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Abstract

We prove that the cohomology of the moduli stack of G-bundles on a smooth projective curve
is freely generated by the Atiyah-Bott classes in arbitrary characteristic. The main technical
tool needed is the construction of coarse moduli spaces for bundles with parabolic structure in
arbitrary characteristic. Using these spaces we show that the cohomology of the moduli stack
is pure and satisfies base-change for curves defined over a discrete valuation ring. Thereby we
get an algebraic proof of the theorem of Atiyah and Bott and conversely this can be used to give
a geometric proof of the fact that the Tamagawa number of a Chevalley group is the number of
connected components of the moduli stack of principal bundles.
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1 Introduction

Atiyah and Bott [1] proved that for any semisimple group G the cohomology ring of the moduli stack
Bung of principal G-bundles on a Riemann surface C is freely generated by the Kiinneth components
of the characteristic classes of the universal bundle on Bung xC. (Of course, in their article, this was
expressed in terms of equivariant cohomology instead of the cohomology of a stack, the formulation in
terms of stacks can also be found in Teleman’s article [41].) The argument of Harder and Narasimhan
[19] suggests that the result should also hold for curves over finite fields.

The original aim of this article was to give an algebraic proof of the result of Atiyah and Bott in
positive characteristics. In the case of G = GL,, this was suggested by G. Harder, given as a Diploma
thesis to the first author [21] (see [10] for a different approach). For general G we have to use the
recent constructions of coarse moduli spaces in arbitrary characteristics [15]. The results of Behrend
([4], [5]) prove the Lefschetz trace formula for the moduli stack Bung over finite fields. However,
purity of the cohomology groups is not so clear. One also has to check that the universal classes
generate a sufficiently large subring. To prove purity, we embed the cohomology of the stack into
the cohomology of a projective variety. This enables us to argue in two ways: either we use the
known calculations of the Tamagawa number to prove the theorem with algebraic methods over finite
fields (Theorem 3.3.5), or we use the projective variety to apply base change (Corollary 3.3.4) and
deduce the general result from the known one in characteristic 0. This in turn gives a calculation of
the Tamagawa number (Corollary 3.1.3) and thus provides a geometric proof of Harder’s conjecture
that the Tamagawa number should be the number of connected components of the moduli stack of
principal G-bundles in this situation (see also the introduction to [8]). In order to make this argument
precise the formalism of the six operations for sheaves on Artin stacks recently constructed by Laszlo
and Olsson [30] is applied.

As pointed out by Neumann and Stuhler in [33], the computation of the cohomology ring over
finite fields also gives an explicit description of the action of the Frobenius endomorphism of the
moduli stack on the cohomology of the stack, even if the geometry of this action is quite mysterious.

As explained above, the main new ingredient in our approach is the purity of the cohomology and
the proof of a base change theorem for the cohomology of Bung. The idea to prove these results is
to embed the cohomology of Bung into the cohomology of the stack of principal G-bundles together
with flags at a finite set of points of the curve (“flagged principal bundles”). On this stack one can
find a line bundle, such that the open subset of stable bundles has a complement of high codimension.
Furthermore, there exists a projective coarse moduli space for stable flagged principal bundles. The
existence of coarse moduli spaces for flagged principal bundles in arbitrary characteristic is demon-
strated in the second part of this article. So here we use Geometric Invariant Theory in order to obtain
a result for the moduli stack, whereas one usually argues in the other direction.

Our main theorem is:

THEOREM. Assume that C is a curve over a field k. Then the cohomology of the connected components
Bung of Bung is freely generated by the canonical classes, i.e.,

H* (Bung@@pj) =Qlar,...,a ] ® /\[blj]i:L“.r,j:l,...,Zg QQulf1s-- - fr]-

(The canonical classes are obtained from the Kiinneth components of the universal principal bun-
dle on Bung x C, see Section 3.1.)

As remarked above, the main technical ingredient is the construction of proper coarse moduli
spaces for flagged principal bundles in positive characteristic. It is contained in the second part of this
paper and might be of independent interest. Let us therefore give a statement of this result as well.
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Since there are different definitions of parabolic bundles in the literature, we have used the term
flagged principal bundles instead. The precise definition is as follows. Let x = (x;);—1,. 5 be a finite
set of distinct k-rational points of C, and let P = (P;) i=1,...» be a tuple of parabolic subgroups of G. A
principal G-bundle with a flagging of type (x, P) is a tuple (2, s) that consists of a principal G-bundle
2 on C and a tuple s = (s1,...,5p) of sections s;: {x;} — (£ xc{x;})/P, i.e., s; is a reduction of the
structure group of & x¢c{x;} to P, i=1,...,b.

In Section 4 we introduce a semistability concept for such bundles. It depends on a parameter
a which, as in the case of parabolic vector bundles, has to satisfy a certain admissibility condition.
Using this notion we show:

THEOREM. For any type (x,P) of flaggings and any admissible stability parameter a, there exists a
projective coarse moduli space A (x,P)*** of a-semistable flagged principal G-bundles.

Finally one should note that it is well known that one can use the computation of the cohomology
of the moduli stack and the splitting of the Gysin sequence for the Harder-Narasimhan stratification of
Bung (as in [1], this holds in arbitrary characteristic) to calculate the cohomology of the moduli stack
of semistable bundles. If the connected component Bung is such that there are no properly semistable
bundles, this gives a computation of the cohomology of the coarse moduli space (as in the proof of
Corollary 3.3.2).

2 Preliminaries

In this section we collect some well known results on the moduli stacks Bung and their cohomology.

2.1 Basic Properties of the Moduli Stack of Principal Bundles

Let C be a smooth, projective curve of genus g over the (locally noetherian) scheme S. It would be
reasonable to assume that C is a curve over a field, but since we want to be able to transport our results
from characteristic p to characteristic 0, we will finally need some base ring.

Let G/S be a reductive group of rank r. Denote by Bung the moduli stack of principal G-bundles
over C, i.e., for a scheme X — §, the X-valued points of Bung are defined as

Bung(X) := Category of principal G-bundles over C x X.

Recall the following basic fact which is proved in [4], Proposition 4.4.6 and Corollary 4.5.2.

PROPOSITION 2.1.1. The stack Bung is an algebraic stack, locally of finite type and smooth of relative
dimension (g —1)dimG over S.

Furthermore the connected components of Bung are known ([14], Proposition 5). In that refer-
ence, the result is stated only for simply connected groups, but the proof gives the result in the general
case. Another reference is [24].

PROPOSITION 2.1.2. If S = Spec(k), or if G is a split reductive group, then the connected components
of Bung are in natural bijection to m(G).

Remark 2.1.3. The stack Bung is smooth (2.1.1). Therefore, its connected components are also irre-
ducible.
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2.2 Behrend’s Trace Formula

Let us now assume that S = Spec(k) is the spectrum of a field. In the following, we will write Bung T
with ¥ € m;(Gy) for the corresponding connected component of Bung ;.

Since the stack Bung is only locally of finite type, we define its £-adic cohomology as the limit of
the cohomologies of all open substacks of finite type:

H*(Bung, Q) := Jim H*(U,Qy).
open, fin. type

Remark 2.2.1. The basic reference for stacks and their cohomology is [29]. The general formalism
of cohomology has been developed in the articles by Laszlo and Olsson [30]. Behrend in [7] also
constructed all the functors that we will use. In particular, we will compute cohomology groups with
respect to the lisse-étale topology. To simplify the statement of our main theorem we will use @,
coefficients, because we want to chose generators of the cohomology ring that are eigenvectors for the
Frobenius action.

By semi-purity, which is recalled below, the cohomology of Bung in degrees < 2i is equal to the
cohomology of U C Bung, if the codimension of the complement of U is at least i:

LEMMA 2.2.2 (Semi—purity). Let X be a smooth stack of finite type. U <L X an open substack with
complement Z := X \ U 4x. Then,

H*(X,Q,) ¥ H*(U,Q,) for*<2codim(Z).

Proof. As usual, this can be deduced from the corresponding statement for schemes. For schemes
instead of stacks, this follows from the long exact sequence for cohomology with compact support,

B H:(U7Q€) - H:(Xvaf) - H:(Z7QE) 7
the vanishing of H*(Z,Q,) for x > 2dimZ, and Poincaré duality,
HEAMY ™ (U, Q) 2 HY (U, Q,(dimU))

Now, if Xy — X is a smooth atlas of the stack X, and X, := Xy Xx Xo Xx - - - Xx Xp, then there is a
spectral sequence:
Hp(Xqu QZ) = HP+£](X’ QF)

Since the codimension is preserved under smooth pull-backs, for any U C X, we get the atlas Uy :=
U xx Xo — U, and the induced embeddings U, — X, have complements of codimension codim(U).
Therefore we can apply the lemma in the case of schemes to the morphism of spectral sequences

Hp(UchE) - HP(X%QE)
to prove our claim. O

Remark 2.2.3. The same argument applies to the higher direct image sheaves in the relative situation
X — §, if X is smooth over S and U C X is of codimension i in every fiber.

Behrend proved ([4], [5]) that, if C is a curve defined over a finite field &, the Lefschetz trace
formula holds for the stack Bung.
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THEOREM 2.2.4 (Behrend). Let C be a smooth, projective curve over the finite field k = I, and G a
semisimple group over k. Let Frob denote the arithmetic Frobenius acting on H*(Bung ¢, Q). Then,

we have
1

qdim(B““G) Z(—l)itr(Frob,Hi(BunG7E,@€)) = Z m.

i~0 x€Bung(F,)

As in [19], a result of Siegel allows us to calculate the right hand side of the formula. To state it,
we first recall a theorem of Steinberg.

PROPOSITION 2.2.5 (Steinberg). Let G be a semisimple group over k =
di,...,d, and roots of unity €,...,& such that:

IF,. There are integers

o #G(Fy) = ¢ "™ I (1 — &g~ )
e Let BG be the classifying stack of principal G-bundles. Then, H*(BG, Q) = Q/[c1, ..., c,] with
c¢; € H*%(BG,Q,) and Frob(c;) = €4~ %

The second part is of course not stated in this form in Steinberg’s book, but one only has to
recall the argument from topology. First the theorem holds for tori, since H*(G,,, Q,) = Q,[x]. For a
maximal torus T contained in the Borel subgroup B C G, the map BT — BB induces an isomorphism
in cohomology: since the fibers are isomorphic to BU where U = A" is the unipotent radical of B,
they have no higher cohomology. The fibers of the map BB — BG are isomorphic to the flag manifold
G/B. Thus the map ind$ : BT — BG, induces an injection ind?’*: H*(BG,Q,) — H*(BT,Q,) which
lies in the part invariant under the Weyl group. For dimensional reasons—since we already stated
the trace formula, this follows most easily from 1/(#G(F,)) = ¢~ 9mC ¥ tr(Frob, H' (BG¢, Q,)) and
the fact that the d; are the degrees of the homogeneous generators in H*(BT;, Q)" —it must then be
isomorphic to the invariant ring.

With the notations from Steinberg’s theorem we can state a theorem of Siegel. A nice reference
for the theorem is [26], Section 3. In this article, you can also find a short reminder on the Tamagawa
number 7(G).

THEOREM 2.2.6 (Siegel’s formula). Let G /¥, be a semisimple group, and denote by o the eigenval-
ues of the geometric Frobenius on H' (CE/’ Q). Then,

1 1
L sy~ Ol GGe)

x€Bung (IFy) peC

"L' g ldlmGrIk_(I; g ( SlOC]q ) )
l—e,q —gigl1=4))

3 The Cohomology of Bung

Our next aim is to recall from [1] the construction of the canonical classes in the cohomology ring of
Bung and to prove that these generate a free subalgebra over any field. We will then explain how to
deduce our main theorem from the purity of the cohomology of Buns which will occupy the rest of
this article.
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3.1 The Subring Generated by the Atiyah-Bott Classes

Fix ¥ € my(Bung) = 7;(G). The universal principal G-bundle Z,;;, on Bung xC defines a map
f: Bung X C — BG. The characteristic classes of P, are defined as ¢;(Pyniv) := f*c¢; where the ¢;
are, as in Proposition 2.2.5, the standard generators of the cohomology ring of BG.

Note that the Kiinneth theorem for stacks can be deduced from the corresponding result for
schemes using the spectral sequence computing the cohomology of the stack from the cohomology of
an atlas as in Lemma 2.2.2.

We choose a basis (%)i—1,.. 2¢ of H'(C,Q,). In the case that C is defined over a finite field k, we
choose the 7; as eigenvectors for the geometric Frobenius of eigenvalue ¢;. The Kiinneth decomposi-
tion of ¢;(Pyniv) is therefore of the form:

2g
¢i( Puniv) =16; @ 14 ) bl @7y, + f; @ [pt].

j=1
Note that d; > 1, because we assume that G is semisimple. Thus, the f; are not constant. Of course,
these classes depend on ¥, but we don’t want to include this dependence in our notation.

PROPOSITION 3.1.1. The classes (a,-,blj ,fi) generate a free graded subalgebra of the cohomology

ring H*(BungP Qy), i.e., there is an inclusion:

If k is a finite field, then the classes a;, blj , i are eigenvectors for the action of the arithmetic Frobenius
with eigenvalues, =%, g% Ocj,qlfd" respectively.

Proof. Denote by Can* C H*(Bun?, Q) the subring generated by the classes (a;, b{ Si)-

Note first that the analog of the theorem holds for G = G,,. In this case, Bung,, is the disjoint
union of the stacks Bunﬁém classifying line bundles of degree d. There is the G,,-gerbe Bunfém — Picdc
which is trivial over any field over which C has a rational point, because in this case Picg is a fine
moduli space for line bundles together with a trivialization at a fixed rational point p. Forgetting the
trivialization at p corresponds to taking the quotient of Pic by the trivial G,,-action. Thus, Buném =
Pic? x BG,, and the cohomology of this stack is H*(Pic?, Q) ® Q,[c1]. Here, the first factor is the
exterior algebra generated by the Kiinneth components of the Poincaré bundle.

Let T C G be a maximal torus and fix an isomorphism 7 = G/, in order to apply the result for
G- Then, X*(T)V =2 7. Recall furthermore that the G-bundle induced from a 7-bundle of degree
k€ Z" = X*(T)" lies in Bung, if and only if k = 9 € X*(T)"/A". We denote this coset by Z;.

Write H*(BT;, Q) = Qq[x1,...x,] and, for every degree k € Z’, denote by A,-,B{ € H*(BunkT,Qg)
the Kiinneth components of the Chern classes of the universal T-bundle. Note that, since AV C Z" has
finite index, we have the injective map

*

QA1 A N\Bictrjmr e @ QilK1, .. K] = T H*(Bun}, Q)
keZ,

defined by K; — (ki)rcz:, where k; is considered as an element of H(Bun, Q) = Q,.
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Recall that the induced map H*(BGy, Q) — H*(BT;,Q;) = Qq[x1,...,X%xc) is given by ¢; —
oi(x1,...,x,) where o; is a homogeneous polynomial of degree d;. Therefore, we can calculate the
image of the canonical classes under the map

H*(Bung’Qﬂ) ®H*(Caﬁé> - H*(BunTaQK) ®H*(C’Q€)

= H H*(Bun%‘aQZ) ®H*(C>QZ)
keZ

which respects the Kiinneth decomposition. It is given by
Cl(yunlv — H G,(A1®1+ZB]®'}’]+k1®[pt] )
keZry j=1
The Kiinneth decomposition of this class is
2g

ci(A1 @1+ Y Bloy+kept,...) =0i(Ar,...,A) @1
=1

28 r .
Z Z a Gz Ala >Ar))B{n®’yJ
L (O

(AL AkG)kn @ [pt]

+ZB{B1" 'Pj-,j’(Alﬂ" . 7ArkG) ® [pt],

where the P; y are some polynomials. In particular, we see that the above map factors through the
subring

Q Ala 7 ®/\Bj ..,j:l,.‘.,2g®@€[Kvl?“'aKr] — H H*(Bung"aﬁf)
keZy
defined above. We already know that the elements 0;(Ay,...,Axg) are algebraically independent in

H*(Bun; ¢, Q). In particular, since the map A6 — A™C = (AXC /W) defined by the polynomials
o; is generically a Galois covering with Galois group W, we also know that the derivatives do; are
linearly independent. This shows our claim. O

Remark 3.1.2. In the proof above, we have only used the fact that H*(Pic2, Q) = A\*H'(C, Q). Thus,
one might note that the proof shows that for any smooth, projective variety X the analogous classes
ai,b!, l-k , where fl-k are the Kiinneth components corresponding to a basis of NS(X)q, generate a free
subalgebra of the cohomology of the moduli stack of principal bundles on X.

In the following, we will denote the graded subring constructed above by Can*. Of course, we
want to show that Can* is indeed the whole cohomology ring of Bung 2

COROLLARY 3.1.3. Let k be a finite field and let G, be a semisimple group. IfH*(Bung E,Qg)
is generated by the canonical classes for all ¥, then the Tamagawa number t(G) satisfies T(G) =

dim H(Bung, Q,) = #my(Bung). Conversely, if the cohomology of Bung is pure and the Tamagawa
number fulfills ©(G) = #my(Bung), then H*(Bung, Q,) = Can*.
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Proof. For the graded ring Can’ generated by the canonical classes, we know that

Y. (1)’ tr(Frob, Can’) = = IG5 (- a0 )
i=0 , L (1—&g= %) (1 —gq'—4)

Comparing this with Siegel’s formula, we get the first claim.
Furthermore we know that the Zeta-function of Bung converges and is equal to

Z(Bung,t) = exp (Z #Bung (IF ) >
i=1 !
(_1)i+1

= Hdet(l — Frob-qdim(B““G) ~t,Hi(BuHG,Q£)>
i=0

Now, since such a product expansion of an analytic function is unique and the eigenvalues of Frob on
H' have absolute value ¢'/2, there can be no cancellations. Thus, the Poincaré series of the cohomology
ring can be read off the Zeta function. O

3.2 The Main Results on Moduli Spaces of Flagged Principal Bundles

» be a finite set of distinct k-rational points of C, and let P = (P;);—;,» be a tuple

......

