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Chapter 1

Introduction

Historical background

According to Hartshorne [13], one of the guiding problems in Algebraic Ge-
ometry is the classification of algebraic varieties up to isomorphism. Two
variants of the problem are the classification of complex projective varieties
up to isomorphism and classify all closed subvarieties of a given projective
space P" up to projective equivalences. We remind the reader that two sub-
varieties of P” are called projectively equivalent, if there is an automorphism
of this ambient space which carries the first variety onto the second one. As
Hartshorne also describes, these classifications problems usually fall into two
parts. First, has some discrete numerical invariants such as the Hilbert poly-
nomial of the (polarized) variety, which yields a first subdivision of the class
of all objects. Second, the objects with fixed numerical invariants usually
come in families of positive dimension and one has to construct a moduli
space for them, which is an algebraic variety whose points are in natural
correspondence with the set of isomorphism classes of the objects with fixed
numerical data. Mumford has conceived his Geometric Invariant Theory as
a major tool for constructing such moduli spaces.

Another important variant of this guiding problem is in the classifica-
tion, up to isomorphism, of vector and principal bundles over smooth, or
maybe singular, varieties. This problem is closely related to problem of clas-
sifying algebraic varieties up to isomorphism. In fact a vector or principal
bundle over, let’s say, a smooth projective variety X is nothing else that an
algebraic variety E with a surjective morphism EF — X and some other com-
patibility conditions such as local triviality. Of couse the first problem to
treat is the problem of classifying vector bundles over an algebraic smooth,
projective curves over C. The basic invariants of a vector bundle F in this
case are the rank, i.e., roughly speaking, the dimension of the fibre, and the
degree. They determine F as a topological C-vector bundle. The problem



of classifying all vector bundles of fixed degree d and rank r is not easy at
all. The first, and simplest, cases are the following: If » = 1 this problem is
covered by the theory of Jacobian varieties, if X = P! Grothendieck’s split-
ting theorem [12] provides the classification. Finally, if the genus of X is
one the classification has been worked out by Atiyah [1] which gives a (1-1)
correspondence between irreducible vector bundles of degree d and rank r
and X. All other cases are not trivial in the sense that vector bundles of
degree d and rank r cannot be parametrized by discrete data. Therefore one
seeks a variety parameterizing them with some “good” property, replacing,
in some sense, the universal property of the Jacobian.

This good property was formulated by Mumford in his definition of coarse
moduli space in [24]. We recall that a fine moduli space for a given (alge-
braic) moduli problem is an algebraic variety M with a family U parametrised
by M having the following (universal) property: for every family F parametrised
by a base space S, there exists a unique (up to isomorphism) map f : S — M
such that £ ~ f*U. A coarse moduli space for a given moduli problem
is an algebraic variety M with a bijection a: A/.. — M (where A is the set
of objects to be classied up to the equivalence relation ~) from the set A/~
of equivalence classes in A to M such that:

i) for every family E with base space S, the composition of the given
bijection o : A/ — M with the function vg : S — A/, which sends
s € S to the equivalence class [E] of the object Es with parameter s
in the family F, is a morphism;

ii) when N is any other variety with 8 : A/ — N such that the compo-
sition fovg : S — N is a morphism for each family F parametrised
by a base space S, then foa™! : M — N is a morphism.

However, in the costruction of the moduli space of vector bundles over curves
one checks that the family of vector bundles is not bounded which implies
that a coarse moduli space cannot exist. For this reason one has to consider
suitable (bounded) subfamilies of the family of vector bundles: the families
of semistable and stable vector bundles. We recall that a vector bundle
E over a curve is (semi)stable if for any proper subbundle F' C E

deg I
F)= =

(E).
Therefore large part of the theory focusses on semistable vector bundles.

The costruction of the moduli space of stable vector bundles was made
by Seshadri in [28]. Unfortunately the moduli space is only quasi-projective.
To compactify one has to consider S-equivalence classes of semistable vec-
tor bundles. S-equivalence has the following important property: two stable



vector bundles are S-equivalent if and only if they are isomorphic, while iso-
morphic strictly semistable vector bundles are S-equivalent but the converse
is not true in general. To be more precise, given a semistable vector bundle
FE one constructs a particular filtration 0 C By C - C Ey C FEgp1 = F
of E, called the Jordan-Hdélder filtration, and defines a graded object
gr(E) = @fill Ei+1/E; associated with the given filtration. It turns that
the filtration is not unique in general but the graded objects, up to isomor-
phisms, are. Therefore one says that two vector bundles are S-equivalent if
and only if their associated graded are isomorphic. So the moduli space of
S-equivalence classes of semistable bundles exists by the same construction
and is a normal projective variety compactifying the moduli space of stable
bundles. The generalization of this result over higer-dimensional varieties is
due to Gieseker, Maruyama and Simpson: [7], [22] and [37] respectively.
These works revealed that, on higher-dimensional manifolds, one has to in-
clude semistable torsion free sheaves in order to obtain projective moduli
spaces, namely the moduli space of locally free sheaves (or vector bundles)
is not projective and so one has to include also torsion free sheaves to get a
projective manifold.

The same holds true for principal bundles: also for principal bundles one
has to include some kind of “degenerate” objects in order to obtain a pro-
jective moduli space. In [26] Ramanathan gave a GIT costruction of the
moduli space of semistable principal G-bundles on smooth projective curve.
Hyeon, in [16], has generalized Ramanathan’s construction to give the mod-
uli spaces of stable principal bundles over higher-dimensional base schemes,
but the resulting moduli spaces are only quasi-projective. The necessary
singular generalizations of principal bundles have been considered only in
the case of classical groups O(n,C), SO(n,C) and Sp(n,C). Indeed, for G
one of these groups, the principal G-bundles have natural interpretation as
vector bundles with additional structures, and these can be extended in the
context of torsion free sheaves.

In [31] Schmitt proposes a more general approach for this problem: given a
principal G-bundle, with G a reductive group, and a representation p : G —
SI(V), he constructs a singular principal bundle imitating the construction
of a principal G-bundle from a principal Gl(V')-bundle E over a smooth va-
riety X and a section X — E/G. Therefore, from a principal G-bundle and
a representation of G in SI(V'), he obtained a pair (F, 7) where E is a vector
bundle and 7 is a morphism induced by a section ¢ : X — E/G which
“remembers” the principal bundle structure. Therefore, also in this case,
these vector bundles with an addittional structure can be generalized to the
setting of torsion free sheaves. Schmitt then gives a notion of semistability
for such singular principal bundles which generalizes the one of principal
bundles and proves that there exists a (projective) coarse moduli space for
the families of equivalence classes of semistable singular principal bundles.
Therefore the next step is to consider vector bundles with extra structure,



the so-called “decorated” bundles.

Decorated bundles

In the framework of bundles with a decoration we recall two types of objects
which incorporate all others: decorated sheaves and the so called tensors.
The former were introduced by Schmitt while the latter by Gomez and Sols.
We recall breafly the definitions of such objects. A decorated sheaf of type
(a,b,c,N) over X is a pair (€, p) where £ is a torsion free sheaf over X and

@ (E%P @ (det £Y)®¢ — N,

while a tensor of type (a,b,c, D,) is a pair (£, ) where £ is a torsion free
sheaf and
@ (E%PP0 — (det £)%° @ Dy,

where D, is a locally free sheaf belonging to a fixed family {Dy}yuer
parametrized by a scheme R. As one can easily see these two objects are
quite similar and both incorporates many types of bundles with a morphism,
such as framed bundles, Higgs bundles, quadratic, orthogonal and symplec-
tic bundles, and many others. The problem to classify decorated sheaves up
to equivalence is therefore related to many classification problems in alge-
braic geometry. In order to solve this classification problem by establishing
the existence of a coarse moduli space, one needs to introduce a notion of
semistability. The notion of semistability for decorated sheaves and tensors
is the same. In both cases one tests the (semi)stability of an object (£, )
against saturated weighted fitrations of £, namely against pairs (£°, a)
consisting of a filtration

E*: 0cé& C---CéCéq1=¢€
of saturated sheaves of &, i.e., such that £/&; is torsion free, and a tuple
o = (ala”'aas)

of positive rational numbers. Then one says that a decorated sheaf or ten-
sor (€,¢) is (semi)stable with respect to ¢ if and only if for any weighted
filtration

P(E% @) + 0 u(&®,a59) 5 0.

Here § is a fixed polynomial of degree dim(X) — 1 and, denoting by P, the
Hilbert polynomial of a sheaf, P(E®, ) is defined as

Zai (Ps - tk(&) — k() - P,

Finally p(€°, a; ¢) is

- i {0 ey g 20
i1 iq

i1y rsla



where

v=06W, 4"

= Z a;(tk(&) —r, ..., tk(&) — r,tk(&), . .., Tk(&)). (1.1)

rk(&;)-times r—rk(&;)-times

The notation “<f)” means that “>=" has to be used in the definition of

stable and “>” in the definition of semistable. Moreover we recall that,
given two polynomials p and ¢ in Q[z], we write p (7 ¢ if and only if there
exists o such that p(x) 2, g(x) for any = > .

The classification problem for J-semistable decorated sheaves (or tensors)
with fixed Hilbert polynomial P, = P is abstractly solved by a projective
moduli space M?. The existence of M? was established by Schmitt over
curves [33] and by Gomez and Sols over manifolds of arbitrary dimension
[9]. Then Schmitt proved that these moduli spaces M % do not depend “too
much” on § in the sense that there are only finitely many different moduli
spaces occurring among the M? [34].

Our objectives

As one can easily convinces oneself looking at the definition of u(€°, a; ¢),
the semistability for decorated sheaves is not easy to handle and in general
is quite complicated to calculate. This fact affects the possibility of general-
izing many basic tools that instead exists for vector bundles. For example,
until now, there is no notion of a maximal destabilizing object for decorated
sheaves nor a notion of Jordan-Hélder or Harder-Narasimhan filtration. This
thesis is devoted to the study of semistability condition of decorated bundles
in order to better understand and simplify it in the hope this will be useful
in the study of decorated sheaves. We approach the problem in two different
ways: on one side we “enclose” the above semistability condition between a
stronger semistability condition and a weaker one, on the other side we try,
and succeed for the case of a = 2, to bound the length of weighted filtrations
on which one checks the semistability condition.

To be more precise: in the former approach we say that a decorated
sheaf (£,¢) of type (a,b,c,N) is e-(semi)stable with respect to a fixed
polynomial § of degree dim X — 1 if for any subsheaf F C £

rk(€) (Pr —ade(py,)) & tk(F) (Pe —ade(p)),

where e(p) = 1 if ¢ # 0 and zero otherwise. Similarly, given a sheaf £ and a
subsheaf F C &, we define a function k¢ with values in the set {0,1,...,a}
and depending on the behaviour of ¢ on F as subsheaf of £ (see Equation



(2.16)). Then we say that a decorated sheaf (£, ¢) is k-(semi)stable if for
any subsheaf F C £ one has that

rk(E) (Pr — 0kre)) ) tk(F) (Pe — dkee) -
What happens is that
e-(semi)stable = (semi)stable = k-(semi)stable

and, if rk(€) = 2, (semi)stability is equivalent to k-(semi)stability. In this
respect, we generalize some known results (in the case of vector bundles)
to the case of e-semistable decorated sheaf and, to a lesser extent, to the
k-(semi)stable case. In fact, using e-semistability, we find the e-maximal
destabilizing subsheaf, prove a Mehta-Ramanathan’s like theorem about the
behavior of slope e-semistability under restriction to curves, find a moduli
space for e-semistable decorated sheaves and define an Uhlenbeck-Donaldson
compactification for them. Since k-semistability is a little bit more compli-
cated to handle with we managed to find a k-maximal destabilizing subsheaf
and prove a Mehta-Ramanathan theorem only for rank < 3.

In the latter approach we study the effective semistability condition ask-
ing ourselves which filtrations are really essential to check semistability. Let
(€, ) be a decorated sheaf (or tensor), 3 : 0 C & C --- C & C & be afiltra-
tion of £ indexed by theset T = {1,2,..., s} and finally let a; = (o, ..., as)
be a weight vector for the filtration. Then let us point out that, in general,
it is not true that

PES ;) = 10 C & CE i)
=1

We say that a filtration is non-critical if the above equality holds and
critical otherwise. For any pair of disjoint subfiltrations E7, and E7, of ET
(ie.,, I’ I” C I and I’ N I” = ) one easily checks that

(&L, ar; ) < (€, as @) + p(En, agns ).

Therefore the length of a filtration is important for checking semistability
condition in the sense that it could happen that

(P;[/ +5M1/) + (PI” +5MI”) = 0> PI +5,UI7

where with Pr and p; we mean P (&7, aq) and p(€7, ag; ) respectively.
At least when a = 2 we proved that, given a weighted filtration of length
> 2, there always exist two weighted filtrations such that

(PI’ + 5”11) —|— (PIN —|— 5/,LI//) = PI + 6,LLI (12)



This result clearly implies that in this case the semistability condition can
be checked only over filtrations of length < 2. As we remarked before, or-
thogonal bundles are examples of decorated bundles of type (2,1,0,Ox) and
therefore they inherit the (semi)stability condition of decorated vector bun-
dles. However orthogonal bundles have already a notion of (semi)stability:
an orthogonal bundle E over a smooth curve is sayed (semi)stable if every
proper isotropic subbundle F' of E has degree zero. As an application of
this result we will show that, at least in the case of orthogonal bundles over
curves, the two (semi)stability conditions coincide. Finally, as a futher ap-
plication, we implement a java code which finds the sets I’ and I” for which
equality 1.2 holds.

Contents and results chapter by chapter

x In Chapter 2 we recall the definition of decorated bundles and sheaves
and we present their notion of (semi)stability and slope (semi)stability.
In Section 2.2.1 we introduce the notions of e-(semi)stability and k-
(semi)stability. After that we explain in which sense principal bundles,
Higgs bundles, quadric, orthogonal, symplectic and framed bundles
can be regarded as decorated vector bundles or sheaves (Section 2.3).

x Chapter 3 is devoted to generalizing the Mehta-Ramanathan theorem
to the case of e-(semi)stable and k-(semi)stable decorated sheaves. In
both cases, to do this, one needs some preliminar results. After in-
troducing the notion of decorated coherent sheaves and semistability
notions for these objects (Section 3.1), we treat the e-semistability and
k-semistability cases separately (Section 3.2 and 3.3 respectively). In
the former case, we first prove, using quite standard arguments, the
existence of a (unique) e-maximal destabilizing subsheaf for decorated
sheaves (Section 3.2.1). Then we recall the definition of families of
decorated sheaves flat over the fibre of a morphism (Section 3.2.2).
In many constructions quotiens are easier to handle than subobjects.
However quotients of decorated sheaves (or tensors) are not well de-
fined in general as decorated sheaves. In fact, given a quotient Q of
a decorated sheaf (€, ), i.e., a quotient £ — Q, it is not always pos-
sible to induce a non-zero morphism @ on Q. Despite this there is
a one-to-one correspondence between decorated subsheaves of a given
decorated sheaf and its quotients. In Section 3.2.3 we face this problem
and “translate” the semistability condition, which is checked over sub-
sheaves, to a condition over quotients. After recalling in Section 3.2.4
the notion of the quot functor Quot, / S(E ,P), we prove the opennes of
the e-semistability condition and the existence of a relative e-maximal
destabilizing subsheaf for families of decorated sheaves (Section 3.2.5).



Finally, in Section 3.2.7, we state and prove a restriction theorem for
slope e-semistable decorated sheaves:

(Theorem 51). Let X be a smooth projective surface and Ox(1)
a very ample line bundle. Let (€,p) be a slope e-semistable decorated
sheaf. There is an integer ag with the following property: for alla > ag
there is a dense open subset Uy C |Ox(a)| such that for all D € U, the
divisor D is smooth and (£, p),,, is slope e-semistable.

In Section 3.3 we prove for the k-semistability case almost the same
results that we proved for the e-semistability but we restrict our at-
tention only to rank < 3 decorated bundles since we were not be able
to prove the existence of a k-maximal destabilizing subsheaf for rank
greater than 3.

Finally in Section 3.4 we give some important remarks about the pre-
vious results.

Chapter 4 is devoted to the costruction of the moduli space of e-
semistable decorated sheaves and the costruction of the Uhlenbeck-
Donaldson compactification for slope e-semistable decorated sheaves.
In the first section of this chapter we recall the definition of families of
decorated sheaves and prove that the families of e-semistable decorated
sheaves and slope e-semistable decorated sheaves with fixed Hilbert
polynomial are bounded (Lemma 62 and Corollary 63). We prove
that the e-semistability condition “cames from” a GIT semistability
condition (Lemma 64 and Proposition 65). Thanks to this result we
are able to construct a moduli space for such objects as a GIT quotient
of an appropriate scheme:

(Teorem 66). Let 0 a rational polynomial of degree dim X — 1 with
positive leading coefficient. There is a projective scheme M5 (P, t)
that corepresents the moduli functor 95 **(P,t). Moreover there is an
open subscheme M5 (P,t) that represents the subfunctor M5 (P, t).

The classical Mehta-Ramanathan theorems are used in the algebro-
geometric construction of the Uhlenbeck-Donaldson compactification
of moduli space of slope stable vector bundles on a nonsingular pro-
jective surface X. In the same way we construct the Uhlenbeck-
Donaldson compactification of moduli space of slope e-stable decorated
sheaves on X (Section 4.2). More precisely, in Section 4.2.1, we recall
some definitions and results about the Grothendieck group of coherent
sheaves over a scheme; in Section 4.2.2 we re-adapt the techniques used
in [4] in order to construct a line bundle £(n1,n2) and prove that it
is (finitely) generated by its invariant sections (Proposition 70). This
fact is the core of the constructions of Section 4.2.3 and essentially



leads, together with some technical results, to the construction of the
moduli space of slope e-semistable decorated sheaves:

M%lope-s-SS(C’ t) = PI“Oj @ HO (R%lope-s-ss’ E(nl, nQ)@kN)Sl(P(m))
k>0

The closure inside M?Ope'g'ss( c, 1) of the slope e-stable decorated sheaves
is called the Uhlenbeck-Donaldson compactification.

In Chapter 5 we investigate the semistability condition of decorated
sheaves in order to simplify it. In particular, in Section 5.1, we prove
the following reduction theorem:

(Theorem 77). Let (€,p) be a decorated sheaf of type (2,b,c,N).
It is enough to check the semistability condition on subbundles and
critical weighted filtrations of length two.

Thanks to this result we can prove that, in order to check the semista-
bility condition of a = 2 decorated sheaves, we can restrict our atten-
tion not only to length < 2 weighted filtrations but also to length < 2
filtrations with weight vector identically 1 (Lemma 81). Therefore,
making some futher calculations, we are able to prove that a deco-
rated sheaf (£, ¢) of type (2,b,¢,N) is (semi)stable with respect to d
if it is k-(semi)stable and, for any critical filtration 0 C & C &; C € of
length 2,

(T‘Ei + T'gj)Pg — ’f’g(Pgi + ng) — 25(7"51. + T'gj — 7") (i) O

In section 5.2 we state (and prove) the reduction theorem (Theorem

77) in some more general context. Indeed, if (E,¢) is a decorated

bundle of type (a,b,N) and rank r and (E*, «) is a weighted filtration
f (E,¢) indexed by I truct X -+ X1 “matrix” M1(E*;

of (E, ¢) indexed by I we construct a r r “matrix” M1(E®; )

a-times
which represent the behavior of ¢ (to be equal or different from zero)
over the given filtration. Defining Rr(l) = _;c1 ;5 @i and setting

RI = mi)f{{RI(Zl) + -+ Rl(ia) ‘ Mi, .. 7é O}.
%)

We prove the following theorem

(Theorem 84). Let a = 2. Fix a well-ordered set I, a vector ar of
real numbers and a symmetric matriz M1(E®; @) as before. Denote by
| - | the cardinality of a set. Then exists t € N, sets JO 30 and
positive real vectors o), ..., aw such that

i) |38 <2 forany s =1,...,t;
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i) IV U uI® =1;
i11) Zizl az(»s) = «;, where s to be understood that ags) =0ifig IO,
i) 22:1 Ry = Rr.

In Section 5.3, as an application of Theorem 77, we show that the usual
notion of (semi)stability for orthogonal bundles over curves coincides
with the (semi)stability condition induced by considering orthogonal
bundles as decorated bundles. Finally, in Section 5.4 we briefly discuss
a java implementation of an algorithm which “decomposes” matrices in
the sense of Theorem 84; while in Section 5.5 we discuss the possibility
of extending the above result to a > 3.



Chapter 2

Decorated Sheaves

2.1 Definition and first properties

Let X be a smooth projective variety over C of dimension n and fix Ox(1)
an ample line bundle. Let § = §(z) = §,, 12" ! + -+ 81z + do be a fixed
polynomial with positive leading coefficient and § = §,,_1.

Definition 1. Let N be a line bundle over X and let a, b, c be nonnegative
integers. A decorated vector bundle of type t = (a,b, ¢, N) over X is the
datum of a vector bundle £ over X and a morphism

¢ Eope= (B ® (det E)® ¢ — N (2.1)

A decorated sheaf of type t is instead a pair (£, ¢) such that & is a
torsion free sheaf and ¢ is a morphism as in (2.1). Sometimes we will
call these objects simply decorated sheaves (respectively bundles) instead of
decorated sheaves (resp. bundles) of type t = (a,b,c,N) if the input data
are understood.

Remark 2. Note that, although & is torsion free, the sheaf &, ; . may have
torsion.

Now we want to define morphisms between such objects. Let (€, ) and
(&', ¢") be decorated sheaves (resp. bundles) of the same type t. A morphism
of sheaves (resp. bundles) f : &€ — & is a morphism of decorated
sheaves (resp. bundles) if exists a scalar morphism A : N — N making the
following diagram commute:

(2.2)

11



2.2 Semistability conditions 12

We will say that a morphism of decorated sheaves (bundles) f : (£, ) —
(&, ¢') is injective if exists an injective morphism of sheaves (bundles)
f €& — & and a non-zero scalar morphism A such that the above diagram
commutes. Analogously we will say that a morphism of decorated sheaves
(bundles) f : (€,p) = (&', ) is a surjective if exists a surjective morphism
of sheaves (bundles) f : &€ — £’ and a scalar morphism A\ making diagram
(2.2) commute. Finally we will say that (£, ) and (£, ¢') are equivalent if
exists an injective and surjective morphism of decorated sheaves (bundles)
between them.

