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ABSTRACT

We present an infinite-dimensional hyperkahler reduction that extends the classical mo-
ment map picture of Fujiki and Donaldson for the scalar curvature of Kdhler metrics. We
base our approach on an explicit construction of hyperkahler metrics due to Biquard and
Gauduchon. The construction is motivated by how one can derive Hitchin’s equations
for harmonic bundles from the Hermitian Yang-Mills equation, and yields a system
of moment map equations which modifies the constant scalar curvature Kédhler (cscK)
condition by adding a “Higgs field” to the cscK equation. In the special case of com-
plex curves, we recover previous results of Donaldson, while for higher-dimensional
manifolds the system of equations has not yet been studied. We study the existence
of solutions to the system in some special cases. On a Riemann surface, we extend an
existence result for Donaldson’s equation to our system. We then study the existence
of solutions to the moment map equations on a class of ruled surfaces which do not
admit cscK metrics, showing that adding a suitable Higgs term to the cscK equation
can stabilize the manifold. Lastly, we study the system of equations on abelian and
toric surfaces, taking advantage of a description of the system in symplectic coordinates
analogous to Abreu’s formula for the scalar curvature.
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Introduction

This thesis studies the problem of finding metrics with special curvature properties on
a compact complex manifold. It builds on a parallel between two important problems in
complex differential geometry, the existence of constant scalar curvature Kdhler metrics
and the theory of Hermitian Yang-Mills connections, to study a new set of equations
whose solutions should exhibit interesting geometric properties.

We briefly outline some features of the two problems. These will serve as a motivation
for the main question we address in this thesis: is there a natural way to add a “Higgs field”
to the constant scalar curvature equation and to obtain a system of equations analogous to
Hitchin’s equations for Higgs bundles?

The existence of Kédhler metrics with constant scalar curvature is one of the most
studied problems in complex differential geometry and many interesting results have
been obtained in the last twenty years. The general setting is as follows: consider a
compact complex manifold M together with a Kahler class Q € H%(M, R) and look for
Kéahler forms w € Q) such that

S(w)=S$

where § is a constant determined by the class Q) and the first Chern class of M. By
parametrizing the Kahler forms in () as wq + iddg for a fixed reference form wy and
potentials ¢ € C;°(M,R) we can see the constant scalar curvature equation for Kahler
metrics (the cscK equation, from now on) as a fourth order fully nonlinear elliptic PDE.

It is now well-known that the cscK equation can be interpreted as the zero-locus equa-
tion for the moment map of an infinite-dimensional Hamiltonian action on the space ¢
of complex structures on M that are compatible with a reference symplectic form. This
was first noted by Quillen, Donaldson [ ] and Fujiki [ ] in the 90’s; framing the
cscK problem in the context of Hamiltonian actions has led to many important results
(e.g. [ ]). Together with previous work of Tian on the Futaki invariant [ ], this
teature of the cscK problem prompted the formulation of the “Yau-Tian-Donaldson”
conjecture for the existence of cscK metrics. A major success of this theory is a verifi-
cation of the YTD conjecture in the case when () is proportional to c;(M), establishing
the equivalence between existence of Kiahler-Einstein metrics and K-stability. We refer
to [ ] for an overview of these results.

Broadly speaking, the YTD conjecture states that a polarized manifold (M, L) should
admit a metric of constant scalar curvature in the class ¢1(L) if and only if (M, L) satisfies
some kind of algebraic stability condition. A motivation for this conjecture comes from
the relation between symplectic reductions and GIT quotients in a finite-dimensional
setting: the Kempf-Ness Theorem implies that the existence of zeroes of a moment
map can be characterized in terms of a stability notion for the orbits for the action, and
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this stability condition in turn can be tested using a numerical condition, Mumford’s
criterion.

When studying the cscK equation we have to consider a Kadhler reduction in infinite
dimensions, so the Kempf-Ness Theorem can not be directly applied to obtain an alge-
braic characterization of the existence of cscK metrics. However, there is at least one
case in which this finite-dimensional picture has been successfully applied to a similar
infinite-dimensional problem, namely the Hermitian Yang-Mills (HYM) equation. Let E
be a holomorphic vector bundle over a complex curve with a fixed Kéhler form w: the
HYM equation for a Hermitian metric & on E is

F(hy=A1Q®w

where A is a topological constant, essentially the slope of E. Atiyah and Bott [ |
showed that this can be interpreted as the zero moment map equation for the Hamilto-
nian action of unitary gauge transformations on the space &7 of compatible d-operators
of E. This space is an affine infinite-dimensional Kdhler manifold, and the action of
the gauge group preserves this structure. The HYM equation arises when looking for
zeroes of the moment map along the orbits of the complexified action, and for a fixed
holomorphic structure on E there is a Hermitian metric solving the HYM equation if
and only if E is slope-stable. This is known as the Kobayashi-Hitchin correspondence; we
refer to [ ] for an in-depth discussion of these results. Slope stability is a numerical
condition for the bundle E, hence we see an example that a “Kempf-Ness criterion” can
hold also in an infinite-dimensional setting.

The Hamiltonian interpretation of both problems suggests that, to some extent, we
might hope to find new features of the cscK equations drawing inspiration from the well-
developed theory of the HYM equation. One of the best examples of the fruitfulness of
this parallel between the two problems are the lower bounds for the Calabi functional
found by Donaldson [ ], that were directly inspired from the bounds on the Yang-
Mills functional in [ ].

In this thesis we will focus on a feature of the moment map description of the Hermi-
tian Yang Mills problem noticed by Hitchin [ ]. Let & be the space of d-operators of
a complex vector bundle E; the holomorphic cotangent space of .27 carries a hyperkahler
structure, and the Hamiltonian action of the gauge group on &/ lifts naturally to an
action on T"/ that is Hamiltonian with respect to all the symplectic forms in the hyper-
kdhler family. Along the orbits of a complexification of the action this gives Hitchin's
Higgs bundle equations

P =0

F(h)+[¢,¢"]=A1®w
the system of moment map equations coming from the infinite-dimensional hyperkah-
ler reduction. The term ¢ € AY(End(E)) is called a Higgs field, and is an element of the
cotangent space of «/. The Higgs bundle equations have been extensively studied and
lead to an extraordinarily rich theory. For example, if we fix a Higgs field ¢ satisfying
the equation égb = 0 (i.e. ¢ is holomorphic) then the existence of solutions to the second
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equation is characterized by an algebraic stability condition on the pair (E, ¢), gener-
alizing slope-stability. The hyperkdhler geometry underlying the system of equations
descends to the moduli space of solutions, that has a very rich geometric structure.

It is natural to ask if a similar construction can be carried out for the cscK equation,
i.e. if we can upgrade the moment map picture for the cscK equation to a hyperkahler
reduction. This problem in the case of a complex curve has already been studied by
Donaldson [ ], who found a hyperkdhler metric in a neighbourhood of the zero
section of the holomorphic cotangent bundle T'¢ and studied a Hamiltonian action
on this space. In fact we can expect a hyperkéhler structure to exist on T"# for a base
manifold M of arbitrary dimension, since ¢ is a Kdhler manifold. From general results
of Feix [ ] and Kaledin [ ] the cotangent bundle of a Kdhler manifold always
carries a hyperkéhler metric, at least in a neighbourhood of the zero section. One of the
issues that arise when trying to generalize Donaldson’s approach to higher dimensional
manifolds is that one would like to obtain a fairly explicit expression for the hyperkdhler
structure, but it is not clear how to do this in general from the theory developed by Feix
and Kaledin.

In this work instead we consider an explicit description due to Biquard and Gaudu-
chon [ ] of the hyperkdhler metric on the cotangent bundle of a Kdhler symmetric
space. This allows us to find a hyperkéhler metric on T"# for a base manifold M of
any dimension, as the infinite-dimensional manifold ¢ is formally a symmetric space.
More precisely, the hyperkdhler metric is defined on an open neighbourhood of the zero
section ¢ < T'f, and the restriction of this metric to _# coincides with the usual
Kéhler metric of #. We then show how the Hamiltonian action on ¢ lifts to an action
on T'# that is Hamiltonian with respect to all the symplectic forms in the hyperkéhler
family, giving a set of moment maps on T"# that restricted to the zero section coincide
with the scalar curvature.

We call the resulting system of moment map equations the Hitchin-constant scalar
curvature system (HcscK, in short). It is a system of equations for a complex structure |
and a first-order deformation « of J; there is a clear similarity with Hitchin’s system,
although the equations have a less clear geometric interpretation. The HescK system is

i . . M
(w,])-25+divX(J,a)=0

{&v@m):o
where all the metric quantities are computed with respect to the Kdhler metric defined
from the reference symplectic form and the complex structure J, and X(J, ) is a vector
field defined from a and J. The general expression of X is slightly complicated, and
can be computed from the potential of the Biquard-Gauduchon hyperkéhler metric.
To write X(J, a), notice first that aa is similar to a Hermitian matrix (see the proof of
Proposition 2.1.7), so that it has n real non-negative eigenvalues. Introduce the spectral

function .
¢@):%(1+V1—x) 2)
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and apply it to aa, obtaining a matrix & := ¢/(a@). Then, we can finally write X(J, ) as
X(J, @) = 2Re (g(V”a, GR)d. — g(VPa, @d)dz — 2V*(aa&)) .

As in the case of the HYM equation and the cscK equation, also this system of equations
should be complexified, by fixing a complex structure | on M and considering the HescK
system as a system of equations for a Kdhler form w in a fixed class and a “Higgs term” a.
It is slightly more difficult to describe this complexification for the HescK system than
for the classical cscK equation, and this is one of the reasons why we have not yet been
able to formulate a stability condition analogous to K-stability for the HcscK system.

1 Summary of results

Most of the results in this thesis have already appeared in articles of the same au-
thor, [ 1, [ ]and [ ]. In particular the general theory of the HcscK sys-
tem developed in Chapter 2 is essentially taken from [SSar]. The main improvements
over [SSar] are a formulation of the moment map equations in arbitrary dimensions and
a discussion of an infinitesimal complexification of the equations.