Let x = (xi)i=1,..,
of parabolic subgroups of G. A principal G-bundle with a flagging of type (x,P) is a tuple (£, s)
that consists of a principal G-bundle & on C and a tuple s = (s1,...,5) of sections s;: {x;} — (< x¢
{xi})/P;, i.e., s; is a reduction of the structure group of & x¢ {x;} to P,,i=1,...,b.

Remark 3.2.1. For G = GL,(k), parabolic subgroups correspond to flags of quotients of k", so that
a flagged principal GL,(k)-bundle may be identified with a vector bundle & together with flags of
quotients &, — V;;, j=1,....t;,i=1,...,b, of the fibers of & at x;, i = 1,...,b. (A “flag of quotients”
means of course that Ky ; C --- C K, ;, K :=ker(&, - V;;), j=1,....,t;, i =1,...,b.) These objects
were introduced by Mehta and Seshadri [31] and called quasi-parabolic vector bundles. We had to
chose a different name, because the notion of a parabolic principal bundle has been used differently
in [2]. The same objects that we are looking at have also been considered in [9] and [42].

LEMMA 3.2.2. Fix a type (x,P) as in the definition.
i) The principal G-bundles with a flagging of type (x, P) form the smooth algebraic stack Bung . p.
ii) The forgetful map Bung , p — Bung is a locally trivial bundle whose fibers are isomorphic to
*1(G/P). B B
iii) The cohomology algebra H*(Bung  p, Q) is a free module over H*(Bung, Q,) with a basis
of pure cohomology classes. The same holds for all open substacks of Bung and their preimages in
BunGé’B.

Proof. The first parts are easy, because for a G-bundle & — T x C the space [[;(Z|rxx)/Pi — T
parameterizes flaggings of & at T x x. This is a [["_;(G/P;) bundle over T. The last part follows
from the second by the theorem of Leray-Hirsch: the flagging of the universal bundle at x; defines a P;-
bundle over Bung , p and thus a map Bung , p — BP,. But the map G /P, — BP, induces a surjection on
cohomology, and thus the pull back of the universal classes in H*(BP;, Q,) to H*(Bung,, Q) generate
the cohomology of all the fibers of Bung , — Bung. O

In Section 4, we will introduce a notion of a-stability for flagged principal bundles depending on
some parameter a. As in the case of vector bundles, we will define a coprimality condition for a (see
4.2.1) as well as some admissibility condition (following Remark 4.1.5).
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In Bung , p there are open substacks Bun%jfj}f of a-(semi)stable flagged principal G-bundles of

type (x,P). Our main results on the coarse moduli spaces of these substacks are collected in the
following theorem.

THEOREM 3.2.3. i) For any type (x,P) and any admissible stability parameter a, there exists a pro-
Jective coarse moduli space M (x,P)*S for a-semistable flagged principal G-bundles of type (x, P).
i) If a is of coprime type, then the notions of a-semi stability and a-stability coincide. In this case,
Bung ; p is a proper, smooth quotient-stack with finite stabilizer groups.
iii) For any substack U C Bung of finite type and any i > 0, there exist s > 0, a type (x,P),
and an admissible stability parameter a of coprime type, such that U lies in the image of the map
Bung ; p — Bung and such that the subset of a-unstable bundles is of codimension > i in Bung x p.

The proof of this theorem takes up the largest part of this article. We will prove the existence of
the coarse moduli spaces in Section 5. The projectivity then follows from our semistable reduction
theorem 4.4.1. The last two parts of the theorem are much easier. We will prove them in Section 4.

Remark 3.2.4. For simplicity, we have stated Theorem 3.2.3 only for curves defined over a field.
In order to prove our base change theorem, we will need the result in the case that C is a smooth,
projective family of curves with geometrically reduced, connected fibers, defined over an integral ring
R, finitely generated over Z, and G a semisimple Chevalley group over R.

Seshadri proved in [39] (Theorem 4, p. 269) that GIT-quotients can be constructed for families
over R. Further, the parameter spaces constructed in Section 5 are given by quot schemes which
exist over base schemes, and, in Section 5.6, we finally need a Poincaré bundle on the relative Picard
scheme. A Poincaré bundle exists, if the family C — Spec(R) has a section. This certainly holds
after an étale extension of R. Hence, the first assertion still holds after an étale extension of R.

Except for the properness assertion for the stack of stable flagged principal bundles which is
Lemma 3.3.1, the last two parts of the theorem carry over to this situation without modification.

We will come back to the issue of the base ring in Remarks 5.2.4, 5.3.3, and 5.5.4.

Before we proceed with the proof of the theorem, we want to deduce our main application.

3.3 Purity of H*(Bung)

Assume that k is a finite field. Since all open substacks of finite type of Bung can be written as
[X /GLy| where X is a smooth variety, we know that the eigenvalues A; of the (arithmetic) Frobenius
on H'(Bung, Q,) satisfy |A;| < g~z [8]. To prove equality, i.e., to prove that the cohomology is pure,
we cannot rely on such a general argument. But, using the results on coarse moduli spaces, we can
show that for all i the cohomology H'(Bung, Q,) occurs as a direct summand in the i-th cohomology
of a projective variety, parameterizing stable flagged principal bundles.

LEMMA 3.3.1. Assume that R is a field or a discrete valuation ring with quotient field K. Let G g be a
reductive group, acting on the projective scheme Xg and £ a G-linearized ample line bundle on Xg,
such that all points of X := Yf; are stable with respect to the chosen linearization. Then, the quotient
stack [X /G| is separated and the map [X /G| — X /|G is proper.

Proof. If R is a field, we can apply GIT ([32] Corollary 2.5), saying that the map G x X — X x X is
proper. Therefore, the diagonal [X /G] — [X /G| x [X/G] is universally closed, i.e., [X /G] is separated.

We claim that we may prove the separatednedness of the map [X/G] — X //G over a discrete
valuation ring R in the same manner. To show the lifting criterion for properness for the group action,
we assume that we are given xj,x; € X(R) and g € G(K), such that g.x; = x,. We have to show that
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g € G(R). We may (after possibly replacing R by a finite extension as in [32], Appendix to Chapter
2.A) apply the Iwahori decomposition to write g = gozg(, With go,g;, € G(R) and z € T(K) for a
maximal torus 7 C G. Thus, we have reduced the problem to the case that g = z € T(K). Choose a
local parameter 7 € R. Multiplying with an element of 7T(R), we may further assume that there is a
one parameter subgroup A : G,, — T, such that z = A (7). Assume that A is non-trivial. Now, embed
Xg C P(V) into a projective space and decompose V = Y. V; into the eigenspaces of A. Write
X1 = Yiczvi and x; = Y ;c;w; as sums of eigenvectors for A. Since the reduction X; of x; mod 7 is
stable, there must be indices i_ < 0 < iy with v; # 0 # v;,. The analogous condition holds for X;.
But, one readily checks that x, = z.x; implies w; = 0, for i > 0, a contradiction.

Now, for algebraically closed fields K, the map [X /G] — X // G induces a bijection on isomorphism
classes of K-points. Thus, since we already know separatedness, it is sufficient to show that given a
discrete valuation ring R and a point X € X /G(R), then we can find an extension R’ of R, such that X
lifts to a point x € X(R’) and thus to a point in [X /G]. Let K be the quotient field of R, n € X a point
lying over the generic point of X. Then, the closure of G x 1] C X is a G-invariant subset. Since X /G
is a good quotient, its image is closed and contains X. Thus, the orbit of 7 specializes to a point lying
over the closed point of X, and we can find x € X (R’) as claimed. O

COROLLARY 3.3.2. Assume that C is a smooth projective curve, defined over the finite field k. If a is
of coprime type, then H*(Bun(; p Q) is pure.

Proof. The stack Bun%;-~ i p of a-stable flagged principal G-bundles of type (x,P) is a smooth quotient
stack. Therefore, its i-th cohomology is of weight > i. This is proved in [8], Theorem 5.21. (Ob-
serve the different conventions for the Frobenius map.) Furthemore, by the definition of stability, all
automorphism groups of stable parabolic bundles are finite. In particular, by the preceding lemma,
the map p: Bung, p — . (x,P)%™ is proper. In order to prove that Rp,Q, = Qy, it is therefore suf-
ficient to comparéf’tfhe stalks of these sheaves ([34], Theorem 1.3). But the fibers are quotients of
Spec(K) by finite group schemes. Thus, for rational coefficients, the higher cohomology of the fibers
vanishes. In particular, p induces an isomorphism on cohomology. Since the scheme . (x,P)% is
proper (Theorem 3.2.3), its i-th cohomology is of weight < i, by Deligne’s theorem ([12], Théoréme
D, O

Remark 3.3.3. i) So far, we have treated the moduli spaces only over algebraically closed fields.
Of course, they will be defined over a finite extension of IF,. (In fact, as the construction of the
moduli spaces will reveal, they will be defined over the same field as the points in the tuple x.) If we
replace IF, by a finite extension, the new Frobenius is a power of the original Frobenius. The purity
statement is obviously not affected, because it concerns only the absolute values of the eigenvalues of
the Frobenius map.

ii) The moduli space .# (x, P)** will, in general, have finite quotient singularities. Therefore, we
could obtain both estimates for the weights from the coarse moduli space.

COROLLARY 3.3.4. Let R be of finite type over Z, regular, and of dimension at most 1, such that all
residue fields of R satisfy (x). Let C /r be a smooth projective curve and G a split semisimple group
scheme over R. Then, the cohomology of Bung — Spec(R) is locally constant over Spec(R).

Proof. By Theorem 3.2.3, iii), we know that, for fixed i, the i-th cohomology sheaf of Bung is a
direct summand of the corresponding sheaf of BunQGj ; p for suitable type (x,P) and suitable stability
parameter a. Further, by Lemma 3.3.1, the map p: Bung 1 p — A (x,P)* is proper. Since the coarse
moduli space is proper as well, we can again apply Olsson’s base change theorem ([34], Theorem 1.3)



Moduli Stacks of Principal Bundles 11

to the proper map 7 : Bung,, , — .# (x,P)*™® — Spec(R). In particular, the fibers of R7,Q; compute
the cohomology of the fibers of 7.

Moreover, the stack 2™ := Bung i p is smooth. Thus, we may use local acyclicity of smooth maps
as in [11], Chapitre V. To see that this holds for stacks, let us recall the argument. We may suppose
that the base S = Spec(R) is strictly henselian. Denote by 7 the spectrum of an algebraic closure of
the generic point of § and let s denote the special point of S. We have a cartesian diagram

| I

7 —§<—— {s}.

Now, Re,Q; = f*Re.Qy, because this holds for any smooth covering U — 2" and i*Re. Q, = Q.
Thus, using the above calculation and proper base change for the last equality, we find:

H* (27, Qo) = H (2, Re, Q) = H* (25, Q).
This settles the claim. O

We may now derive our main result.

THEOREM 3.3.5. Assume that C is a curve over the field k. Then, the cohomology of Bung is freely
generated by the canonical classes, i.e.,

Proof. First method. One can deduce the result from the theorem of Atiyah and Bott. By the base
change corollary above, knowing the theorem for k = C implies the claim over an arbitrary alge-
braically closed field. For k = C Atiyah and Bott proved the result. Namely they constructed a
continuous atlas X — Bung, where X is contractible and Bung is the quotient of X by the action of
an infinite dimensional group ¢. In the article of Atiyah and Bott the equivariant cohomology of X
with respect to this group action is computed. However, the spectral sequence computing equivariant
cohomology from the cohomology of ¢ coincides with the sequence computing the cohomology of
Bung form the atlas X — Bung.

Second method. By the base change corollary 3.3.4, it is sufficient to prove the claim in the
case that C is defined over a finite field k. We have just seen (Corollary 3.3.2) that in this case the
cohomology of Bung is pure. Furthermore, Harder proved [18] that 7(G) = 1 for semisimple simply
connected groups and Ono showed how to deduce 7(G) = #m; (G) for arbitrary semisimple groups (see
[8], §6). Thus, we can apply Corollary 3.1.3 to Siegel’s formula and Behrend’s trace formula. O

Remark 3.3.6. For G = SL,(k) (or G = GL,(k)), one can use Beauville’s trick [3] which shows that
the cohomology of Bunﬁfné p 18 generated by the classes constructed in Remark 3.2.2. This gives a
direct proof of the theorem.

4 Semistability for Flagged Principal Bundles

In this section, we introduce the parameter dependent notion of semistability for flagged principal
bundles. After discussing its basic features, including the important fact that any principal bundle can
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be turned into a stable flagged principal bundle for a suitable type and a suitable stability parameter,
we apply Behrend’s formalism of complementary polyhedra to derive the Harder-Narasimhan reduc-
tion for semistable flagged principal bundles. We conclude with a proof of the semistable reduction
theorem for flagged principal bundles whose structure group has a classical root system, generalizing
the arguments from [22].

4.1 Definition of Semistability

We want to define a notion of semistability for flagged principal bundles. For an algebraic group P
let us denote by X*(P) := Hom(P, G,,) the group of characters and by X*(P), := Hom(X*(P), Q) the
rational cocharacters. The notion of semistability will depend on parameters a; varying over the sets

i=1,..,b.

" . for all parabolic subgroups P’ D P,
X*(P)§y = {a EX™(P)q a(detp @ det; ") < 0 },
(Since Bung , p — Bung is a locally trivial fibration with fiber [T._; G/P,, we see that the Picard group
of Bung , p is a free Z-module generated by Pic(Bung) = Z and [[;_; X*(P;). Therefore the notion
of semistability should depend on an element in X*(P;)*. Since this has a canonical basis, the dual
appears in our definition.) To state this in terms closer to Geometric Invariant Theory, note that the
pairing of characters and one-parameter subgroups of a parabolic subgroup of G is invariant under
conjugation. Therefore, conjugacy classes of rational one-parameter subgroups of P; are given by
X *(P,-)YQ, i=1,...,b. A one-parameter subgroup A : G,, — G defines the parabolic subgroup

P(A):=Ps(A) = {g €G)| lin(l)k(z)gl(z)_] exists in G}.
!
For later purposes, we also introduce
Qc(A) :=Ps(—A) = {g € G|limA(z)gA(z) " exists in G}.
z—00

Example 4.1.1. Any one-parameter subgroup A : G,,(k) — GL(V) defines a set of weights 71 < --- <
%+1 and a decomposition

t+1
V=Vv' with Vl::{veVM(z)(v):zy’-v,VzEGm(k)}, I=1,..,t+1,
I=1

into eigenspaces. We derive the flag
Ve(A): {0y Vi =VICv:=viavic...cV,:=Vig...aVv CV.

Note that the group Qg (v)(4) is the stabilizer of the flag Vo(4). As an additional datum, we define
the tuple Bo(A) = (B, ..., B) with B; := (Y01 — )/dim(V), [ = 1,...,¢. The pair (Vo(1),Be(1)) is
the weighted flag of M.

Since P(A) = P(nA) for all n € IN, the group P(A) is also well defined for rational one-parameter
subgroups, and it only depends on the conjugacy class of A in P(A). Finally, writing G as a product
of root groups, we see that A € X, (P;)q defines an element A € X*(Pi)éﬂr, if and only if P, = P(A).
It will often be convenient for us to view a; € X* (P,)YQ  as a rational one-parameter subgroup of G
which we will denote by the same symbol.
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Remark 4.1.2. i) Let (#,s) be a flagged principal G-bundle and 2, p, the P-torsor over x; de-
fined by s;, i = 1,...,b. Denote further P, := Autp (7, p) C Autg(Z,) the corresponding parabolic
subgroup. Any (P-equivariant) trivialization &, p = P; defines an isomorphism P, = P,. This iso-
morphism is canonical up to inner automorphisms of P, so that we obtain canonical isomorphisms
X*(P)q = X*(P;)q and X*(P) g , = X*(Ps,-)YQ,+5 i=1,...,b. Given a; € X*(P)¢ , we will denote
the corresponding element in X* (P, )Q’ + by as;. The “one-parameter subgroup” aj, is well-defined
only up to conjugation in F,. If we choose a maximal torus 7 C F;, we may assume that ag, is a
one-parameter subgroup of 7. As such it is well-defined.

ii) Likewise, if a parabolic subgroup Q of G, a character x of Q, and a reduction Z of & to Q
are given, then we get in each point x; a parabolic subgroup Q; in Aut(.%%,) and a character y;, of that
parabolic subgroup, i =1,...,b.

iii) Any two parabolic subgroups P and Q of G share a maximal torus, and all common maximal
tori are conjugate in QN P. Let Q; C Aut(Z,,) be a parabolic subgroup, i = 1,...,b. By our previous
remarks, we may assume that a, is a subgroup of Q; N F;,. Then, for any i and any character x; €
X*(Q;), the value of the pairing ();,ay,) is well-defined.

These remarks also show the following.

LEMMA 4.13. Let Q,P C G be parabolic subgroups, a € X*(P)¢, ., and x € X*(Q) a dominant

character. Denote by ) = x(g~' - -g) the corresponding character of gQg™". Then, the value of the
function

G—Q

gr— (*x.a)

at an element of G depends only on the image of that element in Q\G/P.

Example 4.1.4. Using the notations of the above lemma, assume that P = B is a Borel subgroup and
assume that Q contains B. Choose a maximal torus 7 C B, denote by Ap and Ay the roots of P and
Q, respectively, and by W and Wy the Weyl groups of G and Q/R,(Q), respectively. Then, the double
coset Q\G/P is in bijection to Wp\W and, by Bruhat decomposition, we know that QwP/P C G/P
lies in the closure of Qw'P/P only if all roots of wQw ™! which do not lie in Ap are contained in
A1~ Now, since a € X*(P)g,» we know that (a,a) < 0 occurs precisely for the roots & & Ap.
Thus, we find (*x,a) > (" x,a), whenever QwP lies in the closure of Ow’P and equality implies that
the double cosets coincide.