2.2 Semistability conditions

Let (£, ¢) be a decorated sheaf of type t = (a,b,¢,N) and let r = rk(E). We
want to introduce a notion of semistability. To this end let

0C&E C - C& CE=E (2.3)

=

be a filtration of saturated subsheaves of £ such that rk(&;;) = i; for any j =
1,...,s, let @ = (ay,...,q;,) be a vector of positive rational numbers and
finally let T = {i1,...,is} be the set of indexes appearing in the filtration.
We will refer to the pair (£°, a)1 as weighted filtration of £ indexed by I
or simply weighted filtration if the set of indexes is clear from the context,
moreover we will denote by |I| the cardinality of the set I. Such a weighted
filtration defines the polynomial

Pr(€® a) =Y o (Pe-1k(&) — 1k(E) - Py,) | (2.4)
i€l
and the rational number

L (&% a) = Zai (deg & - rk(&;) —1k(€) - deg&;) . (2.5)

i€l

Moreover we associate with (€°, a)1 the following rational number depending
also on ¢:

pr(E% a;¢) = — min 7{’)’?1) e 7£ia) ‘ ‘Pl(al@‘.@a )b 0} (2.6)

i1,.0y0a €T

where T = IU{r}, P¢ (respectively P,,) is the Hilbert polynomial of £ (resp.
&) and

71 = ('79)’ s 77£r))
= Zai(rk(&) — 7. rk(E) — o rk(E), . .. Tk(E)). (2.7)

rk(&;)-times r—rk(&;)-times
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Definition 3 (Semistability). A decorated sheaf (£, ¢) of type (a,b,c,N)
is - (semi)stable if for any weighted filtration (£°, @) the following inequal-
ity holds:

Pr(&%, a) + 6pu1 (€%, a5 0) &) 0. (2.8)

It is slope J-(semi)stable if
Li(£% a) +our(E% a3 9) ) 0. (2.9)

Remark 4. 1. The morphism ¢ : &, . — N induces a morphism &, —
(det £)®°®@N. With abuse of notation, we still refer to the former by .
In this context is easy to see that a decorated sheaf of type (a,b,c,N)
corresponds (uniquely up to isomorphism) to a decorated sheaf of type
(a,b,0,(det £)®¢ ® N). Therefore the category of decorated sheaves
(with fixed determinant = L) of type (a,b, ¢, N) is equivalent to the
category of decorated sheaves (with fixed determinant = L) of type
(a,b,0, L2 ®N). From now on we will always identify such decorated

sheaves.
2. Let (€°, ) be a weighted filtration and suppose that uy = —(7?1) +
i)
1
{i1,...,14} such that e

), then there exists at least one permutation o : {i1,... i} —
# 0. We can say that, al-

o(i1) & ®Eo(iq)®?
though the morphism ¢ is not symmetric, the semistability condition
has a certain symmetric behavior.

3. From now on we will write

20

Spl(gho‘.‘ogia)@b

if there exists at least one permutation o : {i1,... i} — {i1,...,%a}
SuCh that S0|<Ecr(7l1)(X)m®£0'(’ia>>€Bb ¢ 0

Fix now a weighted filtration (£°,a) indexed by I, define rs = rk(&;)
and suppose that the minimum of pz(€®, a; ¢) is attained in iy, ..., 4,. Then

(€% as0) == (1) + -+ 1)

=- Zasrs_Zasr‘i'"'—ans’l“s—ZO&S’I‘

s€l 5> s€l 5>1q

:—aZasrs—i—r Zas+---+2as

sel $>11 §>1q
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Then define

Ri(l)= Y  asforl€Tand Ri(r) =0,

s>1,s€1
Ry = R1(E% a3 9) = e {Rl(h) + o+ Ra(ia) | Plie,, o05i, )00 T 0}
(2.10)
and finally fix, for any ¢ € I, the following quantities
Ci : T’in - TPE'L - ari, (211)
ci =rideg& —rdeg&; — ar;. (2.12)

Therefore the semistability condition (2.8) is equivalent to the following

> aiCi+716R: 2,0, (2.13)

i€l

while the slope semistability condition (2.9) is equivalent to the following

Z ;¢ + rOR: 2 0. (2.14)
i€l
Sometimes, for convenience’s sake, we will write Rr(i1,...,4,) instead of

Ri(i1) + -+ + Ru(ia).

2.2.1 Others notions of semistabilities

Let (€, ) be as before and let F be a subsheaf of £ then define

1if 0
er =e(F,p) = Plray (2.15)
0 otherwise,
and
a if Clr,, Z0
kre=k(F,E,0) =< a—sif Pl oaas)ypon %0 and Pl roastt)ypont = 0
0 otherwise,
(2.16)

Here with the notation F°(=%) ¢ £% we mean any tensor product between
& and F where £ appears exactly s-times while F appears a — s-times, and
when we write Pl roa—sogon@y # 0 we mean that there exists at least one
tensor product between F and £ over which ¢ is not identically zero (see
Remark 4 point (3)).
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Let (€, ¢) be a decorated sheaf; we will say that (£, ¢) is e-(semi)stable,
slope e-(semi)stable, k-(semi)stable or slope k-(semi)stable if and
only if for any subsheaf F the following inequalities hols:

ader ad

e-(semi)stable pr— () Pe — E) (2.17)
. ade ad
slope e-(semi)stable wu(F) — rk(]f) S €) — () (2.18)
. Okre ad
k-(semi)stable Pr — x(F) O Pe — *E) (2.19)
. Okre - ad
slope k-(semi)stable pu(F) — < p(€) — (&) (2.20)

rk(F)

where pr = -

% is the reduced Hilbert polynomial.

The above conditions are equivalent to the following:

(217) & Perk(F) —1k(E)Pr + ad(tk(E)er — rk(F)) 0
(2.18) <« deg&rk(F) —rk(£)deg F + ad(tk(€)er —tk(F)) (20
(2.19) < Pok(F) —1rk(E)Pr + (tk(E)kr e — ark(F)) 0
(220) < deg&rk(F) —rk(£)deg F + S(tk(E)kre — ark(F)) 2, 0.

Moreover note that k-(semi)stability is equivalent to the usual (semi)stability
applied to filtrations of length one. In fact let F be a subsheaf of £ and
consider the filtration 0 C F C & with weight vector ¢ = 1. An easy
calculation shows that

POCFC&ELD+Iu0CFCE Ly =
=Perk(F) —rtk(E)Px + 6 (rk(€)kr e — ark(F)).

More precisely, these three notions of semistability are related in the
following way:

Proposition 5. e-(semi)stable = (semi)stable = k-(semi)stable.

Proof. Let (€, ) be a e-(semi)stable decorated sheaf of rank rk(€) = r, let
(€%, a) be a weighted filtration indexed by I and let r; be the rank of &;.
For any ¢ € I,

Peri —rPe, + ad(ree, — 13) &) 0,

therefore

Zai (Pg’ri —1P¢, + ad(ree, — n)) =P+ aé(rZozisgi — Zaﬂ“i) 7 0.

€1 €1 1€1
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We want to show that Pr + duz (i) 0. Denote by &; = ¢¢, and let jo =
min{k € I|e; # 0}. Therefore

H1 = —mln{'}éll) +---+ f}éla) | ¢‘<E ®-QF; )@b # O}
11 a
(Jo)

> —any

=a E ouTr — E o;Ty
i>jo,i€l i€l

=a ( E QuET E 04sz>
i€l i€I

=a ( g a;(eir — n)) .
1€1

So

Pr+opr & Pr+ad (Z a;i(gir — 7“,])) =
i€l
= Z o (Pg""i —1P¢, +ad(ree, — rl)) 7 0,
i€l

and we are done.

Finally, given a (semi)stable decorated sheaf, we want to show that is
k-(semi)stable. Let F be a subsheaf of £ of rank rr; if we consider the
filtration 0 C F C £ with weights identically 1, after small calculation ones
get that

05, POCFC&L+ou0CFCELy) =Perr—rPr+d(rkre —arr)
and we have done. ¢

Note that u(E°, a; ¢) is not additive for all filtrations, i.e., it is not always
true that

PE a;0) =Y (0 CECE aijp). (2.21)
i€l
We will call non-critical a filtration for which (2.21) holds and critical

otherwise. Finally we will say that ¢ is additive if equality (2.21) holds for
any weighted filtration, i.e., there are no critical filtrations.

Remark 6. 1. It easy to see that for any filtration (indexed by I)

pr(€%,059) < p(0 C & CE aizp).

i€l
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Therefore any subfiltration of a non-critical one is still non-critical.
Indeed suppose that £° is a non critical filtration indexed by I and
J C I indexes a critical subfiltration of £°. Then u1(€®, a;¢) =
Yict (0 C & C &, ay; ) (since the whole filtration is non critical) and
pi(E® a50) <D iy (0 CE CE® ays ). Therefore pr s(E°, a5 ) >
Y ety M0 C & C &, ay; ) which is absurd.

2. If ¢ is additive k-(semi)stability implies (semi)stability and therefore
the two conditions are equivalent

3. Checking semistability conditions over non-critical filtrations is the
same to check them over subbundles.

4. Thanks to the previous considerations, the following conditions are
equivalent:

(a) (&, ¢) is 0-(semi)stable;
(b) For any subsheaf F and for any critical filtration (£°,a) the fol-
lowing inequalities hold

0 k(F)Pe —rPx) — 0(rkr e — ark(F)),
0 (j) P(5.7g) + 6”(5.7g7 ()0)

Observe that the first part of condition (2) is just requiring that (E, ¢)
is k-(semi)stable.

5. Note that Proposition 5 and points 2, 3 and 4 above hold also for slope
semistability.

2.3 Examples of decorated sheaves and their semista-
bility
2.3.1 Principal Bundles

Let G a reductive algebraic group, p : G — GI(V) be a faithful representa-
tion with p(G) C SI(V') and let P — X be a G-principal bundle.

Remark 7. i) If G is semisimple, i.e., if the radical of G is trivial, one
can take the adjoint representation;

ii) any representation from a semisimple group to GI(V') lands in SI(V')
since semisimple groups no have non-trivial character.

iii) If p: G — GI(V) is any representation then the representation

p @ (detop)™!: G — GV @ C)

1
9 19 ® Getlte))
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obviously lands in SI(V & C).

We will show how P corresponds to a pair (F,7) consisting of a vector
bundle with trivial determinant and a morphism of bundles. Define FE as
the vector bundle associated with P via p, i.e., E = (P x, V) is the quotient
of (P x V) with respect to the action (p,v)-g = (p-g,p(g)~! - v) for all
peP,veV and g € G. Note that det E ~ Ox since the representation
p lands in SI(V'). The morphism 7 is instead defined as follows: G acts via
p on the principal GI(V')-bundle P x, GI(V) ~ Isom(V ® Ox, E), therefore
we can quotient for this action and get

P

Isom(V ® Ox, E) (2.22)

|

X =P/G—"=Isom(V ® Ox, E)/G.

Here o is the morphism induced to the quotient by the inclusion of P in
Isom(V ® Ox, E).

Since, for any x € X, Isom(V, E;) = {f € Hom(V, E;) | det(f) # 0} and the
det is a G invariant morphism, the inclusion Isom(V ® Ox, F) — Hom(V ®
Ox, F) lands in the open subscheme of stable points of Hom(V ® Ox, E)
and therefore induces an inclusion between the quotients

Isom(V ® Ox, B)— Hom(V ® Ox, E) (2.23)

| l

Isom(V ® Ox, F)/G—Hom(V ® Ox, E)//G.
Finally one has that

Isom(V ® Ox, E)/G ~ Isom(V ® Ox, E)®
Hom(V @ Ox, E)/G ~ Hom(V ® Ox, E)¢

where Isom(V ® Ox, E)“ (resp. Hom(V ® Ox, E)%) is the sheaf of G-
invariant isomorphisms (resp. morphism). From the fact that Hom(V ®
Ox, E) ~ Spec(Sym*(V ® EV)) one can prove that

Hom(V ® Ox, E)¥ ~ Spec(Sym*(V @ EY)%),

(see [31]), and therefore the section o (composed with the inclusion) induces
a morphism of sheaves 7 : Sym*(V @ EV)¢ — Ox.

Conversely if (£,7) is a pair consisting of a torsion free sheaf & over
X and a non-trivial homomorphism 7 : Sym*(V ® EY)¢ — Ox of Ox
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algebras, then, as before, giving 7 is equivalent to giving a section o : X —
Hom(V ® Ox,AY)//G. Such a pair is called also pseudo G-bundle. Let
Ue C X be an open subset where £ is locally free. If there exist an open
subset U C Ug such that o(U) C Isom(V®Ox|,,A"|,)//G, then the pseudo
G-bundle is called singular principal G-bundle and defines a principal
G-bundle P(€,7) = o*(Isom(V ® Ox,EY)) over U via pullback:

PE,7), Isom(V ® Ox, &), (2.24)

|, |

U Isom(V ® Ox,€Y),,//G.

If moreover &£ has degree zero and o(Us) C Isom(V ® Ox,,.A"|,)//G, then
we say that (£,7) is a honest singular principal G-bundle; since we are
supposing X to be smooth these two notions coincide, i.e., every singular
principal G-bundle is honest (see [17] and [31] Section 2.1 for further details).

Remark 8. Our notation is consistent with the notation of Schmitt in [35],
while in [32] there is a slight different notation: Schmitt calls singular prin-
cipal G-bundle what we call pseudo G-bundle. In [32] there is no notion of
singular principal G-bundle, as the one we introduced before.

Finally we relate honest singular principal bundles with decorated sheaves.
First recall that

Definition 9. Let p: GI(V) — GI(W) be a representation and let V, W be
finite-dimensional C-vector spaces. The representation p is homogeneous
if C* ¢ GI(V) acts by z-idy +— 2 - idy for some « € Z.

Proposition 10 (Corollary 1.2 in [33]). Let p : GI.(C) — GU(V) be a ho-
mogeneous representation on the finite-dimensional C-vector space V.. Then

there exist a,b,c € N, ¢ > 0, such that p is a direct summand of the natural
representation pgpc : GL(C) = Gl(Vap.).

Let (£,7) be an honest singular principal bundle. We recall that 7 :
Sym*(V ® EV)Y — Ox. Since G is reductive, the Ox-algebra Sym*(V &
EV)Y is finitely generated (Hilbert finiteness theorem, see for example [29]
Theorem 1.2.1.4) and therefore exist an integer s such that the following
map is surjective

P sym’(V @ £Y)¢ - Sym*(V @ £Y)¢. (2.25)
=1

The morphism 7 induces a morphism

r @ Sym'(V @ V)Y — Sym*(V @ )Y T Oy (2.26)
i=1
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Remark 11. Recall that » = dim(V") and consider the representation
R:GxGL(C) - G(V&®C)
(9.9") = R(g,9") s v@w = p(g)(v) @ g - w
for g € G, ¢ € GI.(C) v € V and w € C". This representation yields

a rational representation on the algebra Sym*(V ® CT)¢, respecting the
grading and therefore we have a representation

S
GlL.(C) — Gl (@ Sym‘(V @ (CT)G) .

i=1
Unfortunately this representation is not homogeneous (it is homogeneous iff
the sum over s consists of only one term), and so we can not use the above
proposition. We need first to pass to the induced homogeneous representa-
tion:

t(s) : GI,(C) — G1L(U(s))
where
U(s) = @ st and st = ® Sym” (Sym'(V @ (CT’)G) .
i=1

h=(hq,....,hs)
hi>0, > i-h;=s!

Remark 12. The above fact holds in general. In fact, every representation p
of Gl,.(C) obviously splits into a direct sum of homogeneous representations,

say pi1,...,ps- If any such representation has positive degree «;, then we
can pass to the following homogeneous representation
P @D sy @Sym”o,,

vial+-tvsas=d
where d is a common multiple of the «;.
Therefore, thanks to the representation ¢(s) (Remark 11), the morphism
7/ induces a morphism

or : U(s) = Ox (2.27)
and, by Proposition 10, exists a, b, c and a sheaf £ such that

0 Eape=U(s) @& =8 0x

Indeed, consider now h = (hi,...,hs) such that > i - h; = s!, then the
natural homomorphism

RV V)@t - (R Sym"™ (Sym'(V @ £Y)) — St — Ox
i=1 i=1
induces a morphism
(Ve e")®)™N — U(s) — Ox.
For further details see [31] and [32].
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Semistability

Let (€, 7) be a singular principal bundle and let U C X be a non-empty open
set over which £ trivializes and the section ¢, induced by 7, is non-zero. Over
U the above morphisms ¢ and ¢, induce the following maps

G, (8):U—=P(V®E,)//G=PUs) xU - P(U(s))

G, (s)

5, (5) U 5 P(U(s)) > P ((V @ €))7,

The representation ¢(s) gives rise to an action of Gl,(C) on U(s) and so to an
action on P(U(s)) with a linearization on the line bundle Op(y4))(1). Any
weighted filtration (£°, a) of £ defines a one-parameter subgroup A : C* —
Gl(U(s)). For any point x € P(U(s)) the point 2o = lim, oo A(2) - 7 is a
fixed point for the action of C* induced by A. So the linearization provides
a linear action of C* on the one dimensional vector space. This action is of
the form z-v = 27 v for some v € Z, and finally one defines p;(5)(A; ¥) = —7.
Eventually one defines

W&, 0, () =  max iy (A7)

z€lma |, (s)

Then, for any weighted filtration (£°, a) of £, one defines

. .1 _ 1 _
(& a;T) = Q#(S\U,Q; a1,(8) = QM(5|U,Q; |, (5))-

We say that an honest singular G-bundle is 0-(semi)stable if and only if for
any weighted filtration (€%, a), indexed by I, the following inequality holds

Pr(E%, a) +0u(&% a;7) &) 0.

Lemma 13 ([31] Lemma 2.2.3). 1. There is a constant polynomial d gies,
such that, for every polynomial 8’ < §ges and every &' -semistable sin-
gular principal bundle (£, 7), the sheaf & is itself Gieseker-semistable.

2. There is a polynomial 6,, of degree exactly dim(X) — 1, such that, for
every polynomial &' < 6, and every ¢'-semistable singular principal
bundle (€,7), the sheaf & is itself Mumford-semistable.

Since honest singular GG-bundles come from principal bundles, one might
expect that the semistability conditions for the two kinds of objects coincide.
However, this is not the case. To see this we first introduce another notion
of semistability which is closer to semistability for principal bundles.

Let (€, 7) be an honest singular G-bundle and A : C* — G. A reduction of
(€,7) to A is a pair (U, ) which consists of a big open subset U C X over
which £ is locally free, and a section

B:U = PE7),/Qc(N)
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where

Qo(N) ={g € G[3 lim A(2) g~ \(2)"'}

is the parabolic subgroup in G induced by A.

Remark 14. Let p: G — SI(V) — GI(V) a faithful representation.

1.

Since G is reductive, if Q' is a parabolic subgroup of GI(V), then Q'NG
is a parabolic subgroup of G. [Sketch: if B (Bg) is a Borel subgroup
of GI(V') (resp. of G) then, up to conjugacy class, BNG = Bg and so
Q' NG C Bg|

Given a parabolic subgroup @ of G and a representation p, we can
construct a parabolic subgroup of GI(V); in fact, given @, there exists
a one-parameter subgroup A : C* — G such that Q@ = Qg (), then the
set Qay(v)(p o A) is a parabolic subgroup of GI(V').

Qaivy(po ), or simply Qcyv)(A), is the stabilizer of the flag induced
by A in GI(V).

Given X : C* — GI(V), or equivalently the parabolic subgroup @’
associated with )\, there always exists A : C* — G such that Q' NG =
Qc(A) (see (1)). The following diagram however is not in general
commutative:

Ccr—2 GV

| A

G

Given a parabolic subgroup Q' C GI(V) and fixing a representation
p: G — G(V), it is possible to define a parabolic subgroup @ =
Q' NG C G (see (1)) and from @ we can obtain a parabolic subgroup
Q" C GI(V) as explained in (2). Therefore, fixing a basis of GI(V),
we have a map

¢ : {Parabolic subgroups of GI(V)} — {Parabolic subgroups of GI(V')}.

We will call stable the parabolic subgroups of GI(V') such that Q' =
¢(Q"), with respect to the same basis of GI(V).

Given a reduction (U, 3) of (£,7) to A, consider the following composi-

tion:

8:U L PE,7)/Qu(N) — Isom(V ® Ou, &,)/Qay(N).

Therefore the section 8 induces a section ' of the Q1) (A)-bundle Isom(V®
OU75|UV) — Isom(V ® Oy, €|Uv)/QG1(V)()\); since A induces a flag V® of V
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with weights o;(A) = 2#2= (where ~; are the weights of the action of C* on
G1(V)), it is easy to see that section ' corresponds to a filtration 0 C & C
.- C &L C &, with the same weight vector a(A) = (af,..., ). By dual-
izing, one gets a filtration of &), by subbundles which extends by a filtration
&5 of € by saturated sheaves. Finally define a = (a1, ..., a;) = (aj, ..., a)).
Therefore, (€,7) is f-(semi)stable (respectively slope [-(semi)stable) if
and only if for any 8 reduction one has that

P(&5,a5) &) 0 (L(€5,a5) 2) 0 respectively) .
Remark 15. 1. The following result holds:

Proposition 16 (Proposition 1. in [20] ). A filtration E°® of € is a
B-filtration if and only if the parabolic subgroup Q' associated with it
1s stable.

2. If G is semisimple, one has the following implications ([32] Remark
1.1):

P(&,7) is Ramanathan-stable = (&, 7) is stable
= (&, 1) is semistable
= P(&, 1) is Ramanathan-semistable

We recall that a principal G-bundle P is Ramanathan-(semi)stable
if and only if for any parabolic subgroup H of G, any reduction oy :
X — P(G/H) and any dominant character x of H one has that

degapr(Ly) 5 0,
where we denoted by L, the line bundle induced by .

3. Let G be a semisimple group, p: G — SI(V) C GI(V) a faithful repre-

sentation and A : C* — G a one-parameter subgroup such that Qg (\)
is a maximal parabolic subgroup of G. Then the parabolic subgroup
Qaivy(po ) of GI(V) is not maximal. Thanks to this observation we
obtain that every [-filtration Eé c:0CckE C---CE;,CE;1=F
has length greater then or equal to 2, i.e., s > 2.
Notice that the parabolic subgroup of G associated with a S-filtration
is always a proper subgroup. Therefore, according to the definition of
Ramanathan, the (semi)stability condition is checked only for maximal
proper parabolic subgroups of G. If G is reductive but not semisim-
ple the above consideration does not hold in general as the following
example shows:
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Example 17. Consider G = Gl(k), p : Gl(k) — Gl(n) (k < n) the
inclusion (in the left up corner) and A : C* — G given by

zZ7 0 0

A(z) = 0 1
0
0 0 1

Therefore N = po X is given by

270 ... ... 0
0 1
N(z) = 1
1
: -0
0 ... .. 0 1

give arise to a maximal parabolic subgroup.
Finally the following results, due to Schmitt, holds:

Lemma 18 ([32] Lemma 4.4 and Proposition 4.5). Let (£,7) be an honest
singular G-bundle, then

1. for any reduction B of (£,7) to the one-parameter subgroup \ of G
where (E/;,QB) is the weighted filtration of £ associated with \ and (3.

