)(rn)) = 0 and det(E)(rn) is globally generated,

o Hl(det(E)*® @ M ® Ox(na)) = 0 and det(E)®® @ M ® Ox(na) is globally
generated.

Choose some n > ng and set p := d+rn+r(l —g). Let U be a complex vector space of
dimension p. We define QU as the quasi-projective scheme parameterizing equivalence
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classes of quotients ¢: U ® Ox(—n) — E where E is a vector bundle of rank r and
degree d on X and H°(g(n)) is an isomorphism. Then there exists a universal quotient
gao: U @ mxO0x(—n) — Eqo
on Q° x X. Let
40 xJacm: U @ mx Ox(—n) — Eqoy jacm
be the pullback of gno to Q0 x Jac™ xX. Set U, . := y®a®e, By our assumption, the
sheaf
Ilo_m(Ua,c & OQUXJac"‘ » TQO x Jac™ (det(EDOXJac’")®b ® AC[TrJac’"] & 77;( Ox (na)))
is locally free, call it H, and set $) :=P(HY). We let
q5: U®nxOx(—n) — Ej
be the pullback of gnoyjacm to H x X. Now, on $ x X, there is the tautological
homomorphism
856 Un,e ® O — det(Eg)®’ @ L[kg) @ m% Ox (na) @ w5 Og(1).

Here, rg: 9 — Q0 x Jac™ — Jac™ is the natural morphism. Let ¥ be the closed
subscheme defined by the condition that sg ® 7% idpy (—na) vanish on

ker(Ug,c @ % Ox (—na) — E%’aeac).

Let
gz: U@ n5x0Ox(—n) — FEx

be the restriction of gg to € x X. By definition, there is a universal homomorphism
Tg ! E‘%GEBC — det(Efz)®b ® ﬁ[lﬁry] ® F%mry.

Here, Mz and k< are the restrictions of Og(1) and kg to T. Note that the parameter
space ¥ is equipped with a universal family (E=z, ke, Mg, 7).

Remark 2.7. Let S be a scheme of finite type over C. Call a tuple (¢s, ks, Ns, 75) where
e g5: U7 Ox(—n) — Eg is a family of quotients, such that its restriction to
{s} x X lies in Q° for every s € S,
e kg: S — Jac™ is a morphism,
e g is a line bundle on S, and
o Tg: Eg?a@c — det(Es)®* @ L[ks] @ T5Ns is a homomorphism which is nontrivial
on all fibres {s} x X, s € S,
a quotient family of pa.pc-pairs of type (d,r,m) parameterized by S. We say that the
families (¢, k5, My, 74) and (¢%, k%, N%, 72) are equivalent if ks = k% =: kg and there
are isomorphisms ¥s: Ft — E% and xg: Mg — N% with q% = 1)s o ¢ and

78 = (idgpes) ® Th(xs)) " 0720 (?ﬂ?a@C)-

It can be easily inferred from the construction of ¥ and the base change theorem that
T represents the functor which assigns to a scheme S of finite type over C the set of
equivalence classes of quotient families of pq, p -pairs of type (d,r,m) parameterized
by S.
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Proposition 2.8. (Local universal property) Let S be a scheme of finite type over C,
and (Es, ks, Ng, Ts) a family of §-semistable pq p o-pairs parameterized by S. Then there
exist an open covering S;, v € I, of S, and morphisms (B;: S; — %, ¢ € I, such that
the restriction of the family (Es, ks, Mg, 7s) to S; x X is equivalent to the pullback of
(B<, ke, Nz, 7x) via B; X idx, for allieI.

Proof. By our assumptions, the sheaf 7g.(Fg @ 7% Ox(n)) is locally free of rank p.
Therefore, we can choose a covering S;, i € I, of S, such that it is free over S; for all
i € I. For each i, we can choose a trivialization U ® Og, = g, (Es ® 75xOx (n)|s,), so
that we obtain a surjection gs,: U ® 75 Ox(—n) — Egg,xx on S; x X. Therefore,
(gs:, K315 Ns|s:> Ts|s:x x ) i a quotient family of py p -pairs of type (d,r,m) parame-
terized by S;, and we can conclude by Remark 2.7. [

The group action. Let m: U®Ogy — U®Ogpy be the universal automorphism over
SL(U) Let (ESL(U)X‘Ia RSL(U)x %> ‘JISL(U)XT, TSL(U)X‘I) be the pullback of the universal
family on ¥ x X to SL(U) x ¥ x X. Define

. W%L(U)(m71)®idﬂ§(ox(77x.) .
gsLyxs: U@ mxOx(—n) U®nxOx(—n) — EsLw)xz-

Thus, (gsL(v) x5 KSLU)xT> MSL(U)x 5> TSL(U)xT) 18 @ quotient family of p, p ~pairs para-
meterized by SL(U) x ¥, and hence, by 2.7, defines a morphism

I': SL{U) x T — T.

It is not hard to see that I' is indeed a group action. Note that this action descends to
a PGL(U)-action!

Remark 2.9. By construction, the universal family (Fx,r<, N, 75) comes with a li-
nearization, i.e., with an isomorphism

(T xidx)" (Es, ks, Nz, 75) — (73 x idx) " (Ex, bz, Ng, 7).

Therefore, elements of the PGL(U)-stabilizer of a point ¢ € T correspond to weak
automorphisms of the p, p -pair (B, My, 7¢) := (Ex, iz, Nz, 77)|{syxx - In particular,
the SL(U)-stabilizer of ¢ is finite if and only if (Ey, My, ) has only finitely many weak
automorphisms.

Proposition 2.10. Let S be a scheme of finite type over C and p12: S — T two
morphisms, such that the pullbacks of (Ex, ks, N, 7<) via f1 X idx and B2 X idx are
equivalent. Then there exist an étale covering n: T — S and a morphism Z: T —
SL(U), such that the morphism Bz on: T — T equals the morphism

Ex(B1on)

SL(U) x T - T.

Proof. The two morphisms 4 and 32 provide us with quotient families (q3, k5, My, 74)
and (q%, ﬁ%, ‘JIQS, TL%) of pq.b,c-pairs parameterized by S. By hypothesis, H_lg = I€2S =!Kg,
and we have isomorphisms ¢g: EL — E% and ys: My — N% with

) . 0®
78 = (idgjeg) ® Thxs) Lo T 0 (FTF).
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In particular, there is an isomorphism

T« (a5 ®idrs 05 (n))

U®Og TS, (Eng ® 7% O0x(n)) —

TFS*(wS@ld * OX(W)) 5 TFS*(Q§'®idﬂ-j(oX(n))7l
ms, (Eg @ m%Ox(n)) U®O0Os.

This yields a morphism Eg: S — GL(U) and Ag := (det) o Eg: S — C*. Let T :=
S X ¢+ C* be the fibre product taken with respect to Ag and C* — C*, z — 2zP. The
morphism 7: T — S is then a p-sheeted étale covering coming with the projection map
A: T — C*. In the following, we set A® := (z — 2¢) 0 A, e € Z. One has AP = Ag o).
By construction, the morphism

A7t x(Es0m) mult

C* x GL(U) 2% GL(U)

factorizes over a morphism =: T — SL(U). The quotient family defined by the mor-
phism
Ex(B1on)

U)yxT -

is just (g5, ks on,n* Nk, (n x idx)*7d) with

- . E*(m71)®id7r;(ox(fn) " (nXidx)*qé« . I
ds: U@nx0x(—n) U@rxOx(—n) ——— (n x idx)* Es.

The assertion of the proposition is that this family is equivalent to the quotient family
(n x idx)*q%, ks on,n*NZ, (n x idx)*72). But this is easily seen, using

dr = A ((n % idx)*Pgh): (n x idx)*EZ — (n x idx)* B}

and X := A (i xg ) NG — M. O

The Gieseker space and map. Choose a Poincaré sheaf P on Jac? x X. By our assump-
tions on n, the sheaf

gl = I‘IO_I’I](/\T U® OJacdﬂ TJac? * (P ® Tr;(OX (7’77,)))
is locally free. We set Gy := P(G,’). By replacing P with P ® T} ,a (sufficiently ample),
we may assume that Og, (1) is very ample. Let 0: € — J ac? be the morphism associated
with A" E<, and let 2z be a line bundle on ¥ with A" Ex & (0 x idx)*P @ 75Az. Then
N (g ® ids Ox(n)) N'U®Os — (0 xidx)*P @ 5 Ox (rn) @ niUz

defines a morphism ¢;: € — G; with ¢]Og, (1) = Az.
Set J4™ := Jac? x Jac™. The sheaf

Gy 1= Ho_m(Ua,c ® O gdim, T jd,my, (ﬂ}aedxX(P)Q@b ® T aem x x (L) @ X Ox (na)))
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on J%4™ is also locally free. Set G := P(Gy). Making use of Remark 2.3, it is clear that
we can assume Og, (1) to be very ample. The homomorphism

Use ® Oz —> E%“eac ® xOx(na) —
— (0 xidx)"P® @ L]ks] @ 7% Ox(na) @ % (Ql?b ® Nx)

provides a morphism t3: T — Go with ¢50g, (1) :ngb@mg. Altogether, setting G :=
G1 X Gg and ¢ := 11 X 12, we have an injective and SL(U)-equivariant morphism

11T —G.
Linearize the SL(U)-action on G in Og(e, 1) with

_p—a-d
s

and denote by G*~(5/P) the sets of points in G which are SL(U)-(semi/poly)stable with
respect to the given linearization.

Theorem 2.11. For n large enough, the following two properties hold true:

(i) The preimages 1= (G==(3/P)%) consist exactly of those points t € T for which
(Ey, My, 1) (notation as in Rem. 2.9) is a §-(semi/poly)stable pq p..-pair of type (d,r,m).
(i) The restricted morphism L|L71(G5755) 017N (GF%) — G is proper.
The proof of this theorem will be given in a later section.

