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Abstract

An equivariant minimal surface in complex hyperbolic space CH" is a triple consisting
of a minimal immersion (possibly branched) of the Poincaré disc into CH" and
two representations of the fundamental group of a closed oriented surface: one a
Fuchsian representation into the isometry group of the disc, and the other a reductive
representation into the isometry group of CH". We require the minimal immersion
to be equivariant with respect to these two representations.

We see how such surfaces have both a corresponding Higgs bundle and a harmonic
sequence via the non-abelian Hodge correspondence. This provides an original
application of global harmonic sequence theory. In order to do this, we adapt known
results about the moduli space of Higgs bundles, develop both the local and global
theory for CH" harmonic sequences and apply the latter to the former in a new
context.

We consider the critical submanifolds fixed under the C*-action of the Higgs field.
By considering their invariants, we fully classify these subspaces of Hodge bundles,
and make clear links back to other geometric measures such as curvature. We also
establish necessary conditions for stability of these as Higgs bundles.

Finally, we see how the rest of the moduli space can be understood in terms
of a Hodge bundle and an extension, before linking this back to invariants from
harmonic sequences. We consider the limits of the C*-action, describing some
explicitly. Applying the concept of the isotropy order from harmonic sequences to
Higgs bundles, we end by examining the existence of a Higgs bundle of a given
isotropy order. The main results prove the existence of CH* Higgs bundles of all
possible isotropy order and then allow us to find topological conditions for the

existence of CH" Higgs bundles of a given isotropy order under certain assumptions.
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Introduction

This thesis brings together the differential geometry from harmonic sequence theory
with the holomorphic geometry which underpins the study of Higgs bundles, all in
the context of minimal surfaces in complex hyperbolic spaces CH". This provides a
new application of global harmonic sequence theory where only the local theory has

been applied before.

Analogously to how a real hyperbolic space can be modelled as the symmetric
space of orthogonal groups, a complex hyperbolic space is given by the quotient of
projective unitary groups. This is the non-compact dual to complex projective space
CP"™ with the group of orientation preserving isometries given by the real Lie group
PU(n,1).

As any minimal surface has zero mean curvature and non-compact globally
symmetric spaces have non-positive Gaussian curvature, there can be no compact
minimal surfaces in a non-compact symmetric space. Instead, the relevant class of
minimal surfaces to consider in such a symmetric space is the equivariant minimal

surfaces.

First considered in this context by Loftin and Mclntosh in [48] and [49], an
equivariant minimal surface is an equivalence class of triples (f, ¢, p) where f : D —
CH" is a minimal immersion of the Poincaré disc D which intertwines the action of
a Fuchsian representation ¢ : m% — Aut(D) with an indecomposable representation
p:m% — Isom(CH"). Here, we take 713 to be the fundamental group of a closed
oriented surface ¥ of genus g at least two. To date, detailed work on such surfaces

has only been carried out for RH?, RH* and CH? equivariant minimal surfaces by
Loftin and McIntosh [48, 49, [50]

The space of conjugacy classes [c] is given by the Teichmiiller space 7,(X) of
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8 INTRODUCTION

and Corlette’s results [22] can be applied to show that, for a fixed conjugacy class
[c], every reductive representation p has a unique equivariant harmonic map f. The
moduli space of such representations p is the character variety R(m %, PU(n, 1)) of
m 2. Overall, this means the moduli space of equivariant minimal surfaces M (%)
acquires an analytic structure via an embedding into 7,(X) x R(m%, PU(n, 1)).

The non-abelian Hodge correspondence was developed in the late 1980s by Hitchin
[43] and Donaldson [24] for rank 2 bundle over a compact Riemann surface, and
extended to the general case by Corlette [22] and Simpson [5§]. It shows that the
character variety R(m X%, G) of a semi-simple Lie group G is homeomorphic to the
moduli space of polystable G-Higgs bundles M p;445. In our case, this means every
CH" equivariant minimal surface of fixed [¢] has a corresponding PU (n,1)-Higgs
bundle (E =V @ C, ®), where V is a rank n vector bundle, C is the trivial line
bundle over ¥ and ® : £ — E' ® K is the Higgs field for K, the canonical bundle.

This background is further explored in Chapter 1 where details of the moduli space
of PU(n, 1)-Higgs bundles are also presented. In particular, connected components of
M piggs are indexed by the Toledo invariant 7(p) € 257 whose modulus is bounded
by the genus of >.

We also detail wider results about PU (2, 1)-Higgs bundles by Gothen [35] and
Xia [65] alongside more general facts about PU(n,1)-bundles from Bradlow, Garcia-
Prada and Gothen’s paper [14]. Finally, we construct two models of the tangent
space to the moduli space of PU(n,1)-Higgs bundles.

The non-abelian Hodge correspondence also identifies a harmonic map with every
representation in the character variety. This allows us to show that every equivariant
minimal surface also corresponds to a harmonic sequence: that is, to vector bundle
flags over X from which we can derive a set of line bundles.

Chapter 2 introduces harmonic sequences. Also developed in the 1980s and early
1990s, harmonic sequences in complex projective spaces were first studied globally
by Eells and Wood [25]. Erdem and Glazebrook |27] generalised some of these global
results to the CH" case while Bolton and Woodward [10] further developed the local
theory for complex projective space, defining two sets of global differential forms:
I'; and U; ;. These development were key in understanding harmonic maps from
surfaces to compact symmetric spaces.

Here, we build on Erdem and Glazebrook in adapting Eells and Wood’s global
results from CP" to the (non-compact) CH" case. We also follow Bolton and
Woodward to develop the local theory for CH" and extend the definitions of I'; and



Uij.

Higgs bundles and harmonic sequences have previously been brought together
in Baraglia’s thesis [5] in the specific context of cyclic Higgs bundles within the
Hitchin component for certain Lie groups. In Baraglia’s case, the harmonic sequences
consist of holomorphic line bundles which are part of the holomorphic Higgs bundle
whereas, in our case, we don’t have a harmonic sequence consisting of holomorphic
line bundles but instead can only form holomorphic flags.

In §1.6, we will see there is a natural C*-action on M ;4. given by scaling the

Higgs field:

*
C* x MHiggs — MHiggS

(1)
(2, [(E, ®)]) = [(E, 2®)].

Higgs bundles fixed under the circle action, given by considering scaling by e, form

critical submanifolds of an ensuing proper, perfect Morse-Bott function

g: M—=R

2
(E, ®)] — |0 ;:/X|c1>|%oz. 2

These submanifolds are shown to consist of Hodge bundles which further decompose
into (V& C, (p1,¢2)) where V=V ® Vs, ¢ :C > Vi @K and ¢ : Vo - C® K.

In Theorem we explicitly construct the bijection between PU(n,1)-Hodge
bundles and CH" superminimal surfaces. Such surfaces have finite harmonic se-
quences from which we can form an orthogonal frame similar to the Frenet frame of
a holomorphic curve. The term superminimal was first used by Bryant in |17] and
such maps were the focus of Eells and Wood’s work [25] but they have not previously
been linked to the Higgs bundle theory.

In Lemma 2.12] we consider necessary stability conditions for such Hodge bundles
in terms of quantities from the harmonic sequence. This is not a sufficient result
as it is hindered by ®-invariant subbundles being of higher rank. However, it does
allow us to bound various topological invariants of our moduli space. We end this
section by further linking the differential forms to geometric quantities such as the
Kéhler angle.

In Chapter 3, we use the theory of holomorphic chains to show that the connected
submanifolds of PU(n,1)-Hodge bundles are classified by the rank and degree of the

vector subbundle V7, and then calculate their Morse index and critical values.
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Proposition (3.2 shows how non-Hodge PU(n, 1)-Higgs bundles (V & C, ®) can

be given in terms of a Hodge bundle with V' = V; & V5, and an extension

0 Vi V() Vs 0. (3)

Indeed the Hodge bundle is the limit of the C*-scaling of ® as |z| — co. We use
this to consider the tangent space to the downward Morse flow from a given critical
submanifold.

Next, we turn to the other limit as |z| — 0 which begins to explore the boundary
of our moduli space. This uses the Jordan-Holder filtrations to generalise a result in
[50] although a full result is not obtained due to stability conditions of higher rank
vector bundles.

In the final chapter, we consider Higgs bundles of different isotropy orders. This
is a well-known invariant of the harmonic sequence (see for example, [25, [10]) which
relates to the orthogonality of the harmonic sequence. Building on the work of Wood
[63], we define a family of functions ); on M g4 which can be used to determine
the isotropy order.

There are several further questions to be answered regarding these functions
including relatively basic properties of ); and how the isotropy order relates to
the C*-scaling of the Higgs field. While some effort was made towards this latter
problem, it was hindered by having to work on the level of individual Higgs bundles
about which less is currently known.

Section considers the function ()3 in particular, which allows us to prove
the existence of CH® superconformal surfaces in Theorem [4.4] Previously, non-
superminimal surfaces have been hard to find, particularly in non-compact spaces.
However, we find the necessary and sufficient topological conditions for their existence.

In order to prove the existence of Higgs bundles of a more general isotropy order,
we use (Y3 as a base case. By restricting our attention to the Higgs bundles with
isotropy order at least ¢ — 1, we apply the implicit function theorem to iteratively
build up a series of subspaces U; consisting of Higgs bundles whose isotropy order is
at least i. By applying certain assumptions, we prove Theorem [4.6] which enables us
to calculate the codimensions of these spaces and hence find topological conditions

for the existence of a Higgs bundles of a given isotropy order.



1

Background

We begin by detailing some of the standard notation following conventions found in
[60,, 37, 148].

For a holomorphic vector bundle £ over a compact oriented Riemann surface M
with genus g > 2 and a complex structure J, let £(U, E) be the space of sections
of E over U and E¥(U) = E(U, A*T: M) be the space of k-differential forms over a
local open subset U of M. Similarly, let O(U, E') denote the spaces of holomorphic
sections.

Complexified cotangent spaces split into two eigenspaces with eigenvalues 41
which we denote T¢M = Ty M @ 15, M. This carries over to differential forms
and we write EP1(U) = E(U, \PYTEM ) where APATEM is the subspace of ATEM
generated by u A v for u € APIT (M and v € AT M. In particular, there is
a subset of holomorphic and antiholomorphic differential forms which we denote
QP(U) c EPY(U) and QUU) C E%(U) respectively.

The canonical line bundle K is the highest exterior power of the holomor-
phic cotangent bundle: K = AT M for M a Riemann surface. Note this means
holomorphic sections of K are holomorphic 1-forms: O(U, K) = Q'(U).

1.1 SYMMETRIC SPACES

In order to understand CH", we first consider symmetric spaces following Cheeger
and Ebin [20] and Helgason [41].
A connected Riemannian manifold M is locally symmetric if, for all points

p € M, there exists an isometric involution o, such that o,(p) = p and geodesics

11



12 CHAPTER 1. BACKGROUND

through p are reversed. M is (globally) symmetric if o, extends to a global
isometry o : M — M.

Taking M to be globally symmetric, if (M) is the group of isometries on M, then
I(M) acts transitively on M and M ~ G/H where G is the connected component
containing the identity of (M) and H C G is the isotropy (stabiliser) subgroup
of p.

Let G be a connected Lie group and H C G a closed subgroup, then G/H = N
is a space of cosets {gH} with 7 : G — N such that g — [¢gH]|. We call G/H the
homogeneous space. The isometry groups of symmetric spaces are Lie groups so
all symmetric spaces are homogeneous.

In general, the tangent space to a homogeneous space N at the point [H] can
be identified with the quotient of the corresponding Lie algebras so TimN = g/b.
Ady and ady are invariant on b so act naturally on g/h and, by considering the Lie
bracket, we have [h, h] C b.

Moreover, for a symmetric space, as 02 = Id then do? = Id so do has eigenvalues
+1 giving the splitting g = b @ p where b is the Lie algebra of H and p is Ady-
invariant. Any homogeneous space which can be decomposed like this is called
reductive and has the properties that p = g/bh = Tiy N and [, p] C p.

Finally, it can be shown that G/H is symmetric if and only if [p, p] C b.

A Riemannian globally symmetric space is irreducible if it cannot be written
as the product of two or more symmetric spaces. Irreducible symmetric spaces are
classified as one of three types: compact, non-compact or flat, with non-negative,
non-positive or zero sectional curvature respectively.

As the involution o splits g into h@p, we define a Lie subalgebra go = h+ip C g©
where g© is the complexification of the Lie algebra g. Note g5 = g®. This corresponds
to a Lie group G¢ C GC. The Killing form B on g induces a Killing form Bon gc
with Blp = —Blp, B|h = B|h and B(p,b) = 0.

Any real semisimple Lie group has at least one such involution: the Cartan
involution o for which B(X, oY) is negative definite. Any two involutions which
satisfy this property are necessarily equivalent up to inner automorphism. This gives
a unique decomposition g = b + p known as the Cartan decomposition where the
corresponding Lie group H is a maximal compact subgroup.

The rank of a symmetric space is the dimension of any maximal abelian subspace
of p. Geometrically, this is the maximum dimension of a flat totally geodesic

submanifold so is at least one.
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1.2 COMPLEX HYPERBOLIC SPACE
We now let C™! denote C"*! equipped with the Hermitian metric:
<U, U> = Z U;V; — un+1@n+1~ (11)

Following the notation in [48], this enables us to decompose the non-zero elements

of C™! into three subsets:
cr' = {v e C™ | (v,v) < 0},
Cy' = {v eC" v#£0] (v,v) = O} , and (1.2)
cr' = {v e C™ | (v,v) > 0}.

The standard projective map P : C»'\{0} — CP" defines two non-zero vectors as
equivalent if and only if they are non-zero complex scalar multiples of each other.
By properties of the metric, the images of the above subsets under P remain disjoint.

The projective model of complex hyperbolic space defines CH" as PC™! with
boundary PC".

Note that the group U(n, 1) C GL(n+1, C) preserves the metric given in equation
and acts transitively on C™'. It has a maximal compact subgroup U(n) x U(1)
and center U(1). We therefore take PU(n, 1) as the group of orientation preserving
isometries of CH" following |19]. As in [14], we then have that the following is an
exact sequence:

1—U(1) — U(n,1) = PU(n,1) — 1. (1.3)

Following the previous section, we can also view CH" as the rank 1 non-compact
symmetric space with G = PU(n,1) and H = P(U(n) x U(1)).

We have g ~ su(n, 1) and the Cartan decomposition in this case has a block

L)Ly

where A € u(n), a = —tr(A), u € C* and u' is the Hermitian transpose.

decomposition:

Unlike real hyperbolic space, complex hyperbolic space does not have constant
sectional curvature, although the holomorphic sectional curvature is constant [19,
§2.2]. We normalise the holomorphic sectional curvature to -4 as in [48].

Note PU(n,1) is a real Lie group [14]. More details on both complex hyperbolic
geometry and PU(n, 1) can be found in [54] and [19].
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1.3 EQUIVARIANT MINIMAL SURFACES

We now define equivariant minimal surfaces following Loftin and McIntosh in [48],
[49] and [50]. Recall that we let ¥ be a smooth surface of genus g > 2.

First take ¢ : m(X) — PU(1,1) as a Fuchsian representation, meaning it is
discrete and faithful. In particular, ¢ is injective, ¢(7(2)) is a discrete subgroup of
PU(1,1) and PU(1,1)/c(m(X)) is compact.

As Goldman details in [32, §4.2], such a representation also arises as the holonomy
of a hyperbolic structure on X: a hyperbolic structure is equivalent to a Riemannian
metric of negative constant curvature and has an underlying conformal structure
~v. Moreover, as g > 2, the uniformatisation theorem shows that this conformal
structure is unique.

As detailed in |32 §5], the moduli space of conjugacy classes [c] can then be
identified with the Teichmiiller space 7, of 3.

Turning to the other parts of an equivariant minimal surface, we call a G =
PU(n, 1) representative reductive if Ado p: m ¥ — Aut(g) is completely reducible
for Ad the adjoint representation of PU(n, 1) on g = pu(n, 1) (see, for example, [34]).

This enables us to define another useful space: the moduli space of reductive
representations p up to conjugacy is called the character variety R(m X, PU(n,1)).
The subset of irreducible representations is open ([14, §3]) and a reductive represen-
tation is called indecomposable if its image does not lie in a proper Lie subgroup
(@s).

To continue defining an equivariant minimal surface, let p : m(X) — PU(n, 1)
be an indecomposable representation and f : CH' — CH" a harmonic and (weakly)
conformal map. Taking f to be conformal means df,, : Tp(C]HI1 — T,,CH" is conformal
for all p € CH' and weakly conformal if there exists a point p € CH' where dfy is
zero, in which case p is called a branch point As f is also harmonic, its image is
minimal away from any branch points. Hence we can view f as a minimal (possibly
branched) immersion with isolated branch points (see [63]). In particular, the induced
metric f*¢g on CH', where ¢ is the metric on CH", is conformally equivalent to the
hyperbolic metric 4 on CH" so f*g = e"u for some u : ¥ — R away from branch
points.

This triple (f, ¢, p) is called equivariant if they intertwine, i.e. foc(d) = p(d)o f
for all § € m (2).

We only wish to consider such triples up to isometry so we have an equivalence
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relation: (f, ¢, p) ~ (f’,c, p’) when there exists v € PU(1,1) and o € PU(n, 1) such
that for all z € CH',

Fz)=af(v'2), d=vcv"" p=apa”' (1.5)

This then gives equivalence classes [f, ¢, p| and the set of all these classes form the
moduli space of equivariant minimal surfaces M(X).