2. If (€%, a) is a weighted filtration of & with u(E®, a; ) = 0, there exists
a reduction 8 to a one-parameter subgroup A : C* — G with

(€%, a) = (&5, ap).

Proposition 19 ([32] Proposition 5.3). Let 0 € Q[z] be a positive polynomial
of degree exactly dim(X) — 1. Then the following properties holds true.

1. An honest singular G-bundle (€,7) is (semi)stable if and only if the
associated decorated bundle (&, ) is 0-(semi)stable.

2. (€,7) is a (semi)stable honest singular G-bundle, then it is 0-(semi)stable.
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2.3.2 Higgs Bundles

Notation. In this section C' will denote, unless otherwise stated, a smooth,
irreducible projective curve over C of genus g > 0, while Q}) will denote the
canonical line bundle over C. Denote by G a semisimple algebraic group.

A Higgs bundle is a holomorphic vector bundle together with a Higgs
field. To be more precise

Definition 20. A Higgs vector bundle is a pair (F,¢) where F is a
vector bundle over C, while ¢ is a morphism

¢:E— E®Q¢.

A principal Higgs G-bundle is a pair (P, ¢) consisting of a principal G-
bundle P over C' and a section

$: X — Ad(P) ® Qf,

where Ad(P) = P x 499 and Ad is the adjoint representation of G on its Lie
algebra g.

Two Higgs vector bundles (F,¢) and (F,v) are isomorphic if there is
an isomorphism f : £ — F such that the following diagram commutes:

E—@E@Qg

b
P

F4>F®Qlc

Similarly two principal Higgs G-bundles (P, ¢) and (P’, 1)) are isomor-
phic if there is an isomorphism f : P — P’ of principal bundles such that
the following diagram commutes:

C—% Ad(P) @ QL
¥ lAd( f)®id
Ad(P) ® Q
Now we want to discuss in wich sense a Higgs vector, or principal, bun-

dle over a curve can be regarded as a decorated bundle. We begin with the
vector bundle case.

Let (E,¢) a Higgs vector bundle over C' of rank rk(E) = r. The mor-
phism ¢ : £ - EF® Qlc corresponds to a morphism F ® EV — QL. that,
with abuse of notation, we still denote by ¢. From the isomorphism

r—k

;\E:<AE>V®/\E, (2.28)
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one gets that /\T*1 E ~ EY @ det E. So there is an injective morphism of
vector bundles

r—1
itE®E'~E® [\ E®(detE)" < E®" ® (det E)"

Therefore (E, ¢) corresponds to a decorated bundle (E, ¢) of type (r, 1,1, Q%)
where we set Plipory) = ¢ and zero otherwise. Note that, for any A\ € C*,
(E,¢) and (E,\¢) are not isomorphic as Higgs vector bundles while the
associated decorated vector bundles (E, ¢) and (E, A\p) are isomorphic.

Consider now a Higgs bundle (E, ¢) of rank r such that det E ~ O¢. Fix
a section w : O¢ — Q}) and consider the morphism ¢ w : EQ EV & O¢ —
Qf. As before, the isomorphism AN 'E ~ EY ®det E ~ EY induces an
inclusion

r—1
i:E®EV@(’)C:E®/\E@detE<—>E®’”@E®’".

Therefore, if we fix a section w : O¢ >~ det £ — Qlc, (E, ¢) corresponds to a
decorated bundle (F, ¢) of type (r,2,0, QIC) where we set Plipory) =pPw
and zero otherwise. Note that, in this case, the (non isomorphic) Higgs bun-
dles (E, ¢) and (E, \¢) are non isomorphic also as decorated vector bundles,
ie., (E,¢) and (E,¢'), where ¢ is induced by ¢ & w and ¢’ by Ap @ w, are
non-isomorphic.

Let now (P, ¢) be a principal Higgs G-bundle and let p: G — GL(V) be
a (fixed) faithful representation. Since G is semisimple, p lands in SI(V).
As we explained in the previous section, the principal G-bundle P corre-
sponds to a pair (F,7), where E is the vector bundle associated with the
principal GI(V)-bundle P, = P x, GI(V) and 7 : Sym*(E ® V)¢ — Oc¢
is the morphism associated with ¢ : ¢ — Isom(O¢c ® V, EV)¢, which, in
turn, is induced by the morphism P — Isom(O¢ ® V,EY) ~ P x, GI(V).
With this notation it is easy to see that the morphism ¢ : C — Ad(P) @ Q},
induces a morphism ¢ : C — End(FE) ® Q. Therefore a principal Higgs
G-bundle (P, ¢) corresponds to a triple (E,7,¢) where (E,¢) is a vector
Higgs bundle while (F, 7) is equivalent, roughtly speaking, to the principal
bundle P. As showed in the previous section the pair (E,7) induces a dec-
orated vector bundle (E, ;) of type (a1,b1,c1,Ny), while (E, ¢) induces a
decorated vector bundle (F, p2) of type (az,ba, c2,N2). So, in some sense,
a principal Higgs G-bundles corresponds to a double-decorated vector
bundle (E, ¢1, p2). Observe that, since the representation p lands in SI(V),
det E ~ O¢ and so ¢; = ca = 0. Let pq, 4, : S(V) — SI(V,, p,) and pa, p, :
SI(V') — S1(Va, 5,) the obvious representations, then, for i = 1,2, E,, 5, co-
incide with E,, = E X, , GI(V) and the morphisms ¢; : E,, , — N;

a;,b;
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correspond to morphisms o; : C' — P(Epai,bi)‘ Then set X = pa; b, @ Pag,bo
and define ¢ : E/, = N = N; ® N2 as the morphism induced by the following
composition:

o: C(Ulm) P(E

Paq,by

) X P(Ep,, ,,) — P(Ey).

Observe that X >~ pg,4as,b16,- Therefore the double-decorated vector bundle
(E, p1,p2) of type ((a1,b1,N7), (ag, by, N2)) corresponds to a decorated vec-
tor bundle (F, ) of type (a1 + az,biba, N1 @ Na).

Suppose now that C is a nodal curve with a simple node xg. Let v : C —
C be the normalization and let {y1,y2} = v1(x9). Then Bhosle shows in
[2] that there is a correspondence between torsion free sheaves over a nodal
curve C and generalized parabolic vector bundles over the normalization C of
the nodal curve. We recall that a generalized parabolic vector bundle
with support the divisor D, is a pair (E, q) where E is a vector bundle over
C and ¢ : E|;, — R is a surjective homomorphism of vector spaces. In the
case of nodal curves the correspondence is between torsion free sheaves over
C and generalized parabolic vector bundles over C' supported on the divisor
D = x1 + xo. Therefore the surjective morphism of vector spaces ¢ goes
from E;, & Ey, to an rk(E)-dimensional vector space R. More precisely, if
(E,q) is a generalized parabolic vector bundle over C, Bhosle shows that
the sheaf £

£ = ker[VuE — vu(Ey, ® Ey,) ~ Ey, ® Eyy — R)

is a torsion free sheaf over C' such that v*& = (E,q).

Thanks to this result and to the previous considerations one can convince
oneself that there is a correspondence between principal Higgs G-bundles
(P, ¢) over a nodal curve C and quadruples (E,q,7,9), called descending
principal Higgs G-bundles, Where (E, q) is a generalized parabolic vector
bundle over C, 7 : Sym*(E © V) — Og is a homomorphism of O5-algebras

and @: C — End(E) ® Q~ is a section Such that:

1. The pair (E,7) defines a principal G-bundle P(E,7) on C (therefore
det B ~ Og);

2. The image of the morphism 7 from the triple (€,7,¢) = v.(E, ¢, T, )
lies in the subalgebra O of v.Og;

3. The image of the morphism ¢ from the triple (£,7,¢) = v.(F,q, T, 9)
lies in End(€) ® Qlc

Finally, following the constructions above, it is easy to see that a de-
scending principal Higgs G-bundle could be injected into a double decorated
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vector bundle with a parabolic structure. The latter could in turn be in-
jected into a decorated parabolic bundle over C| i.e., a triple (E, ¢, p) where
q: FEy © E;, — Ris asurjective morphism and ¢ : E,, — N is the usual
decoration morphism.

Semistability

All objects we introduced before have their own notion of (semi)stability,
in this section we want to recall the various notions of (semi)stabilities and
give an idea of why coincide.

We recall that a subbundle F' C F is sayed ¢-invariant if and only if
¢(F) C F ® QL. A Higgs bundle (E, ¢) over a smooth irreducible curve C
is (semi)stable if an only if for any ¢-invariant subbundles of F' C E the
following inequality holds:

u(F) & p(E). (2.29)

If (E, ) is the decorated vector bundle associated with a Higgs bundle
(E, ¢), then (FE, ) is (semi)stable as decorated bundle if an only if (E, ¢) is
(semi)stable as Higgs bundle. To be more precise:

Lemma 21. There is a positive rational number d~o, such that for all 6 > ds
and all pairs (E, ¢) induced by a Higgs bundle (E, ¢) the following conditions
are equivalent:

1. (E, ) is (semi)stable decorated with respect to &;

2. for every nontrivial subbundle F' of E with ¢(F) C F ® Qé inequality
(2.29) holds.

Proof. The proof is as in [33], Lemma 3.13. ¢

Let K be a closed subgroup of G, and ¢ : X — E(G/K) ~ E/K
a reduction of the structure group of F to K. So one has a principal
K-bundle F, on X and a principal bundle morphism i, : F, — F in-
ducing an injective morphism of bundles Ad(F,) — Ad(E). Let II, :
Ad(E) ® QL — (AdA(E)/Ad(F,)) ® QL be the induced projection. Then
a section o : X — E/K is a Higgs reduction of (E, ¢) if ¢ € kerIl,. A prin-
cipal Higgs G-bundle (E, ¢) over C is (semi)stable if for every parabolic
subgroup P C G and every Higgs reduction o one has dego*(Tg/px) ) 0.

In the previous section we saw that the (semi)stability of principal bun-
dles coincide with the semistability of decorated vector bundles. Therefore,
thanks to the previuos results, we get that a principal Higgs G-bundle over
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a smooth irreducible curve C is (semi)stable if and only if the associated
decorated bundle is (semi)stable. Analogously, one can check that a prin-
cipal Higgs G-bundle over a nodal curve C is (semi)stable if and only if
the associated parabolic decorated bundle over the normalization C of Cis
(semi)stable. For a more detailed explanation of these facts see [20].

2.3.3 Quadric, Orthogonal and Symplectic Bundles

Perhaps the simplest examples of decorated vector bundle are provided by
quadric, orthogonal and symplectic bundles. First of all we recall what these
objects are. A quadric bundle over a smooth projective variety X is a pair
(E, Q) where E is a vector bundle over X, while

Q :Sym’E — L

is a morphism between the vector bundle Sym?E and a fixed line bundle L.
An orthogonal bundle is a quadric bundle (E, Q) with L = Ox, such that
the bilinear form Q : Sym?E — Ox induces an isomorphism Q : E — EV.
Finally a symplectic vector bundle over X is a pair (E,w), where E is a
real vector bundle over X and w is a smooth section of EV A EV such that
for each z € X, (E,,w,) is a symplectic vector space. The section w is called
a symplectic bilinear form on E.

It is easy to see that all these objects are decorated bundles of type
(2,1,0,N), for appropriate N.

In Section 5.3 we will recall the semistability condition for orthogonal
bundles over curves and show that coincides with semistability of decorated
bundles, at least in the case of bundles over curves. The general case is a
straightforward generalization.

2.3.4 Framed Bundles

Let (X,Ox(1)) be, as usual, a polarized smooth projective variety. We want
to introduce the notion of framed bundles and framed sheaves over X. These
objects are probably one of the first examples of bundles “decorated” by an
additional structure given by a morphism. Fix a coherent sheaf F', called
framing sheaf, over X. Then a framed sheaf is a pair (F, a) where E is
a coherent sheaf on X and o : F — F' is a morphism of coherent sheaves.
A framed bundle on X is instead a pair (F,«) such that E is a torsion
free sheaf on X, D C X is a effective divisor, F' is a vector bundle on D and
a: E|, — F'is an isomorphism.
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For any framed sheaf (E, ), we define the function () by

S J1ifa#0
ela) =9 .
Oif a=0.

Let n denote the dimension of X and 6(z) = 0, 12" ' +---+ 512+ € Q[z]
denote a fixed polynomial with positive leading coefficient §,_1 > 0. We
define the framed degree of (E, «)

deg(Ea Oé) = degE - 5n71€(a)7
and the framed Hilbert polynomial
P(E,a) = PE — 55(0&)

Finally a framed sheaf is (semi)stable if and only if for any framed subsheaf
(F, oz|F) of (E,«)
k(E)Pra; ) &) TK(F)P 0

and slope (semi)stable if
rk(E) deg(F, ,.) &) rk(F) deg(E, o).

If, in the definition of decorated bundles of type (a,b,c,N), ones admits
the line bundle N to be a coherent sheaf then a framed bundle with framing
sheaf F'is nothing else that a decorated bundle of type (1, 1,0, F') and framed
semistability coincide with decorated e-semistability. Similar considerations
can be made for framed sheaves.



Chapter 3

Mehta-Ramanathan
theorems

Notation. Let (X, Ox (1)) be, as usual, a polarized projective smooth vari-
ety of dimension n, § = §(x) = 6, 12"+ - - 401240 be a fixed polynomial
with positive leading coefficient and let § = §,,_1.

Decorated sheaves were introduced by Schmitt and provide a useful a
machinery to study principal bundles or more generally vector bundles with
additional structures. However in general it is quite hard to check semista-
bility for decorated sheaves because one has to verify inequality (2.8) and
therefore calculate pr for any filtration. For this reason we introduce e-
semistability, a more computable notion of semistability, stronger than the
usual semistability given by Schmitt. e-semistability is quite similar to the
semistability condition for framed sheaves given by Huybrechts and Lehn in
[14].

3.1 Decorated coherent sheaves

With the expression “decorated coherent sheaf” we mean a decorated
sheaf (A, ¢) such that A is just a coherent sheaf (and not necessarily torsion
free).

Before proceeding we recall what a decorated coherent subsheaf is. If
i: (F,¢) — (A, ) is an injective morphism of decorated sheaves we get
immediately from condition (2.2) that A -1 = i*¢. From now on we will
say that the tripe ((F,v),7) is a decorated subsheaf of (A, ) and we
will denote it just by (F, )|, ). Note moreover that, if F is a subsheaf of A
and i : F — A is the inclusion, then it defines a decorated subsheaf; in fact
defining ¢ = PP the triple ((F, 1), 1) is a decorated subsheaf of (A, ¢).

31
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For an arbitrary decorated coherent sheaf (A, ¢) define the e-decorated
degree

deg(A, @) = deg(A) — ade(A, p),

where deg A = c1(A) - Ox(1)""!, and the e-decorated Hilbert polyno-
mial

Pl (m) = Pa(m) —ad(m)e(A, ¢)

If moreover rank rk(A) > 0 we define the e-decorated slope and, respec-
tively, the reduced e-decorated Hilbert polynomial as:

Sometimes, if the morphism ¢ is clear from the context, we will write
deg.(A) instead of deg(A, ), u:(A) instead of (A, ¢) and P%, (respectively
p%,) instead of P 4, (resp. piay)-

Recall that given two polynomials p(m) and ¢(m) then p < ¢ if and only
if there exists mg € N such that p(m) < g(m) for any m > my.

Definition 22. Let (A, ) be a decorated coherent sheaf of positive rank,
than we will say that (A, ) is e-(semi)stable or, respectively, slope e-
(semi)stable with respect to § (resp. &) if and only if for any proper non
trivial subsheaf F C A the following inequality holds:

Pire ) TK(A) ) Prag tk(F). (3.1)
or, respectively,
deg(F, ) rk(A) &) rk(F) deg(A, ¢) (3.2)

If rk(A) = 0 we say that (A,¢) is semistable (resp. slope semistable) or
stable (resp. slope stable) if moreover P, = § (resp. deg. A = §).

In particular this e-(semi)stability extends e-semistability, defined in Sec-
tion 2.2.1, to decorated coherent sheaves.

Remark 23. Note that
slope e-stable = e-stable = e-semistable = slope e-semistable;

and recall that e-semistability (slope e-semistability) is strictly stronger than
the usual semistability (resp. slope semistability) introduced in Chapter 2.
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The kernel of ¢ lies in Agp, so for our purpose we need to define a
subsheaf of A that plays a similar role to the kernel of ¢. Therefore we let

K=max{0C F CA|F.p C kerop}

where the maximum is taken with respect to the partial ordering given by the
inclusion of sheaves. Note that K is unique, indeed if K’ is another maximal
element, then KU K’ is a subsheaf of A such that (KUK'),; C kery and
this is absurd.

Remark 24. 1. Let T(A) be the torsion part of A. The torsion part
T(Aqgp) lies in ker ¢, otherwise there would be a non zero morphism
between a sheaf of pure torsion and the torsion free sheaf N and this is
impossible. Therefore also the twisted torsion part T'(A), s C T'(Aap)
lies in the kernel of ¢.

2. T(A) C ker ¢ (point (1)) therefore T'(A) C K;

3. A is torsion free if and only if K is torsion free. Indeed, suppose that K
is torsion free and that T'(A) # ), then K C KUT(A) which is absurd
for maximality of K. The converse is obvious.

4. Agyp is torsion free if and only if ker ¢ is torsion free.

5. If (A, ) is semistable and rk(A) > 0 then K is a torsion free sheaf.
Indeed if T'(K) is the torsion part of K, rk(7'(K)) = 0 and than, for the
semistability condition, we get that:

<
(AP 000015 ) ) O

Therefore T'(K) is zero and K is torsion free.

6. If (A, ) is semistable and rk(A) > 0 then A is pure of dimension
dim X and therefore torsion free. Indeed let F a subsheaf of A of pure
torsion, then by the semistability condition we get that

rk(A) (Px — ade(p),)) = tk(F) (P4 — ad) = 0.

Moreover, for point (1), Fop C ker ¢ and so P < 0, this immediately
implies F = 0.

Remark 25. Note that Remark 24 holds also in the slope e-semistable case.

Proposition 26. Let (A, ) be a decorated coherent sheaf of positive rank
and let T =T(A) be the torsion of A. Then the following statements hold.

1. (A, p) is e-semistable with respect to 6 = A/T is e-semistable with
respect to 9.
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2. (AJT,p) is e-semistable with respect to § = (A, p) is e-semistable
with respect to § or T is the maximal destabilizing subsheaf of A in the
sense of Remark 30.

Proof. First of all note that, since T' C ker ¢, the pair (A/T, ) is a well-
defined decorated (torsion free) sheaf of the same type of (A, ).

1. If (A, ¢) e-semistable with respect to J, then as in Remark 24 one can
prove that 7' = 0 and so obviously (A/T, ¢) is semistable.

2. Suppose that (A/T, ) e-semistable with respect to 6. If T does not
destabilize, then P, = P, < 0 and so T'= 0 and (A, ¢) is e-semistable.
Otherwise P5, = P, > 0 and Remark 30 shows that is the maximal
destabilizing subsheaf.

¢

3.2 Mehta-Ramanathan for slope s-semistable dec-
orated sheaves

In this section we want to prove a Mehta-Ramanathan theorem for slope
e-semistable decorated sheaves. Before we proceed we need some notation
and preliminary results.

Notation. Let k be an algebraic closed field of characteristic 0, S an integral
k-scheme of finite type. X will be a smooth projective variety over k, Ox (1)
an ample line bundle on X and f : X — S a projective flat morphism.
Note that Ox (1) is also f-ample. In this section we will suppose that any
decorated sheaf is of type (a,b,N). If (W, p) is a decorated coherent sheaf
over X we denote by W; the restriction W), , where X, = f~1(s), and
s the restriction ¢, . Finally, if 7 is a sheaf, we will denote by 7 the
quantity rk(F).

3.2.1 Maximal destabilizing subsheaf

Proposition 27. Let (€,¢) be a decorated sheaf over a nonsingular pro-
jective smooth variety X. If (€,¢) is not e-semistable there is a unique,
e-semistable, proper subsheaf F of £ such that:

1. p5% = p5, for all subsheaf W of £.
2. If p% = p;, then W C F.

The subsheaf F, with the induced morphism |, is called mazimal desta-
bilizing subsheaf of (€, ).



3.2 Mehta-Ramanathan for slope e-semistability 35

Proof. First we recall that by definition £ is torsion free and therefore of
positive rank.

We define a partial ordering on the set of decorated subsheaves of a given
decorated sheaf (£, ). Let F1, F2 two subsheaves of £, then

FisFy <— FHCF A P(ﬂv%) rk(fg) = P(;QN,Q) rk(]ﬁ) (3.3)

where p; = |, . Note that the set of the subsheaves of a sheaf £ with this
order relation < satisfies the hypothesis of Zorn’s Lemma, so there exists a
maximal element (non unique in general). Let

F = ril(lgn){g C £|G is < -maximal} (3.4)

i.e., F is a <-maximal subsheaf with minimal rank among all <-maximal
subsheaves. Then we claim that (F, @) ) has the asserted properties.

Suppose that exists G C £ such that
Ps = P> (3.5)

First we show that we can assume G C F by replacing G by F N G. Indeed
if G ¢ F, F is a proper subsheaf of 7 4+ G in fact F ¢ G (otherwise F < G

which is absurd for maximality of F). By maximality one has that
P> > Prig- (3.6)
Using the exact sequence
0 —FNG—FdGg—F+G—0

one ﬁnds P]:+ Pg = P]:@Q == P].‘mg + P]_‘+g and I‘k(]:) -I-I‘k(g) == I‘k(f@ g) ==
rk(FNG) +rk(F + G). Hence

T7n6(Pg — Prng) = Trig(Prig — Pr) + (T — T7ng) (P+ — Pg)- (3.7)

where we denote by 7z, 7g, 7r,g and rzg the rank of rk(F), rk(G), rk(F + G)
and rk(F N G) respectively.

