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ON THE EXISTENCE OF GR-SEMISTABLE FILTRATIONS
OF ORTHOGONAL/SYMPLECTIC A\-CONNECTIONS

By Mao Surxc, Hao Sun & Jtaneine Waneg

Asstract. — In this paper, we study the existence of gr-semistable filtrations of orthogo-
nal/symplectic A-connections. It is known that gr-semistable filtrations always exist for flat
bundles in arbitrary characteristic. However, we found a counterexample of orthogonal flat
bundles of rank 5. The central new idea in this example is the notion of quasi gr-semistability
for orthogonal/symplectic A-connections. We establish the equivalence between gr-semistability
and quasi gr-semistablity for an orthogonal/symplectic A-connection. This provides a way to
determine whether an orthogonal/symplectic A-connection is gr-semistable. As an application,
we obtain a characterization of gr-semistable orthogonal A-connections of rank < 6.

Riésumi (Sur Dexistence de filtrations gr-semi-stables d’une A-connexion orthogonale/symplec-
tique)

Dans cet article, nous étudions 'existence de filtrations gr-semi-stables pour des A-con-
nexions orthogonales/symplectiques. Il est connu que de telles filtrations existent toujours pour
les fibrés plats en caractéristique arbitraire. Cependant, nous avons trouvé un contre-exemple
pour les fibrés plats orthogonaux de rang 5. La nouvelle idée centrale de cet exemple est la notion
de quasi gr-semi-stabilité pour les A-connexions orthogonales/symplectiques. Nous établissons
I’équivalence entre la gr-semi-stabilité et la quasi gr-semi-stabilité pour une A-connexion ortho-
gonale/symplectique. Cela permet de déterminer si une A-connexion orthogonale/symplectique
est gr-semi-stable. Comme application, nous obtenons une caractérisation des A-connexions
orthogonales gr-semi-stables de rang < 6.
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1. INnTRODUCTION

Let X be a smooth projective variety over an algebraically closed field k. Given
A € k, a A\-connection on a vector bundle V over X is a k-linear morphism

VSV—)V®Q)(,

satisfying the so-called A-Leibniz rule. It is integrable if it satisfies the integrability
condition V2 = 0. When A = 1, (V, V) is a flat bundle, while when A\ = 0, the pair
is a Higgs bundle. When k& = C, Simpson considered the moduli space Myoq(X, ) of
(Gieseker) semistable integrable A-connections on X of rank r, and showed that there
is a natural morphism

Muoa(X,7) — A',  (V,V,A) = A

such that the preimage of A = 0 is the Dolbeault moduli space Mp (X, r) and the
preimage of A =1 is the de Rham moduli space Mgr (X, ) [Sim97, Prop. 4.1]. There
is a natural G,,-action on Myeq(X,r), i.e.,

t-(V,V,\) i= (V,tV, \),

and consider the limit lim;_,o(V, ¢V, tA). In the case of curves (hence Gieseker semista-
bility coincides with slope semistability), the limit lim; ,o(V,tV,t\) always exists
[Sim10, Lem. 4.1]. Moreover, Simpson gave an effective approach to find such a limit,
which is called iterated destabilizing modifications [Sim10]. We briefly review the back-
ground of this approach. Let (V,V) be a flat bundle. An effective finite decreasing
filtration of subbundles

Fil: 0= Fil, C Fil,.1 C---C Filhy =V
is called a Hodge filtration of (V, V) if Fil satisfies the Griffiths transversality condition:
V(Fﬂi_;_l) CFil;, Qx, i > 1.

From a Hodge filtration we shall obtain a well-defined Higgs bundle (E, 6) by taking
grading, where E := Grpy (V) and 6 is induced by V. If (E, ) is semistable as a Higgs
bundle, then we say the Hodge filtration is gr-semistable. In fact, Simpson proved
that gr-semistable filtrations always exist, which gives an alternative way to prove
that the limit lim;_,o(V,tV,t\) exists. The notion of a gr-semistable Hodge filtration
(with respect to a chosen polarization) has been generalized to a high dimensional
base ([LSZ19, Lanl4]). Here we shall make the existence of a gr-semistable Hodge
filtration as a defining property of a A-connection, which is termed as gr-semistability
(see Definition 2.19). It has the following fundamental significance.

Tueorem 1.1 (Simpson [Sim10, Th.2.5], Lan-Sheng-Yang-Zuo [LSZ19, Th.A.4],
Langer [Lanl4, Th.5.5])

Let k be an algebraically closed field and X a smooth projective variety over k,
equipped with an ample line bundle L. Let (V,V) be an integrable \-connection
over X. Then (V,V) is ur-semistable if and only if it is g -gr-semistable.

JEP — M., 2024, tome 11



EXISTENCE OF GR-SEMISTABLE FILTRATIONS n83

The above theorem provides an alternative way to understand semistability for
flat bundles in positive characteristic and the result plays a crucial role in the theory
of semistable Higgs-de Rham flows [LSZ19] and then its subsequent applications.
Furthermore, when L is clear in the context, we shall omit ;7 when we are speaking
about slope semistability. In fact, we shall simply speak of semistability as we shall
only deal with slope semistability throughout the paper.

In our attempt to generalize the theory of semistable Higgs-de Rham flows to
the case of principal bundles, we found a different phenomenon, as we shall explain
below. On the other hand, our study has also been driven by the following question of
Simpson, which he proposed after he proved the existence of the limit lim;_,o(V, tV, t))
in the case of principal bundles ([Sim10, Cor. 8.3]).

Question 1.2 ([Sim10, Quest. 8.4]). How to give an explicit description of the limit-
ing points in terms of Griffiths-transverse parabolic reductions in the case of principal
bundles?

In this paper, we shall study this question, together with his proposal, in the special
case of orthogonal /symplectic bundles.

During the study of this problem, we find the following example indicating that
the approach of iterated destabilizing modifications does not work any more in the
case of orthogonal bundles, and thus principal bundles.

Exavere 1.3 (Example 5.7). — We find an example of an orthogonal connection
of rank 5 in characteristic zero, which is not gr-semistable. We refer the reader to
Example 5.7 for more details.

Let X be a complex smooth projective curve with genus g > 2. We fix a rank 2
stable vector bundle M on X with deg(M) = d > 0, and we suppose g > d+ 1. With
respect to the above setup, we can choose a nontrivial extension

0— Ox — M’ — det(M") — 0.

Then we define E := M ® M’ together with a natural orthogonal structure given as
follows

~

(Ve EQE — MMM @M — N°M @ A*M'
— det(M) @ det(M") = O,
and then we obtain a rank 4 orthogonal bundle (E, (, ) g). We construct an orthogonal

connection Vi on E and define a rank 5 orthogonal connection (V, (, ), V) as follows:

-V :=FE®0Ox,
— the orthogonal structure (, ) on V is induced by (, ) and the trivial one on Ox,
- V := Vg ®dean, where dean : Ox — Qx is the exterior differential.

This orthogonal connection (V,{, ), V) does not admit any orthogonal Hodge filtra-
tion so that its associated graded orthogonal Higgs bundle is semistable.

JEP — M., 2024, lome 11



1184 M. Suexg, H. Sux & J. Wane

The example shows that the analogue of Theorem 1.1 is false in the case of orthog-
onal integrable connections. That is, the notion of gr-semistability is strictly stronger
than that of semistability for orthogonal integrable connections. Moreover, Alper,
Halpern-Leistner and Heinloth introduces a powerful semistable reduction theorem
for ©-stability condition [AHLH23, Th. 6.5], which can be used to prove the existence
of such a limit for the corresponding moduli stacks under a certain base change. Based
on Alper—Halpern-Leistner—Heinloth’s result, our example actually shows that if we
do not allow to choose a base change, such a limit may not exist. We will discuss this
property in a future project about Higgs-de Rham flow for principal bundles. To the
positive side of this study, we obtained the following theorem, which is the main result
of the paper.

Tueorem 1.4 (Theorem 3.12 and 4.9). — Let k, X, L be as in Theorem 1.1. Let D
be a reduced normal crossing divisor on X. Let (V,(, ), V) be a logarithmic orthog-
onal/symplectic A-connection. Then it is gr-semistable if and only if it is semistable
and quasi gr-semistable.

Remark 1.5. We also consider Qx (log D)-valued A-connections, which is termed
as logarithmic A-connections. Note that the integrability condition on a A-connection
is not required in the statement.

The definition of quasi gr-semistability is somewhat technical. See Definitions 3.1
and 4.3 for a precise formulation. Roughly speaking, the quasi gr-semistability is a
necessary and sufficient condition, under which the method of iterated destabilizing
modification works.

The structure of the paper is manifest: after laying down the necessary setup and
terminologies in Section 2, we establish the main result in Section 3 and Section 4.
In Section 5, we explicate the quasi gr-semistability in small ranks, viz. rk(V) < 6.

Acknowledgements. The authors would like to thank the anonymous referee for nu-
merous helpful comments and suggestions, which improved the quality of the present
article.

2. PREI,I MINARIES

Let X be a smooth projective variety over an algebraically closed field k& with
a fixed reduced normal crossing divisor D = Zle D;. Denote by Qx the cotan-
gent sheaf of X. In Section 2.1, we review the correspondence between Rees G-
bundles and filtered G-bundles studied in [Lov17a, Lov17b]. The correspondence
gives a way to study filtered G-bundles by taking an appropriate faithful represen-
tation G — GL(W) and consider the corresponding filtered bundles. Based on this
idea, we give the definition of filtered orthogonal/symplectic sheaves, which is also
considered in [GS03, §5]. Then, in Section 2.2, we introduce the main objects stud-
ied in this paper, the Hodge filtered logarithmic orthogonal/symplectic \-connections
(V,(, ), V,Fil) (Definition 2.11), where (V,(,)) is an orthogonal/symplectic sheaf,

JE.P — M., 2024, tome 11



EXISTENCE OF GR-SEMISTABLE FILTRATIONS n8s

V is an orthogonal /symplectic A-connection and Fil is an orthogonal/symplectic fil-
tration obeying Griffiths transversality. In the end of this section, we discuss the
stability condition of (V, (, ), V) and its Harder-Narasimhan filtration.

2.1. Regs construcrioN. — In this subsection, we briefly review Rees construction,
which gives a correspondence between filtered G-bundles on X and G,,-equivariant
G-bundles on X x A'. We refer the reader to [Lan14, Lov17a, Lov17b] for more details.