Corlette and Donaldson show in [22] and [24] that, for a fixed conjugacy class
], every reductive representation p has a unique equivariant harmonic map f into
CH" (also see [59]). If p is decomposable, then its image lies in a proper subgroup
of PU(n,1) and the same f can be equivariant with respect to several p: p being
indecomposable is equivalent to f being linearly full. When p is reductive, Corlette
also gives that we can view f as a minimal immersion ¥ — CH"/p(m%).

Taken altogether, this then means we have the following embedding;:

M(Z) = T, x R(m3, PU(n, 1))

(1.6)
Lfs ¢ p] = ([e]; [p])-

In particular, this embedding endows M () with a topology.

For the rest of this thesis, we fix 3 with a conjugacy class [c].

1.4 EQUIVARIANT MINIMAL SURFACES AND FLAT BUNDLES

Given an equivariant minimal surface with a fixed conjugacy class [c], there is an
associated flat bundle which is important for both the Higgs bundle and harmonic
sequence perspectives that we go on to develop.

Following [22], [34] and [31] for the general case where G is a real, reductive,
connected Lie group, while applying ideas from [14] to the G = PU(n, 1) case, we
show how given p, there is a corresponding flat bundle and then, from this, how we
also have a harmonic map f. This forms the first part of the non-abelian Hodge
correspondence.

We first follow [34] to define a (smooth) principal G-bundle P on ¥ as a smooth

fibre bundle 7 : P — X with a G-action which is free and transitive on each fibre.
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1.4.1 REPRESENTATIONS AND FLAT CONNECTIONS

We wish to first consider representations Hom(m 3, G) = {p : m¥X — G}. As m %
has 2¢g generators {4;, B;}, there is an induced embedding:

Hom(m %, G) — G

(1.7)
p— (p(A1>7p(Bl)7 e 7:0<Ag>7p(Bg>>7

from which Hom(mX, G) inherits the subspace topology.

G acts on Hom(m X, G) by conjugation: ¢g-p = gpg~'. When G is abelian,
this action is trivial but more generally, if the G-action is not proper and G is
non-compact, then Hom(m;3, G)/G may not be Hausdorff. Even if G is compact
and acts properly, if this action is not free, there may still be singularities in the
quotient space |16].

To remedy this, we consider the subset Homred(mz, G) of reductive representa-
tives: those representations that are the direct sum of irreducible representation.
By the definition we saw in §1.3, Hom™ (1,2, G)/G = R(m %, G) is the character
variety. Note it inherits the natural quotient topology.

Turning to the set of flat connections on a principal G-bundle P over Y, we let
$U(P) be the set of all connections on P, and Dy € $(P) be a fixed connection. Any
connection D € {(P) can be written uniquely as D = Dy + n where n € £!(adP)
for ad P the adjoint bundle to P. This means 4(P) is an affine space modelled on
EM(adP).

Let F(P) C {(P) be the space of flat connections on P. If Dy is flat then the

curvature with respect to D is

O(D) = (Dy -+ m)(Dy -+ 1) = Doy + 5.1 (1.8)

Denoting the bundle of automorphisms of P as Aut(P), the gauge group G is the

automorphism group £°(3, Aut(P)) and acts on U(P) via conjugation g- D = gDg™*

and thus O(g - D) = ¢O(D)g~'. In particular, F(P) is preserved under gauge
transformation enabling a moduli space F(P)/G to be defined.

It is well known that a flat connection corresponds to a class of holonomy

representations as detailed in [46, §2.10]. Conversely, letting Y be a universal

covering space of ¥ with deck group m X, any p € Hom(m;3, G) acts on the trivial
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bundle over 3 by:

mEX (ExXGE) =X xG
(1.9)

(v, #,v) = (7T, p(7)v).
As m ¥ acts properly and freely on %, we get a G-principal bundle P, over X
P,:(ExQ)/mE —=Y/mE =1,

Since P, is a trivial bundle over X, it is flat and, as 72 has a discrete topology, this
naturally defined flat connection is also flat over X.

A connection is called reductive if its holonomy representation is itself a reductive
representation. We can then consider the subspace F(P)"d C F(P) of flat reductive
representations.

If Dy and D, are both flat connections corresponding to representations p; and
p2, then [Dy] = [D,] in F/G if and only if there exists g € G such that p; = gpog~*.
This then gives R(m 3, G) = F*4/G where F™ C F.

In particular, considering the case of G = PU(n, 1) more closely, a flat PU(n,1)-
bundle is equivalent to a projective equivalence class of smooth rank n + 1 bundles.

Moreover, we let
['= (A, B, J [ I, [Ay, Bi] = J,[Ai, J] = 1 = [B;, J]), (1.10)
to form the universal central extension:
0—=Z—=T—=mX—0. (1.11)

Note Z is isomorphic to the subgroup generated by J.

For a representation p : m3 — PU(n, 1), and recalling equation , Atiyah
and Bott detail in [3, §6] how p can be lifted to a (non-unique) representation
p:I"— U(n,1) such that

0 r T2 0

T lﬁ Jp (1.12)

0O— U(1) —— U(n,1) —— PU(n,1) —— 0.

Following [3] and [14], we can identify the space of reductive representations p
with the moduli space of connections with constant central curvature on a U(n, 1)

bundle over X.
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1.4.2 FrLAT CONNECTIONS AND HARMONIC METRICS

We next examine the link between connections and harmonic metrics for which we
fix a metric on ¥. Again, we continue to primarily follow [34].

In a principal G-bundle P, we can consider a metric h as a reduction of the
structure group G to a maximal compact subgroup H C G. This means we can view
h as a section h : ¥ — P/H. Fibres of this bundle are isomorphic to the symmetric
space GG/H and the Cartan decomposition gives g = h @ p with p = Ty (Pg), the
vertical tangent bundle of Pp.

Given a flat bundle P, we have:
P/H =% x, (G/H), (1.13)
which means a metric h corresponds to a map
h:%— G/H (1.14)

such that h(y-z) =~ - h(z) for all y € ¥ and z € .

This enables us to define the energy of a hermitian metric h as
e(h)::(/‘HdﬁH2voL (1.15)
b

Note this is well-defined as we have equipped ¥ with the conjugacy class [c]. Metrics
in a flat G-bundles corresponding to critical points of the energy are called harmonic.

In terms of flat connections, let i : Py < P be the principal H-bundle obtained
by the reduction of structure group defined by h and D a flat connection on P. The
Cartan decomposition gives i*D = Dy + ¢ where Dy is a connection on Py (so
compatible with the metric h) and ¢ = dh € E*(Py, p) is a section of Ty (Pg).

We can calculate the critical points of the energy by taking a deformation of the
metric h as hy = exp (ts)h where s € E(X, Py(p)). We then have

d 2
_£AWMMM

This means h is a harmonic metric if and only if d},, ¢ = 0 where d* is the adjoint

d
%e(ht) = (dh,dp,,s). (1.16)

t=0

t=0

operator of d with respect to the fixed Kéahler metric on .

The curvature of *D can be expressed in terms of (Dy, ¢) as

O(Du) +dp, 6+ 56,6 = 0. (1.17)
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Considering the h and p parts separately, we get:

dDH¢ - 0,
O(Di) + 1[6,6] = 0, and (1.18)
03,6 =0,

where we have also required h to be harmonic for the third condition. A bundle
(Py, Dy, ¢) which satisfies all three of these conditions is called a harmonic bundle.

Returning to flat connections, we have:

Theorem 1.1 (Corlette-Donaldson Theorem - [34]). A flat bundle P — % corre-
sponding to a representation p : m>% — G admils a harmonic metric if and only if p

1s reductive.

Let U C G be the gauge group for Py. As it preserves the metric, U is unitary.
The Corlette-Donaldson theorem gives that for any projectively flat connection D on
P, there exists a gauge transformation g € G such that gD = Dy +¢ and (Pg, Dy, ¢)

is a harmonic bundle. Consequently,
{(Pu,Du,¢) | (Pu, Dy, ¢) harmonic} /U = F/G.

In the PU(n, 1) case, we want to consider bundles with constant central curvature

A(p) which means the harmonic bundle equations we need consider are:
dp, ® =0=dp,¢, and

1.19
(D) + 5[0, 6] = 9

1.5 HIGGS BUNDLES AND STABILITY

Still following [34], [14], [61] and [31], we now turn to Higgs bundles.

A Higgs bundle over a compact Riemann surface ¥ is a pair (F, ®) where
E — ¥ is a holomorphic vector bundle, and ® : £ — EF® K is a sheaf homomorphism
known as the Higgs field, where K is the canonical bundle. In particular, we can
view @ as an element of H°(X, End(E) ® K).

For general vector bundles, we define the slope as u(E) := deg(FE) /rank(E) where
deg(F) is the degree of E. E is stable if u(F') < u(E) for all proper subbundles F,
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semistable if this is not a strict inequality and polystable if E is isomorphic to
the direct sum of stable vector bundles of equal slope.

A Higgs bundle (E, @) is subsequently stable if p(F) < u(E) for all ®-invariant
holomorphic subbundles F' C E, where F' is ®-invariant if ®(F) C F'® K. Semista-
bility and polystability are defined analogously. Note this is a weaker condition than
vector bundle stability.

Hitchin showed in [43] that a Higgs bundle (E, ®) is polystable if and only if it
satisfies the (projectively flat) Hitchin Equations:

O0p® =0, and

(1.20)
O+ [P, 9" = —iplpw,

where u = p(F), Ig is the identity endomorphism of F and w is the Kéhler form of
¥ equipped with conjugacy class [¢] and normalised to have volume 27. The right
hand side of this second equation is known as the central curvature of F.

There are two descriptions of a PU(n, 1)-Higgs bundles which we will use.

In the first, we follow [34] to set G = PU(n,1) and recall from that
the maximal compact subgroup is H = P(U(n) x U(1)). This gives the Cartan
decomposition g = h + p. We can then take (E', @) to be a PU(n, 1)-Higgs bundle
where E' — Y is a holomorphic principal H® bundle and ® € H°(X, E(p®) @ K).

Note that as H® = P(GL(n) x GL(1)), we also get an alternative description of
a PU(n,1)-Higgs bundle as a projective equivalence class of split bundles V' & C and
a Higgs field ® interpreted as a holomorphic one-form with values in Hom(C, V') &
Hom(V,C).

As discussed in [14, §3.2], a U(n, 1)-Higgs bundle (£, ®) is a holomorphic G L(n) x
GL(1)-bundle £ = V' @ L, where L is a holomorphic line bundle and V' a rank n

0
holomorphic bundle, with an off-diagonal Higgs field ® of the form ¢ = (¢ %1)
2

where ¢; € H*(X, Hom(L,V) ® K) and ¢ € H(X, Hom(V, L) ® K).

Following on from the end of §1.4.1] any flat PU(n,1)-bundle lifts to a non-
unique U(n,1)-bundle V' & L with a projectively flat connection with constant
central curvature A\(p) in line with [31].

Two such U(n, 1)-bundles will result from a lift of the same PU(n, 1)-bundle if
and only if there exists a line bundle with a unitary connection of constant curvature

such that twisting one U(n,1)-bundle by the line bundle, gives the second. We
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choose the U(n, 1) bundle twisted by L* meaning £ =V @& C where V ~ V' ® L*.
Note that we then have deg(V') = deg(E).

1.6  NON-ABELIAN HODGE CORRESPONDENCE

We can now consider the rest of the non-abelian Hodge correspondence and detail
the association between the character variety and the moduli space of polystable
Higgs bundles with the aid of [34], |[61] and [31].

Let E be the associated flat vector bundle to the principal bundle P. We first
consider holomorphic structures on F. Recall that E is equipped with a complex
structure J for which the bundle projection is holomorphic and there exist local
holomorphic sections which can be locally trivialised.

Let Op : EY(E) — E%(E) be a linear operator satisfying a Leibniz rule:
Buf0) = @) + (o) (1.21)

for f € C*(%,C) and o € £°(FE). This extends to 0 : EM9(E) — EP4TH(E) and,
when E is integrable, 8" 0 97 = 0.

Moreover, giving an alternative proof to a result from Koszul-Malgrange in [47],
Atiyah and Bott show in [3| p. 555] that, over a complex surface, the (0,1) part of
any connection gives a holomorphic structure.

Alternatively, we have

Theorem 1.2 (Newlander-Nirenberg theorem [4]). Given a complex manifold ¥ and
a smooth vector bundle E with connection A whose curvature is of type (1,1), then E

has a natural holomorphic structure with a unique (1,0) hermitian connection given
by A.

In particular, holomorphic transition functions can be defined by solving Ogs = 0
where s € £%(U;), so dg gives E a holomorphic structure.

On the other hand, two holomorphic structures are defined to be equivalent if
the operators which they are given by are gauge equivalent. That is, there exists a
g € G such that E/E = g10gg. For a given smooth bundle E, the set of holomorphic
structures on E therefore forms a moduli space itself: D(E)/G where D(F) is the
space of O operators on E. Furthermore, an arbitrary holomorphic bundle can be

given by (E, [0g]), where [0g] is a class of G-equivalent 9 operators.
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With respect to a given operator 0y, an arbitrary O = dy + ¥ where ¥ € £%1(%)
is an endomorphism of E. D(FE) is therefore an affine space. The gauge group G
acts on D(E) by conjugation: g - dr = gdpg~'. As with representations, this space
is generally non-Hausdorff but by restricting to stable holomorphic bundles, we
overcome this problem.

We finally consider the moduli space of Higgs bundles M p;4,s given by (E, 9, ).
Here, the G action is given by g - (g, ®) = (g0rg~', gPg~'). As Jp represents a
holomorphic structure, to have a Hausdorff quotient space, as before, we require
stable Higgs bundles. For further restriction, we need to understand the action on
the Higgs field.

Bringing these ideas together, the Hitchin-Simpson correspondence (34, Thm
3.8] identifies the moduli space of Higgs bundles with the moduli space of harmonic

metrics. In our case, the Hitchin-Simpson correspondence gives:

Theorem 1.3 (Prop 3.9, [14]). Let (E, ®) be a U(p, 1)-Higgs bundle with E =V &C
0 ¢

2 0
hermitian metric such that E =V & C is an orthogonal decomposition and Hitchin’s

and ® = . Then (E,®) is polystable if and only if it admits a harmonic

equations ([1.20]) are satisfied.

Overall, given an equivariant minimal surface (f, ¢, p), [p] € R(m X, PU(n, 1))
defines a projectively flat PU(n, 1)-Higgs bundle where the Higgs field is Higgs field
given by the (1,0)-part of the derivative of f. Therefore, for each choice of conjugacy
class [c], the non-abelian Hodge correspondence provides a homeomorphism between
the character variety and the moduli space of polystable PU(n,1)-Higgs bundles
over X equipped with the conjugacy class [c].

To be more explicit: given [p], we have a class of projectively equivalent C™!
bundles E each equipped with a projectively flat connection V. The immersion f
defines a line subbundle L C E which further defines a splitting £ = L @ L*. This
splitting then defines a bundle automorphism o such that o|L+ =1 and o|L = —1,
which further decomposes the connection V as Vg + ¥ for Vg = 3(V 4+ 0Vo) and
U= %(V — oVo). The harmonic map equations, paired with projective flatness as
in equation , then gives that Og¥Y = 0. So, if we take U0 = &, we get a
Higgs bundle.

Conversely, given a semistable PU(n,1)-Higgs bundle (E, ®) where L C F is a

line subbundle, we can fix the metric such that the C™! metric is negative definite
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on L. The line L then determines a smooth section of the CH" bundle CH' x , CH"
equivalent to the p-equivariant map f such that ® = 9f. Indeed, as f is p-equivariant,

so is df and we can decompose df into four maps:

of : TS - T'CH",  9f": T"°S — T"CH",

_ B (1.22)
of . T%'Y — T'CH", af" . Ty — T"CH",

with 0f = df” and similarly 0f” = 0f’. We can then think of df as a smooth section
of (TCY)* ® f! (T(CCH"/p) over 2. This gives that df’ € H°(K ® Hom(C,V))
and 0f" € H(K ® Hom(V,C)) so we can equate these with the components (¢1, o)
of a PU(n,1)-Higgs field.

Moreover, the connection Vg on E induces a metric connection on f~'TCH"
which agrees with the pullback of the Levi-Civita connection. As (E, ®) satisfies
the Hitchin equations ([1.20)), the Hitchin-Simpson correspondence gives that f is

harmonic. Meanwhile the semistability of (F, ®) ensures that f is linearly full.

1.7 MODULI SPACE OF PU(n,1)-HIGGS BUNDLES

We finally consider some known facts about the moduli space of PU(n,1)-Higgs
bundles. Let (E, ®) be a polystable PU(n,1)-Higgs bundle.

1.7.1 TOLEDO COMPONENTS OF M pgqs

Following the original definition of the Toledo invariant in [59], we recall that a
representation p defines a flat bundle E, over ¥ with fibre CH" and a section
equivalent to the equivariant map f. Letting 2 be the Kéahler form on CH", the
form f*Q is fixed under the action of (%) on CH' so descends to a form on ¥. We

then define the Toledo invariant as:

T(p) = i/EfQ (1.23)

Recall that in §I.2] we fixed the holomorphic sectional curvature to be -4 which
means here we follow the scaling convention in [48] and [14] rather than the original
definition in [59] where the holomorphic sectional curvature is taken to be -1.

