Canonical reductions of principal bundles

Emanuel Roth

ABSTRACT. We introduce the theory of vector bundles and principal bundles, and prove
the existence and uniqueness of Harder-Narasimhan filtrations of vector bundles. Af-
terward, we generalize this result as canonical reductions of principal bundles.

We work with principal bundles whose structure groups are reductive groups, as
seen in Chapter 1, studying the examples GL(r, C), SL(r,C), SO(r,C) and Sp(2n, C).
Of importance are their Cartan, Borel and parabolic subgroups, and the root space
decompositions of their Lie algebras.

In Chapter 2, we study degrees and slopes of vector bundles, as well as reductions of
principal bundles. We then define slope-(semi)-stability of vector bundles and generalize
this to Ramanathan-(semi)-stability of principal bundles.

In Chapter 3, we construct Harder-Narasimhan filtrations of vector bundles, and
canonical reductions of principal bundles in two ways, proving that these are unique.
We view examples of these filtrations for orthogonal bundles and symplectic bundles,
and see how they store slope-semistability and Ramanathan-semistability properties.

In Chapter 4, we construct topological types of principal bundles, learning the
obstruction theory to do so. We use this to succinctly characterize canonical reductions
through Harder-Narasimhan types.
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CHAPTER 1

Parabolic subgroups of reductive groups

In this chapter, we follow [Hum?72] to review complex reductive Lie algebras and their
root space decompositions, and follow [Bor91] and [MT12] to review complex reductive
groups.

Our examples include the general linear group GL(r,C), and for » > 2, also the
special linear group SL(r,C), the special orthogonal group SO(r,C), the orthogonal
group O(r,C) and the symplectic group Sp(2n,C), along with the Lie algebras of these
groups.

In the end, we construct parabolic subgroups of these groups.

1.1. Reductive and semisimple groups

1.1.1. Reductive and semisimple Lie algebras

Let g # 0 be a finite-dimensional complex Lie algebra, with the Lie bracket [, ] :
g x g — C. For subsets A, B C g, we write [A, B] = spanc([X,Y]|X € A,Y € B).

DEFINITION 1.1.1. (a) The Lie algebra g is abelian if [g, g] = 0.
(b) The Lie algebra g is semisimple if g has no nonzero abelian ideals.
(c) The Lie algebra g is reductive if for every ideal a of g, there exists a complemen-
tary ideal b of g, such that g = a & b as Lie algebras.

In order to prove that certain Lie algebras are reductive or semisimple, we rely on
characterizations of reductivity and semisimplicity using the following definitions.

DEFINITION 1.1.2. (a) We define the commutator series of g:
..Cgtcg’ =g, (1.1.1)

such that g” = g, and for all i € N, we have g’ = [g" 1, ¢g" '],
(b) The Lie algebra g is solvable if there exists an i € N, such that g' = 0.
(c) We define the lower central series of g:

..Cg1Cgo=gy, (1.1.2)

such that gy = g, and for all i € N, we have g; = [g, gi—1]-
(d) The Lie algebra g is nilpotent if there exists an i € N, such that g; = 0.
(e) The radical t(g) of g is the maximal solvable ideal of g.
(f) The center 3(g) of g is the ideal {X € g|VY € g: [X,Y] = 0}.

We also make use of Killing forms.

DEeFINITION 1.1.3. For all X € g, we denote the adjoint representation of X by
ad(X) : g — g. We define the Killing form  : g x g — C as the symmetric bilinear form:

K(X,Y) = tr(ad(X) o ad(Y)). (1.1.3)
The Killing form is ad-invariant, i.e., for all X,Y, Z € g, we have:
k(ad(Z2)(X),Y) = —k(X,ad(Z2)(Y)). (1.1.4)
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For a complex Lie group G with the Lie algebra g, the Killing form is also Ad-invariant,
i.e., for all g € G and for all X,Y € g, we have:

#(Ad(g)(X), Ad(g)(Y)) = r(X,Y). (1.1.5)

THEOREM 1.1.4. The following are equivalent:
(i) The Lie algebra g is semisimple.
(it) We have t(g) = 0.
(iii) The Killing form k is nondegenerate.
(iv) The Lie algebra g decomposes into a direct sum of ideals that are simple Lie
algebras.

PROOF. The equivalence of (i) and (i) can be verified directly. The equivalence of
(ii) and (%ii) is proven in [Kna88, 1.7 Theorem 1.45], and the equivalence of (i) and (iv)
is proven in [Kna88, 1.7 Theorem 1.54]. O

THEOREM 1.1.5. The following are equivalent:

(i) The Lie algebra g is reductive.
(ii) The Lie algebra g is the direct sum g = s ® a of a semisimple Lie algebra s and
an abelian Lie algebra a.
(iii) The adjoint representation ad : g — Der(g) is completely reducible, i.e., a direct
sum of irreducible representations.
(iv) There exists a nondegenerate symmetric ad-invariant bilinear form on g.

(v) We have t(g) = 3(g).
(vi) For gss = [g, 9], we have g = gss P 3(g) as Lie algebras.

If these conditions are fulfilled, gss is semisimple.

PROOF. The equivalence of (i) and (%) is a consequence of Theorem 1.1.4.

The equivalence of (7i) and (%ii) is clear, since irreducible subrepresentations of ad :
g — Der(g) correspond ideals of g that are simple Lie algebras.

The implication from (7) to (v) is proven by directly calculating v(g) = 3(g). For (v)
implying (7i), we verify g ~ (g/t(g)) @ t(g) as Lie algebras, where g/v(g) is semisimple
due to [Kna88, 1.3 Proposition 1.14], and t(g) = 3(g) is abelian.

We follow that (i) implies (iv) by modifying the Killing form on g, and (iv) implies
(i) through the use of complements a* of ideals a, with respect to the given bilinear form.

For (ii) being equivalent to (vi), we use that gss ~ g/3(g) is semisimple. O

Due to this theorem, semisimple Lie algebras are reductive.
Our first example of a reductive Lie algebra is the Lie algebra gl(r, C) of GL(r,C).

EXAMPLE 1.1.6. The Lie algebra gl(r,C) = Mat(r x r,C) of the complex algebraic
group GL(r,C) = {A € Mat(r x r,C)|det(A) # 0}.
We have gl(r,C) # 0. The bilinear form (_, ) : gl(r,C) x gl(r,C) — C:

(X,Y) = tr(XY), (1.1.6)
is symmetric, nondegenerate and ad-invariant. Hence, gl(r, C) is reductive due to Theo-
rem 1.1.5.

We denote the r x r-identity matrix by I,.. By calculating that the center of GL(r, C)
is Z(GL(r,C)) = {A\I.|X € C*}, we have its Lie algebra 3(gl(r, C)) = spanc([,), which is
contained in v(gl(r, C)). Thus, gl(r, C) is not semisimple due to Theorem 1.1.4.

We now present examples of Lie subalgebras g # 0 of gl(r,C) that are closed under
conjugate transposition (_ ), and claim that they are reductive. In this case, g is closed
under the Cartan involution 6 : gl(r, C) — gl(r,C):

X - —XH, (1.1.7)
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as defined in [Kna88, VI.2]. Therefore, (_, ) induces a Hermitian inner-product (_, )g:
gl(r,C) x gl(r,C) — C:

(X,Y)y =tr(XYH), (1.1.8)
which restricts to a Hermitian inner-product on g, due to its positive-definiteness. Thus,
(_,_) restricts to a nondegenerate symmetric ad-invariant bilinear form on g, and g is

reductive due to Theorem 1.1.5.
The semisimplicity of g is equivalent to 3(g) = 0 due to Theorem 1.1.5.

ExXAMPLE 1.1.7. (a) The Lie algebra sl(r,C) = {X € gl(r,C)|tr(X) = 0} of the
complex algebraic group SL(r,C) = {A € GL(r,C)|det(A) = 1}.

For r =1, we have s((1,C) = 0.

For r > 2, we have sl(r,C) # 0. The center Z(SL(r,C)) is contained
within Z(GL(r,C)) and is thus finite, implying 3(sl(r,C)) = 0. Thus, sl(r,C) is
semisimple.

For all » € N, as the Lie bracket is the commutator of matrices, gl(r, C)ss is
trace-free, and gl(r, C)ss C sl(r,C). Since 3(sl(r,C)) = 0, and since sl(r, C) is an
ideal of gl(r,C), we also have sl(r, C) C gl(r, C)ss, implying gl(r,C)ss = sl(r, C).

(b) The Lie algebra so(r,C) = {X € gl(r,C)|X + XT = 0} of the complex algebraic
group SO(r,C) = {A € SL(r,C)|ATA = I..}, where (_ )T denotes transposition.

For r = 1, we have so(1,C) = 0.

For r = 2, we have s0(2,C) # 0. Furthermore, s0(2,C) ~ C is an abelian
Lie algebra, and is thus not semisimple, but still reductive.

For r > 3, we have so(r,C) # 0. The center Z(SO(r,C)) is finite, since
Z(SO(r,C)) is contained within the set of matrices AI,, where A € C* is an
r-th root of unity. Since the Lie algebra of Z(SO(r,C)) is 3(so(r,C)), we have
3(s0(r,C)) = 0, and that so(r,C) is semisimple.

Note that so(r,C) = o(r,C) is also the Lie algebra of the complex algebraic
group O(r,C) = {A € GL(r,C)|ATA = I,}.

(c) The Lie algebra sp(2n,C) = {X € gl(2n, C)|Jon X + X Jo, = 0} of the complex
algebraic group Sp(2n,C) = {A € GL(2n,C)|AT J5, A = Ja,}, where:

o = (_(} %) € GL(2n,C). (1.1.9)
We have sp(2n,C) # 0. The center Z(Sp(2n,C)) = {Ia,, —I2,} is finite, and
thus we have 3(sp(2n,C)) = 0, and that sp(2n,C) is semisimple.

1.1.2. Root space decompositions

We now cover root space decompositions of reductive Lie algebras g, with respect to
a Cartan subalgebra t of g. These induce a root system ®(g,t) of a real subspace Vg of
the dual space t = Homc(t,C) of t.

For the rest of this chapter, let g be a complex reductive Lie algebra.

DEFINITION 1.1.8. (a) An element X € g is semisimple if ad(X) : g — g is
semisimple or equivalently diagonalizable.
(b) A Lie subalgebra t of g is toral if all of its elements X € t are semisimple.
(¢) A Cartan subalgebra t of g is a nilpotent Lie subalgebra of g that is self-
normalizing, i.e., t={X € g|V¥Y € t: [X,Y] € t}.

REMARK 1.1.9. (a) There exists a bijection:
{Cartan subalgebras of g} <+ {Cartan subalgebras of gss}, (1.1.10)
t gs N E, (1.1.11)

b®3(g) < b, (1.1.12)
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which is well-defined due to the decomposition g = gss®3(g) from Theorem 1.1.5.
Analogous bijections hold for toral subalgebras and maximal toral subalgebras
of g.

(b) A toral subalgebra t of g is an abelian subalgebra, following [Hum72, II Lemma
8.1] and (a).

(c) There exists a toral subalgebra t of g that properly contains 3(g), following
[Hum?72, IV 15.3] and (a).

For the rest of this chapter, let t be a maximal toral subalgebra of the complex
reductive Lie algebra g. For o € tV, we define the weight space of a:
go={X €g|VY e t:ad(Y)(X) =a(Y)X}. (1.1.13)

We also define the set of roots ®(g,t) = {a € tV|a # 0, go # 0}.
The following lemma states how we can decompose g into weight spaces.

LEMMA 1.1.10. There exists a weight space decomposition of g:
0=00® P o (1.1.14)
ac®(g,t)

as a direct sum of complex vector spaces.
PRrROOF. See [Hum?72, II 8.1] and (a) of Remark 1.1.9. O

REMARK 1.1.11. In the situation of Lemma 1.1.10, we have:

(a) For 0 € tV, we have t = go, as proven in [Hum72, IT Proposition 8.2].

(b) For all o € ®(g,t), we have dimc(ga) = 1, as proven in [Hum72, II Proposition
8.4].

(c) For all o, € t¥, we have [ga, 98] = 0ss N Gats, following from [Hum72, II
Proposition 8.4] and (a) of Remark 1.1.9.

(d) The bijection in (a) of Remark 1.1.9 induces a bijection:

P(g,t) = P(gss, 9ss ML), @ = algints (1.1.15)

that preserves weight spaces, i.e., go = (8ss)aly,. -

Note that in Lemma 1.1.11, we can equivalently refer to t as a Cartan subalgebra due
to the following.

LEMMA 1.1.12. For a Lie subalgebra by of g, the following are equivalent:

(i) The subalgebra by is a mazximal toral subalgebra of g.
(ii) The subalgebra b is a Cartan subalgebra of g.

PROOF. See [Hum72, IV Corollary 15.3] and (a) of Remark 1.1.9. O

Altogether, t is a Cartan subalgebra of g, where there exists a weight space decom-
position:
g=to P g (1.1.16)
acd(g,t)
We now wish to confirm that ®(g,t) forms a root system. Firstly, it is shown in
[Hum72, II Corollary 8.2] that the Killing form x restricted to gss Nt is nondegenerate,
inducing an isomorphism of complex vector spaces:

(gssNt)Y — gssNt, o H,, suchthat a=r(_,H,). (1.1.17)

Through this, x induces a nondegenerate symmetric bilinear form (_, ) : (gss Nt)Y x
(gss Nt)Y — C:
(. B) = K(Ha, Hp). (1.1.18)
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THEOREM 1.1.13. There exists a natural isomorphism of complex vector spaces be-
tween (gss Nt)Y and V = spang(®(g,t)), such that (_, ) restricts to a symmetric inner-
product {_, ) on Vg = spang(®P(g,t)).

The set ®(g,t) is a root system of (Vg,{(_,_)), i.e.:

(i) The set ®(g,t) is finite, and does not contain 0.
(ii) For all a € ®(g,1t), the only integer multiples of a in ®(g,t) are a, —a € P(g, t).

For all nonzero o € Vg, we define the reflection sq : Vg — Vr:

(z,a)
W) =2 —2 1.1.19
suli) =2 2% (1.1.19)
(iii) For all a € ®(g,t), we have so(P(g,t)) C D(g,t).
(iv) For all a, B € ®(g,1), sa(B) — B is an integer multiple of .
PROOF. See [Hum72, IT Theorem 8.5] and (a) of Remark 1.1.9. O

Since we know that ®(g,t) is a root system, we call the decomposition in (1.1.16)
the root space decomposition of g with respect to t. Note that ®(g,t) and ®(gss, gss N t)
define root systems of the same type, in terms of the Dynkin classification from [Hum?72,
IIT Theorem 11.4].

We now define Borel subalgebras and parabolic subalgebras of g, and find character-
izations of them using that ®(g,t) is a root system.

DEFINITION 1.1.14. (a) A Borel subalgebra b of g is a maximal solvable Lie sub-
algebra of g.
(b) A parabolic subalgebra p of g is a Lie subalgebra of g containing a Borel subalgebra
b of g.
(c) A parabolic subalgebra p of g is mazimal, if it is maximal in terms of inclusion
amongst all proper parabolic subalgebras of g.

In order to characterize all Borel subalgebras b of g containing t, we introduce positive
roots, as defined in [Hum72, IIT 10.1].

DEFINITION 1.1.15. A choice of half the roots ®(g,t)* C ®(g,t) is a set of positive
roots of ®(g,t) if we have the following:

(i) For all a € ®(g,t), we have o € ®(g,t)" or —a € ®(g,t)™, but not both.
(ii) For all a, 8 € ®(g,t)" such that o + 8 € ®(g,t), we have a + 3 € D(g,t)™".
REMARK 1.1.16. The following are in correspondence:

(a) Borel subalgebras b of g containing t.
(b) Subsets of positive roots ®(g,t)" C ®(g, t).

As seen in [Hum72, IV 16.3], this correspondence is found through the decomposition:

b=t® P o (1.1.20)
aced(g,t)t

In order to similarly characterize parabolic subalgebras p of g, we need to know that
positive roots induce simple roots, as shown in [Hum?72, IIT Theorem’ 10.1].

REMARK 1.1.17. Given positive roots ®(g,t)™ C ®(g,t), there exists a unique subset

A C D(g, )t of simple roots, such that A fulfills the following:
(i) Every root in ®(g,t)" is a nonnegative integer linear combination of roots in A.
(ii) The set A is minimal amongst all subsets of ®(g,t)" fulfilling (i), with respect

to inclusion. Equivalently, A forms an R-basis of Vg.

Let b be a Borel subalgebra of g containing t, corresponding to ®(g,t)" in the sense
of Remark 1.1.16.
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REMARK 1.1.18. The following are in correspondence:

(a) Parabolic subalgebras p of g containing b.
(b) Subsets I of the simple roots A of ®(g,t)™.
Such parabolic subalgebras in (a) are called standard.
As seen [Hum72, IV Exercise 16.6], this correspondence is found through the decom-
position:
p=td P ga. T1=2(g, )" U{a € O(g,t)|a € spany (A \ 1)} (1.1.21)
a€cl’y
Due to this, we write py for p. We also have the following useful equivalences:
(c
(d
(e
(

The inclusions I C J C A are equivalent to py C py.

The equality I = () is equivalent to p; = g.

The equality I = A is equivalent to p; = b.

The set I = {*} being a singleton is equivalent to p; being a maximal standard
parabolic subgroup of g.

— — — —

f

Using these results, we can identify all Cartan subalgebras of g with t and all Borel
subalgebras of g with b.

REMARK 1.1.19. Borel subalgebras of g are conjugate to each other, and the same
holds for Cartan subalgebras of g. This follows from [Hum?72, IV 16.4]. Thus, all parabolic
subalgebras of g are conjugate to standard parabolic subalgebras of g.

This remark allows use define ranks of g.

DEFINITION 1.1.20. (a) The rank of g is the dimension dimc(t) of any Cartan
subalgebra t of g.
(b) The semisimple rank of g is the dimension dimg(gssNt) for any Cartan subalgebra
tof g.

The semisimple rank is also equal to the number of elements in A. If g is semisimple,
its rank and semisimple rank coincides. However, if g is reductive but not semisimple,
the semisimple rank of g is less than the rank of g.

Finally, we mention Levi decompositions of standard parabolic subalgebras of g.

REMARK 1.1.21. For a standard parabolic subalgebra p; of g, corresponding to I C A,
we have the Levi decomposition p;r = [; @ uy as Lie algebras, given by:

[=t& P 8, w= P o (1.1.22)

acl'iN-Ty aEFI\—FI
The Levi-factor [; is reductive and the nilpotent radical uy is nilpotent.
1.1.3. Reductive and semisimple groups

We now construct complex reductive and semisimple groups, whose Lie algebras are
reductive and semisimple Lie algebras, following [Bor91] and [MT12]. We will see that
these constructions group-theoretic analogs of those in Subsection 1.1.1 and Subsection
1.1.2.

Let G be a complex linear algebraic group, carrying the Zariski topology, with neutral
element e € G and Lie algebra g # 0.

DEFINITION 1.1.22. (a) The radical R(G) of G is the maximal closed connected
solvable complex algebraic normal subgroup of G, where solvable groups are
defined as in [Bor91, 1.2.4].

(b) The unipotent radical R,(G) of G is the maximal closed connected unipotent
complex algebraic normal subgroup of GG, where unipotent groups are linear
algebraic groups whose elements are unipotent, as defined in [MT12, Definition
2.6).
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(c¢) The group G is called semisimple if R(G) = e.
(d) The group G is called reductive if R, (G) = e.

Since Ry (G) consists of the unipotent elements of R(G), semisimple groups are re-
ductive.

DEFINITION 1.1.23. (a) A Borel subgroup B of G is a maximal closed connected

solvable complex algebraic subgroup of G.

(b) A parabolic subgroup P of G is a closed complex algebraic subgroup of G' con-
taining a Borel subgroup B of G.

(¢) A parabolic subgroup P of G is mazximal, if it is maximal in terms of inclusion
amongst all proper parabolic subgroups of G.

(d) If a Borel subgroup B is fixed, then P is called standard if it contains B.

(e) A Cartan subgroup T of G is the centralizer of a maximal torus of G.

An equivalent condition for parabolic subgroups P of G is that it is a closed complex
algebraic subgroup such that G/P is a complex complete algebraic variety, using [Bor91,
IV.11.2 Corollary] and [MT12, Theorem 6.4]. As a group-theoretic analog of Lemma
1.1.12, if G is reductive, Cartan subgroups are equivalently maximal tori, as shown in
[Bor91, IV.13.17 Corollary 2.

In order to determine whether certain complex linear algebraic groups are semisimple
or reductive, we make use of the following characterizations of radicals.

REMARK 1.1.24. (a) From [MT12, Proposition 6.16], we have that:
0
R(G) = N B| , (1.1.23)
BCG is a Borel subgroup

where (_)? denotes the identity component of a complex algebraic group.
(b) If G is reductive, then R(G) = Z(G)?, as seen in [Bor91, IV.11.21 Proposition].

REMARK 1.1.25. (a) In [MT12, Theorem 8.17|, it is proven that the Lie alge-
bras of semisimple groups are semisimple. Analogous statements also hold for
reductive groups, and their Cartan, Borel and (standard) parabolic subgroups.

(b) If G is reductive, the exponential map exp : g — G, as defined in [Cap23, 1.8],
provides a bijection:

{Parabolic subalgebras of g} <» {Connected parabolic subgroups of G}. (1.1.24)

Analogous bijections hold for Cartans and Borels of g and G. Furthermore, when
we fix a Borel subgroup B of G, an analogous bijection also holds for connected
standard parabolics.

By further fixing a Cartan subgroup T of GG, contained within B, we can
identify connected standard parabolic subgroups P of G with subsets I C A,
writing P for P, where the Lie algebra of Py is py, from Remark 1.1.18.

Note that if G is connected, all parabolic subgroups are connected, as seen
in [Bor91, IV.11.16 Theorem].

Similarly to Remark 1.1.19, these correspondences imply the conjugacy of Cartan,
Borel and parabolic subgroups of G.

REMARK 1.1.26. Borel subgroups of G are conjugate to each other, and the same
holds for Cartan subgroups of G. This follows from [Bor91, IV.11.1 Theorem, IV.11.3
Corollary]. Thus, all parabolic subgroups of G are conjugate to standard parabolic sub-
groups of G.
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Finally, we mention Levi decompositions of standard parabolic subgroups of a complex
reductive group G, with respect to a Cartan subgroup T of G, and a Borel subgroup B
of G containing T'.

Let Pr be a standard parabolic subgroup of G, corresponding to I C A.

REMARK 1.1.27. The unipotent radical of Pr is Uy = R, (Pr), which has the Lie
algebra uy, from the Levi decomposition in Remark 1.1.21.

There exists a unique closed complex reductive subgroup L; of P;, called the Lewvi-
factor of Py, containing T', such that L; ~ P;/Uj, and such that the Lie algebra of L is
[7.

As complex algebraic groups, it is shown in [Bor91, IV.14.18 Proposition, IV.14.19
Corollary| that Pr ~ Uy x Ly is a semi-direct product of Uy and L;. We call Uy x Ly the
Levi decomposition of Pj.

We now present examples of complex reductive and semisimple groups, whose Lie
algebras are those from Example 1.1.6 and Example 1.1.7.

EXAMPLE 1.1.28. (a) The connected complex algebraic group GL(r,C).

We have gl(r,C) # 0. The Lie-Kolchin theorem, from [MT12, Theorem 4.1],
applied on the canonical representation p : GL(r,C) — GL(C"), implies that
any solvable complex algebraic subgroup is the stabilizer of a flag of subspaces of
C". Thus, the upper-right triangular matrices of GL(r, C) form a Borel subgroup
of GL(r,C).

Using another representation of GL(r,C), we also have that the lower-left
triangular matrices of GL(r, C) form a Borel subgroup of GL(r,C). Using (a) of
Remark 1.1.24, we intersect these Borel subgroups and see that R(GL(r,C)) is
contained within the diagonal matrices of GL(r, C). Thus, R, (GL(r,C)) = I,,
and GL(r, C) is reductive.

Using (b) of Remark 1.1.24, GL(r, C) is not semisimple, since R(GL(r,C)) =
Z(GL(r,C))? is nontrivial.

(b) The connected complex algebraic group SL(r,C).

For r =1, we have s((1,C) = 0.

For r > 2, we have sl(r,C) # 0. The same argument as in (a) gives us
that Ry (SL(r,C)) = I,. Thus, SL(r,C) is reductive. Since R(SL(r,C)) =
Z(SL(r,C))° = I, SL(r, C) is semisimple.