Proof of Theorem 2.5. Set T0—()s .= ,—1 (GE’(S)S). Theorem 2.11 now shows that the
categorical quotients

M(Pape) gy =T~ SL(U)

exist and that M(pa,byc)gf/m is an orbit space. Proposition 2.8 and Proposition 2.10 tell

T
us that we have a natural transformation of the functor M(payb,c)g;_(;;j into the functor

of points of M(Pa,b,c)j?fj,),f- The asserted minimality property of M(pa,b,c)gjffm and

/\/l(p%b,c)g?f/m’s being a coarse moduli space follow immediately from the universal
property of the categorical quotient. Finally, the assertion about the closed points is
a consequence of the “polystable” part of 2.11. Therefore, Theorem 2.5 is settled for
representations of the form pg p.c.

For an arbitrary representation p, we may find a,b, c and a decomposition p, . =
p @ p. Define T(p) as the closed subscheme of T where the homomorphism

Pt Bs . = B§" @ (N Bs) " — Line] @ mpe
vanishes on Eg;. Set T(p)°~()* := T(p) N T9=()s. It follows that the categorical

quotients
M(p)gm = T(p) = SLU)
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also exist. By our characterization of M(p ) 4 (/S)S as a closed subfunctor of the functor

M(p%b,c)g/r(/zn, the theorem follows likewise for p.
Next, we let Tqurj be the open subscheme of T consisting of those points ¢ for which

T|{¢}x x is surjective and set T(p )furf = %(p)°~* N Tqurj. Thus, there is a section

Oog(pyi=s T(p)i x X — P(Es,p).

surj surj

Moreover, B(Es)x S F is a closed subscheme of P(Es, ,). Now, we define T(F, p)°~*~*
as the closed subscheme of those points t € T(p )gurj for which the restricted morphlsm

Oa(pyi=2| 1} xx factorizes over P(Es) x x L) . Since the action of SL(U) on T(p)°~

surj

is closed, the categorical quotient T(p )SurJ // SL(U) exists as an open subscheme of the

moduli space M(p)i?f m» Whence

M(E, p)555 = T(F,p)* =~ [/ SL(U)

exists as a closed subscheme of %(p)? eur; // SL(U) and hence as a locally closed subscheme
of M(p )d/r/m as asserted. O

Proof of Theorem 2.11.

Notation and preliminaries. The remarks about one-parameter subgroups of SL(r) in
Section 1.3 naturally apply to one-parameter subgroups of SL(U). We set

VD= (i—p,...,i—pi,...,i), i=1,...,p—1
—_—
X (p—i)x

Given a basis u = (u1,...,up) of U and a weight vector 7 = Zfz_ll fy]g ), we denote the

corresponding one-parameter subgroup of SL(U) by A(u,7). We hope that these con-
ventions will not give rise to too much confusion. Having fixed a basis u = (u1,...,up)
of U and an index [ € {1,...,p}, we set U() (ugy. .o ug).

Let pg, be the natural linearization of the SL(U)-action on G; in Og,(1). Then
we write fg,(.,.) instead of p,; (.,.). In the same way, ug,(.,.) is to be read. Fi-
nally, ug(.,.) == epe, (-, -) + pe, (-, ), i-e., pg(,.) = ppe (., .), where pg stands for the
linearization of the SL(U)-action on G in O(e, 1), € € Q0.

Let ¢: U ® Ox(—n) — E be a generically surjective homomorphism and E a vector
bundle of degree d and rank r. Set Z := H°(det(E)(rn)). Then h:= \"(¢®idoyn)) €
Hom(A" U, Z) is nontrivial, and we can look at [h] € P(Hom(A" U, Z)"). On this space,
there is a natural SL(U)-action. Then it is well known (e.g., [21]) that for any basis
u = (u1,...,up) and any two weight vectors 7" = (7{,...,7}) with 4{ < --- <~} and

Si=0,i=12,

i(A(w, 2, [h]) + p(Aw,22), [R]) = p(A(w, v + 7). [R])

and for every l € {1,...,p—1}
p(Aw,A M), [B) = prk By —Ir. (1)

Here, E; C E stands for the subbundle generated by q(Uél) ® Ox(fn)).
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Sectional semistability.

Theorem 2.12. Fiz the tuple (d,r,m) and a,b,c as before. Then there exists an nq,
such that for every n > ny and every 6-(semi)stable pq.p.c-pair (E, M, T), the following
holds true: For every weighted filtration (E®,a), E®*:0C FEy C---CE; CE, of E

Z i, (X(E(n)) tk E; — hY(E;(n)) 1k B) + 6 - 1, (E*, a; 7) (>)0.

Proof. First, suppose we are given a weighted filtration (E®,«), E®* : 0 C By C -+ C
Es C E, such that E;(n) is globally generated and H!(E;(n)) = 0 fori=1,...,s. Then
fori=1,...,s,

x(E(n)) 1k E;—h°(E;(n))tk E
=(d+r(n+1—yg))rkE; — (deg(E;) + tkEi(n+1—g))r
=drk E; — deg(E;)r,

so that the claimed condition follows from (E, M, 7) being é-(semi)stable.
Next, recall that we have found a universal positive constant C; depending only on
r, a, and 0, such that for every d, every semistable pgp -pair (E, M, 7), and every

nontrivial subbundle E’ of FE,

d
N(El) < - + Ch.

If we fix another positive constant Cs, then the set of isomorphy classes of vector bundles
E’ such that p(E') > (d/r) — C2y pimax(E') < (d/r) + Cy, and 1 <1k E' < r —11is
bounded. From this, we infer that there is a natural number n(C5), such that for every
n > n(Cs), every semistable pqp -pair (E, M,T) of type (d,r,m), and every proper
subbundle E’ of F

e cither u(E') < (d/r) — Cs

e or E’'(n) is globally generated and H'(E’(n)) = 0.
Moreover, the Le Potier—Simpson estimate (see [24], Lemma 7.1.2 and proof of 7.1.1,
p. 106) gives in the first case

K] s g lt-crn] )

KO (E'(n)) < rkE’-( .

i.e., for large n,
d
hY(E'(n)) <1k E' <— +n4+1+(r—2)C; — %> ,
r T

and thus

X(E(n)) rk B/ — B0 (E'(n))r > K(g,r,Cy,Cs)
= —r(r—1)g—r(r—1)r—2)C + Ch.
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Our contention is now that for Co with K(g,r,C1,C2) > §-a-(r—1) and ny := n(Cs),
the theorem holds true.

So, assume that we are given a weighted filtration (E®,«) with E®*: 0 C Ey C -+ C
E, C Eand a = (ai,...,as). Let ji,. .., j: be the indices such that p(Ej,) > d/rng,
for i = 1,...,t, so that Ej,(n) is globally generated and H'(E;,(n)) =0, i = 1,.

We let 71,...,Js—¢ be the indices in {1,...,8}\ {Jj1,--.,jt } in increasing order. We
introduce the weighted filtrations (EY, ;) and (ES,a,) with E} : 0 C E;, C--- C Ej, C
E, oy = (oj,,...,05,) and B3 : 0 C E5, C --- C E5,_, C E, ay = (03,,...,05,_,).

Lemma 1.8 ii) yields p,(E®, a;7) > p,(EY, ay;7) — (Z::_f 0‘51-) <6-a-(r—1), whence

21 @ (X(E(n)) 1k B; — h%(E;(n)) 1k E) +6 -, (E*, a5 7)
> Yoo (X(E()tk Ej, — hO(E;, (n)) 1k B) + 6 - 1, (B3, a3 7)
S0t g (X (B () 1k B, — BBy, () 1k E) — (S32f 05, ) -6-a- (r—1)
> ZZ Lo (X(E(n)tk Ej, — hO(Ej,(n)) Tk E) 4+ 6 - i, (ES, a5 7)
+ (ZZ 1 04]7) K(g,r,C1,C3) — (Zf;f 0437,) “dra-(r—1).
Since this last expression is positive by assumption, we are done. [J

The implication t € .= (G==()%) = (E;, My, 4) is 0-(semd)stable. To begin with, we fix
a constant K with the property that

rK >max{d(s—r)+d-a-(r—1)|s=1,...,r—1}.

Now, let t = [¢: U ® Ox(—n) — B, My, 7] be a point with «(t) € GE~(%)s,
We first claim that there can be no subbundle E’ C E; with deg(E’) > d + K. Let
E’ be such a subbundle. Then for every natural number n,

hO(E'(n)) > d+ K +1kE'(n+1—g).

Let E be the subbundle of E; which is generated by Im(ev: HO(E'(n))®Ox (—n) — Ey).
Thus, H°(E(n)) = H(E'(n)) and E is generically generated by its global sections.
Now, choose a basis u1, ..., u; for H°(E'(n)), complete it to a basis u := (u1,...,u,) of
U, and set A := A(u, ’yz(,i)). Then we have seen that

e, (A 1 () =p- rkE — hO(E(n))-r <p-tkE' —h°(E'(n)) - r

Our discussion preceding Lemma 1.8 applies to SL(U) as well, whence pg, ()\, L2 (t)) <
a - (p — 1). Therefore,

APWI)

e e, (A (1) + pe, (A 2(t))

Taaé(p tk B’ — h°(E'(n)) - r)+a-(p—1)

IN

2rk B/ k B’ hO(E'
_ p’rkE" parkE" ph®( (n))+pa.
rd r 1)
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Next, we multiply the last expression by the positive number 7§/p in order to obtain

prk E' — rh®(E'(n)) + da(r — rk E')
<(d+r(n+1-g))1kE' —r(d+ K +rkE'(n+1—g)) + da(r — 1)
=d(rkE' —7r) +da(r—1) —rK <0,

by our choice of K. This obviously contradicts the assumption ¢(¢t) € G=%°. We can
also assume that d + K > 0. Set C3 := (r — 1)d/r + K. Then our arguments show that
t(t) € G=—*° implies

d
/J/max(Et) S ; + 035

independently of the number n with which we performed the construction of G. An
argument similar to the one used in the proof of Theorem 2.12 shows that a p, ; -pair
(E, M, ) is §-@emi)stable if and only if for every weighted filtration (E*,«), such that

_dra-(r—1) d

:LL(E)E :;701’ j:]-a"'757

ﬁl&.

r

one has
M(E®,a) + 6 - pip, . (E®,a;7)(>)0.