We now follow Goldman, Kapovich and Leeb [33] for an equivalent definition
that will be useful.
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Let K be the canonical line bundle over CH" and recall CH" is a Kahler-Einstein
manifold with Einstein coefficient —2(n + 1) (see |7, §1]). Being a Kéhler manifold
means the curvature of the canonical bundle is «R where R is the Ricci curvature,
while being Einstein means R = —2(n + 1)Q2 (see, for example, [52, §13]). Together
this means the curvature of K is ©(K) = —2i(n + 1)Q2. Following [6] and [33], the
pullback bundle f*K on the universal cover ¥ descends to a line bundle L, over X
with a curvature 2-form «,. In particular, deg(L,) = 5= [ a, € Z (see, for example,
60, §3)).

Returning to the Toledo invariant, this means:

2 0 . -l . 2 12
T(p>:7r/2fQ_7ri(n+1)/zf@(K>_ n—|—127ri/zap_ w1 dcelle)
(1.24)

However, as in [48], we have L, = f~! (TCH"/p) = Hom(L, V') meaning deg(L,) =
degHom(L,V) = degV — ndeg L.

We’ve then shown:

2degV —ndeg L

1.25
n+1 ’ ( )

ri=r(p) =

which agrees with the definition in [14]. In our case, we take L ~ C meaning this

can be further simplified to:

2
= — deg V. 1.2
" N1l (1.26)

In particular, this gives that 7(p) € 257Z.

As detailed in [34], we can stratify the character variety by the degree of E and,
as deg(FE) = deg(V'), we can now index these components by 7. Indeed, Xia [66]
proves that M g4, decomposes into connected components indexed by 7.

We now show there is a bound on the values 7 can take. Recall that a semistable
PU(n,1)-Higgs bundle has a Higgs field which splits into two components ¢; : C —
Ve Kand ¢ : V - C® K. If & = 0, then the Higgs bundle must lie in the
component 7 = 0 as detailed in [14].

As in Lemma 3.24 in [14], Im¢p @ K—! C C so, assuming ¢, # 0, we have that
Im¢, generates a subbundle I (see |[44]), which has rank 1. Similarly, let N be the
subbundle generated by ker ¢o with rank n — 1 then, as ¢y induces a nonzero section
of (V/N)* @ Im¢py ® K, we have:

deg(N) > deg(V) — 2(g — 1). (1.27)
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Furthermore, N is a ®-invariant subbundle so, by stability of E, we also have:

n—1
N) < . 1.2
deg(N) < - deg(V) (1.28)
Taking these together,
2(g—1) > ] deg(V) =7. (1.29)

Applying similar reasoning for ¢, we get a Milnor-Wood type inequality:
0<|r| <2(g—1). (1.30)

Milnor and Wood first proved a form of this inequality in [51] and |64] respectively,
while the CH" case was first shown by Domic and Toledo [23].

Xia [66] shows that there is exactly one connected component for each one of
these values 7, with Theorem 6.1 in |14] further giving that these components have
a dimension of 1+ (n + 1)?(g — 1) unless |7| = 2(g — 1).

If |7| = 2(g—1), then [14] Thm 3.32] gives that every such Higgs bundle is strictly
semistable and decomposes into a polystable CH'-Higgs bundle of maximal 7 and
degree 2(1—g), and a polystable, rank n— 1 vector bundle of degree deg(V)+2(g—1).

The connected component is then of smaller dimension 2 + (n? — 2n + 5)(g — 1).

1.7.2 THE HiTrcHIN MAP AND NILPOTENT CONE

The Hitchin map on My, (see, for example, [29], [34]) is given by:

n+1
X : Muiges — P H'(Z, KY)
. @1 (1.31)

(B, @]~ (tr(®), tr(2?), ..., tr(@"))

Hitchin [43] shows that this a proper map meaning the fibres are compact and, in

particular, the fibre of the Hitchin map over 0,

X (0) = {[E, 2]Ix([E, ®]) = 0}, (1.32)

is called the nilpotent cone.

In our equivariant minimal surfaces case, we can go further: as CH" is a rank
1 symmetric space and we take f to be conformal, then the corresponding Higgs
bundle has ®* = 0. This means we have tr(®’) = 0 for all ¢ > 0 meaning that all

such Higgs bundles are in the nilpotent cone.



26 CHAPTER 1. BACKGROUND

1.7.3 TuHeE C* AcTioN, HODGE BUNDLES AND MORSE THEORY

An important property of the Higgs moduli space (see [34] for example) is the C*

action given by:

*
Cr x MHiggs — MHiggS

(1.33)
(2, [(E,@)]) = [(E,2®)].

With respect to the Kahler form w on the moduli space Mgy, [34] details
how the action of the subgroup S* C C* is Hamiltonian and, for £ the vector field
generated by the action such that grad g = £, there exists a moment map g given

by (up to scaling):

g : Muiggs =& R

[(E,®)] — Hq)H2 — /X |(I>‘21)0l. (1.34)

As originally shown in [43], this is a proper, perfect Morse-Bott function, meaning
the Hessian of g is non-degenerate along the normal bundle to the connected critical
submanifolds Ny C M gggs-

Observe that S! C C* acts on the moduli space of solutions to the Hitchin
equations meaning that understanding the C*-action can be reduced to
understanding the scaling of the Higgs field ® by 2z = ! where t € R.

We see in [42] how the downward gradient flow I';(F) (i.e. of -grad g) on the

moduli space from which we have the stable and unstable manifolds respectively:

N} ={(B,®)| lim T(E) € N)}, and
o (1.35)
Ny =A{(E,®)] lim T\(E) € Ny}

This gives a Morse stratification Myg.s = Uy Ny which Kirwan [45] shows is

equivalent to the Bialynicki-Birula stratification:

Mutiggs = {(E, ®) | lim(E, 2@) € NA} . (1.36)

A

As ¢ is proper and bounded below, it attains a minimum on each connected
|7]
2
this is obtained if and only if ¢; = 0 or ¢ = 0. Note in particular, we only have
|®]|> = 0 when 7 = 0.

component of M gggs. provides a lower bound for g and |14, Prop 4.5] shows
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We therefore want to better understand these critical submanifolds. It follows
from Frankel’s work [30] that both the critical Higgs bundles (£, ®) and the adjoint
Higgs bundle (End(FE),ad(®)) are fixed by the circle action so:

e’ - [(Ev CI))] = [(Ev ez’G(I))] = [(E, (I))L (137)

for all values 6. From this,

al o, (E,®) = (0,i®) = (dp¥, [V, 9]), (1.38)

=0
where W is a unique infinitesimal automorphism of the Lie algebra. As dgW¥ = 0, there
is a holomorphic eigenbundle decomposition End(F) = @ E) with F\ = ker(V — \)
where A is the eigenvalue. Finally, as [V, ®] = i®, we get that ®(F)) C Ey;; @ K
and the eigenvalues are integer multiples of 4.

A holomorphic decomposition E = @™ E; such that ®(E;) C E;;; ® K and
E,,+1 =0 is called a length m Hodge bundle.

In our PU(n, 1) case, ® also splits into ¢1 : C - VR K and ¢ : V - C® K
which limits the possible lengths of Hodge bundles.

Lemma 1.4. Every semistable PU(n,1)-Higgs bundle (E =V & C, ®) fized under
the C*-action is either a length 2 or length 3 Hodge bundle.

Proof. Following 14, Prop 4.10], each eigenbundle of the fixed point must be either
a subbundle of V' or C. Moreover, ® maps the eigenbundle E; to the consecutive
eigenbundle F;,;. Together with the definition of PU(n,1)-Higgs bundles, this
means there must be at least two consecutive eigenbundles which ® acts non-trivially
between: one a subbundle of V' and one a subbundle of C.

If there exists consecutive eigenbundles which are subbundles of either V' or C,

for ease we take their direct sum so we have:
0 E' 3 E* 2 B 0, (1.39)

where we are suppressing the direct products with K and E? are direct sums of
consecutive eigenbundles that are either subbundles of V' or C. As ®? = 0 and
rank(C) = 1, we necessarily have that there can be at most three of these bundles.

If B! is a subbundle of C, then E? is a subbundle of V' which lies in the kernel
of ® meaning E* = 0 and (E,®) = (C @V, ¢;) is a length 2 Hodge bundle.
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Similarly, if £3 is a subbundle of C, then we must have E' = 0 and we get the
length 2 Hodge bundle (V @ C, ¢5).

However, if E? is a subbundle of C, then both ¢; and ¢ are non-zero. We relabel
E' =V, and E3 =V}, so we get a length 3 Hodge bundle (Vo & C & Vi, (¢1,¢2)). O

Note that in the length 3 case, Im(¢1) C V; and V; C ker ¢y, so we get ¢apy = 0
or, equivalently, Tr ®? = 0. This also trivially holds in the length 2 case. All
PU(n, 1)-Higgs bundles with this property belong to the nilpotent cone (see equation

(T.32)).

1.7.4 TANGENT SPACE TO THE MODULI SPACE

In order to understand deformations of Higgs bundles, we now explore the tangent
space to the full Higgs bundle moduli space at a smooth point p = (E, ®) where
(E,®) is a stable Higgs bundle and recall that £*(U) is the space of k-differential
forms over a local open subset U of a Riemann surface.

Moreover, in §I.6] we saw that the Higgs moduli space is given by:

Miiggs = {(A, @) satistying (L41)} /C>(%, H) (1.40)
where
Fy+[®,®*] =0, d)=0. (1.41)

and H is the maximal compact group of PU(n,1).
Adapting [61, Eq. 2.7], the infinitesimal structure of the moduli space is given by

the deformation complex
E°(h%) 2 £%(h%) @ £10(m) 25 £ (m) (1.42)
where the linearisation of the gauge action and d’y® = 0 gives:

DlB = ( ZlBa [(I)aB])
Dy(a, ) = djp + [a A D],

and h and m are the Lie algebra splitting of PU(n,1) as in . Let £¥(HC) be the

space of smooth k-forms with value in the bundle of endomorphisms
{¢) € End(V) & End(C) | Tr(¢) = 0},

and £%(m®) correspond to endomorphisms ¢ € Hom(C, V) @ Hom(V, C).
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This allows us to model the tangent space space of a smooth point as

{(a, ©) € EX(h) ® E0(mC) satisfying }
{(daB,[®, B]) | B € £°(h)}

TpMHiggs ~ (143)

where
"+ [a A ®] = 0. (1.44)

Alternatively, following on from the holomorphic principal H® definition of
a Higgs bundle seen in §I.5 we can consider the Dolbeault moduli space as

constructed in [34} p. 13] as
Moo = {(@a,®) | (9, ®) polystable, Ja® = 0} /C*(3, HE). (1.45)
Here, the gauge action is given by:
g(t)- (04, ®) = (—0ag- g+, gPg ). (1.46)
Differentiating this at ¢ = 0 and setting ¢(0) = B, we get:

{(A//7 QD) e gO,l(bC) @ gl,O(mC)}
{(d4B,[®,B]) | B € £°h°)}

TpMDol ~ (147)

As we have a diffeomorphism Mp, — Mg, for every (A” , Q)) € T,Mpol,
there exists B € £°(h*) such that:

(o ¢) = (A" + d'4B,® + [®, B)) (1.48)

satisfies (|1.44)).

We will be mostly interested in the C* flow (E,e'®) for which we can take the
representation at t = 0 to be (A”, ®) = (0, ®). This last expression then simplifies
and we have a B € £°(h®) such that

(", ¢) = (d4B,® + [P, B]) (1.49)

satisfies (|1.44)).
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Harmonic Sequences

In this chapter we define harmonic sequences for our CH" case and explore their
link to PU(n,1)-Higgs bundles.

2.1 CH" HARMONIC SEQUENCES

Continuing from the previous chapter, we take (E, ®) to be a polystable PU(n, 1)
Higgs bundle where £ = V&C. Let (-, -) be the C™! metricon E, D : E%(E) — EY(F)
the Chern connection for the holomorphic structure £ = C®V and V=D + o — d*
the projectively flat PU(n, 1) connection on E. Here ®* is the adjoint operator to ®
with respect to (-,-) which has the opposite sign to the usual adjoint (e.g. [60, §2])
since (-, -) is negative definite on C.

We call a subbundle ¢ C E definite when ¢ # 0 and (-, -) is definite on ¢. In this
case, we can then take the orthogonal projections 7 : E — £ and 7+ : E — ¢+ such
that 7 + 7+ = Idg. For a definite line subbundle ¢ C E we follow [10, (18, [63] to
define:

Al oK
_ (2.1)
A" st K
Ao = 1tV odz
(2.2)
Ao = mtV5odz
where z is a local holomorphic coordinate on ¥, Z = 9/0z and o is any local smooth
section. Note A’ and A” are both independent of the choice of z and o so are global

definitions.

30
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Given ¢ and ¢+, we endow them with the holomorphic structures:
Op=1V" 0 I K
Oy =7V 4+ 5 1+ oK.
As stated in [62, Thm 2.1], we prove following;:

Lemma 2.1. A’ is holomorphic if and only if A” is antiholomorphic with respect to

the 9; and 0,. holomorphic structures

Proof. For A’ to be holomorphic, we require, for each local smooth section o of ¢

and local holomorphic vector field Z,
VA (Z)o — A(Z)nV 5o =0 (2.4)

where A'(Z) = 71V .
Since V is projectively flat, we can simplify this using A'(Z) = 7tV to get:
V(7 Vy0) — 7tV V5o = 17 ((V4V, — V5rVy)o) — 15 (V4 Vgo — Vyrt Vo)
=1((V3Vz = V2V5)o) — A" (Z)nV g0 — -V A" (Z)o
=1tV A" (2)o — A" (Z)7V g0

Hence A’ is holomorphic if and only if this is 0, from which we get that A” is

antiholomorphic. O

Returning to our PU(n, 1) Higgs bundle (V & C, ®), let £y = C, hence (+ =V
meaning
Ay by -V @K and Aj:ly— VoK. (2.5)

Taking a global trivialising section o of ¢, we have

Ao :my (D' + ¢10) = 1o

7 Loy * s (26)
Ago :my (Do — ¢30) = =0
formyE—)Qandwé:E—)V.
Hence we have A, = ¢; and Aj = —¢3. Since ¢; is holomorphic and ¢} is
antiholomorphic, we get well-defined line subbundles ¢1,¢_; C V such that:
Im(Aj) = Im =l ®K,
(Ap) (¢1) =4 2.7)

Im(Ap) =Im(¢;) =0, @ K.



32 CHAPTER 2. HARMONIC SEQUENCES

Here Im denotes the saturation of the image sheaf: the smallest sheaf containing the
image (complete definition can be found in [26]).

We can continue this process as the next result, similar to that stated in [62,
Thm 2.2], shows:

Lemma 2.2. Let {; C E be a definite line subbundle for which A} : {; — KjL ® K
is holomorphic so that lj,, = ImA; @ K is well-defined and assume lj, 1 is definite.
Then

A;-/+1 : €j+1 — EJ'LH X K (28)

equals —(A%)*.
Note by Lemma [2.1] an immediate consequence of this is that
Al il = 0, K (2.9)
is holomorphic.

Proof. Let 0,7 be local sections of ¢;, ¢;,; respectively. Then:

<A;(Z)a, T) = (Vzo,T)
= —(0,V5T)
= —(0, 4] 1 (Z)7)

where we have used that (o,7) = 0 and V is a metric connection. O

Since A} is holomorphic with definite image ¢;, there is a line subbundle /5 for
which A} : ¢, — ¢, ® K is holomorphic. Whenever the iteration continues, we
produce A} : £ — £;11 ® K until £, fails to be definite.

Similarly, Lemma gives that when /; is definite and A7 is antiholomorphic,
we obtain £; ; C E for which A7 : {; — {; ; ® K. This leads us to the definition of

the harmonic sequence.

Definition 2.3. If ¢, is definite and comes from {y by iteration of one of the above
operations, then let I C Z be a subset such that j € I and 0 € I. We call the set
{¢; - j € I} the harmonic sequence for the Higgs bundle (E,®).

This is called a harmonic sequence because every /; in the sequence determines
an equivariant harmonic map into either CH" or the pseudo-Hermitian symmetric

space CdS™, known as complex de Sitter space, as follows.
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Let £y C E be the fibre subbundle consisting of v € E such that (v,v) = £1.
Then using the metric (-, -), the fibres of PE, are isometric to either CH" or CdS™
for E_ and E, respectively. It is well-known (e.g. |27, [25, 48]) that ¢; determines
a harmonic section of PEy precisely when A is holomorphic. Equally, ¢; gives an
equivariant harmonic map into CH" or CdS™.

Note that, for £, = C and g = V, the equivariant harmonic map is f : CH' —

CH" as seen in §1.3]

For this equivariant harmonic map f, we then define the k-th order Z osculating
subbundle F;, C V as:

k
F, =span{V%o : 0 <i <k} = P, (2.10)

i=1

and k-th order Z osculating subbundle as:

Fr=span{Vio:0<i <k} =Pl (2.11)

i=1
for o a section of C. As f is harmonic, then Lemma shows that VZViZU e F_4
and similar for the complex conjugate. In particular, Fj, is always a holomorphic

bundle while F, is antiholomorphic.