(¢) The connected complex algebraic group SO(r,C).

For r =1, we have s0(1,C) = 0.

For r = 2, we have s0(2,C) # 0. Furthermore, SO(2,C) ~ C* is abelian,
and is thus not semisimple, but still reductive.

For r > 3, we have so(r,C) # 0. By using the Lie-Kolchin theorem, we can
use a similar argument to (a) to follow that R, (SO(r,C)) = I,. Thus, SO(r,C)
is reductive. Since R(SO(r,C)) = Z(SO(r,C))° = I, SO(r, C) is semisimple.

(d) The unconnected complex algebraic group O(r,C). Since the identity component
of O(r,C) is SO(r,C), the same conclusions from (c) for SO(r,C) apply to
O(r,C).

(e) The connected complex algebraic group Sp(2n,C).

We have sp(2n,C) # 0. By using the Lie-Kolchin theorem, we can use a
similar argument to (a) to follow that R, (Sp(2n,C)) = I5,. Thus, Sp(2n,C) is
reductive. Since R(Sp(2n,C)) = Z(Sp(2n,C))° = I»,, Sp(2n, C) is semisimple.

1.2. Parabolic subgroups of reductive groups

Having introduced examples of complex reductive and semisimple Lie algebras and
groups, we can now describe their root space decompositions and standard parabolics.
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For each connected complex reductive group G in our list, with the Lie algebra g:

(STEP 1) We find a suitable Cartan subgroup 7' of G, and its Cartan subalgebra t of g,
and determine the rank and semisimple rank of g.

(STEP 2) We find the roots ®(g,t), and the root space decomposition of g. Then we find
a suitable choice of positive roots ®(g,t)", and the induced simple roots A. We
also categorize the root system ®(g,t), in the sense of the Dynkin classification
from [Hum?72, IIT Theorem 11.4].

(STEP 3) We find the Borel subalgebra b of g and the Borel subgroup B of G, corresponding
to ®(g,t)*. We find the standard parabolic subalgebras p; of g, the standard
parabolic subgroups Pr of GG, and how they correspond to subsets I C A.

(STEP 4) We find the Levi decompositions p;y = [; @ uy and Py ~ Uy x L.

1.2.1. The cases of SL(r,C) and GL(r,C)

EXAMPLE 1.2.1. The connected complex semisimple group SL(r,C), r > 2.

(SteP 1) For 4,5 = 1,...,r, let Ej; be the r x r-matrix with 1 on the i-th row and
Jj-th column, and 0 elsewhere, and for ¢ = 1,...,r — 1, let T; = E;; — Eit1,+1. Then
sl(r,C) has the C-basis (E;j,T1,...,Tr—1li,j =1,...,r 11 # j).

We claim that the subalgebra t = spanc(T1,...T}) of diagonal matrices is a Cartan
subalgebra of s[(r, C). We calculate for all k,l =1,...,r—1,and alli,j =1,...,r, i # j,
that:

[Tk, Ex. ;] = Ek.j, jEkk+1, (1.2.1)
[T, Exy1,5) = _Ek+1,]7 jAkk+1, (1.2.2)
[Tk, Ei k] = —FEir, ik k41, (1.2.3)
[Tk, Ei k1] = Ei gt ik k41, (1.2.4)
(T, By k1] = 2B k11, (1.2.5)
[Tk, Erv1,k) = _2Ek+1 ks (1.2.6)
[Tk, Eij) = i Ak k+1land j#kk+1, (1.2.7)
[T}, T} = 0 (1.2.8)

The subalgebra t is thus abelian and nilpotent, and the calculations (1.2.1)...(1.2.8) imply
that t is self-normalizing, i.e., t = {X € sl(r,C)|VY € t: [X,Y] € t}. Thus, tis a Cartan
subalgebra of sl(r, C), which has rank dimc¢(t) = r — 1, equal to its semisimple rank as
well.

Therefore, the corresponding subgroup of diagonal matrices T of SL(r, C) is a maximal
torus isomorphic to (C*)"~! and thus a Cartan subgroup.

(STEP 2) We have that (Eqi,...,E,,) forms a C-basis of the diagonal matrices of
gl(r,C). For the induced dual C-basis (EY),...,Ey.) and i = 1,...,r, we denote ¢; =
EYl¢:t— C. Then for all i,j =1,...,7, i # j, we define a;; = ¢; — e; € tV.

For all 3,7 = 1,...,r, i # j, and all T € t, the calculations (1.2.1)...(1.2.8) can be
summarized as [T, E;j| = a;;(T)E;;. Thus, the roots are:

O(sl(r,C),t) = {ayjlt,j =1,...,r i # j}, (1.2.9)
with the weight spaces sl(r, C),,;, = spanc(Eyj), i,j = 1,...,7, i # j, such that the root
space decomposition is:

sl(r,C) =t @ P  spanc(Ej). (1.2.10)
;€@ (sl(r,C),b)

We claim that the set ®(sl(r,C), t)* = {ajli,j =1,...,7 : i < j} forms positive roots
of ®(sl(r,C),t), corresponding to the weight spaces spanned by E;;, where the nontrivial
entry 1 lies above or right of the diagonal.
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Firstly, it is clear that for all a;; € ®(sl(r,C),t), we have that either a;; €
P(sl(r,C), )" or —ayj; = ay;i € P(sl(r,C),t)", since ¢ # j. Furthermore, if ayj, ap €
P(sl(r,C),t)™, such that a;; + ag € (sl(r,C),t), we have j = k and «a;j + ax = oy €
D(sl(r,C),t)T, since i < j =k < [ implies i < [.

The simple roots are A = {a;;41]i = 1,...,7 — 1}, since A spans t”, and for all
a;; € P(sl(r,C), )T, we have that a;; = @41 + ... + aj_1; is a nonnegative linear
combination of roots in A.

In the sense of the Dynkin classification from [Hum?72, III Theorem 11.4], ®(sl(r, C), t)
is a root system of type A,_1.

(STEP 3) The induced Borel subalgebra b is the upper-right triangular matrices of
sl(r,C), and the induced Borel subgroup B is the upper-right triangular matrices of
SL(r,C).

The standard parabolic subalgebras p; are the subalgebras of upper-right triangular
block matrices of sl(r, C), where the sizes of the blocks are coded by I C A. Similar
statements hold for the standard parabolic subgroups Pr of SL(r, C).

Fori=1,...,7—1,if o; ;41 € I, there exists a diagonal block in p; and P; ending at
the i-th row, and another diagonal block starting at the ¢ + 1-st row.

Note that maximal standard parabolics of s[(r, C) and SL(r, C), i.e., standard parabol-
ics corresponding to singletons I = {x} C A, are the standard parabolics that have
precisely two diagonal blocks.

We now see how I C A determines the sizes of blocks in examples. For r = 4, we
have I C A = {a12, 223,34}, and:

e For I = {a 2}, pr and Pr have a lower-right 3 x 3-block:

air aiz a3 a4\ kkk ok
_ 0 ax a3 axn o )0 % % o«
pr= 0 azp asz as ’Z aiz; =0, Pr= 0 % x x* € SL(4a (C)
=1
0 a42 43 QA44 0 *x *x %
(1.2.11)
o For I = {ag 3,34}, pr and Pr have an upper-left 2 x 2-block:
ail] a1z a1z ai4 4 * ok ok Xk
. ag1 G22 Q23 Q24 o _ Kok K
Pr= 0 0 as3 asz4 ’; i = 0 ’ PI o 0 0 % =x < SL(4’ (C)
0 0 0 44 0 0 0 =x
(1.2.12)

(STEP 4) For the Levi decompositions p; = I; @ uy and Py ~ Uy x L, we have that
[; and Lj consist of the diagonal block matrices of p; and P, whereas u; consists of the
nilpotent matrices of py, and U; consists of the unipotent matrices of P;.

Note that for a certain r1,...,r; € N, such that r1 + ...+, = r, L; is isomorphic to
the subgroup of matrices of GL(r1,C) x ... x GL(r;,C), of determinant 1.

For r =4, we have I C A = {12,223, a34}, and:

e For I = {ag 3,34} C A, the Levi decompositions of p; and P appear as:

ai] a9 0 0 * % 0 0
a1 agze O 0 - *+ x 0 0

=910 0 as o0 2 ai=00, Li=qlg g , o €SL&O) ¢,
0 0 0 aw 00 0 =
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0 O ai13 ai4 1 0 % =%
o 0 O a23 a4 . 0 1 x =«
=Yoo 0 0 as ][ Ur=410 0 1 «|€SH4O)
0 0 O 0 0 0 0 1
(1.2.14)

In this case, it is easy to directly verify that p; = [ @ uy and Pr ~ Uy x Ly, and
Ly~ P;/U;.

EXAMPLE 1.2.2. The connected complex reductive group GL(r,C).

From (a) of Example 1.1.7, we know that gl(r,C) = gl(r,C)ss @ 3(gl(r,C)), where
gl(r,C)ss = sl(r,C) and 3(gl(r,C)) = spanc(I,). Through this and (a) of Remark 1.1.9,
we can make use of results from Example 1.2.1.

(SteEP 1) For r =1, T = GL(1,C) is a Cartan subgroup of GL(1,C) isomorphic to
C*, with the Lie algebra t = gl(1,C), which has rank 1 and semisimple rank 0.

For r > 2, let h be the Cartan subalgebra of diagonal matrices of sl(r,C), then due
to (a) of Remark 1.1.9, t = b @ spanc(/,) is a Cartan subalgebra of gl(r,C) of diagonal
matrices, which has rank r and semisimple rank r — 1.

This is the Lie algebra of the Cartan subgroup 7' of GL(r, C) of diagonal matrices,
isomorphic to (C*)".

(STEP 2) For r = 1, the root space decomposition is t = gl(1, C), with no roots.

For r > 2, due to (d) of Remark 1.1.11, there exists a bijection between ®(gl(r,C), t)
and ®(sl(r,C),h) preserving weight spaces. Thus, using notation from (STEP 2) of Ex-
ample 1.2.1, the roots are:

B(ol(r,C), O = {aglij = 1,....r i # j}. (1.2.15)
with the weight spaces gl(r,C)a,; = spanc(Eij), 4,5 = 1,...,7, i # j, such that the root
space decomposition is:

gl(r,C) =t b spang (E;). (1.2.16)
a;; €@ (gl(r,C),1)

Similarly to Example 1.2.1, we choose the positive roots ®(gl(r,C), )" = {ajli,j =
1,...,r i < j}, inducing the simple roots A = {a; 41|t =1,...,r —1}.

In the sense of the Dynkin classification from [Hum72, ITI Theorem 11.4], ®(gl(r, C), t)
is a root system of type A,_1.

For the rest of this example, we assume r > 2.

(STEP 3) The induced Borel subalgebra b is the upper-right triangular matrices of
gl(r,C), and the induced Borel subgroup B is the upper-right triangular matrices of
GL(r, C).

The standard parabolic subalgebras p; are the subalgebras of upper-right triangular
block matrices of gl(r,C), of which the sizes of blocks are coded by I C A, completely
analogously to (STEP 3) of Example 1.2.1. Similar statements hold for the standard
parabolic subgroups P; of GL(r, C).

The only difference to Example 1.2.1 is that the subalgebras p; are not trace-free,
and the subgroups P; do not have determinant 1.

(STEP 4) The Levi decompositions p; = [; @ uy and Py ~ Uy x L; are analogous to
(STEP 4) of Example 1.2.1.

The only difference to Example 1.2.1 is that for a certain r1,...,r; € N, such that
1+ ...+ r = r, Ly is isomorphic to GL(r;,C) x ... x GL(r;,C), and not a proper
subgroup.

1.2.2. The case of SO(r,C)

We now investigate SO(r, C), r > 2, handling the odd cases r = 2n + 1 and the even
cases r = 2n separately, as their root systems are not of the same type.



CANONICAL REDUCTIONS OF PRINCIPAL BUNDLES 13

Since root space decompositions, Cartan, Borel and parabolic subgroups, are invariant
under isomorphisms of complex algebraic groups, we can investigate complex reductive
groups isomorphic to SO(r, C), where these constructions are most easily described.

Matrices in SO(r,C) are those in GL(r,C) preserving the standard nondegenerate
quadratic form Q(z) = 2 +...4+22% on C". Since all quadratic forms on C" are equivalent,
we can choose another quadratic form Q(z) = z12, + ...+ x,21 on C" to induce another
complex reductive group SO(r, C) of matrices in GL(r, C) preserving Q. This group is
isomorphic to SO(r, C), with the Lie algebra so(r, C). Explicitly, we have:

0 0 1
K,=|0 .- 0| eGL(r,0Q), (1.2.17)

1 0 0
SO(r,C) = {A € SL(r,C)|ATK, A = K, }, (1.2.18)
50(r,C) = {X € gl(r,C)|K, X + XTK, =0}. (1.2.19)

Analogously, we have:

O(r,C) = {A € GL(r,C)|ATK, A = K, }, (1.2.20)
o(r,C) =50(r,C). (1.2.21)

which are isomorphic to O(r,C) and o(r, C).

The advantage of SO(r,C) over SO(r,C) is that in the odd r = 2n + 1 case, certain
Cartan, Borel and standard parabolic subgroups of SL(r,C) can be intersected with
SO(r,C) to obtain Cartan, Borel and standard parabolic subgroups of SO(r,C), as seen
in [MT12, Example 6.7]. This cannot be done for SO(r,C), for which the approach in
[Kna88, I1.1 Example 2, Example 4] can be taken instead.

EXAMPLE 1.2.3. The connected complex semisimple group SO(2n + 1,C).

(STEP 1) For 21,...,2, € C and s1,...,s, € C*, we define:
z1 0 ... .. L. L 0
0 . . . . .
Zopon =1+ . . o . . 1 |€s(2n+1,C), (1.2.22)
—z
0
0 0 —=
s1 0 ... ... ... ... O
0 .
Sn
Sstpsn =1+ . .1 . . [€S0O@2n+1,C). (1.2.23)
s;l
: . . S . 0
0O ... ... ... ... 0 31_1

We claim that the subgroup T = {Ss,.  s.[51,-..,5, € C*} of diagonal matrices is a
Cartan subgroup of SO(2n+1,C), implying that its Lie algebra t = {Z,, . |21,...,2n €
C} is a Cartan subalgebra of s0(2n 4+ 1,C), which therefore has rank n, equal to its
semisimple rank.
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Since T is a torus of SO(2n 4 1,C) isomorphic to (C*)", 1t is contained within a

maximal torus M of SO(2n+ 1, C), for which we claim that M = T. Choose s1, ..., s, €
C* such that sq,.. .,sn,sfl, ...,s;1 are all distinct. Using centralizer subgroups of
SO(2n +1,C) and GL(2n + 1,C), we have:

M C Zs5(3,11.0)(T) € Zan@nt1,0)(Ssis0), (1.2.24)

where ZGL(QTL_'_]_’(C)(SSL_“’S”) consists only of diagonal matrices. Thus, we have M = T.
Note that these Cartans are the Cartans of sl(2n + 1,C) and SL(2n + 1,C) from
(STEP 1) of Example 1.2.1, intersected with §0(2n + 1,C) and SO(2n + 1,C).

(STEP 2) We use notation from Example 1.2.1. For i,j = 1,...,n, i # j, since

e; = —eant2—i, we can use the calculations in (1.2.1)...(1.2.8) to follow that:
s50(2n+1,C) = spanc(Eij — Eopto—jon+2—i), a=e; — €, (1.2.25)
50(2n+1,C) = spanc(Ej ony2—j — Ejonto—i), a=e; +ej, (1.2.26)
s50(2n+1,C) = spanc(Eopt2-ij — Eonto—ji)s a = —e; —€j, (1.2.27)
s50(2n+1,C) = spanc(Ej nt1 — Ent12n42-i)s a=e;, (1.2.28)
50(2n + 1,C), = spanc(Eopt2—int1 — Ent1i)s o= —e;. (1.2.29)

Since these span s0(2n + 1, C), we found the root space decomposition, with the roots:

P(50(2n+1,C),t) = {e; —ej,e; +ej,—e; —ej,ep, —exli, j,k=1,...,n:i#j}.

(1.2.30)
The following set:
d(E0(2n +1,C), 0T = {e; —ej,ei +ej,exli, bk =1,...,n:i < j}, (1.2.31)
forms positive roots, inducing the simple roots A = {e; — ej11,e,li =1,...,n — 1}.

In the sense of the Dynkin classification from [Hum?72, IIT Theorem 11.4], ®(50(2n +
1,C),1) is a root system of type B,,.

(STEP 3) The induced Borel subalgebra b is the upper-right triangular matrices of
50(2n + 1,C), and the induced Borel subgroup B is the upper-right triangular matrices
of SO(2n + 1,C).

The standard parabolic subalgebras p; are the subalgebras of upper-right triangular
block matrices of 50(2n + 1, C), of which the sizes of blocks are coded by I C A. Similar
statements hold for the standard parabolic subgroups P; of SO(2n + 1,C).

Fori=1,...,n, if e; —ej11 € I or e; € I, there exists diagonal blocks in p; and Py
ending at the i¢-th row and at the 2n 4+ 1 — i-th row, and diagonal blocks starting at the
1 + 1-st row and at the 2n 4+ 2 — i-th row.

Note that these Borels and standard parabolics are the Borels and standard parabolics
of s{(2n + 1,C) and SL(2n + 1,C), from (STEP 3) of Example 1.2.1, intersected with
50(2n + 1,C) and SO(2n + 1,C).

We now see how I C /A determines the sizes of blocks in examples. For n = 2, we
have I C A = {e; — e2, €2}, and:

e For I = {e; — ez}, p; and P have a middle 3 x 3-block:

a1l a2 ais a4 0 * ok %k %k Xk
0 a9 a3 0 —a14 0 * *x % =x
EI = 0 aso 0 —ag23 —ai3 R F] = 0 = *x x x| € %(5,@)
0 0 —azz2 —agy —aig 0 * * * =%
0 0 0 0 —all 0 0 0 0 =«

(1.2.32)
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e For I = {es}, p; and P; have upper-left and lower-right 2 x 2-blocks:

ai1 a2 Q@13 a4 0 kook ok ok %
agy agze azz 0 —au kook ok ox %
ﬁ[ = 0 0 0 —ag23 —ai3 R P[ = 0 0 = x x| € 87(5, C)
0 0 0 —ag2 —ai2 0 0 0 * =«
0 0 0 —as1 —aii 0 0 0 * =«
(1.2.33)

(STEP 4) For the Levi decompositions p; = [; @ u; and P; ~ U x Lj, we have that
[; and L; consist of the diagonal block matrices of p; and P, whereas 1i; consists of the
nilpotent matrices of p;, and U; consists of the unipotent matrices of Pj.

Note that for a certain rq,...,7,_1 € N,n; € Ng, such that r; + ...+ 71 < n and
n+1<r+...+mr_1+2n+1<2n+1, L; is isomorphic to the group:

GL(r1,C) x ... x GL(r;_1,C) x SO(2n; + 1, C). (1.2.34)

For n =2, we have I C A = {e; — ez, €2}, and:

e For I = {es}, the Levi decompositions of p; and P appear as:
al; aig 0 0 0 * x 0 0 0
a21 a9 0 0 0 * x 0 0 0
I = 0 0 0 0 0 , Ly=410 0 % 0 0] €SO(5C),,
0 0 0 —ao22 —ai2 0 0 0 % =x
0 0 0 —ao21 —aii 0 0 0 % =x
(1.2.35)
0 0 ais aiq 0 1 0 x *x x
0 0 a3 0 —ai4 0 1 % % =x
ur = 0 0 0 —ao3 —ais , U[ = 0 01 x x|¢€ %(5, C)
00 O 0 0 000 10
00 O 0 0 0 00 01
(1.2.36)

In thii case, it is easy to directly verify that p; = [; @ u; and P; ~ Uy x Lj, and
Ly~ Pr/Uj.

EXAMPLE 1.2.4. The connected complex reductive group SO(2,C), and the connected
complex semisimple group SO(2n,C), n > 2.

(STEP 1) For 21,...,2, € C and s1,...,s, € C*, we define:
0 ) ) ) :
Do = | = | esa(2n,0), (1.2.37)
. ‘._ '.. —Zn '.‘ .
0
0 0 —Z1
0 )
Sewn=| % | e80(@n,0). (1.2.38)
S :
. S
0 0 s
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Using the same argument from (STEP 1) of Example 1.2.3, the subgroup T =
{Ss1.....n|815 - - ., sn € C*} of diagonal matrices is a Cartan subgroup of SO(2n, C), imply-
ing that its Lie algebra t = {Z,, . |#1,...,2, € C} is a Cartan subalgebra of §0(2n, C),
which therefore has rank n, equal to its semisimple rank. In particular for n = 1, we have
t=50(2,C) and T = SO(2,C).

Note that these Cartans are the Cartans of s[(2n,C) and SL(2n,C) from (STEP 1) of
Example 1.2.1, intersected with 50(2n,C) and SO(2n, C).

(STEP 2) For n = 1, the root space decomposition is t = 50(2, C), with no roots.

For n > 2, we use notation from Example 1.2.1. For i,5j = 1,...,n, i # j, since
ei = —ean+1—i, we can use the calculations in (1.2.1)...(1.2.8) to follow that:
%(277,, (C)a = span(c(Eij — E2n+17j,2n+1fi)7 O = €; — ej, (1239)
%(277,, (C)a == spanC(EmnH,j — Ej,2n+1fi)7 oa=¢€;+ €j, (1240)
%(277,, (C)a = spanC(EgnJrl,i’j — E2n+1fj,i)7 o= —€; — 6]'. (1241)

Since these span §0(2n, C), we found the root space decomposition, with the roots:
®(50(2n,C),t) = {e; —ej,e; + e, —e; —ejli,j=1,...,n: i # j}. (1.2.42)
The following set:
®(50(2n,C), )" = {e; —ej,6; +ejli,j=1,...,n:i < j}, (1.2.43)

forms positive roots, inducing the simple roots A = {e; —e;41,en—1+epli =1,...,n—1}.

In the sense of the Dynkin classification from [Hum?72, III Theorem 11.4],
®(50(2n,C), 1) is a root system of type D,,.

For the rest of this example, we assume n > 2.

(STEP 3) The induced Borel subalgebra b is the upper-right triangular matrices of
50(2n,C), and the induced Borel subgroup B is the upper-right triangular matrices of
SO(2n,C).

Note that these Borels are the Borels of s((2n,C) and SL(2n,C), from (STEP 3) of
Example 1.2.1, intersected with 50(2n,C) and SO(2n, C).

The standard parabolic subalgebras p; are the subalgebras of §0(2n,C) containing
b. Isof ,,_1 — ey, ¢ I ore,1+e, €I, then p; consists of upper-right triangular block
matrices of §0(2n,C). If e,y — e, € I and e,_1 + e, ¢ I, p; does not obtain this form,
but is nevertheless isomorphic to another standard parabolic subalgebra p; of upper-
right triangular block matrices of 50(2n,C). This isomorphism is found by permuting
the columns and rows of matrices in §0(2n, C). Similar statements hold for the standard
parabolic subgroups P of SO(2n,C).

Given e,—1 —e, ¢ L or ey + e, € I, fori =1,....,n— 1, if e, — e;41 € I, there
exists diagonal blocks in p; and Pj ending at the i-th row and at the 2n — i-th row, and
diagonal blocks starting at the ¢ + 1-st row and at the 2n+1 —i-th row. If e,,_1 + e, € I,
there exists diagonal blocks ending at the n-th row and starting at the n + 1-st row.

We now see how I C A determines the sizes of blocks in examples. For n = 2, we
have I C A = {e; — ez, e1 + €2}, and:

e For I = {e; —e3}, p; and P are not in the form of upper-right triangular block

matrices:
ail; a2 a3 0 % % ok sk
P, = 0 ax 0 —ai3 = _J10 % 0 =« __
Pr= asy 0 —a99 —ai12 ’ PI o % % * % € 80(47 (C) . (1244)
0 —az 0 —ai 0 « 0 =
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e For I = {e; + ez}, p; and P; have upper-left and lower-right 2 x 2-blocks:

a1 a2 a3 0 Kok kX

_ a a 0 —a - * ok ox ok [<Te)

Pr= 81 (2)2 —ag —ag » Pr=q1o 0 « «|€S0WC) . (1.2.45)
0 0 —ag; —ai 0 0 = =

Note that these standard parabolics are isomorphic to each other, through permutations
of the middle two rows and columns.