Chapter 1 provides some background material for the rest of the thesis. We will
mainly focus on describing ¢ as the space of smooth sections of a bundle over M
with fibres isomorphic to Siegel’s upper half space Sp(2n)/U(n), after [ ]. This
allows us to describe a natural Kahler structure on ¢, and we will briefly study the
Riemannian geometry of ¢ in Section 1.3.1. In particular we will prove that ¢ is
a formally symmetric space, i.e. its curvature tensor is covariantly constant. This is
analogous to a result of Donaldson on the space of Kéhler potentials, and in fact the
two spaces are closely related, as we describe in Section 1.4.1. This result has also
been found with a different approach by Berndtsson (private communication), and
gives another motivation for expecting that the Biquard-Gauduchon construction of
an explicit hyperkdhler metric on T'¢ will also work in our situation. A large part of
Chapter 1 is devoted to explaining Donaldson’s interpretation of the constant scalar
curvature as a moment map in [ ], and in particular we show how to formally
complexify the resulting moment map equation, following the discussion in [ I

In Chapter 2 we present the construction of a hyperkéhler structure on T'¢ using the
Hermitian symmetric space approach of [ I

Theorem 1. A neighbourhood of the zero section in the holomorphic cotangent bundle T"7 is
endowed with a natural hyperkihler structure, whose restriction to the zero section coincides
with the Kihler metric of #. For each | € 7, the first order deformations that are in this
neighbourhood are those o € AYY(TOL M) such that the eigenvalues of the endomorphism ad
are strictly less than 1.

Remark 1.1. The hyperkdhler metric we will describe in Chapter 2 is invariant under
the U(1)-action on the fibres of T°# — _#, as also happens for the hyperkahler metric
on T"¢/ described by Hitchin [ ]. From the finite-dimensional picture of [ ,
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] we expect that in fact any U(1)-invariant hyperkdhler metric on (an open subset
of) T'# that restricts to the usual Kdhler metric on ¢ essentially coincides with the
metric of Theorem 1.

A review of the results of Biquard and Gauduchon can be found in Section 2.1.
The construction of the hyperkdhler metric and the proof of Theorem 1 are given in
Section 2.2. After this we focus on the extension of the Hamiltonian action on 7,
obtaining the second main result of the Chapter.

Theorem 2. The Hamiltonian action on ¢ lifts to an action on T"Z that is Hamiltonian with
respect to the hyperkihler family of symplectic forms. The moment map equations for this action
form the HescK system (1).

In order to write the moment map equations explicitly we need to first compute
the Biquard-Gauduchon hyperkihler metric on T* (Sp(2n)/U(n)) in Section 2.1, see
in particular Lemma 2.1.8. We remark again the importance of having an explicit
expression of the hyperkdhler metric, such as the one provided in [ I

In Section 2.3 we study the complexification of the HecscK system in the case of
an integrable deformation of the complex structure. This means that we restrict to
considering Higgs terms ag € AY(T%! M) satisfying day = 0; in this case a determines
a cohomology class [@g] € HY(T**M). The main result of Section 2.3 is that we can
complexify the HescK system by considering (1) for a fixed complex structure ], Kéhler
class [wg] and deformation class [ag] € HY(T%!M); the variables are instead w € [wo]
and a € [ag] with the additional condition that @ and « should be compatible.

Chapter 3 is focused on obtaining some existence results for the HcscK system on
curves and surfaces. The equations in dimension 1 and 2 seem more treatable than in
the general case mainly because the eigenvalues of a@, and so the morphism ¢(a&), can
be written in a particularly simple form. For example in complex dimension 1 there is
only one eigenvalue 6 that can be expressed equivalently as

6 = |det(@)]* = [lall},

while in complex dimension 2 we can express the two eigenvalues as the roots of the
characteristic polynomial of aa

1
6 = 5 (Tr(ow't) + \/Tr (a@)* - 4|det(a)|2) .
In Section 3.1 we consider the HcscK system on a curve. The system essentially
becomes trivial for genus 0 or 1, while for a high genus curve we partially generalize a

result of Donaldson | ]and [ ], finding a general existence result.

Theorem 3. Let wq be the hyperbolic metric on a high-genus compact Riemann surface X.
The HcscK system on L admits a set of solutions parametrized by pairs (t, ), consisting of a

holomorphic quadratic differential T and a holomorphic 1-form g, with C2 (wp)-norm bounded
by some Sobolev constants of L.

viii
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The situation for complex surfaces is more complicated. One interesting result is that
a surface on which there are no cscK metrics can nonetheless admit solutions to the
HcescK system. In other words, an appropriate choice of a Higgs field a can stabilize a
previously unstable manifold. We show an example of this phenomenon in Section 3.2,
by studying the equations on a ruled surface using the explicit description of Kdhler
metrics via momentum profiles of Hwang and Singer [ ].

Theorem 4. Fix a high-genus compact Riemann surface ¥, endowed with the hyperbolic met-
ric wy. Let M be the ruled surface M = P(O ® TX), with projection : M — X and relative
hyperplane bundle O(1), endowed with the Kihler class

[wm] = [T ws] + m c1(O(1)), m > 0.
Then for all sufficiently small m the HescK system (1) can be solved on (M, [w]).

On the other hand it is well-known that, for all positive m, (M, [w;,]) does not admit
a cscK metric (see [ ,§3.3and §5.2]).

Finally, in Chapter 4 we will show an interesting feature of the HcscK system in
symplectic coordinates, that can be applied to study the equations on abelian or toric
manifolds: if we restrict to considering T"-invariant tensors in (1) then, under a simple
change of variables, the HcscK equations can be decoupled. The resulting system is
similar to Abreu’s equation (c.f. [ ]) for the scalar curvature of Kdhler metrics on
toric manifolds:

(éab),ab =0

_ 1 ab (3)
((1- £D? ED%u)? D2 =-C,
,a

where u is a local potential of the complex structure (or equivalently of the Kahler
metric) with positive-definite Hessian u ,, = D2u, £ is a symmetric matrix-valued
function such that @ = £ D?u and C is a topological constant (essentially the average of
the scalar curvature). The matrix-valued functions appearing in (3) must also satisfy
some boundary conditions: in the case of a complex torus, one just has to impose
periodicity of & and D?u, while for a toric manifold the correct boundary conditions are
more complicated, analogous to Guillemin’s boundary conditions. We refer to Section 4.1.1
and Section 4.2.1 for the details.

On abelian varieties in particular we will use this expression to describe a variational
characterization of the HcscK system, proving a uniqueness result for solutions to the
system in dimension 2. We also describe a more explicit set of solutions to the HescK
system, under some simplifying assumptions.

On a toric surface instead we find that (3) has some interesting properties: if the ma-
trix £ comes from an integrable first-order deformation a of the complex structure, then
it solves the complex moment map equation (£) ;; = 0 if and only if it is identically 0,
see Corollary 4.2.4. Also, we show in Corollary 4.2.7 that the real moment map equation
can be solved only if the toric surface is K-stable, or equivalently (c.f. Corollary 1 in
[ 1), only if the surface admits a cscK metric. This is a first obstruction result to the
HescK system, and might be a first step towards the development of a stability theory
for the HescK system. We will get back to this point in the next section.

1X
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2 Future research and open questions

This work is just a first study of the Hitchin-cscK system, and many aspects have not
been treated completely. The main question that remains open is that of the formal
complexification of the equations, that we only gave in an implicit form in Section 2.3.
Once we have an explicit complexification of the equations there is a natural way
(cf. [ ) to define a Futaki-like invariant for the HcscK system, obtain results
analogous to Matsushima’s criterion and define a generalization of the K-energy for
the HescK system. In [ ] it is shown how to obtain these classic results for the
cscK problem directly from the formal complexification of the moment map equation.
These results would allow us to generalize some of the aspects of the theory of the
cscK problem to our system: these would allow us to take a first step in defining a
stability condition for triples (M, [wo], [a0]), generalizing K-stability, to characterize the
existence of solutions to the HescK system.

The results in Chapter 4 for abelian varieties and toric manifolds seem to go in this
direction, even without a precise description of the complexified equations. Indeed we
find a functional, generalizing Mabuchi’s K-energy, whose Euler-Lagrange equation is
the real moment map equation of the HescK system. The convexity properties of the HK-
energy are not clear, but nonetheless these results give a hint of the interesting features of
the HescK system. For a toric surface we proved that K-stability is a necessary condition
to having solutions to the HcscK system; this has been obtained by a simple integration
by parts, following the approach of [ . However it is not clear if K-stability is also
a sufficient condition for the solvability of the toric HescK system when we consider a
non-zero Higgs term, while it is well-known from [ ] that K-stability implies the
existence of a cscK metric in this context. Evidently, to find the appropriate stability
condition for the HescK system on a toric surface we should consider a different point
of view. It is possible that a careful study of the toric HK-energy of Lemma 4.2.8 might
point to a possible modification of K-stability that takes into account the presence of a
non-zero Higgs term.

Another aspect of the formal complexification of the HcscK system we should con-
sider is that our (implicit) description of the complexification in Section 2.3 bears on the
assumption that the Higgs term «a is an integrable deformation of the complex struc-
ture. However, the results in Chapter 4 seem to indicate that solutions to the complex
moment map equation are, in general, not integrable. For example, the integrability
of the Higgs term is actually an obstruction to having zeroes of the complex moment
map on a toric surface, see Corollary 4.2.4. It is therefore important to generalize the
infinitesimal complexification of the Hamiltonian action 4 ~ T"# to Higgs terms that
are not necessarily integrable.

There are some other natural directions along which to study the HcscK system,
following the parallel with Hitchin’s Higgs bundle equations. In this work we mostly
studied the HcscK system from the point of view of the cscK equation, but it would be
really interesting to find an analogue of Hitchin’s integrable system in our setting.

Recall that in some situations there is a direct connection between solutions to the



Introduction

HYM equation and the cscK equation. Consider a slope-stable vector bundle over a
curve E — C of genus g > 1, so that by the Hitchin-Kobayashi correspondence there
is a solution to the HYM equation. In [ ] it is shown that the manifold P(E) then
carries a cscK metric; the precise statement can be found in [ , Theorem 1.6], see
also [ , Theorem A] for a generalization to higher-dimensional base manifolds.
Ross and Thomas [ ] gave a converse to this result. The natural question is to start
instead from a slope-stable Higgs bundle (E, ¢) on a curve and see if one can find
solutions to the HescK system on P(E); a first step would be to see if ¢p induces in a
natural way a “Higgs term” a. We have a first result in this direction in Section 3.2.1, but
the deformations of the complex structure considered in that Section are not compatible
with any Kéhler form.