Let V be a vector bundle (locally free sheaf) of finite rank on X together with a
filtration

Fil: 0= Fily, C Filyy_1 C -+ C Fily =V

of subbundles on X. Furthermore, we always assume that Fil; = 0 for ¢ > m and
Fil; =V for i < 0. Such a pair (V,Fil) is called a filtered bundle on X.

Now we consider Rees bundles. A Rees bundle on X is a G,,-equivariant bundle V
of finite rank on X x Al (with respect to the natural G,,-action on Al). Let Al =
Spec k[t]. As proved in [Lov17b, Lem. 2.1.3], a Rees bundle on X is equivalent to a
triple (V,V, ¢) such that

— V is a vector bundle over X x Al,

— V is a vector bundle over X,

— ¢ V|0 5 7%V is an isomorphism, where 7wy is the projection to X, such that
there exist generators v; for V and v; for V satisfying ¢(v;) = v; ® t™, where n; € Z.

Applying the argument of [Lov17b, Prop. 2.1.5], we have the following equivalence.

Lemma 2.1. — The category Filx of filtered bundles on X is equivalent to the category
Reesx of Rees bundles on X. Moreover, the equivalence holds as tensor categories.

Proof. We only give the correspondence briefly. Given a filtered bundle (V,Fil),
we define a bundle

V.= Zt_iFili ®0x Oxxal

on X x A! together with a natural G,,-equivariant structure induced from that on A'.
Clearly, V is a Rees bundle on X.

On the other direction, given a Rees bundle V on X, denote by V := V|;—; the
restriction to ¢t = 1. We will give a filtration on V' by working locally on an affine open
subset U C X, over which V(U) is a free Ox-module. Let {v;} be a set of generators
of V(U) and let {v;} be a set of generators of V|;o(U X G,,) such that ¢(v;) =
v; ® t™ under the isomorphism ¢ : V|0 = 75 V. Since V(U) is free, we can assume
that {v;} is a basis of V(U). Then, given an integer i, we define a free submodule
Fil;(U) C V(U), which is spanned by v; such that n; < —i. In other words, Fil;(U)
includes all sections v € V(U) such that the vanishing order of v at ¢ = 0 is at least 4.
Clearly, Fil;11(U) C Fil;(U) and we obtain a filtration of V(U). By patching together
Fil;(U), we obtain a subbundle Fil; C V, and thus a filtration of subbundles of V" as
desired. O

JEP — M., 2024, lome 11



186 M. Suenc, H. Sun & J. Wane

Remark 2.2, Given a filtered bundle (V,Fil), we can define a graded bundle
Grrn(V) = @;’;Bl Fil; / Fil; 11, which is also the restriction of the corresponding Rees
bundle V to t = 0.

Now we consider the case of principal bundles. Let G be a connected reductive
group over k. Similar to the case of vector bundles, a Rees G-bundle is defined as
a G-equivariant G-bundle on X x Al. Now we will give an equivalent definition
of Rees G-bundle in the viewpoint of Tannakian categories. Denote by Rep(G) the
category of G-representations with values in free k-modules of finite rank, which is
a (rigid) tensor category. Recall that a G-bundle is equivalent to a faithful exact
tensor functor Rep(G) — Vectx (see [Sim92, §6] for instance). Now we choose a
representation p : G — GL(W) and a Rees G-bundle &, and define the associated
bundle & xg W, which is a Rees bundle on X. This construction induces a fiber
functor Rep(G) — Reesx. Lovering proved the following equivalence of categories.

Levma 2.3 ([Lov17hb, Prop.2.2.7]). — The category Rees$ of Rees G-bundles is equiv-
alent to the category Fib(Rep(G), Reesx) of fiber functors Rep(G) — Reesx.

For a filtered G-bundle, it is defined as a pair (F,o0), where E is a G-bundle and
o : X — E/P is reduction of structure group for some parabolic subgroup P C G.
Similar to Lemma 2.3, we have the following equivalent description:

Levma 2.4 ([Lovl7a, §3]). The category Filg of filtered G-bundles is equivalent to
the category Fib(Rep(G), Filx) of fiber functors Rep(G) — Filx.

Combining Lemma 2.1, 2.3 and 2.4 altogether

Rees§ «mma 23, pip (Rep(G), Reesy )

A~

Lemma 2.1

v

Fil§ «2emma 24 o pih(Rep(G), Fily ),

we see that the category Reesg of Rees G-bundles is equivalent to the category Fil)G( of
filtered G-bundles. The approach of Tannakian categories not only gives an equivalent
description of G-bundles, Rees G-bundles and filtered G-bundles theoretically, but also
provides an effective way to work on specific groups.

Now we take G to be orthogonal/symplectic groups, and denote by G — GL(W)
the standard representation. Therefore, an orthogonal/symplectic bundle E is equiv-
alent to a pair (V,(, )), where V := E x¢g W is the associated bundle and (, ) is a
nondegenerate symmetric/skew-symmetric bilinear form. Since the base variety X is
of arbitrary dimension, it is more flexible to work with orthogonal/symplectic sheaf
(see also [GS03, §5]).

Derinition 2.5. —  An orthogonal/symplectic sheaf is a pair (V,(, )) such that

(1) V is a torsion free coherent sheaf over X,

JE.P — M., 2024, tome 11



EXISTENCE OF GR-SEMISTABLE FILTRATIONS IT87‘

(2) (,): V®V — Ox is a symmetric/skew-symmetric Ox-bilinear form and
nondegenerate on U C X, where U is an open subset contained in the locally free
locus of V with codim(X\U) > 2,

(3) det(V)? =2 0.

The pairing induces an Ox-linear morphism (, ) : V — V'V, which is an isomor-
phism over U.

Derintrion 2.6. — Let (V, (, )) be an orthogonal/symplectic sheaf and let ' C V be
a saturated subsheaf.

(1) We call F* := ker(V Syv FV) the orthogonal complement of F.
(2) F is isotropicif (, | rgr = 0. It is easy to check that F is isotropic if and only
if F C F*.

A filtered orthogonal/symplectic bundle is a pair (F,o0), where ¢ : X — E/P
is a reduction of structure group. By Lemma 2.4, it is equivalent to a fiber functor
Rep(G) — Fily. Choosing the standard representation G — GL(W), reductions of
structure group of E correspond to filtrations of isotropic subbundles of V := ExgW
and we refer the reader to [CS21, §6] and [Yan22, §5] for more details. Then a sheaf
version is given as follows.

Derintrion 2.7 — Let (V,(,)) be an orthogonal/symplectic sheaf. An orthogo-
nal/symplectic filtration of (V,(,)) is a filtration of saturated subsheaves

Fil: 0 = Fil,, C Filpy—1 C--- C Filp =V

such that Fil; = Filfnﬂ». Furthermore, a filtration of saturated subsheaves will be
called a saturated filtration for simplicity.

Remark 2.8. Let (V,{,)) be an orthogonal/symplectic sheaf together with an
orthogonal /symplectic filtration Fil. There is a natural orthogonal /symplectic struc-
ture on the graded bundle Grpy (V) := @Zgl Fil;/ Fil;11 induced by that on

Fil, _ Fily_;y . Fily _ Fil,
Fil; 1 Fily; — Filiyn — Fil’

which is denoted by (, ). Then, we obtain a graded orthogonal/symplectic sheaf
(Grri(V), (, ). Moreover, in the case of orthogonal/symplectic bundles, the graded
orthogonal /symplectic bundle (Grgi(V), (, )) we obtain is exactly the restriction of
the corresponding orthogonal /symplectic Rees bundle to ¢ = 0 as given in Remark 2.2.

2.2. Locaritamic ORTHOGONAL/SYMPLECTIC A-CONNECTIONS

Derinirion 2.9. — Let (V, (, )) be an orthogonal/symplectic sheaf on X. Let A € k.
A logarithmic orthogonal/symplectic A-connection is a k-linear map

V:V—=V®Qx(logD)

such that on each open subset U C X, it satisfies

JEP — M., 2024, lome 11



n88 M. Suenc, H. Sun & J. Wane

(1) Leibniz rule:
V(fa) = a®@df + fV(a),
where f € Ox(U), a € V(U) and d : Ox — Ox is the exterior differential;
(2) Compatibility:
(V(a),b) + (a, V(b)) = Ad(a, b),
where a,b € V(U).

In this paper, a logarithmic orthogonal/symplectic A-connection will be called an
orthogonal/symplectic \-connection for simplicity.

Remark 2.10. Let (V,(, ), V) be an orthogonal/symplectic sheaf together with an
orthogonal /symplectic A-connection.

(1) When A =1, we say that V is an orthogonal/symplectic connection.

(2) When A = 0, V is called an orthogonal/symplectic Higgs field. In this case,
we prefer to use the notation 6 := V, and the pair (V,6) is called an orthogo-
nal/symplectic Higgs bundle. Here we abuse the terminology by ignoring the inte-
grability condition on 6.

Now we introduce Hodge filtrations for orthogonal/symplectic A-connections.

Derinimion 2.11. Given a triple (V, (, ), V) as above, let Fil

Fil: 0= Fil,, C Fil,_1 C--- C Filhb =V
be an orthogonal/symplectic filtration of V. We say that Fil is an orthogonal/sym-
plectic Hodge filtration if Fil satisfies the Griffiths transversality condition:

V(Fili11) C Fil; @ Qx(log D), > 1.

Such a tuple (V, (, ), V, Fil) is called a Hodge filtered orthogonal/symplectic A-connec-
tion.

Let (V,(, ), V,Fil) be a Hodge filtered orthogonal/symplectic A-connection. The
Rees construction gives a sheaf

V= tTFil; ® Oxyu

on X x Al and tV is well-defined on V. Taking the limit lim; ,(V,tV), we ob-
tain a well-defined Higgs field 6 on Grgy(V). In conclusion, we obtain an orthogo-
nal/symplectic Higgs sheaf (Grr(V), (,),0) such that

H(Fili/Fili+1) - (Fle_l/FZlZ) ®Qx(10gD), 1> 1.

Note that Grg; (V) is torsion-free because the filtration we choose is saturated. This
observation gives the following definition.