(STEP 4) Given e,_1—e, ¢ I or e,_1+e, € I, for the Levi decompositions p; = [;®u;
and Py ~ Uy x Ly, we have that [; and L7 consist of the diagonal block matrices of p; and
Pj, whereas 1i; consists of the nilpotent matrices of p;, and U consists of the unipotent
matrices of Pj.

Note that for all I C A, for a certain r1,...,7_1 € N,n; € Ny, such that r{ + ...+
ri—1 <nandn <ri+...+1r_1+2n < 2n, Ly is isomorphic to the group:

GL(r1,C) x ... x GL(r;_1,C) x SO(2n,,C). (1.2.46)
For n =2, we have I C A = {e; — ea,e1 + ea}, and:
e For [ = {e; + ea}, the Levi decompositions of p; and P; appear as:

ain a2 0 0 ¥ « 0 0
i _ ) laa axn 0 0 — J* x 00| =~
"= 0 0 —ax —az]|’ Li=3lo 0 « «| €SO0, (1.2.47)
0 0 —an —an 0 0 % =
00 as 0 1 0 % x
I 00 0 -—as 7o 0 1 % = —_—
M=loo 0o 0 | Ur=9310 0 1 ol €S040 p. (1248
00 O 0 000 1

B Inﬁthisﬁcase, it is easy to directly verify that p; = [; @ iy and P; ~ U; x Ly, and
Ly~ Pr/Uj.

Example 1.2.3 and Example 1.2.4 both apply analogously to O(r, C), where the iden-
tity components of parabolics of O(r,C) are parabolics of SO(r, C).

Through a fixed isomorphism SO(r,C) ~ SO(r, C), these examples induce analogous
constructions on SO(r, C), such as parabolic subgroups P; of SO(r, C), corresponding to
ICA.

1.2.3. The case of Sp(2n,C)

We finally investigate Sp(2n,C). Similarly to the orthogonal case, by altering the
preserved symplectic form, we can induce another complex algebraic group Sp(2n,C)
isomorphic to Sp(2n, C), with the Lie algebra sp(2n, C), given by:

0 K,
My, = <—Kn 0 ) € GL(2n,C), (1.2.49)
Sp(2n,C) = {A € GL(2n,C)|AT My, A = Moy, }, (1.2.50)
5p(2n,C) = {X € gl(2n,C)| My, X + XT My, = 0}, (1.2.51)

such that certain Cartans, Borels and standard parabolics of SL(2n, C) and can be inter-
sected with Sp(2n, C) to obtain Cartans, Borels and standard parabolics of Sp(2n,C).

EXAMPLE 1.2.5. The connected complex semisimple group Sp(2n,C).

(SteP 1) For 2j,...,2, € C and s1,...,8, € C*, we define Z,, .. € sp(2n,C)
and S5, .5, € Sp(2n,C) identically to (STEP 1) of Example 1.2.4. Using the same
argument from (STEP 1) of Example 1.2.3, the subgroup 7' = {Ss, . s.|s1,..., s, € C*}
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of diagonal matrices is a Cartan subgroup of Sp(2n,C), implying that its Lie algebra
t={Z,, ..l71,...,2, € C} is a Cartan subalgebra of sp(2n,C), which therefore has
rank n, equal to its semisimple rank.

Note that these Cartans are the Cartans of s[(2n, C) and SL(2n,C) from (STEP 1) of
Example 1.2.1, intersected with sp(2n,C) and Sp(2n, C).

(STEP 2) We use notation from Example 1.2.1. For i,j = 1,...,n, i # j, since

e = —eant+1—i, we can use the calculations in (1.2.1)...(1.2.8) to follow that:
sp(2n, C)q = spanc(Eij — Font1—j2n+1-i), a=e; —ej, (1.2.52)
sp(2n, C)y = spanc(Eiont1—j + Ejonti-i), a=e; +ej, (1.2.53)
sp(2n, C)y = spanc(Eont1—i; + Eonti—ji), a=—e —€j, (1.2.54)
sp(2n, C)q = spanc(Ej 2n+1-i), a = 2e;, (1.2.55)
sp(2n,C)q = spanc(Eopt1-ii), a = —2e;. (1.2.56)

Since these span sp(2n, C), we found the root space decomposition, with the roots:

P(sp(2n,C),t) = {e; —ej,e; + €5, —e; —ej,2ex, —2exlt, j,k=1,...,n:1 % j}.

(1.2.57)
The following set:
d(Ep(2n,C), )" = {e; —ej,ei + €5, 2ex|i, k= 1,...,n i < j}, (1.2.58)
forms positive roots, inducing the simple roots A = {e; — e;+1,2¢e,|i =1,...,n — 1}.

In the sense of the Dynkin classification from [Hum?72, III Theorem 11.4],
®(sp(2n,C), ) is a root system of type C,,.

(STEP 3) The induced Borel subalgebra b is the upper-right triangular matrices of
5p(2n,C), and the induced Borel subgroup B is the upper-right triangular matrices of
Sp(2n,C).

The standard parabolic subalgebras p; are the subalgebras of upper-right triangular
block matrices of sp(2n,C), of which the sizes of blocks are coded by I C A. Similar
statements hold for the standard parabolic subgroups P; of Sp(2n, C).

Forv=1,...,n,if e; —e;11 € I or 2¢; € I, there exists diagonal blocks in p; and
P; ending at the i-th row and at the 2n — i-th row, and diagonal blocks starting at the
1 + 1-st row and at the 2n 4+ 1 — i-th row.

Note that these Borels and standard parabolics are the Borels and standard parabolics
of sl(2n,C) and SL(2n,C) from (STEP 3) of Example 1.2.1, intersected with sp(2n,C)
and Sp(2n, C).

We now see how I C A determines the sizes of blocks in examples. For n = 2, we
have I C A = {e; — e2,2ea}, and:

e For [ = {e; — e}, p; and P have a middle 2 x 2-block:

aip a2 a3 alq % ok ok %
= _ )0 axn axs a . N LI e
Pr= 0 asz —axp —ap2]|’ Pr= 0 * % = €Sp(4,C) . (1.2.59)

e For I = {2es}, p; and P have upper-left and lower-right 2 x 2-blocks:

ail1 a2 a3 a4 X % % %k
= a21 Qg2 Q23 a3 — % ok ok ok —
Pr=910 0 —am —anl(’ F1=V0 0 « «| €SP0 . (1.2:60)
0 0 —a2 —an 0 0 x =
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. (STEP 4) For the Levi decompositions p; = [; @ u; and P; ~ U x Lj, we have that
I; and Lj consist of the diagonal block matrices of p; and Py, Whereai Uy consists of the
nilpotent matrices of py, and u; consists of the unipotent matrices of Pj.

Note that for a certain 7, ..

n<ri+...+r_1+2n; < 2n, L is isomorphic to the group:

.,71—1 € Nyn; € Ny, such that r1 +... + 71 < n and

GL(r,C) x ... x GL(r-1,C) x Sp(2n;,C). (1.2.61)
For n =2, we have I C A = {e; — e3,2e2}, and:
e For I = {2es}, the Levi decompositions of p; and P; appear as:
ajlp ai2 0 0 * x 0 0
- as1 a9 0 0 — * x 0 0 -
[ = 01 02 ey —ars Li=410 0 = «|€5P&C)p, (12:62)
0 0 —as —an 0 0 *x =%
0 0 a13 aiq 1 0 * =«
— 0 0 a23 ai13 T 0 1 % =% =
ur = 00 0 0 , Ur= 00 10 € Sp(4,C) (1.2.63)
0 0 O 0 00 0 1

_In this case, it is easy to directly verify that p; = [; @ Uy and Py ~ Uy x Ly, and
L[ ~ P[/U[.

Through a fixed isomorphism Sp(2n, C) ~ Sp(2n, C), this example induces analogous
constructions on Sp(2n,C), such as parabolic subgroups P; of Sp(r,C), corresponding
to I C A.

REMARK 1.2.6. We have classified the standard parabolic subgroups of G =
GL(r,C),SL(r,C),SO(r,C), Sp(2n,C), such that they all appear isomorphic to stabi-
lizers of flags F of subspaces of C":

F:0=VC...CV=C,

with respect to the canonical representation p : G — GL(C").

In the orthogonal (respectively symplectic) case, these flags F can be refined such that
we have for all = 0,...,[, that V;_; = Vf, with respect to the standard nondegenerate
symmetric bilinear form on C" (respectively the standard symplectic form).

Such flags F are called isotropic flags, since for all ¢ = 0,...,[, we have that:

(1.2.64)

(a) The subspace V; being isotropic, i.e., V; C V;J-, is equivalent to ¢ <[ — 1.
(b) The subspace V; being coisotropic, i.e., V.- C V;, is equivalent to i > [ — i.
As a special case, maximal standard parabolics are stabilizers of minimal flags. In
the GL(r,C) and SL(r,C) case, they stabilize:

F: 0=V WV CV,=C". (1.2.65)
In the orthogonal and symplectic case, they stabilize:
F:0=VoCcWViCcVicyt=c, (1.2.66)

where it is possible that V; is both isotropic and coisotropic, i.e., Vi is Lagrangian and
Vi = Vit

These flags turn out to be crucial for many proofs in Chapter 2.

These statements are also proven in [MT12, Proposition 12.13].



CHAPTER 2

Stability in the sense of Ramanathan

In this chapter, we construct holomorphic vector bundles and principal bundles. We
define notions of slope-(semi)-stability for vector bundles, from Mumford in [Mum62],
and Ramanathan-(semi)-stability for principal bundles, from Ramanathan in [Ram75].

For the structure groups GL(r,C), and for r > 2, also SL(r,C), SO(r,C) and
Sp(2n,C), we use the parabolic subgroups we described in Chapter 1 to compare these
notions of stability.

2.1. Vector bundles and principal bundles
2.1.1. Vector bundles and principal bundles

We introduce holomorphic vector bundles and principal bundles as special types of
fiber bundles, where the fibers obtain extra structure. For vector bundles, our main
sources are [GH94] and [Ham17], and for principal bundles, we use [Ham17].

DEFINITION 2.1.1. Let p : £ =& M be a holomorphic map between complex analytic
manifolds. The map p is a fiber bundle on the base space M if:

(i) For all m € M, the set &,, = p~!(m) is a complex analytic submanifold of £. We
call &,, the fiber of £ at m.

(ii) For all m € M, there exists an open neighborhood U of m in M, and a biholo-
morphism @, : p~1(U) — U x &, where for the projection pry : U x &, — U,
we have p’p—l(U) = pry o ®,,,. This is called the local triviality of £, and the
isomorphisms ®,,, m € M, are called local trivializations.

Usually the map p : &€ — M is left unlabeled, and we refer to the fiber bundle by &.

Unless otherwise stated, all fiber bundles are constructed on the base space M.

We also have morphisms of fiber bundles, which are holomorphic maps ¢ : £ — ¢
that preserve fibers, similarly to [Ham17, Definition 4.1.6].

DEFINITION 2.1.2. Let E be a fiber bundle, then F is a vector bundle of rank r if:

(i) For all m € M, the fiber E,, of E at m is a complex vector space of dimension
T

(ii) For all m € M, there exists a local trivialization ®,, : p~1(U) — U x E,,, where
for all u € U, ®p,|p, : By — {u} x E,, is an isomorphism of complex vector
spaces.

We also have morphisms of vector bundles, which are morphisms of fiber bundles that
restrict to linear maps on the fibers, similarly to [Ham17, Definition 4.5.7].

REMARK 2.1.3. The category of holomorphic vector bundles VecBunys is not an
abelian category, despite having kernels and cokernels. For a morphism ¢ : £ — F
of vector bundles, the homomorphism theorem E/ker(¢) ~ im(¢) may not hold. The
reason is that, perhaps counterintuitively, kernels ker(y) and images im(y) in VecBunjs
do not necessarily coincide with naive fiber-wise kernels and images:

“ker"() = || ker(plg,), “im"(p)= || im(els,), (2.1.1)
meM meM
20
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which may not even be vector bundles.
Kernels and images can still be constructed such that ker(p) C “ker”(p) and
“im”(¢) C im(y) as sets, and if ¢ : E — F is of constant rank, these sets are equal.

Let G be a complex Lie group with neutral element e € G.

DEFINITION 2.1.4. Let & be a fiber bundle, then £ is a principal-G-bundle with struc-
ture group G if:
(i) For all m € M, the fiber &, of £ at m is equipped with a right-G-torsor structure,
i.e., a free and transitive holomorphic right-G-action.
(ii) For all m € M, there exists a local trivialization ®,, : p~1(U) — U x &,,, where
for all u € U, ®ple, : &u — {u} x &y is a G-equivariant biholomorphism.

We also have morphisms of principal bundles, which are morphisms of fiber bundles
that are G-equivariant on the fibers, similarly to [Ham17, Definition 4.2.17].

REMARK 2.1.5. Due to the G-equivariance of morphisms of principal bundles, mor-
phisms in the category of principal-G-bundles PrincBung s are in fact isomorphisms.

Examples of vector bundles include tangent bundles of curves and manifolds, and
examples of principal bundles include frame bundles of vector bundles.

We now introduce cocycles, which are a useful tool for characterizing fiber bundles,
vector bundles and principal bundles up to isomorphism. Let F' be a complex analytic
manifold. We denote the group of biholomorphisms from F to itself by Autye(F).

DEFINITION 2.1.6. Let (U;)ier be an open covering of M. A family o;; : U; N U; —
Autpel(F') of maps, indexed by 4,j € I, written briefly as (04;); jer, forms cocycles of F
subordinate to (U;);er if they fulfill the cocycle conditions:

(i) For all 4,5 € I and all m € U; N Uj, we have o;;(m) = oj;(m)~L.
(ii) For all 4,7,k € I and all m € U; N U;j N Uy, we have o;;(m) o oj,(m) = oi(m).

We use this to construct cocycles of fiber bundles, vector bundles and principal bun-
dles.

REMARK 2.1.7. Let £ be a fiber bundle, such that all of its fibers are biholomorphic
to each other, and let F' be a complex analytic manifold isomorphic to the fibers of &.

We choose an open covering (U;);e; of M that trivializes &, i.e., for all i € I, there
exists m; € U; with a local trivialization ®,,, : p~1(U;) — U; x &, For all i € I, we then
compose ®,,. with a biholomorphism U; x &,,, — U; x F to define ®; : p~*(U;) — U; x F,
also called a local trivialization.

For all ¢,j € I, we use the projection pry : U; X F' — F to define:

Oij - UiﬁUj —>AutH01(F), m — [v»—>pr20<I>io<I>j_1(m,v)]. (2.1.2)

It is easy to show that (oy;); jer fulfills the cocycle conditions from Definition 2.1.6, and
thus (05):,jer forms cocycles of F', which we call cocycles of &.

In the cases of vector bundles and principal-G-bundles, we want cocycles to preserve
the respective structures on their fibers by mapping into groups isomorphic to subgroups
of Autye(F'). This is possible due to (7i) of Definition 2.1.2 and (%) of Definition 2.1.4:

(a) Let E be a vector bundle of rank r, we choose the fiber ' = C". Due to
the linearity of the fibers of E, Autye(C") may be replaced with the subgroup
GL(C") of Auty(C").

Through the canonical representation p : GL(r,C) — GL(C"), we can view
cocycles (05)ijer of E as maps into GL(r, C).

(b) Let £ be a principal-G-bundle, we choose the fiber FF = G. Due to the
fibers of £ being right-G-torsors, Auty, (G) may be replaced with the subgroup
Autg_cquiv(G) of G-equivariant biholomorphisms from G to itself.
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Since Autg—_equiv(G) is canonically isomorphic to G, we can view cocycles
(0i5)i,jer of £ as maps into G.

The following lemma explains how cocycles characterize bundles up to isomorphism.

LEMMA 2.1.8. Let (0;5)ijer be cocycles of F.
(i) The set of equivalence classes 1 = | |;c;(U; x F)/ ~, with respect to the relation:

(m,v) ~ (u,w), if there exists i,j € I, such that m =u € U; NUj,v = 045(w), (2.1.3)

can be equipped with a unique complex analytic manifold structure, such that the
natural map q : m — M s a fiber bundle.

(i1) The cocycles (oij)ijer of F form cocycles of 1.

(7ii) Any fiber bundle p : & — M, that admits the same cocycles (0;)i jer, is isomor-
phic to n as a fiber bundle.

These statements also hold when replacing fiber bundles with vector bundles or prin-
cipal bundles, by setting F = C" or F = G, and using (a) and (b) of Remark 2.1.7.

Proor. For (i) and (ii), see the proof of [Ham17, Theorem 4.3.3]. This proof is
written for smooth fiber bundles, but also works for holomorphic fiber bundles, vector
bundles and principal bundles.

For (i), we consider local trivializations ®; : p~1(U;) — U; x F, i € I, that induce
(0ij)ijer- For all i € I, we define the fiber-preserving holomorphic map:

eip H(U) =»m, v [Ri(0)]. (2.1.4)

By construction of the equivalence relation ~, the maps (¢;);er agree on their intersec-
tions, gluing to a morphism ¢ : & — n of fiber bundles.

Similarly, ¢ has an inverse morphism v : n — £, induced and glued from the following
fiber-preserving holomorphic maps, for i € I:

Vi Ui x F =&, (m,v) = &7 (m,v). (2.1.5)
Thus, as a fiber bundle, ¢ is isomorphic to 7.
The proof works analogously for vector bundles and principal bundles. O

This lemma helps us construct frame bundles of vector bundles, which are important
examples of principal bundles.

ExXaMPLE 2.1.9. Let p: E — M be a vector bundle of rank r, with the local trivial-
izations ®; : p~1(U;) — U; x C", i € I, inducing cocycles (o) jer of E. We construct
the frame bundle Fr(E) of E, which is a principal-GL(r, C)-bundle with the underlying
set:

Fr(E) = | | Isoc(C, Enm), (2.1.6)
meM
and the natural map s : Fr(E) — M mapping f € Isoc(C", E,,) to m.

Using Lemma 2.1.8, (04j)ijer induces a principal-GL(r,C)-bundle ¢ : n — M.
Through the projection pry : U; x C" — C", ¢ € I, and the canonical representation
p: GL(r,C) — GL(C"), we define the fiber-preserving maps:

pis '(U) = n, [ [s(f),p (prao @0 f)). (2.1.7)
The maps ¢;, @ € I, glue together to a fiber-preserving bijection ¢ : Fr(E) — 7, through
which we can endow Fr(FE) with a principal-GL(r, C)-bundle structure, independent of
the choice of cocycles (i) jer-
We also determine the induced right-GL(r, C)-action on Fr(E). For all m € M, the
right-GL(r, C)-action on 7, is given by:

Nm X GL(r,C) = 0y,  ([m, A], B) — [m, AB]. (2.1.8)
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Through the isomorphism ¢ : Fr(E) — 7, this action induces the following right-
GL(r, C)-action on the fiber of Fr(E) at m:

Isoc(C", Ey) X GL(r,C) — Isoc(C", Ep),  (f, A) = [v— f(Av)]. (2.1.9)

As seen in this construction, Fr(E) and E share the same cocycles when both are
viewed as maps into GL(r, C), though the former is a principal-GL(r, C)-bundle, whilst
the latter is a vector bundle.

2.1.2. Subbundles and reductions

We now discuss subbundles of vector bundles and reductions of principal bundles,
and wish to compare them using frame bundles. These constructions are necessary for
defining slope-(semi)-stability and Ramanathan-(semi)-stability.

DEFINITION 2.1.10. Let p : E — M be a vector bundle of rank r. A subset F' C FE is
a subbundle of E of rank s if:

(i) For all m € M, F,,, = F N E,, is a complex subspace of F,, of dimension s.
(ii) There exists an open covering (U;)ier of M, with local trivializations ®; :
p Y (U;) = U; x C", i € I, of E, such that for all i € I, we have:

p  (UixC) = || Fa (2.1.10)

meU;

By construction, subbundles F' of E of rank s form vector bundles of rank s.
Let £ be a principal-G-bundle, and let H be a closed complex Lie subgroup of G.

DEFINITION 2.1.11. Let F' be a complex analytic manifold with a holomorphic left-
H-action p : H — Autye(F'). We define the left- H-action on & x F:

Hx (ExF)=EexF  (h(v,w) — (0h~L, p(h)(w)), (2.1.11)

and denote the set of left- H-orbits of this action H\(¢ x F') by &(F'), with the elements
[v,w]. We also denote the set of right-H-orbits of the right-G-action on & by &£/H, with
the elements vH.

It can be shown that £/H is a fiber bundle, with fibers biholomorphic to G/H.
Moreover, {(F') is a fiber bundle on {/H, with fibers biholomorphic to F, called the
associated bundle of £ with respect to F.

Sometimes, we have H = G, and hence {(F) is a fiber bundle on £/H = M. In this
case, if (04;); jer are cocycles of &, then (p o 0y5); jer are cocycles of {(F).
In special cases, the bundle {(F') is a vector bundle or a principal bundle.
(a) If FF =V is a complex vector space of dimension r, and if p: H — GL(V) is a
representation, then (V') is a vector bundle on £/H of rank r.
(b) If F = G’ is a complex Lie group, and if p : H — Autgr_equiv(G’), then &(G') is
a principal-G’-bundle on ¢/H.
We present some examples of associated bundles, including adjoint bundles, determi-
nant bundles and induced vector bundles.

EXAMPLE 2.1.12. (a) The adjoint representation Ad : G — GL(g) induces the
adjoint bundle ad(§) = £(g), which is an associated bundle of £ with respect to
g. Since g is a Lie algebra, ad(§) also forms a Lie algebra bundle.

(b) For a vector bundle E of rank r, the determinant det : GL(r,C) — GL(C)
induces an associated bundle det(E) = (Fr(E))(C) of Fr(FE), called the determi-
nant bundle, which is a vector bundle of rank 1, i.e., a line bundle.

(c) Let G be a closed complex Lie subgroup of GL(r,C), i.e., a matrix Lie group.
The canonical representation p : G — GL(C") induces a vector bundle E; =
&(C") of rank r, which called the induced vector bundle of &.
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(d) The complex analytic manifold G/H carries the canonical left-G-action, which
induces an associated bundle £(G/H) with respect to G/H.
It is easy to show that:

v:¢{/H —&G/H), vH w— [v,eH]|, (2.1.12)

defines an isomorphism of fiber bundles. Thus, £/H is isomorphic to an associ-
ated bundle of ¢ with respect to G/H.

Using associated bundles, we define reductions and extensions of principal bundles.

DEFINITION 2.1.13. (a) For a morphism ¢ : G — G’ of complex Lie groups, the
principal-G’-bundle £(G’) is the extension of £ to G'.

(b) Let g be a principal- H-bundle, such that for the inclusion H < G inducing the
extension £y (G), there exists an isomorphism ¢ : £y (G) — €. We call (€, ) a
reduction pair of £ to H.

(¢) Two reduction pairs (£, ¢) and (£}, ¢") are called isomorphic, if there exists an
isomorphism £ ~ &%, of principal bundles, such that:

& — En(G) B € is equal to & = &y — E(G) B €. (2.1.13)

The following lemma allows us to identify isomorphism classes of reduction pairs with
sections.

LEMMA 2.1.14. The following are in correspondence:

(i) Isomorphism classes of reduction pairs (g, ) of & to H.
(ii) Sections o : M — {/H of §/H.

Proor. For (i) to (ii), an isomorphism class of reduction pairs (£, ) induces a
morphism £ — £/H. This morphism maps whole fibers of £y to elements of {/H, hence
&n — &/ H factorizes through a section o : M — ¢/H.

For (ii) to (i), given o : M — &/H, consider the pullback bundle o*¢, which is a
principal- H-bundle where for all m € M, the fiber is (0¥€),, = o(m).

We can construct an isomorphism ¢ : (6*§)(G) — &, given on the fibers m € M by:

(0*)(G)m = H\(o(m) X G) = &m,  [v,9] — vg. (2.1.14)
such that (0*¢, ¢) defines an isomorphism class.
As these two constructions are inverse to each other, the claim follows. 0

In practice, we are only interested in isomorphism classes of reduction pairs of & to
H, corresponding to sections o : M — £/H, which we call reductions 0*§ of £ to H.
Note that reductions induce the commutative diagram:

07— ¢

Lo

M= ¢/H (2.1.15)
The following lemma establishes a correspondence between certain reductions of
principal-GL(r, C)-bundles and nontrivial subbundles of their induced vector bundles.