It would also be interesting to apply the ideas that we used to derive the HescK system
to other problems in differential geometry. This can probably be done in a variety of
situations, since the techniques used to obtain the HescK system can likely be adapted to
many other geometric differential equations coming from Kéahler reductions. The first
problem to examine from this point of view is the existence of Kéhler-Einstein metrics;
we can take as a starting point the Hamiltonian description of the K&hler-Einstein
equations in [ ] and start the hyperkdhler construction anew. This is of interest
also for studying the HcscK equations, since we expect to obtain a set of equations
similar to the HescK system but with PDEs of lower order. The cscK problem reduces
to a Monge-Ampére equation when the Kéhler class is a multiple of the canonical class,
so there might be some algebraic conditions on the Higgs term that allow to obtain a
similar result for the HescK system.
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1 Scalar curvature as a moment map

Chapter contents

1.1 Moment maps and stability . . . ... ... ... .. ... ... . ... 2
1.1.1 Hamiltonian actions . . . . . . . . . .. .. . .. ... ... 2

1.12 Elementsof GIT . . . . . . . . . ... . .. ... . . ... ... 5

1.1.3 The Kempf-Ness Theorem . . . . .. ... .............. 6

1.2 Somematrixspaces . . . . .. ... 7
121 Siegel'supperhalfspace . . . .. ...... ... ... .. ...... 7

1.2.2  Kahler geometry of ACT . . ... ... .. L 9

3

1.3 Compatible almost complex structures . . . . .. ... ........... 1
1.3.1 Kahler structureof # . ... ... ... ... .. .. .. .. 20

1.4 Proofof Theorem 1.0.1 . . . . . . . . . . . . . . .. . . ... 24
141 The complexifiedaction . . . .. ... .. .............. 31

Our general setting is this: fix a compact complex manifold M of dimension 7, a
Kéhler form @w on M, and let _# be the set of all almost complex structures that are
compatible with w, i.e.

Z={]|I*=-1, w(-,]-) = o(-,-) and (-, ]-) > 0}.

For ] € ¢ the bilinear form w(—, J—) is a Riemannian metric on M, that will be denoted
by gj. Notice that if | is an integrable complex structure, (g7, J, @) is a Kéhler triple.

Around any point of M we can find a coordinate system u such that w(u) is the
canonical 2-form Y, du’ A du"*' on R?" (in other words, u is a local system of Darboux
coordinates for w); the matrix-valued function that represents a compatible almost
complex structure | € ¢ in this coordinate system satisfies

J ()T (_01 3) () = (_01 3) and (_O]l 3) J(u) > 0.

Our first object of study in Section 1.2 is the set of all 21 X 2n real matrices that have this
property, denoted by AC™(2n). This gives a “point-wise description” of ¢, and in fact
it is easy to see that _¢ is the space of sections of a bundle over M with fibres AC*(2n).

The space AC™(2n) carries a Kahler structure, so we can equip _# with the structure
of an infinite-dimensional Kédhler manifold, and in particular we will get a symplectic
form on ¢. We then study the action of an infinite-dimensional Lie group on ¢
that preserves this symplectic form, with the aim of explaining the following classical
result, originally proven by Fujiki [ ], and by Donaldson [ ] in this degree of
generality:



1 Scalar curvature as a moment map

Theorem 1.0.1. For a compact Kihler manifold (M, w), the map that sends a compatible almost
complex structure | to the Hermitian scalar curvature S(J) of the Riemannian metric gy is, up
to a scalar multiple, a moment map for an infinite-dimensional Hamiltonian action.

We will give later a more detailed account of this statement, along with some material
that is needed for the theory developed in Chapter 2. For now we just remark that if |
is an integrable complex structure then the Hermitian scalar curvature of g; is just the
usual scalar curvature. This is the context in which Theorem 1.0.1 was first proven

in [ ], and the computation for this case can be found, for example, in [ , §4]
and [ I. It is however useful for us to retrace the original proof of the general case
in [ ] to clearly identify the constant mentioned in 1.0.1, since we will later consider

a different moment map whose precise expression depends on this computation.

Before studying the space ¢ in Section 1.3 we recall some definitions about actions
of Lie groups on symplectic manifolds, and we give a brief account of the connection
between Hamiltonian actions and stability conditions. We do not aim to give an in-
troduction to GIT, since there are many excellent references in the literature. We refer
to [ 11 , chapter 4] and [ ] for a more in-depth discussion of GIT, and
to[ ]and [ ] for the relation of GIT with the cscK problem.

1.1 Moment maps and stability

Here we give a very brief description of two different ways to take quotients under
the action of a Lie group on a manifold: Marsden-Weinstein reductions, or symplectic
reductions, and GIT quotients. Then we will explain the connection between the two
points of view, giving some motivation for studying these moment map descriptions of
well-known problems in complex differential geometry.

1.1.1 Hamiltonian actions

Definition 1.1.1. Let (M, w) be a symplectic manifold, and let / be a real smooth function
on M. The Hamiltonian vector field defined by h and w is the unique vector field Xj, such
that

dh = -Xjw.

Sometimes we will also say that h is a Hamiltonian potential or a Hamiltonian function
for X with respect to w. Notice that any Hamiltonian potential for X, differs from h
by a constant. From Cartan’s formula we can readily see that Hamiltonian vector fields
preserve the symplectic form.

If (M, ], w) is a Kédhler manifold and g = gj is the Riemannian metric defined by w
and g, then X, = Jgrad(h); indeed, for every vector field Y

dh(Y) = —Cl)(Xh,Y) = _g(]Xh/Y)
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The group of Hamiltonian symplectomorphisms. The flow CD%] of the Hamiltonian
vector field of 1 is called called the Hamiltonian flow of h on M.

Lemma 1.1.2. Fix h € Cy°, and let ¢ be a symplectomorphism of (M, w). Then:
1. forallt, @g(h is a symplectomorphism;
2. P Xy = Xpoy.

Any smooth path f : R — Diff(M) such that fy = 1y defines a time-dependent vector
field X; as follows:

) = S| AGT 0D

Notice that if f is a group homomorphism, i.e. fs o f; = fs4+, then X; = Xp and f; is the
flow of Xj.

Definition 1.1.3. Fix ¢ € Diffo(M), let f : R — Diff(M) be a smooth path between 1,
and ¢ and let X; be the time-dependent vector field defined by f. We say that f is a Hamil-
tonian isotopy if there is a smooth family {ht €Cy | t e R} such that for all ¢, X; is the
Hamiltonian vector field of ;. The group of Hamiltonian symplectomorphisms Ham(M, w)
of (M, w) is the group of all ¢ € Diffo(M) that can be connected to 1) by a Hamiltonian
isotopy.

We list the properties of this group that we will need in the next sections; for proofs
of these results we refer to [ , chapter 10].

Proposition 1.1.4. Let (M, ], w) be a Kéihler manifold. Then
1. Ham(M, w) is a Lie subgroup of Symp(M, w);

2. the Lie algebra of Ham(M, w) is the Lie algebra of Hamiltonian vector fields on M, which
is isomorphic to C°(M, R) equipped with the Poisson bracket;

3. if H(M,R) = 0 then Ham(M, w) is just the connected component of the identity
of Symp(M, w).

We recall that the Poisson bracket mentioned in Proposition 1.1.4 is defined, for two
functions f, h € C*(M), as
{f, h}= a)(Xf, Xp).

Remark 1.1.5. The results in Proposition 1.1.4 are not trivial;, for example the fact
that Ham(M, w) is a Lie subgroup of Symp(M, @) bears on our assumption that (M, w)
is Kahler; in general this is an open conjecture (if we give Symp the C!-topology), see
for example [ , chapter 14, § 2] and [ , Conjecture 10.21].
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Hamiltonian actions. We are interested in some left actions 0 : G X M — M of Lie
groups G with additional geometric properties, such as symplectic actions, i.e. actions
that preserve a symplectic form. We will usually denote left actions by (g, x) — g.x,
when there is no risk of confusion. Given such an action we define for a € g the
fundamental vector field 4 on M as

ﬁx:_

r LZO (exp(—ta).x) € T M.

The vector field 4 is also called the infinitesimal action of a on M. The minus sign in the
definition is due to the fact that, with this convention, the map

g—I(TM)

awa
is a Lie algebra homomorphism (see [ , Proposition 3.8, Appendix 5]).

Definition 1.1.6. Let G ~ (M, w) be a symplectic action. We say that the action is
Hamiltonian if there is a moment map

p:M—g

that is equivariant with respect to G ~ M and the co-adjoint action of G on g*, and such
that (u, a) is a Hamiltonian function of the vector field 4 on M. In a more concise way:

Vg € Gr vx € M/ V[’Z € g <ug.XIa> = <‘uJC/Adg*1(a)>;
YgeG,Vaeg d (x> (U, a)) = —dw.

An important feature of Hamiltonian actions is that in many cases they allow us to
build a symplectic quotient of the action. Assume for simplicity that K is a compact
Lie group, and consider a Hamiltonian action K ~ M with moment map u. The
equivariance condition implies that the K-action preserves the level sets of . From the
definition of a moment map it is clear that for all x € M, the kernel of du, : TM — '
is the set

Kx):={v e Th'M | w(v,w) =0 for all w € T,(K(x))}.

Moreover ¢ € t*isaregular value of i if and only if forall x € y‘l(é) andalla €f,d, #0;
in other words, £ is a regular value if and only if the stabilizer K, of x is discrete (hence
finite). If the stabilizer K¢ of & € * under the coadjoint action acts freely and properly
on u~(&) then the level set u~1(&) is a submanifold of M and the quotient u~1(&)/K¢ is
a symplectic manifold, whose symplectic form is induced by w.

This construction is known as the Marsden-Weinstein reduction, or the symplectic quotient
of the action. For the details we refer to [ ]and to [ , § 5.4]; here we just note
that in particular Kyp = K, and the general idea to define the symplectic structure
on pu~1(0)/K is to identify T (u~1(0)/K) with a complement of T(K(x)) in K(x)® in such
a way that w restricted to this space is still a symplectic form.
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We mention also that if (M, ], @) is a Kdhler manifold and the symplectic action of K
is by biholomorphisms (i.e. the action also preserves ]) then the action preserves the
metric ¢ induced by | and w, and the symplectic quotient also inherits the structure of
a Kahler manifold.

1.1.2 Elements of GIT

Let M C CPY be a projective variety, and let G € GL(N + 1, C) be a linear group whose
action on CPN preserves M. Geometric Invariant Theory (GIT, from now on) describes
a way to construct another algebraic variety that is, in some sense, the quotient of M by
the action of G. In this section we briefly explain some of the ideas coming from GIT
that motivate the interest in formulating differential-geometric equations as zeroes of a
moment map.

Hilbert’s Theorem suggests that we should restrict attention to actions of reductive
groups, Lie groups that are the complexification of a real compact Lie group.