Derinirtion 2.12. — A graded orthogonal/symplectic Higgs sheaf is an orthogo-
nal/symplectic Higgs sheaf (E, (, ),0) together with a decomposition £ = @.", E;
such that

(1) 0(E;) C Biy1 ® Qx(log D) for 1 <i<m—1, and §(E,,) =0,

JE.P. — M., 2024, tome 11



EXISTENCE OF GR-SEMISTABLE FILTRATIONS 118()

2 (, >\Ei®Ej is nondegenerate for i + j = m + 1 over a nonempty open subset in
the locally free locus whose complement is of codimension > 2,
(3) (,)Eop, =0fori+j#m+1.

Summing up, as in the case of vector bundles [Sim10], one gets a graded orthogo-

nal/symplectic Higgs sheaf from a Hodge filtered orthogonal /symplectic A-connection:

Leawva 2.13. Let (V,(,),V,Fil) be a Hodge filtered orthogonal/symplectic A-con-
nection. It induces a graded orthogonal/symplectic Higgs sheaf (E, (, ),0), where E :=
GI“FH(V).

We would like to remind the reader that in the above lemma, the A-connection V
could be a connection or a Higgs field.

2.3. StaBiLity conpITioN AND HARDER-NARASIMHAN FILTRATION. — We fix an ample
line bundle L over X. Let V' be a torsion free sheaf on X. Define

pr(V) = deg(V)/rk(V)
to be the slope of V' with respect to L. In this paper, if there is no ambiguity, we omit
the subscript L and use the notation p and deg for slope and degree respectively.
In this subsection, a triple (V,(,),V) is an orthogonal/symplectic sheaf (V,(,))
together with an orthogonal/symplectic A\-connection V unless stated otherwise.

Derintrion 2.14. — A triple (V, (, ), V) is semistable (resp. stable) if for any nontriv-
ial V-invariant isotropic subsheaf W C V', we have u(W) < 0 (resp. <).

Remark 2.15. In this remark, we only focus on the case of curves. In character-
istic zero, the slope stability condition of orthogonal/symplectic bundles (V, (, )) is
equivalent to the Ramanathan’s stability condition on the corresponding principal
bundles V [Ram75, Ram96a, Ram96b]. We briefly review the correspondence as fol-
lows, and the Ramanathan stability condition will be called R-stability condition for
simplicity, where “R” stands for Ramanathan.

A G-bundle V is R-semistable (resp. R-stable) if for any proper parabolic subgroup
P C G, any reduction of structure group o : X — V/P and any dominant character
X : P = G,,, we have deg x.V, < 0 (resp. <), where V, :=V x, X is a P-bundle
on X and x«(V,) is a line bundle on X. When we consider the case of orthogo-
nal/symplectic groups, reductions of structure group correspond exactly to filtrations
of isotropic subbundles. Following this idea, the equivalence of the stability conditions
for symplectic groups is proved in [KSZ21, App.], and the same argument holds for
orthogonal groups.

In positive characteristic, the R-stability condition of V is equivalent to the stability
condition of the associated bundle under a low weight representation G — SL(W)
[BP03, §2]. In our case, the representation we take is the standard one, which is
obvious of low weight. Therefore, the stability condition of orthogonal/symplectic
bundles considered in this paper is equivalent to the Ramanathan’s stability condition
for principal bundles in positive characteristic.

JEP — M., 2024, lome 11



19O M. Suenc, H. Sun & J. Wane

Furthermore, the above result also holds for A-connections. More precisely, let
(V,{,), V) be an orthogonal/symplectic A-connection and denote by (V, V') the cor-
responding G-connection, where G is the orthogonal/symplectic group. Then the
slope stability condition of (V;(, ), V) given in Definition 2.14 is equivalent to the
R-stability condition of (V, V'). The case of G = GL,, and A = 0 is proved in [KSZ24,
Prop. 5.5] and the orthogonal/symplectic case with arbitrary A can be proved in the
same way.

In the following, we prove that the Harder—Narasimhan filtration (for slope stability
condition) of an orthogonal /symplectic connection is exactly the Harder—Narasimhan
filtration for the corresponding connection by forgetting the orthogonal/symplectic
structure (Proposition 2.16). As a direct result, we obtain the maximal destabilizer
of (V,(, ), V) is isotropic (Corollary 2.17), which will be used frequently later on.

Prorosirion 2.16. — Given a triple (V,(, ), V), let
HN: 0=V, cVycCc---CcV, =V

be the Harder—Narasimhan filtration of (V,V), that is, we forget the orthogo-
nal/symplectic structure of V.. Then HN is an orthogonal/symplectic filtration.

Proof. — In fact,
HNY: 0=V} cVi c--cVi=V
is again a Harder—Narasimhan filtration of (V, V). By the uniqueness of the Harder—

Narasimhan filtration, we have V,_; = VLJ- O

As a direct consequence, we have the following corollary.

Cororrary 2.17. — Suppose that (V,(, ), V) is unstable. Then the mazimal destabi-
lizer of (V,V) is isotropic. Furthermore, (V,{, ), V) is semistable if and only if (V, V)
is semistable.

Norarion 2.18. — Let
HN:0=VycWVicCc---CcV,=V

be the Harder—Narasimhan filtration of (V,(, ), V). Define pimax(V) (resp. pmin(V))
to be the slope of V1 /V; (resp. V;/Vi—1). We also refer the reader to [HL10, Def. 1.3.2]
for a related notation. Moreover, the orthogonal /symplectic A-connection (V, (, ), V)
can be replaced by torsion free sheaves, orthogonal /symplectic sheaves, A\-connections
and etc.

Derinrrion 2.19

Let Fil be an orthogonal/symplectic Hodge filtration on (V,{, ), V). We say
that Fil is gr-semistable if the associated graded orthogonal/symplectic Higgs sheaf
(Grri(V), (, ), 0) is semistable. Moreover, (V,(, ), V) is gr-semistable if there exists
a gr-semistable filtration Fil of (V, (, ), V).
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One may ask that whether there always exists a gr-semistable filtration on a semi-
stable triple (V,(, ), V), where V is a connection? We will give an answer to this
problem in the next sections.

3. QIfASI GR-SEMISTABLE FILTRATION: ODD RANK

Let (V, (, ), V) be an orthogonal sheaf (V, (, )) together with an orthogonal A-con-
nection V, where V is a torsion free sheaf of odd rank. In this section, we introduce
a special type of orthogonal Hodge filtrations, which is called quasi gr-semistable
filtrations (Definition 3.1), and prove that the existence of gr-semistable filtrations
is equivalent to the existence of quasi gr-semistable filtrations of (V, (, ), V) (Theo-
rem 3.12).

3.1. DeriNttioN AND Bastic ProPERTIES
Derinirion 3.1 (Quasi gr-semistable filtration in odd rank case). — Let
Fil:0=LoCIL1C---CL,CL:C---CLCLg =V

be an orthogonal Hodge filtration of (V, (, ), V). We say that Fil is quasi gr-semistable
if it satisfies the following two conditions:

(I) For any saturated Griffiths transverse filtration
0=WoCWrC---CW,
such that L,y C W; C L;, we have
> deg(Wi) < Y deg(Ly).
0<i<m 0<i<m
(IT) For any saturated Griffiths transverse filtration
0CS C - C8yCSpy1CTEC---CcTECV

such that
deg(Smi1) > Y (deg(L;) —deg(S:)) + > (deg(L:) — deg(T)),
0<i<m 0<i<m
we have

V(Sms1) € Sy @ O (log D),
where L; 1 C S; CT; C L;, Ly, C Sipy1 C Li;b and Sy,+1 is isotropic.
Moreover, we say that (V, (, ), V) is quasi gr-semistable (or V is a quasi gr-semistable
connection) if there exists a quasi gr-semistable filtration on V.
ExamrrLe 3.2. — In this example, we briefly explain the quasi gr-semistability condi-
tion for small m.
— m = 0. The trivial filtration
Fil:0cCcV
is quasi gr-semistable if and only if V(W) C W+ @ Qx (log D) holds for any isotropic
saturated subsheaf W of deg(W) > 0.
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— m = 1. An orthogonal Hodge filtration 0 C N C N+ C V is quasi gr-semistable
if and only if it satisfies the following two conditions:
(1) pmin(N) = 0;
(2) for any saturated Griffiths transverse filtration 0 C .Sy C .Sy CT5- such that
«SicTyc N, NCSyC N+,
« S5 is isotropic,
. deg(S2) > deg(IV) — deg(S1) + deg(N) — deg(T1),
we have V(S2) C S3- @ Qx (log D).
When m = 0, quasi gr-semistability is easy to check. However, when m > 1, the
stability condition becomes much more complicated. The above discussion will be
used in Section 5.

Remark 3.3. — In this remark, we briefly explain Condition (I) and (II) in terms of

graded Higgs sheaves. Given (V, (, ), V,Fil), let (Grgy, (, ),6) be the corresponding
graded orthogonal Higgs sheaf, where

m ] L- m Ly
Gr , V) = 7 ® m ® m—1 .
Fil(V) 1@1 L;_1 L, 1@1 L#@—i—&-l

(1) The filtration
0=WoCcWyC---CW,
in Condition (I) gives a Higgs subsheaf of Grpy (V)

Then the inequality

0<i<m 0<i<m
is equivalent to deg (a(W,)) <O0.
(2) The filtration
0CS CC8CSpp1CTEC---CcTtcV
in Condition (II) defines an isotropic Higgs subsheaf of Grpj (V)
m S Smer o T
B(S.T.) = — o T o g =

€L
i=1 Li—l Lm i=1 Lm—i+1

Then the inequality
deg(Sm+1) > Y (deg(Li) —deg(S,)) + Y (deg(Ly) — deg(Ty))
0<i<m 0<i<m
is equivalent to deg (,B(S.,T.)) > 0.

Summing up, Fil is quasi gr-semistable if and only if the following two conditions
hold:

(1) deg («(W,)) < 0;
(2) if deg (8(S.,T.)) > 0, then we have V(Sy11) € Spmyq ® Qx(log D).
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ProposiTion 3.4. If an orthogonal Hodge filtration Fil of (V,{, ), V) is gr-semi-
stable, then Fil is quasi gr-semistable.