LEMMA 2.1.15. Let £ be a principal-GL(r, C)-bundle, with the induced vector bundle
E¢. In the notation of Subsection 1.2.1, let s = 1,...,7 — 1, and let P be the mawi-
mal standard parabolic subgroup of GL(r,C), corresponding to I = {as 41} € A. The
following are in correspondence:

(1) Subbundles F # 0, E¢ of E¢ of rank s.
(i) Reductions o*& of € to Pj.
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PRrROOF. There exists a canonical isomorphism ¢ : § — Fr(E¢) of principal bundles.
Let (e1,...,e-) be the canonical C-basis of C", then for all m € M, ¢ is given by:

Em — Fr(E¢)m = Isoc(C", GL(r, C)\(&m x CT)), v — [e; — [v, €]]. (2.1.16)

We start from (%) to (i7). From a subbundle F' # 0, F¢ of E¢, we induce a section
o+ M — Fr(E¢)/Pr, m — o'(m) € Isoc(C", (E¢)m)/Pr, where o’(m) represents the
isomorphisms C" — (E¢),, that restrict to C° — F,,. Through ¢ : { — Fr(Eg), o
corresponds to a reduction o*§ of £ to P;.

For (ii) to (i), o induces a section ¢’ : M — Fr(E¢)/P; through ¢. Then for all
m € M, Fy,, = o'(m)(C?) is a well-defined subspace of (E¢),,. Since ¢’ is a section, the
sets Fy,, m € M, glue to a subbundle F' # 0, E¢ of Ek.

As these two constructions are inverse to each other, the claim follows. O

Analogous versions of Lemma 2.1.15 exist for different structure groups. We wish to
present a special orthogonal version, for which we first need to construct special orthogo-
nal vector bundles, which are orthogonal vector bundles that are special vector bundles.

For a line bundle p : L — M isomorphic to the product bundle M x C, global
trivializations ® : L — M x C correspond to everywhere nonzero sections 7 : M — L as
follows:

{Global trivializations of L} <+ {Everywhere nonzero sections of L} (2.1.17)
D1 = [m— d (m, 1)), (2.1.18)
O, =[v— (p(v),\),v=Ar(m)] <= . (2.1.19)

Through this correspondence, we can define special vector bundles. Let E be a vector
bundle of rank r.

DEFINITION 2.1.16. A special vector bundle (E,T) consists of a vector bundle E,
whose determinant bundle det(E) is isomorphic to the product bundle M x C, and an
everywhere nonzero section 7 : M — det(E).

Similarly to the frame bundles from Example 2.1.9, we can construct special frame
bundles of special vector bundles.

REMARK 2.1.17. For a special vector bundle (F, 7), we can construct a special frame
bundle Frgr,(E, 7), which is a principal-SL(r, C)-bundle, whose underlying set is:

Frsu(E,7) = | | SIsof(C", En), (2.1.20)
meM
where SIso(C", Ey,) = {f € Isoc(C", En)|[f, 1] = 7(m)}.
The right-SL(r, C)-action on the fibers m € M is given by:

SIsoc(C", Ep,) x SL(r,C) — SIso¢(C", Ey),  (f,A) — [v— f(Av)], (2.1.21)
which is well-defined.

Before we construct orthogonal vector bundles, we remind ourselves of direct sums
and dual bundles of vector bundles.

DEFINITION 2.1.18. Let E be a vector bundle of rank r, and let F' be a vector bundle
of rank s.

(a) The direct sum E @ F is a vector bundle of rank r 4+ s with the underlying set
E®F =lenm Em @© Fin.
The local trivializations of E & F are direct sums of local trivializations of
FE and F.
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(b) The dual bundle E* of E is a vector bundle of rank r with the underlying set

The local trivializations of E* are induced from local trivializations of E.

DEFINITION 2.1.19. (a) An orthogonal vector bundle (E, ) consists of a vector
bundle £ admitting a nondegenerate symmetric bilinear form 5 : FGE — C, i.e.,
a holomorphic map such that for all m € M, 5,, = B|g,,¢E,, is a nondegenerate
symmetric bilinear form.
(b) For an orthogonal vector bundle (E, 3), a subbundle F' of (E, 3) is (co)-isotropic,
if for all m € M, F,, is a (co)-isotropic subspace of E,,, with respect to [3,,.
A subbundle F of (E, 8) is called Lagrangian, if F' is isotropic and coisotropic.

REMARK 2.1.20. Let (E, 3) be an orthogonal vector bundle.
(a) The vector bundle E is self-dual, as there exists an isomorphism of vector bun-
dles:
E— E*, v B ). (2.1.22)
(b) We can construct an orthogonal frame bundle Fro(E, 3), which is a principal-
O(r, C)-bundle, whose underlying set is:

Fro(E,f) = | | Orth(C", Ep), (2.1.23)

meM
where Orthg((Cr, E,,) consists of isomorphisms f € Isoc(C", E,,), such that for
the standard nondegenerate symmetric bilinear form (_, ) on C", and for all

v,w € C", we have:
(v, w) = B (f(v), f(w)). (2.1.24)

We can now combine orthogonal vector bundles and special vector bundles to con-
struct special orthogonal vector bundles.

DEFINITION 2.1.21. A special orthogonal vector bundle (E, B, T) consists of an orthog-
onal vector bundle (E, ) that is also a special vector bundle (E, 7).

By construction, special orthogonal vector bundles inherit all the properties of or-
thogonal vector bundles and special vector bundles.

REMARK 2.1.22. Let (E, 8, 7) be a special orthogonal vector bundle. We can construct
a special orthogonal frame bundle Frgo(E, 3, 7), which is a principal-SO(r, C)-bundle,
whose underlying set is:

Frso(E,3,7) = | | SOrth™(C", Ey,), (2.1.25)
meM

where SOrth2™(C", E,,) = Orth’(C", E,,) N SIsof(C", Eyy).
We now present the special orthogonal version of Lemma 2.1.15.

LEMMA 2.1.23. Let r > 3, and let £ be a principal-SO(r, C)-bundle. The induced
vector bundle E¢ admits the structure of a special orthogonal vector bundle (E¢,3,7). We
write r = 2n+ 1 if r is odd, and r = 2n if r is even. In the notation of Subsection 1.2.2,
let s=1,...,n, and let Pr be the standard parabolic subgroup of SO(r,C), corresponding
to:

I={es—est1} C A, s#mn—1,n, (2.1.26)
I={e,1—en} CA, s=n-—1, r s odd, (2.1.27)
I={e,} CA, s=mn, r s odd, (2.1.28)
I={e,—ent1,en+ent1} CA, s=n—1, r s even, (2.1.29)
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I={ep1+e,} CA, s=n, r is even. (2.1.30)

The following are in correspondence:

(i) Isotropic subbundles F' # 0 of (E¢,3) of rank s.
(ii) Reductions c*& of € to Py.

PRrROOF. Similarly to the proof of Lemma 2.1.15, there exists a canonical isomorphism
¢ : & = Frso(Eg, 8, 7) of principal bundles.

Using Remark 1.2.6, Pr is the stabilizer of a flag:

F: 0=V, CWViCcVicyt=c, (2.1.31)

such that dimc(V;) = s and dimc(Vi) = r — s.

We start from (7) to (%). From an isotropic subbundle F' # 0 of (E¢, /), we induce
a section o' : M — Frgo(E¢,B,7)/Pr, m — o'(m) € SOrth(ﬂ:’T((C",(Eg)m)/PI, where
o’(m) represents the special orthogonal maps C" — (Eg), that restrict to Vit — F3; and
further to Vi — F,,,. Through ¢ : £ — Frso(E¢, 8,7), 0’ corresponds to a reduction o*§
of £ to Pj.

For (ii) to (i), o induces a section o’ : M — Frso(E, 8, 7)/ P through ¢. Then for
all m € M, F,, = o'(m)(V1) is a well-defined isotropic subspace of (E¢), since:

Fo = o'(m)(V1) € o' (m) (Vi) = o' (m)(Vi)* = F. (2.1.32)

Since o’ is a section, the sets F,,, m € M, glue to an isotropic subbundle F' # 0 of (Eg, §).
As these two constructions are inverse to each other, the claim follows. O

In the case where ¢ is a principal-SO(2, C)-bundle, this correspondence cannot apply,
as there exists no maximal parabolic subgroups of SO(2,C). Instead, nontrivial isotropic
subbundles of (E¢, 3) directly correspond to sections o of .

Finally, we construct a symplectic analog of Lemma 2.1.15 and Lemma 2.1.23.

DEFINITION 2.1.24. Let E be a vector bundle of rank 2n.

(a) A symplectic vector bundle (E, ) consists of a vector bundle E admitting a
symplectic form g : E & E — C, i.e., a holomorphic map such that for all
m € M, Bm = B|E,.oF,, is a symplectic form.
(b) For a symplectic vector bundle (E, ), a subbundle F of (E, j3) is (co)-isotropic,
if for all m € M, F,, is a (co)-isotropic subspace of E,,, with respect to SGy,.
A subbundle F of (E, 8) is called Lagrangian, if F' is isotropic and coisotropic.

REMARK 2.1.25. Let (E, 8) be a symplectic vector bundle of rank 2n.

(a) The vector bundle E is self-dual, as there exists an isomorphism of vector bun-
dles:

E—FE* vw p(_,v). (2.1.33)

b) We can construct a symplectic frame bundle Frg,(FE, 3), which is a principal-
P
Sp(2n, C)-bundle, whose underlying set is:

Frsp(E,8) = || Spe(C*, En), (2.1.34)
meM

whereby Spg((C%,Em) consists of isomorphisms f, such that for the standard
symplectic form (_, ) on C?", and for all v,w € C?"*, we have:

(v, w) = Bm(f(v), f(w)). (2.1.35)

LEMMA 2.1.26. Let £ be a principal-Sp(2n, C)-bundle. The induced vector bundle Ex
admits the structure of a symplectic vector bundle (E¢, 3). In the notation of Subsection
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1.2.8,let s =1,...,n, and let Pr be the maximal standard parabolic subgroup of Sp(2n,C),
corresponding to:

I={es—est1} C A, s#n, (2.1.36)
I ={2e,} C A, 5 =mn. (2.1.37)

The following are in correspondence:

(1) Isotropic subbundles F' # 0 of (E¢,3) of rank s.
(i) Reductions o*& of € to Pj.

PROOF. Analogous to that of Lemma 2.1.23, where we replace special orthogonal
frame bundles with symplectic frame bundles. O

2.2. Stability in the sense of Ramanathan

We want to define notions of slope-(semi)-stability of vector bundles, and of
Ramanathan-(semi)-stability of principal bundles. Using the correspondences we found
between subbundles of vector bundles and reductions of frame bundles, we can compare
these two notions of stability.

2.2.1. Stability in the sense of Ramanathan

For these definitions of stability, we must first define degrees and slopes of vector
bundles, for which our setting needs an extra assumption on the base space. Unless
otherwise stated, bundles are now constructed on a compact connected Riemann surface
X.

DEFINITION 2.2.1. (a) Let 0 : X — L a nontrivial meromorphic section of a line
bundle. We define the zeros of o as Z(o) = {z € X|o(x) = 0}, and the poles of
o as P(o) = {z € X|(1/0)(x) = 0}.
The order of o at x € Z(0) is the multiplicity of the zero of o at x, and at
x € P(0), it is the multiplicity of the zero of (1/0) at z.
The degree of o is defined as:

deg(o) = Z ord, (o) — Z ord(o). (2.2.1)

x€Z(0) z€P(0)

(b) Let E # 0 be a vector bundle of rank r. The degree deg(E) of E is the degree
deg(o) of a nontrivial meromorphic section o of the determinant bundle det(E)
of K.

These definitions are well-defined, since it can be shown that:

(a) The degree in (2.2.1) is a well-defined integer, since X is compact.
(b) For a line bundle L on a compact connected Riemann surface, nontrivial mero-
morphic sections are guaranteed to exist.
(¢) For two nontrivial meromorphic sections o and ¢’ on the same line bundle L, we
have deg(o) = deg(ao”).
Degrees store useful topological properties of vector bundles, intuitively speaking,
how they globally “twist”. We now state the additivity of degrees of vector bundles, using
tensor bundles.

DEFINITION 2.2.2. Let E be a vector bundle of rank r, and let F' be a vector bundle
of rank s. The tensor bundle E® F' of F is a vector bundle of rank rs with the underlying
set EQF = |l ,enr Em @ Fi.

The local trivializations of F ® F' are induced from local trivializations of £ and F'.
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REMARK 2.2.3. For a short exact sequence of nontrivial vector bundles:
0—FE —-FE—FE"—0, (2.2.2)

we have deg(F) = deg(E’) + deg(E"), which is called the additivity of degrees of vector
bundles. This is proven by showing that there exists an isomorphism:

det(E) ~ det(E') @ det(E"), (2.2.3)

of determinant bundles, and then comparing meromorphic sections between det(E) and
det(E') ® det(E").

Using degrees of vector bundles, we can define slopes, leading to the notion of slope-
(semi)-stability, from [Mum62].

DEFINITION 2.2.4. Let E # 0 be a vector bundle of rank r.
(a) The slope of E is u(E) = deg(E)/r.
(b) The bundle E is slope-stable if all subbundles F' # 0, E of E fulfill u(F) < p(E).
(¢) The bundle E is slope-semistable if all subbundles F' # 0, E of E fulfill u(F) <
u(E).

It is clear that slope-stability implies slope-semistability.

As an example, line bundles are slope-stable since they have no nontrivial subbundles.

We now define Ramanathan-(semi)-stability for principal bundles, as in [Ram75].
Let G be a connected complex reductive group and let £ be a principal-G-bundle. We
investigate the adjoint representation Ad : G — GL(g).

REMARK 2.2.5. For a parabolic subgroup P of G, let ¢*¢ be a reduction of £ to P.
Since P is a complex algebraic subgroup of G, the adjoint representation Ad : P — GL(g)
induces representations Ad : P — GL(p) and Ad : P — GL(g/p), inducing the associated
vector bundles (6*£)(g), (6*&)(p) and (6*&)(g/p). For these vector bundles, we have that:

(a) There exists an isomorphism ¢ : (6*¢)(g) — ad(§), given on the fibers x € X
by:

(078)(@)x = P\(o(x) x g) = ad(§)z = G\(& x 9), [v,Y] = [v,Y]. (2.24)

(b) By definition, (¢*&)(p) is the adjoint bundle ad(c*¢).
(c) The derivative of the fiber bundle p : /P — X is a morphism Dp : T'({/P) —
T X of vector bundles of full rank, with a change of base space:

T(¢/P) — 2 TX

l .
&P X (2.2.5)
The kernel V¢, p = ker(Dp) of Dp is a well-defined subbundle of T'(§/P) on
the base space &/ P, called the vertical tangent subbundle of £/ P.
In the proof of [Ram75, Lemma 2.1], it is stated that V;/p is isomorphic to the
associated bundle £(g/p) on £/ P, induced by Ad : P — GL(g/p). Thus, through
the reduction o : X — /P, we obtain a vector bundle 0*V¢,p isomorphic to

o*(&(g/p)) = (07€)(g/p)-

We can now define Ramanathan-(semi)-stability, as seen in [Ram75, Definition 1.1].

DEFINITION 2.2.6. The bundle ¢ is Ramanathan-(semi)-stable, if for all maximal par-
abolic subgroups P of G, and for all reductions 0*§ of £ to P, we have deg(c*V¢/p)(>)O0.
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In order to verify Ramanathan-(semi)-stability, it suffices to only verify the inequality
for reductions to maximal standard parabolic subgroups of G, with respect to a fixed Borel
subgroup B of G. This is due to the conjugacy of parabolic subgroups from Remark 1.1.26.

We aim to prove that Ramanathan-(semi)-stability can also be equivalently verified
through the inequality deg(ad(c*¢))(<)0, for which we need the following remark.

REMARK 2.2.7. Let 0*¢ be a reduction of £ to a parabolic subgroup P of G.
(a) We observe the short exact sequence of complex vector spaces:

0—=p—>g—g/p—0. (2.2.6)

Since ad(0*¢), ad(§) and o*Vg p are isomorphic to associated bundles of ¢,
with respect to the adjoint representation of P acting on (2.2.6), we obtain the
short exact sequence of vector bundles:

0 — ad(c*§) — ad(§) — o*Vg/p — 0. (2.2.7)

(b) Since g is reductive, Theorem 1.1.5 implies that there exists a nondegenerate
symmetric ad-invariant bilinear form on g, which is thus also Ad-invariant.
Using that ad(¢) is induced by the adjoint representation Ad : G — GL(g),
this bilinear form induces a nondegenerate symmetric bilinear form £ on ad(¢),
such that (ad(§),3) is an orthogonal vector bundle.

REMARK 2.2.8. Let E' # 0 be a vector bundle of rank r. By verifying that det(E) ®
det(E*) is isomorphic to the product bundle X x C, we have that deg(E) = —deg(E™).
LEMMA 2.2.9. The following are equivalent:

(i) The bundle £ is Ramanathan-(semi)-stable.
(ii) For all mazximal parabolic subgroups P of G, and for all reductions c*§ of & to
P, we have deg(ad(c*£))(<)0.

PROOF. Due to the additivity of degrees from Remark 2.2.3, we have:
deg(ad(€)) = deg(ad(c*¢)) + deg(0" Ve p), (2.2.8)

from the short exact sequence in (2.2.7).
Since ad(§) is self-dual due to (a) of Remark 2.1.20, we use that degrees are invariant

under isomorphisms to imply deg(ad(§)) = —deg(ad()), using Remark 2.2.8. Thus,
deg(ad(§)) = 0, and deg(ad(c*¢)) = —deg(c*Vg,p), from which the equivalence is clear.
U

We now want to compare Ramanathan-(semi)-stability for the structure groups
GL(r,C), SO(r,C) and Sp(2n,C), to slope-(semi)-stability.

2.2.2. The case of GL(r,C)

For a principal-GL(r, C)-bundle &, we aim to prove that the correspondence in Lemma
2.1.15 preserves the notions of slope-(semi)-stability and Ramanathan-(semi)-stability,
following [HMO04, Proposition 1] and [HMO04, Corollary 1].

Before stating this result, we need to find an appropriate isomorphism on vertical
tangent bundles. For this, we construct quotient bundles and their cocycles.

Let F # 0 be a vector bundle of rank r.

DEFINITION 2.2.10. For a subbundle F of p: E — X of rank s, the quotient bundle
E/F is a vector bundle of rank r — s with the underlying set E/F = |,,car Em/Fm.

For the local trivializations ®;, ¢ € I, of E, from (a) of Definition 2.1.10, we define
local trivializations W;, i € I, of E/F, using the projection pry : U; x C" — C":

Ui || Em/Fom = Ui x (C7/C%),  [0] = (p(v), [pry 0 ;(v)]). (2.2.9)
meU;



CANONICAL REDUCTIONS OF PRINCIPAL BUNDLES 31

From the proof of Lemma 2.1.15, we can relate cocycles of vector bundles with cocycles
of their subbundles and quotients.

REMARK 2.2.11. Let F' be a subbundle of E of rank s. There exists cocycles (04;)i jer
of E mapping into Py, where I = {a; 541} C A:

oij Uy NU; — Pr,m — (a”(()m) gzjéﬂrz))) , 4,j €1, (2.2.10)
and (aj)i jer forms cocycles of F', and (6;5);,jer forms cocycles of E/F.

Note that if we are first given the existence of cocycles (0yj)i jer of E in the form
of (2.2.10), we can also induce a subbundle F' of E of rank s, admitting the cocycles
(aij)iger-

LEMMA 2.2.12. Let £ be a principal-GL(r, C)-bundle. In the notation of Subsection
1.2.1, let s = 1,...,7r — 1, and let Pr be the mazimal standard parabolic subgroup of
GL(r,C), corresponding to I = {11} C A.

Let 0*¢ be any reduction of § to Pr, and let F' # 0, E¢ be the corresponding subbundle
of E¢ of rank s, through Lemma 2.1.15. We claim that:

O'*‘/E/PI ~ [ @ (E¢/F), (2.2.11)
as vector bundles.

PROOF. Let (05)ijer be cocycles of 0*¢ and E¢, which map into Py, in the form of
(2.2.10), such that (a;j); jer forms cocycles of F' and (d;5)s,jer forms cocycles of E¢/F. To
find cocycles (7;5); jer of 0*Ve/p,, we compose (045); jer with Ad : Pr — GL(gl(r,C)/pr).
Firstly, we calculate:

(D=6 e D6 21
:<g Z) (2 :) (aol d*l)’ (2.2.13)

- (dczl :) . (2.2.14)

Hence, the cocycles (i) jer are of the form z — [C' + §;;(z)Cayj(z)~1], otherwise
written z — (a;j(x)™1)T ® 6;j(z), where ® denotes the Kronecker-product of matrices.
Following [GH94, 0.5], these are cocycles of F* @ (E¢/F'), so the claim of the lemma
follows. O

With this isomorphism, it becomes easy to translate between Ramanathan-(semi)-
stability and slope-(semi)-stability.

We now use the following results on degrees of vector bundles. Let F # 0 be a vector
bundle of rank r.

REMARK 2.2.13. (a) Using the additivity of degrees, if F' is a subbundle of F,
then deg(E/F) = deg(F) — deg(F).
(b) For a vector bundle F' # 0 of rank s, we have deg(E ® F') = deg(F)s + deg(F)r.
THEOREM 2.2.14. Let € be a principal-GL(r, C)-bundle. The following are equivalent:
(i) The principal bundle £ is Ramanathan-(semi)-stable.
(7t) The induced vector bundle E¢ is slope-(semi)-stable.

PROOF. Any subbundle F' # 0, E¢ of E¢ of rank s = 1,...,r — 1, corresponds to a
reduction ¢*¢ of ¢, through Lemma 2.1.15. Due to Lemma 2.2.12, we have:

deg(c*Ve/p,) = deg(F* @ (E¢/F)), (2.2.15)
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using properties of degrees from Remark 2.2.13, we have:

= —deg(F)(r — s) + deg(E¢/F)s, (2.2.16)
= —deg(F)(r — s) + deg(F¢)s — deg(F)s, (2.2.17)
= —deg(F)r + deg(Ex)s. (2.2.18)
Thus, deg(c*Ve/p,)(>)0 is equivalent to u(F)(<)u(Ee), so the theorem follows. O

2.2.3. The cases of SO(r,C) and Sp(2n,C)

We also want special orthogonal and symplectic versions of Theorem 2.2.14, though
proving this is more involved, since isomorphisms analogous to (2.2.11) of Lemma 2.2.12
are harder to describe. We start with the special orthogonal case, and state some results
about (co)-isotropic subbundles of special orthogonal vector bundles.

For this subsection, let » > 2, and write r = 2n+ 1 if r is odd, and r = 2n if r is even.

LEMMA 2.2.15. Let (E,3,7) be a special orthogonal vector bundle of rank r. For all
isotropic subbundles F of (E,(3) of rank s = 1,...,n, we denote:

rt= || F; (2.2.19)
reX

(i) The set F* is a coisotropic subbundle of (E, ) of rank r — s.
(it) The bilinear form [ and the section T restricts to frp and Tp, such that
(FL/F,Bp,1r) is a special orthogonal vector bundle of rank r — 2s.
Furthermore, F is isomorphic to the dual bundle (E/F*L)*.
(iii) If F # 0, we have:

deg(F) = —deg(E/F*) = —deg(E/F) = deg(F*). (2.2.20)

ProoF. For (i) and (i), the claim is trivial for F' =0 or r = 2, so we assume F # 0
and r > 3.

Due to Lemma 2.1.23, F corresponds to a parabolic reduction o*Frgo(E, 3, 7) of
Frso(E, 3, 7), which induces F+ as coisotropic subbundle of E, proving (7).

We now prove (%i). The parabolic reduction o*Frso (£, 3, 7) induces cocycles (0;); jer
of E mapping into P, and through the isomorphism P; ~ P;, we also induce cocycles
(Gij)i,jer of E mapping into P;.

The group P; consists of matrices of the form:

a b c
Mapea= (0 d KTQS(d_l)T(bT)(a_l)TKS), (2.2.21)
00 K (aH)T'K,

with a € GL(s,C), b € Mat(s x (r—2s),C), ¢ € Mat(s x s,C) and d € SO(r—2s, C), such
that Ks(a™ e+l Ky(a )T K+ Ks(a™1)bK, 250" (a™1)T K = 0. Due to this, (5i5)ijer
is of the form:

Tij : UiﬂUj — Pr,m— 0 6Z](m) , (2.2.22)
0 0 Ks(aij(m)™HTK;

where (;j); jer form cocycles of F, (8;7); jer form cocycles of FX/F, Ky(ayj(m)~ 1T K
form cocycles of E/F+, and cocycles of F*- are of the form (2.2.10) from Remark 2.2.11.