In particular the largest value of ("' y,a) is obtained for w = 1 and the most negative one for the
longest element of W.

Fixa € [I2, X*(}’i)éJr. Using Remark 4.1.2 and Lemma 4.1.3, we define the a-parabolic degree
(of the reduction Py of &) as the function

a-deg(Fp) : X*(Q) — Q

x +— deg(Po(x))+

i

%s, as,
1

b
(As usual, Z(x) is the line bundle on C that is associated with the principal Q-bundle % and the
character x: Q — Gy, (k).) We write a-deg(Zp) := a-deg(Pp)(dety) where detg is the character
defined by the determinant of the adjoint representation of Q.
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A flagged principal G-bundle (£, s) is called a-(semi)stable, if for any parabolic subgroup Q C G
and any reduction &y of Z to Q, the condition

a-deg(Z)(<)0

is verified. Here the standard notation (<) means that for stable bundles we require a strict inequality,
whereas for semistalbe bundles < is allowed.
The a-parabolic degree of instability of (£, s) is set to be

ideg,(Z,s) == max{ a-deg(Zp) | Q C G a parabolic subgroup and # a reduction of & to Q }

Remark 4.1.5. 1) Let O be a maximal parabolic subgroup of G. Then, all dominant characters on
Q are positive rational multiples of the corresponding fundamental weight. Thus, they are also
positive rational multiples of the character dety. If Q is an arbitrary parabolic subgroup and y is
a dominant character on it, then one finds maximal parabolic subgroups Qi,...,Qr that contain it
and such that ) is a positive rational linear combination of the characters detg, ,...,detg, (viewed as
characters of Q). Therefore, a flagged principal G-bundle (Z,s) is a-semistable, if and only if for
any parabolic subgroup Q, any reduction Zp of & to Q, and any dominant character y € X*(Q),
we have a-deg(Zp)(x) < 0. Or, equivalently, we may use anti-dominant characters y and require
a-deg(Zp)(x) > 0. (We have used the version with dominant characters, because this allows us
Wapt Behrend’s existence proof of the canonical reduction ([4], [6]) more easily. For our GIT
computations below, the formulation with anti-dominant characters seems better suited.)

ii) From our observations in i), we also infer that it suffices to test semistability for maximal
parabolic subgroups.

iii) The a-parabolic degree of instability is finite, because the degree of instability is finite and the
values of (), as,), i = 1,...,b, are bounded for every fixed g, and only finitely many ) occur.

An element a; € X*(P,)g . is called admissible, if for some maximal torus T C F;, such that a;
factors through T, we have |(a,a;)| < 3 for all roots ¢. Note that this does not depend on the choice
of T, because all maximal tori are conjugate over k and conjugation permutes the roots. The stability
parameter a is called admissible, if a; is admissible fori =1, ...,b.

4.2 General Remarks on Semistability

As in the case of vector bundles, the notions of a-semistability and a-stability will coincide, if a satis-
fies some coprimality condition. In the following lemma, we will also allow real stability parameters
ac @ﬁ’:lX* (P,-)ﬁ in order to define a nice chamber decomposition. Clearly, a-(semi)stability may
also be defined for such parameters.

LEMMA 4.2.1. Fix the type (x,P). For every parabolic subgroup Q € G and every d € Z., we introduce
the wall

M-

b
WQﬂd = {Q € @X*(Pl)i/{‘ (detQ,ai> =d }
i=1

1

Then, the following properties are satisfied:

i) For every bounded subset A C X*(P,)y,, there are only finitely many walls Wy 4 with Wy 4 NA #
J.

i1) If one of the groups P; is a Borel subgroup, then Wy 4 is for all parabolic subgroups Q and all
integers d a proper subset of codimension 1 or empty.
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iii) If
a g U WQ,du
QCG parabolic,deZ
then every a-semistable bundle is a-stable.
iv) If the stability parameters a and d' lie in the same connected component of

b
Px*(Pr\ U Wo.d,
i—1

QCG parabolic,deZ.

then the notions of a-(semi)stability and a'-(semi)stability coincide.
V) Let € be a connected component of @7 X*(P)}; \ Uoca paraboticacz Wo.a- 1If a € € and

d € C, then every d'-stable bundle is a-stable and every a-semistable bundle is a'-semistable.

A stability parameter a satisfying the condition stated in iii) of the lemma is said to be of coprime
type.

Proof. Let ¢ be a conjugacy class of parabolic subgroups in G and Q. a representative of c¢. For a
parabolic subgroup Q in the class cand i € { 1,...,b }, the number (detp,a;) depends only on the class
of Q in Q.\G/P,.. This was shown in Lemma 4.1.3. Since there are only finitely many conjugacy
classes of parabolic subgroups and any set of the form Q\G/P, P, Q parabolic subgroups of G, is
finite, there are only finitely many functions of the form

ar—

(detg, a;)

e

1

1

on @ib: 1 X*(P,)};, and any bounded set A is “hit” by only finitely many walls.

The second part is easy, because, for a Borel subgroup, one has X*(B) = X*(T'), whence (dety, .)
cannot vanish identically on X*(B)},.

For a properly semistable flagged principal G-bundle (£, s), there are a parabolic subgroup Q and
a reduction P of & to Q, such that Y'_, (detg,a;) = —deg(Pp) € Z. This immediately yields iii)
and also proves the last two statements. O

PROPOSITION 4.2.2. Fix a connected component Bung of Bung and a Borel subgroup B C G. Then,
forall h € Z, there exists a number by € N, such that, for any b > by, and any collection x = (x1,...,xp)
of distinct k-rational points on C, there is an admissible stability parameter a’ € Hﬁ’:lX*(B)YQ Lof
coprime type with the following property: for every principal G-bundle & with degree of instability
< h, there exists a flagging s with s;: {x;} — P|(}/B, i =1,...,b, such that (2,s) is an a’-stable
flagged principal G-bundle of type (x*,(B, ...,B)).

Proof. Part v) of Lemma 4.2.1 shows that we may replace any stability parameter by one of coprime
type, while enlarging the set of stable bundles. So we do not have to worry about the coprimality
condition on a.

Let Bung’gh be the stack of principal G-bundles of instability degree < A. This is an open substack
of finite type of Bung [4]. Choose a € X* (B)YQ +» such that for all parabolic subgroups Q C G one
has either (detp,a) > 0 or (detg,a) < —2h. Such a choice is possible by Lemma 4.2.1, ii): we can
find @’ € X*(B)q, such that the finitely many values (detp,a’) are all non-zero. Multiplying ' with a
sufficiently large constant, we find a. Set

D :=max{ (detg,a) |Q C G a parabolic subgroup }.
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Note that this is a positive number.
Next, choose a sequence (x,),> of distinct points in C(k), set x” := (x1,...,xp), and consider, for
b € IN, the stability parameter a” := (a/b,...,a/b). It will be admissible for b >> 0.

OBSERVATION. Let & be a principal G-bundle, Q C G a parabolic subgroup, and & a reduction
of Z to Q, such that deg(Fg) < —D. Then, for any b and any choice of sections s; : {x;} — P|(.\/B,
i=1,...,b, we have a’-deg(Py) < 0.

We want to estimate the dimension of the space of a”-unstable flagged principal G-bundles (22, s)
of type (%, (B, ...,B)) with & € Bung’gh. First of all, the stack

[ZAS Bung’gh,
Reductions := <(@ , @Q) ' P areduction of & to the parabolic subgroup Q >
with deg(#g) > —D

is an algebraic stack of finite type: reductions of a principal G-bundle & to Q are given by sections
of #2/Q, and &?/Q is projective over the base. Thus, by Grothendieck’s construction of the quot
schemes, these sections are parametrized by a countable union of quasi-projective schemes. We may
apply this to the universal bundle over Bung’gh x C, because locally we may use the quot schemes for
any bounded family over a scheme and the resulting schemes glue, because the functor is defined over
the stack. The substack of reductions of fixed degree is of finite type, because the reduction is defined
by the induced sub vector bundle of the adjoint bundle of rank dim(Q) and the same degree as the
reduction. In any bounded family of vector bundles, the vector subbundles of given rank and degree
form also a bounded family. Finally, recall that we look only at degrees between —D and .
Therefore, the fiber product

9,<h

Test := Reductions X, s<; Bun
ng; G x!

Bu
parameterizing flagged principal G-bundles of type (x”, (B, ..., B)) together with a reduction of bounded
degree to a parabolic subgroup is for any b € IN of finite type. Consider the closed substack Bad C Test
given by (2,5, Z,) with a’-deg(F) > 0. We can estimate the dimension of the fibers of Bad —
Reductions as follows: fix & € Bungéh, a parabolic subgroup Q C G, and a reduction & of & to

Q. Given b, the variety of flaggings of 2 is X2_, P|(x)/B = (G/B)*". Now, for every i, the subset
{Si € e@HX'.}/B| (detg,ay,) < 0} C /B

is non-empty and open. Denote its complement by Z;. Now, if #{i|s; € Z;} > b-(h+D)/(2h+ D),
then (2,s) is a’-stable: indeed, we compute

M-

Qb—deg(@Q) =deg(Pp)+ ) (detp,ay,) <h—b-

1

h+D 2h b-(l h—i—D)'%:O

1 2h+D b 214D

Thus,
h

2h+D’
Thus, for b > 0, we see that dim(Bad) < b-dim(G/B) and therefore the image of Bad in Bun

dim(Bad) < dim(Reductions) +b-dim(G/B) — b

¥,<h
Gxb

. <l <
cannot contain any fiber of Bung';f — Bung’*h. O

Remark 4.2.3. The proof also shows that we may make the codimension of the locus of a”-unstable
flagged principal G-bundles as large as we wish.
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4.3 The Canonical Reduction for Flagged Principal Bundles

Motivated by work of Harder [20], Stuhler explained in [40] how to define a notion of stability for
Arakelov group schemes over curves and how to use Behrend’s technique of complementary poly-
hedra to prove the existence of a canonical reduction to a parabolic subgroup in this situation. We
only had to translate this to our special case of flagged principal G-bundles. According to Behrend,
it suffices to show that the parabolic degree defined above defines a complementary polyhedron, a
concept which we will recall below. All the results of this section are due to Behrend [6] (with some
simplifications given by Harder and Stuhler in the above references). We only have to verify that his
theory applies to our situation. Since in our case of flagged principal bundles the arguments simplify
a bit, we will try to give a self-contained account.

Let (Z,s) be a flagged principal G-bundle on C and fix a stability parameter a. Let P C G be a
parabolic subgroup. A reduction #p of & to P is called canonical, if

(1) Q'deg(’@P) :idegg(gag)‘

(2) P is a maximal element in the set of parabolic subgroups for which there is a reduction &p of
degree ideg,(Z,s).

Remark 4.3.1. Let &p be a canonical reduction of & and denote by R, (P) the unipotent radical of P.
Note that by Remark 4.1.2, iii), the induced principal (P/R,(P))-bundle &?p/R,(P) inherits a flagging
s": indeed, we may choose a representative for a;, which lies in a maximal torus of Aut(%? )‘{ x} Which
is contained in the intersection of the parabolic subgroup given by the flagging at x; with the parabolic
subgroup given by the canonical reduction and define the parabolic subgroup of Aut(Zp/Ry(P))|(x
associated with ay, as the flagging s} of p/R,(P) atx;, i = 1,...,b. Using this, we find that &7p has
the following properties:

(1) (Zp/R,(P),s’) is an a-semistable flagged principal bundle.
This holds, because the preimage of a reduction of positive degree of &?p/R,,(P) would define
a parabolic reduction of larger degree in .

(2') For all parabolic subgroups P’ containing P, we have a-deg(%p)(detp @dety,') > 0. In fact,
by the definition of a canonical reduction, we know that a-deg(%p)(detp) = a-deg(Pp) <
a-deg(Pp) = a-deg(Pp)(detp).

We can now state the analog of Behrend’s theorem for flagged principal bundles:

THEOREM 4.3.2. Let (2, s) be a flagged principal G-bundle and a an admissible stability parameter.
Then, there is a unique reduction of & to a parabolic subgroup P C G, satisfying the above conditions
(1") and (2"). Moreover, this is a canonical reduction of (2, s).

Let us rewrite Behrend’s proof in our situation. Since canonical reductions of &7 do exist, only
the uniqueness has to be proved. Thus, fix two parabolic subgroups P and Q of G and let &p and
P be reductions of & to P and Q, respectively. Since any two parabolic subgroups share a maximal
torus, we may assume that, locally at the generic point 1 € C, there is a reduction &7, of & to a
torus T C PNQ, such that Ppy = Prpy xT Pand Py = Pry xT Q as subbundles of 2.

Note further that any reduction of the generic fiber of &2 to a parabolic subgroup canonically
extends to a reduction of &, so that #?p and & are determined by #p; and P p, respectively. We
therefore fix a reduction Zr ;. For any parabolic subgroup T C P C G, this defines a reduction &p
of &, and we only need to study how the degree of &p varies with P. Finally, given a Borel subgroup
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T C B C P, the parabolic degree a-deg(Zs) determines a-deg(#p). Thus, like Behrend, we consider
these degrees as a map:

d: {T C BC G|Borel subgroup } — X*(T)"
B — a-deg(Hp).

This map is a “complementary polyhedron”, i.e., it satisfies:

(P1) If Band B’ are two Borel subgroups contained in the parabolic subgroup P C G, then d(B) X*(P) =
d(B/)|X*(p).

This is clear, since both sides only depend on the reduction of & to P.

(P2) Let B and B’ be two Borel subgroups, such that the simple roots of B are Iy = {a, ay,... 1}
and {—a} = —IgNAp. Then, d(B)(a)+d(B")(—a) <0.

Let L be a Levi subgroup of Py := BB', and set L' := Py /R,(Py)Z(L) = L/Z(L). Then, .& :=
Po/Ru(Py)Z(L) is the principal L'-bundle obtained from Z2p, by extension of the structure
group via Py, — L', and we may compute d(B)(¢) and d(B')(a) from £ and the induced
reductions. Thus, by replacing G by L', we may assume that G is semisimple of rank one and
that B and B’ define reductions ¢ and £ of £ which are opposite at the generic point.
Denote by g, b, and b’ the Lie algebras of G, B, and B’, respectively, and by 1, the root space
of a.

Since the reductions are opposite in the generic fiber, the composition
L xBug C L xBg=%y xB’g — Ly xBg/b

is non-zero, i.e., there is an injective map of line bundles Z5(ot) — Zp ().

If this map is an isomorphism at x;, then .Z3 and £ are opposite in this fiber. In this case,
if 5; defines a reduction to either £, or L ;, then (&, ay,) z, + (— &, ay,) z, = 0, and, if the
reduction is different from %3\, and Zp ,,, then (&, ay,) ¢, = (—a,ay,) ¢, <0. (Note that by
our reduction to the case of semisimple rank one, there are only two possible values for the
product (.,.), by Lemma 4.1.3). If the map is not an isomorphism at x;, then deg(Zs(a)) <
deg(-Zp (a)) — 1. Thus, our claim follows again, because we have chosen a to be admissible,
i.e., 2|{(a,a;)| < 1. Altogether, we have established (P2).

In the case G = SL3, the above properties imply that the points d(B) are the corners of a hexagon
whose sides are parallel to the coroots. This might motivate the following observation of Behrend.
(For any M C X*(T')", denote by conv(M) the convex hull of M (in X*(T)},).)

LEMMA 4.3.3 ([6], Lemma 2.5). With the above notation, we have

conv({d(B)|TCB})= (] {xeX*(T)"|x(detp) > a-deg(Fp)(detp) }.

POT
P max. parabolic

In particular, if (22,s) is semistable, then this convex set contains 0.

Note that, for a maximal parabolic subgroup P, the space X*(P)q is one dimensional, so that in
the above we might replace detp by any dominant character A € X*(P)q.
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Proof. Again, given a parabolic subgroup P D T, denote by Ap the set of roots of P and, given a Borel
subgroup B D T, by Ip the set of positive simple roots.

To prove the inclusion “C”, we fix P and show that d(B)(detp) > d(P)(detp). If B C P, then this
holds by definition. Otherwise, let —o € I \ Ap be a simple root of B which is not a root of P, so that
o € Ap. Let B’ be the Borel subgroup that differs from B by g, and let Py, be the parabolic subgroup
generated by BB'. If we show that detp = Ay, +mal, with Ay, € X*(Py,)q and m > 0, then, by the
properties (P1) and (P2) of d, we see that

d(B)(dety) = d(B) (Aay) + md(B) (0o) = d(B) (Ra) +md (B')(c0) = d(B)(detp).

Iterating this procedure, we finally arrive at the case B C P.

Let (.,.) be a W-invariant scalar product on X*(T')q. Define @, such that the reflection s,
is given as A — A — (A, 04 ). Then, we need to show that (detp, cfy) > 0. Recall that detp =
Yaea, 0. For aroot o € Ap with (o, ) < 0, we know that sq,(ct) € Ap, because o, & € Ap, and
(sap(0t), 04 ) = — (o, 0 ). Thus, our assertion is trivial.

To prove the other inclusion, Behrend proceeds by induction on the rank of G. The claim holds, if
X*(T) is one dimensional. Let P D T be a maximal parabolic subgroup with Levi subgroup L. Then,
the polyhedron for the associated Levi bundle is given by

conv({d(B)|T CBCP})C{@eX (T)}|@(detp) = a-deg(Fp)(detp) } = X*(T/Z(L)){.