Therefore, we choose n so large that for every vector bundle E’ with d/r + C5 >
tmax(E"), p(E") > d/r — Cy, and 1 < rkE’ < r — 1, one has that E’(n) is globally
generated and H'(E’(n)) vanishes.

Now, let (E®,a) be a weighted filtration with

d .
M(E])Z;_Ch .7:1) S
Fix a basis w = (wl,..., wy) of W :=C", and let W* :0 C VV(Zl - C W(i cw
be the associated flag, i; :=rkE;, j =1,...,s. Let u = (u1,...,u ) be a basis of U

such that there are indices Iy, ..., [ with U(l ) = H%Ej(n)), j =1,...,s. Define

1::2 1%71() 7,

We also set, for j =1,...,s+ 1, ls41 :=p, lp :=0, i541 : =71, 19 := 0,
gy (U,w) i= U /UL = HO(E, /B, y(n), and  gr, (Wiw) = WD /Wi,
The fixed bases w for W and wu for U provide us with isomorphisms
U@L er;(Uuw) and W =@ ar (W w).
Let J*:={1,...,s}*% For every index ¢ € J%, we set

Wiow =gr, (Wuw)®- - ®gr, (W,uw).
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Analogously, we define U, ,,. Moreover, for k € {1,...,c} and ¢ € J?, we let wa be

the subspace of W, . := W®a®¢ which is W, living in the k-th copy of W®® in Wa,a,
and similarly we define Uf,,. The spaces WE and U, k € {1,...,c}and € J?,
n (1 ))

L, L)
eigenspaces for the actions of the one-parameter subgroups A(w, (%)) and A(u, vp
respectively, 7 = 1,...,s. Define

V'(L ::#{Li§j|£:(bla"'7La)aZ.:]-a"wa}' (2)

Then A(w, (%)) acts on W[, with weight v;(¢) - r — a - i;, and A(u, Vélj)) acts on UF,
with weight v;(¢) - p—a-1;. o

Let Z; := Ho(det(Et)®b ® My @ Ox(na)). Then w2(t) € P(Hom(U,,, Z)") can be
represented by a homomorphism

Li: Use — Zi.
One readily verifies
1, (Mu, 7), [Le]) )
=-—min{ Y7, a;(v) p—a-l) | ke{l, . c},LeJ U}, ¢ ker Ly }.
Next, we observe that we can choose a small open subset Xy C X over which E; and M;
are trivial and there is an isomorphism ¢ : Ey x, = W®Ox, with ¥(E*|x,) = W*®0x,.
This trivialization and the pq p c-pair (E;, My, 7¢) provide us with
li: Wae ® Ox, — (N'W)®' @ Ox,.
We observe that for every k € {1,...,c} and every . € J%,
Wr, ® Ox, ¢ kerly < U}, ¢ ker Ly, (4)
and that
Hpab,e (E.a% Tt) (5)
=—min{ Do @y (vj(v) - r—a-ij) [ ke {1,.,c},LeJ*: W}, ® Ox, Zkerl; }.
Now, let kg € {1,...,c} and ¢, € J* be such that the minimum in (3) is achieved
by 2;21 a; (VL) -p—a-1lj) and UZ)‘)& ¢ ker L;. We obtain
0 () ne(Mw,7),e®))
= eope, (M), () + pe, (A M >)
- ey 1a](prkE — RO(E;(n))

r 1%(”]( o) p—a-ly)
= Y ay(prkE) — hO(Ej(n) ) z 105 (vi() - p = a- BO(E;(n)))
(
(

)r
s rk E; ark E; hO(E;(n
= Zj:laj<p o -t T —t 5()))+Z] 12575 (Lo) * -
We multiply this inequality by 7d/p and find
0(<) ijl a; (p rk E; — rh®(E; (n))) + 52;21 o, (Vj (to)r —ark Ej).
Since h'(Ej(n)) =0, j = 1,...,s, we have prk E; — rh%(E;(n)) = drk E; — r deg(E;),

j =1,...,5s. Moreover, we have rkE; = i, by deﬁmtlon and upabL(E a;Te) >
Z 1 aj( vj(Lo)r — aij), by (4) and (5), Whence we finally see

M(E®,a) +6 - pip, , . (E*, ;1) (>)0,

as required. [
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The implication (E;, My, ) is 6-(semi)stable = t € = H(G*~(®)%). By the Hilbert-
Mumford criterion, we have to show that for every basis u = (u1,...,u,) of U and
every weight vector 3 = (v1,...,7p) with 71 <--- <, and P 1 7=0

ug ()\(g,j), L(t)) = elug, ()\(g, %), Ll(t)) + U, ()\(g, )5 Lg(t))(Z)O.
So, let u = (uz,. .., up) be an arbitrary basis for U and 7 = 1:;11 ﬁi’yz(,i) a weight vector.
Let ly,...,l, be the indices with 3;, #0, h=1,...,v. Foreach h € {1,...,v}, let E;,
be the subbundle of E; generated by Im(Uél") ® Ox(—n) — E:). Note that for b’ > h
we will have £, = E, if and only if Uﬁ’“) C H°(Ey, (n)). Welet E®:0=: Ey C By C
.-+ C Ey C Egq1 := FE be the filtration by the distinct vector bundles occurring among

the £}, ’s.
Recall that we know (1),

UG, (A(ﬂa i)a L1 (t)) = ZZ:l 6111 (p rk Elh - lhr) > ZZ:l 611; (p rk Elh —h° (Elh (n))r)
Set, for j=1,...,s,
Qj = Zh:Elthj Bu,

so that we see

ey (N3, (9) > S5y o (prk By — KO(E; (n)r). (6)
Next, we define for j =0,...,s

h(j) =max{h=1,...,0 | U™ c hO(E;(n))}.

With these conventions, h = h(j) 4+ 1 is the minimal index, such that Ugh) ® Ox(—n)
generically generates F;y1, j =0,...,5. We now set

gfrj (U, ﬂ) — U;lh(j—l)Jrl)/Ugh(j—l))7 =1, s+1.

The space @;2 gr;(U,u) can be identified with a subspace of U, via gr;(U,u) =
<lh(j—1) +1,... lh(j—1)+1 >7 J=1...s
For any index tuple t = (t1,...,tq) € J*:={1,...,5}*% we define

Uy:=gr,(Uuw®- g, (Uuw).
Again, for L € J* and k € {1,...,c}, ﬁfﬂ will be [72,! viewed as a subspace of the k-th

summand of Uy,.
The effect of our definition of the h(j)’s is that the spaces UF

Lu L € J% and k €
{1,...,c}, are eigenspaces for all the one-parameter subgroups A(u, fy,(;l“)), h=1,...,v,
with respect to the weight v;(v)p — alp, v;(¢) as in (2).

Now, let w = (w1,...,w,) be a basis for W and W* : 0 C Wﬁl) c---C Wﬁ“) cw,
ij =1k E;, j = 1,...,s, the corresponding flag. Then the spaces wa, L€ J* and

ke {1,...,c}, are defined as before. We can find a small open set Xy C X, such that

e M; and F; are trivial over X,
e there is an isomorphism ¢: Eyx, — W ® Ox, with ¢(E®|x,) = W* ® Ox,,

~ s+1
Eyx, = D;51(Ej/Ej—1)|x0,
the homomorphism (@jg gr;(U,u)) ® Ox,(—n) — @;ii(Ej/Ej,1)|X0 is sur-
jective.
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As before, let Z; := H°(det(E;)®® ® M; ® Ox(na)), so that t2(t) € P(Hom(U,,,
Z;)Y) induces a homomorphism

Eti @ (752 — Zt~
Letting
. b

li: Wae ® Ox, — (N W) © Ox,
be the resulting homomorphism, we find that for every k € {1,...,c} and every ¢ € J°

Wk, ® Ox, ¢ kerly < UF, ¢ ker L. (7)
By Theorem 2.12, we have

i i (prk By — hO(Ej(n))r) +6 - pp,, . (E®, (a1, ..., as); 1) ()0, (8)

Now, we choose kg € {1,...,c} and 1, € J* with Wfﬁw ® Ox, ¢ kerl; and p,, , . (E°,
(a1,y...,05);7) = Z;:1 a;(vj(te)r — ark Ej). Plugging this into (8) and multiplying
by p/(rd) yields

S 2 I i ar i 0 in S
0 (S) Zj:l aj(? TISEJ __ D 71.{E_7 _ ph (E(;J( ))) + Zj:l ajljj(é) -p
= eX i aj(prk By — hO(Ej(n))r) + X252, aj (Vi) - p — a- h°(Ej(n))).
By our definition of the o, and (7), we know
pe, (M, 3), e2(8)) > 32—y B (Vien) (Lo)p — aln) > 3251 @ (vi(k)p — ah®(Ej(n))).

Here, we have set j(h) to be the element j € {1,...,s} with E;, = E;. This together
with (6) finally shows ug(A(w,7),:(t))(>)0. O

The identification of the polystable points. By the Hilbert—Mumford criterion, a point
t(t) is polystable if and only if it is semistable and, for every one parameter subgroup A
of SL(U) with pf (A, ¢(t)) =0, im, .o A(2) - ¢(t) lies in the orbit of ¢(2).