Definition 1.1.7. A good quotient for the action G ~ M is a pair (Y, ) where Y is an
algebraic variety and 7 is a G-invariant affine morphism 7t : M — Y such that

1. for every open set U C Y, the induced morphism of rings Oy(U) — Op (7 1(U))
is an isomorphism between Oy (U) and the G-invariant subring of On(n"1(U));

2. if Z C M is G-invariant and closed, also 7t(Z) is closed,;

3. if Z1,Z, C V are G-invariant, closed and disjoint, then also 71(Z;) and n(Z;) are
closed and disjoint.

A good quotient is geometric if each fibre M, is a single G-orbit in M.

Given an action of a reductive group G on a projective variety M, it is not clear how to
find a geometric quotient, if any exist at all. It turns out that to construct such quotients
we should first remove from M some points that are not “well-behaved” under the
action of G. For some insight into the motivation of the following definitions it may be
useful to consult | , Chapter 5] and the Introduction in [ ].

Definition 1.1.8. Let M C CP" be a projective variety, and let G be a reductive subgroup
of GL(N + 1) whose natural action on CP" preserves M. For p € M, denote by p a
preimage of p for the quotient map CN*1\ {0} — CP". Then we say that p under the
action G ~ M is

1. semistable if 0 does not belong to the closure of G.p in CN*1;
2. polystable if the orbit G.p is closed in CN*1;
3. stable if it is polystable and moreover the stabilizer of p in G is zero-dimensional.

We denote the sets of semistable, polystable and stable points of M respectively by M*?,
MPs and M®.
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Remark 1.1.9. This definition differs slightly from the one in [ ; what we call
“stable” here would be, in the original terminology, “properly stable” (c.f. Definition 1.7
and Definition 1.8 in [ ). However, it is by now quite standard to use this
terminology.

Notice that the definition does not depend on the choice of the lift p of p, since all
the orbits of these lifts differ just by a scaling factor. It is not hard to show that p is
semistable if and only if there is a f € C[M]®, homogeneous and non-constant, such
that f(p) # 0; in other words, the semistable points are those that can actually be
“seen” by G-invariant functions on M. This is, in fact, the more common definition of
semistable points. See [ , Proposition 2.2], [ , Proposition 2.1] or [ ,
Proposition 5.14].

The following is the main existence result for algebraic quotients, which also (a poste-
riori) sheds some light on why it is necessary to consider the semistable and stable loci
of the action. For a proof see [ , Theorem 1.4.3.8] and [ , Theorem 1.7].

Theorem 1.1.10. Let M, G be as above. Then there is a good quotient (M |G, ) of M*® for the
induced G-action, and this quotient is a projective variety. Moreover, there is an open subset U
of M J|G such that (U, 1t1ps) is a geometric quotient of M°.

The problem of finding a good quotient for an action G ~ M is then reduced to
finding a way to identify (semi-)stable points of the action. To check (semi-)stability one
can use the Hilbert-Mumford criterion (Theorem 2.1 in [ ]): this characterizes the
stability of p € M in terms of numerical properties of the orbits of p under 1-dimensional
subgroups of G.

1.1.3 The Kempf-Ness Theorem

Symplectic quotients given by the Marsden-Weinstein reduction and algebraic quotients
obtained via Geometric Invariant Theory are closely related, and this relation is the
main reason why we are interested in formulating the cscK problem in the framework
of Hamiltonian actions. In this section we give an account of a result by Kempf and
Ness that explains the relation between the quotients 1 ~1(0)/K and M /G, for a compact
Lie group K and the corresponding reductive group G = K°.

Consider a complex reductive Lie group G < GL(N + 1, C) acting in the usual way
on CPN. If M is a smooth projective subvariety of CPV that is G-invariant, we can form
the GIT quotient M* /G that was described above. On the other hand since G is reductive
we know that G is the complexification of a maximal compact real Lie group K < G;
if (M, w) is symplectic and K ~ M is Hamiltonian with moment map u, we can form
the symplectic quotient ~1(0)/K. The Kempf-Ness theorem tells us that the two orbit
spaces are essentially the same.

Theorem 1.1.11 ([ 1). With the previous notation, any p € M is in the semistable locus of
the action G ~ M ifand only if the closure of G.p intersects u=1(0). In particular u=(0) € M**,
and this inclusion induces a homeomorphism between p~1(0)/K and M || G.
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This result inspires a suggestive principle, that proved to be very fruitful both in
complex differential geometry and algebraic geometry: let G ~ X be a Hamiltonian
action of the Lie group G on the symplectic complex manifold (X, w). Then there should be some
notion of stability for the complexified action of G on X, such that, for any point p € X, being a
zero of the moment map is equivalent to belonging to the G-orbit of a stable point.

This general principle proved to be quite effective for studying famous problems in
differential geometry, as we already mentioned in the Introduction. The example we
are most interested in is the Hermitian Yang-Mills equation: the Hitchin-Kobayashi
correspondence (see [ ] for a beautiful exposition of the problem) and the results
of Atiyah and Bott [ ] show that an infinite-dimensional version of this approach
can be successful. The formulation by Donaldson and Fujiki of the cscK problem as
a Hamiltonian reduction together with the “Kempf-Ness principle”, suggest that there
should be a way to characterize the existence of cscK metrics in terms of some algebraic
stability condition.

1.2 Some matrix spaces

We go back to the pointwise description of the space _# of compatible almost complex
structures. Consider the symplectic vector space (R?",()), where ) is the canonical
symplectic form, i.e. the matrix

(0 1,
o= (2 %)

The symplectic group Sp(2n) is defined as
Sp(2n) = {A € GL(2n,R) | ATQpA = Qp}.

This is a connected real Lie group, and we are particularly interested in some actions
of Sp(2n). Notice that Sp(2n) is a subgroup of Sl(2n,R), since any symplectic matrix
preserves the standard volume form on R?".

By the usual identification of C" with R2" as real vector spaces, we consider GL(n, C)
as the subgroup of GL(2n,R) consisting of all the real invertible 2n X 2n matrices
that commute with the standard complex structure on R** (given by —Q). The
groups Sp(2n), SO(2n) and U(n) are tied together by the well-known two out of three
property:

Sp(2n) NSO(2n) = Sp(2n) N U(n) = SO2n) N U(n) = U(n).

The coset space Sp(2n)/U(n) will play a fundamental role in what follows. It carries a
natural Kdhler metric, coming from its identification with Siegel’s upper half space $, and

at the same time it can be identified naturally with the space AC" of linear complex
structures compatible with a linear symplectic form.
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1.2.1 Siegel’s upper half space

Siegel’s upper half space is a generalization of the well-known hyperbolic plane, and
these two spaces share many interesting geometric properties. For example they are both
geodesically complete, and their groups of biholomorphisms can be easily described.

Some references for these properties are the original article [ ], the memoir [ ]
and the paper [ ]. Here we just collect some of the properties we need for the next
sections.

Definition 1.2.1. Siegel’s upper half space $(n) is the set of all symmetric n X n complex
matrices with positive-definite imaginary part.

We will often denote Siegel’s upper half space by $, omitting the dimension when it
will not cause confusion. Notice that $ inherits a complex structure from the inclusion
in My,x»(C), given simply by multiplication by i. It will be more notationally convenient,
however, to consider on $ the conjugate complex structure, i.e. we will define the complex
structure on $ to be the multiplication by —i. The reason for this choice will become
clear when we will use it to define a complex structure on AC™, see Proposition 1.2.4.

On $ there is also a holomorphic action of Sp(2n) by an analogue of the well-known

Moébius transformations. For P = (A € Sp(2n)and Z € 9, let

B
C D
P.Z :=(AZ+B)(CZ+ D).

This action generalizes the usual SI(2,R)-action on Poincaré’s upper half plane. To
check that this is a well-defined left action on $ it is useful to write P.Z as WU !,

‘ W) (A B\ (Z
°“\u/~\c bp)\1/
Proposition 1.2.2 (Theorem 1 in [ 1). The action of Sp(2n) on $ is transitive. Moreover,

every holomorphic bijection § — $ is a Mobius transformation.

On 9 there is also a Sp(2n)-invariant Kahler structure; the metric tensor looks like
2 _ -1 147
ds} .y = Tr (v1dZ Y"1dZ)

where dZ and dZ are the matrix of differentials (dzap)1<a,p<n and its conjugate. We refer
to [ ] for the details. It is not difficult to see that this metric has a local potential, of
the form 5

0z 09z°
see for example [ ,§5]. Then thi;] is ai(éihler metric, so $ is a homogeneous Kahler
manifold.
The matrix (é [B;) € Sp(2n) stabilizes il if and only ifiA+ B =iD - C,i.e. B+ C =0
and A = D, so the stabilizer of i1 is
Sp(2n) N GL(n, C) = U(n)
and we find that Sp(2n)/U(n) = 9.

log det(Y)
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Linear almost complex structures

Let] € Sp(2n) be alinear almost complex structure preserving (). Then the product Q]
is a non-degenerate symmetric matrix, defining a bilinear form ;. We are interested in
the set of all almost complex structures | € Sp(2n) such that f8; is positive-definite,

AC*(2n) = {] € Sp2n) | J* = -1, B; > 0}.

Notice that the matrix —() is an element of AC™(2n), and f_q, is just the usual Euclidean
product.

Lemma 1.2.3. The action by conjugation of Sp(2n) on AC(2n) is transitive. Moreover, the
stabilizer of any | € AC(2n) is Sp(2n) N SO(By).

In particular the stabilizer of —Qg is Sp(2n) N O(2n) = U(n). Moreover, for any | €
ACT(2n) there is some P € Sp(2n) which conjugates | to —(; a possible choice of P is
given by

Py = (Qo))"2.

Lemma 1.2.3 tells us that we can identify AC™(2n) with the quotient
Sp(2n)/(SO(2n) N Sp(2n)) = Sp(2n)/U(n).

Then in fact AC* and $ are isomorphic as Sp(2n)-spaces. In this way we can induce
on AC* geometric structures coming from 9, in particular a complex structure and a
Riemannian metric.

1.2.2 Kahler geometry of AC*

Let ¢ : ACT — $ be the diffeomorphism given by composing the two identifications
of AC" and H with Sp(2n)/U(n). These identifications are defined by fixing the reference
points —Qp € AC™ and i1 € 9, so that ¢ is the composition

Act S spm)/Um) S 5
J o~ (Q)VPUMm) - (Qo))TVAGL)

and ¢ is a smooth isomorphism of Sp(2n)-spaces, i.e. it is a diffeomorphism that
commutes with the Sp(2n)-actions. Using this identification of the two spaces we
obtain a Kihler structure on AC™.