If the morphism ¢ is zero e-semistability coincides with the usual semista-
bility for torsion-free sheaves and the existence of the maximal destibilizing
subsheaf is a well-known fact that one can find, for example, in [15] Lemma
1.3.6. So we suppose that (¢) = 1. From the above inequalities between
reduced decorated Hilbert polynomial of 7, G and F + G one can easily
obtain:

E]:+g Er
o0t (227
Tryg TF

pf—pgja5<6f—€g>,

rr Tg
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therefore, using equation (3.7) and after some easy computations, one gets

T706(Pg = Prng) =

Trng

=7rig(Prig — Pr) + (g — 7ng) (P — Pg) — adeg + aderng

Ertg EF €r &g Trng
‘< aé?"]:mg < - + aé(rg - 7’_7.7-,9) - — - a(Se’fg + aég}'ﬁg
Tryg TF L ] T'g

=ad (Erig —€r — g + €7ng)
<0.

Therefore we can suppose both G C F and pg = p%, and, up to replacing
G, we can suppose that G is maximal in F with respect to <. Let G’ be a
<-maximal in & among all subsheaves (of £) containing G. Then

P> = Pg = Pgr-

Note that neither G’ is contained in F, because F has minimal rank between
all <-maximal subsheaves of £, nor F is contained in G’, for maximality of F;
therefore F is a proper subsheaf of 7 4 G’ and, for maximality, p5 = pS. o
As before one gets
pi‘ﬁg' - pZ’ = pgv

but G € FNG' C F and this contradicts the assumpions on G. Therefore
F satisfies the required properties. The uniqueness and the e-semistability
of F easily follow from properties (1) and (2). ¢

Lemma 28. Let (€, ) be as before. If it is not slope e-semistable there is
a unique proper subsheaf F of € such that:

1. pue(F) > pue(W) for all subsheaves W of £.
2. If ue(F) = (W) then W C F.

Proof. The proof is the same of Proposition 27: it is sufficient to replace p®
with u., P® with deg, and ¢ with J. ¢

Remark 29. Note that, if (£, ) is e-semistable, or, respectively, slope
e-semistable, then the maximal decorated destabilizing (resp. slope desta-
bilizing) subsheaf coincides with £.

Proposition 30. Let (A, @) be a decorated coherent sheaf of positive rank,
then Proposition 27 and Lemma 28 hold true, in the sense that if (A, p)
is not e-semistable (slope e-semistable respectively) there is a unique, e-
semistable, proper subsheaf F of £ such that:

1. PSrk(E) = PS,rk(F) for all subsheaves W of &.
2. If PSrk(W) = P, rk(F) then W C F.
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or, respectively
1. deg_(F)rk(W) > deg.(W)rk(F) for all subsheaves W of €.
2" If deg (F)rk(W) = deg.(W)rk(F)) then W C F.

Proof. Indeed, let F be a minimal rank sheaf between all <-maximal sheaves
as in the proof of Proposition 27. Suppose that rk(F) = 0, then F C K =
T(A), and so, by maximality F = T(A). If G is such that rk(G) > 0
and T'(A) < G then Py4 < 0 but, by hypothesis, T'(A) destabilize and so
Pray > 0. Finally T'(£) is clearly unique and semistable.

Otherwise, if rk(F) > 0, then A has no nontrivial rank zero subsheaves, in
particular is torsion free. Indeed if exists a subsheaf G C A with r; = 0
then, by the above considerations exists G’ with rk(G’) = 0, G C G’ and
G’ <-maximal which is absurd by the assumptions on F. Then the proof
continues as the proof of Proposition 27.

The proof in the case of slope e-semistability is the same. ¢

3.2.2 Families of decorated sheaves

Let f: Y — S be a morphism of finite type of Noetherian schemes. Recall
that a flat family of coherent sheaves on the fibre of the morphism f
is a coherent sheaf A over Y, which is flat over S, i.e., for any y € Y A, is
flat over the local ring Og r(,). If A is flat over the fibre of f the Hilbert
polynomial P, is locally constant as a function of s. The converse is not
true in general, but, if .S is reduced, then the two assertions are equivalent.

Definition 31. Let (€, ) be a decorated sheaf over Y of type (a,b,N) and
f:Y — 5 be a morphism of finite type between Noetherian schemes. Then
(€, ) is a flat family over the fibre of f if and only if

- &£ and N are flat families of coherent sheaves over the fibreof f : Y — 5
- &= g‘f*( : is torsion free for all s € S;
- Ng = N|f71(s) is locally free for all s € S;

- e(ips) = e(p),, ) is locally constant as a function of s.

Note that the above conditions imply that the e-Hilbert polynomials Pg_ are
locally constant for s € S.

Definition 32. Let (A, ) be a decorated coherent sheaf of positive rank.
Then (A, ¢) is a flat family over the fibre of f if and only if

- A and N are flat families of sheaves over the fibre of f : Y — S

- N is locally free for all s € S}
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- &(ys) is locally constant as a function of s;

- tk(As) > 0 for any s € S.

As in Definition 31 the above conditions imply that the e-Hilbert polynomi-
als P are locally constant for s € S.

3.2.3 Famiilies of quotients

Let (A, ¢) be a decorated coherent sheaf over X and let ¢ : A — Q be
surjective morphism of sheaves. Let F be the subsheaf of A defined by
ker ¢, so the following succession of sheaves is exact:

0—F-"“S5A-—0-—0.

Note that F is uniquely determined by Q and therefore also (F,¢|.) is
uniquely (up to isomorphism of decorated sheaves) determined by Q. In-
deed, let (F, 1) be another decorated subsheaf of (A, ¢), then, by definition
of decorated subsheaf, there exists a non-zero scalar morphism A : N — N
such that A o1 = ¢, then

Ta,b
b

Y
N @
7 id
: N.

A

Fab

Aab

)

()
N

Since the big square and the upper triangle commute, the entire diagram
commutes and so it easy to see that (F,1) and (F,|,) are isomorphic as
decorated sheaves.

Suppose now that (F,¢),) de-semistabilizes a decorated sheaf (€, )
(with respect to the slope e-semistability), then . (F) > p.(€) and so

ade ade
WF) = = > p(E) = ——
Tr Te
~(er &
deg(F) > rz [M(é') +ad < — )]

Recalling that deg(&) = deg(F) + deg(Q),
des(@) < dea(®) — . [u(e) + a5 (7 - )]

= u(€)ro — ad <ef - Egr]:>

Te
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and therefore, if e, = 1,

—~(€Fx Tr 5 are = G0 e =0
Q) < ul& —a5<_ >: E)+ad-q""E
u(Q) < u(€) ro ToTe He) —% =-C1 ifer=1,

otherwise, if e = 0 then also £ = 0 and so we get that u(Q) < u(&).

Remark 33. Defining deg_(Q) = deg_(£)—deg.(F) and p.(Q) = deg.(Q)/ro
one easily gets that p-(F) > u(€) if and only if p-(Q) < p(€). Note that
in general it is not possible to define a morphism v over Q such that (Q, 1))
is a decorated sheaf and £(Q,v) +e(F, ¢ ) = (&, ¢). In fact it is possible
to define a morphism to the quotient satisfying such properties if and only if
kre =0 or kg e = a. This is because only in these two cases the morphism
t:

Fa,b( gayb L N
i A
ga,b/]:a,b T> (5/'?)@75?

is well defined and so it is possible to give a well-defined structure of deco-
rated sheaf to (£/F) defining a morphism @ : (€/F)qp — N.

Analogously, if (F,),) de-semistabilizes (£, ) with respect to the e-
semistability, i.e., if

1)
p}"_a(sgi > pf_i7
Tr Te
then similar calculations show that
< pe +ad - 3.9
Po < Pe {—01 e, —1 (3.9)

Note that condition (3.8) implies condition (3.9), conversely, if pg < pe+6C
then u(Q) < u(€) +4C.

Let (&, ) be a flat family of decorated sheaves over the fibre of a projec-
tive morphism f: X — S. Let P = P, and p = p,, the Hilbert polynomial
and, respectively, the reduced Hilbert polynomial of £ (which are constant
because the family is flat over S). Define:

1. § as the family (over the fibre of f) of saturated subsheaves F — &
such that the induced torsion free quotient & — Q satisfy u(Q) <

w(Es) + adCo;

2. Fo as the family of decorated subsheaves (F,¢|.) <> (&, |, ) such
that:
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- e(Fop-) =05
- p5=pr > p: (e, po < p+adCy with Q = coker(F — &;));

- F is a saturated subsheaf of &g;

3. 8. as the family of decorated subsheaves (F,p|.) < (&, |, ) such
that:

- 8(]:,90‘f) =1;
- p5 = ps (e, po < p —adCy with Q = coker(F — &));
- F is a saturated subsheaf of &;

We want to prove that the set of Hilbert polynomials of destabilizing
decorated subsheaves of a flat family (£, ) of decorated sheaves over the
fibre of a projective morphism f : X — S is a finite set. From this we
conclude that the semistability condition is an open condition, i.e., the set
{s € S| (&s,ps) is slope e-semistable} is open in S. In order to prove this
result we first need to recall some facts.

Definition 34. A family of isomorphism classes of coherent sheaves on a
projective scheme Y over k is bounded if there is a k-scheme S of finite
type and a coherent Ogyy-sheaf G such that the given family is contained

in the set {G|g ) | s 1is a closed point in S}.

Definition 35. A sheaf A over Y is said m-regular if
HY(Y, A(m —i)) = 0 for all i > 0.
Define the Mumford-Castelnuovo regularity of A as
reg(A) = inf{m € Z| A is m-regular}
Then the following statements hold:
Lemma 36 (Lemma 1.7.2 [15]). If A is m-regular, then
i) A is m'-regular for all integers m’ > m.
ii) A(m) = A® Ox(m) is globally generated.
it1) For all n > 0 the natural homomorphisms
HY(X, A(m)) ® H*(X,0x(n)) — H°(X, A(m +n))
are surjective.

Lemma 37 (Lemma 1.7.6 of [15]). The following properties of families of
sheaves {A;}icr are equivalent:
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i) the family is bounded;

ii) the set of Hilbert polynomials {P 4, }icr is finite and there is a uniform
bound for reg(A;) < C for alli € 1

iii) the set of Hilbert polynomials {P 4, }icr is finite and there is a coherent
sheaf A such that all A; admit surjective morphisms A — A;.

Definition 38. Let A be a coherent sheaf. We call hat-slope the rational

number 5 A)
o . im A—
pA) = =R
Bdim.A(A)
where 3;(A) is defined as the coefficient of 2 of the Hilbert polynomial of
A multiplied by !, i.e., if Pe(z) = 3054 8,2 then 8i(A) = .

Lemma 39 (Lemma 2.5 in [11]). Let f : Y — S be a projective morphism
of Noetherian schemes and denote by Oy (1) a line bundle on Y, which is
very ample relative to S. Let A be a coherent sheaf on'Y and Q the set
of isomorphism classes of quotients sheaves Q of As for s running over the
points of S. Suppose that the dimension of Y is < r for all s. Then the
coefficient 5,(Q) is bounded from above and below, and 5,_1(Q) is bounded
from below. If B,_1(Q) is bounded from above, then the family of sheaves
Q/T(Q) is bounded.

Proposition 40. Let A be a flat family of coherent sheaves on the fibres of
a projective morphism f :'Y — S of Noetherian schemes. Then the family
of torsion free quotient Q of As for s € S with hat slope bounded from above
is a bounded family.

Proof. Tt is an easy corollary of Lemma 2.5 in [11]. ¢

Thanks to Proposition 40 the family § is bounded. Due the previous
considerations both families §, and §, can be regarded as subfamilies of §
and therefore §, and §, are bounded families as well. Thanks to Proposition
37 the sets {Px|F € §o} and {P»|F € §,} are finite.

3.2.4 Quot schemes

Let A be a coherent sheaf over X flat over the fibres of f : X — S. Let
P € Q[x] be a polynomial. Define a functor

Q= @X/S(A, P): (Sch/S) — (Sets)

as follows: if T — S is scheme over S let Q(T') be the set of all T-flat
coherent quotient sheaves Ar — Q with Hilbert polynomial P, where Ap
denotes the sheaf over X7 = X xg T induced by A. If g : T/ — T is an
S-morphism, let Q(g) : Q(T) — Q(T”) be the map that sends Ap — Q to
A — g% Q, where gx : X7v — X7 is the map induced by g.
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Theorem 41 (Theorem 2.2.4 in [15]). The functor @X/S(A, P) is repre-
sented by a projective S-scheme 7 : Quoix;s(A, P) — S.

Consider now a decorated coherent sheaf (A, ) over X, flat over the
fibre of f: X — S and let P € Q[z] be a polynomial. Define the functor

Q= %g(/S(A,q),P) : (Sch/S) — (Sets)

as follows: if T' — S is scheme over S let Q°(T") be the set of all T-flat
coherent quotient sheaves Ap — Q with Hilbert polynomial P such that
E(@Thm (s Q)) = 0, where A7p denotes the sheaf over X7 = X xgT induced

by A and @7 : (A7r)ap — Aap —%5 N is the morphism induced by ¢. If
g : T\ — T is an S morphism, let Q°(g) : Q°(T) — Q°(7”) be the map
that sends Ar — Q to Apr — g% Q, note that g% 7 is zero if restricted on
ker(Ap — g% Q).

Theorem 42. The functor %g(/S(A,go,P) is represented by a projec-
tive S-scheme m° : QuatOX/S(A7 ©,P) — S that is a closed subscheme of
QuotX/S(A, P)

Proof. The additional property is closed and therefore, using the same argu-
ments of the proof of Theorem 1.6 in [36], one can prove that Quory /(A @, P)=
{a € Quotxs(A, P)|e(#,,,) = 0} is a closed projective subscheme of
QuotX/S(A,P). ¢

3.2.5 Openness of semistability condition

Proposition 43. Let f : X — S be a projective morphism of Noetherian
schemes and let (€, ) be a flat family of decorated sheaves over the fibre of
f. The set of points s € S such that (Es,ps) is e-(semi)stable with respect
to 0 is open in S.

Proof. Let P = P, and p = pg, the Hilbert polynomial and, respectively,
the reduced Hilbert polynomial of £. We first consider the semistable case.
Let

A={P"eQlz]|Is € S,3q: E — Q such that Po = P” and ker(q) € F}
(3.10)
and, for ¢ = 0, 1, let

A; ={P" e Qlz]|Is € S,3q: E — Q such that P, = P” and ker(q) € §i}

The sets A, Ag and A; are finite because the families §, §, and §, are
bounded as proved in Section 3.2.3. For any P” € A; consider the Quot
scheme 7 : QuotX/S(g,P//> — S, while for P” € Ay consider the Quot
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scheme 7° : %gqs(é’,«p,P”) — S. Both images S(P”) of = (for P" € A;)
and S°(P") of 7° (for P” € Ay) are closed sets of S. Therefore the union

U SO(P//) U U S(P”)

P"cAg P'eAy

is a closed subset of S, in fact it is finite union of closed sets. Finally is easy
to see that (&5, ¢s) is semistable if and only if s is not in the above union.
The proof of the stable case is similar to the semistable case, it is indeed
sufficient to consider, for ¢ = 0, 1, the sets

At = [P € A| with po < p + (1 — i)(—adCy) + i(adCy)}

and continue as in the semistable case. ¢

3.2.6 Relative maximal destabilizing subsheaf

Theorem 44. Let (X,0x(1)), S, f: X = S and (€,¢) as before. Then
there is an integral k-scheme T of finite type, a projective birational mor-
phism g : T — S, a dense open subset U C T and a flat quotient Q of Er
such that for all pointst € U, F = ker(& — Q) with the induced morphism
Pt|, 15 the maximal destabilizing subsheaf of (&, t) or Qr = &;.

Moreover the pair (g, Q) is universal in the sense that if ¢’ : T — S is any
dominant morphism of k-integral schemes and Q' is a flat quotient of Epv,
satisfying the same property of Q, there is an S-morphism h: T" — T such

that 1% (Q) = .

Proof. In the proof we apply the same arguments as in [27]. Define B; = A;
and By = Ay, i.e.,

By={P" € A|pg X p—adCy}
By ={P" € A|pg <p+adCy}

Then define

By = {P" € By | m°(Quog(E, ¢, P")) = S}
By = {P" € By |w(Quas(€, P")) = S amd Vs € S 7 (s) & Quuslys(E, 0. P"))}

Note that By U B; and By U By are nonempty. We want to define an order
relation on By, By, By and B but first we need the following costruction:
let P/, Py be polynomials in By, By, By or By; then there exist surjective
morphisms ¢; : & — Q; (i = 1,2) such that P’ = Po,. Define, for i = 1,2,
P; = Piergy» i = rk(ker(g;)) and p; = P;/r;. We will say that the polyno-
mials P; are associated with the polynomials P’
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If P! € By or By define the following ordering relation:
P/ <Py <= p; =py or pi=pandry >ro,
otherwise, if P/ € By or By, define:

ad ad ad ad
P1”<1P2”<:>p1——>p2—— or p1 —— =po— — and | > 1y
71 r2 1 72

Let P, for i = 0,1, be a <-minimal polynomial among all polynomials in
B; and P! the associated polynomials. Then consider the following cases:

Case 1: p° > pl — f—l‘s;

Case 2: p° < p! — 7%6;

d
Case 3: p? =p! — 4 and r0 >l
Case 4: p° =p! — 2 and r0 <1,

r_

In the first and third case define P’ = PZO, in the second and fourth case
put P"” = P"1. Note that the set

Ul = U mQuis(E9, P") |U U 7(Quexs(€,P")

P'"eBy,P"<pP"0 PreB,, PPt
is a proper closed subscheme of S. In fact it is proper and closed because it is

a finite union of closed proper subschemes of S. Call U_ its complement in S.

Suppose that P’ € By. By definition the projective morphism
7T0<Qu0t3(/s<g, @, PZ)) — S

is surjective and for any point s € S the fibre of 7° at s parametrizes possible
quotients with Hilbert polynomial P”. The associated subsheaf of any such
quotient is, by costruction, the maximal decorated destabilizing subsheaf.
The case that P’ € By is similar. Finally by re-adapting the techniques
used in the proof of the corresponding result in [27], one concludes. ¢

3.2.7 Restriction theorem

Let X be a smooth projective variety and Ox(1) be a fixed ample line
bundle. Let (£, ¢) be a decorated sheaf of type (a,b,N) over X with non-
zero decoration morphism. For a fixed positive integer a € N, we define:

- II, = |Ox(a)| the complete linear system of degree a in X;
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- Zy ={(D,z) € I, x X |z € D} the incidence variety with projections

Mx X ~Z,— 2. X

pai

1,

One can prove (see Section 2 of [23]) that:
Pic(Z,) = ¢;Pic(X) & p;Pic(I1,). (3.11)

For any sheaf G over X one has Pg|, (n) = Pg(n) — Pg(n —a), therefore,
given a decorated sheaf (€, ¢) over X with decoration of type t = (a, b, N), for
all D € 1I, the restrictions &, and N, have constant Hilbert polynomials.
Since II, is reduced, as remarked at the beginning of Section 3.2.2, it fol-
lows that ¢iN and ¢ € are flat families of sheaves on the fibre of p, : Z, — 11,.

Remark 45. If for any D € 11, ¢, = 0, the family of

* =¥
oy T )
decorated sheaves (¢X€, qi¢) is flat. Otherwise, since to be nonzero is open

condition, there exists a dense open subset of II, over which (¢i&, ¢iy) is
flat.

Thanks to this remark and Theorem 44, there exist a dense open subset
Va of II, and a torsion-free sheaf Q, over Zy, = Z, xy, V4 such that:

® (&a,pa) = (€, qzp) is flat over Va;
e Q, is flat over V;

o Fo = ker(&; — Q,), with the induced morphism Pz, is the rel-
ative maximal decorated destabilizing subsheaf of (&,,¢,); i.e., for
any D € Va Fy . (with the induced morphism) de-semistabilize

Pa

(&as pa)

Recall that:

bty

e by construction of the relative maximal decorated destabilizing sub-
sheaf, the quantity

fa‘pgl(D) » Pal
Fal 4

pa (D)

depends only on a and not on D € V, and for this reason from now on
we will denote by &(a);
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* (& ¢a), (Fa, pa),, ) and Q, are flat families of decorated sheaves (resp.
sheaves) over V.

Let G, be a line bundle which extends det(Q,) to all Z,; in view of (3.11)
the line bundle G, can be uniquely decomposed as G, = ¢;L, ® piM, =
La® M, with L, € Pic(X) and M, € Pic(Il,). Note that deg(Qa) 71<D)) =

Pa

adeg(La).

For a general divisor D € II, = |Ox/(a)|, let deg(a), rk(a) and p(a)

denote the degree, rank and slope of the maximal decorated destabilizing

subsheaf (Fa,gpam)‘ B of (ga\p—lD’%\p—lp)‘ Let pc(a) = p(a) — ‘1(15{5((:))7
D a a

deg?(a) = deg(&, IZ) — deg(a), rk?(a) = rk(&, D) —rk(a) and €9(a) =

| —1
Pa

| —1
Pa

D

a egd(a
pé(a) = pi(a) — a(;ri]q((a)) = drkgq(g))'

€e, , —¢(a). Finally pi(a) = ii%q(ga)), deg?(a) = deg(a) — adel(a) and

Let U, C V;, denote the dense open set of points D € V, such that D is
smooth.

Lemma 46 (Lemma 7.2.3 in [15]). Let ai,...,a; be positive integers, a =
>, ai and D; € U,, divisors such that D =Y. D,, is a divisor with normal
crossing. Then there is a smooth locally closed curve C' C Il containing
the point D such that C ~ {D} C U, and Zc = C xm, Z is smooth in
codimension 2.

Lemma 47. Let ay,...,a; be positive integers and a =), a;. Then
e u(a) < 32 n(ai),
o pi(a) = 3 ni(ai),
o pi(a) = 32, p(ai)
and in case of equality Tk?(a) < min; rk2(a;), or equivalently rk(a) > max; rk(a;).

Proof. Let D; € U,,, for i =1,...,1, be divisors satisfying the requirements
of Lemma 46, be D = ). D; and let C' be a curve with the properties of
Lemma 46. There exists over V, a maximal decorated destabilizing subsheaf
JF, with the associated torsion free quotient €a| 2, — Q.. Recall that both
sheaves are flat over V. Its restriction to V; N C' can uniquely be extended
to a C flat quotient &, — Q¢ and let Fo = ker(&,),  — Qc), then
also F¢ extends fa‘va ~o toall C. Note that also F¢ is flat over C' and so
PfC\D = Px,, for any ¢ € C'. Therefore w(Fey,) = u(a), tk(Fe,) = rk(a)
and e(F¢|,) = ¢(a). Let
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e Op = Qc,/T(Qc),,) and Fp= ker (&, — 9p), i.e., they fit in the
exact sequence

O—>fD—>ga‘D T(QC| )
D

* Qi = Qp, /T(Qp)p,) and F; = ker((&ap),, — i), ie., they fit in
the exact sequence '

p|p.
— 5 0;

|D¢ T<QD|DZ)

0— F — &

Then one gets

o tk(a) = 1tk(F¢,) = tk(Fp) = tk(Fp, ) = rk(F;) and rki(a) =
rk(Qcy,,) = tk(Qp) = 1k(Qpy,, ) = rk(Q);

o 19(a) = pu(Qcy,) > 1(Qp) and p(a) = u(Fe,) < u(Fp);
. ,U«(@D\Di) > 1(Q;) and ”(7D|Di) < u(Fp).