Proof. The semistability of (GI‘Fi](V),m, 9) implies that deg(W) < 0 holds for
any isotropic Higgs subsheaf of (GrFiI(V), 9). By Prop 2.16, deg(W) < 0 holds for any
Higgs subsheaf of (GrFﬂ(V), 9). Hence for any saturated Griffiths transverse filtration
given in Condition (I) and (II), we have deg (a(W,)) < 0 and deg (58(S.,T.)) < 0.
Then the first condition in Remark 3.3 is satisfied automatically, and the second
condition also holds because there is no 8(S,,T,) such that deg(8(S,,7,)) >0. O

Remark 3.3 and Proposition 3.4 is actually the starting point how we introduce
the definition of quasi gr-semistability. The idea is simple and we briefly state as
follows. Given an orthogonal/symplectic Hodge filtration Fil on a semistable triple
(V,(,),V), we hope that the resulting graded orthogonal/symplectic Higgs sheaf
(Grpﬂ(V), (), 9) is semistable. More precisely, the slope of any #-invariant isotropic
subsheaf of Grpy(V) should be smaller than or equal to zero. Then we interpret

the above inequalities in terms of specific filtrations on V' and find a necessary con-
dition, which implies the gr-semistability condition. This condition is called quasi
gr-semistability condition and is given in Definition 3.1 and explained in Remark 3.3.
Therefore, the proof of Proposition 3.4 follows automatically. On the other hand, the
most surprising fact is that the condition we introduce (Definition 3.1) is not only
a necessary condition, but also a sufficient one, which will be proved in the next
subsection.
Prorosition 3.5. — Let

Fil:0=LyCI1C- - CL,CLLC---CLICLy =V
be a nontrivial quasi gr-semistable filtration of (V,(, ), V). Then we have deg(L;) > 0.
Moreover, deg(F) < deg(L1) holds for any subsheaf F C L.

Pm(gf. For a fixed 1 < i9 < m, consider the following Griffiths transverse filtration
0=WoCWy C---C Wy,

where W; = L;_; for 1 <1 <9 and W; = L; for ig + 1 < ¢ < m. Then the inequality

> deg(Wi) < Y deg(Ly)

0<i<m 0<i<m
implies that deg(L;,) > 0. Similarly, let Wy = F and W; = L, for 2 < i < m, and we
get deg(F) < deg(Lq). O
3.2. THE EXISTENCE OF GR-SEMISTABLE FILTRATION. In this subsection, we will show

that given a semistable triple (V, (, ), V), the quasi gr-semistability of (V, (, ), V) im-
plies the existence of gr-semistable filtrations (Theorem 3.8). Combining with Propo-
sition 3.4, we obtain the main result (Theorem 3.12) in this section. First, let us begin
with a lemma about the maximal destabilizer of a graded orthogonal Higgs sheaf.
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Lemma 3.6 ([LSZ19, Lem. A.6]). Let (E=@", E;, (,), 0) be an unstable graded
orthogonal Higgs sheaf. Let M C E be the mazimal destabilizer of (E,0). Then M is
an isotropic saturated graded Higgs subsheaf, that is, M = @, M; with M; = MNE;
and the Higgs field is induced by 0.

Now let Fil
Fil:0=LoCIL1C---CL,CL:C---CLCLg =V

be a quasi gr-semistable filtration of (V; (, ), V), and we consider the associated ortho-

gonal graded Higgs sheaf (Grgy1(V), (, ), ), where
m [, I+ m [t
Greq (V) = i g Zm _Tm—i
rril (V) g}l Tis ® T, @ii‘al[/#%i+1

If (Grra(V),0) is not semistable, then we have a maximal destabilizer and denote it
by Mrj. By Lemma 3.6 and Corollary 2.17, we have an isotropic subsheaf

m oM, M, Ni

Mrpy = ® g moitl
ii‘al Li—l Lm zi‘al L#1,7;+1

Moreover, note that the induced bilinear form on M; ®NZ»J- is trivial, and thus L;_; C
M; € N; C L;. Moreover, it is easy to see that M,,+1 is an isotropic subsheaf.
We construct a new filtration &(Fil) from Fil as follows:

EFil) :0=My C My C -+ C Myy1 C My C - C M{" C Mg-=V.
Moreover, £ can be regarded as an operator on the set of Griffiths transverse filtrations.

Levmma 3.7. — Let Fil be a quasi gr-semistable filtration of (V,(, ), V). Then &(Fil)
is a (orthogonal) Hodge filtration. Moreover, £(Fil) is also quasi gr-semistable.

Proof. — First, we will show that {(Fil) is a Hodge filtration, that is, {(Fil) satisfies
the Griffiths transversality condition. It is enough to show that

V(M7n+1) C MTJrZJ,-l ® QX(IOg D)

This is true by Remark 3.3 since Fil is quasi gr-semistable and deg(Mg;) > 0.
Next, we will check the quasi gr-semistability of £(Fil).
(I) Let
0=WoCcWyC---CWpni1
be a given saturated Griffiths transverse filtration such that M;_y C W, C M;.
We need to show that

Y. deg(Wi) < Y deg(My).
0<i<m+1 0<i<m+1

Consider the following Higgs subsheaf o(W,) of Grgy(V):

m Wi+ L1 o Wing1 + L ™ Ny

o(W,) = E}l T, I @z‘iq L
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Clearly, o(W,) is a Higgs subsheaf of Mp;. Since My is the maximal destabilizer,
we have

(3.1) deg(Mpi) — deg(a(W,)) = 0
On the other hand,

deg(Mpy) — deg(a(W,)) = Z deg(M;) — Z deg(W; + Li—1)

0<i<m+1 0<i<m+1
= Z deg(M;) — Z (deg(W;) + deg(L;—1) — deg(W; N L;—1))
0<i<m+1 0<i<m+1
= Y (deg(M;)—deg(W;)) — > (deg(Li—1) — deg(W; N Li_1)).
0<i<m+1 0<i<m+1
Therefore,
(3.2) Y (deg(M;)—deg(W;)) = > (deg(Li-1) — deg(W; N L;i_1)) > 0.
0<i<m+1 0<i<m+1

The last inequality holds because Fil is quasi gr-semistable. Condition (I) in Defini-
tion 3.1 is satisfied.
(IT) Let

Filg7:0C 81 C+ CSmy1 CSpp2 C Ty C-CTHCV

be a given saturated Griffiths transverse filtration such that

~ M;—1 CS; CTi C M, Mpy1 C Spgo C Mis,q,
— Sm42 is isotropic,
— the inequality

(3.3) deg(Sms2) > Y (deg(M;) —deg(Si))+ > (deg(M;) — deg(T}))

0<i<m+1 0<i<m+1
is satisfied.

We need to show that V(Sp,+2) C S 2®@Qx (log D). Consider the following filtration:
Filg7:=0C S, C--C 8y CSpp1 CTE C---CTiHCV,
where
S; =841 NLi, Ti=Ty1NL;, for1<i<m, and Spi1 = Smio.

Then L;, 1 C 51- - i CLiforl1<i<m,L,C §m+1 C L and §m+1 is isotropic.
Moreover, we have

deg(Sm1) > Y (deg(Li) —deg(S)) + Y (deg(Li) — deg(T3)).

o<i<m oi<m
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In fact, by the inequality 3.2 and 3.3, we have

deg(Sm+1) = deg(Sm+2)
> Z (deg(M;) — deg(Si)) + Z (deg(M;) — deg(T3))

0<i<m+1 0<i<m+1
> Z (deg(Li_l) — deg(S; N Li_l))
(3.4) 0<i<m+1

+ > (deg(Li—1) — deg(T; N L;—1))

o<i<m—+1

= Y (deg(Li) —deg(S) + D> (deg(Li) — deg(T;)).

oi<m oi<m
Then, by the quasi gr-semistability of Fil, we have
V(Smi1) C Sy © Qx(log D),
which implies
V(Smt2) C Spys ® Qx(log D). |

Now we will state and prove the main result in this section.

Tueorem 3.8. — Let (V,(, ), V) be semistable and quasi gr-semistable with odd rank.
There exists a gr-semistable filtration on (V,(, ), V).

We need the following two lemmas to prove this theorem.

Lemma 3.9. — Let Fil be a quasi gr-semistable filtration of (V,(,),V). Assume
that the graded orthogonal sheaves (Grpi(V'),01) and (Gremiy(V),02) are not semi-
stable. Let My (resp. Mepiy) be the mazimal destabilizer of (Greu(V),01) (resp.
Grecriy(V),02)). Then we have a natural morphism of graded Higgs sheaves

Q1 Mgy — Mpa
such that

(1) u(Mewiny) < p(Mra);

(2) if W(Mewny) = p(Mra), the morphism ® is injective, then rk(Mepi)) <
I‘k(MFil);

(3) if ((Mecwiny, tk(Meerny)) = (w(Mpa),vk(Mpq)), then ® is an isomorphism
on an open subset U C X with codim(X/U) > 2.

Proof. — We write Fil as
Fil:0=LyCL € CL,CLyC--CLT CLy =V.

Then,

GI‘Fil (V) = '
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Then, let Mgy be as follows

iR
m o M, Mpay ™ NE

Mrpy = ©® &5
il i@lLi—l Ly, 'EBLL

Recall that

- Li 1 CM;,CN;CL;forl1<i<m,
— M, 41 is isotropic.

Then, £(Fil) is given by

EFil) :0=My C My C -+ C Myy1 C My i C--- C M{" C Mg~ =V,
and similarly,
m+1 JfL

M; M% m+1—1i
7 ® +1 ® @ +1 )
i—1

I
M- M1 =1 My,

m—+1
Greeiny (V) = E_Bl
Therefore, My is given as follows:

M (i :mél Xi ® Xmta o ! Yﬁﬁ*i
¢FD i=1 M'L’—l M7n+1 i=1 MT#+2_¢7

where

-M, 1 CcX;CY,CM;forl <i<m+1,
— Xin+2 is isotropic.

Now we define the following natural morphisms of sheaves:

X; M;
—

q)i : ) 1 < ) < 17
Mo Lo STSTT
Xm+2
Do — 0,
(3.5) 2R
~ Y,
m —_ .

m+2—j
and we obtain a morphism of graded Higgs sheaves
® : Meriy — Mra-
(1) If ® # 0, we have
(Mg winy) < p(Mei).