These osculating spaces form two flags:

F1C"'CF7«:F7.+1CV, and

_ L (2.12)
Fic---CF,=Fg,CV,

where we take r,s € Z to be smallest possible integers such that F,. = F,.,; and

FS = Fs+1'

2.2 ISOTROPY ORDER

Now let us restrict our attention to PU(n,1)-Higgs bundles (£, ®) in the nilpotent

cone which are characterised by ¢9¢; = 0. For a global unitary section o of C = ¢,

Tr(pot1) = (Pap10,0) = (P10, P30). (2.13)

We therefore see that ¢, is perpendicular to ¢_; meaning ¢, ¢, and ¢_; are mutually
orthogonal by construction. This is a consequence of requiring f in our equivariant

minimal surface to be conformal.
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Lemma 2.4 (Prop. 2.4, [10]). If there exists a subsequence Cy,--- ,lpys of k+1
consecutive mutually orthogonal subbundles of the harmonic sequence, then every

k + 1 consecutive bundles of the harmonic sequence are mutually orthogonal.

Proof. Assume ¢, lpi1, ..., {,1 are mutually orthogonal for p,...,p+k C I, we
then show that if p — 1 € I, then ¢, is orthogonal to ¢p,lpi1, ..., ¢p15—1, and if
p+k+1¢€lI, then €, is orthogonal to £y 1, lpi1, ..., Upti-

We first consider p —1 € I and let o and 7 be local sections of ¢, and ¢, for
re{p+1,---,p+k — 1} respectively. Then we know (o, 7) = 0 by assumption.
Therefore:

(Vzo,7) = —(0,V z7)
(Ay(Z)o,7) = —(0, A (Z)T)

This last term is 0 because ¢, is orthogonal to £,;; by assumption. Furthermore, as
A7 (Z)o is a local section of £,_1, we necessarily have that £, ; is perpendicular to £,
forrep+1,---,p+ k — 1. By construction, we also have that ¢,_; is perpendicular
to ¢, meaning we have shown that ¢,_; is orthogonal to ¢,, {11, ..., {,1,—1 as required.

On the other hand, we assume p 4+ k + 1 € I and now take o and 7 be local
sections of £,y and ¢, for r € {p+1,--- ,p+ k} respectively. Again, (¢, 7) =0 and

we have:
(Vzo,7) = —(0,V5T)
(Af 1 (Z)o, 1) = —(0, Al (Z)T) = 0.

This last equality follows from ¢, being orthogonal to ¢,_; and, as before, this
gives that €, is orthogonal to £, 11, ¢p11, ..., €pyk as required. Inductively, we have

that any k consecutive bundles are mutually orthogonal. O]

Definition 2.5. Let m + 1 be the mazimum length of a consecutive sequence of
mutually orthogonal subbundles in the harmonic sequence. We call m the isotropy

order of the harmonic sequence and of its corresponding Higgs bundle (E,®).

Note that clearly 1 < m < n and, by restricting ourselves to Higgs bundles in
the nilpotent cone where ® # 0, then we also have m > 2.

Following from the previous lemma, we also have:

Corollary 2.6. If (E,®) is a Higgs bundle with isotropy order m then there exists a
subsequence Uy, - -, lyim of the harmonic sequence consisting of mutually orthogonal
subbundles containing ly. Hence {; CV =g for —-m < j<m, j#0 and j € I.
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2.3 SUPERMINIMAL HARMONIC SEQUENCES

We now want to consider the case of maximal mutual orthogonality. We prove the
following as stated in [10, p. 368]:

Proposition 2.7. Consider a harmonic sequence of isotropy order m > 2. If A, =0
for some p € I, then 0 < p < m and the harmonic sequence is finite, consisting
of mutually orthogonal ¢; for p —m < j < p. Moreover, this holds if and only if
Al =0

p—m :

Proof. We assume A} = 0. Consider any subbundle ¢; of the harmonic sequence
with 7 < p. Let o and 7 be local sections of ¢, and ¢, respectively. By assumption,

we then have:
0= (A;(Z)a, T) = (o, A;’(Z)ﬂ. (2.14)

Therefore, for all j € I, we have /; is perpendicular to £,,.

By construction ¢,_; is orthogonal to ¢, and ¢,_, and the previous paragraph
gives that ¢,_5 is perpendicular to £,. Therefore £,_,¢,_1, ¢, are mutually orthogonal.
By Lemma [2.4] we therefore have that £,_s, £,_,¢,_1 are mutually orthogonal. The
previous paragraph also gives that ¢,_3 is perpendicular to ¢,. Working iteratively
like this, we get that ¢,_;,--- , £, are mutually orthogonal for all j € I.

By definition of the isotropy order, the harmonic sequence must therefore contain
lp—m,- -+, ¥, and, by construction, we have p < m.

To show this is the entire harmonic sequence, we need to show that A; =0 if and

only if A7, =0. We let o and 7 be local sections of £, ,, and /, respectively, then
<Agfm(7)o-7 T> - _<07 A;(Z)T>

Assuming A, = 0, then A7 = 0 or else £, ,; is in the harmonic sequence
contradicting the definition of the isotropy order. Conversely, if A ,, = 0, then we
have A =0 orelse p+1 € I. ]

There are two special classes of harmonic sequence which have particular sig-
nificance in the rest of this thesis. The terms defined below follow from those in
[12]:

Definition 2.8. The map corresponding to {y is superminimal if its corresponding
harmonic sequence terminates. Equivalently, there exists a p € I such that A, = 0.

We will also call the corresponding Higgs bundle (E, ®) superminimal.



36 CHAPTER 2. HARMONIC SEQUENCES

If the harmonic sequence is periodic, then both the corresponding map and the

Higgs bundle are called superconformal.

If we required linearly full PU(n,1)-Higgs bundles, then their harmonic se-
quences span the bundle. In this case, Proposition shows that superminimal
harmonic sequence have isotropy order n 4 1. Meanwhile linearly full superconformal
Higgs bundles have isotropy order n.

Following our discussion after Definition [2.3] we also have that:

Corollary 2.9. Fvery equivariant superminimal map into CH" is either holomorphic,

anttholomorphic or its harmonic sequence contains a holomorphic map into CdS™.

We now can link Hodge bundles to harmonic sequences by showing that a

superminimal harmonic sequence corresponds to a Hodge bundle.

Theorem 2.10. For f linearly full, the harmonic sequence given by an equivariant
minimal surface [f,c, p|, is superminimal if and only if the PU(n,1)-Higgs bundle
(E,®) corresponding to [f,c,p| is a Hodge bundle.

Proof. Suppose the Higgs bundle is a Hodge bundle. In the case of length 3 Hodge
bundles, V; and V5 are holomorphic subbundles and, by definition of ®, ¢; C V; and
¢_1 C V,. As holomorphic bundles, they are both invariant under dy. Moreover,
Wflvga,l = 0_o must be contained in V5. Inductively, we have ¢; C V5 for all i < 0
and, as Vi and V; have finite rank, there must exist some p € I such that A, =0
as V; and V, are holomorphic subbundles. As V' is orthogonal to C, (o,0) > 0 for
any o € (3 and the isotropy order must be maximal. By definition , we therefore
have a superminimal harmonic sequence.

In the length 2 case, either ¢; = 0 or ¢ = 0. Note this means that f is either
holomorphic or antiholomorphic as seen in the CH? case, and the harmonic sequence
either has /{ =0and ¢/, C Viori<OQor¢_;=0and ¢; CV fori > 0.

Conversely, suppose we have a superminimal harmonic sequence then we have
maps given by A} : F; — Fiy1 ® K, with F; = F_; for i < 0, as in the previous
chapter. Then /¢y, F, and F,_, are three orthogonal holomorphic subbundles for
0 < p < n. Moreover, identifying ¢, = A and ¢ = A" |, then ®(0g) = myZ(0p) C F,
and mpZ(0;) = 0 for all i # —1, which together gives ®(F,_,) C £y, ®({y) C F, and
®(F),) = 0. This therefore defines a Hodge bundle decomposition: E = F,_, ®{y® F),.
Moreover, as we have a superminimal sequence, the {¢;} form a PU(n, 1)-frame and
we get that F is a PU(n,1)-Higgs bundle. O
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2.4 TOLEDO INVARIANT AND STABILITY

We continue this chapter by using previous results for Higgs bundles to bound the
degree of line bundles within the context of the harmonic sequence. Let d; = deg(¥;).

From the previous lemma, we have:

deg(V1) = deg(F,) = > _d;, and deg(Vs) = deg(F,—,) = >_ d;. (2.15)

i>1 i<—1
Relating this back to the Toledo invariant 7 in equation (|1.25):

Sd; = ”+1 T, (2.16)

el

Recall the Milnor-Wood inequality (1.30):

0<

> di| <

el

(n+1)(g—1). (2.17)

As in 48], we also consider the points ¢ = f(z) where df” or Of' vanishes. If f
is not holomorphic or anti-holomorphic, then these points are isolated. Moreover,
with the prior identifications of ¢; = df" and ¢y = df”, then we have that ¢; = 0 or
¢2 = 0 on these points. Let D, and Ds be the divisors defined by the zeroes of ¢,
and ¢ respectively. Viewing ¢, and ¢, as non-zero global sections of the associated
line bundles, we see that these are effective divisors.

Moreover, as (E, ®) satisfies ¢o¢1 = 0, we have:

0—— KYDy) 25V -2 K(—Dy) —— 0. (2.18)

Relating this back to the harmonic sequence, ¢; : £y — (1QK and ¢o : (1K1 — £

so, as D; are effective divisors,
(2.19)

This reflects Gothen’s result in Proposition 3.2 in [35].

Recalling that our Higgs bundles are polystable by the non-abelian Hodge corre-
spondence, then we can explore how the ensuing stability conditions impose further
bounds on the degree of V' and hence on the degrees of the line bundles in the bundle

sequence. Recall too that we take ¢o = C so dy = 0.
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We already know (F, ®) is a stable Higgs bundle if every holomorphic ®-invariant
subbundle F' satisfies u(F) < p(E) as seen in §1.5

For a length 2 Hodge bundle, either ¢; = 0 or ¢ = 0. In the case ¢; = 0 then
{y is a ®-invariant bundle. Alternatively, ¢o = 0 and V is ®-invariant. We get the

stability conditions:
0 < deg(F)if ¢ =0 or

(2.20)
0 > deg(F) if ¢ = 0.

In particular, as deg(E) depends on the Toledo invariant, we immediately get:

Lemma 2.11. Let (E,®) be a stable length 2 Hodge bundle, then ¢1 = 0 if and only
if T <0 while po = 0 if and only if T > 0.

If ® =0, then (V & L,0) is a global minimum of ||®]|*> and both of these must
hold. This can only occur in the 7 = 0 component and the point (V & L,0) is
polystable.

More generally, as the definition of a stable Higgs bundle only regards holomorphic
®-invariant subbundle F' C FE, we now further explore the properties of such
subbundles F' in the superminimal case.

We cannot find all #-subbundles for n > 3 but we can find some to impose some
necessary but not sufficient stability conditions.

Let (E, ®) be a length 3 Hodge bundle then, by the Newlander-Nirenberg theorem,
given a 0 operator, there is a unique holomorphic structure on the bundle. The
harmonic sequence gives an orthogonal frame for £ and, with regards to the wider
splitting £ = Vi @ Va @ C = F,_,, ® F, ® {, from the proof of Theorem we
can form a representation of Oz with the only non-zero entries on the diagonal and

superdiagonal:

3y — Dy : (2.21)

ST
o
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where 0; is the O operator on ¢; as generalised from and a; € E%(XZ, Hom(l; 41, ;).

With relation to this holomorphic structure, one way of constructing a holomor-
phic subbundle F' is to consider flags of sums of consecutive line bundles of the
harmonic sequence starting from either ¢,_,,, ¢y or ¢; where p = rank(1}).

Secondly, note that ® only acts on ¢_; and ¢; meaning that any ®-invariant
subbundle /' C E must necessarily either not contain ¢;, or contain both ¢; and ¢;,4
for i = —1,0. Note that as (E, ®) satisfies ¢o¢y = 0, we get ®(¢;) = 0.

We can now put these two ideas together to derive some necessary conditions for
stability.

When n = 2, we can consider the ®-invariant bundles ¢; and ¢y & ¢;, which
together give the stability conditions found in both |48] and [35], noting the difference

in notation:

2d; < d—17 and di < 2d_4. (222)

Taken with equation , we have that:
—2(g—1)<d; <g—1, and (2.23)
—(g—1)<d1<2(g9g—-1).
For n = 3, we first note that ¢_; & ¢y & ¢; is a proper subbundle. Moreover, it is
holomorphic when p = 2 so:
dy +d_q < ds. (2.24)

As in the n = 2 case, we still have ¢; and ¢y & ¢, as ®-invariant bundles provided
p > 1 and thus:
3dy <Y diand dy <Y d;. (2.25)
i#1 i#1
We can also consider these bundles with the direct sum of /45 to give ¢; @ {15 and
EO ) gl D gig giVng:
> di <dy. (2.26)
i#—1

Finally, we can consider (4 itself. If p = 1, then /_5 is holomorphic and
3d_o < dy +d_;. (227)

However, if p = 2, then /5 is instead an antiholomorphic bundle so does not give us
any further stability condition.

Continuing inductively on n, we get the following necessary conditions for stability:
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Lemma 2.12. [f (E,®) is a stable Higgs bundle with p = deg(V}), then the following
inequalities hold for all 1 < j <p and k # 0, %1:

Zdl < (2.282)
=1 2
j 1
> d; <? T, and (2.28Db)
=1
k k+1
3 di< np;+ T, (2.28¢)
i=p—n

Proof. We first consider ®-invariant subbundles containing ¢y & ¢;.
Letting p > 1, we can take the direct sum of consecutive line bundles ¢; to get

successively larger subbundles. Starting from ¢; and ¢, respectively, we get:

J

ijl iel (229)
n+1)Y di<(G+1)> d;
=1 i€l

for 1 < j <np.
Alternatively, for p < n—2, we consider the flag Gy = F,_,, N Fj+ for some integer
p—n < k < —1. These flags are contained within ker ¢» and their stability gives:

(n+1) zkj di<n-—p+k+1) d. (2.30)

i=p—n icl
We can combine these two constructions, building a holomorphic subbundle as
the direct sum of line bundles from the holomorphic end of the harmonic sequence
and from ¢;. However, the constraint we get in this case is implied by the previous
conditions.
We next consider subbundles which include ¢_; & £y @ ¢1. The simplest of these
is the bundle ¢_; & ¢y & ¢, itself, however this is only holomorphic if p=n — 1. In

general, we wish to consider the flag @} ¢; (recalling that p < n by definition).

i=p—n

In this case,

1
(n+1) > di<(n—p+2)>_ d. (2.31)

i=p—n i€l

We can further generalise this by considering ea{ l; for 1 < j < p to get:

=p—n

(n+1) EJ: di<(n—p+j+1)> d,. (2.32)

i=p—n i€l
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Recalling that > ,c; d; is the degree of the total bundle which can be written in

terms of the Toledo invariant, we get the above result, where we have combined
equations (2.30) and ([2.32)). O

In this discussion, we have only considered holomorphic ®-invariant subbundles
as flags formed from the harmonic sequence. When n = 2, this is the only source of
such subbundles and hence the subsequent stability conditions are both necessary
and sufficient. However, for n > 2, there are different sources of holomorphic
subbundles of ker ® whose stability we cannot currently address. In this case, the
above conditions are only necessary.

Nonetheless, we can still use this result to bound the degrees of V; and V5 in a
length 3 Hodge bundle. Using equation (2.28al) and knowing that V; & Vo =V, if we
set 7 = p, we get:

deg(V7) < gT,

_ntp+l
S

We also know V5 = F 5 @ ¢_; so using equations (2.28¢c|) and ([2.23)), we also have:

(2.33)
deg(V3) >

—2n

deg(V) > F—=7 = 2(g — 1),
(2.34)

—p—1
et RS Y)

Note that, if 7 # 0, and by the additivity of the degree, both V; and V, are

unstable as vector bundles as vector bundle stability requires all subbundles to have

deg(V3) <

smaller slope, and not just the ®-invariant ones.

2.5 DETERMINING THE ISOTROPY ORDER

We now return to considering the case where (E, ®) is not superminimal and has

isotropy order m < n + 1. From Lemma we then have that:

A A

Al A — A

6—1_1>€O_0>€1_>"'—2>£m—1—1>"' (235)
consist of mutually orthogonal subbundles where we are suppressing the tensor
product with the cannonical bundle K at each step. In particular, ¢; C {5 =V for

j=-1,1,...,m so £, is in our harmonic sequence.
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For any o € I'(¢y) such that (,0) = —1, we can then define
Qm = —(Ap 1+ Ago, Ago) (2.36)

as a global smooth section of K™*!,

Note this agrees, up to the sign, with the definition of the differential U, _; given
in Bolton-Woodward [10]:

» e it el,
=, dz where u; ; = ‘7% (2.37)
0 else.

Ui

)

where o; € I'(¢;). These U-invariants let us conclude more about orthogonality of
the harmonic sequence as, if 0; is orthogonal to ¢;, then U; ; = 0. In particular, if
the harmonic sequence is superminimal, then U; ; = 0 for all ¢, 5 € I. We therefore

have:

Proposition 2.13. When the isotropy order is at least m, Q1 = 0 if and only if

the isotropy order is at least m + 1.