Now, in the first step of the proof, we have seen that, for any Borel subgroup B D T, either d(B)(detp) >
a-deg(Zp)) or d(B) = d(B') for some Borel subgroup B’ C P. Thus,

conv({d(B)|T CB})N{¢@|@(detp) = a-deg(Pp) } =conv({d(B)|T CBCP}).
This shows that the d(B) also span the intersection of the halfspaces. O

Again, fix a scalar product (.,.) on X *(T)YQ which is invariant under the action of the Weyl group
of G. Then, Behrend’s theorem follows immediately from:

PROPOSITION 4.3.4 ([6], Proposition 3.13). Let &g be a reduction of & satisfying (1') and (2'),
and let Py be a reduction of Pg to T at the generic point of C. Then, Py is also defined as
the reduction to the parabolic subgroup associated to the rational one-parameter subgroup of least
distance to the origin in conv({d(B)|T C B}).

Proof. Again, let Q C G be the parabolic subgroup corresponding to the reduction &g, and let L be a
Levi subgroup of Q. The intersection

(| {xeX"(T)§|x(detp) = a-deg(Pp) } NX*(Z(L))q
PoQ
P max. parabolic

contains only one point, call it yp. Indeed, X*(Q)q = X*(Z(L))q and, if , D Q,i=1,...,m, are the

Claim 1: Under the identification X*(T)" = X, (T), the };;lrabolic subgroup defined by yo € X,(T)
is Q.

First, yo € X*(Z(L))" implies that yg € X,(Z(L))q. Furthermore, since the characters detp, i =
1,...,m, form a basis of X*(Q)q, we have yp(detp) = a-deg(Fg)(detp), for all maximal parabolic
subgroups P O Q. Therefore, property (2') of &, implies that the parabolic subgroup associated to
Yo is O (compare the comments before Remark 4.1.2).
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Claim 2: yp € conv({d(B)|T C BC Q}) Cconv({d(B)|T C B}).
We have the exact sequence

XH(Z(L)h — X*(T)§ — X*(T/Z(L))",

and w(conv{d(B)|T C B C Q}) is the polyhedron of the Levi bundle #,/R,(Q), which is semistable
by assumption. In particular, 0 € w(conv{d(B)|T C BC Q}) (Lemma4.3.3). Thus, conv({d(B)|T C
BC Q})NX*(Z(L))" # @, and y is the only point that can be contained in this intersection.

Claim 3: Under the identification X*(T ), = X*(T)w given by the W-invariant scalar product
(.,.), we have yo = ¥ nidetp, withn; >0, i=1,...,m.

First, X*(Q)r = X*(Z(L))R is the intersection of the subspaces invariant under the reflections s,
for o; € I\ Ip, ie., X*(Q)r = (Boserp\1p Ro;)*. In particular, X*(Z(L))k is the subspace that is
invariant under the Weyl group W of L.

Let B C Q be a Borel subgroup, ¢; a simple root of B for which —¢; is not a root of Q, and Pimin the
parabolic subgroup obtained from Q by adding the root @;, i = 1,...,m. Define &; := detp ®det;n{m S
X*(Q),i=1,....m. Then, & = 104+ L ges\ 1, [pB € X*(Q) with I > 0,15 > 0, i = 1,...,m. Therefore,
a; is the /-fold multiple of the orthogonal projection of @; to X*(Q), i = 1,...,m. Moreover, detp. is
invariant under the reflection sq, for o € Ig \ {@;}, i = 1,...,m. Since o; and detp. are both positive
linear combinations of the simple roots, we find that (detp,, o) = cjOj with ¢; >0, jk=1,...,m.
Now, yoix+(g) = a-deg(Fp) and deg(Fp)(0;) >0, i = 1,...,m, because Py satisfies (2). We infer
yo = Yitnidetp, withn; >0, fori=1,...,m.

Claim 4: yg is the point of least distance to 0 in conv(d(B)).

We have seen in Lemma 4.3.3 that

conv({d(B)|ITCB})= () {xeX*(T)"|x(detp) > a-deg(Zp)}.

POT
P max. parabolic

Thus, forany x € conv({d(B)|T CB})andanyi€ {1,...,m}, we have x(detp ) > a-deg(Pp)(detp) =
yo(detp). Since yp = Y7*  njdetp, with n; > 0, i =1,...,m, we see that

3

(x—y0,y0) = Y_ni(x(detp) —yo(detp)) >0,
=1

whence [lx]) > [lyol! O

4.4 Semistable Reduction for Flagged Principal Bundles

Following our strategy from [22],[23], we want to prove a semistable reduction theorem for flagged
principal bundles.

THEOREM 4.4.1. Let C be a smooth projective curve over the discrete valuation ring R with residue
field k. Let {x;: Spec(R) — C|i=1,...,b} be afinite set of disjoint sections, G a semisimple Cheval-
ley group scheme over R, P a tuple of parabolic subgroups of G, and a an admissible stability param-
eter.

Then, for any a-semistable flagged principal G-bundle ( Pk, sy ) over Ck, there is a finite extension
R DR, such that (Pk,sy) extends to an a-semistable flagged principal G-bundle over Cg.
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Proof. In order to ease notation, we will assume that , = B, i = 1,..., b, for a fixed Borel subgroup
B of G. For our main application, this case is sufficient. The other cases are proved in the same way.
Write S = {xy,...,x5 }, and consider S as a closed subscheme of C.

First Step: Find an arbitrary extension of ¥ to Cgr.

We know ([22], First Step) that, after replacing R by a finite extension, we can always extend the
principal G-bundle &k to a principal bundle &g over Cg. The reductions of s are parameterized
by a scheme which is locally (over R) isomorphic to G/B xg S. Since this scheme is projective over
R, the flaggings of Pk ks extend uniquely to flaggings s; of Pgs, i=1,...,b.

Second Step: Find a modification of (g, s).

Fix a local parameter 7 € R. Assume that (%, s) is not semistable. Then, by Theorem 4.3.2, there
is a canonical reduction of % to a parabolic subgroup P C G. Let T C BN P be a maximal torus of G.
The relative position of the reduction to P and to B at x; is given by an element of P\G/B = Wp\W,
i=1,...,b. Here, W = N(T)/T is the Weyl group of G, and Wp is the Weyl group of the Levi quotient
of P. Fori=1,...,b, we choose an element w; € N(T) which defines the relative position at x;.

We want to describe (%, s) by a glueing cocycle. Recall that any g € [[¢G(7)(R) defines a
principal G-bundle &, on C together with a trivialization of the restrictions &,|c\s and :@g‘ Gog 1D
particular, the latter trivialization also defines flaggings at S.

As in [22], we choose a maximal parabolic subgroup Q D P. Then, there is a finite, disjoint set
of sections U, such that we can find a cocycle g € [[sG(7)(R) x [Ty G(?)(R) and go € [IsG(R),
satisfying the following:

(1) ggo defines (F,s)

(2) g mod 7 € [[g y P(t) (k) defines the canonical reduction of & to P.

(3) (80)x;es mod T = (w;)yes € N(T)(k).

(4) Either g satisfies the conditions of [22], Proposition 7, or g € [Ts y P(?)(R).

(5) If g € [Tsuy P(2)(R), then the maximal N, such that (g¢).es = (Wi)y,es mod 7" is finite. Fur-
thermore, (go)yes mod 7VF! ¢ [1cs PwiB.

For the above cocycle ggo, choose z = 7’

/N with ¢ maximal, such that the cocycle zggo(w ™'z 'w) =
287 'zgo(w 'z~ 'w) is an R[x'/V]-valued cocycle. This defines a flagged principal G-bundle (7', s)
which is another extension of ( Pk, sk ).
Third Step: Show that (7],s) is less unstable.
The Harder-Narasimhan strata (HN-strata) that we shall consider in the following are understood
as Harder-Narasimhan strata in the stack Bung , p , of flagged principal G-bundles of type (x,P) with

respect to the stability parameter a.

LEMMA 4.4.2. Let (Zy,s) be a flagged principal G-bundle which specializes to the flagged princi-
pal G-bundle (£, s), i.e., assume that there is a family of flagged principal G-bundles parameter-
ized by the complete discrete valuation ring R with special fiber (Z,s) and generic fiber (Zy,s).
Assume further that (Zy,s) has a canonical reduction defined over the generic point of R. Then,
ideg,(Py,s) <ideg,(P,s). If the flagged principal G-bundles (Zy,s) and (P, s) do not lie in the
same HN-stratum, then ideg,(Zy,s) < ideg,(%,s).

Proof. Let &py denote the canonical reduction of (y,s). This induces a reduction & p of the
generic fiber by first extending the reduction to an open subset of the special fiber and then extending
this to a reduction over the special fiber. Let us compare the contributions of the flaggings at the point
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x;, i =1,...,b. First assume that the reduction &p, extends to the special fiber, locally at the point
x;. In this case, this extension coincides with &%, p and we can apply the semicontinuity argument of
Example 4.1.4 to see that the contribution of (detp,qa;) can at most increase in the special fiber.

In the other case, the reduction &p (1 can also be extended to a reduction of &;,. We denote
the corresponding reduction by #p,,. To this reduction, we can apply the same argument as before to
see that the corresponding value of (detp,a;) can at most increase in the special fiber.

Finally, let 2™ be the maximal subsheaf of & x Y Lie(G) that extends &y p x” Lie(P). Then,
in the special fiber over x;, we have

b0y C© Pup xLie(P)N Py p x"Lie(P)|(5,0y, = 1,0,
Since a is admissible, this implies

ideg( Py, s) < a-deg( P p,s)(det(P)) — deg(coker( b0 — Po.p x"Lie(P))-
-(1=2-max{ |(a,a;)| | aroot of G,i=1,...,b})
< ideg(Z, s).

Therefore, we see that either ideg(%%y) < ideg(#), or the canonical reduction Zp defines a reduc-
tion of Z of the same parabolic degree, which must then be the canonical reduction by Theorem
43.2. O

LEMMA 4.4.3. Let & be a principal G-bundle and (2,s) and (Z,s') two flaggings of 2 of the
same type. Let Pp be the canonical reduction of (2,s), and denote by w; and w. € P\G/B the
elements defined by the relative position of the two reductions of &\ to P and B given by s; and sh,
respectively, i = 1,...,b. Assume that w! specializes to w;, i = 1,...,b. Then, (2,s) is less unstable

than (2,s).

Proof. Since s’ specializes to s, we can apply Lemma 4.4.2 to see that ideg(Z?,s) > ideg(4?,s’). As-
sume that both flagged principal G-bundles lie in the same HN-stratum. Then, the canonical reduction
of (Z,s') defines another reduction &7, of & to P. Now, we may use Example 4.1.4 to see that the
parabolic degree of (A}, s) is bigger than the parabolic degree of (Zp,s’), because w # w'. O

Finally, as in [22], third step, choose a Levi subgroup L of Q, set ¥ := Hp x? 0, and consider
the family 2, of principal Q-bundles over C; x A! that is isomorphic to Py x G, over C x G,, and
such that the fiber over 0 is 2y /R,(Q) xL Q. Set &) := 2; x2 G. Note that the flagging of F
induces a flagging for the whole family (%2, , s, ); denote by (P, s,) the fiber over O of this family.

LEMMA 4.4.4. The flagged principal G-bundles (2y,s,) and (Py,s) lie in the same HN-stratum of
Bung y p.a-

Proof. The principal P-bundle &p also defines a reduction & p of & to P. For this reduction,
a-deg(P p) = a-deg(Pp), because all terms in the definition of the degree depend only on the quo-
tient of #p /R, (P). By Behrend’s characterization of the canonical reduction, this implies that &, p
is the canonical reduction of #. ]

COROLLARY 4.4.5. The flagged principal G-bundle (Z,s') is less unstable than ( Z,s).
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Proof. As in the case of principal bundles, we only need to compare the HN-strata of (27,s') and
(Pr,s). If &’ and &2 are isomorphic as principal G-bundles (i.e., without flagging), then the cocycle
used to define &’ satisfies (5). Then, we know that the element g{, specializes to w, in which case
Lemma 4.4.3 proves our claim.

Otherwise, we can argue as in the case of principal bundles ([23]) to see that the reduction of &
to Q does not lift to &', So, again we know that ' is less unstable. O

As in the case of principal bundles without flaggings, we can now argue as follows: start with an
arbitrary unstable extension (?,s) of the flagged principal bundle (%, sk ). Either the special fiber
of (Z,s) is semistable, or we can find another extension (Z?',s’) which is less unstable. Since the
instability degree of (£, s) is finite, this process will stop after finitely many iterations. O

5 Construction of the Moduli Spaces

We will now carry out the GIT construction of the moduli spaces of flagged principal G-bundles.
The strategy is roughly the same as in the case of principal G-bundles ([36], [38], [15]), i.e., we first
introduce flagged pseudo G-bundles whose moduli spaces can be constructed with the help of deco-
rated flagged vector bundles and then explain how we obtain the moduli spaces of flagged principal
G-bundles from there. At the end, we will give the full construction of the moduli space of decorated
flagged vector bundles, following and generalizing [37].

5.1 Reduction to a Problem for Decorated Vector Bundles

Fix the type (x, P) of the flagging and the semistability parameter a. We want to adapt the construction
of moduli spaces for principal bundles given in [15] to flagged principal G-bundles. Thus, we will fix
a faithful representation p: G — SL(V) C GL(V) on a finite dimensional k-vector space V. Given
a principal G-bundle & over C, we write & (V) or & (p) for the vector bundle with fiber V that is
associated with G via the representation p, Pgy (y) := & x G SL(V) for the corresponding principal
SL(V)-bundle, and Pqy (v := & x¢ GL(V) for the associated principal GL(V)-bundle.

p-Flagged Principal G-Bundles. — Let P = (Py,...,P,) be a tuple of parabolic subgroups of
GL(V). As before, we fix a tuple x = (xi,...,x,) of distinct k-rational points. Then, a p-flagged
principal G-bundle (of type (x,P)) is a tuple (Z,s) that is composed of a principal G-bundle &2 and
reductions s;: {x;} — (PgL(v) Xc {xi})/P; of the associated principal GL(V)-bundle at the points
Xi, i =1,...,b. This time, the stability parameter will be a tuple a = (ay,...,ap) with a; € X*(Pi)YQ,Jr’
i=1,..b.

Before we introduce the correct notion of semistability, we point out that, given a parabolic sub-
group Q of G, a dominant character ¥ on Q, and a; as above, there is no intrinsic way to define
(Xs;»as;) (compare Section 4). Thus, we have to explain how we extend a parabolic subgroup of G and
a dominant character on it to a parabolic subgroup of GL(V) and a dominant character on it. For this,
we use the construction introduced in [36] and [15].

Fix a basis for V and let T C GL(V) be the corresponding maximal torus of diagonal matrices. The

basis yields a basis for X*(T), i.e., an isomorphism X*(7') = Z". The symmetric bilinear map Z" x

7" —7Z,((b1,....by), (b}, ,beN)) — Z?:Lbi-bﬁ induces the symmetric bilinear map (.,.): X*(f) X

X*(f)w—> Z. Let (.,)k: Xox(T) x X,k (T) — K be its K-bilinear extension to the vector space
X, k(T) =X (T)®z K, K= Q,R. Since the pairing (.,.) is invariant under the Weyl group, it
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induces similar pairings on the character and cocharacter groups of any other maximal torus T C
GL(V).

On the other hand, given a one-parameter subgroup A € X*(f) and a character ¥ € X*(f),
the composition 7 0 A : Gp(k) — Gy(k) is of the form z — z**) and gives the duality pairing
() XH(T) X X(T) — Z. Welet (., Vs Xio(T) x X, g (T) — K, K= Q,R, X5 (T) := X*(T) @z
IK, be its extensions. Thus, any rational one-parameter subgroup A € XhQ(f) gives rise to a character
XL € X{Q(f) defined by

A A= (2. A )q, YA €X.q(T).

One checks that y; comes from a character of Q := OgL(v)(A) that depends only on the conjugacy
class of A within Q. If the weighted flag of A is, for example, ({0} CU C V, (1)), then

X QeLvy(A) — Gul(k) (1

(1) — demo-am.gegaysme

If T C Gis a maximal torus, then we may extend it to a maximal torus T of GL(V). The scalar product
on X]%(T) that we have obtained before restricts to a scalar product on Xj (7). Lemma 2.8 in Chapter
IT of [32] implies that the scalar product on Xy (7') thus obtained does not depend on the choice of the
extending torus 7'. Furthermore, it is invariant under the Weyl group .4 (T)/T.

If A: G, (k) — G is a one-parameter subgroup, then we associate with it the parabolic sub-
group Qg (A), the anti-dominant character J; , and the dominant character y_; = —y;. Likewise, we

have Qg (v)(4), the anti-dominant character x;, and the dominant character ¥ _j = —;. Note that
06(4) = QaLv)(A) NG and YX12(041) = Xxa-

PROPOSITION 5.1.1. The assignment A — (Qc(A),x_2) (A +— (Qc(A),x2)) is a surjection from the
set of one-parameter subgroups of G onto the set of pairs consisting of a parabolic subgroup of G and
a dominant (anti-dominant) character on that parabolic subgroup.

Proof. See Section 3.2 of [15]. ]

We say that a p-flagged principal G-bundle (Z2,s) is a-(semi)stable, if, for every one-parameter
subgroup A: G,,(k) — G and every reduction of & to the parabolic subgroup Q := Qg(A), the
inequality

M-

deg(tyQ(xf/'L))+ <(ifl)5i’a5i>(§)0

i=1

holds true.