Since &, and Qp are pure, and the sequences

OH@DH@(@D ; @ |DmD —0
A 1<j
0—>€|D—>@(€‘D)‘ —>@ |D \DmD
% 1<j

are exact modulo sheaves of dimension n— 3, following the same calculations
of Lemma 7.2.5 in [15], one gets that

_ _ rk((Qp)), p.)
w(Qp) =) (M((QD)D) - %Z (rlfq(a;] B 1) 3z‘3j)

J#i
1 rk((g‘D)biij)
M(6|D) = Z M<(€|D)|Di) - 2; W —1]aa; ).
" ((Qp) )
_ 1 rk((QD))p,p,
w(Qi) < .U((QD)|DZ,) ) ; (rk(QD) — 1) a;a;
Therefore u(Qp) > >, 1(Qi), deg(€,) < 3, deg((5|D)|Di) and so easy cal-
culations show that p(Fp) < >, u(Fi).
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Note that, since Tp = fD/(]-"C)‘D is pure torsion, ¢, = 0 (see Re-

mark 24) and so 6(%(70)\,3) = s(sD|?D). For the same reason E(%(?D)I ) =
D;

(¢, ). Moreover, if £(a) = e(F¢|,) = 0 then obviously also ez, = 0 for all
i; conversely if (a) = 1 then there exists at least one 4 such that e = 1.
Therefore ), e > e(a) > ex,.

Therefore, defining e, = (1—¢#,) and e5,, = (1 —€%,) as in Remark 33,
thanks to the previous inequalities and considerations, one gets ) . co. >
€5, = €o, and so

pi(a) > pe(Qp) > Zug(gi) > Zug(ai).

If pd(a) = >, pud(a;) it follows that pd(Q;) = pd(a;). Since pd(a) is
the decorated slope of the minimal destabilizing quotient (i.e., its kernel is
the maximal decorated destabilizing subsheaf), we have rk?(a) = rk(Q;) >
rki(a;) for all 7. ¢

Corollary 48. rki(a), Eqéa), “qa(a), ”g;a), @, pe(a), rk(a) and e(a) are
constant for a > 0.

Proof. The quantities rk?(a) and 1@3) are constant as proved in [15] Corol-

a
lary 7.2.6. The same arguments show that 12@) i constant as well. There-

fore has to be constant too and easy calculations show that also e(a),

(@)

-~ and p-(a) are constant. ¢

Corollary 49. Fora >> 0 oref(a) =0 and e(a) =1 or £(&,, pa) = 0.

Proof. Since %(a) is definitively constant, €?(a) = 0 for a >> 0. Since
el(a) = (&, pa) —e(a) or they are (definitively) both zero or both one. ¢

Lemma 50 (Lemma 7.2.7 [15]). There exist a9 € N and a line bundle
L € Pic(X) such that Ly ~ L for any a > ag.

In this way we have proved that for a >> 0 an extension of det(Q,) is of
the form LX M, with L € Pic(X) and deg(Qa|,,) = adeg(L) for any D € V.

Now we can state and prove the main theorem of this section:

Theorem 51. Let X be a smooth projective surface and Ox (1) be a very
ample line bundle. Let (€,¢) be a slope e-semistable decorated sheaf. Then
there is an integer ag such that for all a > ag there is a dense open subset
U, C |Ox(a)| such that for all D € U, the divisor D is smooth and (&, )
1s slope e-semistable.

D
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Proof. We proof the theorem by reduction to absurd. Suppose the theorem
is false: thanks to the previous constructions there exists a line bundle L,

such that ) B )
deg(L,) — adel(a
rkq(a) < IUE(S)

and 1 < rk?(a) < rk(€). We recall that rk?(a) and L, are constant for a
greater than a certain constant ap, so from now on we suppose that a is
so and we call L, = L and rk?(a) = r9. We want to construct a rank r?

quotient Q of & such that det(Q) = L.
Let a be a sufficiently large integer, D € U, and let (Fp, <p|fD) be the max-

imal decorated destabilizing subsheaf of (€ ,¢)|, and Qp = coker(Fp —
&|,) the associated minimal decorated destabilizing quotient. Put Lp =
det @p and note that Lp = L, (by uniqueness of the maximal destabiliz-
ing subsheaf and so of the minimal destabilizing quotient). The surjective
morphism £, — Qp induces a surjective homomorphism op: ATq5| , —~Lp
and morphisms

ilp: D — Grass(&),,r7) — IP’(ATQS‘D).
Consider the exact sequence
Hom(A™€, L(—a)) — Hom(A™€, L) <5 Hom (A€, L)) — Ext!(A™€, L(—a)).
By Serre’s theorem and Serre duality one has that for ¢ = 0,1 and a > 0
Ext/(A™E, L(—a)) = H" {(X, A" @ LY @ wx(a)) = 0.

Hence if a is big enough f is bijective and op extends uniquely to a homo-
morphism o € Hom(A™&, L). Using the same arguments of the final part of
the proof of Theorem 7.2.1 in [15], ¢ induces a morphism i: X — P(A™&)
that factorize thorough Grass(€,7?) and so we obtain a quotient ¢: £ — Q.
Since det Q|, = Lp = L, for all D € U,, by Lemma 7.2.2 [15], we get
L = det Q. Define F = ker(§ — Q) and note that F|, = Fp. Finally,
thanks to Fujita’s vanishing theorem ([19] pg 66),

HY(X,Fap®NY @ wx(a)) =0
for ¢ > 0 and a big enough. Therefore
Ext! (Fup,N(—a)) = H" (X, Fop @ NY @ wx(a)) =0

for j = 0,1. The same holds also for £ and so the following diagram is
commutative:

Hom(Fgp,N) <— Hom(]:a,b‘D, N‘D)

| |

Hom(f,’a’b, N) -~ Hom(g(hbb’ N|D)
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which proves that we can extend to all F, ; the morphism we have over ]-"mb‘D

in such a way that €(p|,.) = €(a). By construction (F,|,.) destabilizes,
with respect to the slope e-semistability, the decorated sheaf (£, ¢) and this
contradicts the hypothesis. ¢

3.3 Mehta-Ramanathan theorem for slope k-semistable
decorated sheaves of rank 2 and 3

Notation. Let X be a smooth projective variety, Ox (1) a fixed ample line
bundle over X, k an algebraic closed field of characteristic 0, S an integral
k-scheme of finite type and f : X — S a projective flat morphism. Note
that Ox (1) is also f-ample.

Proposition 52 (Properties of kr¢). Let (£,¢) be a decorated sheaf of
type (a,b,N) and rank r. Let G, F be subsheaves of £. Then the following
statements hold:

1. There exist an open subset U C X and complex vector spaces V' and
V' of dimension k(F) and r (respectively) such that F|, ~ V' ® Oy,
&y, =V 0y and ke = kf\u’gla'

2. If there exists an open subset U of X such that F|, is isomorphic to
g‘U, then k]:’g == kg75.

krige > max{kre, kge}-
kfmg,s < min{k}‘,s ) kg,s}'

kre+ kge > krige-

SN AR

If krng.e = krngr+g then
kJ-'-o—g,E + k]—‘mg,s § k}',s + kg7g (3.12)

in particular
krig.r+g t krng.r+g < kr rig + Ko rig-

Proof. 1. Let Ur be a maximal open subset where F is locally free and
admits a trivialization. Suppose that kr, = k, then there exist an
open subset U’ C X, k local sections fi,..., fr € HO(U’,.7-"|U,) and
a — k local sections ey, ..., e, 1 € HO(U', €|U,) such that

@((fl)"'aft)elw'-)ea—t)egb) 7&0
Let U = U’ N Ug, then g‘U ~V ®0y and krg = k]:‘Uyg

lv*
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2. The statement follows directly from (1).
3. Follows from the fact that 7,G C F + G.
4. Since FNG C F,G, it is easy to see that the statement holds.

5. Let t = kr g e and k = kz . Thanks to the first point, we can suppose

that NG, F,G and F + G are trivial sheaves. Let f1 +g1,... ft + g+
and eq,...eq—¢ be sections of F + G and & respectively such that
fi are sections of F, g; are sections of G and ¢((f1 + g1,...ft +

gt,€1,...ea_t)@b) #0. Let f=> fi,9g=> 9 and e = ) e;, then
also o(((f + ¢)®t @ e®2=H)®0) £ 0. But

t
(F 4+ )% 6 6Bt (Z <t> for-i g g@) o
=0

Since k < t there exists ig > 0 such that ¢t — iy = k. Then for any
0 <1 < ip one has o((f® ® ¢® ® e®2)®) = 0, since ky ¢ = k and
t — i > k. Therefore

t ¢ @b
@ (Z <Z> e g™ e e®“‘t> £0

1=10

and SO kg7g 2 ZO - t - k - k]:+gyg - k]:’g.

. Let s = krnge = krng.rig- If s = 0 there is nothing to prove. Oth-

erwise, similarly to the proof of the previous point, we can choose a
section h of F NG and sections f and g of F and G respectively such
that f 4 g is a section of F + G and ¢((h®* @ (f + ¢)®¢=*)®) £ 0. In
particular note that kr, g ¢ = kr g r.¢ = a. Then is easy to see that
kge > a—kzre +s.

¢

Let (£, ) be a decorated sheaf and F a subsheaf of £. As usual denote

Pk =Py — 0ky e,

Pl = Pk /rk(F),

degk(]:) = deg(F) — 0kr.e,
pN(F) = deg(F)*/rk(F).

We recall that (€, ¢) is k-(semi)stable, respectively slope k-(semi)stable,
if and only if for any F C £

or

k < _k
Pr (-) Pe>

PN(F) S n &),

respectively.
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3.3.1 Maximal destabilizing subsheaf

Notation. In this section, unless otherwise stated, any decorated sheaf will
have rank r < 3.

Proposition 53. Let (£,¢) be a decorated sheaf of type (a,b,N) and rank
r=2orr=3. If (€, p) is not slope k-semistable then there exists a unique,
k-slope-semistable subsheaf F of €& such that:

1. uk(F) > uk(W) for any W C €.
2. If u*(F) = p*(W) then W C F.

The subsheaf F, with the induced morphism ¢, is called the mazimal
slope k-destabilizing subsheaf.

Proof. Define the following partial ordering on the set of decorated sub-
sheaves of £. Let Fp, F2 be two subsheaves of £; then

Fi <N Fy <= Fi CF and pf(F) < p*(€).

The set of subsheaves of £ with this ordering relation satisfies the hypotheses
of Zorn’s Lemma, so there exists a maximal element (not unique in general).
Choose an element F in the following set:

min{G C £| G is < -maximal}.
rk(G)

Then we claim that (F, |, ) has the asserted properties.

By contradiction, suppose that there exists G C & such that p*(G) >
pk(F), ie.,
ok ok
(@) — —25 > p(F) - —==.

rg rr
Claim. We can assume G C F by replacing G by G N F.

Indeed, if G € F, F is a proper subsheaf of 7+ since (by the assumpions
we made on the k-slope of G and by maximality of ) F ¢ G. By maximality

H(F) > i (F + Q).
Using the exact sequence
0—FNG—FdGg—F+G—0

one finds, following calculations we made in the proof of Proposition 27,
that

Tfmg(ﬂk(g) - Nk(}— NG)) < d(krige + krnge — kre —Kge)- (3.13)
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Therefore if (kr,ge + krnge — kre — kge) < 0 then p*(FNG) > u*(G) and
the claim holds true.

First suppose that r = 2.
Consider F N G. If tk(FNG) = 0 then krrge = 0 and, thanks to point
(5) of Proposition 52, the right part of equation (3.13) is less or equal to
zero, and the claim holds true. If tk(FNG) = 2 then 7, = 15 = ry =
Trng = Trig, F coincides, up to a rank zero sheaf 7 = &£/F, with £ and
krige = kre = kge = kznge = kee = a. Since deg(&) = deg(F) + deg(T)
and kre = a = ke ¢ one get that u*(F) < p*(£) and F is not <*-maximal,
which is absurd. Therefore rk(FNG) = 1. If rr of rg; are equal to 2
then, as before, one easily gets that F is not maximal, against the as-
sumptions. The only chance is that r» = rg = rzng = 7,6 = 1 and so
all these sheaves coincide with each other up to rank zero sheaves. Thus
kg e = kre = krnge = krige. Therefore the inequality 3.12 holds true and
P (FNG) > p(G) > p(F).

Now suppose that r = 3.
If rtk(FNG) = 0 then krnge = 0 and the right part of equation (3.13) is
less or equal to zero and the claim holds true. If rk(F N G) = 3 as before
we easily fall in contradiction. If rk(F) = 3 then kr ¢ = a and F coincides,
up to a rank zero sheaf, with &; so pf(F) < p*(£) and F is not maximal,
that is absurd. Similarly if rk(G) = 3, then pu*(F) < pf(G) < u*(€), that is
again absurd. Therefore the possible cases are the following:

tk(FNG) | tk(F) | tk(G) | rk(F +G) implies
1 1 1 1 kag,s = k}',s = kg,s - kf+g,s
1 1 2 2 krnge = kre and kg e = kz g ¢
1 2 1 2 krnge = kge and kr e =kzige
1 2 2 3 krige =kee=a
2 2 2 2 krige =kee=a

The non-trivial cases are the following: rk(FNG) = 1 and rk(F) =
tk(G) = 2 or tk(F N G) = rk(F) = rk(G) = 2. In the first case rk(F +G) = 3
and so kr,gs = a and kzng r1g = krng.e, in the second case rk(F + G) = 2
and so krnge = krige = kre = kge. Therefore in both cases equation
(3.12) holds true and equation (3.13) holds with the less or equal than zero.
Then pX(F N G) > pX(G) > p*(F) and the claim holds true.

Since we have proved the claim, the proof may continue as the proof of
Proposition 27. ¢

Proposition 54. Let (£,¢) be a decorated sheaf of type (a,b,N) and rank
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r=2orr = 3. If (§,¢) is not k-semistable then exists a unique, k-
semistable subsheaf F of € such that:

1. pk < pk for any W c €.
2. prf‘fzpﬁv then W C F.

The subsheaf F, with the induced morphism |, is called the k-mazimal
destabilizing subsheaf.

Proof. The proof is similar to the proof of Proposition 53. ¢

Remark 55. As in the e-semistable case, if (£, ) is k-semistable (resp.
slope k-semistable) the maximal k-destabilizing (resp. slope k-destabilizing)
subsheaf coincide with £.

3.3.2 Restriction theorem

In the previous section we proved that, given a decorated sheaf (£, ) of
rank less or equal to 3, there exists a unique maximal k-destabilizing sub-
sheaf (F,¢),). Since, as we noticed in Section 3.2.3, there is a one-to-
one correspondence between decorated subsheaves of (£, ¢) and quotients
of £, we will call minimal k-destabilizing quotient the (unique) sheaf
Q = coker(F — &) such that F is the maximal k-destabilizing subsheaf.

In analogy with Section 3.2, we will say that a decorated sheaf (£, ¢) over
a Noetherian scheme Y is flat over the fibre of a morphism f:Y — §
of finite type between Noetherian schemes if and only if

- £ and N are flat families of sheaves over the fibre of f: Y — §;

- ke, ¢, is locally constant as a function of s, where £ = €|f_1(s).

Note that the above conditions imply that the k-Hilbert polynomials PES are
locally constant for s € S. The converse holds only if S is irreducible: i.e.,
asking that Plgs is locally constant as function of s is equivalent to ask that
P.. and kg, ¢, are locally constant as functions of s.

If (F,|,) slope de-semistabilizes (resp. de-semistabilizes) (£, ) then
PR (F) > pk(&) (resp pk = pk). Let Q = coker(F < &); then

u(@) < u(e) 5 (425 - 12,

To TeTo
or
k ar
F,E F
Po < pe—90 - )
To TeTo

respectively.



3.3 Mehta-Ramanathan for slope k-semistability 55

Define Cy; = (é - %) fori =0,...,a. Let (£, ¢) be a flat family of
decorated sheaves over the fibre of a projective morphism f : X — S. Let
P = P, and p = pg, the Hilbert polynomial and, respectively, the reduced
Hilbert polynomial of £ (which are constant because the family is flat over

S). Define:

1. §x as the family on X parameterized by S of saturated subsheaves
F < & such that the induced torsion free quotient & — Q satisty
1(Q) < p(Es) + 6Ckp;

2. Sk, as the family of decorated subsheaves (F, |, ) < (Es,ap|gs) such
that:

- kre, =1
- p& = p¥ (ie., po < p + 6Ck; with Q = coker(F < &));
- F is a saturated subsheaf of &,

fori=0,...,a.

It is easy to see that these families are bounded and therefore, using the
same techniques used in Section 3.2.5 one can prove that k-semistability is
open. More precisely

Proposition 56. Let f : X — S be a projective morphism of Noetherian
schemes and let (€, ) be a flat family of decorated sheaves over the fibre of
f. The set of points s € S such that (Es, |, ) is k-(semi)stable with respect
to 0 is open in S.

Proof. Let

A={P"eQ[z]|3s € S,3q:E — Q such that Po = P” and ker(q) € Fi}
(3.14)
and, for¢=0,...,a,

Ag; ={P" €Q[z]|Is € S,3q: E — Q such that Po = P” and ker(q) € Fu.}-

Then, using the same techniques used in the proof of Proposition 43, one
concludes the proof. ¢

Thanks to the previous results and using the same arguments as in the
proof of Theorem 44, it is easy to see that the following theorem holds true:

Theorem 57 (Relative maximal k-destabilizing subsheaf). Let X,
Ox(1), S and f : X — S as before. Let (£,¢) be a decorated sheaf of rank
r < 3. Then there is an integral k-scheme T of finite type, a projective
birational morphism g : T — S, a dense open subset U C T and a flat
quotient Q of Ep such that for all points t € U, Fy = ker(E; — Q) with the
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induced morphism Pt S the mazimal k-destabilizing subsheaf of (&, ) or
Qr =&

Moreover the pair (g, Q) is universal in the sense that if ¢ : T' — S is any
dominant morphism of k-integral schemes and Q' is a flat quotient of &L,
satisfying the same property of Q, there is an S-morphism h : T — T such
that W, (Q) = Q'.

Finally, following the costructions made in Section 3.2.7 and replacing k
with e, one can prove the following

Theorem 58 (Mehta-Ramanathan for slope k-semistable decorated
sheaves). Let X be a smooth projective surface and Ox (1) be, as usual, a
very ample line bundle. Let (€, ) be a slope k-semistable decorated sheaf of
rank r < 3. Then there is an integer ag such that for all a > ag there is a
dense open subset Uy C |Ox(a)| such that for all D € U, the divisor D is
smooth and (&, g0)|D is slope k-semistable.

3.3.3 Decorated sheaves of rank 2

Lemma 59. Let (€,¢) be a decorated sheaf of rank r = 2. Then the follow-
ing conditions are equivalent:

e (£,¢) is (semi)stable (in the sense of Definition 3);
o (&,p) is k-(semi)stable.

Proof. Since the rank of £ is equal to 2 all filtrations of £ are non-critical and
of lengh one. Then the statement follows from the fourth point of Remark

6. ¢

Thanks to the previous Lemma all results in the previous section holds
true for semistable decorated sheaves. In particular, if (£,¢) is a rank 2
decorated sheaf, then

e we have found the maximal destabilizing subsheaf and the relative
maximal destabilizing subsheaf of &;

e we have provided the Harder-Narasimhan filtration and the relative
Harder-Narasimhan filtration of &;

e we have proved that the semistability condition is open;

e we have proved a Mehta-Ramanathan theorem for such objects.
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3.4 Remarks

1. In Section 3.2 we never used that N is of rank 1 nor that it is a vector
bundle. We only used that it is a pure dimensional torsion free sheaf
(of positive rank). Therefore all results in this chapter can be easily
generalized for pairs (£, ¢) of type (a, b, ¢, N) where £ and N are torsion
free sheaves over X, a, b, c are positive integers and

@i Eap — det(E)®° @ N.

2. Let (A, @) be a decorated sheaf of rank r > 0. Define A = Aap;

then the pair (A, ¢) can be regarded as a framed sheaf. Recall that a
framed sheaf (A, ) of positive rank and with nonzero morphism « is
slope semistable with respect to ¢ if and only if for any F' C A

de(a,) - 5

) = =)

Suppose now that (.Z, ) is frame semistable with respect to g, then

(A, p) is slope e-semistable with respect to 5= #. In fact if
rk(Aqp) = b7 deg(Aqp) = abr@™V deg(A)

and so if F is a subsheaf of A4 then

de(o, ) -9
w(Fap) — Tab < u(A) - —
a,b A
which implies that
o (g, ) 5
) T S
and so
= — & < - - = .
:U“E(]:) ,u(f) a a%(r;)a—l rr — M('A) a a2br‘l—1 r :U“E(g)
N 5
=0 =

Since the subsheaves of A correspond to subsheaves of A, but this

correspondence is not surjective, the converse does not hold in general

but only if @ = 1 (b and ¢ generic). Thanks to the previous calculations

and to Proposition 5, one has that

(Aap, ®) § frame slope (semi)stable = (A, ¢) & slope e-(semi)stable
= 4 slope (semi)stable

= 6 k-(semi)stable.



3.4 Remarks 58

Replacing deg, by P® and u. by p®, similar calculations show that the
same result hols also for semistability and not only for slope semista-
bility.

3. Let (€,¢) be a decorated sheaf. If it is not semistable with respect
to definition (2.9) then it is not slope e-semistable (see Proposition
5). Let F C & be the maximal (slope €) destabilizing subsheaf and
suppose that (¢ .) = 1, then F destabilize (£, ¢). Indeed in this case
acr = kz ¢ and so

deg(F) — ader - deg(€) — ad

Tr Te

Y
multiplying by r¢ rr one gets that

deg(&E)rr — deg(F)re — adry + redkre < 0.



Chapter 4

Moduli spaces

Notation. Again P denotes a fixed numerical polynomial of degree dim X.
Any flat family of decorated sheaves will be supposed to have constant poly-
nomial P. (X, Ox(1)) will be, as usual, a smooth projective variety with a
fixed ample line bundle.