Through these cocycles, we find canonical isomorphisms F ~ (E/F*)* and det(E) ~
det(F+/F), inducing Br and 7p, such that (F+/F, Br,Tr) is a special orthogonal vector
bundle of rank r — 2s.
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We now prove (iii). Since F-/F is self-dual, the additivity of degrees of vector bundles
implies that deg(F) = deg(F*) + deg(F*/F) = deg(F*). Since E is also self-dual, the
equality:

deg(E) = deg(F) + deg(FL/F) + deg(E/F1), (2.2.23)

implies deg(F) = —deg(E/F+). Furthermore, we have:
deg(E/F) = deg(E/F*) + deg(F*/F) = deg(E/F71). (2.2.24)
O

We can now present a special orthogonal version of Lemma 2.2.12.

LEMMA 2.2.16. Let r > 3, and let £ be a principal-SO(r,C)-bundle. The induced
vector bundle E¢ admits the structure of a special orthogonal vector bundle (Ee¢, 3, 7). We
write r = 2n+ 1 if r is odd, and r = 2n if r is even.

Let F # 0 be an isotropic subbundle of (E¢,3) of rank s =1,...,n. Through Lemma
2.1.23, F induces a reduction of £ to a standard parabolic subgroup Pr of SO(r,C), in
the notation of Subsection 1.2.2, corresponding to I C /\. We claim that:

det(0* Ve p,) = det(F* @ (F/F)) @ (det(F*)®Y), F + F*, (2.2.25)
det(c* Ve p,) = det(F*)®E1), F=F*, (2.2.26)

where (F*)®G=1) denotes the vector bundle F* tensored with itself s — 1-times.

PRrROOF. Since SO(r,C) ~ SO(r,C), we induce a principal-SO(r, C)-bundle £ =
£(SO(r,C)) as an extension of £&. The reduction o*¢ of ¢ induces a reduction 7*&
of £ to P;. By composing cocycles ()i jer of *¢ with the adjoint representation
Ad: P; — GL(50(r,C)/p;), we obtain cocycles (7;;)i jer of 0" Vg /p,, which is isomorphic
to 0*V¢/p, as a vector bundle.

In order to determine (detoT;;); jer, we want to calculate Ad : Py — GL(50(r,C)/p;).
We first handle the case ' # F-. The complex vector space 50(r, C)/p; consists of classes

of matrices:
k k *
Npg=|D * x|, (2.2.27)

G —K,DTK,_ o, x
with D € Mat((r — 2s) x s,C) and G € s0(s,C). Thus, we have so(r,C)/p; ~ Mat((r —

2s) x 5,C) x 50(s,C) as complex vector spaces. We can then calculate Ad : P; —
GL(s0(r,C)/p;), using the description of matrices M, 4 in Py from (2.2.21):

Ad(Mgp.c,a)(Npc) (2.2.28)

* * * a’l
0 d —Kr_Qs(dl)T(bT)(al)TKs) (D * *)(o )
0 0 Ks(a YHT'K, G ... * 0o 0 ...
(2.2.29)

* * * cf1
= (dD—KMS(d—l)T (e HWTK,G  * *) ( 0o ... ) (2.2.30)
0 ...

* * *
dDa ! — Kr—QS(dil)T(bTxail)TKsGail * *) : (2231)
. *
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‘We observe the matrix:

<(a_1)T ©d (aH @ Kws(d—wT(bT)(a—l)TKs)

0 (@) o K (a1, (2.2.32)

where ® denotes the Kronecker-product of matrices. This matrix represents Ad(Mg . cq)
as an endomorphism on Mat((r — 2s) x s,C) x s0(s, C), acting on the pair (D, G).

The determinant of Ad(M,p,q) is then the product of the determinants of the diag-
onal blocks from (2.2.32), acting as endomorphisms on Mat((r — 2s) x s,C) and so(s,C)
respectively.

The upper-left block of (2.2.32) has the determinant det((a™')? ® d) =
det((a=1)T)"25det(d)*. The lower-right block of (2.2.32) acting on Mat(s x s,C), a
complex vector space of dimension s?, has the determinant det((a™ ')’ ® K (a7 1) K) =
det((a=')T)2%. When this block is restricted to acting on 50(s, C), a complex vector space
of dimension s(s — 1)/2, we have the determinant:
det((a T2 Z det((@ 1)1, (2.2.33)

Thus, we find that (det o 7;;); jes is the product of cocycles of det(F* @ (F+/F)) and
det(F*)®(=1D. The isomorphism in (2.2.25) then follows.

For the case of F' = F'*, the calculations are the same, apart from removing the middle
rows and columns in (2.2.27)...(2.2.31). The isomorphism in (2.2.26) then follows. O

If £ is a principal-SO(2, C)-bundle, nontrivial isotropic subbundles of E¢ correspond
to sections o of &.
We can now present an analog of Theorem 2.2.14 for special orthogonal vector bundles.

THEOREM 2.2.17. Let r > 3, and let £ be a principal-SO(r,C)-bundle. The induced
vector bundle E¢ admils the structure of a special orthogonal vector bundle (Eg, 3,7). We
write r = 2n+ 1 if r is odd, and r = 2n if r is even. The following are equivalent:

(i) The bundle £ is Ramanathan-(semi)-stable.
(7t) For all isotropic subbundles F # 0 of (E¢, B) of ranks =1,...,n, where s # n—1
if v is even, we have pu(F)(<)u(Ee) = 0.

PROOF. Any isotropic subbundle F' # 0 of E¢, of rank s # n — 1 if r is even,
corresponds to a reduction ¢*¢ of £ to a maximal standard parabolic subgroup P; of
SO(r,C), due to Lemma 2.1.23. Due to Lemma 2.2.16, we have:

deg(0™Ve/p,) = —deg(F)(r — 2s) — deg(F)(s — 1), (2.2.34)

= —deg(F)(r —s—1). (2.2.35)

Since r > 3, we have r — s —1 > 1, and follow that deg(c*V¢,p,)(>)0 is equivalent to
pu(F)(L)u(Ee) = 0, so the theorem follows. O

If £ is a principal-SO(2, C)-bundle, it is trivially Ramanathan-stable, and the condi-
tion (7i) of Theorem 2.2.17 would be vacuous.

Finally, we mention an analog of Theorem 2.2.14 and Theorem 2.2.17 for symplectic
vector bundles. By proving symplectic versions of Lemma 2.2.15 and Lemma 2.2.16, we
can now present the following theorem.

THEOREM 2.2.18. Let £ be a principal-Sp(2n, C)-bundle. The induced vector bundle
E¢ admits the structure of a symplectic vector bundle (E¢,3). The following are equiva-
lent:
(i) The bundle & is Ramanathan-(semi)-stable.
(it) For all isotropic subbundles F' # 0 of (E¢, ), we have u(F)(<)u(Ee) = 0.

PROOF. Analogous to that of Theorem 2.2.17. O
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Theorem 2.2.17 and Theorem 2.2.18 essentially match the results in [Ram75, Remark
3.1], as a consequence of [Ram75, Lemma 3.3]. However, in the even r = 2n case of
Theorem 2.2.17, our result differs slightly due to the fact that in Lemma 2.1.23, not all
isotropic subbundles correspond to reductions to maximal standard parabolic subgroups
Pr of SO(2n,C), with the exception being in (2.1.29).

2.2.4. The cases of derived subgroups and products

Until now, we dealt with the structure groups GL(r, C), and for r > 2, also SO(r, C)
and Sp(2n, C), although we did not cover the case of SL(r, C).

In this subsection, we compare the Ramanathan-(semi)-stability of principal bundles
with the Ramanathan-(semi)-stability of their reductions to derived subgroups. As a
special case, we get an analog of Theorem 2.2.14 for special vector bundles, since SL(r, C)
is the derived subgroup of GL(r, C).

Let G be a connected complex reductive group, with neutral element e € G and
reductive Lie algebra g.

DEFINITION 2.2.19. The derived subgroup Gge, of G is the subgroup generated by the
commutators g~ th~tgh = [g, h] € [G, G] of elements in G.

The group Gge is a normal subgroup of G by construction. As shown in [Bor91, 1.2.4],
it is also a closed connected complex algebraic subgroup of G.

If H; and Hj are subgroups of GG, then HyHy denotes the subgroup of G generated
by elements of H; and Hos.

REMARK 2.2.20. (a) In [Bor91, IV.14.2 Proposition|, it is proven that G =
G4erR(G), and that Gger N R(G) is finite. Since R(Gye,) is contained within
Gger N R(G), and is connected, we have that R(Gger) = e, and thus Gge, is
semisimple.

(b) Since R(G) = Z(G)?, the Lie algebra of R(G) is 3(g), and the Lie algebra of
G ger 18 @ss, using the decomposition g = gss @ 3(g) from Theorem 1.1.5.
(c) We have the maps:

{Parabolic subgroups of G} «» {Parabolic subgroups of G}, (2.2.36)
P Pder = Gder N Pa (2237)
PderR(G) A Pd6T7 (2238)

which are well-defined, since G/P is a complex complete algebraic variety, if and
only if Gger/Paer is such, due to the isomorphism of complex algebraic varieties:

G/P = G4erP/P =~ Ger [ (Gger N P) = Gaer/ Pier- (2.2.39)

The maps in (2.2.37) and (2.2.38) are inverse to each other, using the iden-
tification between root space decompositions of g and gss from (d) of Remark
1.1.11, and the correspondence between standard parabolic subgroups and sub-
sets of simple roots from (b) of Remark 1.1.25.

Given how closely related the groups G and Gy, are, it is natural to ask how the
Ramanathan-(semi)-stability of principial-G4.,-bundles and principal-G-bundles are re-
lated.

LEMMA 2.2.21. A principal-Gger-bundle € is Ramanathan-(semi)-stable if and only if
its extension £(G) of &, with respect to the inclusion Gger — G, is Ramanathan-(semi)-
stable as a principal-G-bundle.

PROOF. Let P, be a maximal parabolic subgroup of Gy, and let P = Py, R(G)
be the corresponding maximal parabolic subgroup of G. Let 07;,,.£ be a reduction of £ to
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Pje, defined by a section oge : X — £/ Pyer. Since the isomorphism in (2.2.39) is Gep-
equivariant, we induce an isomorphism &/ Py, ~ &(G)/P of fiber bundles, and thus the
section oger @ X — &/ Pyer corresponds to a section o : X — £(G)/P. In this situation,
0*(£(G)) is isomorphic to an extension of ¢7,.§ to P, and both share cocycles ()i jer
that map into Pye,.

Using that pger = gss NP, and that p = pge, @ 3(g) as Lie algebras, we claim that for
all 4,57 € I, the following diagram commutes:

Ui N Uj % Pder g GL(pdeT) g Ccx

U H
P "% GL(p) = ¢ (2.2.40)

Since the adjoint representation of Py, acts on 3(g) through the identity, the mor-
phisms on the bottom row of (2.2.40) have the same determinants as the top row of
(2.2.40). Hence, the diagram commutes.

As the top row of (2.2.40) gives us cocycles of det(ad(c},,.£)) and as the bottom row
of (2.2.40) gives us cocycles of det(ad(c*(£(G)))), these two line bundles are isomorphic
to each other, and thus deg(ad(c},,.§)) = deg(ad(c*(£{(G)))).

Since Ramanathan-(semi)-stability is determined through these degrees, as seen in
Lemma 2.2.9, the claim follows. O

The usefulness of Lemma 2.2.21 is clear in the G = GL(r, C) case.

EXAMPLE 2.2.22. Let r > 2. For G = GL(r,C), GL(r,C)g4, is generated by the
matrices in [GL(r,C), GL(r,C)], which have determinant 1. Since the Lie algebra of
GL(r,C)ger is gl(r,C)ss = sl(r,C), as we saw in (a) of Example 1.1.7, we have that
GL(r,C)ger = SL(r, C).

Due to Theorem 2.2.14, the slope-(semi)-stability of a special vector bundle (E, 7) is
equivalent to the Ramanathan-(semi)-stability of Fr(E).

Since the frame bundle Fr(E) is isomorphic to an extension of the special frame
bundle Frgy,(F,7) to GL(r,C), through the inclusion SL(r,C) — GL(r,C), we use
Lemma 2.2.21 to follow that the Ramanathan-(semi)-stability of Fr(F) is equivalent to
the Ramanathan-(semi)-stability of Frsr(E, 7).

Altogether, the slope-(semi)-stability of F is equivalent to the Ramanathan-(semi)-
stability of Frgy,(F, ), which is the special linear version of Theorem 2.2.14.

In this chapter, our last goal is to answer whether the correspondences from Theorem
2.2.14, Theorem 2.2.17 and Theorem 2.2.18 are compatible with products of structure

groups.
For m = 1,...,l, let G,, be a connected complex reductive group, then G = G x
... X Gy is a connected complex reductive group. For all m = 1,...,1, we choose a Cartan

subalgebra t,, of the Lie algebra g,, of G,,, and a choice of positive roots ® (g, tm)™,
which induces the simple roots A,,. We have a Cartan subalgebra t = t; & ... ® t,,
of the Lie algebra g = g1 @ ... ® g; of G, which induces a natural bijection ®(g,t) ~
(g1, t1)U. . .LUDP(gq, t;). We choose the positive roots ®(g, t)T ~ & (g1, t1) L. ..UD(g;, )7,
inducing the simple roots A ~ Aj ... UA;.

LEMMA 2.2.23. For all m = 1,...,1, let &, be a principal-G,,-bundle, then we have
a principal-G-bundle £ = & X ... x &. The bundle & is Ramanathan-(semi)-stable if and
only if for all m =1,...,1, &, is Ramanathan-(semi)-stable.

PROOF. Let 0 : X — £/Pr be a reduction of £ to a maximal standard parabolic
subgroup Py of G.



CANONICAL REDUCTIONS OF PRINCIPAL BUNDLES 37

Any maximal standard parabolic subgroup P; of G corresponds to I = {a;,} C
A~ Ay U...U A, where a,, corresponds to a simple root in A,,, for m = 1,...,L.
By construction, Py is equal to G1 X ... X (Pf)m X ... X Gy, where (Pr),, on the m-th
component, is a maximal standard parabolic subgroup of G,,. Thus, o : X — &/P;
appears as:

o: X =5&/Pr=(& % ... xE) /(G X ... x (P)m X ... x GY), (2.2.41)

~ X X .o X (&n/(Pr)m) X ... x X, (2.2.42)

which corresponds to a section o, : X — &, /(Pr)m. Therefore, for a fixed m = 1,...,1,
reductions of £ to Pr, with I = {a,,}, are in correspondence with reductions of &, to

(Pr)m.

Furthermore, we get an isomorphism of vector bundles:

(0"&)(a/p1) = PI\((07¢ x g)/p1) = (Pr)m\((07,6m X 8m)/(P1)m) = (O'Mm)(gm/((m)m)-)

2.2.43

Due to this isomorphism, the two vertical tangent bundles 6™ V¢, p, and o7, Ve, /(p,),,, share
the same degree.

Since this holds for all m = 1,...,1[, the claim of the lemma follows. O

REMARK 2.2.24. Due to this lemma, Theorem 2.2.14, Theorem 2.2.17, Theorem 2.2.18
and Remark 2.2.22, imply the following special cases:

(a) If for all m = 1,...,1, we have G,, = GL(r,,C), the bundle £ =& x ... x & is
Ramanathan-(semi)-stable if and only if for all m =1,...,[, the induced vector
bundle E¢, is slope-(semi)-stable.

(b) If for all m = 1,...,I, we have G,,, = SO(ry,,C), r,, > 3, the bundle £ =
&1 X ... x & is Ramanathan-(semi)-stable if and only if for all m = 1,...,, the
induced vector bundle Eg,, fulfills the condition from Theorem 2.2.17.

(c) If forallm =1,...,1, we have G,,, = Sp(2n,,C), the bundle { = &; x ... x § is
Ramanathan-(semi)-stable if and only if for all m = 1,...,[, the induced vector
bundle Eg,  fulfills the condition from Theorem 2.2.18.

In (STEP 4) of the Examples in Section 1.2, we saw in that the Levi-factors Ly of the
groups GL(r,C), and for r > 2, also SL(r,C), SO(r,C) and Sp(2n,C), are isomorphic
to products of connected complex reductive groups.

Through Lemma 2.2.23, we can use this to test the Ramanathan-semistability of
principal-L7-bundles, which will be important for investigating canonical reductions later
in Chapter 3.



CHAPTER 3

Canonical reductions of principal bundles

We follow [HN75] to construct Harder-Narasimhan filtrations of vector bundles, and
prove their uniqueness. Afterward, we construct analogs of these filtrations for special
orthogonal and symplectic vector bundles.

Using Harder-Narasimhan filtrations of adjoint bundles, we follow Atiyah and Bott in
[AB82] to construct canonical reductions of principal-G-bundles, where G is a connected
complex reductive group. We also cover the Biswas and Holla approach in [BHO04] to
constructing canonical reductions, and verify that these two approaches are equivalent.

As before, X is a compact connected Riemann surface, which is the base space for
our bundles.

3.1. Harder-Narasimhan filtrations of vector bundles

3.1.1. The case of vector bundles
In order to investigate the slope-semistability properties of vector bundles, we intro-
duce Harder-Narasimhan filtrations.
THEOREM 3.1.1. Let E # 0 be a vector bundle of rank r. There exists a filtration of
E by subbundles:
that fulfills the following properties:
(i) The quotient bundles Fy, = Ep,/En—1, m=1,...,1, are slope-semistable.
(ii) The quotient bundles fulfill the slope inequalities:
u(Fr) > ... > p(Fy). (3.1.2)

This filtration is unique amongst all filtrations of E with these properties.

This is called the Harder-Narasimhan filtration of E, first constructed in [HN75,
Proposition 1.3.9]. In order to prove this theorem, we first discuss some results on degrees
and slopes of vector bundles.

LEMMA 3.1.2. Let:

0—>FE —-E—E =0, (3.1.3)

be a short exact sequence of nontrivial vector bundles. Then one of the following is true:

(i) W(E') < u(E) < p(E").
(ii) w(E") > p(E) > p(E").

In either case, the inequalities may all be strict, or otherwise may all be equalities.

ProOF. This follows from the additivity of ranks and degrees of vector bundles, as
seen in Remark 2.2.3. This is proven in [Fri98, 4. Lemma 2]. O

For the following remark, we fix an embedding X < P into a complex projective
space, realizing X as a complex algebraic variety.

38
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REMARK 3.1.3. Let Ox be the complex algebraic structure sheaf of X. The categories
of vector bundles and locally free-O x-modules are equivalent, where the latter is a full
subcategory of the category of coherent-O x-modules:

VecBunx ~ LocFree-O x-Mod C Coh-O x-Mod. (3.1.4)

Let ¢ : E — E’ be a nontrivial morphism of vector bundles. Since Coh-O x-Mod is an
abelian category, we have kernels kerc,r(¢) and images imoop(p) of ¢ in Coh-O x-Mod,
such that the homomorphism theorem E/kercon(p) =~ imcon(e) is fulfilled.

For the kernels ker(y) and images im(p) of ¢ in VecBuny, it can be shown that
ker(p) = keroon(p) # E, and thus imc,n(¢) # 0. Through an application of the Riemann-
Roch formula, as seen in [Fri98, 2. Theorem 2], it can be shown that:

n(E/ ker(p)) = plimeon(p)) < p(im(ep)). (3.1.5)

LEMMA 3.1.4. Let E # 0. We define:
degax(E) = sup{deg(F)|F # 0 is a subbundle of E}, (3.1.6)
tmax (F) = sup{u(F)|F # 0 is a subbundle of E}. (3.1.7)

We have deg, .« (E), pimax(E) < 00, and there exists subbundles F # 0 and F' # 0 of
E, such that deg(F) = degy.(E) and p(F') = pimax(F).

ProoF. We first handle deg,,.(E), where it suffices to show that deg,,.(E) < oo,
since degrees are integers.

The 0-th sheaf cohomology of a vector bundle is the complex vector space of global
sections. For a subbundle F' # 0 of E of rank s = 1,...,r, a global section of F is also a
global section of E, and thus dimc(H°(X, E)) > dimc(H?(X, F)).

We denote the genus of X by g, we then have due to Riemann-Roch, from [Frio8, 2.
Theorem 2], that:

dime(HY(X, F)) = dimc(HY(X, F)) + deg(F) + (1 — g)s > deg(F) + (1 — g)s, (3.1.8)

dimc(HY(X,E)) + (g — 1)s > dim¢c(H(X, F)) + (g — 1)s > deg(F). (3.1.9)

If g = 0, we have dimc(H(X, E)) > d ( ) due to (3.1.9). Otherwise, g > 1, and we

can imply dlm@(HO(X, E))+ (g —1)r > deg(F') using (3.1.9), so the claim for deg,, ... (F)
follows.

We now handle pimax(E). Let s = 1,...,r, then using (3.1.9), we find a subbundle Fj

of F of rank s, such that Fy has maximal degree amongst all subbundles of F of rank s.

Due to the finite choices of s, we follow pimax(F) = max}_; u(Fs) < oo, and thus there
exists an s such that p(Fs) = pimax(F). O

We can now use deg,,... and pimax, and slope-semistability, to investigate morphisms
of vector bundles.

LEMMA 3.1.5. Let ¢ : E — E’ be a morphism of nontrivial vector bundles. If E is
slope-semistable such that u(E) > pmax(E"), then ¢ = 0.

Proor. If ¢ # 0, we can use Lemma 3.1.2 and Remark 3.1.3 to follow:

fmax(E") < p(E) < p(E/ ker(p)) < p(im(p)), (3.1.10)
which is a contradiction to the maximality of fipax(E’). O

The proof of Theorem 3.1.1 also requires constructing maximal destabilizing subbun-
dles.

LEMMA 3.1.6. For a subbundle F' # 0 of E of mazimal rank, such that u(F) =
Umax(E), we have that:

(i) The subbundle F is slope-semistable.
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(ii) Either F = E or pimax(E) > pimax(E/F).
Such a subbundle F' exists, and is unique as a subbundle of E.

We call F' the mazimal destabilizing subbundle G(E) of E.

PRrROOF. To prove (i), let F' # 0 be a subbundle of F, then since F”’ is a subbundle
of E, we have p(F') < pmax(F) = p(F), implying slope-semistability.

To prove (7i), assuming F # E, let E'/F # 0 be a subbundle of E/F, such that
u(E'JF) = pmax(E/F), which exists due to Lemma 3.1.4. Due to u(F) = pimax(E), and
the maximality of the rank of F', we have u(E’) < u(F). Then by using Lemma 3.1.2 on
the short exact sequence:

0—+F—FE —FE/F—0, (3.1.11)
we have fimax(E) = p(F) > p(E'/F) = pumax(E/F).

To prove the uniqueness of F, let F’ be another such subbundle of E with the same
properties as F. If F = F' = E, there is nothing to show, otherwise we may assume
F' # E or F # E. Without loss of generality, let us assume F # E. The projection
o : F' — E/F fulfills u(F') = pimax(E) > pimax(E/F), and F’ is slope-semistable. Using
Lemma 3.1.5, we have ¢ = 0, and thus F’ is a subbundle of F. Due to the maximality of
F’ and F with respect to rank, we get F/ = F. O

In order to prove Theorem 3.1.1, we also need that the conditions (7) and (%) of
Lemma 3.1.6 characterize maximal destabilizing subbundles.

LEMMA 3.1.7. For a slope-semistable subbundle ' # 0 of E, such that FF = E or
tmax (E) > pimax(E/F), we have F = G(E).

Proor. If F = E, then E is slope-semistable, and F' = E = G(FE) is the maximal
destabilizing subbundle of E.

Otherwise, F' # E. The projection ¢ : G(E) — E/F fulfills u(G(E)) = pimax(E) >
pmax(E/F), and thus ¢ = 0, due to Lemma 3.1.5. Thus, G(E) is a subbundle of F. The
slope-semistability of F' implies that u(G(F)) = pimax(E) = u(F), and thus G(E) = F,
using the maximality of the rank of G(E). 0

We can now finally prove the existence and uniqueness of the Harder-Narasimhan
filtration.

PROOF OF THEOREM 3.1.1. We construct a Harder-Narasimhan filtration of FE
starting with Fp = 0 and Ey = G(F). If Ey # E, we construct FEo as a subbundle
of E containing Fj, such that Ey/FE; = G(E/E;). In general, for increasing m € N,
we construct E,, recursively such that E,,/FE,,—1 = G(FE/E;—1), which terminates at
E; = E for some [ € N, due to the rank r of E being finite.