Associated p-Flagged Principal Bundles and Semistability. — Now, we return to the situation
where we are given a type (x,P) with x as usual and P = (Py, ..., B,) a tuple of parabolic subgroups of
G and a stability parameter a = (ay,...,ap) with a; € X*(Pi)YQ,Jr’ i=1,...,b. As we have explained in
Section 4, we may view g; as a rational one-parameter subgroup of G with Pg(aj))=P,i=1,...,b. We
set p*(B) = (P] s ---be) = (PGL(V)(al), "'7PGL(V) (ab)) and p*(g) = (071 s ...,ZZ},) = (p odi,...,p oas).
Next note that any flagged principal G-bundle (Z,s) of type (x,P) defines the p-flagged principal
G-bundle (2, p.(s)), px(s) = (51,...,55), with

sic {xit =5 Pl /P — Povwvyy /P i=1,...,b.
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LEMMA 5.1.2. A flagged principal G-bundle (2 ,s) of type (x, P) is a-(semi)stable, if and only if the
associated p-flagged principal G-bundle (2, p.(s)) of type (x, p«(P)) is p«(a)-(semi)stable.

Proof. By Proposition 5.1.1, (£, s) is a-(semi)stable, if and only if, for every one-parameter subgroup
A: G,y (k) — G and every reduction Zg of & to Q := Qg(A), one has

b
deg(@Q(l—A)) + Z<(%—A)Si?asi>(§)0'

i=1

Our contention therefore reduces to the trivial fact ((¥_3 )s»@s;) = (X—-2)s;,ds;)» i = 1,..., b. O

Another Formulation of Semistability for p-Flagged Principal Bundles. — Before we may
introduce even more general objects, we have to reformulate the notion of a-(semi)stability. The
first trivial reformulation is that we may say that (22, s) is a-(semi)stable, if, for every one-parameter
subgroup A: G, (k) — G and every reduction of & to the parabolic subgroup Q := Qg(A), the
inequality

b
deg ‘@Q X/l Z %JL Y,?aS )0

holds true.
Next, assume we are given a principal G-bundle &, a one-parameter subgroup A : G, (k) — G
with weighted flag

(Va(2),Be(2)) = ({0} VI C - SV, SV, (Br, ... Br)),

and a reduction &y of & to Q := Qg(A). Then, we obtain an induced reduction '@chm(l) of the
principal GL(V)-bundle Zgy (v) to Qgr(v)(4). The datum of that reduction is equivalent to the datum
of a filtration

E(Py): {0} CE C---CECE withrk(E) =dim(V}),i=1,....1.

Using (1), one easily computes

MN

deg(Po(22)) = Y. Bi- (deg(E) -1k(E;) — deg(E:) - 1k(E)). 2

1

Note that a parabolic subgroup of GL(V) is the stabilizer of a flag in V. Thus, the tuple P of
parabolic subgroups of GL(V) gives quotients V. — W;;, and subspaces V;; := ker(V — W;;), j =
1,....t;,i=1,...,b, such that ViiCVijr1, J = ,...t;i—1,i=1,...,b.

Next, let A: G,,(k) — G be a one-parameter subgroup with weighted flag

(Ve(A),Be(A)) = ({0} SV S - SV SV, (Br, .. Br))

and a a rational one-parameter subgroup of G with weighted flag

(Ve(a). Bula)) = ({0} CViCCV, gvdml(v)<>)

In addition, define

Qh = V/Vh, Rip = Vi//(Vi/ﬁVh), rip ‘= dim(R,-h), i= 1,...,t,h = 1,...,1’, ri= dim(V).
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We claim that .
T
(Xr.a Z(ﬁi' Y an- (r'rih—rj'dim(Qh)))- 3
=1 h=1
By bilinearity, this has to be checked only for T =7 =1, B; = 1, and a; = r. In this case, it follows
easily from the definitions and (1).

Finally, suppose we are given a stability parameter a = (ay, ...,a) with a; € X*(P,-)YQ#, i=1,..,b.
Then, we write Bo(a;) =: (1/r) - (ai1,...,ai,), i = 1,...,b. The parabolic subgroups P, ..., P, define
quotients V. — Wj;, and we set r;; := dim(W;;), j = 1,....,t;, i = 1,...,b. Suppose that (Z,s) is a
p-flagged principal G-bundle of type (x,P). Then, we have the associated vector bundle E and the
reductions s; define quotients g;;: E; — Q;; with dim(Q;j) = rij, j=1,...,t;, i = 1,...,b. For any
subbundle {0} C F C E, we set

a-deg(F) := deg(F Z Z aij- d1m qlJ >)
i=1j=

Putting (2) and (3) together, we infer the following characterization of semistability.

PROPOSITION 5.1.3. The p-flagged principal G-bundle is a-(semi)stable, if and only if, for every
one-parameter subgroup A of G and every reduction P of & to Q := Qg (A), the inequality

t

) Bi(a-deg(E) - tk(E;) — a-deg(E;) - tk(E)) ()0

i=1

is verified. Here,

E(P) ={0}CEC - CECE and Bu(X)=(Bi,.. )

Reminder on Pseudo G-Bundles. — Following the general strategy from [36] and [15], we will
first embed principal G-bundles into pseudo G-bundles which in turn can be embedded into decorated
vector bundles for which we finally can do the GIT-calculations. We have already chosen to view
principal G-bundles as principal GL(V)-bundles together with a reduction to G, i.e., as pairs (£, 0)
that consist of a principal GL(V )-bundle &7 and a section 6: C — % /G. Given such a pair (£, 0),
let E be the corresponding vector bundle. Then,

P = Isom(V® Oc,E) C #om(V® Oc,E) = Spec(Lym*(VRE")).

Moreover, the good quotient .Zom(V & O¢,E) /G = Spec(.ym*(V ® E)©) exists and there is the
open embedding
Fsom(VROc,E)/GC #om(V® Oc,E)JG.

Thus, o is given by a non-trivial homomorphism 7: .#ym*(V @ EV)¢ — 0. This suggests the
following definition: a pseudo G-bundle (E,7) consists of a vector bundle E with trivial determinant
det(E) = O and a non-trivial homomorphlsm 7. Sym*(VREY)? — O¢ of O¢-algebras. Not any
homomorphism 7 gives rise to a principal G-bundle, but the following result ([36], Corollary 3.4)
gives an important characterization when it does.

LEMMA 5.14. Let (E,t) be a pseudo G-bundle with associated section ¢: C — Fom(V & O¢,
E)//G. Then, (E,7) is a principal G-bundle, if and only if there exists a point x € C, such that

G(x) S Isom(V, E|{x})/G
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For our purposes, we therefore look at the following objects: a p-flagged pseudo G-bundle
(E,7,q) is a pseudo G-bundle (E, 7) together with quotients

gij: Ejxy — Qij
onto k-vector spaces Q;;, j=1,...,t;,i=1,...,b, such that
ker(qij)gker(qij+1), jZl,...,l‘i—l,iZI,...,b. (4)

The tuple (x,r) with r = (r;; :=dim(Q;;),j = 1,....,t;,i = 1, ..., s) will be referred to as the type of the
flagging. There is an obvious notion of isomorphism of p-flagged pseudo G-bundles.

The algebra .“ym*(V @ EV)© is finitely generated, whence the morphism 7 is determined, for
s > 0, by its restriction 7<;: @ ,.Zym'(V @ EV)® — 0. In particular, p-flagged pseudo-G-
bundles form an algebraic stack, locally of finite type. Lemma 5.1.4 implies that the stack of p-flagged
G-bundles is an open substack of the stack of p-flagged pseudo G-bundles. Following [15], we choose
s >> 0, such that

a) Sym*(V ®k"V)C is generated by elements in degree < s.

b) Sym®)(V@k")C is generated by elements in degree 1, i.e., by the elements in the vector space
Sym* (V@ k")C.
Set
ViE)= @ (Sym® ((VE)%) @@ Sym (Sym'(V @ EY)%) ).

(dys-..ds):
d;>0.Y id;=s!

Then, 7 induces morphisms
o Sym* (VOEY)S — O¢
and
@: Vy(E) - Sym" (VRE")S — 0.

Homogeneous Representations. — Instead of the representation V, we can also allow a more
general class of representations without complicating the arguments. This might be useful for other
applications, too. A representation x: GL,(k) — GL(U) is called a polynomial representation, if
it extends to a (multiplicative) map k: M,(k) — End(U). We say that k is homogeneous of degree
uc?,if
K(z-Ey) =2"idy, Vz€ Gu(k).

Let P(r,u) be the abelian category of homogeneous polynomial representations of GL, (k) of degree
u. It comes with the duality functor

*: P(hbu) — P(ru)

Here, .V stands for the corresponding dual representation. An example for a representation in P(r,u)
is the u-th divided power (Sym“(idgL, (x)))*, i.e., the representation of GL, (k) on

D" (W) = (Sym“(WV))v7 W:=k".
More generally, we look, for u,v > 0, at the GL,(k)-module
DYW):= & (D"W)®---@D"“(W)). )

(U] yeenstty):
u,—ZO,):lel uj=u



28 J. Heinloth, A.H.W. Schmitt

LEMMA 5.1.5. Let x: GL,(k) — GL(U) be a homogeneous polynomial representation of degree u.
Then, there exists an integer v > 0, such that U is a quotient of the GL(U )-module D*¥(W). If x is
homogeneous, but not polynomial, then it is a quotient of D*'(W) @ (AN"W)®~" for some w > 0.

Proof. The proof of Proposition 5.3 in [27] shows that any representation k’: GL,(k) — GL(U’) in
P(r,u) is, for suitable v > 0, a sub-representation of the representation of GL, (k) on the vector space

B (Sym" (W)@ Sym"(W)).

(U] yeenstty):
14;20,21‘.':1 uj=u

Applying this result to the dual k*: GL,(k) — GL(U™*) of k proves the first assertion.
The second assertion follows from the obvious fact that U @ (A" W)®" will be a polynomial rep-
resentation for large w. O

Remark 5.1.6. As is apparent from the construction in [27], the above result also holds over the ring
of integers.

Fix natural numbers u,v and let A be any vector bundle on the curve C, that is, we do not assume
A to have rank r. Then, we set

D“(A):= @ (D"(A)®---@D"(A)), D"(A):=(Lm"(A"))", w>0.
PR
Remark 5.1.7. Any surjective homomorphism y: A — B between vector bundles induces a surjec-

tive homomorphism
D“(y): D*Y(A) — D*“Y(B).

Decorated Flagged Vector Bundles. — Now, fix a line bundle L on C. A decorated flagged vector
bundle of type (r,d,x,r,u,v,L) is a tuple (E,q, ¢) which consists of a vector bundle E on C of rank r
and degree d, a non-trivial homomorphism

¢: D“Y(E) — L,

and a flagging ¢ = (i Ej;) — QijyJ = 1,..,ti,i=1,...;5) of type r = (rij, j=1,...t5,i=1,...,5).
The moduli functors for the objects we have considered, so far, are straightforward to define (just
form the isomorphism classes in the corresponding stack). For decorated flagged vector bundles, this
is slightly more delicate. Thus, we give the definition. A family of decorated flagged vector bundles
of type (r,d,x,r,u,v,L) (parameterized by the scheme S) is a tuple (Es, 9,5, ¢s) which consists of a
vector bundle Eg of rank r on S x C and fiberwise of degree d, a tuple qy= (gsij: Egisxixy — 0Os.ij)
of surjections onto vector bundles Qg ;; of rank r;;, j=1,...,t;, i = 1,..., b, subject to the conditions
in (4), a line bundle .45 on S, and a homomorphism ¢@g: D*¥(Es) — (L) ® 5 (.45) which is non-
trivial on every fiber {s} x C. Two such families (Es, g, 45, ¢s) and (Eg, g, -4, ¢g) are said to be
isomorphic, if there exist isomorphisms yy: Es — Eg and xs: A5 — A¢ fulfilling

) . . —1 "
qs.ij :q./5‘7ijoll/S|S><{x,-}a J=1.tii=1,...b, @s= (ldnE(L)(g)ﬂ;(xS)) O(péOID ’V(WS)'

Thus, we may form the functor that assigns to every scheme the set of isomorphism classes of families
of decorated vector bundles of type (r,d,x,r,u,v,L) parameterized by S.
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By Lemma 5.1.5, the representation V can be written as the quotient of D*"(W) @ (A" W)®@~5",
Now, suppose we are given a vector bundle Eg on S x C, a homomorphism 7s: .Zym*(V ® E{ )6 —
Osxc and a flagging 4 of type (x,r) of Es. Then, the determinant of Eg is isomorphic to the pullback

s of aline bundle on S. Choose an isomorphism det(Es) = n5(%s), and set g := 2 ', so that Tg
gives rise to
]DM’V(ES) X JI{gv —» VS(ES) —» yymS!(V ®E§/)G — Ogsxc-

Thus, we obtain the family (Es, q o N5, @s) of decorated flagged vector bundles. Its isomorphism class
does not depend on the choice of the isomorphism det(Es) = 15 (Zs), so that this construction gives
rise to a natural transformation of functors.

LEMMA 5.1.8. The above natural transformation applied to S = Spec(K), K an algebraically closed
extension of k, is injective.

Proof. The proof is the same as the one of Lemma 5.1.1 in [15]. O

We now come to the definition of semistability. Fix the stability parameter a for the flagging.
Here, we view a = (a;j,j = 1,...,t;,i = 1,...,5) as a tuple of rational numbers, and we assume that

® ajj > 0,j=1,...t;,i=1,...,s;
o z’jf‘:lalj< l,i=1,...,s

Then, given a decorated flagged vector bundle (E,q, ) and a weighted filtration (E.,B,) of E, we
define

M,(E.,B.) ZBJ adeg E)-1k(E;) —a-deg(E;) -tk(E ))

The quantity i (E., ;@) is obtained as follows. Let 1 be the generic point of the curve C and let It
stand for the restriction of E to {n}. Then, the restricted homomorphism ¢, gives a point

oy € P(D*Y(E)).
We may choose a one-parameter subgroup Ag: G,,(K) — SL(IE), K := k(C), whose weighted flag
agrees with the restriction of (E,, ) to {1} and define

Hu (EMB'; (p) = ,LL(A«K, GT])-
This does not depend on the choice of Ag.
Remark 5.1.9. By construction, the vector bundle D*V(E) is a subbundle of (E“*)®N for some N > 0.

Set E;y1 :=E and, for (iy,...,i,) € {1,...,t +1}*%,
Ejx---xE; =

Iy

(B @ ®E,,,) ND*Y(E).

For a weighted filtration (E,, ) of the vector bundle E, we define the associated (integral) weight

vector
t

(’}/17"'7')/17 ’)/27-~7'y2 yeees YA lse s 7%+1 Z rkEl (6)
(tkE))x  (tkEs—tkE;)x (tk E—1kE,) % =t

(Note that we recover ; = (Vi1 — %) /r. [ =1,...,t.)
With these concepts, one readily verifies

/.L(E.,ﬁ.;q)) = —min{ Y il (i) € {1t + 117" P\(E;, »-4E,) % 0}.
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To define semistability, we also fix a positive rational number 6. Then, we say that a decorated
flagged vector bundle is (a, §)-(semi)stable, if the inequality

My(Ea, ) +8 - 1t (Ea, Bo; ) (=)0
holds for any weighted filtration (E,, ) of E.
Boundedness. — The starting point for the GIT construction is the boundedness of the family

of (a,0)-semistable decorated flagged vector bundles of type (r,d,x,r,u,v,L). This property is a
consequence of the following statement.

PROPOSITION 5.1.10. Fix the type (r,d,x,r,u,v,L) and the stability parameter 8. Then, there is a
positive constant Dy, such that, given a tuple a = (a;j,j = 1,...,t;,1 = 1,...,s) of positive rational
numbers with th’lzl aij <1 fori=1,...,s and an (a,d)-semistable decorated flagged vector bundle
(Eagv(P) Oftype (r,d,g,[,u,v,L), Oneﬁnds

d
,umax(E) S ; +DO-

Proof. Let (F,q) be any vector bundle with a flagging of type r. Setting R := max{r;;|j=1,....t;;i =
1,...,s}, we derive, for a as in the proposition, the obvious estimate

deg(F) > a-deg(F) > deg(F) —s-R.

Now, let (E, g, @) be as above and 0 C F C E a subbundle. For the weighted filtration (E, : 0 C F C
E,Bes = (1)), one checks

H(Ee, Bos @) <u-(r—1).

Together with these two estimates, the condition of (a, 6 )-semistability implies
drk(F) —deg(F)r+srR+ du(r—1) > a-deg(E) tk(F) — a-deg(F )r+ S u(E., Be; ®) > 0.

We transform this into the inequality

d s-r-R+d6-u-(r—1) d O-u-(r—1)
F)<-— < = R4+ 7
K )_r+ k(F)-r _r+s +
:ZD()
This is the assertion we made. O

5.2 The Moduli Space of Decorated Flagged Vector Bundles

Suppose we are given a constant D. Then, we let G be the bounded family of isomorphism classes
of vector bundles of rank r and degree d with . (E) < D. We also fix an ample line bundle 0¢(1)
of degree one on C, a natural number 7, such that E(n) is globally generated and H'(E(n)) = {0} for
any vector bundle E, such that [E] € G, as well as a vector space Y of dimensiond +r(n+1—g).

Now, a quotient family of decorated flagged vector bundles of type (r,d,x,r,u,v,L) (parameterized
by the scheme S) is a tuple (kg,zg, A5, @s) which consists of a quotient ks: Y ® 15i(O¢c(n)) — Es, a
tuple g, = (gs.ij: Esisx{xy — 9s.,ij»J = 1,..,ti,i=1,...,b), a line bundle .45 on S, and a homomor-
phism @g: D*V(Es) — /(L) ® n(A5) with the following properties:



Moduli Stacks of Principal Bundles 31

e Ejis a vector bundle on S x C, such that [Eg|(sy«c] € &, for every s € S(k),
o T, (ks ®idrs(op(n))): ¥ ® Os — Tsu(Es @ w5 (Oc(n))) is an isomorphism,

® g consists of surjections onto vector bundles Qg ;; of rank r;;, j =1,....t;, i = 1,...,b, subject
to the conditions in (4), and

e (g is non-trivial on every fiber {s} x C.