4.1 Moduli space for e-semistable decorated sheaves

We are interested in families of decorated sheaves over X parametrized by
a Noetherian scheme S. Therefore with the expression “flat family of deco-
rated sheaves” we mean a flat family of decorated sheaves over the fibres of
ms: X x S — S in the sense of Definition 31. Namely

Definition 60 (Families of decorated sheaves). Let S be a scheme and
t = (a,b,N), where N in this chapter denotes a vector bundle over X. A
family of decorated sheaves of type t parametrized by S is a pair (E, ¢g)
where:

- E is a sheaf over X x S
- wg: Egp — T N;
- 0es: (Es)ap — (% N), ~ N is not zero for all s € S;

with 7x: X x § — X the projection. We will say that the family is flat
over S if the induced morphism E — X x § =5 S is flat. Finally we will
say that two families (E, og) and (E’, pg’) of decorated sheaves of type t are
isomorphic if there exists an isomorphism of sheaves f: E — E’ for which
exists A € Og such that the following diagram commutes

fab /

Eavb : Ea7b

Sol i‘PEI
TEA

S
TN ——7%N.

99
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We recall the following fundamental result.

Theorem 61 (Maruyama [21]). Let P be a polynomial and C' a constant.
Then the family of torsion free coherent Ox-modules A with Hilbert poly-
nomial P, = P and p(F) < C for any F C A, is bounded in the sense of
Definition 34.

As a consequence

Lemma 62. The family S5°°(P,t) of e-semistable decorated sheaves (with
respect the parameter §) of type t over X with fized Hilbert polynomial P is
bounded.

Proof. Let (£,¢) € 85°*(P,t) and F a subsheaf of £. By the semistability
condition we get

k(&) (Px — ade(p|,)) = 1k(F) (Pe — ad).
Recall that £ is pure and rk(F) > 0 (see Remark 24) so that one has

(o) 1 )

rk(F)  rk(€)

pr =X pe +ad (
which implies B
1(F) < p(€) +ad

and so, since p(€) = d/r is constant for every £ € S5%°(P,t), the family is
bounded. ¢

Lemma 63. The family of SEZOPG'E'SS(P,’E) of slope e-semistable decorated
sheaves (with respect the parameter §) of type t over X with fived Hilbert
polynomzial P is bounded.

Proof. The proof is similar to the proof of Lemma 62 ¢

Therefore the family of e-semistable decorated sheaves with fixed type
and Hilbert polynomial is bounded. Thanks to Lemma 37 and Lemma 36,
there exists mgp € N such that for all m > mg any £ € 85 is m-regular,
in particular

e £(m) is globally generated,;
e H(X,E(m —1i)) =0 for any i > 1;
o N9(X,E(m)) =dim (H(X,E(m))) = P(m).
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Fix m > myg, let H be a vector space of dimension P(m) and define
H = H ® Ox(—m). Since £(m) is globally generated there is a surjective
morphism
H — E&(m)=E®Ox(m)

which induces a morphism
H = H®Ox(—m) — &.

Applying Theorem 41 one sees that there exists a projective scheme Quot(H, P),
parameterizing all quotients of H, whose closed points are the morphisms
[a:H — &] € Quet(H, P). For [ big enough the standard map

Quot(H, P)——— Grass (H @ H°(X, Ox(m —1)),P(1))

P (A" (H @ HO(X, Ox(m - 1)) )

is a well-defined closed immersion. Let Oq,..(1) be the corresponding very
ample line bundle on Quot(#, P).

Let q : H — & be an element in Quot(H, P) representing a decorated
sheaf (€, ¢). Then a morphism ¢: £, — N induces a morphism #Hqp — N,
in fact

Hap = (H @ Ox(—m))®))* = H,, @ Ox(—am),

and so

H®Ox(—m) ——=¢ (4.1)

| |

da,

Hap ® Ox(—am) et Wb
|
|
¥

N.
Since a morphism H, , ® Ox(—am) — N corresponds to a morphism H,j, —
HY(X,N(am)) and the latter can be parametrized by the projective space
P = P (Hom(Hgp, H(X,N(am)))¥) any decoration ¢ is represented by an
element in [P.

[

Let Quot(#H, P, N) be the closed subscheme of Quot(H, P) x P consisting of
pairs
(la: H®Ox(=m) = €], [f: Hap @ Ox(—am) — NJ) (4.2)
such that there exists a decorated sheaf (€, ) of type t such that the mor-
phism ¢: &, — N makes the diagram (4.1) commute.
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Let Op(1) be an ample line bundle in P and recall that Oq,..(1) is an am-
ple line bundle on Quot(#H, P) induced by the closed immersion Quot(H, P) —
P(A"Y H @ H(X,0x(1 —m))).

Let p1: Quot(H, P) x P — Quot(%, P) and P2 Quot(%, P) x P — IP be the
projections, then consider the line bundle

El(nla nQ) = pTOQuot(nl) ®p§(9p(n2)
i OQuot(nl) Iz OP(”Z)

defined over Quot(H,P) x P.

The action of SI(H) on H induces actions on Quot(H, P) and on P which
are compatible and so induces a well-defined action on Quet(#,P,N) and a
(natural) linearization on

L(ni,n2) = L' (n1,n2)

lQuot(#,P,N)

Recall that for a decorated sheaf (W, 1)) we denote
Pov,y) = Pw —ade(y) = P,

and define

ERN ()

n1 Pe(m)

In order to construct the moduli space of e-semistable decorated sheaves
a fundamental step is to prove that the points in Quot(#, P, t) are semistable
as points of a projective scheme with respect to the linearization on £(n1, ns)
if and only if the associated decorated sheaf that they represent is e-semistable
as decorated sheaves. Then, roughly speaking, the GIT quotient of Quet(H, P, 1),
that is well defined and projective by general GIT theory, will be the desired
moduli space.

—ad(l).

The proof of the equivalence between GIT semistability and e-semistability
is composed by the following subsequent results.

Lemma 64. For sufficiently large | a point ([q], [f]) € Qua(H,P,N) is
(semi)stable with respect to the linearization of L(ni,n2) if and only if the
following holds: if H' is a nontrivial proper subspace of H and F C € = q(H)
the subsheaf generated by H' @ Ox(—m), then

dim H' (n1P(1) +n2) &) dim H (n1Px(1) + n2e(p),)) » (4.3)

where @ s the morphism induced by f.
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Proposition 65. For sufficiently large | a point ([q], [f]) € Quo(H,P,N) is
(semi)stable with respect to the linearization of L(ny,ne) if and only if the
corresponding decorated sheaf (€, ) is e-(semi)stable with respect to § and
the morphism H — H°(X,&(m)) induced by q is an isomorphism.

Proof. (Lemma 64). The proof is similar to the proof of Proposition 3.1 in
[14]. Let q: H — H°(X,&(m)) and £ : H,p — N(am) be homomorphisms
representing the point ([q], [f]) and let W = H%(X,Ox(l —m)). Define
hY = h(X,E(1)). The morphism q induces homomorphisms q' : H @ W —
HO(X,E(1) and q" : A" (H @ W) = det HO(X,E(1)). If {wy,...,w} is a
basis for W and {vi,..., v} is a basis for H, then a basis for /\h?(H ® W)
is given by elements of the form

ury = (v, ® wjl) VANEERIVAN (Uih? ® wjh?)
where I,J are multi-indices satisfying i < 441 and jp < jge1 if @ =
ix+1. Given a one-parameter subgroup A of SI(H) with weight vector { =
(&1,.-.,&n), then C* acts on /\h?(H ® W) by

At) - ury = tuyy, §r= Z & -

el
Now let
w(q";A) = —min{&; | 31, J with q”(usy) # 0}.

This number can be computed as follows. Let w denote the function ¢ —
dimq'(< ug,...,us > @W). It is easy to see that

w(q@”; \) Zﬁz w(i—1)).

Similarly if we set

(£ 0) = —min{& | £((v; @ - - @ v;)®°) # 0}
a-times

then p(f;A) = —& where 7 = min{i | f|(<v1 v >)a b # 0}.

,,,,,

By the Hilbert-Mumford criterion ([24] Theorem 2.1) we have:

e ([a],[£]) is a (semi)stable point of Quo(H,P,N) if and only if for all

one-parameter subgroups A one has
ni M(qHS )‘) + N2 ,U(f§ )\) (i) 0,

or equivalently,
h

n Y & (w(i) —w@(i—1)+n2& 5 0. (4.4)

=1
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The left hand side is a linear form of weight vectors whose coefficients are
determined only by the choice of the basis. Keeping such a basis fixed for a
moment, it is enough to check the inequality for the special one-parameter
subgroups A\U) giving the weight vectors

> ¢ —_— N —

Jj-times (h—j)-times

where we recall that we put h = dim H.

For () the inequality (4.4) is equivalent to

J (nahf +n2) & h(mw (i) + noe(j)),

8(]) _ 1 if f‘(<v1 »»»»» vi>)a.b 7& 0
0 otherwise.

where

Then the following holds:

e ([a],[f]) is a (semi)stable point of Que(H,P,N) if and only if for all
nontrivial proper subspaces H' of H one has

dim H' (nq b + ng) 5, dim H (ny dimq'(H' @ W) 4+ nae(Y")),

where
1 if leé,b #0

0 otherwise.

e(H) =

Let F be the subbundle q(H' ® Ox(—m)). In this case the decoration

¢ : &,p — N vanishes when restricted to F if and only if £| O (am) = 0.
a,b x (—am

Hence ¢(H') = £(¢),) and recalling that (for [ big enough) P(l) = hY and

Px(l) = dimq'(H' ® W) we are done. ¢

Proof. (Proposition 65). Observe that if ([q], [f]) is a semistable point the
homomorphism H — H?(X,&(m)) must be injective. Indeed if H' is its
kernel than q'(H' @ W) = 0 and ¢(H') = 0, so the previous proposition
shows that dim(H’) = 0. Hence, since dim H = h°(X, E(m)), the morphism
H — HY(X,&(m)) is an isomorphism.

Substituting 0
ny | Pe(l
ny ad(m) Pe(m)

in the inequality (4.3) and setting H' = H N H°(X,F(m)) for any non-

trivial proper subbundle F of £ we can rewrite the stability criterion (4.3)

as follows:

—ad(l) (4.5)
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e ([a],[£]) is a (semi)stable point of Quo(H,P,N) if and only if for all
non trivial proper subsheaf F of & with the induced decoration the
following holds:

ad(m)
P<(m)

where as usual we denote by €5 the quantity e(F,¢|,).

P
dim H' <1 + ) PE(l) &, dim H <P;(Z) +

e 200

(4.6)

Recalling that Px(m) = h%(X, F(m)), P(m) = P*(m) + ad(m) and that
dim H' = P%.(m) + ad(m)er

the previous inequality is equivalent to the following:

P+ ames) ) (U0 5 o) (PP P adl) )

and after some simplifications we get
P%(m)P(1) & P*(m)P5(1)

Since the inequality (4.6) holds for every [ large enough the same inequal-
ity holds also for the coefficients of polynomials in [. Then we derive the
inequality:

reP5%(m) &) r=P(m), (4.7)

and then £ is (semi)stable.

Conversely, if (€, ) is e-(semi)stable as decorated sheaf, then for any
nontrivial proper subsheaf F one has r;P%(m) &, 7 P¢(m). Since the pre-
vious inequality is equivalent to (4.6), we are done. ¢

Using GIT machinery one can prove the following result:

Theorem 66. Let 6 a rational polynomial of degree dim X — 1 with positive
leading coefficient. There is a projective scheme M5 (P, t) that corepresents
the moduli functor M5 **(P, t) which to a scheme S associates the equivalence
classes of families of e-semistable decorated sheaves with Hilbert polynomial
P parametrised by S. Moreover there is an open subscheme M5*(P,t) that
represents the subfunctor M5 *(P,t) of e-stable decorated sheaves.

For the proof of the previous statements is enough to re-adapt the tech-
niques used in the proof of the corresponding results in [14] (Proposition
3.3).
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4.2 U-D compactification for slope s-semistable dec-
orated sheaves

4.2.1 General theory and preliminary results

Notation. In this section X will be a smooth projective variety of dimension
n = dim X with a fixed ample line bundle Ox (1) and Y a quasi-projective
variety. Finally S will denote a Noetherian scheme.

Let C be an additive full subcategory of an abelian category C4. Let
Ob(C) denote the class of objects in the category C and let F(C) be the free
abelian group generated by the objects in Ob(C) modulo isomorphisms. An
element of F'(C) is a finite formal sum of elements [T'] € Ob(C) /isom, 1.€-,

> nplT]
TeOb(C)

where np are integers and all np, except for a finite number, are zero. Given
an exact sequence

7 Tro 0—T —T—T" —0

of elements in Ob(C) define the element Q (1 Trn) = [T]—[T"]—[T"] € F(C).
Let H(C) be the subgroup of F(C) generated by all elements of the form
Q (7 Trr). Finally define the Grothendieck group of C as

K(C) = F(C)/H(C).

Let Y be a quasi-projective variety. Then the category Coh(Y") of coher-
ent sheaves on Y is an abelian category and the category Vect(Y') of vector
bundles over Y is an additive full subcategory category of Coh(Y). Then
the Grothendieck group of coherent sheaves over Y is defined as

Ko(Y) = K (Coh(Y)/~),
and the Grothendieck group of vector bundles over Y is defined as
K%Y) = K (Vect(Y)/~) .

Note that the morphism of categories Vect(Y) — Coh(Y') induces a
natural homomorphism K°(Y) — Ky(Y). The following result is due to
Borel and Serre [3].

Theorem 67. If Y is nonsingular, quasi-projective and irreducible, the
canonical homomorphism

KY(Y) — Ko(Y)

is an isomorphism of groups.
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Let now X be a smooth projective variety of dimension n = dim X. We
will denote by K (X) = Ko(X) = K°(X). Since the tensor product of vector
bundles is a vector bundle, the map

Vect(X) x Vect(X) — Vect(X)
(F,BE) —F®E

is well defined. Moreover the tensor product is associative, commutative and
Ox is clearly the identity element. One can show that H(Vect(X)) is an
ideal of F'(Vect(X)) and therefore (K (X),®) inherits a commutative ring
structure.

Finally two classes u, v’ in K (X) are said to be numerically equivalent
u' = u” if their difference is contained in the radical of the quadratic form

x:K(X)x K(X) —R
(w,0) —x(wev) =Y (1) H(X, u®wv)
=0

Denote by K(X),um = K(X)/=. Note that by Hirzebruch-Riemann-Roch
theorem x(u ® v) = [y ch(u)ch(v)td(X) and therefore the numerical be-
havior of ¢ € K(X),um is determined by its associated rank and Chern
classes c¢ij(c). For any class ¢ in K(X),um and any m € N denote by
c(m) = ¢ ® [Ox(m)] and with Pc(m) = x(c(m)) the associated Hilbert
polynomial.

A flat family A of coherent sheaves on X parametrized by S defines
an element [A] € KY(X x S) and since the projection p : X x S — S
is a projective morphism of Noetherian schemes it induces a (well-defined)
morphism

p o KO%(X x 8) —K%(9)

Al — S (1) [RIp.AL
>0

Definition 68. Let A be a flat family of coherent sheaves on X parametrized
by S. Define A\p : K(X) — Pic(S) to be the following composition of
morphisms

“®[A]

M K(X) ™5 KX x 8) 2 k0(x % 9) ¢ det

Tl ) 0(8) 2 pic(s).

Lemma 69 (Lemma 8.1.2 in [15]). Let A, A’ and A" be S-flat families of

coherent sheaves over X. The following statements hold.



4.2 U-D compactification for slope e-semistable decorated sheaves 68

i) If0 — A" — A — A" — 0 is ezact, for any u € K(X)
)\A(U) &~ )\A/(’LL) & )\A” (’U,)
it) If f : S" — S is a morphism then, for any u € K(X),

() = Apa(u).

1) If G is an algebraic group, S a scheme with a G-action and A a
G-linearized S-flat family of coherent sheaves on X, then \p factors
through the group Pic®(S) of isomorphism classes of G-linearized line
bundles on S.

iv) Let N be a locally free Og-sheaf. For any class v € K(X)uum
My 06 (1) 2 Wa (1) M) & (N X9,

Let us denote by Hx the divisor associated with Ox (1), let hx = [Ox(1)]
its class in K(X). Fix a point z € X and let ¢ € K(X),um, then define

ui(c) = ~rk(c) - by + x(c @ h) - [Oy]

4.2.2 Construction of the line bundle

From now on we fix dim X = 2 and a numerical class ¢ € K(X),,,. Denote
by P = P. the associated Hilbert polynomial. Recall that, since dim X = 2,
numerical classes are uniquely determined by their rank and by their first
and second Chern classes. Let (r,d,c2) € Z @ Pic(X) & Z the triple which
determines c. Let 6(m) = & - m + g the fixed stability polynomial.

Let S%bp “E*%(P,t) be the family of slope e-semistable (with respect to
) decorated sheaves of type t = (a, b, N) with Hilbert polynomial P. Recall
that the family S?OPB'E'SS(P,’;) is bounded (see Lemma 63) and therefore
there exists an integer mg such that for any m > mg, any slope e-semistable
decorated bundle (€, ¢) is m-regular, and so

e &£(m) is globally generated;
e HY(X,E(m —1i)) =0 for any i > 1;
o WYX, E(m)) = dim (H(X,E(m))) = P(m).

Let H be a vector space of dimension P(m) = dim H(X, £(m)) and de-
fine H = H® Ox(—m). Let Quot(H,P), P = P(Hom(H,p, H(X,N(am)))V)
and Quot(H, P, N) as in Section 4.1. We define R?Ope'g'ss as the locally closed
subscheme of the scheme Quot(H, P, N) formed by the pairs

(l[a: H® Ox(—m) — &, [f: Hyp ® Ox(—am) — N)])
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such that (€,¢) € S?Ope'a'ss (where ¢ is the morphism induced by f) and

q induces an isomorphism H — H°(X,&(m)). Since S§%° C S?Ope'e'ss,
s slope-e-ss
6

it is known that R§™*® is open in RIOPCES  We denote by R?Ope_s_ss the clo-

o
_ss +. sslope-e-
sure of R§™® in R%Ope”s.

contains a subset R5™*® consisting of e-semistable pairs (£, ), and

In order to construct the U-D compactification for decorated sheaves
we need a line bundle with “enough” SI(H)-invariant sections. In order
to define such a line bundle we need first to recall the notion of universal
quotient. B

On Quot(H, P) x X there is a universal quotient E* and a morphism

Ogue BH 5 E.
Let E* the restriction to Quet(#,P,N) x X of the pullback of E* via the
projection Quot(H,P) x P x X — Quot(H,P) x X, namely

Ev = Z‘*T‘.*Eu W*Eu OQuot X H —» Eu
Quot(H, P, N) X X(Hl Quot(H, P) x P x X ﬂ—ﬂ Quot(H, P) x X
There is a locally defined morphism Pgu: Ej , — 7N where
o'es Quot(H, P7 N) xPxX—X

is the natural projection.

According to notation of Section 4.2.1 and Section 4.1, let

E(n17 n2) : (AEu (u1>®n1 X OP<n2))| slope-g-s
Sl s

i.e., denoting by 7, p; and po the following morphisms

REPTE 5 Xt Quor(H, P) x P x X —2 P

p1
Quot(H, P)
then
L(n1,n2) = i* (pj Az, (u1)®™ ®P§Op(n2))‘

Rilopefsfss

where we set, as in Section 4.1,

n2;a m
n = U )

for m > mg and [ big enough.

— ad(l) (4.8)
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slope-e-ss .
P 1S

Proposition 70. For v > 0 the line bundle L(n1,n2)®" on =

generated by its SI(W)-invariant sections.

Proof. We readapt to our case the techniques used in [4]. The main idea
is the following: if S is a scheme parameterizing a flat family (E, og) of
slope e-semistable decorated sheaves on X, and if C' € |Ox(a)] is a general
smooth curve with a big enough (see Chapter 3), then restricting (E, pg) to
S x C produces a family of generically slope e-semistable decorated sheaves
over C and therefore a rational map S --» Mg from S to the moduli space
M of semistable decorated sheaves on the curve C. The ample line bundle
Lo(n1,m2) on M¢ pullbacks to a power of £(ni,n2) and in this manner we
can produce sections in the latter line bundle.

In detail, let S = R?Ope_a_ss. The pullback of the universal quotient
(E*,Pgu) of Y = Quot(H,P,N) to S gives a flat family (E,pg) of slope
e-semistable decorated sheaves on X with numerical class ¢ = (r,d,c2),
Hilbert polynomial P and decoration of type t = (a, b, N).

For C € U, C |Ox(a)| a general curve, the restriction of the family to
S x C gives a family (Ec, ve¢) = (E, ¢E)), of decorated sheaves on C. By
Theorem 51 the general element of this family is e-semistable with respect
to §. Let

1:C—=X

be the inclusion, then the class i*c is uniquely determined by r and i*d =
d. Let m’ be a large positive integer, Ho a vector space of dimension
Pic(m') and He = Ho ® Oc(—m/). Let Qc C Quotc(Hce, Pixc) be the
closed subset parameterizing quotients of H¢ with determinant dj,. Let
us denote by (Euc,dsEuc) the universal quotient Og, K H' — Eg and with
Pc = P(Hom[(H¢)ap, H(C,Nc(am'))]") so that, as usual, a point of P
corresponds to a morphism (H¢)ap = (HE*)®® — N,. Consider the sub-
scheme

Yo = Quotc(He, Pire; Nj) € Qe x Po C Quotc(He, Pise) X Po

defined similarly to the scheme Y above (see also 4.2). Denote by p; ¢ :
Yo — Q¢ and pa ¢ : Yo — Pc the projections, recall that Hy denote the
divisor in X associated with the (fixed) ample line bundles Ox (1) and let
deg C = C - Hx. Consider the line bundle

Ly(n1,anz) = p o (Mg, (uo(i*c))) ™ 18 © p3 0O (anz)

= (/\ (UO(i*C)))®n1 deg© X O]pc(ang) (4.9)

E¢

where nq and ngy are defined in equation 4.8.

In analogy with Proposition 3.5 in [4] one can prove:
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Lemma 71. Given a point ([qc : Ho — E], [fc : (Ho)ap — Ni(am)]) €
Yo the following assertions holds:

1. (E,p) is e-semistable and Hc — HY(C, E(m')) is an isomorphism,
where we denoted by ¢ the morphism induced by [f¢].

2. (lac], [fc]) is a semistable point in Yo for the action of SI(H¢) with
respect to the canonical linearization of L{(n1,ans).