Proof. As seen above, we have A) ,---Ajo = o, € {n, and, from Lemma 2.2

Afjo = ¢50 = 0_1 € {_; meaning

Qm = _<0'm7(771>- (238)

This is then 0 if and only if ¢, is orthogonal to ¢_; which, by definition of the
isotropy order and under the assumption that the isotropy order is at least m, means

the isotropy order is at least m + 1. O]

We can also consider a further equivalent definition which does not explicitly use

the metric on E:
Qmir = Tr (G A, ;- Algr) . (2.39)

This follows since £, C V', Aj = ¢1 and (Aj)* = ¢9, as we've already seen.

For CH?, we can now recover the isotropy order m of a Higgs bundle. If
Alé1 C ker @, then m > 3 and if the Higgs bundle is a Hodge bundle, we have m = 4.
If Al¢y € ker @, we necessarily have m = 2.

More generally, we get the following:
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Corollary 2.14. We have Aj_, --- A\¢p100 C ker ¢ if and only if k < m, where m
is the isotropy order of the corresponding harmonic sequence. In other words, the
isotropy order m is determined by the maximum length complete holomorphic flag

Fy C ... C F,,_1 which lies entirely in ker ¢s.

Note that if a sequence is superconformal, then this gives F,,_; = ker ¢, because
¢2 # 0 so the nullity of ¢g is n — 1.

Provided, ¢y, ..., ¢, are defined for the harmonic sequence, then we already know
that Al _,--- Al¢y: g — {,,, ® K™ is holomorphic regardless of the isotropy order.
However, since ¢,,_; is non-trivial, ¢, itself is not a holomorphic subbundle meaning
we cannot show that (),,,1 is holomorphic this way.

To show that @),,,1 is a holomorphic differential, we want to be able to express
it using higher order derivatives.

With an abuse of notation, we let
D : £°%(Hom(C,V)) — £'(Hom(C, V)) (2.40)

denote the metric connection induced by D on E which preserves C and V. Let 0
be the connection on K7 induced by the Levi-Civita connection for the Kiaher metric

fixed on . Together, these give the connection:
Dj : &°(Hom(C,V) ® K7) — &' (Hom(C, V) ® K7), (2.41)
whose (1,0) component defines:
. €0 j 0 j+1
Dj : &°(Hom(C, V) ® K7) — £°(Hom(C, V) @ K’*). (2.42)
Lemma 2.15. For1 <j<m-—1,
D;(D;—l e (Dllgbl) e )) S 50(H0m(g7 V) ® Kj+1)a
and, for a global unitary section of C,

DYD_y - (Dygn) -~ ))o = A~ Al mod F; @ K7, (2.43)

J

For notational simplicity, we write:

(D'Yé1 = Dy(Dj_y -+ (Didr) ). (2.44)
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Proof. 1t is enough to prove the congruence which we will do by induction.

For a local coordinate z, we write ¢y = ¢1(2)dz. Then:

(Dip1)o = (D'¢1(2)) odz + ¢1(2)0"dz
= (D'(¢1(2)0) — ¢1(2)D'0) dz 4 ¢1(2)d'dz
=D (¢1(2)0) mod Fi ® K*
= Al¢0 mod Fy ® K?

where we have used orthogonality properties.

Now assume:
(DY pro=A,---Al¢y mod F, @ K", (2.45)
which can be expressed locally as:
Al(z)- Al(2)p1(2)dz" ™ € Fpy @ K™
For simplicity, we let 3, = Al --- A|¢1, then we have:

(D) V1610 = (D () o
= (D' (B,(2)0) — B.(2)D'a) dz"t" + B,(2)addz"T
=7, D'(8,0) mod F.py ® K2

since D' : EY(Fy) = EX(Fj11 @ K).

Overall, we therefore have that:
(DYoo =Al - Alpro mod Fryy @ K2
forall 1 <j<m—1. O
Corollary 2.16. For isotropy order m,
Qmir = Tr(¢a(D)"'¢1) € HO(K™) (2.46)

Proof. As we know F,,_; C ker ¢, then by Lemma and equation (2.39)), we

have:

Qmit = Tr (©aA), ;- Aj®y) = Tr ($o(D)"10y) .
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Note that the original definition of @),,,1 given in (2.36) required that the
harmonic sequence has length at least m + 1 but this last definition holds for any
Higgs bundle. In particular, for each r > 0, this definition gives functions on the
nilpotent cone N so:

Qri1: N — EOYK™). (2.47)

It will later be useful to have defined:
U = {(E,®) € N | Q;((E,®)) = 0 for j <m}. (2.48)

This is the set of all Higgs bundles of isotropy order at least m. Recalling that
any Higgs bundles in the nilpotent cone has isotropy order at least 2 meaning

Q1 = Q2 = 0, we can work iteratively with the maps:

. , 0/ i+l
Qz—i—l . uz — H (K ) » (249)
(E, @) Tr (¢2(D) 1) -

2.6 METRICS, CURVATURE AND KAHLER ANGLES

Harmonic sequences can also be described locally as in [10] for CP"; in this section,
we use this local description to link to other common geometric quantities.

Recalling that o is a nonzero local holomorphic section of ¢y, we then define:

Oi+1 = A;(O’z) = 7TZ-J_ (VzO'Z'> > 1€ [, (250)

1

%

a holomorphic map.

where ;- is projection onto f;. This gives a holomorphic section of £;;; since A; is
By considering projection onto ¢;- and ¢; and recalling o; is holomorphic, we

obtain:

<Z0'i, O'z'>

(0i,0%)

0;. (2.51)

Z0; =041 +

0; = 0441 =+ ZlOg ‘(O’i, Ji>

Before considering the complex conjugate, we first define the R-valued quadratic
differentials:
fowom)  jf ¢ 1,

[ = vildz|?, where 7; = (oi,01) (2.52)
0 else.
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This is invariant under the choice of o; € I'(¢;) as indicated by Bolton and Woodward
[10], and hence globally defined.

By definition of A}, - ,Vz = 0; and, as —A is the adjoint of A} ;, we have
that Zo; C {; ® {;_,. However, by the definition of A”, Zo; C ;- and therefore:

_ <70i70i—1>
ZO'i = 01
<0i—1,0i—1>
_ <Ui7 ZUz’—1> oi
<<77;71in71>
. <0i70i>
=71 0,
<0i—1,0z‘—1> '

(2.53)

= —%i-10i—1.

We therefore have that, for ¢ € I, ¢; is holomorphic if and only if I';_; = 0, and
is antiholomorphic if and only if I'; = 0.
As V is projectively flat in the CH" case, [Z, Z] = A(Z, Z)I,,+1 where A(Z, Z) is

a scalar 2-form and 7,1, is the identity. Therefore:
ZZ1ogoi|* = v — vie — M2, 2). (2.54)
By considering the case i = 0 with £y = C then (0, 00)*> = 1 and we get:
A=v1—". (2.55)

Analogously to Bolton and Woodward’s unintegrated Plucker formula, equa-

tion ([2.54)) also gives:
ZZ1og vl = Yig1 — 2% + vi-1- (2.56)

This last formula means that given any two consecutive I'-invariants, I'; can be
determined for all ¢ € I. Moreover, recalling from [60] and [37], we can find the first

Chern class as:

1 _
alt) =5 /Z Z7log |oi|? dz A dz. (2.57)

We therefore see that the I'-invariants determine the degrees of the line bundle of
the harmonic sequence.

As detailed in [10], given a line bundle L over X, there exists a function f, : ¥ —
CH" such that L = f;({74u). This function f; then induces a metric g, on ¥ such
that:

91(X,Y) = Re(df.(X), dfL(Y)),



2.6. METRICS, CURVATURE AND KAHLER ANGLES 47

where X, Y are tangent vectors to 2.

For the harmonic sequence, we let f; be the map corresponding to the line ¢; and
can then calculate, for i € I and by equation (2.52)) and ({2.37)),

Ao
\df:(2)]* = o Vis
- Ai(04))?
D)2 = '|O(f’,>' .
(), i (2)) = T

We’ve already seen that this last equation is 0 when f is conformal.

Returning to the metric g;, if we take X = Z 4+ Z and Y = Z — Z, then:

Gi(X, X) =7v-1+7% —2 Re uj1,-1, (2.58)
(YY) =1+ v+ 2 Re w1, (2.59)
gZ(X, Y) =21Im Uit 15—1- (260)

When f is conformal, this then simplifies to give:
g9i = (yic1 + ) ldz|? =Ty + T (2.61)

Given this and following Wells [60] together with the scaling used in |11}, we can

consider the curvature of ¢; as:

Yi-1 + Vi (i ) (2:62)
In particular, if f; is holomorphic, then by equation (2.56[), we have x; = 47’_7&
Similarly, x; = 4%‘;% if f; is antiholomorphic.

The Kahler angle 6; € [0, 7] of f; is a function on the complement of the singular
set of f; in ¥ with:

ffw = cos (0;)vy, (2.63)

where w is the Kéhler form on CH" and v, is the volume form with respect to the
above metric g;. Chern and Wolfson [21] show this is a measure of the failure of f;
to be holomorphic. If we take the local coordinate z = = + iy and recall that J is
the complex structure on CH", then 6; is the angle between Jdf;(X) and df;(Y). In
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particular,
\/gi(X7 X)gi (Y7 Y) - gi(X7 Y)2
Yi — Vi1
\/(%’ +vic1)? — 4uigri-1]?

cos(6;)

(2.64)

When f is conformal, we get that §; = 0 if f; is holomorphic and similarly, §; = =
when f; is antiholomorphic. In both of these cases, ¢; is a complex submanifold
corresponding to either the complex or anti-complex points respectively as in [67].

In the conformal case, we can also rearrange equation ([2.64) to get:

0; Yier i
o <2> S (2.65)

Note here that I'; and I';_; now determine and are determined by the metric g;

and Kéahler angle 6;. In particular, if we consider f = f,

9o = (-1 — ) |dz|* = A(Z, Z)|d=z|*, and
i (8) - =
2 )

Y0

where this second equation is analogous to that seen in the CH? case in [48, p.16].



3

Superminimal Equivariant Minimal

Surfaces

Recall that the function g given in equation (1.34)) is a Morse-Bott function whose
critical points form critical submanifolds consisting of Hodge bundles. We now classify
the corresponding superminimal equivariant surfaces and study their properties.

Throughout this chapter, we consider sets of critical points:

Nya={(E,®): (£, ) stable Hodge, rank(V;) = p and deg(V;) =d}.  (3.1)

3.1 HOLOMORPHIC CHAINS

Before continuing to look at the critical submanifolds, we briefly develop the theory
of holomorphic chains as in [1] in order to understand the connected components of
Hodge bundles.

A holomorphic chain C of length m consists of m holomorphic vector bundles
&; with homomorphisms ¢; : €11 — &;. These can be parametrised by their type
t = (ri,...,"m,01,...,0,) where r; = rank(&;) and 6; = deg(&;). A subchain
C" C C consists of subsheaves F; C &; such that ¢;(F;+1) C Fi.

We will be considering the case of length 3 chains which have the form:

C:& 26 2¢,. (3.2)
The a-degree of a chain with oo = (v, ..., aq) is:
deg, (C) = >_(d; + ayr;). (3:3)
=1

49
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dega (@) where
-

This gives a corresponding definition of a-slope p, as p,(C) =
r is the total rank r = Y r;. Following the definitions from vector bundles, a
holomorphic chain C' is a-stable if p,(C") < pa(C) for all non-trivial subchains C”.

a-semistablity and a-polystablity follow as in the vector bundle case.

Lemma 3.1. Let E = V), & C & Vy with Higgs field ® = (¢1,¢2) be a length 3
PU(n,1)-Hodge bundle and let C' : Vo @ K1 2, ¢ 2 V, ® K be a holomorphic
chain. The Higgs bundle (E, ®) is stable if and only if C' is a a-stable holomorphic
chain for a = (=2(g — 1),0,2(g — 1)).

The first implication of this proof is adapted from [15] and the whole proof is

similar to that of Proposition 3.5 in [2].

Proof. Let C' be an a-stable chain, then we show the corresponding Higgs bundle
E is stable. Indeed if we first consider the a-slope of C' with o = (ay, ag, a3) and
noting that ro = rank(C) = 1, we get:

+ ag + r3a
_ K1 K riag 2 303
al(C)=p((e@ K@ Co (Ve K)) + =&

_ (E)+7“1(29—2+a1)+a2+r3(—29+2+a3)
a n+1 ‘

(3.4)

Let C': Fs @ K1 LEN F, LN F| ® K be a subchain of C'. We first want to show
that the subbundle F' = F} & F, & F3 is ®-invariant. Noting that F} C V; and
®(V1) = 0, then, by definition of a holomorphic subchain, we require the image of ¢,

to be included in Fj, meaning in particular that:
O(F)=D(F3)@P(F)@®(F)C (oK) (eK)0C FK  (3.5)

as required.
We next want to consider the stability of F'. As C'is a-stable, 1, (C") < ua(C).
Setting s; = rank(F;) < r;, then by equation ({3.4)), we obtain:

$1(29 — 2 + aq) + sean + 83(—29 + 2 + a3)

31 + 32 + 83 (36)
(29 — 2+ a1) + ag + r3(—29 + 2 + as)
< u(E)+ ] :

For o« = (—=2(¢g —1),0,2(9 — 1)), F' is a subbundle of F such that u(F) < u(E) as
this simplifies to:

u(F) +

p(F) < p(E). (3.7)
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On the other hand, given a stable bundle £ with corresponding chain C' and a
®-invariant subbundle F' C F, we consider the projection p; : FF — Vj. If we set
Im(p;) = Fy and ker(p;) = G, then we get a short exact sequence:

0 G F F 0. (3.8)

From this, we have deg(F') = deg(F})+deg(Gy) and rank(F') = rank(Fy) +rank(Gy).
Moreover, we note G C C & V5. Similarly, we have the projection ps : Gy — L to
give Im(py) = F» C C, F3 = ker(p2|G1) C V5 and the short exact sequence:

0 E3 G, Fy 0. (3.9)
Using the same reasoning as above, we then have that:

deg(F') = deg(Fy) + deg(F,) + deg(F3) and

(3.10)
rank(F') = rank(F}) + rank(F,) + rank(F3).

F3 is necessarily a subbundle of V5 and, as F' is ®-invariant, ®(F3) C ®(V;) C L
so it follows that ®(F3) C F,. This similarly holds for F; and Fj, meaning we can
define a subchain C': Fs,@ K~ - F, - F1 ® K.

For stability, F' is a stable subbundle and again taking o = (=2(¢—1),0,2(9—1)),

we have bundle stability which implies chain stability as above. O

Note the previous proof also holds if either V; or V5 are zero such as in the case
of length 2 Hodge bundles. There is therefore a bijection between PU(n,1)-Hodge
bundles V5 & C & V; and holomorphic chains of type;

t=(p,1,n —p,deg(V1) — 2p(g — 1),0,deg(V2) + 2(g — 1)). (3.11)

As deg(Vs) = ”7“7 — deg(V}), within a given Toledo component, this type ¢
therefore only depends on p = rank(V]) and d = deg(1}):

1

Given a a-semistable holomorphic chain, then [15] proves that there exists a
Jordan-Holder filtration:
Ogclg...gcqzc

of holomorphic subchains such that . (C;) = 1o (C) and C;/C;_; is a-stable for all
1 > 1. This gives a gradation:

Gr(C) = &_,C;/Ci1. (3.13)



52 CHAPTER 3. SUPERMINIMAL EQUIVARIANT MINIMAL SURFACES

Proposition 2.2 in [1] gives that this gradation does not depend on the Jordan-
Holder filtration. Two holomorphic chains are S-equivalent if their gradations are
equivalent. Wentworth [61] shows that Higgs bundles have a similar filtration with
equal slope and stable quotients. Moreover, the moduli space of semistable Higgs
bundles identifies the orbits of a given Higgs bundle with its associated gradation.
In particular, we can consider the moduli space of a-semistable holomorphic chains

of a given type as connected subsets of the Higgs moduli space.

Proposition 3.8 in |1] then gives that the moduli spaces of a-stable holomorphic

chains of a given type with « fixed has dimension:

n—+1

(g—1D)(2p* +n*—2np+n+1)+2d— T+ 1. (3.14)

Note that all of the Hodge bundles within NV, 4 correspond to holomorphic chains
of the same type. In particular, these results show that N, 4 is connected and of the

dimension given in equation ({3.14)).

3.2 INVARIANTS OF THE CRITICAL SUBMANIFOLDS

We next wish to calculate the Morse indices of N, 4. In order to do this, we consider
the infinitesimal deformations of its elements. Biswas and Ramanan [§] show that
these deformations are given by the hypercohomology groups of an associated complex,
which we now develop. More on this and hypercohomology in general can be found

in Appendix A.