The differential of ¢ at the point —Qy € AC™ is quite easy to compute directly, by
composing the differentials of y and o:

1
dO_QO (A) = — EQOA

Ao (do-0,(4) =~ (@A) + (QA)ia) + 2 ((QoA)ar + (QoA)z)
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so that we find ,
do_q,(A) = 5 (A1 —An —i(An + Ap)).
Notice that
dp-qy(-Q0A) = —idd-q,(A)

so the pull-back of the complex structure of $ to T_q, AC* is multiplication by —Qj.
To see what the complex structure is on the rest of AC™ we can use the Sp(2n)-action
on AC™, since ¢ is a Sp(2n)-isomorphism.

Fix ] € AC*, and let f : I — (Qq] )%I (Qo])‘% be the conjugation by an element
of Sp(2n) that sends ] to —€2. Then

dfj(A4) = (Qo])?AQ)) 2
and so we have, for the complex structure
~Qdfj(A) = = Qo(Q]) A(Q0]) 2 = Qo(Q])TTAQ]) =
= — Q0Q(Q0)) JA(Qo]) 2 = dfy(JA)

Similarly, we can pull back the metric tensor at —Qy € AC™:
1
ds; (d-0y(4), dp-y(B)) = Tr (AniBu + A1zB12) = STr(AB).

Where we have used thatany A € T_q AC * is written, in matrix-block notation, as A =

(gi; _AAl;z) Now we can pull back this metric to the tangent space at any | € AC™,
obtaining
(¢ds?), (A, B) = %Tr ((QOJ)%AB(QOJ)—%) - %Tr(AB).

Proposition 1.2.4. Equip AC™ with the Kihler structure pulled back from Siegel’s upper half
space. Then the complex structure on TZAC™ is given by

A JA
while the metric is given by
(A,B) = %Tr(AB).

In Chapter 2 we will also need an explicit expression for the curvature of its Kdhler
metric. Notice that it is enough to compute the curvature at the point —()p, since
the Sp(2n)-action on AC™ is by isometries.

Proposition 1.2.5. Consider AC™(2n) with the Kihler metric induced by its identification
with $(n). The curvature of this metric at the point —C)g is given by

R_,(A, B)(C) = _411 [[A,B], c].

Proposition 1.2.5 is best explained by the theory of reductive spaces, using the sym-
metric space structure of AC™ = Sp(2n)/U(n). This is the subject of the next section.

10
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Curvature of AC™

Definition 1.2.6. Let G be a Lie group, H < G a compact subgroup, and consider the
space X = G/H. We say that X is reductive if there is a subspacer C gsuch thatg =he&r,
and Ad(H)(x) C 1.

For G, H and X as in this definition we let 0 € X be the coset eH, where ¢ € G denotes
the identity element. We can naturally identify T, X with the vector space quotient g/b,
using the differential of the projection m : G — G/H; if moreover X is reductive, we
obtain a natural Lie algebra structure on T, X = r from that of g.

Definition 1.2.7. With the previous notation, assume that X isreductive and that g = hdr
is the reductive decomposition of g. We say that X is naturally reductive if g has an Ad(H)-
invariant inner product (—, —) such that

YUu,v,wer (U,V],W)+(V,[U,W],)=0.
Here [U, V], is the projection onto r induced by the decompositiong =) @ r.

If g has an Ad(H)-invariant inner product, this induces an inner product on T,X;
in turn then this gives us a Riemannian metric on X = G/H, by left-translating with
elements of G. When (X, (—, —)) is naturally reductive there is a simple expression for
the curvature of the Riemannian metric induced by (-, —) on X.

Theorem 1.2.8. Let (X = G/H, (—, —)) be a naturally reductive space, let ¢ = b ® v be the
reductive decomposition, identify T,X with v and consider the Riemannian metric induced
by (—, —) on X. Then the curvature tensor R,(U, V)W is, for U, V and W in v

—[[u,V]b,w] - 1[[U,V]r, w] - 1[[V, Wi, u] - 1[[w, ul,, V] .
2 ¢ 4 v 4 r
For a proof of Theorem 1.2.8 we refer to [ , chapter 10, § 3]; more precisely, the

statement of the Theorem can be found in the proof of Proposition 3.4, ibid.

Our goal is to show that Sp(2n)/U(n) is a naturally reductive space, and that the
naturally reductive metric on Sp(2n)/U(n) is the same Kdhler metric induced by the
identification _

Sp(2n)/U(n) — 9.
This will allow us to get an easy expression for the curvature of the Hermitian symmetric
space Sp(2n)/U(n) (and for the curvature of AC™) from Theorem 1.2.8.
Recall that U(n) is a closed subgroup of Sp(2n) in the following way:
U(n) — Sp(2n)
X +iY (_); ;()
so we can identify u(n) with

u(n) :{(_}§/ ;2) ) XT=-Xand YT = Y} C sp(2n).

11
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Lemma 1.2.9. Consider the set

A B
— T — T —
r—{(B _!)’A =Aand B —B}.

Then sp(2n) = u(n) @ v, and this decomposition shows that Sp(2n)/U(n) is a reductive space.

Proof. It’s clear that u(n) Nr = {0}. Consider A

B L
c _ AT) € sp(2n); then we can write it

as a sum of elements in u(n) and r as follows:

A B A-AT B-C A+AT B+C
| 2 2 |+ (.2 2

C _AT) T \_Bc aar BXC  _AiAT
2 2 2 2

so sp(2n) = u(n) ® r. To check that r is Ad(U(n))-invariant is a quick computation.  [J

Remark 1.2.10. For any two elements P,Q € r, the commutator [P, Q] is an element
of u(n). As a consequence, [P,Q]; = 0 for all P,Q € r. This implies that any prod-
uct on sp(2n) that is Ad(U(n))-invariant makes Sp(2n)/U(n) into a naturally reductive
homogeneous space.

The product (U, V) = 2Tr(U VT) is a positive-definite pairing on Sp(2n) that is in-
variant under the adjoint action of U(n). Moreover, it defines on Sp(2n)/U(n) the same
Kéhler metric defined by its identification with $. Indeed, by the definition of the

. Pp P
action y on 9, for P = (P; _;1) er =T, (Sp(2n)/U(n))

dxo(P)=2iP1+2P;
so the metric induced on Sp(2n)/U(n) by y is
(dxo(P), dxo(Q)) = 4Tr (P1Q1 + P2Q2) =2 Tr(P Q7).

Remark 1.2.11. In fact the set r C sp(2n) is the orthogonal complement to u(n) under
the pairing (U, V) — Tr(U VT). This product is Ad(U(n))-invariant, so this gives an
alternative way to show that sp(2n) = u(n) @ r is a reductive decomposition of sp(2n).

Putting together Theorem 1.2.8 and Remark 1.2.10 we can compute the curvature
of Sp(2n)/U(n).

Proposition 1.2.12. Consider the Kdhler metric on Sp(2n)/U(n) induced by the isomor-
phism Sp(2n)/U(n) = $(n). With the previous notation, its curvature tensor is

VU, V,Wer, R,(U,V)W)-= —[[u, V],W].

At this point computing the curvature of AC™ is straightforward:

12
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Proof of Proposition 1.2.5. The identification of AC*(2n) with Sp(2n)/U(n) is given by
the map o(J) = (QoJ )_% U(n), and its differential at the point —) is

dG_QO(A) = —%Q()A €.

Then, by Proposition 1.2.12 we have

R_,(A, B)(C) = a*(—[[G*A, 0.B], a*c]) =20 (é [[QOA,QOB],QOC]) _

_ 1

isnc]

using that A, B and C anti-commute with Q. O

1.3 Compatible almost complex structures

Consider again the set _# of all almost complex structures compatible with a symplectic
form w. In a system of Darboux coordinates u for w the matrix associated to | is an
element of AC™, by the definition of 7. Notice that, for a different system of Darboux
coordinates v, the matrix g—z that describes the change of coordinates is a Sp(2n)-valued
function. Considering the matrices associated to | in the two Darboux coordinate
systems we have

-1
)= 52 1w (5]

so J(u) and J (v) are two elements of AC™ that differ by the action of an element of Sp(2n).

We can define a fibre bundle & on M with fibre AC™, that is trivial over Darboux
coordinate systems and with Sp(2n)-valued cocycles. Elements of # are then global
sections of §,i.e. # =T (M, E).

This description of ¢ as a space of sections is useful to define extra structures on _#:
for example, it is an infinite-dimensional Fréchet manifold. Also, for any | € _# the
tangent space at | is

T; 7 =TI'(M,E) =T(M, J*(Vert &))

where Vert & is the vertical distribution of &, the kernel of the projection on the base 7 :
& — M. Forany x € M,

J'(VertE), = Vertj)E = Tj() ACT

here the identification is done by fixing a Darboux coordinate system around x, i.e.
by locally trivializing &. In other words, any A € Tj_¢ is itself a section of a fibre
bundle on M that is trivial over any system of Darboux coordinates, and in any such
trivialization A(x) € Tj)AC™. This description of T;_# can be made more intrinsic by

13
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noticing that any first-order deformation A of an almost complex structure ] is itself an
endomorphism of TM, and

T 7 ={A|A]+]JA=0and w(A-,]-) + w(J]—-, A=) = 0}.

We can rephrase the second condition, w(A—,]-) + w(J—, A=) = 0, in terms of the
Riemannian metric gj defined by w and J:

w(A_/]_) + a)(]—,A—) =0 & g](A—, _) - g](_rA_) =0

soif A € Tj_# the bilinear form defined by (v, w) — gj(Av, w) is symmetric. Notice also
that for A € Tj_¢#, the condition AJ] + JA = 0 implies that the C-linear extension of A
to TcM maps T]0’1M to le’OM and vice versa. Moreover A is uniquely determined by

its restriction to T]O’lM, since it is a real endomorphism. In fact we could identify T; _#
with a subset of ﬂ?’l(le’OM ), via the map

1,0 _ . 70,1 1,0
A— A _A[T]O’lM'T] M—>T] M.

In a system of local coordinates for M, the conditions for an endomorphism A to be
in Tj_¢ are equivalent to the identities:

]Z]A]k — _Aij]jk
g(])z’jAjk = g(])ijji-

Since elements of _¢ are locally maps for M to AC*, we can induce various geometric
structures on _# using the ones of AC". We are interested in particular in the Kihler
structure of AC™.