Two such families (ks,q,,- 15, ¢s) and (K, gg,JI/S’ , @) are said to be isomorphic, if there exist iso-
morphisms Ys: Eg — E¢ and xs: A5 — A¢, fulfilling

. , . * -1 u,y
kS:ka‘OW.SU qs.ij ZQ./S‘,ijOWS\SX{x,'}v J=1utii=1,..,D, os= (ldnE(L)@)nS(XS)) O(péO]D ' (WS)

Suppose we are also given stability parameters a and § as above. Then, we take D = Dy from
Proposition 5.1.10. The first step toward the construction of the moduli spaces is the construction of
a suitable parameter space:

PROPOSITION 5.2.1. Fix the input data (r,d,x,r,u,v,L), and let Dy be a before. Then, the functor
that assigns to a scheme S the set of isomorphism classes of quotient families of type (r,d,x,r,u,v,L)
is representable by a quasi-projective scheme ‘.

By its universal property, the parameter scheme ‘3 comes with a natural action of GL(Y). The
next theorem is the main GIT-result that we will prove.

THEOREM 5.2.2. 1) There are open subschemes ‘,]3(9’5)‘(5)5 whose k-rational points are the classes of
tuples (q: Y @ Oc(—n) — E,q, ), such that (E,q,®) is an (a, §)-(semi)stable decorated flagged
vector bundle of type (r,d,x,r, u,v, L). B

ii) The good quotient

M (r,d,x,r,u,v, L) @0 = PO GL(Y)
exists as a projective scheme over Spec(k), and the geometric quotient

///(r,d,g,[,u,v,L)(ﬁ"s)'s = ‘B(ﬁ’g)'s/GL(Y)

as an open subscheme of A (r,d,x,r,u,v,L)®%)s,

Let M(r,d,x,r,u,v, L)(Q"S)'(S)S stand for the functor that associates with a scheme S the set of iso-
morphism classes of families of (a, 6 )-(semi)stable decorated flagged vector bundles of type (r,d,x,r,u,v,L)
parameterized by S. We infer from the above theorem:

COROLLARY 5.2.3. The scheme M (r,d,x,r,u,v,L)“®)""®) is the coarse moduli scheme for the func-
tor M(r,d,x,r,u,v,L)®%)-()s,

Remark 5.2.4. The divided powers are clearly defined over the integers. Therefore, the above the-
orem also works in the relative setting, i.e., for a curve ¥ — Spec(R), possessing a section. The
justification has already been given in Remark 3.2.4.

Now that we have stated our main result on the moduli spaces of decorated flagged vector bundles
and have explained how we get from flagged principal G-bundles to decorated flagged vector bundles,
we must next show how to work our way back from the above theorem to get moduli spaces of flagged
principal G-bundles. This will be the content of the next sections.
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5.3 The Moduli Space for p-Flagged Pseudo G-Bundles

Let D, G, n, and Y be as above. A quotient family of p-flagged pseudo G-bundles of type (x,r) (param-
eterized by the scheme S) is a tuple (ks, Ts, g ) which is composed of a quotient ks: Y @ 75(Oc(n)) —
Eg, a homomorphism ts: .”ym*(V @ E{) — s, and a tuple q,= (gs,ij: Esjsx{ny — 9s.ijsJ =
l,...t;,i=1,...,b), such that

e Ejis a vector bundle on S x C, such that [Eg|(sy.c] € &, for every s € S(k),
o T, (ks ®idzs(op(n))): ¥ ® Os — Tisu(Es @ 5 (Oc(n))) is an isomorphism, and
e Ty is non-trivial on every fiber {s} x C.

For these quotient families, we have an obvious notion of isomorphism.

PROPOSITION 5.3.1. Fix the input data D and (x,r). The functor that assigns to a scheme S the set of
isomorphism classes of quotient families of p-flagged pseudo G-bundles of type (x,r) is representable
by a quasi-projective scheme §p-FLpsBun-

Let Q be the quasi-projective scheme that parameterizes quotients q: Y ® Oc(—n) — E, such
that [E] € & and H°(q(n)) is an isomorphism. The natural morphism Sp-FLPsBun — L induces a
projective morphism §p-pLpsBun// Gm(k) — Q. (Here, the G,,(k)-action comes from the embedding
of Gyu(k) into GL(Y) as the group of homotheties and the natural GL(Y )-action on §p-FLpsBun-)

Fix stability parameters a and & as before. We say that a p-flagged pseudo G-bundle (E, 7,q) is
(a,8)-(semi)stable, if the associated decorated flagged vector bundle (E,q, @) is so. Given the type
(x,r), we define the moduli functor M(p, x,r)(@%)-()s as the functor that assigns to a scheme S the
isomorphism classes of (g, d)-(semi)stable p-flagged pseudo G-bundles parameterized by S. In order
to obtain the moduli spaces, we proceed as follows.

The natural transformation from the functor of isomorphism classes of families of p-flagged
pseudo G-bundles into the functor of decorated flagged vector bundles gives rise to the GL(Y)-
equivariant morphism

AD: $p-FLPsBun ————— P .

oS

The subgroup G,,(k) = G,, (k) -idy acts trivially on %3 and 9, so that AD induces the SL(Y)-equivariant
morphism
AD: Fp-rLpsBun// Gm(k) ———— P .

\Q/

By Proposition 5.3.1, the scheme §p-prpsgun//Gm(k) is proper over £, so that AD is a proper mor-
phism. According to Lemma 5.1.8, it is also an injective map. Altogether, we realize that AD is a
finite map.

Theorem 5.2.2 claims that there are the SL(Y )-invariant open subsets ‘.]3(275)'(5)5 that correspond
to the (a, §)-(semi)stable decorated flagged vector bundles. By definition,

B = AD” ! (Be00)
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is set the of (g, 6)-(semi)stable p-flagged pseudo G-bundles, and we find

%’[()a gLPbBun//G ( ) E_l (m(ﬁ»é)'(s)s) )

We have seen that the good quotient §3(%%)755 //SI(Y) exists as a projective scheme that contains the
geometric quotient p(@.0)-s /SL(Y) as an open subscheme. Since AD is finite, the quotients

///(P&K)(g’a)-(s) = ( p- FLPsBun//G (k) // SL(Y)

also exist. The scheme .Z (p,x, z) % is a projective good quotient and .Z (p,x,r) (@5)=s " an open
subscheme of .#(@%)5(p. r), is a geometric quotient.
Since

(BheE i/ Gon(1)) [/ SLOY) = o inn ) (Gon(k) x SL(Y)) = BefliGhn/ GLOY),

the scheme . (p,x,r)@%)s is the moduli space we were striving at. (More details on the above
arguments may be found in the paper [15].) This construction implies the following result.

THEOREM 5.3.2. The coarse moduli spaces A (p,x,r)\ %% for the functors M(p,x,r)@%)-(5)s do
exist, the scheme M (p,x,r)%9) being projective.

Remark 5.3.3. The construction of this moduli space does not immediately generalize to curves over
a base ring. Let us explain the remedy.

We assume that G and the representation p: G — GL(Vz) are defined over the integers. By
Seshadri’s generalization of GIT relative to base varieties which are defined over Nagata rings [39],
the algebra

Sym*(Vz ® Z")¢

is a finitely generated Z-algebra, and we have the good quotients
n: Hom(Vz,Z") — Hom(Vz, Z") /|G := Spec(Sym* (Vz ® Zr)G) — Spec(Z)
and
7: P(Hom(Vz,Z")") --» P(Hom(Vz,Z")") //G := Proj(Sym*(Vz ® Z")) — Spec(Z).

The quotient
7% Isom(Vy, Z") — Isom(Vz, Z") /G

is a principal G-bundle and thus a universal categorical quotient. However, the quotients 7 and 7 are
not necessarily universal categorical quotients. This fact accounts for the slight modifications which
we do have to make. The good quotient parameterizes orbits of geometric points with respect to the
equivalence relation that two points map to the same point in the quotient, if and only if the closures
of their orbits intersect. This implies the following.

LEMMA 5.3.4. Let Z — Spec(Z) be a closed subscheme. Then, the canonical morphisms
(Hom(VZ7Z ) X Spec(Z )//G - (HOIn(Vz, r)//G) ><Spec(Z)Z

and
(IP (Hom(VZ,Z )V ) X Spec(Z )//G — (IP(Hom(VZ,Zr)v)//G> X spec(z) Z

are bijective on geometric points.
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Let us write
(Hom(VZ, Zr) XSpec(Z) Z) /7G = (HOIII(VZ',, Zr)//G) XSpec(Z) Z

and B
(IP (Hom(Vz, Z7)") X spee(z z) G = (JP (Hom(Vz, Z")")) //G) X spec(z) Z-

Next, assume that E is a locally free sheaf on the scheme Y which is of finite type over Spec(R),
R a Nagata ring. Then, we may easily construct the geometric quotient

H = Hom(V&OyE)G
= (ﬂsom(R’@ Oy ,E) X spec(r) (Hom(Vz, Z") X spec(z) Spec(R))/7G) /GL,(R),

using local trivializations. The construction of 7#om(V ® Oy, E )/7G clearly commutes with base
changes Y’ — Y. Moreover, we have the natural morphism

Hom(V® Oy E))|G — #Hom(V @ Oy,E) /|G

which is bijective, by Lemma 5.3.4. This construction has an algebraic counterpart. Define 7 : H—
Y as the projection map, and let
—~— %
Sym (EV@V)°
be the sheaf 7, (& ;7). Then, we obtain the homomorphism
ps(E): 5/;));1*(Ev V)¢ — Lym*(EY @V)°

that induces the bijective map 7 om(V ® Oy ,E) /G — A

Now, assume that € — Spec(R) is a curve over the Nagata ring R and that S — Spec(R) is a
scheme of finite type over R. Then, a family of weak pseudo G-bundles on € parameterized by S, is a
pair (Es, Ts) that consists of a locally free sheaf Eg of rank dim(V') on § Xgpe.(z) €, such that det(Es)
is a pullback from S, and a homomorphism

= T EYy G
T2 Sym (Eg V)" — O @

whose fibers over § are non-trivial. Unlike the pseudo G-bundles that we had considered before, there
is a pull-back for weak pseudo G-bundles, so that there are reasonable stacks and moduli functors for
them. In the same manner, we can define p-flagged weak pseudo G-bundles and families of such.

Next, suppose that the algebra Sym*(Vz ® Z")° is generated in degrees < s. By Remark 5.1.6, we
may write

@ Sym® (Vz® Zr)G) ® - ®Sym® (Symi(VZ ® Z’)G)

as the quotient of D*"(Z"), for an appropriate integer v > 0. As before, we may therefore associate
to a family of p-flagged weak pseudo G-bundles a family of p-flagged decorated vector bundles.

We also point out the following result:

LEMMA 5.3.5. Let G be a reductive algebraic group, X and Y projective schemes equipped with a
G-action, and m: X — Y a finite and G-equivariant morphism. Suppose £ is a G-linearized ample
line bundle on Y. Then, for any point x € X and any one-parameter subgroup A : G,, — G, one has

Mz (2)(A,x) = e (A, (x)).
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Proof. This is Lemma 2.1 in [38] and also holds in positive characteristic: simply replace the G-
module splitting by a splitting of the induced G,,-module. U

In particular, we may apply this lemma to the finite morphism
m: P(Hom(V,k")") /G — P (Hom(V,k") )//G

(Note that the ample line bundle .#” on the left hand space with which we compute the u-function
is indeed the pullback of the ample line bundle .Z on the right hand space with respect to which
we compute the p-function. Indeed, for r > 0, .4 is constructed from the invariant global sec-
tions in Op(gom(vr)v)(r) Whereas £ is constructed from those invariant sections that extend to
P(Hom(Vz,Z")V).) The lemma therefore shows that, if we use the above new construction to asso-
ciate to a principal G-bundle &2 = (E, 1) a decorated vector bundle (E, ¢), we may still characterize
those weighted filtrations (E., B.) that arise from reductions of & to one-parameter subgroups of G
by the condition “u(E,, Be; @) = 07, as in [15], Lemma 5.4.2.

These considerations clearly show that the moduli spaces of p-flagged weak pseudo G-bundles on
% may be constructed from the moduli spaces of p-flagged decorated vector bundles in the same way
as before.

Note that, for p-flagged principal G-bundles, nothing changes, because .#som(V ® Oy ,E)/G is

still an open subscheme of 7 om(V ® Oy, E)//G.

S-equivalence. —  As usual, the points in the moduli space will be in one to one correspondence to
the S-equivalence classes of (a, §)-semistable pseudo G-bundles. So, in order to identify the closed
points of .Z (p,x,r)@%5 we have to explain this equivalence relation.

Suppose that (E, 7,q) is an (a,0)-semistable p-flagged pseudo G-bundle with associated deco-
rated flagged vector bundle (E, q,¢) and that (E,, 3,) is a weighted filtration of E with

My(Ee,Bs)+ 8 - U (Es, Bo; @) = 0.

We first define the associated admissible deformation df g, g\ (E,T,q) = (Eqt, Taf, gdf). We set E4¢ =
@ _oEi+1/Ei. Let A: G, (k) — SL,(k) be a one-parameter subgroup whose weighted flag (W (1),
Be(A)) in k" satisfies:

o dim(W;) =1k(E;),i=1,....6,in We(A): 0C W, C--- CW, Tk
o B.(2) = ..

Then, the given filtration E, corresponds to a reduction of the structure group of .# som(ﬁé‘?’ ,E) to
Q(A). On the other hand, A defines a decomposition

Sym* (Ve (K)")” =U’,
i€Z

U' being the eigenspace to the character z +— 7', i € Z. With U; :== @ j<iU i, we define the filtration
. C Ui CU CUyy C--- CSym* (Ve (k1)) 7)

Observe that Q(A) fixes this filtration. Thus, we obtain a Q(A )-module structure on

P U/U;-1 = Sym* (V& (K)¥)°. (8)
i€Z
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Next, we write Q(A) = Z,(Q(A)) x L(A) where L(A) = GL(W; /W) x --- x GL(k"/W,) is the cen-
tralizer of A. Note that (8) is an isomorphism of L(A)-modules. The process of passing from
E to E4 corresponds to first reducing the structure group to Q(A), then extending it to L(A) via
O(A) — QO(A)/Z,(Q(A)) = L(A), and then extending it to GL, (k) via the inclusion L(A) C GL,(k).
By (7), there is a filtration

o CU CUC Uy C - C.Sym*(VREY)C,
and, by (8), we have a canonical isomorphism

Fym*(VRES) = DU/ % )
i€Z

Observe that the modules %; and %; /%1, i € Z., are graded by the degree in the algebra . ym*(V ®
EV)Y, so that the algebra in (9) is in fact bigraded. We now look at the subalgebra Sy consisting of
the components of bidegree (d, i) where either d = 0 or d > 0 and

i1

= " Eo; o> .

L= (EaBio)
Then, 7 clearly induces a non-trivial homomorphism 7, on .#};, and we define 7y as 7, on .%;, and as
zero on the other components. The flagging ¢ df of Ey4s is obtained by a similar procedure.

Remark 5.3.6. If (E, t,q) is a p-flagged principal G-bundle and 6 >> 0, the arguments of [15], proof
of Theorem 5.4.1, show that admissible deformations are associated with weighted filtrations (E., ),
such that M, (E,,B.) = 0 and u(E,, B.; @) = 0. In that case, .7 = %. Recall that u(E,, ;) =0
means that (E,, 8s) comes from a reduction of & = (E,7) to a parabolic subgroup ([15], Lemma
5.4.2).

A p-flagged pseudo G-bundle (E, 7,q) is said to be (a, 6)-polystable, if it is (a, 5)-semistable and
equivalent to every admissible deformation df g, g,\(E,T,q) = (Ear, Tar,q 4 f) associated with a filtration
(Es, o) of E with My(Es,Ba) + 6 - 1t (Es, Bo; @) = 0.

LEMMA 5.3.7. Let (E,7,q) be an (a,d)-semistable p-flagged pseudo G-bundle. Then, there exists
an (a,8)-polystable admissible deformation gr(E,t,q) of (E,7,q). The p-flagged pseudo G-bundle
gr(E, T,q) is unique up to equivalence.

In general, not every admissible deformation will immediately lead to a polystable p-flagged
pseudo G-bundle, but any iteration of admissible deformations (leading to non-equivalent p-flagged
pseudo G-bundles) will do so after finitely many steps. We call two (a,d)-semistable p-flagged
pseudo G-bundles (E,7,q) and (E', 7',q’) S-equivalent, if gr(E,7,q) and gr(E’,7’,q’) are equivalent.

Sketch of proof of Lemma 5.3.7. The lemma follows from our GIT construction of the moduli space.
As is well-known, two points y,y’ € Flad)ss z.— Sp-FLPsBun» Will be mapped to the same point in
the quotient, if and only if the closures of their orbits intersect. Let us call the resulting equivalence
relation orbit equivalence. Let 'y € F@%)™ be a point and A: G,,(k) — SL(Y) a one parameter
subgroup with p(A4,y) = 0. Define yo(A4) :=lim; . A(z) - y. By the Hilbert-Mumford criterion (see
[32], p. 53, 1), and Lemma 0.3), orbit equivalence is the equivalence relation that is generated by
Y~ yel(A), y € F4955 A a one-parameter subgroup of SL(Y) with u(A,y) =0.

On the other hand, if y represents the p-flagged pseudo G-bundle (E,7,q), then A induces a
weighted filtration (E., Bs) with M, (Es, Be) + & - tt(Es, Be; @) = 0 and y.. (A ) represents the admissible
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deformation df g, g,)(E, T,q). Conversely, any admissible deformation of (E, 7,¢) comes from a one-
parameter subgroup A of SL(Y) with u(A,y) = 0. The assertion of the lemma now results from the
fact that the closure of any orbit contains a unique closed orbit.