In the case of Hodge bundles, we let (£ =V @& L, ®) € N, 4, then its adjoint Higgs
bundle (E(g®),ad®) is also fixed under the S* action. Considering the complexified
Cartan decomposition g&¢ = h® @ p®, we can make the following identifications
E(g®) = End(E), E(h®) = End(V) @ End(L) and E(p®) = Hom(V, L) @ Hom(L, V),

in order to then consider the deformation complex:
- cy ad(®) C
C*:Eh) — E(p )@ K —0. (3.15)

As further explained in the appendix and in [14], this has a corresponding long
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exact sequence:

0 —— HY(C*) —— H°(E(b%)) % H°(E(y%) ® K)

H'(C*) ———— H'(E()%)) —— H'(B(p°) © K

/

H(C*) 0

(3.16)
where H!(C*) is the space of infinitesimal deformations of (E, ®).
As seen in [14], there are natural ad-invariant isomorphisms (E (hc))* = E(hc)

and (E(p(c)>* o~ E(p(c>. Taking the Serre dual to
ad(®) : H'(E(b)) — H'(E(p®) ® K) (3.17)

therefore gives:
ad(®) : H(E(p©)) — H(E(h®) ® K). (3.18)

A Higgs bundle is called simple when all endomorphisms are invertible scalars and
so the kernel of ad(®) in equation (3.18) is 0. If (E, ®) is stable, then it is simple
[53, Prop 4.3]. With equation (3.16]), this shows that H*(C*) = 0. Theorem 3.1 in
[§] then shows that (E, ®) is a smooth point of M g;gs.

Recall from equation that fixed points of the S'-action satisfy:

dl o, (E,®) = (0,i®) = (dp¥, [V, D)), (3.19)

6=0

where W is a unique infinitesimal automorphism of the Lie algebra. As ¥ € E(h), the
eigenbundle decomposition E(g®) = @ E(g®), induced by the circle action is com-
patible with the complexified Cartan decomposition. Thus E(h%) = @ E(h*), and
E(p®) = @ E(p®);, with ad(®) : E(5%)r — E(p®)rs1 ® K and we have deformation
complexes:

O B(h%), M B(pC) @ K — 0. (3.20)

Following |14], the decomposition of stable Hodge bundle into Vo@C @V =: G1 &
G2®Gs, induces a corresponding decomposition of End(E) into Uy = @,_;—, Hom(G;, G;)
with eigenvalues ik which is compatible with the Cartan decomposition of End(E)
into @ E(h°);, and @ E(m®);.
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In the length 2 case with ¢o =0 so V; =V, we have:

¢y (0 Hom(C,V) End(V) 0 0 0
Ele’) = (o 0 )1@( 0 End(@))o@ (Hom(V,(C) 0) N (3:21)

with eigenvalues 7,0 and —¢ respectively. The alternative length 2 Hodge case with
Vo = V defines eigenbundles in the same way but with eigenvalues —¢,0 and
respectively.

Similarly, in the length 3 case with £ = V& V5@ L we have an eigendecomposition:

0 0 0 0 0 0
E(g®) = [Hom(;, V) 0 0| @ 0 0 Hom(L,V3)
0 00/, Hom(Vj, L) 0 0 .
End(Vi) 0 0
&| 0 End(Va) 0 (3.22)
0 0 End(L)/,
0 Hom(V,,V7) 0 0 0 Hom(L, V1)
© 10 0 0l ©10 0 0 ,
0 0 0 0 Hom(Va, L) 0

with eigenvalues +2i, 4 and 0. Note both of these alternate between E(p*) and
E(h®) as expected.

The bundle (E,®) is a local minimum if and only if H'(C}) = 0 for all £ > 0
which, we see from equation , occurs if and only if, for all £ > 0, the adjoint
map ad(®) : E(h%)r — E(»®)r1 ® K is an isomorphism. For length 3 Hodge
bundles, ad(®) : E(h%)y — E(p®)3 ® K = 0 is not an isomorphism so N, 4 cannot be
local minimum for 0 < p < n. However, in the length 2 case, we only need consider
C%o: E(h%); =0 — E(p©); ® K = 0. Equation therefore gives that (E, ®) is
a local minimum for ® # 0 if and only if (£, ®) € Nogand 7 > 0 or (E,®) € N, 4
and 7 < 0.

Otherwise, as (E, ®) is a smooth critical point of M g4, then the first hyperco-
homology group of the complex is isomorphic to the —k eigenspace of the Hessian of

g as given in [14, Prop 4.11], and so has dimension:

dimH ' (C}) = (9 — 1) (rank (E(hc)k) + rank (E(p(c)kﬂ ® K))

3.23
+ deg (E(p®) ® K) — deg (E(h°)x) .



3.2. INVARIANTS OF THE CRITICAL SUBMANIFOLDS 5%)

To explicitly calculate all other Morse indices, we recall that such indices are
real dimensional, so index(N, 4) = 2dim H!(C}) for i > 0. Moreover, as E(p®); =0
for j even and E(h%); = 0 for j odd then, as our maximum eigenvalue is 2, the
only subcomplex we need consider is C;. It follows from and([3.20) that
HY(C3) ~ H*(Hom(V5, V1)). Overall, we have:

index(N,4) = 2> dimH'(Cj)

k>0

= 2((g -1) -rank(E(f)C)z) +0+4+0—deg (E(UC)Q))
:2<(9—1)p(n—P)+(”_p>d_p(n;17_d)>

=2<(g—1)p(n—p)+nd— anT),

(3.24)

2

where the penultimate line applies well-known vector bundle identities as found in,
for example, [13].

Note we also have H°(C3) ~ H°(Hom(V5, V1)) so, as described in [8], for stable
bundles H°(Hom(V, V4)) = 0.

This method can also be used to calculate the dimension of the critical submanifold
as the fixed points of the C*-action corresponding to the nullity of the Hessian of
g, or dimH!(Cy). This then agrees with the dimension count we found in equation
(13.14)).

We can also calculate the critical values of ||®||* associated to N, 4. Following

[31], we consider the short exact sequences:

0 Vi E CoV, —— 0,
(3.25)

0 C Cal, Va 0.

We've already seen that in the superminimal case, both of these are trivial extensions,

meaning we have block decompositions of both the connection and the Higgs field:

vVl 0 0 0 ¢1 0
V=10 V¢ 0], and ®&=|0 0 ¢o]. (3.26)
0 0 Vy 0 0 0

We can consider Hitchin’s equations ((1.20)) for this splitting to give:

O(Vv,) + 1 A ¢ = —iplw, and

(3.27)
O(Vvy) +O(Ve) + 2 A ¢ = —iplpw,
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where © denotes curvature. Taking the trace of this and integrating over X with a

factor of -, we obtain:

d+ |6 = gf, and

3.28)
+1 (
A+ g = 5=
We then find that for any (E, ®) within a given N, 4:
2 1
D)2 = p; T —2d. (3.29)

Note that if we consider length 2 bundles, then we have either (p,d) = (0,0) or
(p,d) = (n, ”T“T), so the corresponding critical values are either %7’ or —%T. These
are both positive quantities as 7 < 0 if p = n while 7 > 0 if p = 0 as seen in Lemma
2111

Finally, we can bound this function so, within a given 7 component:

T. (3.30)

1 2 1
R ] s
2 2

3.3 THE DOWNWARD MORSE FLOW IN THE NILPOTENT
CONE

Having examined the critical submanifolds, we now consider the rest of the moduli
space of CH" equivariant minimal surfaces.

We recall that as CH" is a rank 1 symmetric space, all CH" equivariant minimal
surfaces correspond to Higgs bundles in the nilpotent cone. Moreover, we have a
Morse function given in equation that corresponds to the C*-scaling of the
Higgs field. As explained in [36], the nilpotent cone is stratified by the unstable
manifolds N, ; of this downward Morse flow. Now, given a Hodge bundle ¢ = (E, @)
in N, 4, we define:

No(q) = {(E',®) : lim (', e'®’) = ¢} (3.31)

p,d t—o00

for N,q the critical submanifold indexed by the rank p and degree d of V; in q.
By the Bialynicki-Birula theory [2§], this is an affine subvariety isomorphic to the

tangent space to the downward flow at q.
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Furthermore, given a stable length 3 Hodge bundle ¢ = (V; & Vo & C, @), we can

consider the short exact sequence:

0 Vi 1% Vs 0. (3.32)

From the Hitchin equations ([1.20)), we can find several hermitian metrics on V'

which defines both a smooth splitting of this sequence, and an extension class [a]

as in [B1] §2.2], with:
Jy = (8V1 - ) , (3.33)

where [a] € H'(X,Hom(V5, V})). In particular, [a] = 0 corresponds to the trivial
holomorphic extension V' = V; & V; of the Hodge bundle ¢ itself.

Proposition 3.2. Let ¢ = (E,®) be a stable Hodge bundle of the form E =
CoViaVy, withg, :C —Vi® K and ¢o : Vo — K.

For each extension class [o] € H*(X, Hom(Va, V1)), there is a unique stable Higgs
bundle (E(«), ®) given by E(a) = C & V(a) where V(«) is the extension:

0 Vi V() Vs 0. (3.34)

defined by a and P is as for E = E(0). This gives a complex algebraic embedding of
HY(X, Hom(V1,V3)) into N which agrees with N, 4(q)-

Proof. Stability is a Zarikski open condition (see [9], [57]) so, for some open
neighbourhood of a = 0, we know (E(«), ®) is stable. Moreover, for any a €
H'(X,Hom(Va, V1)), there is a value t € C* such that {2« lies in this open neigh-
bourhood.

As in [48], there exists a constant gauge transformation g(t) such that:

g(t)- (E(t ), ®) = (E(a),1P) (3.35)

where, for p = rank(V};) and relative to the splitting V; & V5 & C,

t, 0 0
gt)=10 ¢',, Of. (3.36)
0 0 1

As this C* action does not change the ®-invariant subbundles, it preserves the
Higgs stability and therefore (E(«), t®) is stable for all « € H' (X, Hom(V5, V1)) and
teR.
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Furthermore, (E(«a),®) = (E(d/), ®) if and only if there exists an isomorphism
f such that f(F(a)) = E(¢/) and f commutes with ®. However, as a determines
E(a) up to common scaling of the extension map and, by above, any scaling
of this extensions acts non-trivially on ®, then we must have a = «’'.

On the other hand, let (E' =V’ & C,®') € N, ,(q), i.e.

Jim (B, 19') = (E, ®), (3.37)

for the Hodge bundle q.

As we saw just before (3.24]), the downward Morse flow is given by the subcomplex
C; and H'(C3) ~ H'(Hom(V3,V1)). The image of H'(Hom(V5,V;)) under the map
to the extension bundles is open because it identifies with the tangent space as seen
in ~, Moreover, this image covers N, ;(¢) because C* orbits of the latter intersect
the open neighbourhood of ¢, and we saw above that this neighbourhood contains
the entirety of any C* orbit which intersects it.

We’ve therefore shown that any extension V(«) gives a stable Higgs bundle in

N-

.a(q) and all such elements of N, ,;(g) arise in this manner as required. O

Note this proof just show existence and does not give an easy method for
computing the corresponding Hodge bundle and extension class for an arbitrary
stable Higgs bundle.

We can use this to calculate the critical values of ||®]|? given in the previous section.

As in the superminimal case, we have a block decomposition of the connection:

Vvl 0 (0%
V=0 Ve 0 [. (3.38)
—a* 0 VVQ

Using this splitting as we did in equation ([3.25]), we have:

0 Vi E CaoVy — 0,
(3.39)
0 C CoV, Va 0.
The Hitchin equations ([1.20]) now incorporate the extension «:
O(Vy,) —aNa™ + ¢ A ¢] = —iul,w and
(Vi) ¢1 A ¢ Hop (3.40)

O(Vi,) +O(Vg) —a A + ¢o A ¢ = —iplypw.
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As in the superminimal case, we can take the trace, integrate over % and scale to

obtain:

d+ [laf)? + [|¢)2 = £7, and

2
3.41)
p+1 (
d+ lal® +[16a]” = ==
Therefore, for any Higgs bundle (E, ®) in the nilpotent cone:
2 1
192 = 2525 — 24 — 2)ja2. (3.42)

In particular, the trivial extension has the greatest energy within any given unstable
manifold and the energy decreases along the downward Morse flow, as expected by
[43].

3.4 TANGENT TO THE DOWNWARD MORSE FLOW

From now on, we fix a stable Hodge bundle ¢ = (V; @ V5, @ C, ®) of length 3. For
simplicity, we set U = N 4(q). By the previous proposition:

U ~ {(E, $) e N | lim (B, 'd) = q} ~ H'(Hom(Va, V1)). (3.43)

Our aim in this section is to give another interpretation of the tangent space T4
in terms of deformations of the metric connection.
From recall the complex given in [1.42

E0(h%) 2 £91(h%) @ £10(mS) 22 £1(m©), (3.44)
where:

Ds(a, ) = dZﬁP + [a A O]

If we equip this complex with the hermitian metrics:
9o(B, B) = / Tr(BB*)w

fa (3.45)

91((B.¢), (8.9)) = 5 [ Tr(8" A B) + Tr(p A ),

then we have an elliptic complex as this complex is exact [60)].
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The Hodge theorem for elliptic complexes (see |60, §4.5]) then gives that for a
point ¢ in the Higgs moduli space M:

Ty M =~ ker(D7) Nker(Dy), (3.46)
where Dj is the adjoint of D; so:

g1(D1B, (o, ) = go(B, Di(a, 9)). (3.47)
This means that every coset in ker Dy /ImD; has a unique representation in ker Dj.

Lemma 3.3. Let 3 € E%1(h®) such that d’y3* = 0 and [® A 5] = 0, then (3,0) €
ker DT Nker Ds.

Proof. By assumption (f3,0) satisfies dj + [ A ®] = 0 as seen in ([1.44), then
(8,0) € ker Ds.
We therefore just have to show that Di(3,0) = 0. Let B € £°(h*), then:

gO(BvDT(ﬁ7O)) = gl(DlBa (6,0))
= %/ETr(leB A B)
— [ dT(Bs") ~ (B4
=0

where we have used the definitions of the adjoint and g;. As this holds for any B,
we have that Di(5,0) = 0 as required. O

We now let [, 0] € T, M denote the equivalence class of such (£, 0).

Lemma 3.4. Let (9;, ®;) be any curve of solutions to 0,®; = 0 with tangent (3,0)
att = 0. Then the corresponding curve of Chern connections A; has Ay = —B*+ 8.

Proof. The pair (A;, ®;) has a derivative (o, ¢) which satisfies the linearisation of
the Hitchin equation (|1.20)):

daa+[DAP ]+ [0 ANDP] =0
A+ [P AT+ @ ] (3.48)
d'y o+ [a" A D] = 0.

Since 04 = A, and (3,0) is the tangent at ¢t = 0, we have that o’ = 38 and
®y = 0. Therefore o = 8 — §* = A,.
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As d5* =0 and dy = —(dy)* by definition, we have that d’,8 = 0 so da(—p* +
g) = 0.
Overall, this means dyqa = 0 and the vector (a,0) is tangent to the space of

solutions to the Hitchin equations with o = . ]
Returning to the tangent space, we have the following result:

Lemma 3.5. At the length 8 Hodge bundle ¢ = (E, D),

{(8,0)] 8 € EX(Hom(V, V1)) }
{(dyB,0)[ B € £%(Hom(V2, V1)) }

Proof. By Proposition and the Dolbeault isomorphism we have:

T.U ~

T,U ~ H*(Hom(Vy, Vi) ~ H*'(Hom(Va, 1)).
As we are on a Riemann surface, [3§] gives that:

E%1 (Hom(Va, V1))
HO,l H == : '
(Hom(V3, V1)) d"\E°(Hom (Va, V1))

If 8 € E%(Hom(V,, V1)), we can write it in End(F) as

080 0 0 ¢
=10 0 o], with ®=|0 0 o]. (3.49)
000 0 ¢ 0

We then have that [® A 5] = 0 so we have an embedding:
H"'(Hom(Vy, V3)) — T,M

whose image is T,U4. []

3.5 LIMITS OF C*-SCALING ASt— 0

Continuing to look at the C* action given by ¢ - (E,®) = (E,t®), we now consider
the limit as ¢ — 0 and compare our results with the n = 2 case in |50, Prop 4.3].
We take (E =V @ C, ®) to be a stable Higgs bundle and, in the first instance,
consider E to be stable as a vector bundle. This is a stronger condition than Higgs
bundle stability as we now require the slope u of all subbundles F' of E, and not

just ®-invariant subbundles, to satisfy:

u(F) < p(E). (3.50)
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Lemma 3.6. Let (E =V @& C,®) be a PU(n,1)-Higgs bundle that is not a Hodge
bundle with E stable as a vector bundle. Then lim;_,o(E,t®) is a length 2 Hodge
bundle in either Ny ni1, if 7> 0 or Noo if 7 <O.

This is similar to the proof of Proposition 4.3 (ii) in [50].

Proof. We begin with the block decompositions
_ dy 0 0
Op=| " _ and &= b1 , (3.51)
0 JOc ¢2 0

along with the transformation
tl, 0
= . 3.52
9t ( 0 1) ( )

This then gives:

_ Oy 0 _
. -1 T o
lim g, g = lim ( 0 a@) = g, (3.53)

and

L : 0 ¢ 0 ¢
%1_2% g, (t®)g = %1_{% (t2¢2 0) = (0 0) . (3.54)

For this to be the limit, we need (E, ¢;) to be a stable length 2 Hodge bundle.
As ®(V) = 0 in this case, the limit is a length 2 Hodge bundle (see |14, Prop 4.20]).
Moreover, by equation ([2.20]), we have Higgs bundle stability if and only if 7 > 0, in
which case (E, ¢1) € Ny nia .