Now, let u = (u1,...,up) be a basis for U and 7 = ij:l B, fyz(,lj) be a weight vector
with i, # 0 and [; € {1,...,p— 1} such that ug(A(u,7),:(t)) = 0. Then our previous
considerations show that the following must be satisfied:

o UV = HYE, (n),j=1,...,s,

e [, (n) is generated by global sections and H*(Ej, (n)) = 0.
Set E; := Ey,, i; == rkEj;, aj :== 0,, j = 1,...,s, and choose a basis wy,...,w, for
W. As before, we associate to these data a flag W*. Consider the weighted filtration
(E*, o) with E*: 0 C Ey C--- C E; C Ey and a = (a1,...,qas), so that the condition
pg (A, 7), ¢(t)) = 0 becomes equivalent to

M(E®, @) + 6 pp,,.(E®* ;1) = 0.

Let too :=lim, oo A(2) - t and (B, My, T¢..) be the corresponding pq p -pair. Then

clearly M; = M, and it is well known that E; & @jii E;/Ej_1. Let Uy . := QU
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be the decomposition of U, . into eigenspaces with respect to the C*-action coming from
Au,7), and iy = —pe, A (w,7), e2(t)). If Ly: Uy,e — Zy and Ly 2 Uy e — Zy,, = Zy are
the homomorphisms representing ¢ and ¢, respectively, then L;__ is just the restriction
of Ly to U%o extended by zero to the other weight spaces. As we have seen before, the
condition that L;_ be supported only on U%o is equivalent to the fact that over each
open subset Xo over which 7;_, is surjective and we have a trivialization ¥: F;__|x, —
W @ Ox, with ¥(E®|x,) = W* ® Ox,, the induced morphism Xy — P(W, ) lands in
P(W9°), where W9 is the eigenspace for the weight go := —p,, , .(E°®,a; 7¢..). Thus, we
have shown that (E;, M, ;) being d-polystable implies that ¢(¢) is a polystable point.
The converse is similar. [

The properness of the Gieseker map. In this section, we will prove that the Gieseker
morphism ¢ is proper, using the (discrete) valuative criterion.

Thus, let (C,0) be the spectrum of a DVR R with quotient field K. Suppose we
are given a morphism h: C — G*°° which lifts over Spec K to T. This means that
we are given a quotient family (¢x: U ® 75 Ox(—n) — Ek,kKk,TK) of pgp -pairs
parameterized by Spec K (we left out 9k, because it is trivial). This can be extended
to a certain family (go: U @ 75 Ox(—n) — E‘c, Ko, Tco), consisting of

e a surjection g¢ onto the flat family EC, where ECHO}X x may have torsion
e the continuation k¢ of kg into 0
e a homomorphism 7¢ : E‘g'ﬁc — det(E)®® @ L[xe] whose restriction to {0} x X
is nontrivial and whose restriction to Spec K x X differs from 7x by an element
in K*.
The resulting datum L: U, . — 7o (det(Ec)®® @ Llko] © m% Ox (na)) defines a mor-
phism C' — Gy which coincides with the second component Ay of h.
Set Ec := EYY. This is a reflexive sheaf on the smooth surface C' x X, whence it is
locally free and thus flat over C'. Therefore, we have a family

go: U@ 15 O0x(—n) — Ec

where the kernel of the homomorphism U ® Ox(—n) — Ec¢|{o}xx is isomorphic to
the torsion 7 of Ec‘{o}xx- One gets a homomorphism \"U ® O¢c — ﬂc*(det(EC) ®
7% Ox (rn)) which defines a morphism C' — Gy which coincides with the first component
hy of h.

Set Eoy := Ec|{o}xx- Our claim is that HO(QC\{O}XX ®idrrox(m): U — H(Ey(n))
must be injective. This implies, in particular, that EC\{O}X x is torsion free and, hence,
Ec = Ec and qc = Go. If H = ker(HO(qCHO}XX ® idgsr 0x(n))) is nontrivial, we
choose a basis uq,...,u; for H and complete it to a basis u = (u1,...,up) of U. Set
H = (ujy1,...,up). We first note (1)

pe, (Aw, 7)), h1(0)) = —jr.
The spaces H; := H® ® ﬁ®(fkl), l =1,...,a, are the eigenspaces of U®? for the
C*-action coming from A(u, fy]gj )). Let Hlk be H; embedded into the k-th component
of Upe, k=1,...,¢,1 =1,...,a. Forevery k € {1,...,c} and every l € {1,...,a},
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Hf ® Ox(—n) generates a torsion subsheaf of E%&i;xxv so that HF C ker L. This
implies ‘ ‘
HGo ()‘(27 '7;()])); ha (0)) = UG, ()‘(ﬂa PY;()J))v [L]) = —aj,
and thus _
ne (w75, h(0)) = —ejr — aj <0,

in contradiction to the assumption h(0) € G=~*°.

We identify U with its image in H°(Eg(n)). Let K be a positive constant such that
rK > max{d(s—r)+da(r—1)|s=1,...,7—1}. We assert that for every nontrivial
and proper quotient bundle @ of Ey we must have deg Q > —K — (r — 1)g. For this, let
Q@ be the minimal destabilizing quotient bundle. Set E’ := ker(F — Q). It suffices to
show that deg Q < —K — (r—1)g implies dim(H°(E’(n))NU) > d+ K +1k E'(n+1—g),
because then a previously given argument applies. Note that we have an exact sequence

0— HYE'(n))NU — U — H°(Q(n)).

Assume first that h°(Q(n)) = 0. Thus, dim(H°(E'(n)) NU) =p =d+1kE'(n+1 —
g+ —1kE)Yn+1—-g)>d+rkE'(n+1—-g)+n+1—g. Since we can assume
n+1— g > K, this is impossible.

Therefore, the Le Potier-Simpson estimate gives h®(Q(n)) < deg @ +rk Q(n+1) and
thus

dim(H(E'(n))NU) > p—h%(Q(n))
> d+r(n+1—g)—deg@Q —rkQ(n+1)
= d—degQ —grkQ+ (r—1kQ)(n+1—g)
> d—degQ —g(r—1)+1kE'(n+1—g).
This gives the claim. We see
Nmin(EO) Z M > K — (7’ — ].)g

rk @ -

This bound does not depend on n. Since the family of isomorphy classes of vector
bundles G of degree d and rank r with pmin(G) > —K — (r — 1)g is bounded, we
can choose n so large that H(G(n)) = 0 for every such vector bundle. In particular,
H'(Ey(n)) = 0, i.e., U = H°(Ep(n)). This means that the family (¢c,rc,7c) we
started with is a quotient family of pg 1 -pairs parameterized by C' and thus defines a
morphism from C to ¥ which lifts h. By Theorem 2.11 (i), this morphism factorizes
through T°~°%, and we are done. [J

3. Examples

This section is devoted to the study of the known examples within our general context.
First, we discuss two important methods of simplifying the stability concept. Second, we
will consider some easy specializations of the moduli functors. Then we briefly discuss
the variation of the stability parameter and prove an “asymptotic irreducibility” result.
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Afterwards, we turn to the examples. In the examples, we will show how many of the
known stability concepts and constructions of the moduli spaces over curves can be
obtained via our construction. In two cases we will see that our results give a little
more than previous constructions. We have also added the stability concept for conic
bundles of rank 4. The main aim of the examples is to illustrate that the complexity
of the stability concept only results from the complexity of the input representation
p: GL(r) — GL(V) and to illustrate how the understanding of p can be used to simplify
the stability concept.

3.1. Simplifications of the stability concept

In this part, we will formulate several ways of restating the concept of §-semistability in
different, easier ways which will be used in the study of examples to recover the known
notions of semistability. The first uses a well known additivity property to reduce
the stability conditions to conditions on subbundles. The second generalizes this to a
method working for all representations. This provides the mechanism alluded to in the
introduction. The third one is a method to express the concept of §-semistability for
p-pairs associated with a direct sum p = p; @ --- ® p, of representations in a certain
sense in terms of the semistability concepts corresponding to the summands p;. Further
methods of simplifying the semistability concept will be discussed in the examples.

A certain additivity property. Let p: GL(r) — GL(V') be a representation such that the
following property holds true: For any basis w = (w1,...,w,) of C", any two weight
vectors 7, and 7,, and any point [I] € P(V)

1 (M, v, +7,)5 1) = pp (Maw, 7)) (1) + p1p (Maw, 7,), [1]) - (9)
Now, let (E, M,7) be a p-pair and ¢ a positive rational number. For every weighted

filtration (E*®,a), E®* : 0 C E; C --- C E; C E, the definition of pu,(E®,a;7) and (9)
imply

M(E®, @) + opp(E®, ;1) = 35, o;((drk Ej — rdeg Ej) 4 0p,(Ej, 7).

We see that the semistability condition becomes a condition on subbundles of E: The
p-pair (E, M, 7) is ¢-(semi)stable if and only if for every nontrivial proper subbundle E’
of E one has

po(E',7)

!
< .
u(B') (<) u(B) + T
The general procedure. Let p: GL(r) — GL(V) be a representation on V and p’:
SL(r) — GL(V) its restriction to SL(r). We fix a basis w = (w1, ...,w,) of C". This
basis determines a maximal torus 7' C SL(r). First, we observe that the Hilbert—
Mumford criterion can be restated in the following form: A point [[] € P(V) is p'-

(semi)stable if and only if for every element g € SL(r) and every weight vector v =
(V155 y) With 41 < - <y and Y0 =0

p(Mw, 7). g+ 1) (2) 0. (11)

The representation p|r: T — GL(V) yields a decomposition

V=@ exr) W

(10)
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with
Vi ={veV]pt)(v)=x(t) vVt eT}.