The details of the above proof consist of a very careful but routine analysis of the computations
with the Hilbert-Mumford criterion (which will be performed in Section 5.6). O

COROLLARY 5.3.8. The closed points of the moduli space .# (p,x,r) (@8)SS gre in one to one corre-
spondence to the S-equivalence classes of (a, 8)-semistable p-flagged pseudo G-bundles of type r, or
equivalently, to the isomorphism classes of (a, 6)-polystable p-flagged pseudo G-bundles of type r.

5.4 The Moduli Spaces for p-Flagged Principal G-Bundles

Let us remind the reader of the set-up for p-flagged principal G-bundles. First, we fix an element
Y € m(G), a tuple x = (xy,...,x) of distinct k-rational points on C, and a tuple P = (Py,...,P,) of
parabolic subgroups of GL(V). The tuple P gives rise to a tuple r = (rij,j = 1,...,t;,i = 1,...,b) of
positive integers.

Leta=(ai,...,ap) be a stability parameter where a; € X*(P,)§ (. i=1,...,b. Then, representing a;
by a rational one-parameter subgroup, we obtain a weighted flag (V. (al) [3 ( i;))inV,i=1,...,b. The
tuple P (a;) does not depend on the choice of the representative for a;. Hence, we get the well-defined
tuple aP = (afj,j =1,..,t;,i=1,..,b) via

(afl’ 11‘1) =r- B (az) l: 1,...,b.

PROPOSITION 5.4.1. There is a positive rational number &, such that for every rational number
0 > &y and every p-flagged principal G-bundle (2, s) of type (x, P) with associated p-flagged pseudo
G-bundle (E,7,q) of type (x,r) the following properties are equivalent:

i) (Z,s) is an a-(semi)stable p-flagged principal G-bundle.
ii) (E,7,q) is an (aP, 8)-(semi)stable p-flagged pseudo G-bundle.

Proof. First note that the set of isomorphism classes of a-semistable p-flagged principal G-bundles
of type (x,P) is bounded. Indeed, given a parabolic subgroup Q of G, we write the pair (Q,dety) as
(QG(A),x_,) for some one-parameter subgroup A of G. Since there only finitely many conjugacy
classes of parabolic subgroups of G, it is clear that we may find a constant D; with

<(9~Cl)si7as,-> = _<(9~Cfl)siaasi> > Dy,

for any reduction Zp of & to Q and i = 1,...,b. The condition of a-semistability thus gives the
estimate

b
deg(@Q detQ Z X/l S,>aSz> >b-Dy.

Therefore, the degree of instability of &2 as a principal G-bundle is bounded from below by a constant
that depends only on the input data. As is well known (see, e.g., [4]) this implies that & belongs to a
bounded family of isomorphism classes of principal G-bundles.

Using Proposition 5.1.3, the rest of the arguments are now identical to those given in the proof of
Theorem 5.4.1 in [15]. O
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As is obvious from Lemma 5.1.4, there is an open and GL(Y )-invariant subscheme

gp-FlBun C Sp-FlPsBun
that parameterizes the p-flagged principal G-bundles. We claim that

a-ss . ~(aP,8)-s
p-FlBun *— S, p- FlPsBun NS p-FiBun

is a saturated open subset, i.e., for every point f € SZ SFSlBun, the closure of the orbit GL(Y) - f inside

Sgl_‘;g))sBun is contained in %_F]Bun. The discussion of S-equivalence of p-flagged pseudo G-bundles

shows that this statement is equivalent to the fact that the set of isomorphism classes of a-semistable
p-flagged principal bundles is closed under S-equivalence inside the set of isomorphism classes of
(aP,0)-semistable p-flagged pseudo G-bundles. To see this, note that, by Remark 5.3.6, an admis-
sible deformation of the p-flagged principal bundle (E,7,q) is associated with a weighted filtration
(Eo(P0),Bs(Pg)), coming from a reduction P, of 2 to a parabolic subgroup Q of G, such that

My(Eo(P).Be(P9)) =

It is easy to verify that (Eqr, Tar) in df g, (5 p,(5)) (E, T,q) = (Ear, Tat,q df) defines again a principal G-
bundle. (In fact, & is obtained from &y by means of extending the structure group via Q C G.
Extending the structure group of &y via Q — L C G, L a Levi subgroup of Q, yields the principal
bundle P4 corresponding to (Egs, Tar).)

Since 4 - ngun is a saturated subset of S p- FleBun, there is an open subset U C 3 p- FlpsBun ® J/GL(Y),

P.5)-
such that SZ “FiBup 18 the preimage of U under the quotient map 5 p FleB?fm — 31()“ fpepen// GL(Y), and

U= SZ belBun// GL<Y)

is the good quotient. Likewise, we see that the geometric quotient Sa Fipun/ GL(Y) does exist. We
define
M(O,p.x, )T = Fa R JGL(Y).

THEOREM 5.4.2. Assume that the stablllty parameter a is such that Z, 1 Gij P <1fori=1,...,b. Then,

the moduli spaces (9, p, x, B)f )8 for the functors that assign to a scheme S the set of lsomorphism
classes of families of a-(semi)stable p-flagged principal G-bundles of topological type ¥ and type
(x, P) exist as quasi-projective schemes.

Finally, we note that the same argument as in Theorem 5.4.4 in [15] gives the following result:

THEOREM 5.4.3 (Semistable reduction). Assume that the representation p: G — GL(V) is of low
separable index or that G is an adjoint group, p: G — GL(Lie(G)) is the adjoint representation,
and that the characteristic of k is larger than the height of p. Then, % (¥, p,g,B)ﬁ'(S)s is projective.

5.5 The Moduli Spaces for Flagged Principal G-Bundles

We fix ¥ € m(G), x = (x1,...,Xxp), and the tuple P = (Py,..., P;) of parabolic subgroups of G. Let
a=(a,...,ap) be a stability parameter with a; € X*(P;)( ,, i = 1,...,b.

For the moment, let p: G — GL(V) be any (not necessarily faithful) representation. We assume
that we may represent the a; by rational one-parameter subgroups that do not lie in the kernel of p.
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Then, the same construction as in the last section provides us with a tuple aP = (afj, j=1,..t,i=
1,...,b) of positive rational numbers. We say that the stability parameter a is p-admissible, if the
condition

ti
Ya <1, i=1,.,b,
j=1

is verified.

LEMMA 5.5.1. The stability parameter a is Ad-admissible, if and only it is admissible in the sense of
the definition following Remark 4.1.5.

Proof. Let a be a rational one-parameter subgroup of the maximal torus 7" C G. The eigenspaces of
a are direct sums of root spaces, and a acts on the space for the root o with the weight (o¢,a). The
Lie algebra of T is contained in the eigenspace to the weight zero. Since, for every root o, — is
also a root, the weights of the eigenspaces of a are (in increasing order) —%;,...,—71,0, 11, ..., %s. If
(ai,...,a;) = dim(G) - Be(a), we infer

1
Z aj = 2’)/5
j=1
The condition };_; a; < 1 thus amounts to the condition ¥, < 1/2. Since |{e, a)| < ¥ for all roots and
equality holds for at least one root, these considerations establish our claim. O

Note that there is a GL(Y )-invariant closed subscheme

SFIBun < Sp-FlBun

that parameterizes the flagged principal G-bundles. Recall that we have verified in Lemma 5.1.2 the
compatibility of the notions of (semi)stability. Theorem 5.4.2 thus immediatly implies:

THEOREM 5.5.2. Let a be a stability parameter, such that there exists a faithful representation p :
G — GL(V) for which a is p-admissible. Then, the moduli spaces . (¥,x,P)* ) for the functors
of isomorphism classes of families of a-(semi)stable flagged principal G-bundles of topological type ¥
and type (x, P) exist as quasi-projective schemes. They are projective in the cases covered by Theorem
4.4.1 and Theorem 5.4.3.

COROLLARY 5.5.3. Assume that the stability parameter a is admissible. Then, the moduli spaces
M (D, x,P)* ) exist as projective schemes.

Proof. If G is an adjoint group, the quasi-projectivity of the moduli space is a restatement of Theorem
5.4.2, taking into account Lemma 5.5.1. Properness follows from Theorem 4.4.1.

In general, one can use Ramanathan’s method to construct the moduli space for an arbitrary
semisimple group from the one of the adjoint group. (Observe that every flagged principal G-bundle
(Z,s) defines in a natural way an adjoint flagged principal G-bundle Ad(Z?,s), such that (Z2,s) is
a-semistable, if and only if Ad(Z,s) is so.) The necessary techniques are described in Section 5 of
[16]. O

Remark 5.5.4. 1) The corollary gives a complete construction of the moduli spaces of flagged principal
G-bundles in all characteristics. Note that we do not need it for our applications, because we are
allowed to make the stability parameter a as small as we wish to (cf. the proof of Proposition 4.2.2).
Thus, having prescribed any faithful representation p, we may for our purposes assume that a is
p-admissible.
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ii) Note that, in our application, we need only the moduli spaces for stability parameters of co-
prime type. For these stability parameters, the properness of the moduli space implies the semistable
reduction theorem, by Lemma 3.3.1.

iii) Suppose that R is, as in Corollary 3.3.4, a ring of finite type over Z, regular and of dimension
at most 1. Assume that ¥ — Spec(R) is a smooth projective curve. We claim that in this setting, we
can construct our moduli space .Z4 (1%, x, P)* as a projective scheme over Spec(R). The only case in
which this is not completely obvious is the case when Spec(R) dominates Spec(Z.). By Remark 5.3.3,
we know that we can construct .# (9,x, P)©* as a quasi-projective scheme; let .2/ — Spec(R) be
the closure that is obtained as the quotient of the closure of the locus a-semistable flagged principal
G-bundles in S’E?_’gﬁ;sszun. By Proposition 2.1.2 and Remark 2.1.3, the moduli space .# (%, x, P)** is
irreducible, whence the same holds for .. Let Cy, be the generic fiber of 6" over Spec(R). We know
that the generic fiber of ./ is the projective moduli space Mc, (V,x,P)*. By the same argument as
before, this moduli space is irreducible and, hence, connected. If r € Spec(R) is a closed point, and
C, is the fiber of € over r, then the semistable reduction theorem (Theorem 4.4.1 and 5.4.3) implies
that .Z¢,(¥,x,P)%* is a connected component of the fiber of M over r. Thus, we have to show that
M — Spec(R) has connected fibers. This follows from Stein factorization: indeed, if we factorize
M — Spec(R') — Spec(R), such that the morphism .#Z — Spec(R’) has connected fibers, then
Spec(R’) — Spec(R) must be an isomorphism. This follows, because it is an isomorphism at the
generic point (the generic fiber of .# was already connected) and R is assumed to be normal.

5.6 Construction of the Moduli Spaces for Decorated Flagged Vector Bundles

In this section, we will first give the proof of Proposition 5.2.1 by an explicit construction and then
carry out the most difficult parts in the proof of Theorem 5.2.2.

Construction of the Parameter Space. — We fix the type (r,d,x,r,u,v,L). Again, we pick a
point xp € C and write O¢(1) for Oc(xp). By Proposition 5.1.10, we can choose an integer n, such
that, for every n > ng and every (g, §)-semistable decorated flagged vector bundle (E,q, @) of type
(r,d,x,r,u,v,L), the following conclusions are true: a

e H'(E(n)) = {0} and E(n) is globally generated;

e H!(det(E)(rn)) = {0} and det(E)(rn) is globally generated.
Furthermore, we suppose:

e H'(L(un)) = {0} and L(un) is globally generated.

Choose some n > ng and set [ :==d+rn+r(l —g). Let Y be a k-vector space of dimension /. We
define QU as the quasi-projective scheme parameterizing equivalence classes of quotients k: ¥ ®
Oc(—n) — E where E is a vector bundle of rank r and degree d on C and H°(k(n)) is an iso-
morphism. Then, there is the universal quotient

kQOi Y®ﬂé(ﬁc(—n)) —>EQO

on Q° x C. Set
A :=Hom(D""(Y),L(un)) and $:=P(#")x Q0.

We let
kg Y®ﬂé(ﬁc(—n)) — Egq
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be the pullback of kno to § x C. Now, on §) x C, there is the tautological homomorphism
sg: DY) ® On — w5 (L(un)) @ w5 (O (1)).

Let T be the closed subscheme defined by the condition that sg @ 75 (idg.(—un)) vanishes on

ker (]DW(Y) @ 78 (Oc(—un)) — 1D”>V(E;,)> (cf. Remark 5.1.7).

Let
kz: Y®7L’é~(ﬁc(—n)) — Ex

be the restriction of kg to ¥ x C. By definition, there is the universal homomorphism
¢s: D*V(Es) — ni(L) @ me(Ng).

Here, 91z is the restriction of 0 (1) to Z.

Next, let &;; be the GraBmann variety that parameterizes the r;;-dimensional quotients of the
vector space Y, j=1,....t;,i=1,...;5, and set & := X ;=1 . 1 i=1,..s B;;. We construct the parameter
space ‘3 as a closed subscheme of ¥ x &: on the scheme 53 := T x &, there are the tautological
quotients

q‘i,ij: Y®ﬁ‘,f§><C4)R‘f3,ij’ j=1.t,i=1,..,s.

We define the closed subscheme ‘13 by the condition that Zj&% ij vanishes on the kernel of the restriction

of k% to i]~3 x{x;i}, forall j=1,...,t;, i =1,....;s. Let Ny be the pullback of Mz to P. Similarly, we
may pull back kg and @5 from ¥ x C to 3 X C in order to obtain

kg : Y®7L'é(ﬁc(—n)) — Eyp

and
op: D"V (Ep) — 75(L) @ 1p(Np).

Finally, on 8 x {x;}, we have the quotients

qp.,ij: E&Bl‘ﬁx{xi} —>Rs_p7,~j, j=1,..,t,i=1,...,s.

We call (Egp; I’ ¢p) the universal family. This name is justified, because any family of decorated
flagged vector bundles parameterized by a scheme S is locally induced by a morphism to ‘I3 and this
universal family.

Finally, we note that there is a canonical action of the group GL(Y') on the parameter space 3, and
it will be our task to construct the good and the geometric quotient of the open subset that parameterize
the semistable and the stable objects, respectively. Since the center G, (k) - idy acts trivially on 3, it
suffices to construct the respective quotients for the action of SL(Y).

The Map to the Gieseker Space. — Let Jac? be the Jacobian variety that classifies the line bundles
of degree d on C, and choose a Poincaré sheaf &2 on Jac? xC. By our assumptions on n, the sheaf

r

:%/1 = r%ﬂom(/\(y) ® ﬁ]ac‘“”Jacd*('@@)”é(ﬁc(rn))))
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is locally free. We set K; := P(#]"). By replacing & with & ® JrJ*a . (sufficiently ample)”, we may
assume that O, (1) is very ample. Let 2: 8 — Jac? be the morphism associated with A\"(Esy), and
let gy be a line bundle on P with \"(Eg) = (0 x idc)* () ® m35(Ags ). Then,

r r

/\(kgp ®idﬂé(ﬁc(n))) . /\(Y) X ﬁcp — (D X idc)*(ﬁ) X ﬂé(ﬁc(l’ﬂ)) ® %(Q[gp)

defines a morphism 1, : P — K; with 1] (0, (1)) = Ag.
Define K, := P(J7") (see above) as well as the Gieseker space G := K; x K, x &, and let

l::(l]Xid]szid@)isBHG

be the natural, SL(Y)-equivariant, and injective morphism. Using the ample line bundles on the &;;
that are induced by the Pliicker embedding, we find, for every tuple e := (e1;e2;€;5,j = 1,....t;,i =
1,...,s) of positive rational numbers, the SL(Y )-linearized ample Q-line bundle

Z, = @’(el;eg;eij,j: 1. t,0i= 1,...,s)

on the Gieseker space G.
Linearize the SL(Y)-action on G in ., with

N t;
el ::l—u-3—ZZri/~-a,~j, ey :ZF'(S, &j:=r-aj, j=1,...t,i=1,..,s, (10)
i=1j=1

and denote by G¢ (S the sets of points in G that are SL(Y)-(semi)stable with respect to the lineariza-
tion in the line bundle .Z,.

THEOREM 5.6.1. Given a point p € ‘B, denote by (EP;QP; ®p) the restriction of the universal family
to B x {p}. Then, for n large enough, the following two properties hold true.
i) The preimages 11 (G< %) consist exactly of those points p € B for which (Ep;qp; ©p) is an
(a,0)-(semi)stable decorated flagged vector bundle of type (r,d,x,r,u,v,L).
ii) The morphism
V- ;Bg-ss _ Gg-ss’

induced by restricting the morphism 1 to the preimage 1<% of G, is proper.

The proof resembles the one of Theorem 2.11 in [37] and Theorem 4.4.1 in [15]. A part of it will
be explained in the following section.

Elements of the Proof of Theorem 5.6.1. — Let p be a point in the parameter space ‘I3, such
that the decorated flagged vector bundle (E,; q,; ¢p) is (a,0)-(semi)stable. In this section, we will

demonstrate that the Gieseker point t(p) is (semi)stable with respect to the chosen linearization of the
SL(Y)-action.

By the Hilbert-Mumford criterion, we have to show that, for every one-parameter subgroup A : G,,(k) —
SL(Y), the inequality

by (A1(p) = e Mo, (1) (A0 (1) +ex- gy (1) (A,12(1))

s L
+ZZ€U'H§®U(1)(7M%;) (=) 0 (1

i=1j=1
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is satisfied. The one-parameter subgroup A provides us with the weighted flag (Yo (1), 8 (A)) in the
vector space Y. We write

YoA):0 =Yg C Y C - CYr C Vi1 :i=Y; 8u(A)=(S1,....8).