(2) If ® = 0, then X; C L;_y, 1 < i < m+ 1. Also, we have X,,,;2 C L and

Yn{;ﬁfj - L,J;kj for 1 < j < m+1. In this case, we consider the quotient Higgs sheaf

GI"FH(V) _ % &EB Lﬂr‘l o % Lrln—i
Mgy =1 My Mgy =SNG

JEP — M., 2024, lome 11



198 M. Suenc, H. Sun & J. Wane

and define the following natural morphisms:
X; Ly
—

v, - , 2<t<m+1,
M; 1 M; 4
Xm+2 L#],
\Ijm+2 : M M )
m+1 m+1
(3.6) _yL L
L - 1<i<m,
Mm+27j NmfjJrl
~ Y+
Uppy1: —— —0
M-
This construction gives a morphism of graded Higgs sheaves
Grry(V)
v ME(Fll) — TFII

We claim that ¥ # 0. Then we have
(Merny) < p(Im(¥)) < p(Mra).

Note that in this case we get a strict inequality

(M (wiry) < p(Mrq).

The first statement that pu(Meriy) < p(Mri) is proved.
For the claim, we suppose that ¥ = 0. Then X,;/M;_; = 0 and thus X; = M;_;
for 1 <1< m+2. We have
m+1 YL+
Merm = P —m+2—i
s My
Since (Greepin(V),02) is not semistable and Mgy is the maximal destabilizer,
we have
deg(Mg(Fll)) > 0.
However, Lemma 3.7 tells us that £(Fil) is quasi gr-semistable, and then
deg(Me(wiry) = Z (deg(Y;) — deg(M;)) <0
oi<m—+1
by Condition (I) in Definition 3.1. This is a contradiction.
The above discussion shows that pu(Me i) = p(Mri) only if when @ is injective.
Then the second statement also holds. Moreover, if the equality

(1(Me(wiy, tk(Mery)) = (w(Mpa), rk(Men))
holds, clearly @ is an isomorphism on an open subset U C X with codim(X/U) > 2,
which gives the third statement. (|

Lemma 3.10. Let (V,(, ), V) be semistable and quasi gr-semistable. If the sequence
of pairs {(/L(Mfk(Fil)), rk(Mfk(Fil)))}k>o is constant, then the graded orthogonal Higgs
sheaf (Grei(V), (, ),0) is semistable.

JE.P — M., 2024, tome 11



EXISTENCE OF GR-SEMISTABLE FILTRATIONS 1199

Proof. — By Proposition 2.16, it is equivalent to work on (Grpy(V), 0) and we assume
that (Grpi(V),6) is not semistable. We use the same notations as in the proof of
Lemma 3.9:

Fil:0=LoCLiC CL,CLyC--CLT CLy =V,

m [, LLi m L
GI’i V _ 2 m @ m—1 ,
Fl( ) zi‘al Lz—l Lm ii‘alL#qfi+1
U MZ Mm+1 m z+1
Myy = ® ®
9 Li—l Lm ;q Lm l-‘rl

EFil) :0=My C My C -+ C Myy1 C Mpsy C - C M{- C Mg~ =V,
m+l )L ML m+1 pfL

el . V) = Tmt1—d
I‘E(F 1)( ) g Mi_l @ Mm+1 @ @ M’rJrz+2 Z?
mil X KXoy Ml Y$+2 i
Mgy = 53] 2
E(Fil) 9 M;_, Mm+1 z® M7#+2 ;

By Lemma 3.9, the morphism ® : Mgy — Mpy is an isomorphism over an open

subset U, where codim(X/U) > 2. Now we always restrict to U, and say ® is an

isomorphism for convenience. Now we suppose that £ +2(Fil) is of the form
E"2(Fil) :0=Zy C Z1 C -+ C Zomy2 C Zapn C -+ C Z{ C Zy =V.

The isomorphisms

M£m+2(Fi1) — Mgm,-Fl(Fi]) — - —> Mpy

imply

Z2 Z2m+1
Mem N=241P—@ - P ———
em+2(Fil) 1 7 ® ® Zom

and thus Zs,,4+1 is a V-invariant subsheaf of V. We also want to remind the reader
that V(Zas42) = 0. Since Mem+2(pyy is the maximal destabilizer, we have
M(ng+1) = N(Mg””Jr?(Fil)) > 0.

This contradicts with the condition that (V, (, ), V) is semistable. O
Proof of Theorem 3.8. — First, we take an arbitrary quasi gr-semistable filtration Fil
of (V,(, ), V). The sequence {(/,L(Mgk(Fil)), rk(Mgk(Fil)))}k>0 decreases in the lexico-
graphic ordering as k& grows by Lemma 3.9. Thus, there exists a positive integer kg
such that the sequence

{(:U’(M.fk(Fil))v rk(Mgk(Fﬂ))) Fe>ko

becomes constant. By Lemma 3.10, we finish the proof of this theorem. g

Remark 3.11. — The statement of Lemma 3.9 also works for arbitrary orthogonal
bundle (V, (, ), V), which could be unstable, while Lemma 3.10 only holds for semi-
stable triples (V, (, ), V).

Combining Proposition 3.4 with Theorem 3.8, we have:
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Turorem 3.12. Let (V,{,),V) be a semistable orthogonal sheaf together with an
orthogonal connection V' such that the rank of V' is odd. Then, (V,(, ), V) is gr-semi-
stable if and only if (V,{, ), V) is quasi gr-semistable.

4. QUASI GR-SEMISTABLE FILTRATION: EVEN RANK

In this section, we discuss the quasi gr-semistable (orthogonal/symplectic) filtra-
tions of (V, (, ), V), where rk(V) is even. In the even rank case, there are two types of
orthogonal /symplectic Hodge filtrations, which depend on the parity of lengths of the
filtrations. Despite this fact, the proof of the main result (Theorem 4.9) in the even
rank case is almost the same as that of Theorem 3.8 in the odd rank case. Therefore,
we only give constructions and state results rather than giving a detailed proof.

Derinition 4.1. —  An orthogonal/symplectic Hodge filtration
Fil:0=Fily C Fih CFilb C---C Fil, =V
of (V,(,),V) is an odd (resp. even) type filtration if its length ¢ is odd (resp. even).
Remark 4.2
(1) An odd type orthogonal Hodge filtration Fil can be written as
Fil:0=LoC L1 C - CLyCLynC--CLT CLy =V,

where L,, is not Lagrangian (i.e., L,, # L;-) and satisfies V(L,,) C L ® Qx (log D).
(2) An even type orthogonal Hodge filtration Fil can be regarded as

Fil:0=LoCLi G CLn1 GCLnGCLy S CLT CLy =V,

m—1
where L,, is Lagrangian (i.e., L,, = L) subsheaf and satisfies
V(L) C Ly—y ® Qx(log D).

In summary, the odd type orthogonal Hodge filtrations with even rank are similar to
orthogonal Hodge filtrations with odd rank.

Derinirion 4.3 (Quasi gr-semistable filtration in even rank case)
Given (V, (, ), V), let Fil be an orthogonal/symplectic Hodge filtration.
(1) 1t

Fil:0=LoCI1C - CL,CLLC-- - CLICLg =V
is an odd type filtration, Fil is quasi gr-semistable if the following two conditions hold:

(I) For any saturated Griffiths transverse filtration
0O=WoCcWyC---C W,

such that L;,_1 C W; C L;, we have

> deg(Wi) < Y deg(Ly).

oi<m oi<m
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(IT) For any saturated Griffiths transverse flitration

0CS C - C8nCSpp1CTEC---CcTcCV

such that
deg(Smi1) > Y (deg(Li) —deg(Si)) + > (deg(L;) — deg(T3)),
0<i<m 0<i<m
we have

V(Smt1) C Sy ® Qx (log D),
where L;_1 C S; CT; C Ly, Ly, C Siy1 C Lf;l and Sy,41 is isotropic.
(2) It
Fil:0=LoCLi G CLm 1 CLm G L 1 G- CLTCLy =V
is an even type filtration, Fil is quasi gr-semistable if the following two conditions
hold:

(a) For any saturated Griffiths transverse filtration
0O=WoCcWyC---C W,
such that L, 1 C W; C L;, we have

Y deg(Wi) < Y deg(Ly).

oi<m oi<m

(b) For any saturated Griffiths transverse flitration

0cS Cc--C8,cTtc-..cTtcv

such that
deg(Sm) > D (deg(Li) —deg(S)) + Y (deg(Li) — deg(T;)),
0<i<m—1 0<i<m
we have

where L;_1 C S; CT; C L; for 1 <i < m.
Furthermore, we say that (V,(, ), V) is quasi gr-semistable (or V is a quasi gr-semi-

stable A-connection) if there exists a quasi gr-semistable filtration on V.

The following two propositions can be proved in the same manner as Proposi-
tions 3.4 and 3.5 in the odd rank case.

Prorosrrion 4.4. If an orthogonal/symplectic filtration Fil of (V,(,),V) is
gr-semistable, then it is also quasi gr-semistable.

ProrosriTion 4.5. Let

be a nontrivial quasi gr-semistable filtration (either of odd or even type) of (V, (, ), V).
Then we have deg(L;) > 0. Moreover, deg(F) < deg(L1) holds for all subbundles
FClL.
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As we did in Section 3, we have an operator ¢ on the set of quasi gr-semistable
filtrations.
(1) If
Fil:0=LoCIL1C---CL,CL:C---CLCLf=V
is of odd type, we define the orthogonal Higgs sheaf (GI'FH( ), (,),0), where

m [, Li m
Gr i %4
Fl( ) 5‘91 Lz 1 Lm =1 LL

If (Grra(V),0) is not semistable, we have a maximal destabilizer My; and by Lem-
ma 3.6, we have

m M M 1 1

MF‘I — 7 ® m+ @ m i+ ,

' 1@1 L; Ly, EB 1L

where L;,_1 C M; C N; C L; for 1 <i<m and M, +1 is isotropic. Based on the

maximal destablizer, we construct a new filtration £(Fil) as follows:
EFil) :0=My C My C -+ C Myy1 C My C - C M{" C Mg~ =V.
(2) If
Fil:0=LyCL C--CLp 1S LyCL:

=

C-CLECLy=V

m—1

is of even type, we define (Greu(V), (),

Greg(V) = é

in a similar way, where

0)
L, m [l
@@ ml.

Liw =Ly,

If (Grpu(V), ) is not semistable, we have the maximal destabilizer
m M m Nr# i

Mey = P o P 4

T
i=1 Li-1 =1 L

where L,y C M; C N; C L; for 1 < i < m. Then, the new filtration £(Fil) is
defined as

EFi):0=MyC My C--C My, C Myy1 CMEC---CM}c M=V,

where M,,4+1 := Ly,

Levmma 4.6. — Let Fil be a quasi gr-semistable filtration of odd type (resp. even type),
then £(Fil) is a Hodge filtration of odd type (resp. even type). Moreover, £(Fil) is also
quasi gr-semistable of odd type (resp. even type).