The set ST(p) := {x € X(T) | Vi # (0) } is the set of states of p. We look at the
rational polyhedral cone

Ci={(y ) M < <Yy ni=0}=Rsg- 7+ + R -7V
For every subset A C ST(p), we obtain a decomposition

C=U,eaCx with C}:= {rveC|{Aw,7),x) < (Aw,7),x') VX' € A}.

Here, (.,.) is the natural pairing between one-parameter subgroups and characters. The
cones C% are also rational polyhedral cones and one has

cxney =cx n {yl (Awy),x-x)=0},

so that two cones intersect in a common face. Therefore, for each A, we get a fan
decomposition of C'. For each edge of a cone C, there is a minimal integral generator.
For A C ST(p) and x € A, welet K} be the set of those generators and K = U, c 4 K.

The set K 4 obviously contains { ™), ... 4("=D 1 and we call A critical if K 4 is strictly
bigger than { v ... ~"=D}. Now, for each point [I] € P(V), we set ST(I) := { x |
llv, #0}. Moreover, an element g € SL(r) is called critical for [I] if the set ST(g - 1) is
critical.

We observe that for a point [[] € P(V') and a weight vector v € C one has

to(A(w,7), [1]) = = min{ (Mw, ), x) | x € ST() }.

This means that Equation (9) remains valid if there exists a character x € ST(l), such

that C%T(l) contains both 7, and 7,. We infer

Corollary 3.1. A point [I] € P(V) is p'-(semi)stable if and only if it satisfies the fol-
lowing two conditions:

1. For every element g € SL(r) and every i € {1,...,7r =1},

1o (Aw, v ™), g - 1) (>)0.

2. For every g € SL(r) which is critical for [I] and every weight vector v € Kgp(g.a)\
{7(1)7"'77(,'071) }’

In particular, it suffices to test (11) for the weight vectors belonging to the finite set

K, := UACsT(p) K.
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Remark 3.2. A similar procedure works for all semisimple groups GG. Indeed, one fixes
a pair (B,T) consisting of a Borel subgroup of G and a maximal torus T' C B. With
analogous arguments, one obtains decompositions of the Weyl chamber W (B, T'). See
[8] for a precise discussion.

Let’s now turn to the p-pairs. Let W* be the complete flag 0 C (wq) C -+ C (wy,...,
wy—1) C C". For a p-pair (E, M, ¢) and a filtration 0 C E; C --- C E,_; C E with
tkE; =i,i=1,...,r — 1, we define ST(E*) as follows: Choose an open subset U and
a trivialization ¢: E|y — OF" with ¥(E®|y) = W* ® Oy. Then for each x € ST(p),
there is a rational map

U —P(Eyy) ZP(V) x U — P(V) > P(Vy).

An element x € ST(p) now belongs to ST(E®) if and only if this rational map is defined
on a non-empty subset of U. As before, one verifies that ST(E*®) is well defined. The
filtration E* is called critical for ¢ if ST(E®) is critical. Corollary 3.1 now shows

Theorem 3.3. (i) The p-pair (E, M, ) is §-(semi)stable if and only if it meets the
following two requirements:

1. For every proper nontrivial subbundle E' of E

o(E', )

p(E (<)) + B

2. For every filtration E* which is critical for ¢ and every element 2;21 aj’y(if) €
Kooy \ {7V, ....70 ™V}, a; > 0,4 :=1kEj, j=1,....s,

M(OCE1C~~CESCE,(a1,...,045))
+5-up(OCE1C---CESCE,(al,...,aS);go) (>) 0.

Direct sums of representations. Let p;: GL(r) — GL(V;) be representations of the
general linear group and assume there is an integer o with p;(z -idgr) = 2 - idy for all
zeC* i=1,...,t. Define p:= p; &--- P p;. Note that for every rank r vector bundle
E one has F, = FE, ©---® E,,. The following result is a counterpart to Theorem 1.6
in the first part.

Proposition 3.4. Let (E, M, 1) be a p-pair of type (d,r,m) and § € Qso. Then the
following conditions are equivalent:

1. (E, M, T) is §-semistable (§-polystable).

2. There exist pairwise distinct indices t1,...,ts € {1,...,t}, s <t, such that

je{u,...;es} = (©)7lp,, : Byy — M is nonzero,

and positive rational numbers o1,...,0s with Z§=1 o; = 1 such that for every
weighted filtration (E®, )

M(E',g) + 5(Z;=1 Tjbp., (E.aQ5T|Emj )) > 0.

(And if equality holds
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o« @ E;/E;
e the p,,;-pair (E,M,T|Emj) is equivalent to the p,;-pair (E, M,T|E;f~'_ ),
Vi = he, (E.,Q;T|Emj ), 5 =1,...,8 (compare with the deﬁmtionJ of
polystability on page 179).
Here, w is a basis for C", W*® : 0 C ngEl) C - C ngEs) Cc W, and
J= Z;:1 iyt Fa))
3. There exist pairwise distinct indices t1,...,ts € {1,...,t}, s <t, such that

jG{Ll,...,LS} = (&) T|EijEpj*>MiS nonzero,

and positive rational numbers o1,...,0s with Z§=1 o; = 1 such that for every
positwe integer v with voj € Zso, j = 1,...,s, the associated (p&"* & ---
@ p2Yoe)-pair

(BMECT T (g, ) 8- (1], )*7)
of type (d,r,vm) is (0/v)-semistable (6 /v)-polystable).
Proof. To see the equivalence between 2. and 3., observe that O(voy,...,vo,) provides
an equivariant embedding of P(V,,) x --- x P(V,_) into P(S*7'V,, ® --- ® S¥?=V,_). Via

the canonical surjection V2" @ --- @ V% — S¥71V, @ --- ® SV, the latter
space becomes embedded into P(V®"' @ --- ® V,¥7%), so that we have an equivariant
embedding v: P(V,,) x --- xP(V,) = P(V,®"' ®---®@ V,®¥%). Since for every point z =
(x1,...,25) € P(V,,) x -+ x P(V,,) and every one-parameter subgroup A: C* — GL(r)

ijl Uj/J/p,,j ()\7 .fj) = % . lj/p?il/01®”'®p‘?sygs ()\, L(x))7
the claimed equivalence is easily seen.

For the equivalence between 1. and 3., we have to go into the GIT construction of the
moduli space of §-semistable p-pairs. We choose a, b, ¢, such that p is a direct summand

of pap,c. Therefore, p; is also a direct summand of p, ¢, ¢ = 1,...,%, so that we can
assume p; = pqp.c for i = 1,...,¢. For a tuple (¢1,...,ts), positive rational numbers
01,...,04, and v € N as in the statement, we thus find

P @ ® P = Prawne

for some ¢’ > 0. Recall that in our GIT construction of the moduli space of §-semistable
Pab,c Dairs of type (d,7,m), we had to fix some natural number n which was large
enough. Being large enough depended on constants Cy, Cs, Cs, and K which in turn
depended only on d, 7, a, and §. One now checks that d, r, va, and 6/v yield exactly
the same constants, so that the construction will work also — for all v and all ¢/ —
for (6/v)-semistable pyq b c-pairs of type (d,r,vm). Fix such an n. We can now
argue as follows. Set p := d+ r(n+ 1 — g), and let U be a complex vector space
of dimension p. Given a J-semistable pgpc-pair (E, M, 7) of type (d,r,m), we can
write E as a quotient ¢: U ® Ox(—n) — E where H%(g(n)) is an isomorphism. Set
Z := Hom(A\" U, H’(det E(rn))) and W := Hom(U, ., H°(det E®* @ M ® Ox(na))).
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Then (q: U®Ox(—n) — E, M, T) defines a Gieseker point ([z], [w1, ..., w]) € P(ZY) x
P(WY®") which is semistable for the linearization of the SL(U)-action in O(e, 1) with
e = (p—ad)/(rd). By Theorem 1.6, we find indices ¢1,...,ts and positive rational
numbers o, ...,0 with ijl oj = 1, such that w,, # 0, j = 1,...,s, and the point
([2], [wey]s - - -5 [we,]) €P(ZY) x P(WY) x --- x P(WV) is semistable with respect to the
linearization of the SL(U)-action in O(g, 01, ...,0,). As before, there is an embedding ¢ :
P(ZV)xP(WY) x---xP(WV) — P(Z") x P(WV®) such that the pullback of O(ve, 1) is
O(ve,voy,...,vos). The point y := «([z], [w,,], ..., [w,.]) is thus semistable with respect
to the linearization in O(ve,voy,...,vo,). Now, the second component of y is defined
by the homomorphism Uyq,e = UYL — HO(det E®® @ M ® Ox(na))®” obtained from
q and the components T|Emj, j =1,...,s. Composing this homomorphism with the

natural map H°(det E®*® M ® Ox (na))®” — H°(det E®"*@ M®" @ Ox(nva)), we find
apoint y’ € P(ZV)xP(W""), W' := Hom(Uyq ., H'(det E®**©@ M®" ©Ox (nva))). The
point ' is semistable with respect to the linearization of the SL(U)-action in O(ve, 1).
By construction, 3’ is the Gieseker point of the quotient pyq b -pair (¢: UROx(—n) —
E, M®v, (7lE,,, )@@ (1|E,, )¥"7"). Since ve = (p — (va)(3/v))/(ré/v), we infer
that (£, M, (7|g, ¥ @ - ® (7]g,_)¥""") is (§/v)-semistable. The converse and
the polystable part are similar. [

3.2. Some features of the moduli spaces

Here, we will discuss several properties of the moduli spaces which we have constructed.