3. There is an integer v and a SI(H¢) invariant section o of L{(n1,ans)”
such that o([ac], [fc]) # 0.

4. Let s € S = ?OPE'E'SS a point such that (Es| ., veg, : (Esjc)ap = Nio)

is e-semistable with respect to 0c. There is a SI(H)-invariant section
T e HO(R?OPE_E_SS, L(n1,n2)* )" H) such that 5(s) # 0.

Now Proposition 70 follows from the fourth point of Lemma 71. ¢

4.2.3 Construction of the Uhlenbeck-Donaldson compactifi-
cation

By Proposition 70, the sheaf £(n1,n2)" is generated by its invariant sections.
Let W C WY = HO(R%IOPB'E'SS, L(n1,n2)")S"H) be a finite dimensional vector
space which generates £(n1,n2)". Let wy,...w; be a basis for W and let

jW : R%lope—a—ss —)]P(W)

s —[wi(s),..., wi(s)]
be the induced SI(P(m))-invariant morphism.

The following Lemma is a generalization of a classical result by Langton
[18].

Lemma 72. Let (R, m) be a discrete valuation ring with residue field k and
quotient field K and let X be a smooth projective surface over k. Let (€, )
be a flat family of decorated sheaf over X such that Ex = € Qr E, with the
induced decoration pi, is a slope e-semistable decorated sheaf. Then there
is a decorated sheaf (E, pg) such that (Ex,peg) = (Ek,vx) and (Eg, vgy)
1s slope e-semistable.

Proof. We have already noticed (see Section 3.2.3) that there is a one-to-one
correspondence between decorated subsheaves (F,¢|,.) of a fixed decorated
sheaf (£, ¢) and its quotients Q (without morphisms). Moreover, defining
e(Q) = e(&,¢) — e(F, ) and PG = Pg — ade(Q), one immediately has
that P,y = P(;,%T) +Pg%, i.e., the decorated Hilbert polynomial is additive
on short exact sequences. Since the proof of Proposition 4.2 in [4] does not
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depend on the morphisms involved in the proof but only on their behavior
(e =0 or € # 0) and on the additivity of the Hilbert polynomials on short
exact sequences of framed sheaves, the proof in this case is the same of
Proposition 4.2 in [4]. ¢

The above result immediately implies that the image of the morphism
Jw is proper (see Proposition 8.2.5 in [15]) and so the following results holds:

Proposition 73. My, = jW(R?Ope_E_SS) is a projective scheme.

By using Proposition 73 and proceeding as in [15], Proposition 8.2.6, we
can prove the following result:

Proposition 74. There is an integer N > 0 such that @;~, Win is a finitely
generated graded Ting.

Let N be as in the above proposition. Define the moduli space of slope
e-semistable decorated sheaves as

Mslope = M?OPB-E-SS(C’i) = PI“Oj @ HO(R?OPe-E-ss’ E(nl, nZ)@kN)Sl(P(m))
k>0

slope-&-ss

and let 7 : 5

— M?I9P¢ he the canonically induced morphism.

Let M = M5 (c,t) be the moduli space of e-semistable decorated
sheaves on X of type t = (a,b,N) introduced in Section 4.1 and let MsloPe-&-s
be the open subset of M corresponding to slope e-stable pairs (F, ) with
E locally free. Then, following [4], we can prove that there is a regular mor-
phism of moduli spaces 7 : M — M?®°P¢ such that Y gstopess Mplope-ess
MS1°Pe is an embedding. By analogy with the non-decorated case we define
the Uhlenbeck-Donaldson compactification of M51°P¢55 a5 the closure
of y(M?loPe-e-5) inside MSloPe,

We skech the costruction of the morphism ~. Let (E, pg) be a flat family
of decorated sheaves parametrised by S (see Definition (60)) and let 7wy :
X xS8—= X and g : X x S — S be the projections. Consider the schemes

w
I

“Isom(H ® Og,7s.E) — S

S = Isom(Hgyp ® Og, m5+Eqp) BN

together with the projections mz : X x S — S and g X X S — S. Note
that there is an injective morphism ¢ : S — § such that 71 0i = 7. Recall
that an isomorphism between two decorated sheaves (€, ¢) and (£/,¢') is a
pair (g,A) € Isom(&,E") x C* such that Ao ¢ = ¢’ 0 ggp. The morphism
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¢E : Egp = Og KN induces a morphism ¢g : Oxxs — Hom(E,p, Og K N)
and therefore a morphism ¢g : Og — wg.Hom(E,, Os X N), moreover, if
A € O% than the pair (E,\ - ¢g) is isomorphic to the pair (E,g). Since
we are interested in isomorphism classes of families of decorated sheaves,
for this section, accordingly to the notation in [4], we will say that a family
of decorated sheaves parametrized by S is a triple (E, L, pg) where E is as
before, L is a line bundle over S and

¢ : L — mg.Hom(E, 3, Os X N).

Let (E,E, ¢g) and (E, L, @) be the lifted families over S and S respectively,
id.,

(id x 7)*E = E—— (id x 71)*E = E———E

idXx1

i
[

where g = (id x 7)*¢g and g = (id X 71)*pEe. Denoting by L = (id x 7)*L,
N = (id x 7)*(Os ®N), L = (id x 71)*L and N = (id x 71)*(Og K N), then

P L—>7T Hom(E, 3, N)
pg:L— Wg*ﬁkgg(Eaﬁ,N).

Let the morphism g be the following composition:

WE(pE(@Z'd

7T§L & Ea,b WEWS*HOH](E%I), Os X N) & Ea,b

lev

I’I()im(Ea’b, OS X N) ® Ea,b

e lcan

Ogs X N.

Applying the functor 7g, to the morphism g we obtain a morphism pg :
L ® s« E, b—>HO(X N)®OS Let taut : H, b®0 —>7_17TS*Eab WS*E
be the tautological morphism and consider the composition

zd®taut

L® Hyp ® Oy L®ﬁm%@b~%HWXN) Og.
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Finally we pullback this morphism over S via the map ¢ : S — § and so we
get a morphism L® H,, ® Og — HO(X,N)® Og and therefore a morphism

ft: L — Hom(H,p, H'(X,N)) ® Og.

By the universal property of the projective space I’ the morphism f defines
a morphism fz: S — P.

Now we begin the construction of v and explain in which sense M3°P¢ is

. . . = sl
the moduli space of slope e-semistable sheaves. Let 901, respectively, om™re
denote the functor which associates with S the set of isomorphism classes

of S-flat families of e-semistable, respectively, slope e-semistable decorated
. . < sl

sheaves of class ¢ on X. Consider an open subfunctor ﬂblof’e of @b ope

which associates with S the set of isomorphism classes of those families

[(E,L,¢E)] € @SloPe(S) for which there exists a dense open subset S’ of S
such that [(E,L,¢e) ] € M(S'). Clearly M is an open subfunctor of

mslope

X xS/

For any scheme S and any family [(E, L, ¢g)] € INSPe(S) the principal
GIl(H)-bundle 7 : S — S, by the universality of the Quot-scheme Quot(H, P.),
defines a morphism ¥z : S — Quot(H, P.) and hence a morphism (I)Sélope _
(Vg f) : S — pslope = R?Ope_a_ss. This morphism is GI(H )-invariant, and

715 — S is a categorical quotient, so that there is a morphism <I>|551°pe : S =

MsoPe making the following diagram commutative:

q)slope

g E Rslope

slope

S 1
slope
<I>Ep

We thus obtain a natural transformation of functors @slope . gmslopre
Mor(-, M®1P¢) given by ®s1°Pe(§) : gsloPe(§) — Mor(S, M51°P), which to a
triple [(E, L, pg)] associates @SElOpe.

We recall that the moduli space M corepresents the moduli functor 9t
(Theorem 66) and so we have a natural transformation of functors ¢ : It —

Mor(-, M), ®(S) : M(S) — Mor(S, M), [(E,L, pg)] — ®L°P°. Therefore we
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have the following commutative diagram

(bslopc
E

§ /_a-ss\( Rslope

- > R

o
S Pe M — e Mslope

slope
(I:‘E

Since 7 : R*%® — M is a categorical quotient, it follows that there exists a
morphism v : M — M5°P¢ such that @lszl()pe = vo®g. Note that, by costruc-
tion, the morphism v is dominant and projective, hence it is surjective.



Chapter 5

Reduction of the
semistability condition

Let (£,¢) be a decorated (torsion free) sheaf of type (a,b,c,N) and let
E® be a filtration of £ indexed by I. We construct a tensor M1(E®, ) =
(Miy.ia )iy . ineT> @ssociated with the given filtration and to the decoration
morphism . Let ¥ = {o: I** — I*%| ¢ is a permutation}, then:

1 lf Spl(Eilomo‘Eia)@b 7_é 0

0 otherwise.

Miy . iq =

Note that

- M1(E°,p) is symmetric, i.e., miy i, = Mgy(i)..0(i,) fOr any permuta-
tion o € X of a-terms;

- It is easy to see that

WE i) =— min {1 4o my, g, #0)
11 y..0sta €L
=7 max T{Rl(il) + -+ Ri(ia) | miy., 7 0} — azam,
114..y2a €

i€l
where Rp(i;) is defined in (2.10) and, as usual, we put r; = rk(&;).

- Define the following (partial) ordering on the set {(i1,...,i,)|Vs is €

I and iy <--- <ig} of ordered a-tuple: we will say that (i1,...,i,) <
(1, .., ja) if and only if is < js for any s = 1,...,a.

Then, if m;, ;, = 1 for a certain a-tupla (i1,...,7,), it is easy to
see that my, ;. = 1 for any (ji...ja) = (i1,...,%4). Conversely, if

miy..iq = O, then mjl,,.ja =0 fOI‘ any (]1 .. .ja) 4 (il e ia).

Therefore, in order to calculate pu(€®, a;¢), it is enough to know the
vector v and the tensor M1(E®, ). This lead us to the following remark:

76
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suppose that ¢ and ¢’ are two “decorations” of the same sheaf £ such that
for any filtration £° of £ one has that M1(E°®,¢) = M1(E®,¢"). Then the
decorated sheaf (€, ) is (semi)stable if and only if (€, ¢’) is (semi)stable.

Thanks to the previous considerations, in order to simplify the semista-
bility condition, one can consider only to M1(€®,¢) and 7;. We want to
find an algorithm to “split” the filtration £° indexed by I with weight vec-
tor a = (@)er in a certain number of weighted subfiltrations indexed by
JO 0 3W ¢ 1 with weight vectors V..., a® in such a way that:

i) |3¢®)| <aforany s=1,...,t
i) JIWuU...uI® =1,
iii) Zizl az(»s) = «;, where is to be understood that ags) =0ifigJe);
iv) i1 Ry = Br.
In fact, if we manage to do this, from (ii) and (iii) one gets that
t
S Y 6= Yac,
s=1 jc 3(5) T

where C; were defined in (2.11), and so, thanks to (iv) and to (2.13),

PI + 5,[1,1 = Z(OQCZ) + TéRI
I

t
= Z Z ags)Cl- + 1R

s=1 \ g(s)
t
= Z (Psyts) + 0piy)) -
s=1

From the above considerations, the positivity of Pj) + dp ), for any s =
1,...,t, implies the one of Pr + dur and so, in order to check semistability
condition, ones can check it only over weighted filtration of length < a. We
managed to prove this result at least in the case a = 2.

5.1 Reduction of the semistability condition for
decorated sheaves of type (2,0, ¢,N)

Let (€, ) be a decorated (torsion free) sheaf of type (2,b,c,N). Replacing
N = (det E)®° @ N we can assume, without loss of generality, ¢ = 0. The
main result states that it is enough to check the semistability condition over
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(non weighted) filtrations of length 2. In order to prove this result we first
need some notation and preliminary results.

Remark 75 (Notation). For convenience’s sake we introduce the fol-
lowing notation: if (£°,«) is a weighted filtration as before, indexed by
I={i1,...,9}, we define T = I U {r}, where it is always understood that
& = &. Given a filtration (£°, ) indexed by I, we will denote by pz the
number u(E°®, a; ) if is clear from the context which filtration, weights and
morphism we are considering. Moreover if £° is a filtration indexed by I (F
is a subbundle of £) then we denote by r;, d; and P, (resp. rz, dr and Px)
the rank, the degree and the Hilbert polynomial of &; for any i € I (resp.
of F). Finally, if we write “filtration” instead of “weighted filtration”, we
mean that all weights are equal to one.

Given a filtration £° indexed by I = {i1,...,is} (is < r — 1) using local
sections we can construct the (symmetric) matrix M1(E®,¢) = (Mmij);jet

where
1if Plee, # 0
mij = . .
0 if Plee, = 0.

Proposition 76. Let (0 C & C & C &, o, ;) be a critical weighted
filtration of length two, then

—pugi gy = 2(aqri + ayry) — rmax{a; + oy, 20}
Proof. We consider the matrix My j3 = (muk); se (77} representing ¢ with

respect to the given filtration. One can check that the only critical case is
represented by the following matrix

00 1
01 1],
111

and in this case

ngi?j} + ’Yg,)j} if o > o = 2(ayr; + Oéj?“j) —r(a; + Oéj)
TH{Y T , 4
’yg?j} + ’yg.?j} if oy < aj = 2(oyr; + ory) — 2ra;
and this finishes the proof. ¢

Theorem 77. Let (€, ) be a decorated sheaf of type (2,b,¢,N). It is enough
to check the semistability condition on subbundles and critical weighted fil-
trations of length two.
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Proof. We will prove the statement by induction on the cardinality of I.
If |I| < 2 there is nothing to prove. Otherwise we will prove that, given a
weighted filtration (£°, o) indexed by I with |I| > 3, there exist two weighted
(proper) subfiltrations (if necessary with different weights) such that

PI+5,UI:PJ+6MJ+PK+6MK (51)

More precisely we will show that the two subfiltrations indexed by J and K
satisfy conditions (i7), (¢i7) and (iv) of the previous section and |J|, [K| < |I|.

Without loss of generality we can assume that the set I is well ordered

and that the first (last) element of the set is indexed by 1 (r—1 respectively).
Moreover if ¢ € J (where J is any well ordered set of indexes) with the
notation ¢ + 1 we mean the successor of i inside J. Let M = (m;;); jer be
the matrix representing the morphism ¢ with respect to the given filtration
(€°, a). If the first row of the matrix is zero then we can split the filtration
as (€1,01) and (€% @)1 (1} and so we are done. Therefore we can assume
that this is not the case.
Let us denote j;, for any ¢ € I, the minimum of the set {j € I |m;; # 0}. We
will distinguish the cases j; < r or j; = r. In the former case we split the
filtration in two subfiltrations: (€°,a)r -1y and (Eg—1y, agp_1y). With
these choices equality (5.1) holds, in fact

Ry = max{R1(s) + Ri(t) [ |, ., # 0} = T&X{Rl(i) +R2(ji)}

s,tel

and so, calling k the index such that (k, ji) realizes the maximum, one has
that

Ry = Ri(k) + Ri(Ji) = g + - + aj—1 + 205, + - + 20,
= RI\{T‘—l} + 20,
= R {r—1} + Ryro1ys

where the second equality holds since the maximum in the subfiltration
indexed by I ~\ {r — 1} is still achieved in (k, ji) if jx # r — 1, otherwise in
(1,7) = (k,r) if jr = r — 1. The last equality holds from the assumption
j1 # r which implies my,—1 # 0 and consequently m,_1,—1 # 0. Finally,
recalling that Pr + dur = Zsel asCs + 0rR1, we get the thesis.

Suppose now that j; = r and that max;.t{R1(¢) + R:(j;)} is gained in k.
Therefore, for all s € I such that js # js—1 and s < j,, we have a set of
inequalities in the variables a; given from the inequalities Rr(k) + R1(jx) >
Ra(s) + Ri(js), i

as+ - top1 <o a1 s<k-1 (5.2)
Oék—i-""i‘as—lZajs+"'+ajk—1 s> k+1. (5.3
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If an index ¢ is missing in the previous set of inequalities we can as before
split the main filtration in two subfiltrations (€, @)1y} and (Egyy, ayyy)-
Since Ri(1) + Ri(r) = >_,c1 @ and we are supposing that the index ¢ does
not appear in the inequalities, this forces the coefficient of a; to present
(and equal to one) in all expressions of the form Ri(i) + R1(j;). There-
fore ji > t, otherwise the coefficient of a; in the expression R1(k) + R1(jk)
should be two and so there would be an inequality in which a; would appear
with a non-zero coefficient, which is absurd. In particular Ry = a4 and
Pr+ur = PI\{t} + 5#1\{15} + P{t} + 5M{t} Indeed, if £ # t, the maxi-
mum is still achieved in (k, ji), otherwise k = ¢t and js = ji for all s > k
(otherwise ay; would appear in some inequality of type (5.2) and (5.3)) and
so the maximum of the filtration indexed by I~ {¢} is realized in (k+1, jr11)-

The last case we have to consider is when all indexes appear in inequali-
ties (5.2) and (5.3). Note that the set of indexes that appear in inequalities
(5.2), that we will call J, does not intersect the set of indexes of inequalities
(5.3), that we will denote J'; moreover all indexes appearing in inequalities
of type (5.2) ((5.3) respectively) appear in the first inequality of the same
type (the last respectively). If k is such that the set J and J’ are both not
empty, then an easy calculation shows that Pr+dur = Pr+dus+ Py +duy .
Indeed, in the filtration indexed by J, the maximum is achieved in (jg, jx)
while the maximum for the filtration indexed by J’ is achieved in (k,r).

If J=0 then Ry = R1(1) + Ry(r), i.e., k=1and jp =r. Let S ={s €
I|s < jsand js # js—1} = {s1 = 1,...,s:} (we are assuming t > 3), then
we have the following inequalities:

Ri(1) + Ri(r) > Ri(s2) + Ri(Js,)

Ri(1) + Ri(r) = Ri(st) + R1(Js,)-
or equivalently

ap+ -t a1 2o, + oo

ap+ -t g1 2 Qg e Q.

In this case the subfiltrations we consider are the subfiltrations indexed by
K'={1,...,89—1,Jsp,...,r—1}and K" = {1,2,..., js, — 1} with weight vec-
tors (aq, ..., 1,05, p_1) and (af,...,af 4, Qs,..., Q5 1) Te-
spectively.

Thanks to the previous inequalities it easy to see that the weights o} and
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! can be chosen in a such way that o} + of = «; and

/ /
ap o, g 2,0

" 1z
al+...+as2_1+a82+...+ast_1Zast+...+ajs2_1.

Therefore
Py +6pr = (B + 0pxr) + (Ber + Opager ).

Finally, if t = 2, we have only the inequality a3 + -+ + ag,—1 > a5, +
-o-4ap_1. Then we call B = a5, +-- -+ ar_1, we write 8 =51+ -+ Bs,-1
such that, for any ¢ = 1,...,8; — 1, a; > ;. Then we consider weighted
filtrations 0 C & C &, C -+ C &.—1 with weights (i, Bis,, - - -, Bir—1) Where
Bi,n satisfy 22;1& Bin = Bi and B;, > B, if and only if aj, > oy, for any

i=1,...,5 — 1. With such choices is easy to see that
St—l
Pyt opr =) B, + 0,
i=1
where we denote K; the set {i,s¢,...,r — 1}.
The case in which J' = () is similar and so we are done. ¢

Remark 78. As a consequence of the proof of Theorem 77 we have that
every critical filtration splits as a certain number of length two critical fil-
trations and a non-critical one (which obviously can be decomposed as the
union of length one filtrations).

Example 79. Let usfix r=5and let 0 C & C & C & C &4 C € be a fil-
tration with weight vector (a1, aa, g, ag) such that the matrix representing
o with respect the filtration is the following:

—_ o O o O
_= -0 O O

0
0
1
1
1

— === O
G ) CH G S —y

In this case the filtration is critical, in fact, denoting by I the set {1,2,3,4},
we have that

Ry = max{R1(1) + Ri(r), R1(2) + R1(4), R1(3) + R1(3)}
=max{A = o +as+ a3+ a4, B = as + ag + 204, C = 203 + 204 },

while Eiel R{z} = a1 + ag + 2a3 + 204.
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If the maximum is A then we have the following inequalities:

A >B=a > oy

A>C= a1 +ax > a3+ oy.
So in this case we are in the situation J = () considered in the proof of
Theorem 77; therefore we can find of, of such that o) + of = a1, af > ay
and of + ag > ag. Let us consider the filtrations 0 C & C & C €,
0C & C & C & C & with weights (o, aq) and (o, ag, a3) respectively.
Proceeding as before we split the filtrations {14} and {123} and we obtain
that:

Pr+ dur = Ppigy + 0pq14y + Ppiosy + 0123y
= Py +90pg1ay + Ppasy + 0pgisy + Ppasy + 0pqes)

and we are done.

If the maximum is B then we have the following inequalities:

BZA:>O£42041
BZC:>0522043.

Therefore J = {1,4} and J = {2,3} are disjoint and an easy calculation
shows that Ry = R3(4) + R;(4) = 2ay4 and R} = R}(2) + R5(5) = as + as,
therefore Pr + dpur = Ppigy + g4y + Pagy + dpiqe3) and we finish.

Finally, if the maximum is C, J’ = () and calculations are similar to the
case in which A is the maximum.

Thanks to previous results, in order to check the semistability condition,
we can focus our attention only on subbundles and critical filtrations of
length 2. More precisely:

Proposition 80. Let (€,p) as before, then the following statements are
equivalent:

1. (&,) is 0-(semi)stable;

2. For any subsheaf F and for any critical weighted filtration (0 C & C
& C &, (a4, ay)) of length two the following inequalities hold:

[ (Pg'f'}' — TP]:) — (5(7’ k]:’g — 2Tf) (i) 0,

o Pg; iy — 0 (2(uri + ajrj) — rmax{a; + oy, 205}) 2 0.
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Proof. The arrow (1) = (2) is trivial. So suppose that (2) holds, then, as
noticed before, semistability can be checked only on subsheaves and critical
filtrations and, thanks to Theorem 77, we can consider only critical weighted
filtrations of length two. Finally, due to Proposition 76, we get that

P{i,j} + 5,&{1'7]} = P{m} -9 (2(0@7“1' + OéjT‘j) — T‘maX{Ozl' + oy, 204]'})
and so we are done. ¢

Lemma 81. Let (£,¢) be a decorated sheaf as before such that P(E®) +
(€% @) > 0 for any length < 2 filtration £° with weight vector identically
one. Then (&€, ¢) is 6-(semi)stable.

Proof. Clearly (€, ¢) is k-(semi)stable since weights do not affect the semista-
bility condition for subsheaves. Moreover by Theorem 77 we can check
semistability only on critical weighted filtrations of length two. Let (0 C
&1 C & C &, ay,az) be such a filtration. We want to show that

P+ 60p = a1Cy + aeCs + ré max{ag + ag,2as} 2, 0.