Proof. The proof of this lemma is similar to Lemma 3.7. O

Lemya 4.7. Let Fil be a quasi gr-semistable filtration of (V,{, ), V) in the even rank
case. Assume that both (Grgi(V'), 01) and (Grepiny(V), 02) are not semistable. Let My
(resp. Mewiny) be the mazimal destabilizer of (Grea(V),01) (resp. (Grewiny(V),02)).
Then we have a natural morphism

D : Meriy — Mra
such that
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(1) u(Meepiy) < p(Mrn),

(2) if W(Mewny) = p(Mpa), the morphism @ is injective, and then we have
k(Mg i) < rk(Mpq),

(3) if (,u(ME(FH), rk(ME(FH))) = (/,&(MFil),I‘k(MFi])), then ® is an isomorphism
on an open subset U C X with codim(X/U) > 2.

Proof. — This lemma is an analogue of Lemma 3.9. O

Tueorem 4.8. — Let (V,(, ), V) be semistable and quasi gr-semistable with even rank.
There exists a gr-semistable filtration on (V,(, ), V).

Proof. — This theorem is an analogue of Theorem 3.8. O

Combining Proposition 4.4 with Theorem 4.8, we have the main result in the even
rank case.

Turorem 4.9. — Let (V,(, ), V) be a semistable orthogonal/symplectic sheaf of even
rank together with a A-connection. Then (V,(, ), V) is gr-semistable if and only if
(V,{,),V) is quasi gr-semistable.

5. CLASSIFICATION OF QUASI GR-SEMISTABLE ORTHOGONAL A-CONNECTIONS IN

SMALL RANKS

In this section, (V,(,),V) is an orthogonal sheaf together with an orthogonal
A-connection V. We make a careful discussion on the existence of quasi gr-semistable
filtrations when rk(V) < 6. We prove that (V,(, ), V) is always quasi gr-semistable
when rk(V') < 4 (Proposition 5.4), and we classify quasi gr-semistable A-connections
when rk(V) = 5 and 6 (Proposition 5.6, 5.10 and 5.13). Moreover, Proposition 5.6
gives a construction of (V, (, ), V) which is not quasi gr-semistable when rk(V) > 5.

5.1. Case L: tk(V) < 4. — We start with a discussion of rank one isotropic saturated
subsheaves N C V. Note that if a global section of N vanishes on an open subset U,
then it is trivial. For this reason, it is enough to work on an open subset U C X,
on which N|y is locally free. Let e € N(U) be a local section. We have

(V(e),e) + {e,V(e)) = Ad{e,e) =0,
which implies (V(e), e) = 0. Therefore,
V(N) c N* ® Qx(log D)

for any isotropic saturated subsheaf IV of rank one. Moreover, this property does not
hold in the symplectic case, i.e., (, ) is skew-symmetric. Based on this fact, we have
the following lemma about a special orthogonal filtration

0OCNCN*tcVw
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Lemwva 5.1. Given (V,{(,),V), let N be a rank one isotropic saturated subsheaf.
The filtration
OCNCNtcVv
is quasi gr-semistable if and only if the following two conditions hold:
(1) deg(N) >0,
(2) if an isotropic saturated subsheaf W containing N satisfies one of the following
conditions:
(a) deg(W) > 2deg(N);
(b) deg(N) < deg(W) < 2deg(N), and V(N) C W+ @ Qx (log D);
(c) 0 < deg(W) < deg(N), and V(N) C W ® Qx(log D),
then we must have V(W) C W+ @ Qx (log D).

Proof. This is a direct consequence of Example 3.2. O

Levvia 5.2, — Given (V,(, ), V), let N C W C V be isotropic saturated subsheaves
of V such that tk(N) = k(W) — 1. Then, V(W) C W+ @ Qx (log D) if and only if
V(N)c Wt @ Qx(log D).
Proof. — One direction is clear, and we only have to prove that if

V(N) ¢ W* @ Qx(log D),

we have V(W) € W+ ®Qx (log D). Since this is a local property, we work on an open
subset U C X, on which N is locally free. For convenience, we directly suppose that

N =0x{e1,ea,...en}, W =0x{e1,ea,...n,ent1}

Furthermore, V(W) C W+ ® Qx (log D) if and only if
(V(W), W) =0

holds. Therefore, it is equivalent to prove that (V(e;),e;) = 0 holds for all 4, j such
that 1 < 4,5 < n+ 1. Since V(N) C W+ ® Qx(log D), then (V(e;),e;) = 0 holds
for all ¢ such that 1 < ¢« < mand 1 < j < n+ 1. Thus, we only have to check
(V(ept1),ei) =0 for 1 < i< n+ 1. The equality

(V(en+1)s en+1) + (en+1, V(ent1)) = Ad(ent1,eny1) =0
implies that (V(en+1),€;) = 0 holds for ¢ = n + 1, and the equality

(V(en+t1),€i) + (ent1, V(ei)) = Ad(eny1,e) =0

and the condition (e, 1, V(e;)) = 0 implies that (V(en41), €;) = 0 holds for all ¢ such
that 1 < i < n. This finishes the proof of this lemma. O

Lemma 5.1 and Lemma 5.2 give the following result:

Lemma 5.3. — Suppose that tk(V) < 5. Let N be a rank one isotropic saturated
subsheaf. Then the filtration
0OCNCNtcV
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is a quasi gr-semistable filtration of (V,{, ), V) if and only if the following two con-
ditions hold:

(1) deg(V) >0,

(2) if W is a rank two isotropic saturated subsheaf such that N C W and deg(W) >
2deg(N), then we have V(W) C W @ Qx (log D).

Prorosition 5.4. — Any (V,(, ), V) with rk(V') < 4 is quasi gr-semistable.

Proof. — Tt is trivial when rk(V) < 3, and then we only discuss the case rk(V) = 4.
If (V,(,)) is a semistable orthogonal sheaf, then the trivial filtration

ocv

is quasi gr-semistable.
Now we assume that (V,(,)) is unstable and let M be the maximal destabilizer.
If M is of rank one, the filtration

0OcCMcM-cVv
is quasi gr-semistable by Lemma 5.3 because there is no rank two isotropic subsheaf W

such that deg(W) > 2deg(M). Then, we suppose that M is of rank two, i.e., it is
Lagrangian. If there exists a rank one subsheaf N such that

— deg(N)>0and N C M,

- V(N) Cc M ®Qx(log D),

then the filtration
OCNCMCcCN+cV

is an even type quasi gr-semistable filtration, otherwise the filtration

ocMcCV
is an even type quasi gr-semistable filtration. In conclusion, we find a quasi gr-semi-
stable filtration for all cases. This finishes the proof. |
5.2. Case Il: tk(V) = 5. — Before we consider the case rk(V') = 5, we first construct

a special orthogonal sheaf (V (, )) together with an orthogonal A-connection V, which
is not quasi gr-semistable. We start with a well-known lemma (see [HL10, Lem. 1.3.3]
for instance).

Lemmya 5.5. — Let M,N be torsion free sheaves. If pmin(M) > pimax(N), then
Hom(M,N) = 0.

Prorosirion 5.6. — Let (V,(,)) be an unstable orthogonal sheaf of rk(V') = 5. Sup-
pose that

(1) the mazimal destabilizer M is of rank two and stable,
(2) MT; is a stable orthogonal sheaf,

(3) there exists a A-connection ¥V satisfying
V(M) ¢ M+ ® Qx(log D).
Then (V,{, ), V) is not quasi gr-semistable. Moreover, (V,(, ), V) is semistable.
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Proof. We prove the first statement by contradiction, and assume that the ortho-
gonal connection (V, (, ), V) is quasi gr-semistable. Let
Fil:0=LoC L1 CLy---CLI CLy =V

be a quasi gr-semistable filtration.

Since V/M+* = MV is a stable bundle of deg(V/M*) < 0 and fimin(L1) = 0 by
Proposition 3.5, the composition

v
L1 —V —» m

is zero by Lemma 5.5. That is L; C ML,

Now we consider the composition
Ml
I
Note that this composition is not surjective since L; is isotropic while M+ /M is
not isotropic. Then this map is zero because pmin(L1) = 0 and M + /M is a stable
orthogonal sheaf of degree 0 by assumption. This implies that L, C M.

If Ly = M, then we have

V(M) C Ly ® Qx(log D) ¢ M+ @ Qx(log D),

which contradicts the assumption that V(M) ¢ M+ ® Qx (log D). Therefore, L, is a
proper subsheaf of M.
Now consider the natural morphism

Ly — M+ —»

LL

h: Ly — —MlL
based on the above argument that L; is a proper subsheaf of M. If h = 0, then
Ly € M+, and we have

V(L) C Ly ® Qx(log D) € M* @ Qx (log D).
This actually implies
V(M) c M+ ® Qx(log D)
by Lemma 5.2, and we get a contradiction again. On the other hand, if A # 0, then
deg(ker(h)) > deg(Lz) + deg(M) — deg(L1) > deg(L2) + deg(L1).
This inequality contradicts Condition (I) in Definition 3.1. In conclusion, (V,(, ), V)

is not quasi gr-semistable.

For the second statement, we still prove it by contradiction. Suppose that
(V. {,), V) is unstable. Denote by W the maximal destabilizer of (V, (, ), V). Clearly,
W is isotropic of deg(W) > 0 and V(W) C W ® Qx(log D).

If W is a rank one saturated subsheaf, we apply the same argument above for
compositions

14 i M+
W‘—>V—»m, We—M —
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and obtain W C M. Therefore,
V(M) c M+ ® Qx(log D)

by Lemma 5.2, which contradicts the assumption in the statement of the proposition.
If rk(W) > 2, we have W = M. Since W is V-invariant, M is also V-invariant. This
also gives a contradiction.

Finally, suppose that W is unstable as an orthogonal sheaf. Denote by N C W be
the maximal destabilizer. With the same argument as above, we have N C M and
W C M. Therefore,

V(N) c W@ Qx(logD) € M+ ® Qx(log D),

and this implies that V(M) C M+ ® Qx (log D) by Lemma 5.2, which is a contradic-
tion.
In conclusion, (V, (, ), V) is semistable. O

In the following examples, we use the criterion in Proposition 5.6 and construct
examples of semistable orthogonal connections, which are not gr-semistable, in both
characteristic zero and characteristic p.