Trivial specializations. Let p: GL(r) — GL(V) be a representation. Very often, one
fixes the determinant of the vector bundles under consideration. So, let Ly be a line
bundle of degree d. If we want to consider only p-pairs (E, M, 1) of type (d,r, m) with
det E = Lo, we say that the type of (E, M, ) is (Lg,r,m). We then obtain a closed

subfunctor M(p)‘z;ﬁ)/‘;n of M(p)jﬁ(jy); Note that our construction shows that we have a
morphism M(p)i?r(;zs — Jac?, [E, M, 7] — [det E]. Let M(p)é_(s)s be the fibre over

Lo/r/m
[Lo]. This is then the moduli space for M(p)i;;i)/in
In the applications, the line bundle M is traditionally fixed. Having fixed a line bundle
My of degree m, we will speak of p-pairs (E,7) of type (d,r, Mp). This yields a moduli
functor M(p)j?r(;])\;() which is also a closed subfunctor of M(p)i?r(;z; Its moduli space,

denoted by M(p)zﬁ(;l)\jo, is the fibre over [My] of the morphism M(p)i?r(/sx
[E, M, 7] — [M].
If we want to fix both Lo and My, we speak of p-pairs (E, T) of type (Lo, r, My). The

corresponding moduli spaces are denoted by M(p)i:;:)/‘(}wo

— Jac™,

Variation of 6. Given p: GL(r) — GL(V), d,r,m € Z, r > 0, we get a whole family
of moduli spaces M(p)gﬁ(;z; parameterized by § € Qs¢. This phenomenon was first
studied by Thaddeus in the proof of the Verlinde formula [45]. The papers [10] and [46]
study the corresponding abstract GIT version. Using these, one makes the following

observations.

(1) There is an increasing sequence (0,),>0, 6y € Qso, v = 0,1,2,..., which is
discrete in R, such that the concept of J-(semi)stability is constant within each interval
(0u,0041), v =0,1,2,..., and, for given v, d-semistability for § € (d,,0,+1) implies 0,-
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and J,1-semistability and both d,- and d,1-stability imply J-stability. In particular,

there are maps /\/l(p)gﬁ/sm — M(p)i?if/lrzl_ss (“chain of flips”, [45]).

(2) For 6 € (0,00) and (E, M, T) a d-semistable p-pair, the vector bundle E must
be semistable, and there is a morphism M(p)gﬁfm — MZS/T to the moduli space of

semistable bundles of degree d and rank r. Conversely, if E is a stable bundle, then
(E, M, ) will be §-stable.

(3) In the studied examples, there are only finitely many critical values, i.e., there is
a doo, such that the concept of J-semistability is constant in (doc,00). We refer to [5],
[45], [35], [37] and the examples for explicit discussions of this phenomenon. It would
be interesting to know whether this is true in general or not, i.e., to check it for pg p c.

We note that in two of the examples, namely the example of oriented framed modules
and the example of Hitchin pairs, only a parameter independent stability concept has
been treated so far. Our discussions will therefore complete the picture in view of the
above observations.

Asymptotic irreducibility. Fix the representation p, the integers d and r as well as the
stability parameter § € Q. Suppose that p is a direct summand of the representation
Pa,b,c- Since the estimate in Theorem 2.6 does not depend on the integer m, we conclude
that the set S of isomorphy classes of vector bundles F, such that there exist an m € Z
and a d-semistable p-pair (E, M, 1) of type (d,r,m) is still bounded. The same goes for
the set S, of vector bundles of the form E, with [E] € S. Thus, there is a constant my,
such that for every m > my and every d-semistable p-pair (E, M, 1) of type (d,r,m),
one has
Ext'(E,,M)=H"(E) ® M) = 0.

Our construction and standard arguments [24], §8.5, now show that the natural pa-
rameter space for d-semistable p-pairs of type (d,r,m) is a projective bundle over the
product of a smooth, irreducible, and quasi-projective quot-scheme and the Jacobian of
degree m line bundles. In particular, it is smooth and irreducible. We infer

Theorem 3.5. Given the data p, d, v, and § as above, there exists a constant mg, such
that the moduli space M(p)gﬁ/‘(’m is a normal and irreducible quasi-projective variety
for every m > my.

Remark 3.6. Given m/, m with m —m/ =1 > 0 and a point py € X, the assignment
(E,M,7)— (E,M(lpo), ") with 7": E, — M C M(Ipo) induces a closed embedding

MDYy s = MDY

3.3. Extension pairs

Fix positive integers 0 < s < r, and let F' be the Grassmannian of s-dimensional
quotients of C". An F-pair is thus a pair (E,q: E — Q) where FE is a vector bundle of
rank r and ¢ is a homomorphism onto a vector bundle @ of rank s. Setting K := kergq,
we obtain a pair (E, K) with E as before and K C E a subbundle of rank r — s. These
objects were introduced by Bradlow and Garcia—Prada [6] as holomorphic extensions
and called (smooth) extension pairsin [9]. In that work, ¢ is not required to be surjective.
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We embed F via the Pliicker embedding into P(A°C"), i.e., we consider the rep-
resentation p: GL(r) — GL(A®C"). To describe the notion of (6, p)-semistability, we
observe that for points [v] € F' C P(A\*C"), bases w of C”, and weight vectors 7,
and 7,, Equation (9) holds true. Furthermore, for a point [v: C" — C*] € F, a basis
w=(wy,...,w,) of C",and i € {1,...,r—1}

to(A(w, @), [v]) = idimkerv — rdim({wi, ..., w; ) Nkerv).

Therefore, according to (10), an F-pair (E,q: E — Q) is (J, p)-(emi)stable if and only
if for every nontrivial proper subbundle E’ of E one has

rk ker g
tkE

rk(E’ Nker q)

E/
WE) + 00—

(<) w(E) +0

This is the same notion [9] provides for the extension pair (E, ker q).

3.4. Framed modules

The case of framed modules is one of the most thoroughly studied examples of a deco-
rated vector bundle problem (see, e.g., [4], [13], [45], [25], [21], [22]).

First, we fix a positive integer r, an integer d, and a line bundle My on X and
look at the p-pairs of type (d,r, My) associated with the representation p: GL(r) —
GL(Hom(C®,C")), i.e., at pairs (F, ) consisting of a vector bundle E of degree d and
rank r and a homomorphism ¢: E — Mg*®. For the representation p, the Additivity
Property (9) is clearly satisfied, and given a nontrivial proper subbundle E’ of E one
has p,(E', ) = —tk E' or r —rk E' if E' C ker g or ¢ ker ¢, respectively.

Given 0 € Qs, Equation (10) thus shows that (E,¢) is 0-(semi)stable if for every
nontrivial proper subbundle E’ of E

5
1 (< . . ,
u(E") (£) n(E) K E if B Ckerey,
5 5 .
u(E') — KB (<) w(E) — e if E' ¢ kero.

Finally, one has the following result on the stability parameter §:

Lemma 3.7. Fiz integers d,r, r > 0, and a line bundle My. The set of isomorphy
classes of vector bundles E for which there exist a parameter § € Q¢ and a §-semistable
p-pair of type (d,r, My) of the form (E, ) is bounded.

This is proved as Proposition 2.2.2. in [35]. From this boundedness result, it follows
easily that the set of isomorphy classes of vector bundles of the form ker ¢, (E, ¢) a p-
pair of type (d, r, My) for which there exists a § € Qx¢ with respect to which it becomes
semistable is bounded as well. We infer

Corollary 3.8. There exists a positive rational number 6o, such that for every d > s
and every p-pair (E, ) of type (d,r, My), the following conditions are equivalent:

1. (E,p) is 6-(semi)stable.

2.  1s injective.

Now, fix a vector bundle Ey on X. Recall that a framed module of type (d,r, Ep)
is a pair (E,1) consisting of a vector bundle E of degree d and rank r and a nonzero
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homomorphism ¢: E — FEy. Fix a sufficiently ample line bundle My on X and an
embedding ¢: Fy C MOGBS for some s. Therefore, any framed module (F, ) of type
(d,r, Ep) gives rise to the p-pair (F, p :=10v) of type (d,r, My), and the p-pair (E, )
is d-(semi)stable if and only if (E, ) is a J-(emi)stable framed module in the sense of
[21]. Finally, a family of framed modules of type (d, r, Ey) parameterized by S is a triple
(Es,vs,Ms) consisting of a rank r vector bundle Eg on S x X, a line bundle g on S,
and a homomorphism ¢g: Eg — n% Eo ®9g which is nontrivial on every fibre {s} x X,
s € S. Associate to such a family (Eg, s, Mg) the family (Es, kg, Ns, @s) of p-pairs of
type (d,r, Mo) where kg(s) = [Mo] for all s € S and ps = (7% (1) @ idrzog) 0 s. This
exhibits the functor associating to a scheme S the set of equivalence classes of families
of §-(semi)stable framed modules of type (d,r, Mp) as the subfunctor of M(p)g;,(/sj)\;o of
those families (Es, ks, Mg, ¢s) where kg is the constant morphism s — [Mp], and the
composite Eg — 7% (Mg *)@miMNs — 5% (M /1(Ep)) @m5Ns vanishes. Since all these

conditions are closed conditions, the moduli spaces of d-(semi)stable framed modules on
6—(s)s

curves ([45], [21]) become closed subschemes of our moduli spaces M(p), Jr /Mo

Remark 8.9. We have used a slightly different, more general notion of family than [21].
This choice only destroys the property of being a fine moduli space and does not affect
the construction of the moduli space of framed modules.

3.5. Oriented framed modules

We begin with the representations p;: GL(r) — GL(Hom(C?,S"C")) and py: GL(r)
— GL(A\"C"), and set p := p; @ pa. Fix line bundles Ly and My. Then a p-pair of
type (Lo, r, My) is a triple (E, ¢, o), consisting of a vector bundle E of rank r with
det E = Ly, a homomorphism ¢: S"E — MSGS, and a homomorphism ¢: det £ — M.
Next, assume we are given a line bundle Ny with Nggr = My and t such that s =
#{ (i1, i) | ij € {0,...,r}, j=1,..,t, and Yo i; =1}, le, STNG" = MF.
Then to any triple (F, ¢, c) where E is a vector bundle of rank r with det E = Ly and
v B — Nget and o: det E — N(‘?T are homomorphisms, we can associate the p-pair
(E, S™,0) of type (Lo, r, My). Observe that for any weighted filtration (E*, ) one has

fpy (B, 050) =0 and  p,, (B®,a;87¢) =1 py (B, 0;0)

where p}: GL(r) — GL(Hom(C! C")). Therefore, Proposition 3.4 and the discussion
of framed modules show the following.