We remind the reader that there is an integer N > 0 (which is the number of summands in (5)),
such that
D“'(Y) C Y = (Y&,

Let k,: Y ® Oc(—n) — E, be the quotient corresponding to p. For h € {1,...,t}, define [, :=
dim(Y,) and %), := k(¥ @ Oc(—n)). Now, using (11), we compute

Ly, (A1(p) = el'i&'(l'rk(e%z) ) +ex- oy (1) (A,12(1)) +

+ZZ&J 25’1 (1-dim(qij(Fn)) =l 1ij)-

i=1j=1 h=1

We first inspect the quantity fig, (1 (A, 12(¢)). To this end, let E;, be the subbundle of E, that is

generated by %), h=0,...,7+ 1. Note that i improper inclusions may occur among the bundles Ep,
1.e., there might exist mdlces W' < h with Ejy = Ej,. We eliminate these i improper inclusions in order
to find the filtration

E.ZOIIEogEl g gEt gEt+1 Z:Ep.

With each index j € {1,...,}, we associate the set

T(j):= {he{l,...,r}|l§h=Ei}

and the positive rational number

- Lo (12)

heT(j

Setting B := (B, ..., f;), we have defined the weighted filtration (E., ) of E. In addition, we define
the function J: {1,...,7} — {1,...,t } by requiring that Ej, = Ej(), h = 1,...,7. For an index j €
{0,....,t +1}, we set

h(j) == min{h=1,..,T|E,=E;}, Y;:=Yy;,
h(j) = max{hzl,...,T]Eh:Ej}, Y=Y,
and also, for j =1,....¢,
Yj::Xj/Yj—l-
Next, given an index tuple (iy,...,i,) € [ :={1,....,t + 1 }**, we introduce the vector space

Yii i = ()7,1 ®...®I7iu)®N

We fix a basis y for ¥ that consists of eigenvectors for the one-parameter subgroup A and has the
property
<y1>---a)’l,,>:Yh7 h=0,..,7+1.
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Using this basis, we may view (?,] )@N as a subspace of Yy y, and declare

Yy =Y, NDY(Y).
If we are also given a weight vector Y = (71, ..., %), we let A(y,y) be the one-parameter subgroup with
Ay, Y) (i) = 2% -yi, 2 € G(k), i = 1,...,1. Apparently,
S s
A=A(y,y) fory= Z5h-}/1 ",
h=1

We also define the one-parameter subgroups A" := A O, }/l(l”)) h=1,...,7. Then, the subspaces Y*

s’
(i1,...,iy) € I, that we have just defined are eigenspaces for all the one- parameter subgroups A !, ... AT
Indeed, define fori € I and j € {0, ...,t+1},

=#{i <jlk=1,.,u}.
Since A(j) < h holds precisely when j < J(h), the one-parameter subgroup A" acts on zf _____ ;, with
weight [, - u—1- VJ(h)(il,.--,iu), i= (il, ...,iu> elLbh=1,...,7
The homomorphism @), is determined by the homomorphism

F,: D*(Y) — H°(L(un)).

Therefore,

Hoy, (A Fp) > — mm{ZSh (I u—1-vyg (it ...y ))‘l (iyeeeyiy) €1 F‘Y* 5_'50} (13)

Let iy = (i9,...,i%) € I be an index tuple, such that the minimum in the second formula in Remark
5.1.9 is achieved for this index tuple.

LEMMA 5.6.2. The restricted homomorphism Fply* is non-trivial.
0

Proof. Under the surjection D*V(Y ® O¢(n)) — D*Y(E,(n)) that is induced by &, the vector space
maps to the global sections of the bundle £y (n)* -+ xEp(n), and

(D0 1) ™ Yooeun) it =D =1

generically generates that bundle. To see these assertions, observe that
D" (Y)®---@D"(Y) CY®", forus + - +u, =u,

is, by definition, the submodule that is invariant under action of ¥,,, x --- x X, , X,, being the symmetric
group in w letters, w > 0. The intersection

D" (V)@ @D (V)N (Yy®: - ®Yy)

is consequently of the form
D () @& D" (¥))
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where i* is the smallest index among .....i , i* is the smallest index amon z ,....i,,and soon. The
1 1 uyp® "2 1+1 UZ

map (Y @ Oc(—n))** — E;" is certainly equivariant under the (X, x --- x Z ) action and is easily
seen to induce a surjection D" (Y ® O¢c(—n))®--- D" (Y ® Oc(—n)) — D" (E,) ®@--- @ D" (E,).
Since the isomorphism ¥ — HY(E,(n)) maps Y] to the global sections of E;(n), j=1,...,t, and ¥}
generically generates the bundle E;, we see that D"! (Yt/T) ®---®D"(Y;) generically generates

D" (El’f) K- ®Du"(Ei§) = (Du' (Ep) &--- ®Du"(Ep)) N (Ei(l) & - '®Ei8).

Therefore, if F ops  Were zero, we would find indices z < z , j =1,...,u, where at least one

1(1) ..... i2

inequality is strict, such that F_ o7 Z# 0. By the same argument as before, this would imply that the
ll ,,,,, lu

restriction of @, to Ey x---x E; was non-trivial. But clearly

%ﬁ+"'+%i¢<%’?+'“+%’2‘

This contradicts our choice of . O
Using (13), we find
T
uﬁMz(l)(A’FP) > - Z On (lh u—1- Vj(h)(i(l), ,lg))
h=1
13
> =Y Bi(h(Ej(n) - u— 1 vi(i), o)) (14)
j=1

We note our first estimate:

T

,ufg(l,l(p)) Z e Z l rk ﬁh lh.r)_|_

-I—ez'gﬁj(l-vj(i?w-wig)—hO(Ej(”))'”)+ (15

+ZZeU ¥ 60 (-im(a(53) b ).

i=1j=
For j € {1,...,t }, choose h*(j) € T(j), such that

N t
et (L-tk(Fie(jy) =l 1) + ) Y & (1 dim(qi (P ) = ey - 1)

i=1j=1

s t;
= min{er- (Lk(Fi) —bor) + Y Y ey (1-dim{qi(F) — - rif) [h€ T () .
i=1j=1
Together with (15), we arrive at our second estimate:

t
by, (A1(p) > er- Y Be- (Itk(Fp ) — gy 1) +

k=1

+e- zt‘, B (1-viclip) — h*(Ex(n)) -u) + (16)

+ZZ&J Zﬁk (- dim(qij(:Fn ) — b a7 ) -

i=1j=
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Plugging in the definition (10) of the linearization parameters, Formula (16) transforms into

> Zﬁk(lzﬂdﬁh())—l u-90-rk( Jh* —l erlf ajj rk( Jh*( ))—l-lh*(k)m)—i-
k=1 i=1j=

+r-0- Zﬁk L-vi(ip) +r- ZZa” Zﬁk 1-dim(qij(Fper)))-

i=1j=1

Note that /() < ho(ﬁh*(k) (n)), so that we find

> Z Bk (lzrk(fh ~(k)) — U8 Tk (Fppr (1) —ZZ Z rijaij K (T i )—lho(ﬁh*(k) (n))r) +
k=1 i=1j=

+r-0- Zﬁk l- Vk lO +r- ZZ“U Zﬁk [- dlm q,J(Jh()))

i=1j=

We divide the quantity on the right hand side by / and rearrange it, until we get

iy (ha(p) > kiﬁk- (1-1k( T ) — (i () 1) +
=1

+5- Zt‘, B (r-valip) —u-tk(Er)) + (17)

k=1

+2Zau Zﬁk r-dim(qij () —K(Fie ) - 1) -

i=1j=1 =

By our choice of i, the number Y _; By - (r- V(i) — u-1k(Ey)) equals i (Es, Bo; @p). Our contention
is therefore a consequence of the next result.

PROPOSITION 5.6.3. Having fixed the input data r, d, u, v, and L, as well as the stability parameters
a and O, there exists an ny, such that any (a, 8)-(semi)stable decorated flagged vector bundle (E,L, @)
of type (r,d,x,r,u,v,L) has the following property: Let

0CHC - CHCE

=

be a filtration of E by not necessarily saturated subsheaves, such that 0 < tk(F#;) < --- <rtk(F#) <r,
let
E.:0CE C---CECE

be the filtration of E by the subbundles E; := ker(E — (E /.%;)/Torsion(E /. %;)), i = 1,...,t, and let
Be = (B1,-.., Br) be a tuple of positive rational numbers. Then, for all n > ny,

0 < i B~ (H(E(n)) - tk(Fi) — h*(Fi(n)) 1) +8 - W(Ea, Pos p) +

+Z Zal/ Zﬁk re dlm(gl}(‘/k)) —I‘k(,/k) rlj)

i=1j=
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Proof. We choose n; > ng, so that h'(E(n)) =0 and [ := h°(E(n)) =d +r(n+1—g). First, we
assume that the sheaves .#(n), ...,.%;(n) are all globally generated and have trivial first cohomology
spaces. The same holds then for E|(n),...,E;(n). Let .7 be the torsion sheaf E;/.%;, i = 1,...,t. Since
H'(Zi(n)) = {0}, the map H°(E;(n)) — .7} is surjective, so that

R (Ei(n)) = h°(Fi(n)) +dim(F), i=1,....t. (18)

Invoking ):f]’IZI a;j<1,i=1,...;s, once more, we discover

t; 1
Zaij-dim(qij(Ek)) < Zaudlm(q,](gzk))+d1m(¢7k‘{x,}), i=1,..,s.
j=1 Jj=1

In this case, we consequently find

i B (B(E(n)) - tk(Ex) — h*(Fi(n)) - r) + 8 - W(Eo, Bo; @) +

R
> kizlﬁk (KO (E () (EQ) — KO (E (1)) ) + 8 - (Ewu Bui p) +

+g;alj : ]g,l Br- (r-dim(qij(Ex)) — tk(Ex) - ri)) (19)
= Igﬁk. (deg(E) - rk(Ey) — deg(Ex) - 7) + & - (Es, Ba; @) +

P LT B (il ()~ k(5 1)

= My(E,,B.)+ 8- p(Ee, Bosp) (=) 0.

Let & be the bounded family of isomorphism classes of locally free sheaves E of rank r and degree
d on C for which there exists an (g, §)-semistable decorated flagged vector bundle (E,q, @) of type
(r,d,x,r,u,v,L). Suppose that we have fixed some positive constant K. Then, we divide the locally
free sheaves .# on C that may occur as subsheaves of sheaves in the family & into two classes:

A w(F)>d/r—K
B. u(F)<d/r—K.

By the Langer-LePotier-Simpson estimate [28], there are non-negative constants K; and K> which
depend only on r, such that any locally free &-module A on C of rank at most r satisfies

hO(A) < l”k(A)- <rkfl?()A_)l ' [umax(A)+K1 + 1]++ @ [,LL(A) + K>+ 1]+> :

For a sheaf A in Class B, this leads to

P(a00) < k) (T 14 (- DKo +K) K= LK)
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if the right hand side is positive. There exists an integer n'(K) = n'(r,d, K\, K>, K) such that this holds
for n > n'(K). Furthermore, we estimate

H(E(n)) -tk(4) — K(A()) -+ = —(r — Drg — (r—2)(r = )r(Ko+ K1) — (r—2)rKa + K =i L.

We choose K so large that

L>6-u-(r—1)+ iZa,j r—l

i=1j=

Suppose that all the sheaves .71, ...,.%; belong to Class B. Then,

t !
];Bk )-tk(F) — ho(fk(n))-r)—5-u-(r—1)-2ﬁk+
-1 k=1
+iz’la,, X B (r-dimlgy (7)) ~1k(0) i)
I s
> Z (L—6-u-(r—1)) ZZa,J Zﬁk -tk(Ey) - rij (20)
k=1 i=1
, j=
> Z (L O-u-(r—1)— r—l ZZa,]) > 0.

i=1j=

Note that the sheaves in Class A form a bounded family: the ranks and degrees of those sheaves
belong to finite sets and their tUmax is bounded by tmax (E), [E] € &. Hence, there is an n”(K), such
that, for any n > n”(K) and any sheaf A of Class A, one finds that A(n) is globally generated and
that 2! (A(n)) = 0. Set ny := max{n'(K),n"(K)}. We have to verify our assertion. To do so, we set
[:={1,..,t},In:={i€I|.Z isin Class A}, and Ig :={i €| .%;isin Class B}, so that ] = I L /g.

Write I g = {i0/%,...,i/"

SN } with 7 A/B - < i;iif . This gives the weighted filtrations

(EX®:0C En - C By ©EBY® = (BanasBn ).
1

’A/B 1 'A/B

It is then easy to see that

(Ee Bui) > H(EDBig) - (r=1)- Y B @
=1

Equation (21) together with the formulae (19) and (20) finally establishes the contention of the Propo-
sition. O

The Remaining Steps. — The converse assertion, namely the fact that (E),, gp,(pp) is (a,0)-
(semi)stable, if the Gieseker point associated with p is (semi)stable with respect to the linearization
in .Z,, is proved along similar lines, but is easier. The same holds for the proof of properness of the
Gieseker map. The reader should combine the above arguments with those from [37] and [15] to fill
in the details.
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5.7 Construction of the Parameter Spaces for p-Flagged Pseudo G-Bundles

We next include the explicit construction of the parameter space §p-rLpsBun that will make the asserted
properties in Proposition 5.3.1 evident.

There is a quasi-projective quot scheme £ that parameterizes quotients k: ¥ ® O¢c(—n) — E
where E is a vector bundle of rank r and degree zero, such that iy (E) < D, and where H(k(n)) is
an isomorphism. The scheme £ x C carries the universal quotient

kq: Y ® %é(ﬁc(—n)) — Eq.

For the vector bundle Ey, as for any vector bundle of rank r, we have the canonical isomorphism
r—1 r

E5= A\ (Ea) e (A(Ea))

Since the restriction of (A\"(Eq))" to any fiber {k} x C, k € 9, is trivial, there is a line bundle < on
£, such that

(A=) =z ().

Gathering all this information, we find a surjection

r—1
S ym* (V® N\ (Y ©nE(Oc(—n))) ®7r5(;z%)>c — yym*(‘,@Eg)G.

For a point [¢: Y ® Oc(—n) — E] € 9, any homomorphism 7: .ym*(V @ EV)¢ — O¢ of Oc-
algebras is determined by the composite homomorphism

s ' r—1 G
@yym’ (V® /\ (Yo ﬁc(—n))> — O¢
i=1
of O¢-modules. Noting that

r—1 r—1

Fymi (v o \Ne ﬁc(—n)))c =~ Sym! (V® A Y>G® Oc(—i(r—1)n),

7 is determined by a collection of homomorphisms

r—1
o Symi<V® /\Y>G®ﬁc — ﬁc(i(r—l)n), i=1,..,s.

Since ¢; is determined by the induced linear map on global sections, we will construct the parameter
space inside

P = @%ﬂom (yym‘(V@r_/\]Y®ﬂ5(%)>G,HO(6"C(i(r— 1)n)> ® ﬁg).
i=1

Write 77: 9) — £ for the bundle projection and observe that, over ) x C, there are universal homo-
morphisms

r—1

¢ Sym <V® /\ Y ® (mqo(mx idc))*(ng)>G — Ho(ﬁc(i(r— 1)n)> ® Ogucr i=1,.s.
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Define ¢/ = evo @' as the composition of ¢’ with the evaluation map ev: H(Oc(i(r — 1)n)) ®
Ogyc — Te(Oc(i(r—1)n)), i=1,...,5. We twist ¢’ by idz: (¢ (~i(r—1)n)) and put the resulting maps
together to obtain the homomorphism

s r—1 G
¢: Vg = @mei (V® /\ <Y®ﬂé(ﬁc(—n))) ® (mq o (mx idc))*(,fz%)) — Ogc
i=1

Next, ¢ yields a homomorphism of ﬁgxc—algebras
%@I me*(”//@) — ﬁ@XC'

On the other hand, there is a surjective homomorphism
. * * : * Vv ¢
B: Sym (Yg) — Fym (v ® (1 x idc) (EQ))

of graded algebras where the left hand algebra is graded by assigning the weight i to the elements in
Symi(---)Y. The parameter space ) is defined by the condition that 75@ factorizes over f3, i.e., setting
Eg = ((m xidc)*(Eq) )|y xc- there is a homomorphism

Ty Lym* (V ®E%)G — Oyxc

with %@ﬂ)xc = Ty o . Formally, ) is defined as the scheme theoretic intersection of the closed
subschemes

Dai={yeD |50 ker(Blyyuc) — Ocisuivial |, d=0.

The family (Egy, Ty) is the universal family of pseudo G-bundles parameterized by ).

Remark 5.7.1. i) The scheme 9) is equipped with a natural GL(Y')-action, and the vector bundle Eg is
linearized with respect to this group action.

ii) Note that elimination theory shows that there is an open subscheme 9)° that parameterizes the
principal G-bundles. Moreover, there exists a universal principal G-bundle %y on 9% % C.

iii) There is a locally closed and GL(Y )-invariant subscheme )?=" C 9)° that parameterizes those
principal G-bundles &2 that have topological type ¥ and instability degree at least 4. By construction,
every such principal bundle .7 is represented by at least one point in =", so that we have a surjec-
tive map 9= — Bung’zh. In fact, this map identifies Bung’zh with the quotient [9?="/ GL(Y)].

We proceed to parameterize p-flagged pseudo G-bundles. For this, we fix the tuple x = (xy, ..., xp)
of points on C and the type r = (rij,j = 1,....,t;;i = 1,...,b) of the flaggings. The tuple (;1,...,7i,)

determines the conjugacy class of a parabolic subgroup of GL(V'). Pick representatives P, for these
conjugacy classes, i = 1,...,b, and define

3= (Jsom(V@ ﬁfyaEﬁ_ﬂ(Q]x{xi})))/ﬁia i=1,...,b, and §p-FIPsBun =3 Xg) o Xy 3

Remark 5.7.2. Since the vector bundle Ey is linearized, {?,-, i=1,...,b, and §p-pipsBun inherit GL(Y)-
actions. The equivalence relation on geometric points that is induced by the group action on §p-Fipsun
is isomorphy of p-flagged pseudo G-bundles.
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