For all m = 1,...,l, since F,, = E,,/FE;—1 a maximal destabilizing subbundle of
E/E,,—1, it is slope-semistable due to Lemma 3.1.6.

If [ = 1, we have already found a Harder-Narasimhan filtration, namely:

Otherwise, we assume | > 2, where it remains to verify the slope inequalities on the
quotient bundles. For all m =1,...,1 —1, we have F,, # E/E,,_1 and (E/E;,_1)/Fp ~
E/E,,, thus we have due to Lemma 3.1.6:

/L(Fm) = Mmax(E/Emfl) > /«Lmax(E/Em) > ,U(Fm+1), (3.1.13)

and we have thus found a Harder-Narasimhan filtration Fg of E.
We now prove the uniqueness of Harder-Narasimhan filtrations. Let the following
filtration:
Fe:0=FEC...CE =E, (3.1.14)
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denote any Harder-Narasimhan filtration, with the quotient bundles F,, = E,,/E;,—1,
m = 1,...,1. We claim that for all m = 1,...,l, we have G(E/E,,—1) = F,,,, and thus
this filtration coincides with the filtration g we constructed earlier.

We perform an induction on . If [ = 1, the statement is clear, since G(E/Ey) =
G(F) = FE = F}, as F is slope-semistable.

Assuming the statement is true for [ — 1 > 1. For m = 2,...,[, we have that
(Em/Er)/(Em—1/FE1) ~ F,,, which is slope-semistable, and thus E/E; has a Harder-
Narasimhan filtration:

Fep, :0=FE1/E\ S ...C E/E = E/E, (3.1.15)

of length [ — 1, which is thus unique.

Let m = 2,...,l. From the induction hypothesis, we have G((E/E1)/(Em-1/E1)) =
(Em/E1)/(Em—1/E1). Through the isomorphism (E/Ey)/(Epm—1/E1) ~ (E/Emn-1),
which restricts to (E,,/E1)/(Em—1/E1) ~ Fy,, we follow that G(E/Ey,—1) = F,.

It remains to show that G(E/Ey) = Fi, i.e., G(E) = E;. We have that Fy = F} is
slope-semistable, and since [ — 1 > 1, we have F; # E. Due to Lemma 3.1.7, it suffices
to show that pimax(F) > pmax(E/E1).

Since G(E/E) = F», we have p(F2) = pmax(E/E1). Using p(F1) > u(Fy), we follow
that pmax(E) > pimax(E/E1). Thus, we have G(E) = Ej.

In conclusion, Harder-Narasimhan filtrations exist and are unique. O

As an example, we explain how Harder-Narasimhan filtrations appear for direct sums
E=L16®...® L; of line bundles. For this, we need the following remark and lemma.

REMARK 3.1.8. Let E be a vector bundle of rank r, and let F' and F’ be subbundles
of E. Despite the sets F N F’' and F + F’ having complex vector spaces as their fibers,

they may not be vector bundles, as they may not be locally trivial. To resolve this, we
define the morphisms ¢ : F® F' — Eand ¢ : E — (E/F) ® (E/F’):

o: (v,w)—v4+w, v ([v],[v]), (3.1.16)
and define F vV F' = im(p) as the sum of F and F', and F A F' = ker(¢)) as the
intersection of F and F’, both of which are subbundles of . Due to Remark 2.1.3, we
have F+ F' C FV F and FAF' C FNF' as sets.

The projection ¢ : F — E/F' has the kernel ker(¢) = F A F’ and image im(y)

(FVF")/F. If ¢ is nontrivial, then Remark 3.1.3 gives us the inequality u(F/(FAF’)) <
W((F N FY) ).

We can now prove that direct sums of slope-semistable bundles of the same slope are
slope-semistable.

LEMMA 3.1.9. Let:
0EAESE o0, (3.1.17)

be a short exact sequence of nontrivial vector bundles, such that E' and E" are slope-
semistable and p(E") = p(E"). Then E is semistable such that p(E) = u(E") = u(E").

PROOF. By applying Lemma 3.1.2 on the short exact sequence in (3.1.17), we have
u(E) = p(E") = p(E").

We now prove the slope-semistability of E. To calculate the slope of im(yp) = ker(¢)),
we use that u(E/ker(v)) < p(im(y)) = p(E") = p(E), from Remark 3.1.3, and the short
exact sequence:

0 — ker(y)) = E — E/ker(y) — 0, (3.1.18)
to imply p(im(p)) = p(ker(¢))) < p(F) using Lemma 3.1.2. Since imegop(p) ~ E’, from
Remark 3.1.3, we also follow pu(E) = pu(imeon(p)) < p(im(p)), implying:

u(E

p(im(p)) = p(E) = p(imeon(p)) = p(E/ ker(¢)). (3.1.19)
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Using Riemann-Roch, we follow:

E' =~ imoon(p) = im(p) = ker(v), B/ ker() = imeon(e) = im(¢) = B, (3.1.20)

Let F' # 0 be a subbundle of E, we claim that u(F) < p(E). If F' is a subbundle of
im(y), the claim follows directly due to the semistability of E’. Otherwise, F' is not a
subbundle of im(¢) = ker(¢), and thus F'/(F Aker(y)) # 0, and (FVker(¢))/ ker(¢)) # 0
is isomorphic to a subbundle of E”. By using Remark 3.1.8, we have:

H(F/(F Aker())) < p((F V ker(w))/ ker(1)) < p(E") = p(E). (3.1.21)

If F'Aker(yp) = 0, then we have u(F) < wu(E). Otherwise, F' A ker(¢)) # 0 is a
nontrivial subbundle of ker(v)), and u(F Aker(v)) < pu(E") = pu(FE), thus by using Lemma
3.1.2, the short exact sequence:

0 — F Aker(¢p)) = F — F/(F Nker(y)) — 0, (3.1.22)
implies u(F) < u(E). O

A consequence of this lemma is that direct sums of slope-semistable bundles of the
same slope are slope-semistable. We use this to describe Harder-Narasimhan filtrations
of direct sums F = L1 & ... ® L; of line bundles.

EXAMPLE 3.1.10. Let £ = L1 @ ... ® L; be the direct sum of line bundles, where we
order the slopes:

(L) = oo = (L) > p(Ligsr) = oo = (L) > o> p(Lgrn) = . = p(La):
(3.1.23)
Using Lemma 3.1.9, we see that the filtration:
t1 to
Fe:0CPLcPLc...cPL =E, (3.1.24)
i=1 i=1 i=1

is the Harder-Narasimhan filtration of E.

Such a bundle FE appears naturally. For example, if X = ]P’(lc is the projective curve,
then the Grothendieck splitting theorem guarantees that all vector bundles E on X are
isomorphic to a direct sum of line bundles.

3.1.2. The cases of orthogonal and symplectic vector bundles

Having proven that Harder-Narasimhan filtrations for vector bundles exist and are
unique, we ask whether similar filtrations exist for special orthogonal vector bundles and
symplectic vector bundles.

Let (E, 3,7) be a special orthogonal vector bundle of rank r > 2.

THEOREM 3.1.11. There exists a filtration of (E, ) by isotropic subbundles of E':
Fep:0=Ec...c B CE, (3.1.25)

such that the following properties hold:

(i) The quotient bundles Fy, = Ep,/Enm—1, m=1,...,1, are slope-semistable.
(ii) The quotient bundles fulfill the slope inequalities:

w(Fy) > ... > p(Fy) >0, (3.1.26)

(iii) Either E; = EZL, or the rank of E'll/El isr’ >3, and Frso(ElL/El,BEl,TEl) 18
Ramanathan-semistable.

This filtration is unique amongst all filtrations of (E, 3, T) with these properties.
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This is called a special orthogonal Harder-Narasimhan filtration of (E, 3,T).

Note that condition (74) can be characterized using isotropic subbundles of
(Et/Ey, Bg,), using Theorem 2.2.17.

The proof approach is the same as that of Harder-Narasimhan filtrations from Theo-
rem 3.1.1, where we need special orthogonal versions of Lemma 3.1.4, Lemma 3.1.6 and
Lemma 3.1.7.

LEMMA 3.1.12. We define:
deg>™ ™ (E, B) = sup{deg(F)|F # 0 is an isotropic subbundle of (E,S)}, (3.1.27)

max
P (B B) = sup{u(F)|F # 0 is an isotropic subbundle of (E, 5)}. (3.1.28)
If E has nontrivial isotropic subbundles, we have deg?:(E, B), uSth(E,3) < oo,

and there exists isotropic subbundles F # 0 and F' # 0 of (E, (), such that deg(F) =
de Orth(E,ﬁ) and M(F,) Orth(E,,B).

max = /‘Lmax
PROOF. The case of deg(F) = deg(E,3) < oo directly follows from
deg®"'M(E, B) < deg,,..(E) < oo, using Lemma 3.1.4.

We now handle p&h(E,3). Let s = 1,...,n, using (3.1.9) from Lemma 3.1.4, we
find an isotropic subbundle Fy of (F, () of rank s, such that Fy has maximal degree
amongst all isotropic subbundles of (F,3) of rank s. Due to the finite choices of s, we

follow poth(E, B) = max’_; u(Fys) < oo, and thus there exists an s, such that p(Fy) =

s (B, B). O
LEMMA 3.1.13. For an isotropic subbundle F' # 0 of (E,B) of mazimal rank, such
that u(F) = poth (B, B), we have that:

= Mmax
(i) The bundle F is slope-semistable.
(ii) The bundle F is mazimally isotropic, i.e., isotropic of mazximal rank, or other-
wise :u’?rg,?((Ea 6) > M?rf;,?c(FJ_/Fa BF)
If u(F) > 0, then F is unique with these properties.

With the condition p(F') > 0, we call F' the mazimal destabilizing isotropic subbundle
G (B, B) of (B, B).

PRrROOF. To prove (i), let F’ # 0 be a subbundle of F, then since F’ is an isotropic
subbundle of (E, ), we have u(F') < uoth(E, 8) = u(F), implying slope-semistability.

max
To prove (ii), assuming F' is not maximally isotropic, let F'/F # 0 be an isotropic

subbundle of (F+/F,Br), such that u(F'/F) = pth(FL/F, Br), which exists due to
Lemma 3.1.12. Due to u(F) = u2(E, 8), and the maximality of the rank of F', we have
pu(F') < u(F). Using Lemma 3.1.2 on the short exact sequence:

0—>F—F - F/F—0, (3.1.29)
we have pitt (B, ) = u(F) > u(F'/F) = ugiy(F*/F, BF).

To prove the uniqueness of F', given p(F) > 0, we let F’ be another isotropic sub-
bundle with the same properties as F', and claim that F = F’.

We perform an induction on the rank r of E. For r = 2, the statement is clear.
Assuming the statements are true for ranks 2,...,7 — 1, we prove the statement for r.
We first claim that F' A F' # 0, otherwise, (F'V F’, Bpypr, Tpypr) is a special orthogonal
vector bundle admitting the nontrivial epimorphism:

0:FOF - FVF, (v,w)—v+w. (3.1.30)
Due to Lemma 3.1.9, F & F’ is slope-semistable and:
2u(F) = wW(F & F') > pik(FV F', Beyp) = u(F), (3.1.31)

implying ¢ = 0 using Lemma 3.1.5, leading to a contradiction.
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Since F' A F’ # 0, we can project F' and F’ into the special orthogonal vector bundle
((FVFE)/(FNF"),Bpyp, TeyE ). Since this bundle is of lower rank than E, we can use
the induction hypothesis to follow that F' = F”. O

LEMMA 3.1.14. For a slope-semistable isotropic subbundle F # 0 of (E,B), with
slope u(F) > 0, that is maximally isotropic or St (E, B) > uSth(FL/F Br), we have
F = gorth(E’ 5)

PrOOF. We perform an induction on the rank r of E. For r = 2, the statement is
clear. Assuming the statements are true for ranks 2,...,r — 1, we prove the statement
for r. We first claim that F A G (E, 8) # 0, which follows analogously to the proof of
uniqueness in Lemma 3.1.13.

Since FAGO™™(E, 8) # 0, we can project F and G"**(E, ) into the special orthogonal
vector bundle ((F'V Go"™(E, B))/(F AG"™(E, B)), Brvgern (g g)s TEvgerm (g,3))- Since this
bundle is of lower rank than F, we can use the induction hypothesis to follow that
F = gorth(E’ 5) O

Using these results, we can now prove of Theorem 3.1.11 with a similar approach to
Theorem 3.1.1.

Proor oF THEOREM 3.1.11. We construct a special orthogonal Harder-Narasimhan
filtration of (E, B) starting with Eg = 0. If E is isomorphic to the product bundle X x C?
of rank 2, we have finished constructing the filtration at [ = 0. Likewise, if the rank of £
is r > 3 and Frso(F, 8, 7) is Ramanathan-semistable, we have also finished constructing
the filtration at I = 0. Otherwise, we set £y = Go'*"(E. 3).

In general, for increasing m € N, if F,, 1 fulfills the stopping condition (%ii) of
this Theorem, we have finished constructing the filtration at [ = m — 1. Otherwise,
we construct E,, recursively such that E,,/E,,_1 = G EL_|/E,. 1,88, _,), which
terminates at E; for some [ € N.

For all m = 1,...,1, we have that F,, = E,,/E,,—1 is slope-semistable, as a maximal
destabilizing isotropic subbundle of (E;=_,/Em_1,Bg,,_,)-

If [ = 1, we have already found a Harder-Narasimhan filtration, namely:

Fep:0=E CE CE. (3.1.32)
Otherwise, we assume [ > 2, where it remains to verify the slope inequalities on the
quotient bundles. For all m = 1,...,l — 1, we have that F},, is not maximally isotropic in

(B /En_1,BE, ,) and F/F,, ~ E-/E,,, thus we have due to Lemma 3.1.13:
w(Fm) = N?rf;};c(ErJﬁ—l/Em—la BEp_1) > M%‘;};(ETJT_'L/EW7/BEW) = p(Fpi1) > 0. (3.1.33)

Altogether, we have proven the existence of a special orthogonal Harder-Narasimhan
filtration:

The uniqueness of F(g g) is proved analogously to the proof of Theorem 3.1.1 by
performing an induction on [. O

We now mention a symplectic version.

THEOREM 3.1.15. Let (E, ) be a symplectic vector bundle of rank r = 2n. There
exists a filtration of (E, ) by isotropic subbundles of E:
Fep :0=EC...CECE, (3.1.35)
such that the following properties hold:

(i) The quotient bundles F,, = Ep,/Epm—1, m = 1,...,1, are slope-semistable.
(i) The quotient bundles fulfill the slope inequalities:

w(Fy) > ... > pu(E) > 0. (3.1.36)
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(iii) Bither E; = Ej-, or the rank of Ei*/E; is ' > 2, and Frsp(Ej-/E), Br,) is
Ramanathan-semistable.

This filtration is unique amongst all filtrations of (E, [3) with these properties.
This is called the symplectic Harder-Narasimhan filtration of (E, 3).
PROOF. Analogous to that of Theorem 3.1.11. O

3.2. Canonical reductions of principal bundles

Lemma 2.1.15, Lemma 2.1.23 and Lemma 2.1.26 show that, generally speaking, fil-
trations of vector bundles correspond to reductions of principal bundles to standard par-
abolic subgroups. Having constructed Harder-Narasimhan filtrations, we want to deter-
mine which reductions of principal bundles to standard parabolic subgroups correspond
to Harder-Narasimhan filtrations.

In the general setting where G is a connected complex reductive group, these reduc-
tions are called canonical reductions of principal-G-bundles. These were first introduced
by Atiyah and Bott in [AB82, Chapter 10] using adjoint bundles. Later on, Biswas and
Holla in [BHO04] found a characterization of canonical reductions using simple roots and
dominant characters.

3.2.1. The Atiyah-Bott approach

Let & be a principal-G-bundle. This approach in [AB82, Chapter 10] involves finding
a filtration F of the adjoint bundle ad(§), such that a subbundle in F is a parabolic Lie
algebra subbundle of ad(¢).

We know that the adjoint bundle is an orthogonal vector bundle, as seen in (b) of

Remark 2.2.7. The following lemma proves that it is also a special orthogonal vector
bundle.

LEMMA 3.2.1. The adjoint bundle ad(§) is a special orthogonal vector bundle.

PROOF. Due to (b) of Remark 2.2.7, it suffices to show that det(ad(£)) is isomorphic
to the product bundle X x C. As a linear algebraic group, G can be viewed as a matrix
subgroup of GL(r,C), such that the adjoint representation Ad : G — GL(g) can be
viewed as matrix conjugation.

Cocycles (04j)ijer of £ induce cocycles (Ad o 04j); jer of ad(§), which are equal to
((O'Z-;l)T ® 04j)ijer- This induces cocycles (det((o’i}l)T ® 04j))ijer of det(ad(§)), which
are cocycles of the product bundle X x C. Thus, the claim follows. O

We fix 5 and 7 such that (ad(§), 8, 7) is a special orthogonal vector bundle. We have
the special orthogonal Harder-Narasimhan filtration from Theorem 3.1.11:

J:(ad(f),ﬁ) 0= ad(f)o g_ e g_ ad(é)l _g_ ad(&) (3.2.1)
By including the corresponding coisotropic subbundles, we can extend the filtration:
0=ad(¢)o < ... Cad(&) Cad(§); ¢ ... S ad(&)y =ad(é). (3.2.2)

We claim that ad(£)i is a parabolic Lie subbundle of ad(¢). To prove this, we first
need the following results on slope-stability.

LEMMA 3.2.2. Let E # 0 and E' # 0 be vector bundles of rank v and r' respectively.
If E and E' are slope-semistable, the bundle E @ E' is slope-semistable of rank rr’, with
slope u(E @ E') = u(E) + u(E').

PROOF. Due to properties of tensor products, it is clear that E ® E’ has rank r7’.
Using properties of the degree on tensor bundles, we obtain:

w(E® E') =deg(E® E")/rr' = (r'deg(E) + rdeg(E))/rr’ = u(E) + n(E').  (3.2.3)
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The statement about slope-semistability is nontrivial. A proof is sketched in [AB82,
Lemma 10.1], referencing the papers [NS65] and [Don83|, that prove the case when E
and E’ are slope-stable.

In [NS65, Corollary 2|, Narasimhan and Seshadri concluded that slope-stable vec-
tor bundles, of degree 0, are isomorphic to associated bundles of irreducible unitary
representations of the fundamental group of X. As the tensor product of two unitary
representations is again a unitary representation, the slope-semistability of E® E’ follows
from [NS65, Proposition 10.4].

Donaldson in [Don83, Theorem| provides another proof, when E and E’ are slope-
stable, using unitary connections of vector bundles. This has the advantage that the
degree of E and E’ no longer has to be 0.

Following [AB82, Lemma 10.1], to generalize to the situation where E and E’ are

only slope-semistable, we may use Jordan-Holder filtrations of E and E’. O
LEMMA 3.2.3. Let E # 0 and E' # 0 be vector bundles with filtrations by subbundles:
0=EyC...CE=E, 0=E,C...CE, =F, (3.2.4)

with slope-semistable quotients Fy, = Ep/Ey,—1, m = 1,...1, and F}, = E| /E! |

m=1,...0.
Let g € Q. Assuming the quotients fulfill u(F,,) > q, and u(F},) < q, every morphism
E — E' of vector bundles is 0.

PROOF. If | =1’ =1, then E and E’ are slope-semistable, for which the claim follows
from Lemma 3.1.5.

We perform a double induction on (,1’). Assuming the claim is true for the pairs of
lengths (I, I'), we wish to verify the claim for the lengths (I + 1, '), and (I, I’ + 1). For
(I + 1, 1"), the restriction of a morphism E — E’ to E; — E’ is 0 due to the induction
hypothesis. Similarly, E/E; — E’ is also 0 due to the induction hypothesis. Altogether,
we have that E — E’ is 0. The argument for (I, I’ + 1) is analogous to of (I+1, I'). Thus,
the claim of the lemma follows. O

LEMMA 3.2.4. For the filtration (3.2.2) of the adjoint bundle ad(§):

(i) Form =0,...,l, the bundle ad(§)m, is a nilpotent Lie algebra bundle.
(ii) The bundle ad(€);- is a parabolic Lie algebra subbundle of ad(€).

ProoOF. We first prove that ad(f)f- is a Lie algebra bundle. It suffices to show that
the map ¢ : ad(§)i" ® ad(§)] — ad(€)/ad(€);- induced by the Lie bracket is 0. Using
Lemma 3.2.2, there exists a filtration of ad(§ )ZJ- ® ad(€)it, whose quotients are semistable
of slope greater or equal to 0. Furthermore, the slopes of the quotients of the Harder-
Narasimhan filtration of ad(¢);/ad(£);- are lesser than 0. Using Lemma 3.2.3, we have
that ¢ = 0.

For (i), a similar argument shows that for m = 1,...,[, the map ¢ : ad(§);®ad (&), —
ad(§)/ad(€)m—1 induced by the Lie bracket is 0.

For (ii), we note that for all z € X, we have (ad(¢);"), =~ (ad(&)i/ad(€))). ® (ad(€)))
as Lie algebras. Due to Lemma 3.2.1, (ad(£);-/ad(€);), is a reductive Lie algebra. Due to
(i), (ad(€);)s is a nilpotent Lie algebra, and thus it is isomorphic to the nilpotent radical
of (ad (€)1 )a-

For all z € X, we have found the Levi decomposition of (ad(€)i")., implying that it
is a parabolic Lie subalgebra of ad(¢),. Thus, the claim of (7i) follows. O

The fibers of ad(¢) are isomorphic to g, and the fibers of ad(¢);- are isomorphic to a
parabolic Lie subalgebra p of g, inducing a parabolic subgroup P of G. Since the adjoint
representation Ad : G — GL(g) restricts to Ad : P — GL(p), ad(£);- induces a reduction
o*¢ of € to P, such that ad(c*¢) is isomorphic to ad(¢);-.
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DEFINITION 3.2.5. A reduction o*¢ of £ to a parabolic subgroup P of G is called a
canonical reduction if ad(c*¢) is isomorphic to ad(¢)i-.

Knowing that canonical reductions exist, we ask to what extent they are unique, for
which the following lemma is useful.

LEMMA 3.2.6. Let P and P’ be parabolic subgroups of G, let 0*& be a reduction of &
to P, and let c"*& be a reduction of & to P'. If there exists an isomorphism ¢ : ad(c*§) —
ad(c™¢), then P and P' are conjugate, i.e., there exists g € G, such that conj, : G — G,
h— ghg™" fulfills cong,(P) = P'.

Through conj,, we induce an extension (6*§)(P') of 0*¢ to P, such that there exists
an isomorphism ¢ : (6*&)(P') — (0™¢) of principal-P’-bundles.

PRrROOF. Given ¢ : ad(c*§) — ad(0'*¢), the fibers of the adjoint bundles are isomor-
phic, implying that the Lie algebras p and p’ are isomorphic. As parabolic subgroups of
G, P and P’ are thus conjugate to each other.

Let g € G such that conj,(P) = P'. We fix an arbitrary Y € p, such that ¥ # 0. For
all x € X, ¢ restricts to an isomorphism on the fibers at x:

(0" = PA(0(0) ) (") = PACE) B, 07 o) MG
3.2.5
through which we induce a map 7, : o(x) — o'(z) that induces an isomorphism 7 : 6*¢ —
o'*¢ of fiber bundles.
To ensure that 7 induces an isomorphism v : (6*¢)(P’") — (¢™*¢) of principal bundles,
we need to verify that for all x € X, 7, is P’-equivariant with respect to the conjugation
conj,. Forall v € o(x) and all p € P, we have:

[Wx(v)gpg™ ", Ad(g)(Y)] = [tha(v), Ad(gp~ g~ g) ()], (3.2.6)

= [z (v), Ad(gp~ ) (V)] (3.2.7)

= [u(v)pg ", Y], (3.2.8)

= ¢ (v)p, Ad(g)(Y)]- (3.2.9)

Thus, the claim follows. O

Due to Lemma 3.2.6, two canonical reductions o*¢ and ¢"*€ of £ to P and P’ are con-
jugate in the sense that there exists an isomorphism 1 : (6*&)(P’) — (¢"*¢) of principal-
P’-bundles.

We now see some examples of canonical reductions, and how they are related to
Harder-Narasimhan filtrations.