If the maximum is a1 + a9, then a; > a9 and the previous inequality
becomes:

a1C1 + a2Cs + ré(ar + ag) = ap(C1 + Ca + 2rd) + (a1 — a2)(C1 +16) 2, 0

where the last inequality holds since by hypothesis Cy 4+ Cs+2rd and Cy+1rd
are non-negative.
Otherwise, if the maximum is 2aq, then a; < ag so

a101 + a0 + 16(2a2) = a1 (C1 + Co + 2rd) + (a2 — a1)(Ca2 + 276) 2, 0,
and (€, ) is (semi)stable. ¢

In view of the previous results we can state the following (equivalent)
definition of (semi)stability of decorated sheaves of type (2,b,c,N):

Definition 82. A decorated sheaf (£, ¢) of type (2, b, ¢, N) is 0-(semi)stable
if the following conditions hold:

1. If F is a proper subsheaf of £, then

P]:_(Sk]:yg < Pg_26
rk(F) =) ro

2. If 0 C & C & C & is a critical filtration, then

(ri +7j)Pe = 1(Pe, + Pe;) = 20(ri + 75— 1) 5, 0.
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Example 83. Let (E,p) be a rank 5 decorated vector bundle of type
(2,1,0,N). Let 0 C Ey C E; C E3 C Ey C E5 = FE be a filtration of
FE indexed by I = {1,2,3,4} (with weight vector & = 1). Then all possible
matrices M1(E®;¢) are the following.

1 1 1 1 1 0 1 1 1 1 0 0 1 1 1 0o 0 1
1 1 1 1 1 1 1 1 1 1 1 1 0 1
(1)< b ;)(2)< b ;) (3)< Lo ;)(4)< !
1 1 1
0O 0 0 1 1 o 0 0 1 1 0O 0 0 1 1 0O 0 O
1 1 1 1 0 1 1 1 0 0 1 1 0 0
(5)< b ;)(6)< b ;) (7)< Lo ;)(8)( 0
1 1 1
o o0 o0 o0 1 0O 0 o0 0 1 0O 0 o0 0 1 0O 0 O
1 1 1 1 0 1 1 1 0 0 1 1 0 0
(9)< b })(10)< b ;) (11)< v ;)(12)< 0
1 1 1
o o0 o0 o0 1 0O o0 o0 0 1 0O 0 o0 0 1 0O 0 O
(13>< s 1)<14>( o8 ) <15>( © 8 ;><16>< 8
1 1 1
S B R B R P00
(17) o1 (18) L) (19) 1o1o1)(20) 0
1 1 1
0O 0 o0 0 O o 0 0 o0 0 o 0 0 o0 0 o 0 O
o 0 0 1 0o 0 0 1 0o 0 0 1 0o 0
(21)< vl ;)(22)< o1 ;) (23)< o0 ;)(24)< 0
1 1 1
o 0 0 0 O 0O 0 O 0 O 0O 0 O 0 O o 0 o0
0O 0 0 O o 0 o0 o 0 o0 0 0
(25)< b ;)(26)< 0o 1 ;) (27)< 00 ;)(28>< 0
1 1 1
o 0 0 0 o0 0O 0 O 0 0 0O 0 O 0 O o 0 o0
0O 0 0 O o 0 0 o o 0 0 o 0 0
(29)< oY g>(30)< ° 9 ;J) (31)< ° 9 g>(32)< 0
1 1 1

All possible subsets of I = {1,2,3,4} are {1,2,3}, {1,2,4}, {1,3,4},
{2,3,4}, {1,2}, {1,3}, {1,4} {2,3}, {2,4}, {3,4}, {1}, {2}, {3} and {4}.

Let J C I, we recall in this case

ps = —min{~§ + ¥ |mi; # 0}
1,7€J
=— QZTEZ. + r%e&({RJ(i) + Ry(j) | mij # 0}
1eJ
The following are the values of 17 as J varies between all possible subsets
of I.

il

e

[=NeoNeNe) [=NoNeNe) i el [eNoNeNe] == O

[oNelole]

o R e e e e

N——

N——

N— — N~ N~ " "

OO0000 RRROO RRRERREO RREFEO RRERKE RRRRRH
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5.2 The general setting
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5.2 The general setting

e Let a an integer > 1.

e Let 7 be an integer > 2.

e (I,<) be a well-ordered set of cardinality 7 — 1 and let I =TI U {r}.

ag be the corresponding vector of

e Let a; € Ry for any i € T and let
length » — 1.

< iq}. Define over

yig € Tand i < -

yia) |1, .-

o Let A = {(il,..
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the set A the following partial-ordering relation: we will say that
(i1, y0a) R (J1,- -+, Ja) if and only if 41 < ji1,... 04 < Ja-

o Let M1 = (mij); jet be a r*® “matrix” with the following properties:

— M is symmetric, i.e., My i, = Mg(i)..0(i,) 1OT aNY i1, ... .94 € T
and any permutation o : {i1,...,i.} — {i1,...,%a};

— mj € {0,1} for any i, j € I;

— if my, i, = 1 then my, _j, =1 for any (ji,...,7a) &= (41, ..., %4);
— if m;, .4, = 0 then mj, _j, =0 for any (j1,...,Ja) < (i1,---%a).
e For any [ € T define
Ri()= > o
i€1,i>l

if { € T and R:(l) = 0 otherwise. We set

RI = mi)f{{RI(Zl) + -+ Rl(ia) ‘ Mi,..iq 7é O}.
%)

With this notation the following result holds:

Theorem 84. Let a = 2. Fiz a well-ordered set I, a vector ag of real

numbers and a symmetric “boolean” matriz My as before. Denote by |- | the
cardinality of a set. Then exist t € N, sets IV, ... 3O and positive real
vectors iy, - .., Q) such that

i) |38 <2 for any s =1,...,t;

7

i) IV U uI® =1;

i) S0, ags) = «;, where is to be understood that ags) =0ifig I,
i) Zi:l Ry = Rr.

Proof. The proof of Theorem 77 provides us an algorithm to find K1), k(2
satisfying points (i7), (771) and (iv). Since [K|,[K®)| < |I| iterating this
process, after a finite number of steps, we obtain the thesis. ¢

Corollary 85. Let r, I, IV, ... 3® and Q). -, 051 as before and let §
be a fired numerical polynomial. For any i € I let C; be a constant. Then

t

Zaici+T6RI:Z ZO&ES)Ci+T(SRJ(s)

i€l s=1 \4ej(s)

Proof. Condition (ii) and (447) imply that 3, c; 0 C; = >0 3 i ozz(s) C;.
¢
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Corollary 86. Let (£,¢) be a decorated sheaf of type (2,b,¢c,N), then it is
slope semistable with respect to & if and only if the following conditions hold:

1. If F is a proper subsheaf of £, then

Okre - 28

1(€)

w(F) — HF) © .

2. If 0 C & C & C & is a critical filtration, then
(re, +7¢,;) deg(E) — re(deg(E;) + deg(E;)) — 20(re, +1e, — 1) ) 0.

Corollary 87. Let N be a torsion free sheaf of positive rank, (X,0x (1)) a
projective variety with an ample line bundle and (A, @) a decorated coher-
ent sheaf of type (2,b,¢,N'). Then it is enough to check the semistability
condition (2.8) over length < 2 weighted filtrations.

5.3 (Quadric and orthogonal bundles over curves

As we remarked in Section 2.3.3, quadric and orthogonal bundles are dec-
orated vector bundles of type (2,1,0,N) and, respectively, (2,1,0,0x).
Therefore them inherids the (semi)stability condition of decorated vector
bundles. Orthogonal bundles have already a notion of (semi)stability. For
example in [25], an orthogonal bundle E over a smooth curve is sayed
(semi)stable if every proper isotropic subbundle F' of E has degree zero.
As an application of Theorem 84 we will show that, at least in the case of
orthogonal bundles over curves, the two (semi)stability conditions coincide.

We would like to point you out two papers by scar Garca-Prada, Peter B.
Gothen and Ignasi Mundet i Riera, where they prove some results very much
related (and in some cases essentially equivalent) to some results of this sec-
tion. The simplification of the (semi)stability condition for quadratic pairs
(i.e., the statement of Theorem 77 applied to non-degenerate quadric bun-
dles) is contained in Theorem 4.9 of [5], although the setting of Theorem 4.9
refers to symplectic Higgs bundles of which quadric bundles are particular
cases. While the relation between stability of nondegenerate quadric bun-
dles and the corresponding (generalized) orthogonal bundles extends part of
the contents of Theorem 4.2 in [6].

Let X be a smooth projective complex curve of genus g and N a line
bundle over X. Let us fix § € R* and integers r > 0, d.

Definition 88 (Quadric Bundles). A quadric bundle on X of type (r,d, N)
is a pair (E,Q) where E is a vector bundle of rank r and degree d on X,

and
Q: Sym*E — N,
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is a morphism of vector bundles.
A morphism between quadric bundles f : (E,Q) — (E', Q') is a morphism
f 1 E — E' of vector bundles such that there is a commutative diagram

m2
Sym?FE Sy ], Sym?2E’

d ol

N 2 N

where X is a scalar multiple of the identity.
We will say that a quadric bundle is §-(semi)stable if and only if is J-
(semi)stable as decorated vector bundle.

The term “quadric” comes from the fact that for every = € X the mor-
phism @ restricted to the fibre E, defines a bilinear symmetric form and so
a quadric in P"1,

If the morphism ) is the zero morphism, a quadric bundle is just an
ordinary vector bundle, so from now on we suppose that @ is not identically
zero. Note that even if the map () is non-zero it could happen that restricted
to a subbundle it vanishes.

An orthogonal bundle is a vector bundle associated with a princi-
pal bundle with (complex) orthogonal structure group. Equivalently, it
is a quadric bundle (F,Q) with N = Oy, such that the bilinear form
Q : Sym’E — Ox induces an isomorphism Q : E — EY. In this case
Q@ gives a smooth quadric C, for each point x € X. Note that the isomor-
phism Q : E — EV forces the degree of E to be zero.

There is a notion of stability for orthogonal bundles (see [25] Ramanan):
an orthogonal bundle FE is (semi)stable if and only if for every proper
isotropic subbundle F' (i.e., kpz < 1),

deg(F) &) 0= deg(E).

We will prove that an orthogonal bundle is (semi)stable if and only if
it is J-(semi)stable as a quadric bundle. We start with the following useful
result:

Lemma 89. Let (E,Q) be an orthogonal bundle, and let F' be a proper
vector subbundle of E. Then

1. There is an exact sequence
05 Ft—SE—SFY >0,

deg(F) = deg(F1) and rk(FL) + rk(F) = r.
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2. kpp > 1.

3. If F is isotropic (i.e ke g < 1), then
1< 1h(F) < |5,

where || is the largest integer less than or equal to x and FL denote
as usual the orthogonal of F with respect to the non degenerate bilinear

form Q.
Proof. For the proof of (1) see Lemma 3.3 of [8]. (2) and (3) depend on the

fact that we are assuming the matrix to be non-degenerate. ¢

Lemma 90. Let (E,Q) be a quadric bundle such that Q is non-degenerate.
Let F be a proper isotropic vector subbundle of E. Then the filtration 0 C
F C F+ C E is critical.

Proof. Let I’ be the maximal isotropic subbundle of E containing F' and
let ' denote its rank. Let A = (a;;) the matrix representing @ with respect
to a basis of E subordinated to F’. Then a,,v =0, ayr 41,441 = 1 and

0

Bt

1

The matrix B is a 7’ x (r — r/)-matrix, every row contains at least a 1 and
two different rows must be independent. This forces the matrix B to be of
the following form:

0O ... 0 «x 00 ... 0 =%

if r is even, or o Y ifrs odd,
0o .- . 0 ’ S
*x e ... e 0 x e ... e

where “x” is any non-zero complex number while “e” denote any complex

number.
In both cases, since F' C F-, we have that

[ ] Q‘FF = Q‘FFL = 0
* Qup Q. Rlup @, 70

and the filtration 0 ¢ F ¢ F+ C E is critical. ¢
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Remark 91. With the same notation as before, if F' = F-, then 2rp = r
(in particular r is even); moreover, if (F, @) is a d-semistable quadric bundle,
condition (1) of Definition 82 tells us that

drp —rdp+6(2rp—1) >0
and so u(F) < u(E).

Theorem 92. An orthogonal bundle is (semi)stable if and only if it is §-
(semi)stable as a quadric bundle.

Proof. We prove the assertion for semistability; is the proof for stability very
similar.

Let (E,Q) be a quadric bundle such that Q : Sym?E — Ox is non-
degenerate, and assume that it is J-(semi)stable. Let F' be an isotropic
vector subbundle. If F' # F*, the filtration 0 C F C F*+ C E is critical by
Lemma 90. Then the semistability condition with weights identically 1 tells
us that

(re+rpi)d—r(dp+dp)+20(r—rp —rpi) > 0.

By the first point of Lemma 89 dr = dp1 and r = rp + rpi. Since E
is an orthogonal bundle deg(E) = 0 and the above inequality tells us that
deg(F) < 0. If F = F+, by Remark 91 we still have u(F) < 0 which proves
that E is semistable as an orthogonal bundle.

Conversely, let E be a semistable orthogonal bundle. Let F' be any vector
subbundle. Following Ramanan (see [25]) let N = F'N F+, and let N’ be
the vector subbundle generated by N. We have an exact sequence

0N - FoFt M -0 (5.4)

where M’ is the subbundle of E generated by F+F+. We have M’ = (N')*.
If N/ =0, then E = F @ F*, kpp = 2, and deg(F) = deg(F) = 0 (Lemma
89). Then

deg(F) —kppd = —20 - —20  deg(E)—26
rk(F) - rk(F) ro r '

If N' # 0, deg(F) = deg(N’) (by Lemma 89 and the exact sequence
(5.4)), and then deg(F') < 0 (because E is a semistable orthogonal bundle
and N’ is isotropic). Recalling that if kpp < 1 then 1 < rk(F) < |Z], if
krz = 2 there are no conditions on the rank of F' but in any case we have:

rk(F) - 1k(F) — r r ’
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Now let 0 C E; C Ej C E be a critical filtration. Then E; is isotropic
and E; C Ef(otherwise the filtration would not be critical). Therefore
rk(E;) < rk(E;-) and thanks to previous calculations deg(E;), deg(F;) < 0.
Finally we have

P gy +0ugi 5 = —r(deg(E;) + deg(Ej)) + 20(r — rk(E;) — rk(Ej)) > 0,
and so by Definition 82 (F, Q) is d-semistable as a quadric bundle. ¢

Remark 93. In “Orthogonal and spin bundles over hyperelliptic curves”
Ramanan shows that an orthogonal bundle is semistable if and only if it is
semistable as a vector bundle (Proposition 4.2). So as a corollary of Theorem
92 we obtain that a non-degenerate quadric bundle of degree zero (E, Q) is
semistable if and only if F is a semistable vector bundle.

5.3.1 Generalized orthogonal bundles

We will call generalized orthogonal bundle a quadric bundle (E, @) such that
the morphism Q: Sym?E — N induces an isomorphism E — EY ® N. This
isomorphism connect the degree d of E with the degree n of N, in fact one
has that d = —d + rn and so n = 2u(E).

For these objects a similar result to Lemma 89 holds:

Lemma 94. Let (E,Q) be a generalized orthogonal bundle, and let F be a
proper vector subbundle of E. Then there is an exact sequence

05 Fr S E—-FY@N=0,

50 Th(FL) + rk(F) = r and

2
deg(F) = deg(F*) —d (1 — rF) .
r
Thanks to the previous lemma, one can easily prove that Theorem 92
holds also for generalized orthogonal bundles.

5.4 The splitting algorithm: a java program

We have implemented a java program to actually find a decomposition of
a given weighted filtration. Using notation of Section 5.2, if (E,¢) is a
decorated bundle of type (a,b,N) and rank r and (E®,«) is a weighted
filtration of (E, ¢) we constructed a r*® “matrix” M1 (E*®; ) which represent
the behavior (to be equal or different from zero) of ¢ over the given filtration.
All such matrices have the property that:

e if my, i, =1 then my, ;. =1for any (ji,...,Ja) = (J1,--.,Ja) (i-e.,
the bottom right corner of the matrix is 1);
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e if m;, i, = 0 then my, ;. = 0 for any (ji,...,Ja) X (J1,---,Ja) (i-e.,
the top left corner of the matrix is 0).

Thus the elements my;, .. ;, such that (i1,...,1,) is X-maximal, characterize
the matrix. In other words a boolean matrix satisfying the above proper-
ties is uniquely determined by the set of its <-maximal elements. More-
over it is easy to see that the maximum of a given weighted filtration
varies between the maximal elements representing the matrix, on vary-
ing the weight vector a. Let (E®, a); be a weighted filtration indexed
by I and M = ((igl), e ,i((ll)), e (igs), . .,i((f))) be the matrix associated
with such filtration with respect to a fixed decorated bundle (E, ). Sup-

pose that the maximum R is attained in the a-tupla (43 (h) ..,i((lh)), then
Rl(igh),. (h)) > Ri(4y (1) ...,Z((l )) for any other /' =1,...,s. Since

Fa(iy,. ZRI D= X

7=t \er, 13l

the inequalities R (igh), ... ,z}(lh)) > R: (igh/), .. ,i((lh,)), on varying of A/, imply

conditions on the weight vector «, namely:

a

Z Z oy ZZ“: Z oy forany ' =1,...,s. (5.5)

7=t \er, 1i{" 7=1 \ier, 1"
Denote by O (igh), i )) the set of all possible weight vectors for which
the maximum of the ﬁltatlon is still attained in (4 g ), e ,igh)), ie.,

O (igh), iy = {a = (aq,..., o) | inequalities (5.5) are fulfilled}.
Then the idea of the algorithm is the following:

e first it creates all possible matrices of rank r represented as a number
of maximal elements, i.e., a certain number of vectors of length a.

e then it sets a matrix M = ((igl), . ,2(1)) (zgs), . .,i((f))) and try
to decompose it in the following way:

— generates all possible pairs of distinguish subsets J,K of I such

that JUK = 1.
— Extracts the submatrixes M} = ((]fl), . ,j((zl)), ey (jf/), . ,]((ls )))
and MY = (&, k), B EETD)) of M with in-

dexes ji(s) € J and k:z(s) €K
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(h) (h)

— Fix a X-maximal element m = (4y , ..., 4 ~) of the matrix, namely
fix a possible maximum of the matrix.

— Generates all possible couples (m’, m”) such that
m' € {(j%l), . ,j,gl)), oo ‘%S )/3... L3S )>//} and
m” e {7, kD) kST RS

— Verifies if Rr(m) = Ry(m’) + Rx(m”) or not.

— For the couples (m’,m”) such that Ri(m) = R3(m') + Rx(m"),
it verifies if there exists weight vectors o/ € ©,p(m’) and o €
Oy (m”) such that o’ + o € Oy (m).

I tested the algorithm for » < 10 and @ = 2 and it works. Instead if a = 3
and for example r = 5 the total number of matrixes is 2079, the number
of possible cases, i.e., the number of possible maximum multiplied by the
number of matrixes is 7128. In 5992 cases the algorithm succeded in finding
two sets J and K such that JUK = I, Ry = Ry + Rx and o +a” € Oy (m),
while in 1136 cases the algorithm fails.

5.5 The case a > 3

First we consider the following example.

Example 95 (o = 3 r = 5: a counterexample?). Let (E,¢) be a deco-
rated vector bundle of type (3,1,0,N), let (E®, «) be a weighted filtration
indexed by I = {1,2,3,4} and suppose that M1 = M1(E°®, ¢) is the following
“matrix”:

Mr=(m;jx)=

To oo oo
o O o oo
_ o O O O
__ O O O
—_ == OO
SO O O O
SO O O O
| = oo o
_ == OO
— == O O
SO O O O
SO O O O
_ = =0 O
— = = O O
—_ == OO

1= 1 =2 1=3

Finally suppose that Rt = R1(2) + R:1(3) + R1(4) = a2 + 2a3 + 3a4. Then
we have the following inequalities:

R1(2) + R1(3) + R:(4) = R:(1) + R:(3) + Bx

( ( ( (
R1(2) + RI(S) + RI(4) > Rl(l) + RI(4) + RI(4) — a3 >y
RI(Q) + RI(S) + RI(4) > RI(3) + RI(?)) + RI(3) — g > Qs.

T) ¢ aq > o

Consider now the subfiltrations indexed by J1) = {1,2,3}, J@ = {1,2,4}
and J®) = {1,3,4} with weights vectors (agl),agl),agl)), (a?),ag?),af))
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and (agg), agg’), ozf’)) respectively. An easy calculation shows that

B R (13 i alV > oV
3w R;1)(3,3,3) otherwise

Rye) = Ry (1,4,4)
Ry (1,3,r) if a:(,)?’) > af) and af’) > a§3) + af)
R = § Ry(1,4,4) if a:(f) < ozf) and 0453) > 2a§3)
Ry5)(3,3,3) otherwise.

In any case, for any s = 1,2,3 and for any other subfiltration indexed by
K such that J®®) UK = I, one can check that the index 1 or 3 appear too
much times, i.e., Rr # Ry, + Rx. Therefore is not possible to split the
filtration (E*, )1 into two subfiltrations (E®, o)1, (E®, ")~ in such a way
that a; = o, + o, and R; = Ry + Ry».

The above example provides a counter example to Theorem 84 in the case
of a = 3. In ather words, using the notation of Section 5.2, let I be a well-
ordered set, ar be a vector of positive real numbers and M1 = (mijk )i j ket
be a “boolean” simmetric cube, i.e., mijx = Mg(;)o(jox) = 0 or = 1 for
any permutation o : {i,j,k} — {i,j,k} and any ¢,j,k € I. Then it is
not true that there exists t € N, sets JU, ..., J® and positive real vectors
Q51), -+ -, 0y such that

i) |90 <3 forany s =1,...,t;
i) IWy...uI0 =1;
i) S, az(»s) = «;, where is to be understood that ags) =0ifi¢g I,

iv) ZZ:I Ry = Rs.

The above conditions clearly imply, as showed in Section 5.2, that the
semistability of a decorated bundle (E, ¢) could be checked only over subfil-
tration of length < 3 but the converse is not clear that holds true. Therefore
the above example does not provide a counterexample to the following state-
ment:

Let t = (a,b,N) be a fized type of decorated bundles. Then there exist
a fized natural number s¢ € N, depending on t, such that for any decorated
bundle (E, ) of type t the following conditions are equivalent:

e Pr+dur >0 for any weighted filtration (E®,a)1;
e P+ dur >0 for any weighted filtration (E®, a)1 of length < a + sq.

Until now we have not been able to prove the above statement.
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