First of all, we define a complex structure J : T ¢ — T _# as follows: fix ] € ¢
and A € Tj #; for any x € M consider a trivialization of & around x (i.e. a system of
Darboux coordinates for w around x), giving A(x) € Tj,AC™; on this vector space we
have the complex structure described in Proposition 1.2.4, given by A(x) — J(x)A(x) =
(JA)(x). Notice that this does not depend on the choice of the trivialization, since the
action of Sp(2n) on AC™ preserves the complex structure. Then

I'h7-100
A JA

(1.1)

is an almost complex structure on ¢. The same approach works to define a metric;
for A,B € Tj_# and x € M the number %Tr(A(x)B(x)) depends just on x, and not on
the particular trivialization chosen to see A and B as elements of TJAC*. We can then
define a metric

G:T) #XT; # - R

1 n
(A,B) - = / Tr(AB) &
2 Ju n!
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1 Scalar curvature as a moment map

and all the algebraic relations of J, G carry over from those of the metric and the complex
structure on AC™; in particular G(J—,J-) = G(-, —), and so we obtain a 2-form on 7,

n

Qy(A, B) = G;(JA, B) = %/MTr(]AB)%. (1.2)

Remark 1.3.1. If we denote by g; the Hermitian metric on M defined by w and | €
Y, then gj(A, B) = Tr(AB) for any A,B € Tj_#. Indeed by working in a system of
coordinates we have

gj(A,B) = gjkgilAijBlk = gjkgiinzBlk = AilBli

where we have used (1.1) in the second equality. So we can rewrite the expression of G
in a way that makes the role of the point ] more explicit, i.e.

1 " 1 w"
B =3 [ gani-; [ ouma

Theorem 1.3.2. With the almost complex structure J and the metric G, ¢ is an infinite-
dimensional (formally) Kéihler manifold.

This is actually a particular case of a more general result. Indeed, it holds for any
fibre bundle over a manifold with a fixed volume form whose fibres are Kdhler man-
ifolds, see [ , Theorem 2.4]. We will however sketch a proof of Theorem 1.3.2 in
Section 1.3.1, based on the argument in [ ], as this will also be useful in Chapter 2.

We now come to explaining the statement of Theorem 1.0.1. The first ingredient is
the definition, for | € _#, of the Hermitian scalar curvature of g;.

Any almost complex structure | on M induces a splitting of the complexified tangent
bundle, TcM = T]LOM ® Tlo’lM . Moreover, this splitting induces a decomposition of

the cotangent bundles, A¥ M =
exterior differential

p+g=k /\’; I M. This also gives a decomposition of the

d: AM — ﬂ]l’OM o ﬂ?’lM
a - d(a) + dj(a).

There is a similar decomposition for d : A'M — ﬂ?’OM ) ﬂfl’lM ® ﬂ?’zM, involving
the Nijenhuis tensor of J:

N](XIY) = [X/Y] +I[]X/Y] +][X/]Y] - []XIIY]
Notice that for Z, W € F(T]LOM) one has
Ny (Z, W) =2[Z, W] +2iJ[Z, W] € r(T]O'lM)

Ni(Z,W) =0
N} (Z,W) =2[Z, W] -2i][Z, W] € F(TILOM).
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1 Scalar curvature as a moment map

Lemma 1.3.3. For any almost complex structure |, the C-linear extension of the exterior differ-
ential d : AY (M, C) — A>*(M, C) is decomposed as

- 1
d(p) = 9j(@) + (@) = 7P o NJ.
Proof. Let X,Y be real vector fields on M, and let ¢ € ﬂ]l’OM . Then by definition

(dp — dp — p)(X,Y) = dp(X*1, Y1)
and since ¢ is of type (1,0)
d(P(XO,ll YO,l) = _(P([XO’lr YO,l])'

Decomposing this commutator in its (1, 0) and (0, 1) parts we have

so in the end

1 1
dQD(XOJIYO'l) = _Z(p(NI(XO,l/YO,l)) = _EQD(N](X/ Y))

A similar computation gives the same result also for a (0, 1)-form. O

Consider now the complex vector bundle /\}’O M and the Hermitian metric h defined

by g; on the fibres of A}’O M. A C-linear connection V : T'( /\}’0 M) — A /\}'0 M)
defines two operators

1,0 1,0
(1,0) . / 1,0 /
\Y .r(/\] M) — A (/\] M)

1,0 1,0
0,1) . / 0,1 4
\Y .r(/\] M) — A (/\] M).

On the other hand the type decomposition of d : I'( /\}’0 M) — AY /\}’O M) already
gives an operator d; : T( /\}’O M) — AV /\}’O M). As in the integrable case, d; and

together determine a connection on /\}’0 M. When the complex structure is integrable

this is usually called the Chern connection of M; however we can drop the integrability
assumption and still obtain essentially the same result.

Lemma 1.3.4. Let h be a Hermitian metric on the complex vector bundle E 5 M. Then any
metric connection on E is uniquely determined by its (0, 1)-part.
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1 Scalar curvature as a moment map

Proof. LetD : T(E) — A% (E)bea (0, 1)-operator and let 7’ [ be the matrix of (0, 1)-forms

associated to D in a frame s = (01, ..., 0y) for E. Assume that V is a metric connection
that has D as (0, 1)-part, let D’ be its (1,0)-part and let 9 ; be the matrix of D’ in the

frame s, so that Vo; = (1’ t o ;)oj. Since we are assuming V to be compatible with the
Hermitian fibre metric i, we have

d(h(0i, ) = h(Vai, 0)) + h(oi, Vay) = (5 + 9 iy + (¢, + 8" Yy

but on the other hand _
d(h(Gi, O'])) = 8h,] + 8h1]

Comparing the (1, 0)-parts of these expressions we find
— gk oy
ahi]' =39 ihkj + T].h,'l
and in the end we obtain ‘ o
8% = wkoh; — Wk Jhit. (1.3)
This shows the uniqueness claim. Tracing back the proof it is easy to check that we get
a metric connection if we use as (1, 0)-part the operator defined by equation (1.3) and
as (0, 1)-part D. O
In particular there is a unique affine connection V; on /\}’0 M such that V;O’l) =9

and Vjh = 0. This connection V; induces of course also a connection on /\0’1 M (by
conjugation), T'°M (by duality) and T%! M. Moreover, if we consider TM as a C-vector
bundle on M by iX := JX, we also have a connection induced by V; on TM via the
isomorphism

T™ — T]LOM
1
X — X0 = E(X —iJX).

This connection has been studied in the context of almost Hermitian manifolds. For a
proof of the following result see [ , Theorem 3.2] and [ , Proposition 2 and
the discussion at pages 272 — 273].

Lemma 1.3.5. With the previous notation, the torsion of Vi on TM is

TV(X,Y) = —jIN](X,Y).

Notice that /1 induces a Hermitian metric on the line bundle K; := /\’;'0 M, and V
defines a metric connection on this bundle.

Lemma 1.3.6. The curvature of V on Kj is a purely imaginary 2-form.
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1 Scalar curvature as a moment map

Proof. Let © be the 2-form representing locally the curvature F(V). From the proof of
Lemma 1.3.4 we can get a local expression for © in terms of /1 and the local representa-
tive 9 of VO1:

® =d (dlogh(s,s)+9-9).

It is enough to prove that d (dlogh(s,s)) is purely imaginary. To check this use
Lemma 1.3.3 to get:

d (dlogh(s,s)) = *logh(s,s) + ddlog h(s, s) — i (dlogh(s,s)) o Nj.

Now we can use Lemma 1.3.3 again to see that this form is purely imaginary, since d* = 0
implies

82—%LN]T08+98:— éz—iN]To§+8§ ) O

Then we can write F(V) = ip for a real 2-form p. When ] is integrable, and so (M, |, w)
is a Kédhler manifold, p is just the Ricci form of the manifold, and its contraction with
the metric tensor gives the usual scalar curvature. In our case we can still take the
contraction of p with w to find a function, the Hermitian scalar curvature of (M, ], w).
More precisely we define S(J) as the unique (real) function on M such that

SNaw" =np A",

Notice that the average S of S(J) is a topological quantity, since

/ S(])C"—T =2nci(M, w,J) U [w]"
M n.

Indeed, the first Chern class of a symplectic manifold does not depend on the choice of
the compatible almost complex structure that we choose on it: the space of compatible
almost complex structures is connected, and the first Chern class is left invariant under
an infinitesimal deformation of the complex structure. So we have a continuous func-
tion ] — ¢1(M, w,]) € H*(M,Z). But this target space is discrete, hence c1(M, w) does
not depend on the choiceof ] € 7.

The group ¢ := Ham(M, ) of Hamiltonian diffeomorphisms of M acts naturally
on ¢ by pull-backs, i.e. by letting

p.J:=(p7") J=dpoJode™

forany ] € # and ¢ € ¢. Recall that the Lie algebra of ¢ is the algebra of Hamiltonian

vector fields, and we identify this with C;°(M, R), as in Section 1.1.1; the dual of the Lie

algebra C;°(M) is identified with Cj°(M) via the usual L? pairing of functions on M.
We can now state Theorem 1.0.1 more precisely.

Theorem 1.3.7. The map | +— 2(S(J) — §) is a moment map for the action of 4 on ¢ .

18



1 Scalar curvature as a moment map

The infinitesimal action on _# of a function f € C;°(M, R) is, from the definition

= Gl gotet T = gl (05 1= £

where CDZ(f is the flow of the Hamiltonian vector field Xy. Then we can formulate
Theorem 1.3.7 as follows: for every A € Tj_# and every f € C;°(M)

n

n
Z/DS](A)f% - —%/Tr (](fo])A) % (1.4)
It is not straightforward to check that this equation holds for an almost complex struc-
ture | that is not necessarily integrable. We will give an account of Donaldson’s proof
in Section 1.4; for the integrable case instead the computation is quite easier and can be
found for example in [ Jor [ ].

Theorem 1.3.7 also implicitly states that the map | — S(J) is equivariant with respect
to the action 4 ~ _# and the co-adjoint action of ¢ on T;%. To spell out this condition
more explicitly, notice that for any symplectomorphism ¢ and any function f, for the
Hamiltonian vector field X ;) we have

(Px- (Xf) = Xfo(pfl.

Then under the identification (Proposition 1.1.4) of the Lie algebra of ¢ with C;° we
have Ad,-1(f) = ¢"f. This means that the equivariance of the moment map can be
restated in our case as

" Rk
[ stenssr= [ shers 15)

forevery ¢ € ¢ and f € C;°. To prove that (1.5) holds, first notice that if we write g(w, J)
for the metric defined by w and | € _# then

g, (@) = (7@, ])

since @ is a symplectomorphism. Moreover

/\;O-IWM =7 (/\;OM)

so the metric defined by w on /\}p’lojM is the pull-back of the metric defined by w

on /\}’O M. From our definition of S(J) then we have S(¢.]) = (¢~1)*S(J) and equa-
tion (1.5) easily follows, as ¢ preserves the volume form w”.