Exampre 5.7. — In this example, we will construct an orthogonal connection of rank 5
in characteristic zero, which is not gr-semistable. This gives a counterexample for
Simpson’s question (Question 1.2) in orthogonal group case.

Let X be a complex smooth projective curve with genus g > 2. We fix a rank 2
stable vector bundle M on X with deg(M) = d > 0, and we suppose g > d + 1. Then
we choose a nontrivial extension

0— Ox — M' — det(MY) — 0.
Note that such a nontrivial extension always exists because
dim Ext*(det(MY),0x) > g—d—1>0
by Riemann-Roch theorem. Now we define E := M ® M’ and there is a natural
orthogonal structure given as follows
(Ve EQE —>M@M®M @M — N2M®A2M
=, det(M) @ det(MY) =2 O

Moreover, Choe and Hitching showed that any rank 4 orthogonal bundle, which con-
tains rank 2 isotropic subbundle, is of the above form [CH23, Th.4.2]. Then we ob-
tain a rank 4 orthogonal bundle (E,(, )g). We claim that there exists an orthogonal
connection Vo on E. Now we are ready to define a rank 5 orthogonal connection
(V,(, ), V), where

-V =FEaO0Ox,
— the orthogonal structure (, ) on V is induced by (, ) g and the trivial one on Ox,
— V := Vo ®dean, where dean : Ox — Qx is the exterior differential.
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For this orthogonal connection (V,(, ), V), it has the following properties that the
maximal destabilizer of V' is M, which is stable of rank 2 with deg(M) = d > 0,
and V(M) ¢ M+ ® Qx. Therefore, (V, (, ), V) is not quasi gr-semistable by Proposi-
tion 5.6. The claim V(M) € M+ ® Qx can be seen as follows. Assume the contrary.
As V(M) =Vo(M) C (Mo M) ®Qx, it follows that
VIM)c (MeM)NM'Y) @ Qx =M@ Qx.

The last equality holds because M+ = M ® Ox & Ox = M @ Ox. Then we have
deg(M) = 0 since M admits a connection V|ys, contradicting deg(M) > 0.

Now we will prove the claim that there exists an orthogonal connection Vi on
E=M®M'. By [BMWI1, Th.4.2], if there is no orthogonal connection on E, there
exists a decomposition

E:(W@WV)@Tv <7>E:<7>W@<7>T
such that deg W > 0. Then there are two possibilities for the isotropic subbundle W:
k(W) =1 or 2.
— Suppose rk(W) = 1. The short exact sequence

0— Ox — M’ — det(MY) — 0
gives the following one

0—M-—MeM — MY —0
by tensoring with M. Then the composition

Wes MM =E— MY
is zero because deg(W) > deg(MVY). Thus W C M. With a similar argument, we have
WY C M. Therefore, W @ WY C M. As
M c E
WeWv ~ WaeWwVv

it follows that M/(W @ W) is torsion free. For reason of rank, it must be zero.
In other words, W & WV = M. However, this contradicts the assumption that M is
stable.

— Suppose rk(W) = 2. In this case,

E=MaeM =WaW".
(a) If W is not semistable, let L be the maximal destabilizer of W. Then
deg(M)

pomin(W) = deg(W) — deg(L) > —deg L > ———= = u(M").

=T

)

Since fimin (W) > p(MY), the composition
We——sE— MY

is zero by Lemma 5.5. With the same argument as in the case of k(W) = 1,
we have W = M. However, this contradicts the assumption that M is stable.
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(b) If W is semistable, the argument in Case (a) implies that W = M.
Therefore, we have
MeM =MoM.
Then the short exact sequence
0—M-—MeM — MY —0
splits. The following argument will show that the short exact sequence
0— Ox — M —s det(MY) — 0

splits, and thus we obtain a contradiction about the choice of M’ at the beginning
of this example.

By Proposition [CH23, Prop. 4.5], any rank 2 isotropic subbundle of M ® M’
is of the form M ® L' or L ® M’, where L C M and L’ C M’ are subbundles.
Since E =W @ WV, we have W N WY = 0, which implies that WV = M @ L’
for some line bundle L' C M’. We have

deg(L') = —d = deg(det(M")).
Then the composition
L' — M — det(M")

is either zero or an isomorphism. If the composition is zero, then L’ is a subbun-

dle of Ox, which is a contradiction. Thus, the composition is an isomorphism,

and we obtain a splitting det(M"Y) — M’.
In conclusion, neither of the above cases can happen. By [BMW11, Th.4.2], there
exists an orthogonal connection Vg on £ = M ® M'.

Exampre 5.8. In this example, we will construct an orthogonal connection of rank 5
in positive characteristic, which is not quasi gr-semistable.
Let X be a smooth projective curve over k with genus g such that
3<p<g-1,
where p is the characteristic of k. There exists a stable bundle M’ on X such that
rk(M') = 2 and deg(M’) = 1. Consider the Frobenius pullback M := F%(M’'), of
which rk(M) = 2 and deg(M) = p. Although M may not be semistable [Gie73],
we can choose a specific M’ such that M is semistable. Since the degree p and the
rank 2 are coprime, the semistable bundle M is stable. Let Vo : M — M ® Qx be the
canonical connection. Next, we consider the sheaf (A2M") ® Qx. By Riemann—Roch
formula, we have
RO((NMY) @ Qx) > deg((NMY) @ Qx) + (1 - g)
=(-p+29-2)+(1-g)
=-p+(g—1)>0.
Therefore, there exists a nontrivial section of (A2MV) ® Qx. Let

Vi=MaoeM'o0Ox
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be the rank 5 orthogonal bundle with natural orthogonal structure (, ). Then, the
nontrivial section of (A2MV) ® Qx induces a nontrivial O y-linear morphism

01: M — MY ®@Qx
such that for local sections a,b of M,
(01(a),b)ar + (a,01(b))ar = 0.
By Proposition 5.6., the orthogonal connection

Vo
V= 91 —V(\{ ZV—)V@Q)(,
dcan

is not quasi gr-semistable, where dcan : Ox — Qx is the exterior differential. Under
the equivalence of gr-semistability and quasi gr-semistability (Theorem 3.12), we con-
clude that we find an example in rank 5 which is not gr-semistable.

Examrre 5.9. — In the above two examples, we constructed semistable orthogonal
connections which is not gr-semistable in the case of D = &. In this example, we give
a brief idea about constructing examples satisfying conditions given in Proposition 5.6
when D # &.

Let X be a smooth projective curve with genus g(X) > 2. Let M be a rank
two stable bundle of positive degree, and there is a natural orthogonal structure on
M @ MY and denote it by (, )ar. Let N be an arbitrary stable orthogonal bundle
on X and the orthogonal structure of N is denoted by (, ). Define

V=MoM'aeN.

We have a natural orthogonal structure (, ) on V induced by (, )as and (, ).
Let Vo : M — M ® Qx(log D) be a logarithmic A-connection on M, and Vy :
MY — MY @ Qx (log D) its dual logarithmic connection of V. Then,

(VO VV> Ma MY — (MaMY)®Qx(logD)
— Vo

is an orthogonal A-connection on M @& M. We also choose 61 : M — MY @ x (log D)
a nontrivial O x-linear morphism such that

(01(a),b)m + (a,01(b)) s =0

for all local sections a,b of M. We may always find such a section by enlarging the
support of D. Clearly,

Vo )i MeMY — (MaeMY)®Qx(log D)
91 _VO
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is an orthogonal A-connection. Choosing a A-connection Vy on N, we get an ortho-
gonal A-connection

Vo
Vi=|6 -Vy§ :V— V®Qx(log D)
VN
on (V,(,)). From the above construction, we have
V(M) ¢ M+ @ Qx(log D).

Thus, we obtain an orthogonal bundle (V, (, )) of rank larger than 5 with an orthog-
onal A-connection V satisfying all conditions in Proposition 5.6.

Proposition 5.6 gives the construction of a special class of (V, (, ), V), which is not
quasi gr-semistable. Furthermore, we can show that if (V, (, ), V) is not quasi gr-semi-
stable and if rk(V') = 5 and 6, then it must satisfy the conditions in Proposition 5.6.
In the next proposition, we shall discuss the case rk(V) = 5 first.

Prorosition 5.10. — Suppose that tk(V) = 5. A triple (V,(,),V) is not quasi
gr-semistable if and only if (V,(,)) is an unstable orthogonal sheaf such that the
mazimal destabilizer M is stable of rank two and satisfies

V(M) ¢ M+ ® Qx(log D).

Proof. — One direction is given by Proposition 5.6. We consider the other direction
and assume that (V,(, ), V) is not quasi gr-semistable. Clearly, (V, (, )) is unstable,
otherwise the trivial filtration

ocVv

is quasi gr-semistable. Now denote by M the maximal destabilizer of V. If M is not
a stable rank two bundle, there exists saturated subsheaf N C M of rank one such
that deg(N) = u(M). Then, the filtration

OCNCN-cvVv

is quasi gr-semistable by Lemma 5.3. Therefore, M is stable of rank two. Furthermore,
we have
V(M) ¢ M* & Qx(log D),
otherwise the filtration
0OcMcM-cv

is quasi gr-semistable. (]
5.3. Case III: tk(V) = 6. — For the rank 6 case, we first prove two lemmas.

Levmma 5.11. — Suppose that (V,{, ), V) is not quasi gr-semistable of rank 6. Let
Filyw :0CLCcWCLtcV

be an orthogonal Hodge filtration such that
— k(L) =1, rk(W) = 3 and deg(L) > 0, deg(W) > 0,
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— deg(L) + deg(W) > pmax(V),
- 2deg(L) + deg(W) > 2ﬂmax(v)'

Then there exists a rank three isotropic subsheaf W' containing L and satisfying one
of the following conditions:

(1) deg(W’) > max{2deg(L), deg(W)};
(2) deg(W') > deg(W), and the filtration

Filw:0CcLcW' cLtcV

is an orthogonal Hodge filtration;
(3) deg(W') > 2deg(L), and there exists a rank two subbundle Py of W such that

2deg(Py) > deg(W) + 2deg(L),
V(P,) C P @ Qx(log D),
V(Py) ¢ W ® Qx(log D).