EXAMPLE 3.2.7. Let £ be a princpal-GL(r, C)-bundle, and let E¢ be the induced
vector bundle as constructed in (c) of Example 2.1.12. The Harder-Narasimhan filtration
Fi, of E¢ induces a reduction 0*¢ of § to a standard parabolic subgroup Pr of GL(r, C),
through Lemma 2.1.15.

We claim that ¢*¢ is a canonical reduction. As vector bundles, ad(§) is isomorphic
to the vector bundle of endomorphisms End(£¢). By restricting this isomorphism, the
parabolic Lie algebra subbundle ad(¢)i- from Lemma 3.2.4 is isomorphic to the subbundle
of End(Eg) of endomorphisms preserving the Harder-Narasimhan filtration Fp, of E.
From this, the claim follows.

Similar arguments also work for special orthogonal and symplectic Harder-
Narasimhan filtrations.

EXAMPLE 3.2.8. (a) Let £ be a princpal-SO(r, C)-bundle, and let (E¢, 3,7) be
the induced special orthogonal vector bundle. The special orthogonal Harder-
Narasimhan filtration J( Ee.,B) of E¢ induces a reduction o*§ of { to a standard
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parabolic subgroup P; of SO(r,C), through Lemma 2.1.23. This is a canonical
reduction of &.

(b) Let £ be a princpal-Sp(2n, C)-bundle, and let (E¢, §) be the induced symplec-
tic vector bundle. The symplectic Harder-Narasimhan filtration JF Ee.,B) of E
induces a reduction 0*¢ of £ to a standard parabolic subgroup P; of Sp(2n,C),
through Lemma 2.1.26. This is a canonical reduction of €.

3.2.2. The Biswas-Holla approach

Let ¢ be a principal-G-bundle. The approach in [BHO04] also finds conditions for re-
ductions *¢ of £, to parabolic subgroups P of G, to be canonical reductions. These con-
ditions are analogous to those for Harder-Narasimhan filtrations in Theorem 3.1.1. One
condition deals with Ramanathan-semistability, and the other imposes slope-inequalities.

By investigating the reductions from Example 3.2.7 and Example 3.2.8, we can infer
these conditions for canonical reductions.

LEMMA 3.2.9. Let € be a princpal-GL(r, C)-bundle, with the canonical reduction o*§
of & to Py, from Example 3.2.7.

(i) The extension (0*&)(Ly) of o*€& to the Levi-factor Ly of Pr is Ramanathan-
semistable.

(i) For the length | of the Harder-Narasimhan filtration FEe, and for all m =
1,...,0 — 1, let x;m : Pr — C* evaluate the determinant of the m-th diago-
nal block divided by the determinant of the m + 1-st diagonal block. The induced
line bundle X, (0*&) fulfills deg(xm(o*€&)) > 0.

PROOF. We prove (7). As we saw in Example 1.2.2, the Levi-factor L; consists of
the diagonal block matrices of P, the sizes of which correspond to the ranks r,, of the
quotients (F¢), of the Harder-Narasimhan filtration of E¢. Since Ly ~ GL(r1,C) x ... x
GL(r;,C), we have due to Lemma 2.2.23 that:

(%) (L1) ~ (6*¢)(GL(r1,C)) x ... x (6*¢)(GL(r;, C)), (3.2.10)

is Ramanathan-semistable if and only if for all m = 1,...,l, (6*¢)(GL(ry,C)) is
Ramanathan-semistable. Due to Theorem 2.2.14, this is equivalent to the induced vector
bundle of (0*¢)(GL(ry,,C)) being slope-semistable for all m = 1,...,l, which is true

since the induced vector bundles are (Fg),, for allm =1,...,L
Now we prove (ii). For allm =1,...,1 — 1, we have:
deg(xm(07€)) = deg((Fg)m @ (Fe)mqi1) (3.2.11)
= deg((Fe)m)rm+1 — deg((Fe)m+1)rm. (3.2.12)
>0, (3.2.13)
due to the slope inequalities of the Harder-Narasimhan filtration of E. O

We now handle canonical reductions of principal-SO(r, C)-bundles, using the notation
of Subsection 1.2.2. Similarly to Lemma 3.2.9, this reduction fulfills a Ramanathan-
semistability condition and a slope inequality condition.

LEMMA 3.2.10. Let & be a princpal-SO(r, C)-bundle, with the canonical reduction o*&
of & to Pr, from Ezample 3.2.8.

(i) The extension (0*&)(Ly) of o*& to the Levi-factor Ly of Pr is Ramanathan-
semistable.
(i) For the length | of the Harder-Narasimhan filtration ]:(Es»ﬁ)’ and for all m =

1,...,1 =1, let x,, : P — C* evaluate the determinant of the m-th diagonal
block divided by the determinant of the m + 1-st diagonal block. Through the
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isomorphism P; ~ Py, this induces xm : Pr — C*. The induced line bundle

Xm (7€) fuljills deg(xm(0€)) > 0.
Let 7 : Py — C* evaluate the determinant of the last diagonal block, this
induces 1 : Pr — C*. The induced line bundle n(c*€) fulfills deg(n(c*§)) > 0.

PrOOF. Analogous to that of Lemma 3.2.9. U

Finally, we view the case of principal-Sp(2n, C)-bundles, using the notation of Sub-
section 1.2.3.

LEMMA 3.2.11. Let & be a princpal-Sp(2n, C)-bundle, with the canonical reduction
o*¢ of € to Py, from Example 3.2.8.

(i) The extension (0*&)(Ly) of o*& to the Levi-factor Ly of Py is Ramanathan-
semistable.
(ii) For the length 1 of the Harder-Narasimhan filtration F(Ee,p), and for all m =

1,...,01 —1, let X, : P — C* evaluate the determinant of the m-th diagonal
block divided by the determinant of the m + 1-st diagonal block. Through the
isomorphism Pr ~ Pj, this induces xm : Pr — C*. The induced line bundle

Xm (7€) fulﬁJls deg(xm (™€) > 0.
Let 7 : Py — C* evaluate the determinant of the last diagonal block, this
induces 1 : Pp — C*. The induced line bundle n(c*§) fulfills deg(n(c*§)) > 0.

PrOOF. Analogous to that of Lemma 3.2.9 and Lemma 3.2.10. O

In order to use these lemmas to characterize canonical reductions, we first need to un-
derstand dominant characters, for which we review some important results on characters
of complex Lie groups.

DEFINITION 3.2.12. For a complex Lie group H, a morphism y : H — C* of complex
Lie groups is called a character of H. We denote the character group of H by X(H) =
Hom(H,C*), which has a natural group structure induced from C*.

REMARK 3.2.13. Let x : H — C* be a character.

(a) Since C* is abelian, a character x factorizes through the abelianization Hgp =
H/H g, of H. Thus, we have an isomorphism X (H) ~ X (Hg) of groups.
(b) We have the commutative diagram:

H————C*

exp T Texpc X
Dx

b > C (3.2.14)

If H is connected, the map x — Dy is an injection from X(H) into b, as a
consequence of [Cap23, Theorem 1.9].
Thus, for connected complex reductive groups G, their character groups X(G) embed as
lattices of 3(g)V, since the abelianization Gy, has the Lie algebra gq, = g/gss =~ 3(g).

REMARK 3.2.14. Using (a) of Remark 2.2.20, we have the isomorphism of complex
algebraic varieties:

Gup = G/Ger = (CaerR(G))/Gaer = R(G)/(Gaer NR(G)). (3.2.15)

Since R(G) is a torus, due to [MT12, Proposition 6.20], and since Gger N R(G) is finite,
Gap =~ (C*)™ is also a torus. We thus have the isomorphisms of groups:

X(G) = X(Cup) =~ X((C)™) =~ 7™ (3.2.16)
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In order to define dominant characters, we look at characters of standard parabolic
subgroups Pr of G, with respect to a fixed Cartan subgroup 7" of GG, and a Borel subgroup
B of G, containing T

REMARK 3.2.15. A character y : Pr — C* of a standard parabolic subgroup P; of G
forms an irreducible one-dimensional representation.

In the Levi decomposition P; ~ Uy x Ly, the restriction x|y, : Uy — C* ~ GL(C)
maps to unipotent elements of GL(C), which are trivial. Thus, x factorizes through
the Levi-factor L;. Using Remark 3.2.13, the restriction x|z, : Ly — C* corresponds
to Dxlyq,) : 3(I7) — C in 3(I7)Y. In particular, x : P — C* can be determined by its
restriction Dx/|¢: t — C in tV.

DEFINITION 3.2.16. Let P; be a standard parabolic subgroup of G. A nontrivial
character x : Pr — C* is a dominant character if Dx|¢ : t — C is a nonnegative integer
linear combination of simple roots in A.

The characters we constructed in (77) of Lemma 3.2.9, Lemma 3.2.10 and Lemma
3.2.11 are dominant characters, with respect to our standard choices of Cartan and Borel
subgroups of GL(r,C), SO(r,C) and Sp(2n,C) from Chapter 1. We verify an explicit
example.

EXAMPLE 3.2.17. Let P; the standard parabolic subgroup of GL(4,C) corresponding
to I ={az3} C A, using the notation of Subsection 1.2.1. The character:

o : Pr— C*, <‘g g) s det(A)/det(D), (3.2.17)

is a dominant character, since Dya|¢ = a12 + 2003 + a3 4.

We can now formulate an alternate characterization of canonical reductions of
principal-G-bundles ¢, following [BHO4]. Let T be a Cartan subgroup of G, and let
B be a Borel subgroup of G, containing 7'

THEOREM 3.2.18. A reduction o*§ of € to a standard parabolic subgroup Pr of G is a
canonical reduction if and only if:

(i) The extension (0*&)(Ly) of o to the Levi-factor Ly is Ramanathan-semistable.
(ii) For all dominant characters x : Pr — C*, we have deg(x(c*§)) > 0.

This theorem will be proven at the end of this subsection.

The first property (i) generalizes the Ramanathan-semistability of (0*¢)(L;) from
Lemma 3.2.9, Lemma 3.2.10 and Lemma 3.2.11. The second property (i) also generalizes
the slope inequality conditions from these lemmas, however, in explicit cases, condition
(i) may be difficult to verify for all dominant characters. Luckily, the following lemma
explains that we only need to check this condition for finitely many characters.

LEMMA 3.2.19. Using the notation of Theorem 3.2.18, we have the following:

(i) For all o € I, there exists a nontrivial character xo : Pr — C*, such that Dx|: :
t — C is an integer linear combination of elements in /\, whose coefficient in o
is positive, and whose coefficients in I \ {a} are 0.

(ii) For a reduction o*§ of & to a standard parabolic subgroup Py of G, fulfilling (i)
of Theorem 3.2.18, condition (ii) of Theorem 3.2.18 is fulfilled if and only if for
all o € I, there exists a character xqo from (i) such that deg(xa(c*€)) > 0.

PROOF. See the middle section of the proof of [BH04, Proposition 3.1]. O

Example 3.2.17 gives an example a of character y, as in this lemma. Note that in
general, x, is not necessarily a dominant character.
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In order to prove Theorem 3.2.18, we first prove that a reduction ¢*¢ of &, fulfilling
(i) and (i) of Theorem 3.2.18, exists. The following lemma helps construct a candidate
for such a reduction.

LEMMA 3.2.20. (i) Let:

Pr is a standard parabolic subgroup of G, (3.2.18)
o*€ is a reduction of & to Pr ’ -

We have deg,,,(§) < oo, and there exists reductions o*¢ of £ to Pr, such that

deg(ad(o*€)) = degmax(§)-
(ii) Let:

d€gmax (§) = sup {deg(ad(a*é‘))

Jo*€ reduction of £ to Py, }
deg(ad(0°€)) = degu(€) |-

(3.2.19)
We claim that there exists a standard parabolic subgroup Pr € P¢ that is mazximal
in terms of inclusion.

Pe = {PI s a standard parabolic subgroup of G

PROOF. We prove (7). Due to the short exact sequence in (2.2.7) from Remark 2.2.7,
for all reductions o*¢ of £ to a standard parabolic subgroup Pr of G, ad(c*¢) is isomorphic
to a subbundle of ad({). Due to Lemma 3.1.4, we know that the degrees of subbundles
of ad(&) are bounded from above, i.e., deg, .. (ad({)) < co. Thus, (i) follows.

Since P¢ is nonempty, we can clearly find a maximal element in P¢, proving (7). [

The following theorem is taken from [BH04, Proposition 3.1].

THEOREM 3.2.21. There exists a reduction o*§ of € to a standard parabolic subgroup
Pr of G, such that:

(i) The degree deg(ad(c*§)) is equal to degy .. (§).

(71) The parabolic subgroup Pr is mazximal, in terms of inclusion, within Pe.
Then o*¢ is a reduction of & to Pr fulfilling (i) and (ii) of Theorem 3.2.18.

PROOF. Due to Lemma 3.2.20, a reduction *¢ of € to P exists, fulfilling (7) and (7).

We first show condition (7) of Theorem 3.2.18, i.e., that (¢*¢)(L;) is Ramanathan-
semistable. Note that L; is a complex reductive group, containing 7T and the
Borel subgroup L; N B. Assume to the contrary, i.e., there exists a reduction
o ((6*¢)(Ly)) of (6*¢)(Ly) to a maximal standard parabolic subgroup Pj of Lj, such
that deg(ai*‘/'(g*g)(,:])/p{) < 0.

Let P be the preimage of P of the projection Py — P;/U; ~ L;. We have that G/P;
is a complete variety, since the projection G/P, — G/Py is a fiber bundle over the base
space G/ Py, which is a complete variety, and with fibers isomorphic to P;/P, ~ L;/Pj,
which are complete varieties. Thus, P; is a standard parabolic subgroup of G. Using
Pr/Py ~ L;/P], we find an injective morphism of fiber bundles ¢ : (¢*¢)(L;)/P] —
(c*¢)/ Py, given on the fibers z € X by:

((0*&)(L1)/P)e = (Pi\(o(x) x L1))/PL = ((67€)/P1)e = o(x)/ P, [v, 9] = U%Pl‘
3.2.20)
Thus, the reduction of*((¢*¢)(Ly)) of (¢*&)(Ly) induces a reduction o7& of £ to P;.
We observe the following short exact sequence:

0= p1—pr—pr/p1—0, (3.2.21)

with the adjoint representations Ad : Pr — GL(p1), Ad : P — GL(p;) and Ad : P; —
GL(p;s/p1). From this, we induce a short exact sequence of vector bundles:

0 — ad(07€) = ad(0*€) — o1 Vige)(1,)/p; — O. (3.2.22)
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Due to the additivity of the degree, it follows:

deg(ad(0°€)) = deg(ad(01€)) + deg(0} Vigeg) 1y pr) < deg(ad(01€)).  (3.2.23)
Thus, o7¢ is a reduction of ¢ to P; that contradicts the maximality property
deg(ad(0*€)) = deg, .« (&) from (i), and the assumption is false.

We now show condition (%) of Theorem 3.2.18. Using Lemma 3.2.19, for o € I,
it suffices to show deg(xa(c*¢)) > 0. If P = G, then I = () and there is nothing to
show. Otherwise, let P, = Pp(,) be the standard parabolic subgroup of G properly
containing P;. We denote by Pj the image of P of the projection P, — P,/Us ~ Lg to
the Levi-factor Lo. Note that Ls is a complex reductive group, containing 7" and the Borel
subgroup Lo N B. Since P,/P; ~ Lo/ Py is a complete variety, Pj is a standard parabolic
subgroup of Ly. As Py is contained within Py, the section o : X — &/ Py induces a section
o9 : X — &/ Ps. Moreover, we can define a section o) : X — (0*&)(La)/P) explicitly:

ab iz [o(x),e]Py. (3.2.24)
We observe the following short exact sequence:
0—pr— p2— p2/pr =0, (3.2.25)

with the adjoint representations Ad : P, — GL(ps), Ad : P, — GL(p2) and Ad : P, —
GL(p2/pr). From this, we induce a short exact sequence of vector bundles:

0 — ad(0"¢) — ad(03€) — 05 Vigee)(Ly)/p; — 0 (3.2.26)
Due to the additivity of the degree, it follows:
deg(ad(03€)) = deg(ad(c™€)) + deg(a5 Vigre)(L,)/py)- (3.2.27)

Since P, properly contains P, we have P ¢ P¢ and deg(cr’z*V(a*g)(Lz)/pé) < 0.

We define x = det o Ad : Pr — C*, using Ad : Pr — GL(p2/ps). With respect
to ad : p;r — Der(p2/pr), the weights of po/pr are of the form v € tV, with a negative
integer coefficient in «, and coefficients 0 in I\ {a}. Therefore, x is of the form 1/y, from
Lemma 3.2.19. As an irreducible representation, y factorizes through L;, and thus we
have det(05 Vig=¢)(L,)/p;) = ((1/Xa)(07€)), and the claim deg(xa(0™¢)) > 0 follows. [

Having constructed a reduction o*¢ of £ to Py that fulfills conditions (i) and (%) of
Theorem 3.2.18, we wish to prove that this reduction is unique up to conjugation, in the
sense of Lemma 3.2.6. We can then finally prove that conditions (%) and (i) of Theorem
3.2.18 are equivalent to canonical reductions, i.e., that Theorem 3.2.18 holds.

REMARK 3.2.22. Let p : G — GL(V) be a finite-dimensional irreducible represen-
tation, such that the center Z(G)? maps to scalar multiples of the identity in GL(V).
By viewing GL(V') as a complex reductive group isomorphic to GL(r, C), it is proven in
[RR83, Theorem 3.18] that if £ is Ramanathan-semistable, then (V) is slope-semistable.

The following theorem is taken from [BH04, Theorem 4.1].

THEOREM 3.2.23. For reductions c*& of € to Py and 0”& of € to Pp, fulfilling (i) and
(i) of Theorem 3.2.18, there exists a conjugation conj,, for g € G, such that conj,(P) =
P’ and an isomorphism v : (6*&)(P') — o’*¢€.

PROOF. Due to Lemma 3.2.6, it suffices to show that ad(c*¢) ~ ad(c™¢). Let E =
ad(§), " = ad(0*¢) and £’ = 0"V p,,, then due to the short exact sequence in (2.2.7)
from Remark 2.2.7, E” is isomorphic to a subbundle of E, and E’ is isomorphic to a
quotient of E. We write a sequence with inclusion and quotient morphisms:

0—E' - FE—FE —0, (3.2.28)

and claim that the composed map E” — FE’ is 0.
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We can find a filtration of subspaces of p;:
O0=po & ... S P =pr, (3.2.29)

such that for m = 1,...,[, the representations Ad : Pr — GL(py/pm—1) are well-
defined and irreducible. Since for m = 1,...,l, Ad : Pr — GL(psn/pm—1) irreducible,
it factorizes through the Levi-factor L; of P;. We can use the adjoint representations
Ad: Pr = GL(pym), m =0,...,1, on (3.2.29), to induce a filtration by subbundles of E":

0=E/C...CE =E", (3.2.30)

with the quotients F) = E!/E" ,, m = 1,...,l. Due to Remark 3.2.22, the
Ramanathan-semistability of (0*¢)(L;) implies that for m = 1,...,l, F/ is slope-
semistable.

We apply a similar argument to E’. We can find a filtration of subspaces of g/py:

0=go/pr & ... S or/pr=9/pr, (3.2.31)

such that for all m = 1,...,l’, the representations Ad : Py — GL(g,,/gm—1) are well-
defined and irreducible. These adjoint representations factorize through the Levi-factor
Ly of Pp. We can use the adjoint representations Ad : Py — GL(gn/pr), m=0,...,0,
on (3.2.31), to induce a filtration by subbundles of E’:

0=FE,C...CE,=F, (3.2.32)

with the quotients F! = E! /E' |, m = 1,...,I'. Due to Remark 3.2.22, the
Ramanathan-semistability of (¢*§)(L;) implies that for m = 1,...,I', F! is slope-
semistable.

The claim that E” — E’ from (3.2.28) is 0, is proven, if we show that u(F)") > 0, for
m=1,...,1,and u(F}) <0, for m=1,...,I', and then apply Lemma 3.2.3.

For m = 1,...,l, it suffices to show that deg(F)”) > 0. We define x” = det o Ad :
Pr — C*, for Ad : Pr — GL(py,/pm—1)- Since the weight spaces of p,,/pm—1 are of the
form g, where « is a dominant character, we can follow that:

deg(F))) = deg(x"(c*¢)) > 0. (3.2.33)

Form =1,...,l', the argument for u(F),) < 0 is analogous. We define x’ = deto Ad :
Py — C*, for Ad : Py — GL(gy/gm—1). Since the weight spaces of g,,/gm—1 are of the
form g, where 1/ is a dominant character, we can follow that:

deg(F))) = deg(x'(c"*¢)) < 0. (3.2.34)

We have proven the claim that E” — FE’, from (3.2.28), is 0. Using the short exact
sequence from (2.2.7), this ensures that ad(c*¢) = E” is isomorphic to a subbundle of
ad(c™*¢). By swapping the roles of the two canonical reductions, we follow ad(c*§) ~
ad(c"*¢), from which we find an isomorphism 1) : (6*¢)(P’) — o™*¢€. O

Finally, we can prove Theorem 3.2.18, and show that the Atiyah-Bott and Biswas-
Holla approaches lead to the same notion of canonical reductions.

Proor orF THEOREM 3.2.18. It suffices to show that a canonical reduction fulfills
conditions (%) and (7)) of Theorem 3.2.18. The other implication follows from the existence
and uniqueness of canonical reductions, and the existence and uniqueness of reductions
fulfilling (7) and (4) of Theorem 3.2.18.

Due to Theorem 3.2.21, it also suffices to show that for a canonical reduction ¢*¢
of £ to Pr, we have deg(ad(c*¢)) = deg,,.(£), and that the parabolic subgroup Pr is
maximal, in terms of inclusion, within P¢. Both claims follow from the fact that ad(c*&)
is isomorphic to ad(¢);- in the filtration from (3.2.2). O



CHAPTER 4

Harder-Narasimhan types

In this final chapter, we learn how canonical reductions can be classified by obstruction
classes and Harder-Narasimhan types. We will then calculate Harder-Narasimhan types
for the GL(r,C), SO(r,C) and Sp(2n,C) cases.

To do this, we first review real forms K of connected complex reductive groups G,
which are maximal compact real Lie subgroups of G. Then, we find algebraic char-
acterizations of the fundamental groups of T, G, Gg.r and Ggp as Z-modules. Using
Cech cohomology, we are then able to define obstruction classes and topological types of
principal bundles.

Let X be a compact connected Riemann surface and let £ be a principal-G-bundle.

4.1. Fundamental groups of reductive groups

We follow [Hum72, 25] and [Kna88, IV.4, VI.1] to investigate real forms of G, and its
Lie algebra g.

DEFINITION 4.1.1. (a) Let € be a real Lie subalgebra of g, whose complexification
£ ®Rr C is isomorphic to g, and whose Killing-form kg, a restriction of the Killing-
form k of g, is negative-semidefinite. We call £ a compact real form of g.

(b) Let K be a maximal compact real Lie subgroup of G, then K is a real form of

G.

REMARK 4.1.2. By constructing Chevalley bases, as seen in [Hum72, 25|, compact
real forms ¢ of g exist, and are fully determined by a choice of Cartan subalgebra t of g.

For a compact real form ¢ of g, we denote K as the group generated by the exponential
map exp : g — G, which we claim is a real form. Using [Kna88, IV.4 Proposition 4.23-
4.27], we follow that the group Ad(K), induced by Ad : K — GL(¢), is a compact real
Lie subgroup of GL(g). Thus, K is a compact real subgroup of G. To show that K is
a maximal compact real Lie subgroup of GG, we use that ¢ is maximal amongst real Lie
subalgebras of g, whose Killing-form ¢ is negative-semidefinite.

EXAMPLE 4.1.3. The real Lie group of unitary matrices U(r) has the Lie algebra u(r)
of skew-Hermitian matrices, which has a negative-semidefinite Killing-form. Since the
complexification of u(r) is gl(r,C). We follow that U(r) is a real form of GL(r,C). A
similar argument shows that SU(r) is a real form of SL(r, C).

The above results were stated abstractly, however, real forms can be constructed in a
concrete way for most complex reductive groups of interest, by using polar decomposition.

REMARK 4.1.4. For a matrix group G closed under conjugate-transposition, there
exists a complex vector space of skew-Hermitian matrices u, such that g is the complex-
ification of u as a complex vector space. We can decompose u as u = a + ib, where a
is a set of skew-symmetric matrices, and b is a set of symmetric matrices. We then get
t=a+b, and g = £ + it is a complexification of ¢ as a Lie algebra.