Remark 1.3.8. The action of 4 on ¢ preserves the locus of integrable almost complex
structures, that we denote by _#. This is essentially a consequence of the naturality of

the Lie bracket: for any almost complex structure | and a diffeomeorphism ¢, it is easy
to check that

Ny (X, Y) = ¢ (Nj(¢.X, ¢.Y))
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1 Scalar curvature as a moment map

so that if | is integrable, also ¢*] is. Since the action ¢ ~ _# is by pull-backs, the action
preserves Zin:. Moreover, iy is a Kdhler submanifold of _¢; this is a consequence of
the next Lemma.

Definition 1.3.9. Let A € I'(End(TM)) be a first-order deformation of the complex
structure |, i.e. A] + JA = 0. Then we say that A is an integrable first-order deformation
of J if

N(J + e A) = O(&?).

This condition is equivalent to the more well-known framing of integrability in terms
of the Maurer-Cartan equation. Indeed if we have a family of complex structures | +
t A + O(t?) then the first-order Maurer-Cartan equation, i.e.

A =0

is equivalent to A being an integrable first-order deformation of | in the sense of Defi-
nition 1.3.9. An immediate consequence is that _#;,; is a complex submanifold of ¢#.

Lemma 1.3.10. Let | be a complex structure, and let A be an integrable first-order deformation
of J. Then JA is also an integrable first-order deformation of |.

1.3.1 Kabhler structure of ¢

The main goal of this section is to prove Theorem 1.3.2. We will also digress to study the
connection and curvature of ¢, showing that the curvature of ¢ is essentially the same
as that of AC* and proving that ¢ is a formally symmetric space. Compare this result
with the curvature of the space of Kéhler potentials in [ ]. The expression we will
find for the curvature of _¢# is well-know, see [ , Example 4.3.6] and also [ ].

Notice that Theorem 1.3.2 consists of two statements: J is formally integrable and the
symplectic form € of (1.2) is closed. We will actually prove a more general result, that
will also be needed in a slightly different form in Chapter 2. This is essentially based on
the discussion of a more general problem in [ I

Theorem 1.3.11. Let k be a r-form on AC™ invariant under the Sp(2n)-action, and let K be
ar-formon ¢ suchthatforall] € ¢ andvy,...,v, €T} 7

"
Kj(v1,...,00) = / k](x)(vl(x)/---fvr(x))_'
xeM n.

where the second expression is computed by taking a local trivialization of & around each x € M.
Then

a)i’l
dK](UOIvll"‘IUT’) = / dk](x)(v()/vl/-'-/vi’)_"
xeM n.

Using Theorem 1.3.11 we can prove that Q is closed just by noting that € is defined
by integration from the Kéhler form of AC™.
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1 Scalar curvature as a moment map

Remark 1.3.12. In fact we will need Theorem 1.3.11 just for r = 0,1, 2. For r = 0 the result
is quite easy to prove: for] € # andv € Tj_#,let];beapathin ¢ suchthatv = & t—ojt'
Then -

d " d "
ax @ =4 / K5 = / Sk =

™
= AEM dk](x)(v(x))m.

Here the last equality holds since the matrix v(x) associated to v in a Darboux coordinate

system around x € M is given by %‘t—o Ji(x).

Proof of Theorem 1.3.11. We sketch the proof for r = 1; the other cases are very similar.
It will be convenient to introduce some additional notation: for x € M and a system of
Darboux coordinates # around x, let @; be the map

oy 7 — ACT
J =)
given by locally trivializing the fibre bundle over the coordinate system u.

For a tangent vector v € Tj_#, we can extend it to a vector field V on an open
neighbourhood of ] € ¢ insuch a way that V' is constant in a system of local coordinates
for #. For the details about how to find local coordinates for ¢, see [ , proof
of Theorem 1.2]. Moreover, this extension V is such that d®}(V) is a vector field
on AC*(2n), itself constant in a system of coordinates for AC*(2n). This essentially
reduces the proof to the case r = 0 that we already discussed.

Now fix ] € # andv,w € Tj_¢. If we extend v, w to constant vectors V, W as in the
previous paragraph, we can compute

dKj(v, w) = v)(K(W)) = w;(K(V)) = K([V, W])

however, [V, W] = 0 since the vector fields are constant; for the other two terms we have,
ifv= at ]ti
£=0

"
|

k) = 51| [ ks (@), o)

- [ o), @ kaojm &
xeM '
so we find

dKj(v, w) = / N [ (dDy); (©) (k(dD;(W))) = (dDy,); (w) (k(dDy(V))) -

~ Koy ([dO3V), d@iW))) | 07 =

a)n
= / dkay () (AP (v), APy (w)) — O
xeM n:
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1 Scalar curvature as a moment map

Using Theorem 1.3.11 we can also find an expression for the Levi-Civita connection
of the metric G. Notice that the usual Koszul formula for the Levi-Civita connection, i.e.

2Z,VxY) =X(Z,Y) +Y(Z,X) - Z(X, Y)+

+ 0V, 12, X)) + (X, [Z,Y]) +(Z, [X, Y]) (16)

gives the uniqueness of a torsion-free metric connection also in an infinite-dimensional
setting, but does not guarantee its existence. However, a different characterization of
the covariant derivative shows that it does exist in our case, see [ , Example 4.3.6].
We can show that the connection is essentially the same of AC™.

Lemma 1.3.13. Let V be the Levi-Civita connection of ¢, and let X and Y be vector fields
on Z. Then for every point x of M and any system of Darboux coordinates u around x, the
vector VxY € I'(End(T M)) satisfies

Dy, (VxY) = Vor xD;.Y (1.7)
where @ is a local trivialization of & — M, as in the Proof of Theorem 1.3.11.

In other words, the Levi-Civita connection of ¢ is, pointwise, the pull-back connec-
tion obtained from AC™ by a local trivialization.

Proof. Firstnotice that (1.7) does define a connection on _¢#, since to define a vectoron ¢
it is sufficient to give its expression over any system of Darboux coordinates for wy, as
long as this expression is compatible with the transition functions between two different
Darboux coordinate systems.

We will show that any connection satisfying equation (1.7) coincides with the Levi-
Civita connection of G, by checking that it satisfies the Koszul formula (1.6). For
notational convenience we let ® = ®j for the course of this proof. Let Z be a third
vector field, and denote by (—, —) the metric of ACT; then, if V is a connection that
satisfies (1.7)

n

2G(Z, VxY) = / 2 (D7, Vo xD.Y) %

M

then we can use the Koszul formula for the connection of AC* and the naturality of the
Lie derivative to find

2Gy(Z,VxY) =
= /[CDX (DP.Z,D.Y)) + D.Y ((D.Z, D.X)) — D.Z ((D.X, q)*Y))] CZ—T+
+G(Y,[Z,X])+G(X,[Z,Y])+G(Z,[X,Y]) |
Then Theorem 1.3.11 shows, for » = 0, that V satisfies the Koszul formula. O

The same ideas can be used to see that the curvature tensor of ¢ is also pointwise
equal to that of ACT, c.f. Proposition 1.2.5.
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1 Scalar curvature as a moment map

Corollary 1.3.14. For ] € # and A,B,C € Tj ¢, the curvature at | is
1
R(A, B)C = —Z[[A,B],C].
The expression for the covariant derivative in 1.3.13 also allows us to reduce metric

properties of _# to those of AC™.

Corollary 1.3.15. The complex structure and the curvature tensor of ¢ are covariantly con-
stant. In particular, # is a formally symmetric infinite-dimensional Kéihler manifold.

Proof. Fix a point ] € ¢, and consider A € Tj 7. To prove that (V4l); = 0 it is enough
to show that forall B,C € T ¢

Gy (C,(V4I)B) = 0.

Using Lemma 1.3.13 and the definitions of G and J, we can reduce this to a condition
on AC*: extend A, B and C to vector fields near J. Then

Gy (C,(VaJ)B) =Gy (C,VA(JB) — IV4B) =
=A(G(C,JB)) — Gy (V4C,IB)) - G(C,IV4B).

Using Theorem 1.3.11 and Lemma 1.3.13 we find, if we let (—, —) and I be respectively
the metric and the complex structure on AC*

Gy (C,(VaA))B) = / [CI),’;*A ((q)f,*C,I(Dﬁ*B)) _
M
m?l
~(Vay a®},,C, 1D}, B) — (DF,C, IVq)ﬁ*Aq)i*l-})] “ =
wn
= / <(1)Z*C, (VCD"‘ AI)(DZ*B>— =0.
M U n!

Of course this computation relies on the integrability of the complex structure of AC™.
Similarly, since AC *isa symmetric space we can compute that for any five tangent
vectors A, B, C, D, E at | we have

Gj (A, (V5R)(C, D)E) = 0.

The computation is completely analogous to the one for J, but slightly more cumbersome
since it involves more terms. Of course one should use the expression for the curvature
of Corollary 1.3.14, and more precisely the formula

®;, (R(A, B)C) = R zc+ (@};,A, ©f,B) ;;,C. O

Given the expression for the curvature of Corollary 1.3.14, it is quite natural to con-
jecture that ¢ is in fact a Kédhler-Einstein manifold, since AC * is and the curvatures
of the two spaces have very similar expressions. The main difficulty to prove this is to
actually define in a sensible way the Ricci curvature of an infinite-dimensional manifold.
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1 Scalar curvature as a moment map

1.4 Proof of Theorem 1.0.1

In this Section we give a proof of Theorem 1.0.1, after [ ]. We expand the details of
the original proof, both for the reader’s convenience and to fix the constant mentioned
in Theorem 1.0.1.

We have to show that (1.4) holds; in terms of the L? product of functions, (1.4) can be
restated as

4(Q(A), f) = (JA P(f)) (1.8)

where Q(A) is the variation of S(J) along a path | + €A + O(e?)in ¢, and P(f) = Lx,].

Foragiven A € Tj ¢, we will often denote by " = | + ¢ A the infinitesimal deformation
of the complex structure | by A; of course this should be thought of as a point of a
path y : [-0,0] — _# such that y(0) = | and y(0) = A, but it is notationally more
convenient to use this notation and work “to first order in ¢”.

Lemma14.1. Fix] € ¢,A €T # andlet ] = ]+ A be an infinitesimal deformation of the
almost complex structure J. Then the map

yA:X+—>X+§]AX

defines, to first order in &, an isometry between (T]LOM , g;) and (Tll,’OM , g]/).
Proof. Let X and Y be real vector fields. Then
g]/(X + %]AX,Y + EIAY) :a)(X + %]AX, ]+ eA)(Y + g]AY)) -

- w (X + %]AX,]Y + %]]AY + eAY) +O(e2) =

- w (X + %]AX,]Y 4 gAY) +O(e2) =

= g/ (X, V) + 5 (@ JAX, JY) + @ (X, AY)) + O(?).
So to prove the isometry claim we just have to notice that

w(JAX,JY)+ w (X,AY) = w(AX,Y)+w (X, AY) =0.