If 7 < 0, we can alternatively take:

t='1, 0
— , 3.55
gt ( 0 1) ( )

where similar calculations give the limit as (E, ¢2) € Nop. O

In terms of the equivariant minimal surface (f, ¢, p), this means the limit is either
holomorphic or antiholomorphic.
This result only considers 7 = 0 and we cover this remaining case in the next

lemma. However, before that, we have a definition:
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Definition 3.7. For a semistable holomorphic bundle £, the Jordan-Holder
filtration:
0=6CEC---C&E=E (3.56)
requires, for all i > 0, both that:
1. &/&—1 is stable and

2. wW(&/Ei1) = pu(€).

This is not a unique filtration. However, given a filtration, we can form the
unique associated graded bundle Gr(€) = @ &;/&;—1. In particular, the length
k of the filtration is fixed. Two bundles £ and F with the same graded bundle
Gr(€) = Gr(F) are called S-equivalent. More on this can be found in 55| [56].

The following useful result in [40] follows from the additivity of both degree and

rank in exact sequences of vector bundles:

Lemma 3.8. Given a short exact sequence of vector bundles:
0—A—-B—>C—=0, (3.57)
we have p(A) < u(B) (resp. =, >) if and only if u(A) < p(C) (resp. =, >) if and
only if W(B) < pu(C) (resp. =, >).
We now consider the ¢t — 0 limits in the case 7 = 0:

Lemma 3.9. If 7 =0 and E is semistable as a vector bundle, then
%%(E,t(b) = (Gr(E),0). (3.58)
This develops the proof of Proposition 4.3 (i) in [50].

Proof. Taking g, = I,,41, we get that lim, ,o(E,t®) = (E,0). Moreover, E is, by
definition, S-equivalent to Gr(E).

Note that when 7 = 0, as E = V @ C and deg(C) = 0, the Jordan-Holder
filtration has length k > 2.

If k£ = 2, we have one filtration of the form C C V & C = E. V is then stable
and has slope 0. Hence the limit is a polystable PU(n, 1)-Higgs bundle of the form
(V,0) & (C,0).

Alternatively, if k£ > 3, there exists a filtration of the form:

WiCWoC- - CWy =V CE (3.59)
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where W, /W;_; is a stable bundle with slope 0 for all 2 <i < k — 1. V is therefore
strictly semistable and the limit is a (potentially polystable) semistable Higgs
bundle. O]

Note that if E' is a semistable vector bundle, then we necessarily have
0 = deg(C) < =7 deg(E) but deg(E) = —257 so E cannot be a semistable vector
bundle if 7 > 0.

For 7 < 0, finding the limit in general is hindered by not understanding stability
conditions for higher rank vector bundles as seen in the previous chapter’s stability
results (see §2.4).

We finally turn to the possibility where (E =V & C, ®) is a semistable Higgs
bundle such that V is not semistable as a vector bundle. This means there exists a
proper subbundle W C V such that p(W) > u(V). It follows that taking the sum of
all subbundles with maximal slope gives the maximal destabilising bundle of the
same slope.

We now return to the t — 0 limit. Again, the higher rank of the ®-invariant

subbundles means only a partial result can currently be obtained.

Proposition 3.10. Let (E =V @ C,®) be a stable Higgs bundle which is not
a Hodge bundle, such that 7 > 0 and V s unstable as a vector bundle, whose
mazimal destabilising bundle is a line bundle W, such that V//W is semistable. Then
limy ,o(E,t®) is a length 3 Hodge bundle contained in N,y np1_s with d = deg(W).

This proof is similar to part (iv) of the proof of Proposition 4.3 in [50].

Proof. Given the maximal destabilising line bundle W C V', we can form the short

exact sequence:

0=-W—=V=>V/IW =0, (3.60)

and express V' as an extension of W and V/W:

gv/w 0 0 0 0 q>13
o= B Ow O and ®=|[0 0 oy, (3.61)
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for € E%Y(X, Hom(V/W,W)). Note, both W and V/W are semistable as vector
bundles and, by Lemma [3.8, x(V/W;) < u(V). By considering

tl,~1 0 0
gt = 0 10 (3.62)
0 01
as before, we get:
dyyw 0 0
%i_I)%gt_laEgt:}fi_{% t3  Ow P = 0, (3.63)
0 0 Oc
and
0 0 @3 0 0 g3
1iilég;1(t¢)gt:li£% 0 0 thy|=(0 0 0 ]. (3.64)
tq)Bl CI)32 0 0 @32 0

We therefore just need to show that (W & V/W @ C, ($13, P32)) is a stable Hodge
bundle.

As W is a line bundle, the only non-trivial ®-invariant subbundles are subbundles
of V/W and V/W @& C. We've seen that both of these are semistable bundles
such that u(V/W) < u(V') meaning any subbundle U of V/W also necessarily has
n(U) < p(V). The limit as ¢ tends to 0 therefore lies in N,y niir_s. O



4

Non-superminimal Equivariant Minimal

Surfaces

In chapter 2 we defined the isotropy order m as the maximal index such that
by, Uy, ..., ¢, are mutually orthogonal. Equivalently, we can obtain m as the maximal
length complete holomorphic flag I} C F» C ... C F},, where F}, denotes the k-th
order Z osculating space as seen in §2.51 Recall too that 2 < m <n+ 1. We also
defined a function @,, in (2.49)) which can be used to determine the isotropy order,
and saw in how all non-Hodge Higgs bundles lie in the downward Morse flow U
of a critical submanifold N, 4 consisting of Hodge bundles with p = rank(1;) and
d = deg(V1).

4.1 THE DIFFERENTIAL Q3

We now restrict our attention to (J3. We use the implicit function theorem at a
Hodge bundle ¢ € U to prove the existence of Higgs bundles of isotropy order 3.
As we saw in [3.2] any Higgs bundle in the nilpotent cone can be considered as
an extension (E(«),®) where ¢ = (E(0), ®) is a stable length 3 Hodge bundle.
Moreover, in Lemma [3.5, we identified the tangent space T,/ with the space of
extensions H'(Hom(Vs, V1)). By the Dolbeault isomorphism [37], H'(Hom(V,, V}))
is isomorphic to the space of harmonic (0,1) forms H%!(Hom(V3,V;)). Using Serre

duality and this last identification again, we have:

TU ~ H" (Hom(Vy, V1)) ~ HO(Hom(V;, V3)) ~ H(Hom(V;, V) ® K)

4.1
B . -y

66
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Lemma 4.1. At a Hodge bundle q = (E,®), the differential of Qs : U — H°(K?) is
dQs : T,U — H°(K?)
o —TT(¢2ﬁ*¢1)

where (3 is the unique harmonic representative of its cohomology class [a] and hence,

B* € H'(Hom(Vy, V) @ K).

Proof. Since Q3 is independent of the gauge used for (D", @), we let (D}, ®) be a
curve tangent to (3,0) where d’y* = 0. Now, by Lemma we have:

Di=—f"+8 and & =0. (42
Hence:
d : : /
O T (3u070) + T (620000) 4T (00075 1
= —Tr(pa5% 7).
L]

We needed the harmonic representative in order to ensure that (o, ¢) = (=% +
3, 0) is the tangent in the self-dual Yang Mills description of the tangent space as

seen in Lemma B.4}

daa +[PA Q|+ [P Ng] =0

o+ [BA @] =0. o

Finally, we show that there is a collection of Hodge bundles at which d@Qs is onto.
Before returning to our first definition of ()3 in [2.39, we recall from and [48],
the divisors D; and D, given by:

(1 =K(-Dy) and (¢ =K"'(D). (4.5)

Lemma 4.2. Along U, Q3 : U — H°(K3*(—D; — Dy)) where Dy and Dy are as
defined in (4.5)).

Proof. For (E,®) € U, we have Q3(E, ®) = Tr(p2 A ¢1).

By definition of the harmonic sequence, ¢oA|¢; is a holomorphic section of
Hom (g, £y) ® K? with divisors of zeroes at least D; + D, meaning Q3(E,®) €
H°(K3(—D; — Dy)). O
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As we have:

0— K (D)) &7

5 (4.6)
0— W =V, =5 K(—D,) — 0,
for n € H°(Hom(V}, V3) ® K), we can define:
v : H'(Hom(Vy, V3) ® K) — H(K*(—D; — Dy)) (a7

n = Tr(pang1).

Note that Tr(¢eneg;) € H°(Hom(K (D)), K(D,))®K) = H*(Hom(K?3(—D;—D,)).
We therefore have that d@)s is surjective if and only if v is surjective.

To establish when + is surjective, we consider two short exact sequences.
0%W2—>V2L2€,1%0,
0= Wi Ve D o,

Together, these allow us to define a double complex of vector bundles:

0 0 0

0 —— Hom(W;, W) —— Hom(V;, Wy) —— Hom(¢;, W) —— 0
72 72
0 —— Hom(W;, Vo) —2— Hom(Vi, Vo) —2— Hom(l1, Va) —— 0

52 J 62

(4.9)

0 —— Hom(Wy,¢_1) —— Hom(V7,0_) BN Hom(¢y,¢_1) —— 0

As all squares commute, we have d = d20; and we define:

ker 0; @ kerdy Hom(V;, Ws) @ Hom(Wy, V3)

F:=kerd ~ ~
- ker 6; N ker 0 Hom(Wy, Ws)

(4.10)
From ¢, we get a further exact sequence:
0— F® K — Hom(V,V5) ® K — Hom(4;,0_1) @ K — 0, (4.11)
which implies:

H°(Hom(V1, V5) ® K) & H°(Hom(41,/_,) ® K) — H'(F ® K). (4.12)
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Therefore, v is surjective if and only if H'(F @ K) = 0.

We now consider some special cases where this condition can be easily checked.
Case 1: rank(1;) =1

In this case, Vo ~ K(—Dy) and W5 = 0 so F' ~ Hom(W;, K(—Ds)) ~ ker(d,).
By Serre duality, we have:

HY (F ® K) ~ H'(W; ® K*(—D>))

(4.13)
~ HO(Wl X Kﬁl(D2)>
Therefore h' (F @ K) = h°(W; @ K~1(D3)) = 0 provided:
deg(W7) < deg(K) — deg(D>). (4.14)

Case 2: rank(V;) =1
In this case, Vi ~ K~1(D;) and Wy = 0 so F ~ Hom(K (D), Ws) =~ ker(dy).

Similarly to above, we get:
HY(F & K) = HY(K(~Dy) & W3) (4.15)
and h!'((F ® K) = 0 if and only if
deg(Ws) > deg(K') — deg(Dy). (4.16)

Note these two cases together complete the picture for CH® Higgs bundles where

Wy and Wy are necessarily line bundles.

Lemma 4.3. Let n = 3 and Us be the subset of U consisting of Higgs bundles of
isotropy order at least 8. If HY(F @ K) = 0, then Us is a smooth manifold with

dimension:

R (Hom(Vs, V1)) — h°(K?*(—D; — Dy)) > 0. (4.17)

Proof. By assumption d@3 is surjective so, by the implicit function theorem (e.g. in

[37]), locally around the point ¢, U3 is a smooth submanifold and

dimUs = dimU — h°(K*(—D; — Dy)). (4.18)

Moreover, we've seen that dim¢/ = h'(Hom(V;, V7)) in Lemma (3.2, O
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We now calculate this dimension more explicitly in case 1 above, i.e. where
rank(V,) = 1. Then, for d_; = deg(¢_;) = deg(V2),

h'(Hom(Vo, V1)) = (n — 1)(g — 1) — deg(V1) + (n — 1) deg(V2)

+1 (4.19)

=(n—1)(g—1) + =7+ nd_y,

where we have used identities given in [39] and (|1.26]). We also have:

W(K3(—Dy — Dy)) =5(g — 1) — dy — ds

(4.20)
=(g—1)+dy +d_q,

where d; = deg(D;) and, in the last line, we use an identification rising from (2.18).

Overall, we therefore have:

n+1

dim(Us) = (n—1)(g — 1) + T4+nd 1—(g—1)—dy —d

(4.21)

21+ (- D, -y,

Restricting this result to the CH? case, we get the following:
Theorem 4.4. There exist superconformal CH® Higgs bundles.

Proof. In (3.14)), we found the dimension of the critical submanifold in which a given
length 3 Hodge bundle ¢ belongs, while we also calculated the Morse index in ((3.24]).

In CH?, the maximal isotropy order is 4 so we therefore have:
dim(Uy) = (g —1)(2p* — 6p + 13) +2d — 27 + 1
dim(Us) =2 ((g — 1)p(3 —p) + 3d — 2p7).

= (
= (

This means the dimension of the subspace of Higgs bundles with strictly isotropy

order 3, Us is:
dim(Us) = (g — 1)(2p* — 6p +12) +2d — 47 + 1 —2d_, — d;. (4.23)

From (2.19) and Lemma [2.12] we can bound d_; d; respectively while (2.34)

bounds d so we have:

2p — 21

5T + 1. (4.24)

dim(Us) > 2(g — 1)(p* — 3p + 2) +
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For CH?®, a length 3 Hodge bundle can have either p = 1 or p = 2. In this former

case, we have:

1
dim(Us) > —297 +1, (4.25)
while the latter gives:
, 17

Recalling that the Toledo invariant for CH® belongs in %Z, then in either case, we
have that Higgs bundles of isotropy order 3 exist in every Toledo invariant such that
—2(g—1)<7<0. O

4.2 HIGHER ISOTROPY ORDER

We now consider the case of general isotropy order. For ease, we begin by recalling a
number of pertinent results. Recall that ¢ = (E, ®) is a length 3 Hodge bundle with
E =V, &V, ®C where d = deg(17) and p = rank(V}).

1. In §2.1, we defined the holomorphic flag:

F1C"'CFn—1:‘/1
where F} = 69;?:1 ¢;. This enables us to consider the harmonic sequence as:
0 2ty P F,

where we have once again suppressed the tensor products with the canonical

bundle K.
2. In equation (3.43)), for a stable Hodge bundle ¢ = (E, ®), we defined the space

of extension as:

U — {(E, $) € N'| Jim (E,¢'d) = (E, @)} .
3. In Lemma (3.5, we showed that T, ~ H'(Hom(Vz, 11)).

4. In Lemmal[3.2] we found that the map H'(Hom(Vz, V1)) — U is an isomorphism

of affine varieties.
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5. From Lemmald.1| we get that dQs(n) = Tr(¢2n*¢1) where n € E%(Hom(Va, V7))
is the unique harmonic representative corresponding to o under the Dolbeault
isomorphism.

We now generalise Lemma before addressing the existence of Higgs bundles

of higher isotropy order.

Lemma 4.5. Let n € HO'(Hom(Va, V1)) ~ T,U. If dQ;(n) = 0 for all 3 < j <k,
then
dQr+1(n) = — Tr(dan™ Aj_5 ... A11). (4.27)

Proof. We prove this via an inductive argument.

From Corollary [2.14]
Q1 = Tr(¢2D5D}¢n). (4.28)
Let D'(t) be the connection on the smooth bundle C & V; & V, which is the Chern
connection for the metric on V (t1). We then have ® = 0 and A(t) = D'(t) — D'(0) €
EY(End(V,V)) where A(0) = —n* as seen in Lemma .
Hence, using Hom(C, V) = V, we have Dj(t) = D'(t) @ 6 = (D'(0) + A) ® ¢
where 0 is the connection on K7 induced by the Levi-Civita connection for the Kéaher

metric fixed on X. We then have:

(D;(t) = Di(0))(v@ o) = (D'(0) + A)p®o +v®doc —D'(0)v®0 —v®do
=Av®o.
(4.29)

Therefore D(t) — D}(0) = A acting on V ® K7 and:

Qi) = TH g AODI 1) + Te2DA(0)01) (130)

= —Tr(pan* Dd1) — Tr(daDyn*é1)

By assumption dQs([n]) = —Tr(pan*Aj¢1) = 0 which implies n* : F} — ker ¢ =
Vi. Since n* : V; — V5 ® K by definition, it follows that n*¢; = 0. In that case,
Din*¢; = 0 and n* D¢ = n* Al ¢1. Therefore, as required,

dQu([n]) = —Tr(gan" Ay 1)

Now assume:

dQ;([n]) = —Tr(dan A} _5... A1d1) =0
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for all 4 < 57 < k, then we have:
N Fr_o — ker ¢y = V)

meaning, in particular, that Fj_o C kern*.

Finally, we consider:

k—1
dQri1([n) = =D Tr(¢2Dy_y -+ Djyyn" Dy -+ D) (4.31)

J=1

However, we know ImD)---Dj¢; C F; ® K/T' which means, by the inductive

assumption:
dQx+1([n]) = —Tr(¢anDjy_y -~ Di1)
= —Tr(don Ay _y - - Ai¢1)
where in the last line, we have used Lemma [2.15] O

In the previous section, we restricted the domain of ()3 to U which consists of
Higgs bundles with isotropy order at least 2. To generalise this argument, we first
introduce some new notation.

Let

U, ={relU|Q;(r)=0forall 2<j <k}. (4.32)

We know Uy = U is a smooth submanifold containing the Hodge bundle ¢ and we

have:

UIZ/{QDZ/{3DZ/{4D"'. (433)

To prove the existence of Higgs bundles of an isotropy order at least m, we need
to show that dimif,,, > 0. This can be found using an inductive argument that
follows from the previous section. When d@3(q) is surjective the implicit function
theorem says Us is locally smooth about ¢ and of dim ker(d@s3(q)). If this dimension
is positive, we restrict Q4 to Us to consider dQ4(q) : T,Us — H°(K?). By repeating
the argument until the surjectivity of d@,,,1(q) fails, we determine the existence of

Higgs bundles of a given isotropy order. We therefore have the following theorem:

Theorem 4.6. Let k > 1 and q = (E,®) be a Hodge bundle with 7 > 0 and
rank(Vz) = 1 such that, for k > 2,

1. h°(Hom(Vy, Vi/F})) = 0 and h'(Hom(Vy, Vi /Fy)) > 0
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2. Ay, -+ A, have no zeroes.