Lemma 3.10. Let (E, v, 0) be a triple where E is a vector bundle of rank r with det E =
Lo and ¢p: E — N§* and o: det E — N§" are homomorphisms, and 6 € Qso. Then
the following conditions are equivalent:

1. The associated p-pair (E,S™), o) of type (Lo, T, My) is §-semistable.

2. One of the following three conditions is verified:

i. F is a semistable vector bundle.

ii. The homomorphisms 1 and o are nonzero and there exists a positive
rational number 6’ < rd, such that (E,v) is a 0'-semistable p'-pair of
type (L07 T, NO)

ili. The homomorphism o vanishes and (E, 1) is an (r-§)-semistable p} -pair
of type (Lo, r, No).
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We omit the “polystable version” of this lemma. In particular, for r§ > d (see Corol-
lary 3.8), one finds

Corollary 3.11. Let (E,1,0) be a triple where E is a vector bundle of rank r with
det E = Ly and: E — N§" and o: det E — N are homomorphisms, and § > 0o /7.
Then the following conditions are equivalent:
1. The associated p-pair (E,S",0) of type (Lo, r, My) is §-semistable.
2. One of the following three conditions is verified:
i. E is a semistable vector bundle.
ii. The homomorphisms 1 and o are nonzero and there exists a positive
rational number 0', such that (E,v) is a &'-semistable p-pair of type
(LQ7 T, No) .
iii. The homomorphism o vanishes and v is injective.

Now, we turn to the moduli problem we would like to treat. For this, we fix a line
bundle Ly and a vector bundle Ey. Then an oriented framed module of type (Lo, r, Ep) is
a triple (E, e,%) where E is a vector bundle of rank r with det £ = Ly and ¢: det E —
Ly and ¢: E — Ey are homomorphisms, not both zero. The corresponding moduli
problem was treated in [35]. Over curves, we can recover it from our theory in the
following way: If Ny is sufficiently ample, there are embeddings t1: Ly C N§" and
Lo: By C NSB’:. Thus, setting My := N(?T, we can define 0 := 11 oe: det E — My and
0 = S"(1go): STE — MF* = SN in order to get the p-pair (E,p,0) of type
(Lo, r, Mp). By Corollary 3.11, for 6 > /7, the p-pair (E, ¢, o) is d-semistable if and
only if (E,e,1) is a semistable oriented framed module in the sense of [35].

Remark 3.12. The corresponding stability concept can be recovered via Proposition 3.4
and the characterisation “stable=polystable+simple” (Remark 2.4 (ii)).

We conclude by observing that applying Lemma 3.10 yields new semistability con-
cepts for oriented framed modules.

3.6. Hitchin pairs

The theory of Hitchin pairs or Higgs bundles is also a famous example of a decorated
vector bundle problem ([20], [43], [11], [34], [47], [19], [36]).

To begin with, we fix integers d and r > 0, a line bundle M, and the representation
p: GL(r) — GL(End(C") @ C). In this case, a p-pair of type (d,r, My) is a triple
(E, ¢, o) consisting of a vector bundle E of degree d and rank r, a twisted endomorphism
v: E— E® My, and a section o: Ox — M.

Lemma 3.13. There is a positive rational number 0o, such that for all § > 6 and all
p-pairs (E,¢,0) of type (d,r, My) the following conditions are equivalent:

1. (E,,0) is a 6-(semi)stable p-pair
2. for every nontrivial subbundle E' of E with ¢(E') C E' ® M

u(E") (2) n(E),
and either o # 0 or ¢ is not nilpotent, i.e., (¢ ® idM(()@r—l) 0.0 #0.

Proof. First, assume 1. Let f: C" — C" be a homomorphism. Call a vector subspace
V Cc C" f-superinvariant if V' C ker f and f(C") C V.
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Lemma 3.14. Let [f, 2] € P(Hom(C",C") @ C). Given a basis w = (wy,...,w,) of W
andie{1,...,r—1}, setWﬁ) =(w1,...,w; ). Then

(i) pp(Aw, 7(’) ), lf.€]) =rif Wﬁ) is not f-invariant.
(i) pp(ANw,vD),[f.e]) = —r if Wg) is f-superinvariant and € = 0.
(iii) g (A, 7( D), [f,€]) = 0 in all the other cases.

Now, let (E,p,0) be a p-pair of type (d,r, Mp). For any subbundle E’ of F with
w(E'") C E' ® My, we find p,(E’, (p,0)) < 0.

Corollary 3.15. Let 6 € Qs and (E,p,0) a 0-(semi)stable p-pair of type (d,r, My).
Then p(E)(<)u(E) for every nontrivial proper subbundle E' of E with o(E') C E'®@My.

This condition implies that for every § > 0, every d-semistable p-pair (E,¢,0) of
type (d,r, My), and every subbundle E’ of E

(1) < masef u(B). u(B) + L ey . (12)

See, e.g., [34]. Therefore, the set of isomorphy classes of bundles E, such that there
exist a positive rational number § and a J-semistable p-pair of type (d,r, My) of the
form (E, ¢,0), is bounded.

Now, the only thing we still have to show is that for every sufficiently large positive
rational number § and every J-semistable p-pair (E, ¢, o) of type (d,r, My), such that
o = 0, the homomorphism ¢ can’t be nilpotent. First, let (E, ¢, o) be a p-pair of type
(d,r, Mp), such that there exists a positive rational number § with respect to which
(E, ¢, 0) is semistable and such that ¢ is nilpotent. Then there is a filtration

O0=FyCF,C---CFE,1CFE;:=F

with E; @ Mo = ¢(Ej41), j =0,...,5 — 1. It is clear by the boundedness result that
the E;’s occurring in this way live in bounded families, so that we can find a positive
constant C' with

dI‘kEj—degEjT<C, j=1...,5s—-1

for all such filtrations. One checks p,(E®,(1,...,1);(p,0)) = —r, so that the semi-
stability assumption yields

0< M(E*,(1,...,1)) +0u,(E®, (1,...,1); (p,0)) < (r—1)C — 6.

This is impossible if § > C.

To see the converse, let (E,¢,0) be a p-pair satisfying 2. Let mgy := max{0,
deg Mo(r — 1)?/r}. Then as before, u(E’) < u(E) + myg for every nontrivial proper
subbundle E’ of E, i.e., dtk E' —rdeg E' > —morrk E' > mo(r —1)r. First, consider
a weighted filtration (E' a) such that ¢(E;) C E; ® My, j =1,...,s. Then the condi-
tion that ¢ be not nilpotent if o = 0 implies p,(E*®, a; (¢, 0)) = O SO that M(E®,a)(>)0
follows from 2. Second, suppose that we are given a weighted filtration (E' a) such
that Ej,,..., E;, are not invariant under ¢, i.e., ¢(Ej,) ¢ E;, ® My, i = 1,...,t, and
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t > 0. Let @ := max{ a;,,...,q;, }. One readily verifies p1,(E®, ; (¢,0)) > a-r. We
thus find

M(E',g) + 5/~Lp(E.aQ) 2221 Qj; (drkEji - rdeg Eji) + rad
—(r—=1)rmg 2221 o, +rad

(=(r = 1)*rmg +76)c,

IV IV IV

so that M (E®, @) + 6p,(E®, ) will be positive if we choose § > (r — 1)*mg. O

Ezample 3.16. For small values of 4§, the concept of d-(emi)stability seems to become
rather difficult. However, in the rank two case we have: A p-pair (E,¢,0) of type
(d,2, My) is d-(semi)stable if for every line subbundle E’ of E one has

(1) deg B'(<)d/2 + 0,

(2) deg E'(<)d/2 if E’ is invariant under ¢,

(3) deg E'(<)d/2 — ¢ if E' =kery, p(E) C E' @ My, and o = 0.
Fix a line bundle L on X. We remind the reader [36] that a Hitchin pair of type (d,r, L)
is a triple (E,,¢e) where E is a vector bundle of degree d and rank r, ¢: E - E® L
is a twisted endomorphism, and ¢ is a complex number. Two Hitchin pairs (E1,1,¢€1)
and (Eq,19,e9) are called equivalent if there exist an isomorphism h: E; — FEs and a
nonzero complex number \ with Ay = (h®idL)*1 o oh and Ae; = 5. We fix a point
xo and choose n large enough, so that My := L(nx() has a nontrivial global section. Fix
such a global section g¢g: Ox — My and an embedding ¢: L C My. To every Hitchin
pair (E,v,¢) of type (d,r, L), we can assign the p-pair (E, ¢, o) with ¢ := (idg ®t) o ¢
and o := ¢ - gg. Note that this assignment is compatible with the equivalence relations.
By Lemma 3.13, for 6 > do, the p-pair (E, ¢, 0) is §-(semi)stable if and only if (E, 1), )
is a (semi)stable Hitchin pair in the sense of [36]. Again, the above assignment carries
over to families, so that the general construction also yields a construction of the moduli
space of semistable Hitchin pairs on curves, constructed in [36] and [19]. This space is
a compactification of the “classical” Hitchin space [20], [11], [34].

As we have seen, the semistability concept for Hitchin pairs is parameter dependent
in nature, though it might be difficult to describe for low values of §. To illustrate that
we get new semistable objects for small values of §, let us look at an example.