We fix a Cartan subgroup 7' ~ (C*)" of GG, and the induced real form K of G. For
H = KnNT, we have that H ~ U(1)" is a maximal compact torus of K.

54
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As mentioned before, we want algebraic characterizations of the fundamental groups
of T, G, Gyer, and Ggp, as Z-modules. Some of these fundamental groups embed naturally
as lattices of the real vector spaces:

gr =1t  te=tNgr,  3(g)r =3(g) Nor, (4.1.1)
where h = €Nt =igr Nt = itg.
REMARK 4.1.5. Due to 7'~ (C*)" and H ~ U(1)", we have isomorphisms:

m(T) ~m(H) ~Hom(U(1),H) ~ Z", (4.1.2)
where Hom(U(1), H) are the cocharacters of H. Since U(1) and H are connected, we
have an injection from Hom(U(1), H) to the derivatives:

Hom(u(1),h) = Homg (iR, itg) ~ Homp (R, tg) ~ tg, (4.1.3)

where the last isomorphism is given by [2m — X| +— X. Thus, m1(T) is isomorphic to the
full-rank lattice I' = {X € tg|expy(27iX) = e} of tg ~ R", called the kernel lattice.

We now recall some constructions from abstract root systems, applied to ®(g,1),
which is a root system of (Vg,( , )) from Theorem 1.1.13.

DEFINITION 4.1.6. For a root a € ®(g,t):

(a) The coroot of v is a* = 2a/{a, ) € t¥. The set of coroots is denoted by ®*(g, t).
In [Hum?72, I1T 9.2, it is shown that ®*(g,t) is a root system of (Vg,{ , )).

(b) The dual-root of o is Hy,_ ., € 9ss N t, using notation from (1.1.17). The set of
dual-roots is denoted by ®(g,t). Let Wr = spang(®g(g,t)), by construction,
®p(g,t) is a root system of (Wg, k|w,xwy), of the same type as ®(g, t).

(¢) The dual-coroot of ais Hyx, - = H;hmm € gss Nt. The set @7};(g,t) of dual-
coroots forms a root system of (Wg, k|w, xwy ), of the same type as ®*(g, t).

REMARK 4.1.7. (a) The dual-coroot lattice A = spany (P} (g,t)) is contained
within I', as proven in [Hall5, Lemma 12.8].
(b) Using exponential maps on R(G) and Ggp, T ~ (C*)" induces fixed isomor-
phisms G, ~ R(G) ~ (C*)™, where 0 < m < r.

We can now search for expressions of m1(G), m1(Gger) and m1(Gap)-

LEMMA 4.1.8. (i) The inclusion T — G induces a surjection w1 (T) — m(G),
such that m(G) ~T'/A.
Let A be the saturation of A in T, i.e., the sublattice A of I' containing A, minimal
with respect to inclusion, such that T'/ A s free. We claim that:
(ii) The group m1(Ggp) ~ Z™ is a lattice, and the group m1(Gger) is finite.
(iii) The short exact sequence 1 — Gger — G — G — 1 induces the short exact
sequence:
1— 7T1(Gde,~) — Wl(G) — 7T1(Gab) — 1, (4.1.4)

of fundamental groups. In particular, ™ (Gap) ~ F/K and 71 (Gger) =~ K/A

PRrROOF. For the proof of (i), see [Hallb, Corollary 13.18], noting that 7" — G is the
complexified version of H < K. In particular, the surjectivity of m(T) — m1(G) is
proven in [Hall5, Proposition 13.37].

We prove (7). Since Ggp ~ (C*)™, we have that m1(Ggp) ~ Z™ is a lattice. As Gger
has a real form Ky, that is semisimple, Lie algebra cohomology implies that 71 (G ge,) is
finite, as seen in [CE48, Theorem 16.1].

We now prove (7ii). Since G — G, is a fiber bundle, with fibers isomorphic to G,
it is a fibration, inducing the long exact homotopy sequence:

oo WZ(Gab) — T (Gder) - 7T1(G) - 7"-I(Gab) - 7"-O(C;der) e (415)
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Since Gger is connected, we have mo(Gger) >~ 1. Using Morse theory, it can be proven
that mo(Gap) ~ 1, as Gy is a Lie group. Therefore, the sequence in (4.1.4) is exact.

The isomorphisms 71 (Ggp) ~ T'/A, and 71 (Gger) ~ A/A, follow directly from (4.1.4) and
(ii). O

REMARK 4.1.9. (a) For a real form K, of G, we have:
X(G) ~ X(Gap) =~ Hom (K4, U(1)). (4.1.6)

Since K, and U(1) are connected, we have an injection from Hom(K 5, U(1))
to the derivatives:

Hom(3(¢),u(1)) = Homg(i3(g)r, iR) ~ Homg (3(g)r, R) = 3(0)x- (4.1.7)
Thus, X(G) is isomorphic to the fullrank lattice OV = {f €
3(a)glf(iker(expg,,)) C spang(27)} of 5(g)g ~ R™.

(b) The isomorphisms T >~ (C*)" and Gg, ~ (C*)™ induce isomorphisms X(G) =~
m(Gap) and 3(g)g ~ 3(g)r. Thus, m1(Gqp) embeds into the lattice ©Y of 3(g)y,
isomorphic to a lattice © of 3(g)r.

Through the projection T' — Gy, we can induce a map tg — 3(g)r, and
through the isomorphism G, ~ R(G), we can induce a map 3(g)r — tr. We
compose these maps as ¢ : 3(g)r — 3(g)r, which is an isomorphism. From this,
we induce an embedding of 7 (Ggp) into 3(g)r, as ¥ = o~ 1(O).

In order to define Harder-Narasimhan types as elements of lattices in tg, we need to
encode properties of canonical reductions within tg. For this, we use Weyl chambers. We
now fix a Borel subgroup B of G, containing T, inducing simple roots A.

DEFINITION 4.1.10. The set Cp = {X € tg|Va € A : a(X) > 0} is the closed Weyl
chamber of B. For brevity, we refer to closed Weyl chambers as Weyl chambers.

REMARK 4.1.11. For a standard parabolic subgroup Pr ~ Uy x L of G, we have that T’
is a Cartan subgroup of Lj, which is a complex reductive group, and that L;N B is a Borel
subgroup of L;. Using Lemma 4.1.8, we have a dual-coroot lattice A; = spang(®3;(I7,t))
of tg ~ R", such that m(L;) ~ I'/A;. We obtain the short exact sequence:

1— 7T1((L])der) — 7('1(L[) — 7T1((L1>ab) — 1. (4.1.8)

Since R(G) C R(L;), we have Ggp ~ (C*)™, (Lp)ap ~ (C*)™, for 0 < m < m/ < r, such
that w1 ((L7)as) embeds into 3([;)r ~ R™ as a full-rank lattice ¥;.

These abstract constructions will be made much clearer through examples, where the
real forms, fundamental groups, and lattices, are made explicit.

EXAMPLE 4.1.12. For G = GL(r,C), we use the notation of Subsection 1.2.1, with the
isomorphism 7" ~ (C*)", mapping every diagonal entry of a matrix to the corresponding
r-th component. Thus, we have m1(T') ~ Z".

This induces the real form K = U(r) of unitary matrices, with the Lie algebra
u(r). Then H = K NT consists of diagonal matrices, whose entries are in U(1), hence
H ~ U(1)". From this, we calculate the following real vector spaces, and the Weyl
chamber:

gl(r,C)r = iu(r) = {X € gl(r,C) |X XH =0}, (4.1.9)
tr =tNgl(r,C)g 0 21y, 2 ER | (4.1.10)
0

3(gl(r,C))r = 3(gl(r,C)) N gl(r, C)r = spang(I,), (4.1.11)
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zz2 0 O
Cs={l0 . oletwnn>...>2%y. (4.1.12)
0O 0 =z
Furthermore, we use the simple roots A}, of @7, (gl(r,C),t) to find the following lattices:
zz 0 O
I'= 0 . 0 s Zr EZ} (4.1.13)
0O 0 =z
zz7 0 O
A= 0 . 0 } = (4.1.14)
0 0 =z
V= {f € 3(gl(r,C))g| f(spany(2nI.)) C spany(27)} (4.1.15)
© = spangy(1l,), (4.1.16)
U = (1/r)spangy(I). (4.1.17)

From this, we conclude that m(GL(7,C)ger) =~ 1, m(GL(r,C)) ~ Z and
1 (GL(r, C)) ~ Z

We explain how these constructions appear for Levi-factors. We restrict to maximal
standard parabolic subgroups P; ~ Ur x L of GL(r,C), where I = {ass41} € A. We
calculate the following real vector spaces and lattices:

(e =3 N (e = {(Zlofs 0 >

2olr—s

21, 22 GR}, (4.1.18)

s r
0 EFZZZ': Z zi=0,, A=Ay, (4.1.19)
; i=s+1

{fe;,[; 2, €L f( (Zlols 0 ))gspanz(%)}, (4.1.20)
or-{

2’2_[7»_5
<21[ >
ZQIT s

e )

From this, we conclude that 71 ((L)ger) =~ 1, m1 (L) ~ Z? and 71 ((L1)ap) ~ Z2.
These results can obviously be generalized for all standard parabolics P; and their
Levi-factors Lj, which may have more than two diagonal blocks.

21,22 € Z} , (4.1.21)

21,29 € Z} . (4.1.22)

EXAMPLE 4.1.13. Using the notation of Subsection 1.2.2, for G = SO(r, C),r >3, w
write r = 2n+1if r is odd, and r = 2n if  is even. We have the isomorphism 7" ~ ((C )
defined by Ss, .. s, — (s1,...,8n). Thus, we have 71 (T) ~ Z".

This induces the real form K = SO(r,C) N U(r), with the Lie algebra £ = sa(r, C) N
u(r). Then H = K NT consists of diagonal matrices in K, whose entries are in U(1),
hence H ~ U(1)". From this, we calculate the following real vector spaces, and the Weyl
chamber:

= {X € gl(r,O)|K, X + XTK, =0, X — X" =0},
50(r,C)r ={Z.,,. 2, 171,...,2n € R},

Cs=A{Z,, ., €trlz1 > ... > 2, >0}, if ris odd,
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C5=A{Z., 2, EtRlz1 > ... > 21 > |25|}, if 7 is even. (4.1.27)

Furthermore, we use the simple roots A}, of ®};(s0(r, C), ) to find the following lattices:

T ={Z., .21, .20 €L}, (4.1.28)
n

A:{Lh%efgyﬁﬂm%@}, A =T, (4.1.29)
=1

0¥ =0, 0 =0, U =0. (4.1.30)

From this, we conclude that 71(SO(r,C)ger) ~ Z/2Z, 7 (SO(r,C)) ~ Z/2Z and
7T1(SO(’I“, (C)ab) ~ 1.

We explain how these constructions appear for Levi-factors. We restrict to max-
imal standard parabolic subgroups P; ~ Uj; x L; of SO(r,C), where I = {es —
esi1),{est, {es—1 + es}. We know that L; consists of diagonal block matrices of the

form:
a 0 0
(0 d 0 ), (4.1.31)
0 0 KyaH'K,

with @ € GL(s,C), d € SO(r — 2s,C). We calculate the following real vector spaces and
lattices:

_ _ B zI; 00
ammzxmmmmz{(o 0 o)
0 0 —=zI,

ZGR}, (4.1.32)

Loz €T

Zzl =0, Z z; € spang( )} (4.1.33)

1=s+1

Zoyoomy €T _0} (4.1.34)

zIs 0O 0
{ng[IRzGZ f( (O 0 0 ))Qspanz@ﬁ)}, (4.1.35)
0 0 —zI
zI; O
s )
0 0 —zI
(z/8)Is 0O 0
\III—{( 0 0 0 )
0 0 (—z/s)ls

From this, we conclude that 71 ((Ly),,,) =~ Z/2Z, 71 (L) ~ ZXZ/2Z, and 71((L1) ) ~ Z.
These results can obviously be generalized for all standard parabolics of SO(r, C),
and Levi-factors, which may have more diagonal blocks.

zEZ}, (4.1.36)

zGZ}. (4.1.37)

EXAMPLE 4.1.14. Using the notation of Subsection 1.2.3, for G = Sp(2n,C), we
have the isomorphism 7T ~ (C*)", defined by S, . s, + (s1,...,5,). Thus, we have
m1(T) =~ Z". This induces the real form K = Sp(2n,C)NU(2n). From this, we calculate
the following real vector spaces, and the Weyl chamber:

5p(2n, C)g = it = {X € gl(r,C)|Jon X + XL o, =0, X — XH =0}, (4.1.38)
tr =tNsp(2n,C)r ={Z,,,. 2,171, ., 2n € R}, (4.1.39)
3(5p(2n,C))r =0, (4.1.40)
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C5=A{Z.,, ., Etrlz1 >...> 2z, > 0}. (4.1.41)
Furthermore, we use the simple roots A}; of @7, (sp(2n, C), t) to find the following lattices:
T ={Zu. 2|21, 2 €L}, (4.1.42)
A=T, A=T, (4.1.43)
ev =0, 0 =0, U =0. (4.1.44)

From this, we conclude that m1(Sp(2n,C)4er) =~ 1, m(Sp(2n,C)) =~ 1 and
m1(Sp(2n,C)y) ~ 1.

We explain how these constructions appear for Levi-factors. We restrict to maximal
standard parabolic subgroups P; ~ U x L of Sp(2n,C), where I = {es — es11}, {2es}.
We calculate the following real vector spaces and lattices:

zI, 0 0
3Dk = 3() N (k= { ( 0 0 0 )
0 0 —zI,

= R}, (4.1.45)

A] = {ZZh_“zn el

Zzi:O}, Ar=Aj, (4.1.46)
=1

zIs; O 0
ZGZ:f(Q’]T(O 0 0 )) CspanZ(QW)}, (4.1.47)
0 0 —z
zI, 0 0
@1:{(0 0 O)
0 0 —zI

(z/s)Is 0O 0
U = {( 0 0 0 )
0 0 (—z/s)ls

From this, we conclude that m1((Ly),,.,) ~ 1, 71(L;) =~ Z and m1((L1),,) ~ Z.
These results can obviously be generalized for all standard parabolics of Sp(2n, C),
and Levi-factors, which may have more diagonal blocks.

o) = {f €3k

z € Z}, (4.1.48)

ze€ Z}. (4.1.49)

4.2. Obstruction classes and Harder-Narasimhan types

Now that we understand how fundamental groups of reductive groups appear, we
can use them to define obstruction classes of principal bundles. Afterward, through the
embeddings of the fundamental groups as lattices of real vector spaces, we can define
Harder-Narasimhan types.

For a universal covering G of G, which is a simply connected complex Lie group, we
have the fibration:

1-m(G) =G5 G -1, (4.2.1)
which defines a fiber bundle p, and a central extension of groups, as 71 (G) is abelian.

We denote the algebraic structure sheaf of X by Ox. By passing (4.2.1) through
Cech cohomology, we obtain the maps between sets:

o= HY(X,0%(@) B HY(X,0x(G)) B H*(X,0x(m1(G))). (4.2.2)

By construction, the sets H L(X,0x(_)) correspond to sets of isomorphism classes of
principal bundles. These isomorphism classes can be represented by cocycles of principal
bundles, which correspond to 1-cocycles in the sense of Cech cohomology.

As X is a compact connected Riemann surface, the singular cohomologies
H*(X,m(G)) and Cech cohomologies H*(X, Ox (1 (G))) are naturally isomorphic. Due
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to this, by fixing an orientation on the underlying real manifold of X, Poincaré duality
gives a canonical isomorphism H?(X, Ox (71 (G))) ~ m1(G).

We now investigate the connecting map oo : H'(X,0x(G)) — H%(X,0x(m(Q))).
For a principal-G-bundle &, its isomorphism class [¢] € H (X, 0x(@)) is represented by
the cocycles (0i;);jer. For all 4,5 € I, we use the universal lifting property of covering
spaces to lift 0;; to o;;, such that the following diagram commutes:

G
Lr

UiﬂUj

(4.2.3)

In general, these lifts are not unique, as 0;; can have two different lifts that vary within
the fibers of p : G — G. Furthermore, we cannot guarantee that the cocycle conditions
for (075)i,jer, from Definition 2.1.6, are fulfilled. We can measure the defect of this failure
by observing for all 7, j, k € I:

Oijk = ook oy UiNU; N U — m1(G). (4.2.4)

This defines a 2-cocycle (oyjk)ijker representing oz([¢]) € ﬁz(X, Ox(m(G))). If
02([€]) = 1 € H%(X,0x(m(G))), then [¢] is equivalently the image of an element
(€] € HY(X,0x(G)), i.e., there exists a principal-G-bundle € such that £(G) ~ ¢.

DEFINITION 4.2.1. Through the isomorphism H2(X, Ox(m1(G))) ~ 71(G), the class
02([€]) € H%(X, Ox(m1(Q@))) induces an element 0s(¢) € 71(G), called the second obstruc-
tion class of &.

Through the surjection 71(G) — m1(Ggp) from Lemma 4.1.8, we can further map
the obstruction class 02(£) to an element 03(¢) € 71 (Ggp). As before, we fix a Cartan
subgroup T' of G, and an isomorphism 7' ~ (C*)". We can now embed the obstruction
class of £ into tg to define its topological type.

DEFINITION 4.2.2. The fundamental group 71 (Ggp) embeds as a lattice ¥ of 3(g)g,
due to (b) of Remark 4.1.9. Through this, 03(¢) defines an element u¢ € tg, called the
type of &.

REMARK 4.2.3. For G = GL(r,C), we have that the type u¢ is a matrix (z/r)I,, for
z € Z, due to Example 4.1.12.

It can be shown that z/r = u(Eg), for the vector bundle E¢ induced from §. To
prove this, we could use that deg(FE¢) = [y c¢1(E¢), where ci(E¢) denotes the first Chern
class of Eg¢, as constructed in [Fri98, 2.]. We then need to show that the first Chern class
corresponds to the second obstruction class.

The following remark explains that obstruction classes and types are functorial.

REMARK 4.2.4. Let ¢ : G — G’ be a complex Lie group homomorphism, where G
and G’ are connected complex reductive groups. Let £(G’) be the extension of £ to G’
through .

(a) Due to the functoriality of Cech cohomology, the induced morphism ¢,
71 (G) = m1(G’) maps 02(&) to 02(E(G)).

(b) Since the abelianization of groups is functorial, the morphism ¢ induces a mor-
phism ¢gp : Gap — Gy, such that the following diagram commutes:

7T1(G) L 7T1(G/)

l (Pab)« l

m1(Gap) —— m(Gop) (4.2.5)
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Thus, (an)- : 71(Gas) — T1(Gly) maps T3(E) to T3(E(C)).

(¢) For a Cartan subgroup 7' ~ (C*)" of G, and a Cartan subgroup T’ ~ (C*)" of
G’, such that p(R(G)) C R(G’) and ¢(T) C T”, the type is also functorial, i.e.,
Dy maps u to ,ug(G’).

We are now able to state the existence and uniqueness of canonical reductions, as
proven in Section 3.2.1 and Section 3.2.2, using types.

THEOREM 4.2.5. There exists a reduction o*§ of € to a standard parabolic subgroup
Pr~U; x L1 of G, unique in the sense of Lemma 3.2.6, such that:

(i) The extension of o*§ to the Levi-factor Ly, denoted by (0*&)(Ly), is
Ramanathan-semistable.

(i) For the type p\o LD ¢ tr, we have ' OL1) € Cg. Purthermore, for alla € 1,
we have a(pul@ DL > 0.

This reduction o*§ is a canonical reduction of §.

ProoF. It suffices to show that the conditions () and (i) are equivalent to the
conditions from Theorem 3.2.18. Clearly (7) is equivalent to (7) of Theorem 3.2.18.

We prove that (77) is equivalent to (i) from Theorem 3.2.18. Let x : Pr — C* be any
character, then:

Dx(u"%) = X179 = deg(x(0*¢)), (4.2.6)

where the first equality follows from Remark 4.2.4, and the second follows from Remark
4.2.3. Similarly, for the restriction x|z, : L — C*, we have:

Dy (ut" D)y = XOED) — deg(x((07¢)(L1))). (4.2.7)

We follow directly that (4.2.6) and (4.2.7) are equal, since deg(x(c*¢§)) =

deg(x((07€)(L1)))-
Now assume that ¢*¢ fulfills (i) of Theorem 3.2.18. For all « € A\ I, we have due

to the construction of Levi-factors in (1.1.22), that a € I'y N —I'; acts trivially on 3([),
hence a(p@OU1)) = 0, since pu@ &) € 5(;)g. For a € I, let xo : P — C* be a
corresponding character from Lemma 3.2.19. Using (4.2.6) and (4.2.7), we have:

Dxa(pl” OED) = deg(xa(0*¢)) > 0, (4.2.8)

which is a positive multiple of a(u(7"9E1)) hence a(p@ &) > 0. Altogether, we have
that the type pu@ ¢(41) has the properties laid out in ().

The reverse direction is completely analogous, where we apply the same arguments
and calculations in reverse. ]

DEFINITION 4.2.6. We call M%{N = plo"OL1) ¢ty the Harder-Narasimhan type of €.

The Harder-Narasimhan type characterizes the topological type of any canonical re-
duction of £&. Due to the functoriality of types, the Harder-Narasimhan type M%N also
encodes the topological type ;¢ of . We will now see examples of the Harder-Narasimhan
type ,u% ~» and how it stores information about canonical reductions of &.

EXAMPLE 4.2.7. Let £ be a principal-GL(r, C)-bundle, with a canonical reduction
o*¢ of & to Pr. We know that ¢*¢ corresponds to the Harder-Narasimhan filtration of
Ee:

Fre 0= (Eeo & ... C (Eeh = E, (4.2.9)

with the semistable quotient bundles (F¢)m = (E¢)m/(Ee)m—1, m =1,...,1, of rank 7y,.
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By following Example 4.1.12, and by noting that types coincide with slopes, as seen
¢

in Remark 4.2.3, the Harder-Narasimhan type p3;,y of £ appears as:
N((Fﬁ)l)lm 0 0
pufN = 9 w(Fe2)lr, 0 € tg. (4.2.10)
: 0 0
0 e 0 p((Fe)r)Ir,
From this, we see directly that the slope conditions of the Harder-Narasimhan filtration:
W(Fe)) > . > p((Fe)), (4.2.11)

coincide with the inequalities given in (%) of Theorem 4.2.5.

EXAMPLE 4.2.8. Let £ be a principal-SO(r, C)-bundle, with a canonical reduction c*¢
of £ to Pr. We know that ¢*¢ induces a special orthogonal Harder-Narasimhan filtration
of (E¢,3,7):

Frep) 1 0=(Eelo & ... C (Eeh € Ee, (4.2.12)
with semistable quotient bundles (Fg¢)m = (E¢)m/(Ee)m—1, m = 1,...,1, of rank ry,.

Since the types of isotropic subbundles of E; coincide with slopes, similar to Remark
4.2.3, the Harder-Narasimhan type ,u% n of & appears as:

w(Fe)),, 0 0
0 . . : . . .
pu((Fe)o) I,
Hirn = ' 0 € g,
_M((Fé)l)lrl
: - - . . 0
0 0 —pu((Fe)u)lp,

(4.2.13)
where the middle 0 column does not appear in the even r = 2n case. From this, the slope
conditions on the quotients:

W(Fe) > - > p((Fe) > 0, (4.2.14)
fulfill the inequalities given in (%) of Theorem 4.2.5.

EXAMPLE 4.2.9. Let £ be a principal-Sp(2n, C)-bundle, with a canonical reduction
o*€ of £ to Pr. We know that ¢*¢ induces a symplectic Harder-Narasimhan filtration of
(B¢, B):

Foep) 0= (Eo S ... C (Be)i S B, (4.2.15)
with semistable quotient bundles (F¢)m = (E¢)m/(Ee)m—1, m = 1,...,1, of rank 7y,.

Since the types of isotropic subbundles of E¢ coincide with slopes, similar to Remark
4.2.3, the Harder-Narasimhan type ,u% n of £ appears as:

0 . . . ) .
o | P i
—p((Fe)) I,
: .. .. .. 0
0 0 —p((Fe))lr

(4.2.16)



CANONICAL REDUCTIONS OF PRINCIPAL BUNDLES

From this, the slope conditions on the quotients:

p((Fe)1) > ... > p((Feh) > 0,
coincide with the inequalities given in (%) of Theorem 4.2.5.
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