Proof. Since (V,(, ), V) is not quasi gr-semistable, the filtration Filpy does not
satisfy Condition (I) or (II) in Definition 4.3. If Filp does not satisfy Condition (I),
there exists a rank two isotropic sheaf S between L and W such that

deg(S) > deg(L) + deg(W),
or deg(S) > deg(W) and V(L) C S ® Qx(log D).
For the first case deg(S) > deg(L) + deg(W), we consider
Filg:0Cc Sc S+ cV,
which is not quasi gr-semistable. Clearly, fimin(S) > 0 because
deg(5) > deg(L) + deg(W) > fumax(V).
Then there exist isotropic subsheaves
ocTcucScw
such that rk(U) < 1, rk(W’) = 3 and
V(U) c W @ Qx(log D), deg(W') > 2deg(S) — deg(U) — deg(T).
Then,
deg(W') > 2deg(S) — deg(U) — deg(T)
> deg(W) + 2deg(L) + deg(W) — deg(U) — deg(T)
> deg(W) + 2ptmax(V) = fmax (V) — pmax (V) = deg(W).
Moreover, U = L or deg(U) < deg(S) — deg(L). If U = L, it is clear
V(L) c W' @ Qx(log D).
If deg(U) < deg(S) — deg(L), we have
deg(W') > 2deg(S) — 2(deg(S) — deg(L)) = 2deg(L).
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For the second case that deg(S) > deg(W) and V(L) C S ® Qx(log D), consider
the filtration

Fil;s:0cLcScStcLtcvV,

and there exists a rank three isotropic subsheaf W’ containing L such that deg(W’) >
2deg(S) and

V(L) c W' @ Qx(log D).
Therefore,
deg(W') > 2deg(S) > 2deg(W) > deg(W).
If Filw does not satisfy Condition (IT), then there exists a Hodge filtration
PPCPCPtcQicVv
such that

OchPCc@QiCcLCPCW,
tk(P2) =2, 2deg(P») > deg(W) + 2deg(L) — deg(Py) — deg(Q1),
and V(P) ¢ W Qx(log D).

Note that @1 =0 or L. If Q1 =0, then P; = 0. Thus,
1
deg(Ps) > i(deg(W) +2deg(L)) > phmax(V).

With a similar argument as the proof in the first case, such a subsheaf W' exists by
considering the filtration

Filp,:0C P, C P3- C V.

If Q1 = L, a similar argument as in the second case will produce such a subsheaf W'
by considering

Filpp,:0CLC P, C P+ CL+CV.

This finishes the proof of this lemma. O

Lemma 5.12. — Suppose that (V,(, ), V) is not quasi gr-semistable and is of rank 6.
Define

aV) = max {deg(M) | M is a rank three isotropic subsheaf of V'}.
Then a(V) < 2pmax (V).

Proof. — We still prove this lemma by contradiction, and assume that «(V) >
2pimax (V). Let M be a rank three isotropic subsheaf of V' such that deg(M) = a(V).
Then we have pimin(M) > 0 since deg(M) = 2pmax (V). This implies that the filtration

Filpy :0C M CV,
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which is not quasi gr-semistable, satisfies Condition (I). There exist saturated sub-
sheaves S C T' C M such that

deg(T) + deg(S) > deg(M),

V(S) c T+ ® Qx(log D),

V(S) ¢ M @ Qx(log D).
Then we have rk(T') = 2, otherwise

deg(T') 4 deg(S) < pmax (V) + fimax (V) = 2pimax (V) < deg(M),

which is a contradiction. In summary, there exists a rank two subsheaf T of M such
that
deg (M)

deg(T) > 5

> ﬂmax(v)7 V(T) - TJ_ ® QX (log D),
and
V(T) ¢ M ®Qx(log D).

Moreover, pimin(T) > 0.
Now we choose such a subsheaf T" with maximal degree and consider the orthogonal
Hodge filtration

Filp :0cT CcT+cCV.

Since it is not quasi gr-semistable, there exist saturated subsheaves S; C T7 C T C So
such that S5 is isotropic of rank three and

V(T1) C Ss @ Qx(log D), V(S2) ¢ S2 ® Qx(log D),
and
deg(52) > 2deg(T") — deg(T1) — deg(S1).
Since V(S2) ¢ S2 ® Qx(log D), we have rk(71) < 1 by Lemma 5.2. If 77 = 0, clearly
deg(S2) > 2deg(T) > deg(M).

This contradicts our choice of M. Therefore, we have rk(T}) = 1. Now if tk(T3) = 1,
we get the following inequality

deg(Sa/T) — deg(T+ /M) = deg(M) + deg(S2) — 2 deg(T)
> deg(M) — deg(Ty1) — deg(S1)
2 2ptmax(V) = pmax (V) = pmax (V) = 0,
which implies Sy = M by the natural morphism So/T — T+ /M. Moreover, we have

deg(T1) > 0.
Then, we consider the orthogonal Hodge filtration

Filpmy:0CTh C M CTi C V.
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By Lemma 5.11, there exists a rank two saturated subsheaf P, C M such that

2deg(Pz) > deg(M) + 2deg(T1),
V(P,) C P @ Qx(log D),
V(Py) ¢ M ® Qx(log D).
Then,
2deg(Pz) > deg(M) + 2deg(T1)

> 2deg(T) — deg(Ty) — deg(S1) + 2deg(T1)

= 2deg(T) + deg(T1) — deg(S1)

> 2deg(T).

This contradicts our choice of deg(T), which is of maximal degree. In conclusion,
we have a(V) < 2umax(V). O

Provosirion 5.13. — Let (V,{, ), V) be an orthogonal sheaf of rank 6 together with
an orthogonal A-connection. Then (V,{ ), V) is not quasi gr-semistable if and only
if V is an unstable orthogonal sheaf such that

(1) the mazimal destabilizer M is a stable rank two saturated subsheaf,

(2) M+/M is stable or M+ /M is a direct sum of two non isomorphic orthogonal
torsion free sheaves of rank one,

(3) V(M) ¢ M+ ® Qx(log D).

Proof. — One direction is exactly proved by Proposition 5.6. Now we assume that
(V,{), V) is not quasi gr-semistable. Clearly, the trivial filtration 0 C V' is not quasi
gr-semistable, and then V is unstable. We prove the other three statements by con-
tradiction.

Let M be the maximal destabilizer of V. Lemma 5.12 shows that rk(M) < 2. If M
is not stable of rank two, then there exists a saturated subsheaf N C M of rank one
such that deg(N) = u(M) = pmax(V). Now consider the orthogonal Hodge filtration

Fily:0C NCN*t CV.
Since it is not quasi gr-semistable, there exists a Hodge filtration
RICRy,CcUtcCV
such that
0C Ry CUL CNCRy,
with rk(Rg) = 2 or 3,
deg(Ry) > 2deg(N) — deg(Ry) — deg(Uy),

and
V(Ry) ¢ Ry @ Qx(log D).
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We first suppose tk(R2) = 2. Then, the condition V(Rz) ¢ Ry ® Qx(log D) and
Lemma 5.2 implies that R; = U; = 0. Then,

deg(RQ) > 2deg(N) = 2Mrnax(v),

and this is a contradiction. Thus, rk(Rs) = 3. In this case, Uy = 0 or U; = N. With
a similar argument as above, Lemma 5.12 implies U; = N. In summary, there exists
a rank three isotropic subsheaf Ry such that

deg(Rg) > 0, V(N) CRy® QX(logD), V(Rg) §Z Ry ® QX(logD).
Now we choose such a subsheaf Ry with maximal degree and consider the orthogonal
Hodge filtration
Filyg, :0C NC Ry c Nt cV.
By Lemma 5.11, there exists an isotropic subsheaf W’ of rank three such that
deg(W') > 2deg(N) = 2pumax(V). However, this contradicts Lemma 5.12. Therefore,
the maximal destabilizer M of V is stable of rank two.

For the second statement, suppose that MT; is not stable. Then there exists a rank
three isotropic subsheaf Z contain M such that deg(Z) > 0. We have deg(Z) >
deg(M) = 2fimax(V), which contradicts Lemma 5.12. Therefore, 2~ is stable.

For the last statement, if V(M) C M+ ® Qx(log D), we consider the Hodge filtra-
tion

Filyy:0Cc M c M*tcV,

which is not quasi gr-semistable. Then there exist saturated subsheaves Sy C T1 C
M C S5 such that Sy is isotropic of rank three and

V(T1) C S2 ® Qx(log D), V(S2) ¢ So @ Qx(log D),
and
deg(S2) > 2deg(M) — deg(T1) — deg(51).
Lemma 5.2 implies rk(7}) < 1. Then,
deg(S2) > 2deg(M) — deg(T1) — deg(S1)
2 4pimax(V) = pmax (V) = pmax(V) = 2pmax(V),

and this contradicts Lemma 5.12. Therefore, we get that V(M) ¢ M+ @ Qx (log D).

|

Now apply the above results to algebraic curves. For elliptic curves, structure of
vector bundles is clear [Ati57, Tu93]. We have the following corollaries.

Cororrary 5.14. — Let X be an elliptic curve. Let (V,(, ), V) be an orthogonal sheaf
of rank 5 together with an orthogonal A-connection on X. Then (V,{(,),V) is not
quasi gr-semistable if and only if

V=M&M"®N,
V(M) ¢ (M@ N)®Qx(log D),
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where M is a rank two stable bundle of odd degree and N is a line bundle such that
N®2~(Ox.

Cororrary 5.15. Let X be an elliptic curve. Let (V,(, ), V) be an orthogonal sheaf
of rank 6 together with an orthogonal \-connection on X. Then (V,(,),V) is not
quasi gr-semistable if and only if

V:M@Mv@Nl@NQ,
V(M) ¢ (M @ Ny © N2) @ Qx (log D),

where M is a rank two stable bundle of odd degree, and N1, No are non isomorphic
line bundles such that NZ®2 ~20x fori=1,2.

For projective line P}, we have the following corollary.

Cororrary 5.16. — Let (V,(, ), V) be an orthogonal bundle on P} together with an
orthogonal A-connection. If tk(V') < 6, then it is quasi gr-semistable.

Proof. — Note that there is no stable bundle of rank two on P;. This corollary is a
direct consequence of Proposition 5.10 and 5.13. g

Based on Corollary 5.16, we intend to believe the truth of the following question.

Question 5.17. — Is any orthogonal bundle with an orthogonal A-connection on the
projective line Py quasi gr-semistable and hence gr-semistable?
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