Ezample 3.17. (i) Let xyp € X be a point, and set O(1) := Ox(xp). Define E := O @
O),andy: E — E®O(1) = O(1)®0O(2) as the homomorphism whose restriction to O
is zero and, moreover, the induced homomorphisms O(1) — O(1) and O(1) — O(2) are
the identity and zero, respectively. First, consider the Hitchin pair (F,,1). Then the
third condition in 3.16 is void and the second condition is satisfied. Indeed, a i-invariant
subbundle E’ of E of rank one cannot be contained in O(1) whence deg B/ <0 < 1/2.
Any other line subbundle E’ has degree at most one, and E’ := O(1) is a subbundle
of degree exactly one. The first condition then reads 1(<)1/2 + §. In other words,
(E,,1) is é-stable for § > 1/2, properly (1/2)-semistable, and not semistable for
0 < 1/2. Finally, we claim that (E,,0) is properly (1/2)-semistable (although % is
nilpotent). For this, we only have to check the condition for E' = O, ie.,0<1/2—-1/2,
and this is clearly satisfied.

(ii) To see the role of § in the whole theory, let us look at Hitchin pairs of type
(1,2,wx). Let doo be as in Lemma 3.13. For § > 0, denote by Hit,,, the moduli space



DECORATED VECTOR BUNDLES 205

of stable (in the usual sense) Hitchin pairs of type (1,2,wx). Let do,...,dm € (0,000)
be the critical values. For 0 < § < §p, the moduli space of §-stable Hitchin pairs of type
(1,2,wx) equals P(On @ T)r), the compactified cotangent bundle of A/, the moduli space
of stable rank two bundles of degree one. Furthermore, let MZJX be the moduli space
of d-stable Hitchin pairs of type (1,2,wx) where § € (0;,0;4+1), ¢ = 0,...,m — 1, and
/’\/lvf;x the moduli space of §;-semistable Hitchin pairs of type (1,2,wx), i = 0,...,m.
Between those spaces, we have morphisms

P(On & Ty) e Mt Hity

SN S

N MO Mt M

As in [45], this is the factorization of the birational correspondence P(Opr @ Thr) --»
Hit,, into flips and is thus related to the factorization into blow ups and downs (cf.
[19)).
Remark 3.18 (A. Teleman). It might seem odd that we also obtain new semistability
concepts for the classical Higgs bundles (E, @) where the semistability concept is known
to be parameter independent. In gauge theory, the reason is that for studying Higgs
bundles, one fixes a flat metric of infinite volume on the fibre F' = End(C"), whereas we
use a metric of bounded volume induced by the embedding End(C") C P(End(C") @ C)
which yields a different moment map. If we let the parameter § tend to infinity, we ap-
proximate the flat metric and therefore recover the parameter independent semistability
concept.

The related moduli problems of framed and oriented framed Hitchin pairs discussed
in [44] and [37] can also be dealt with in our context. We leave this to the interested
reader.

3.7. Conic bundles

Consider the representation p: GL(r) — GL(S?C") and fix a line bundle My on X. A
p-pair of type (d,r, My) is thus a pair (E, @) consisting of a vector bundle E of rank r
and degree d and a nonzero homomorphism p: S?E — M,. For r < 3, these objects
have been studied in [15]. We apply Theorem 3.3 to analyze the notion of semistability,
using slightly different notation.

To simplify the stability concept, we have to understand the weights occurring for
the action of SL(r) on P(S2C"). For this, let [I] € P(S?C") be a point represented by
the linear form [: S?2C" — C. Set I := {(i1,42) | i1,i2 € {1,...,7},i1 < iz}. For
a basis w = (wi,...,w,) and (i1,42) € I, we set l(w);yi, := l(w;, ® w;,), so that the
elements [(w);, i,, (i1,i2) € I, form a basis for S?C". We define a partial ordering on I,
by defining (i1,42) < (j1,72) if i1 < j1 and i9 < jo. Furthermore, we define

I(w, 1) == { (i1,i2) € I | l(w)i,iy # 0, and (i1, i2) is minimal with respect to “<” }.

If #I(w,l) = 1, then one has the additivity property (9) for all weight vectors L and
7, In the other case, the cone of all weight vectors (vy1,...,7) with 7y <--- <, and
~vi = 0 becomes decomposed into subcones C;,;, (w, 1), (i1,42) € I(w,1), where

Ci1i2(wal) = { (’}/Ia . '7%") | Vir + Vip < iy + Vi, for all (lealIQ) € I(wal) }
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Then (9) is still satisfied if there is such a subcone containing both 7, and 7, If one
chooses generators for these subcones, it therefore becomes sufficient to compute the
number 1, (A(w, ), [l]) for weight vectors v which are either of the form 7 or belong
to a set of generators for a cone Cj, 4, (w, ). To see how this simplifies the concept of
0-(semi)stability, let us look at the cases r = 3 and r = 4.
In the case r = 3, one has #I(w,l) = 1 unless {(w);1 = 0 = I(w)12 and both
I(w)s2 and I(w)i3 are nonzero. One checks that Ci3(w,1) is generated by v(!) and
41 4+ 43 and that Caz(w,l) is generated by v®) and v 4 43 To transfer this to
our moduli problem, let E be a vector bundle of rank 3 and 7: S?E — Mj a nonzero
homomorphism. Following [15], given subbundles F; and Fs, we write Fy - Fy for the
subbundle of S?E generated by local sections of the form f; ® fo where f; is a local
section of Fj, ¢ = 1,2. For any nontrivial proper subbundle E’ of E, one sets

o c.(E):=2 if 7\grp #0,

[ ] CT(E/) = ifT|E/.E/:0and T|E/.E7é0, and
[ ] CT(E/) = 1fT|E/E:0
One checks
to(E',7) = c;(E')rk E — 21k E'. (13)

Finally, call a filtration E® : 0 C E; C Es C E with tkE; = ¢, ¢« = 1,2, critical if
T|g,-B, = 0, and 7|g,.g and 7|g,.g, are both nonzero. Then

Nﬂ(an (1a 1);7_) =0.
Putting everything together, we find the following.
Lemma 3.19. A p-pair (E,7) of type (d,3, My) is d-(semi)stable if and only if it sa-
tisfies the following two conditions:

1. For every nonzero proper subbundle E' one has

ser(E) 2

KL (<) u(E) - 55-

WE’) -
2. For every critical filtration 0 C By C E5s C E
deg B + deg s (<) degE.

This is the stability condition formulated by Gémez and Sols [15]. Next, we look at
the case r = 4. Set

v(w,l) fmm{ i1+ i | l(w)iyiy #0,(i1,12) GI}

Suppose we are given a linear form I: S2C* — C. Then for a basis w = (w1, ..., wy),
we have #1(w, 1) = 1 except for the following cases

(1) (’LU l)_4, l( )gg#Oand l( )13750
(2) V(M,l) = 4, l( )22 75 O l( )13 = O and Z( )14 7é O
(3) V(M,l) = 5, l( )14 75 0 and l( )23 75 0
(4) V(w,l):5 l( )14%0 l( )23—0 and l( )337&0
(5) v(w,l) =6, l(w)24 # 0 and I(w)ss # 0.

Straightforward computations show the following.
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Lemma 3.20. (i) In case 1, Ci3(w, 1) is generated by vV, &) and vV +~3) | and
Coz(w, 1) by v*), ¥, and v+~

(ii) In case 2, C14(w,1) is generated by v, v +~4G) " and 42 +~6) and Coz(w, 1)
by 7(1); 7(2); fy(l) + 7(3); and 7(2) + 7(3).

(iii) In case 3, Cra(w,1) is generated by vV, v@) and vV + B and Cos(w,1) by
7(2); 7(3); and fy(l) + fy(?’).

(iv) In case 4, Cia(w, 1) is generated by v?, v&), v £ 43 and v 4 4G and
Css(w, 1) by vV, 7 +9®) and 4 4 7).

(v) In case 5, Cos(w,l) is generated by vV, v and v +~B) | and Cs3(w,1) by
,}/(1), 7(3), and 7(2) + ,.y(S)

Now, let (E,7) be a p-pair of type (d, 4, My). For any nonzero, proper subbundle E’
of E, we define ¢, (E’) as before. One checks that (13) remains valid. Call a filtration
0 C Ey C B2 C B3 C E with tk E; =i critical of type (1), (IT), (IIT), (IV), (V) if

(I) 7|g,-B, =0, and 7|g,.g, and T|g,.E, are both nonzero;

(I) 7|g,.Es =0, and 7|g,.p and 7|g,.E, are both nonzero;

(ITI) 7|g,.Bs =0, T|E,.5, =0, and both 7|g,.g and 7|g,. g, are nonzero;

(IV) 7|g,.E, = 0, and both 7|g,.g and 7|g,.g, are nonzero;

(V) 7lg,.£ =0, 7|g,. B, = 0, and both 7|g,.p and 7|g,.5, are nonzero.

respectively. In these cases, one has

e 1u,(0C By CEy CE,(1,1);7) = =2 for type (I), (IV),
e 4,(0CEyCE3CE,(1,1);7)= 0 for type (II), (II), (IV),
° ,up(O CcE,C EsCE,(1,1); ) 2 for type (II), (V).

Gathering all information, we find the following.
Lemma 3.21. The p-pair (E,T) of type (d,4, M) is d-(semi)stable if and only if it
satisfies the following two conditions:

1. For every nonzero proper subbundle E’ one has

cr(E')
rk B/

0
.

u(E") — (S)E) -

2. For every critical filtration 0 C By C B C Es C E

o 4degFEy +4degFEy (<) 3degE—2 ifitis of type (I), (IV),
. deg Fh +degEs (<) degF if it is of type (II), (III), (IV),
o 4degFEsr+4degEs (<) bdegE+2 ifitis of type (II), (V).
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