Then locally about q and for 1 < j <k, we have U D U3 D - -+ D U1 o with
TUjsz = H' (Hom(Va, Vi / F})).

As in the previous section, we wish to find an isomorphism ~ which is surjective
if and only of dQ);. is. This requires three technical lemmas before we prove Theorem
4.0l

Lemma 4.7. If A}, ..., A},_; have no zeroes then H°(Hom(Va, V1 /Fy)) = 0 implies
that H*(Hom(Va, V1 /F;)) =0 for 1 < j <k and rank(Vy) = 1.

Proof. From the short exact sequence:
0—>Fj/Fj_1—>‘/i/Fj_1—>‘/i/Fj—>0, (434)
we get the long exact sequence:

0 — HO(Hom(V, Fy/Fy-1)) — HO(Hom(Va, Vi/ Fy-1)) — HO(Hom(Va, i/ F})) > -+
(4.35)
If H°(Hom(V5, Vi /Fy)) = 0, then we have H°(Hom(V,, V;/F}),_1)) = 0 if and only
if H°(Hom(Va, F},/F}_1)) = 0 which we now show with induction.
By construction of Fj, F;/F; 1 =~ {; and, provided A’ has no zeroes for 1 < j <k,
then the harmonic sequence gives that ¢; ~ K~7(D;). Moreover, as rank(V3) = 1,
then Vo = K(—D,). Therefore:

deg(Hom(Va, Fj/F;_1)) = deg(K 771 (Dy + Dy)) < deg(K 7 (Dy + Dy)).  (4.36)

However, as 0 # ¢; € H°(K(—D;)), then deg(K(—D;)) > 0 with equality if and
only if K(—D;) ~ C which cannot happen as stability gives that H°(Hom(V3, V;)) =
0 as we saw in §3.2] Therefore, in the case j = 1, H(Hom(Vs,£;)) = 0 since
Hom(Va, ¢1) € Hom(Va, Vi) is a holomorphic subbundle, so H*(K~2(D; + D)) = 0.

Overall this means, for 1 < j <k,

deg(K 7Y Dy + Dy)) < deg(K2(D; + Dy)) <0 (4.37)

and, by [39], we have H°(Hom(Va, F;/F;_1)) = 0. As this holds for all 1 < j <k,

induction then gives the desired results. O
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Note that under the assumptions of the previous result, equation (4.35) gives
that H°(Hom(Va, F}/Fj_1)) ~ H°(Hom(Va, V1 /F;_1)).

Lemma 4.8. If A},... A}, have no zeroes and h°(Hom(V,, V1 /Fy)) = 0, then
h'(Hom(Va, Vi) Fy)) > 0 implies h*(Hom(Va, V1/F})) > 0 for 1 < j < k.

Proof. We can calculate:

W (Hom(Va, Vi/F;)) — B (Hom(Va, Vi /L)
— (n—1—j)(g—1) — deg(Vi) + deg(F}) + (n — 1 — j) deg(V5)
—(n—1—k)(g—1) +deg(V1) — deg(F) — (n — 1 — k) deg(V5)
(=) (g - 1)+ deg(a) + 3" deg(K'(—Dy)).

i=k+1

(4.38)

By stability, deg(K*(—D;)) > 0 for i > 1 and for 7 > 0, deg(V5) > 0 so this

difference is positive as required. O]

Lemma 4.9. Using the identification T;U ~ H'(Hom(Vz, V1)) and assuming both
that T,U; o = ker(dQji2), and rank(Va) = 1, then [n] € T,U;io if and only if
F; C kern*.

Proof. We saw in Lemma [4.5] that [] € ker(dQ;2), for all 1 <i < j which means
that n* € H°(Hom(V}, V5) ® K) satisfies Tr(gon*AL... A}) = 0 for 1 <i < j. By
definition, this is equivalent to F; C kern* as required.

On the other hand, if F; C kern*, then rank(15) = 1 implies n* A} ... A} =0 for
all 1 < i < j. But this is equivalent to [n] € ker(dQ;,2) for all 1 < i < j as above

and as required. O
We are now in a position to prove Theorem [4.6]

Proof. For k = 1, this is ()3 and addressed in the previous section. This provides
the base case for our induction.
We suppose it is true for £ = j and assume the conditions of the theorem hold of

k =7+ 1. From Lemma [4.9] we consider

(dQj+3)g : T2 — HO(K7*3(=Dy — Dy))

(4.39)
(] = Tr(pon™ A - Al¢r)
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where F; C kern*. Note F; C kern* happens if and only if #* lies in the kernel of

the restriction map:
H°(Hom(Vy, Vo) ® K) — H°(Hom(F}, V) ® K). (4.40)
This kernel equals the image of
0 — H°(Hom(V;/F;, Vo) ® K) — H°(Hom(V;, V3) @ K), (4.41)
derived from the short exact sequence:
0— (Vi/E)" = V" = Ff — 0. (4.42)

Using the inductive assumption T,U; o ~ H'(Hom(Vz, V1 /F})), which is in turn
isomorphic to H°(Hom(V;/F}, V) ® K) by Serre duality and as seen in (4.1). This

total derivative is equivalent to the linear map

v : H'(Hom(V;/F},Va) ® K) — H°(Hom(Fy, V,) @ K/*)

(4.43)
b Ay A
using A’ --- A7 Fy = Fj /F; @ K7,
From the short exact sequence dual to (4.34)),
0= (Vi/Fi)" = V/F)" = (Fjn/F;)" =0, (4.44)

we get the long exact sequence:
0 —— HO(Hom(Vi/Fy 41, V) —— HO(Hom(V/Fy, Vi) —— H*(Hom(Fy1/Fy, V)

—

H'(Hom(Vi/Fji1,V3))
(4.45)

By assumption A --- A} 1 F1 — Fj /F; ©@ K J is an isomorphism so 7 is equivalent

to
y: HO(Hom(Vi/F;, Va) @ K) — H'(Hom(Fyp/Fj, V) @ K)  (4.46)

and this is the map induced by the long exact sequence given in [4.35]

Hence 4 is surjective as, by the inductive assumption 0 = H°(Hom(Va, V1 /Fji1)) ~
H (Hom(Vi/ Fjs1, Va) © K.

Also

TU; 3 ~kery ~ H (Hom(Va, Vi/Fjy1) ® K) =~ H' (Hom(Vy/F; 11, V),  (4.47)

which concludes the induction as required. O
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Provided A}, ..., A}_; have no zeroes, then we can take:

deg(K'(—D1))

M=

deg(Fy) =

@
Il
—_

(2i(g — 1) — dy) (4.48)

Il
Mw

-
I

I
=

(k+1)(g—1) — kd,.

A sufficient condition for the first assumption of Theorem is that the degree of
Hom(V3, Vi /Fy)) is negative. Therefore, we calculate:

deg(Hom(Va, Vi/Fy)) = (p — k)(d—1 — 2(g — 1)) + (pp+ 1) — k(k +1))(g — 1) + (k — p)d;
=(p—k)(d_y—di)+ @ —p—K +k)(g—1).
(4.49)

For this to be negative, we therefore require:

A A

P —p—K +k)(g—1) < (p—k)(d —d_y). (4.50)

The second assumption of Theorem that each Aj,_, has no zeroes, is therefore
the main problem as everything else can be reduced to ensuring certain conditions
involving topological quantities (such as d; and cz,l) can be found.

Alternatively, we could show that Q.o has the same zeroes on Uy, ,. However,
understanding the zeroes of A} is already a challenge.

While Theorem gives a method for calculating a dimension of U}, and hence
determining the existence of Higgs bundles of a given isotropy, it predicts dimension
0 for high isotropy order relative to n except for small n.

Under the assumptions of Theorem [£.6] we can find the codimension of U, 2 in
U as:

”f: h°(K?(—D, — Dy)) ZW'LJF (j deg(K) —dy—dy+1 —9)
N <(m+2)2(m+3) —3> deg(K) +m(g —1—dy — do)
=m ((m+6)(g—1) —di — ).

(4.51)
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which grows quadratically with m whereas:
dim¥ = h*(Hom(V5, V7))
= (n—=1)(g — 1) — deg(V1) + (n — 1) deg(13) (4.52)
= (-1 -1+

7 + ndeg(Vs)

grows linearly with n.
Moreover, for A, ..., Al | to be invertible, ¢{; ~ K~7(D;) for all j < m so
deg(V1) =m (—(m +1)(g—1)+ ch) but we also know 27 + deg(Vs) = — deg(V4)

and 7 < 2(g — 1). So again, the quadratic growth of m exceeds the linear growth n.



A

Spectral sequences and Hypercohomology

We here explore the deformation theory of general Higgs bundles from [37], [34] and
[8] and as used in both and §3.3

From a given complex, we can also derive a cohomology complex H9(K*) which
has an associated filtration FP H(K*) induced by the filtration FPK*. From this we
get the associated graded cohomology

. gk ‘ N FPHI(K™
GH*(K*) = g?Gqu(K ) where GPHI(K™*) = FPHHSJ(KB‘)'

Consider a double complex (K**, d,§) with differentials d : KP4 — KP*14 and
§ : KP4 — KP4+l guch that d> = 6> = 0 and dé = 6d. The associated single
complex (K*, D) is given by K" = @, ,—, K?? and D = (—=1)"d + 0.

There are two possible filtrations on (K*, D). The first is (FPK*, D) where
FPE™ — @

(A.1)

K’"=J which has the associated graded complex GK* where

Jjzp
GK :@WQ@KIL p:K, (A2)
and the induced differential agrees with 6 on K™:
GK’ ~ K= F°KY = K%0 > 0
~§ D
GK! ~K!'= F'K! = K% ¢ K0 O F'K' = K% O 0

~) D D l

GK2 2[(2 — FOK2 :K0’2@K1’1@K2’0 ) F1K2 :Kl’l@KQ’O ) F2,2 :K2’0 ) 0

~0 D D lD

(A.3)
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Alternatively, the second filtration (F2K*, D) is given by F1K™ = Djng K70
with both associated graded complex GK* such that
R FaR™
GK" = - ~ K = K" A4
@ Fatl Kn @ ( )
and an induced differential equivalent to (—1)"d on K™:
GK® ~ K= F°K® = K0 > 0
~d D
GK' ~K'= F'K' = K0 @ K0! > F'K' = K% S 0

~—d D D l

N

~d

)

D JD
o . (A5)
Both filtrations also induce a filtration on the cohomology to give FPH™(K*, D)

and F1H "(K*, D). These in turn have associated graded cohomology
FPH"(K*, D)

n * — D ITn * —
GH"(K*,D) ?G H"(K*,D) ®pFP+1H"(K*,D)’ (A.6)
and )
A A FiH"(K*, D)
GH"(K*,D) =@ G'H"(K*,D) = ®;—= : : AT
(K D) = @G (K" D) = €yt B0 T (AT

These can by computed by using the spectral sequences of the two filtrations. A
spectral sequence is a sequence {E,,d,.} for r > 0 of double graded groups
E, = @, 50 B together with the differentials d, : EP9 — EPT™4~"+1 such that
d>=0and H*(E,) = E,;;. In many cases, E, = E,; for all r > R which is called
the limit group F..; we say the spectral sequence {E,} converges to E..

For the first filtration, we have E}? = % ~ KP4 and dy : Ef? — EPIt!
induced by D meaning dy ~ 6. As E,,; = H*(E,), EY? = HY(KP*,0) and the
differential d; agrees with (—1)P*4d : HY(KP* 6) — HY(KPT1* §). As D = (—=1)"d+
d and 6 =0 on Ey, then EY? = HP(HY(KP*,0),d). The spectral sequence stabilizes

at this term so E, = FE, for all » > 2. Overall, we therefore have

EP (K9 §) —— (HI(KP*,5), (—1)P*d) — s (HP(HY(KP*,5),d),ds) — -+

(A.8)
By symmetry, EP9 ~ KP4 EP9 = HP(K*4 d) and EYY = HY(HP(K*4,d), 6).

GK?2 ~ K2 = FoKz :KQ,O@KM@KOQ > FlKQ _ Kl,l@KO,Q S F2,2 — K% 5

!
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This relates back to the associated grade cohomology complex as [37] shows that

P EY!~GH"(K*,D) ~H"(A"), (A.9)
p+g=n
where H"(A*) is the hypercohomology of a complex A* as follows.
Consider a complex of sheaves (A*,d) given by A% -4 A 4 A2 4, ... and
set K77 = CI(AP) to be the vector space of Céch g-cochains of AP. This gives a

double complex

CO(A?) s CO(AY) —Los CO(A?) —— -

L ls ls

CI(AO) d Cl(Al) d 61<A2) . (A.lO)
5 § s
LIPS
from which a single complex (K*, D) can then be defined as above: K™ = @, ,—,, K1

and D = ¢ + (—1)"d.
The nth hypercohomology group of the complex (A*, d) is then defined as

ker D|jn
H(AY) = HY(K*, D) = lim ~ 21K

T (A1)

where the limit is taken over refinements of open covers.
Applying this to the moduli space of Higgs bundles with [34] and [§] as in §3.2]
for a given G-Higgs bundle (£, ®), its deformation complex C*(E, ®) is

E(0S) 2, BpC) @ K —— 0, (A.12)

where g = h @ p is the Cartan decomposition.
Letting equation (A.12)) be the complex of sheaves (A*, d) with a double complex
as given in equation (A.10]), then, using the fact that AP = 0 for all p > 2, the

corresponding single complex (K*, D) is given by:
CO(A) —2 C1 (A% @ CO(AY) —2— C2(AY) @ CHAY) —2— - - (A.13)
This gives a short exact sequence of complexes

0—— C* (AN Kc* CH(A%) —— 0, (A.14)
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where C*(A')[1] is the C*(A') complex shifted by one step: 0 — C°(A') — C*(A') —
--. Applying the Snake lemma and recalling that in this case d = ad®, this gives a

long exact sequence of cohomology groups as we saw in equation ({3.16))

0 —— H(A") —— H(A°) =% HO(A") —— H'(A)

HY(A%) =5 Y (AY) —— B2 (A7) —
(A. 15)
From this we get that H°(A*) ~ ker ad®(H°(.A)), which agrees with the spectral

sequence identity given in equation (A.9) as we also have
ES® = HY (HO(CO(A),6)) = Hoyp(HO(A")) = ker ad(H(A").  (A.16)

Similarly, we can use this to find an expression for H'(A*) = Ey° @ EJ'. We

have

Ey' = Hege(H'(C'(A”),0)) = Haye(H'(A”)) = ker ad®(H(A")), (A.17)

and
B} = Hlyg(HO(C(A),8)) = Hlyg(HO(AY) = ——tA) (A13)
2 ad® ) ad® Im ad@(HO(A )) :
This is the same as that given by equation (A.13]). More explicitly
1( A0 0( g1 _ _ 1

{(0u, [6, u])[u € CO(A")} B

We can show this is equivalent to the space of infinitesimal deformations of (£, ®).
Let (E,®) be an infinitesimal deformation of (E, ®) for E a principal H® bundle
over X.[e] = X, x Spec Cle] where Cle] = {a +be|a,b € C,e? = 0} is the algebra of
dual numbers and ® € H°(E(m%) ® K). Note Spec Cle] = T,C.

If Ele] = E x Spec Cle| is taken to be the trivial deformation, then it has a
automorphism 1 + se where s is a section of E(h®). Moreover, if u + ve is a section

of E(m®%)[g] then
Ad(1+se) - (u+ve) =u+ (v+ Ads - u)e. (A.20)

Let {U;} be a Leray cover of ¥, that is a covering such that the Cech cohomology
H%(|7],8) = 0 for all k> 0 and all intersections of open sets |7| (see [60]). We then
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have a projection U;[e] — U; where U;le] = U; x Spec Cle]. The pullback of E along
this map gives E;[g]. An infinitesimal deformation E can then be constructed by
gluing Ejle] to E;[e] over U;; with (1 + s;;¢) where (s,t) € Z,. As ds = 0, this is a
1-cycle.
We can also construct a global section ® by taking ®; = ®; + t;e. By equation
(1A.20)),
Ad(1 + sije) - (D; + tie) = Oy + ([5i5, D] + ti)e, (A.21)

and as ®; = ®; and t; — t; = (0t);; = [P, s;4], then ®; = Ad(1 + s;;¢) - D;.

On the other hand, given (E,®) then over U;[¢], the bundle E has transition
relations r;;(¢) and we can assume r;;(0) = 1 meaning locally E; = E;[¢] and this
construction can be reversed. Therefore every element of Z}, corresponds to an
infinitesimal deformation.

To finish, we still need to show that elements corresponding to the trivial deforma-
tion (E, ®) = (E[e], ®) lie in B In this case, we require s = ju for some u € C°(A°)
but we have, Ad(1 — w;e)®; = ®; + t;, so t = [®,u] and (s,t) = (du, [®,u]) € B},.
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