Now, let X be a (1,0)-vector with respect to /. Then X + 5JAX is X — iE‘SAX, and
applying |’ we find

(y _ L€ - _ e _ iy 1€ 2y
](X 2AX) (]+5A)(X 2AX) iX .2]AX+5AX+O(3)
X+ EAX 0@ =[x - & 2
=1 +2A +O(e)_1(X 2AX)+O(5).

A similar computation shows also that if X € TIOJM then pua(X) € T](,)’lM . O
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1 Scalar curvature as a moment map

The map (4 is also invertible, to first order in e: pa o u_a =1 + O(e?). Then we have
an identification between /\}'1 M and /\},’1 M, using 4. Indeed, by Lemma 1.4.1

@ o = ao iyl = a (17, )
maps (1, 1)-forms with respect to | to (1, 1)-forms with respect to J'. Moreover, a +—
a o u~! is also a first-order isometry. This can easily be checked in a system of local
coordinates, once we get from Lemma 1.4.1 the identities
g(Nij(ua)  (ua), = gD
(ra) g = (', ()"

These identifications will be necessary to compute the functional Q in (1.8). We de-
compose P as P; o P;, where P; sends a zero-average function H to its Hamiltonian
vector field Xy, and P, sends a vector field X to the infinitesimal change in complex
structure Lx]. We may also decompose Q as follows: given an infinitesimal deforma-
tion ' = | + €A of ], we may consider /\}’0 M and /\},’0 M as the same bundle using
the isometry of Lemma 1.4.1. Then the two connections V; and V; may be consid-
ered as metric connections on the same vector bundle E, and as such they will differ
by some E € A(End(E)). The trace of Z is a purely imaginary 1-form on M, and
it is the difference of the connections induced by V; and Vj on AP E. Then if we
let Q1(A) := —iTrace(E) and define for any 1-form ¢

Q)" = ndy A @™}
we have Q = Q3 o Q1. So we reformulate equation (1.8) as
4Q0Q1=PjoP;o]
where * denotes the formal adjoint of an operator.
Lemma 1.4.2. Let b : TM — A'M be the map sending a vector X to gj(X, —). Then
bo P =-0Q;.

Proof. Fix f € C° and 9 € A'M. Then Pi(f) = Jgrad(f), where the gradient is
computed with respect to the metric g;. If § is the inverse of b

(8, Py(f)") = <div (] sﬂ) ,f>.
Moreover, for any vector field X we have
div(X)o" = Lxo" =d (Xo0") = nd (Xow) A @™}
so for | 9F:
div (] Sﬁ) w" =nd ((] Sﬁ)_na)) A"V =-nd (a)(Sﬂ,]—)) A"t =
=-ndd A" = -0x(9)w™.
This readily implies (8, P1(f)") = — (Qa(9), f). O
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1 Scalar curvature as a moment map

If we substitute the expression for P] from Lemma 1.4.2 in (1.8) we find that to
prove 1.0.1 it is enough to show

—4#oQ1=P;0].
We now turn to the other two operators, P, and Q;.

Lemma 1.4.3. For any vector field X
1
Py(X) = 4Im (V1 X10 - N (x%1,-)).

Proof. Since Lx] is an element of Tj_¢, P»(X) is determined by its (1,0) part. We
compute it by focusing on its transpose, Po(X)0 : A'* M — A% M. Fixa (1, 0)-form a.
Then for any Y € T%'M we have

(P2(X) (@) (Y) = a (Lx(JY) - JLxY) = -ia (LxY —i] LxY) =
= —2ia ((LxY)"?) = =2ia (LxY) = -2i Lxa(Y)

since «a is of type (1, 0) while Y is of type (0, 1). This means that P>(X)(a) = —2i (Lx a)t,
Using Lemma 1.3.3 and Cartan’s formula we have

Lxa =X, (8a +da - ia 0 N]) +9((X) + 3 (X))
soits (0,1) part is
(Lxa)" = —da (=, X0) + 3 (a(X"0)) - }La (N)(X, =) =

=a (mel,o - jIN](XO'l, —)) .

For this last equality it is fundamental to use the Chern connection V of /\}’OM with

respect to 9]. In the end we have found that the (1,0) part of %PZ(X) is VOIX10
1Nj(X%1, -); summing this with its conjugate we obtain the thesis. O

It is slightly more complicated to find an expression for Q1; we will use some pre-
liminary lemmas. Consider a complex vector bundle E — M with a Hermitian fibre
metric 1 and a metric connection V. Then for each almost complex structure | on M we

have the usual decomposition V = V}’O + V?’l. We want to study how an infinitesimal
change | — | + €A of the complex structure affects the other pieces in this picture.
First, using the identification of T]LOM and Tﬁ’OM, we can compare the (0, 1) parts of a
connection.
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1 Scalar curvature as a moment map

Lemma 1.4.4. Fix a metric connection V on (E, h), and consider an infinitesimal change | —
J" =] + €A of the almost complex structure of M. Then the corresponding change in the (0, 1)
part of the connection is, to first order in ¢,

01 _ 01 1,0 €
V], —V] +V] oz]A.

Of course, we can also change the (0,1) part of the connection while keeping the
complex structure fixed. This implies a change of the metric connection itself.

Lemma 1.4.5. Fix the almost complex structure J. Under a change of the (0,1) part of the
connection VO - VO + g for some 0 € A% (End(E)), the connection V changes by

Vi V+(o-0).
Here o™ denotes the formal adjoint of o with respect to the Hermitian metric.

Proof. This follows from how a connection is defined in terms of its (0, 1)-part and the

metric, as in Lemma 1.3.4. It is enough to check that G*i]. = h]-kokl Wi, ]

We use these two lemmas to help us study a more difficult problem: consider the
infinitesimal deformation | = | + ¢A for some A € Tj_¢; then we have the two bun-

dles /\}’O M and /\},’0 M, each with a Hermitian metric on their fibres and a (0, 1)-
operator dj and d. On each of these bundle we have a connection V;, V}» and we want
to compute the difference in the scalar curvatures of these two connections. Notice that
we can use the metric isomorphisms between /\}’0 M and /\},’0 M, and between /\}'1 M

and /\},’1 M (c.f. Lemma 1.4.1), to think about V; and Vj as metric connections on the
same bundle. In doing so our problem becomes to compute the variation of a met-
ric connection under a change of both the complex structure and the (0, 1)-part of the
connection.

Consider now the following diagram:

10hs _© 1,1
A ] M > ﬂ] M
bW
oy
1,0 i 1,1
ﬂ T M H ﬂ]; M
the two vertical arrows are first-order isomorphisms, and the dashed arrow (the com-

position of the other three) is, under our identification, the (0,1)-part of the metric
connection induced by the new complex structure J* on the bundle /\}’0 M. A straight-

forward computation allows us to write the map dy in terms of | and the first-order
deformation A.

Lemma1.4.6. Let x € ﬂéM, and consider its decomposition into forms of type (p, q) according
toJ: x = x*0 + x¥ + x92. Then its (1, 1) component with respect to the |'-decomposition is

X]l’,l — ”;‘)(1,1 + (XZ,O + XO,Z) oA - (XZ,O + XO,Z) + 0(62)‘
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1 Scalar curvature as a moment map

Let a be a (1,0) form with respect to J; using the previous Lemma we can com-
pute Jy 1y a:

Ity =y (d py ) + ((d )™ +(d pya)™?) o pa=
- (d #;‘a)z,o +(d y;a)o’z) +0(e?).

Now, the decomposition of dy’ a with respect to | is
* 5_ Lot -1y =
dy’ya = 8+8—ZN] (aopuy') =

1 £ = e = € 1
—8a+1ao§]AN]+8a—8(aoEIA)—&(O(OEJA)—ZaON]

(2,0)-part (1,1)-part (0,2)-part

Then ®a can be computed, again to first order in &:

Oa :9]01 -d (a o %]A) + du (%]A—, —) + du (_, %]A—) —

1 e € (1.9)
S o) o - o)
It will be more convenient to let v := (% ] A)l’o, and define for a 2-form
pov:=plv—,—)+p(=,v-).
Then we can rewrite equation (1.9) as
@a:é]a—aj(ozov)+8]aov—EQONOV (1.10)

We proceed to rewrite some terms of equation (1.10) in a slightly different way. For
any complex vector bundle E over M, a connection D on E induces a connection also
on the complex vector bundle with the conjugate complex structure, E; the induced
connection D satisfies

Dxo = D6
for any X € TcM and ¢ € T(E). Here ~ denotes both the usual conjugation and the

natural map of vector bundles " : E — E. It is then easy to check that D0 = po1,
In particular the term dj(a o v) in equation (1.10) is equal to V1?(a o v), since a o v is
a (0, 1)-form. Using the Leibniz rule we extend V also to a connection on End(TM), and
SO

daov)=Voaov)=aoVy + Vg0

where the composition in V0« o v indicates that v is acting on the second component
of V10, In other words, for any two vector fields X9 and Y1V we have

A o v)(XO1, Y1) = —9(a o v) (Y10, XO1) =

1.11
= —DC((Vyl,OV)XO’l) - Vyl,oa(VXO’l). ( )
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1 Scalar curvature as a moment map

Lemma 1.3.5 allows us to rewrite this expression. For any two vector fields X, Y € T]LOM

and any «a € ﬂ]l’OM we have

a(Tor’ (X, Y)) = —}La(N(X,Y)) =0
since N sends X, Y to a (0, 1)-vector field. On the other hand, however

a(TorV(X,Y)) = a(VxY - VxY — [X,Y]) =
=X(a(Y)) = Vxa(Y) - Y(a(X)) + Vya(X) — a([X, Y]) =
=9a(X,Y) — (Vxa(Y) — Vya(X))

and so for every X, Y € T1OM we have
da(X,Y) = Vxa(Y) — Vya(X).
In particular for vX%! and Y'? we have
(D o v)(XOL, Y1) = 9a(vXO, Y10) = V yo1a(YP) = Vyroa(vX ). (1.12)
Putting together equations (1.11) and (1.12) we get
(@(aov)—(@a)ov) (X, Y0 = —a((Vy10v) X)) =V, xo1a(Y0). (1.13)

At this point we can rewrite equation (1.10):
= 1
Oa = dja+ao VO + vidq — 24° Nov (1.14)

Notice that the term da + Vi’oa in equation (1.14) is precisely how the (0, 1)-part of the
connection would change if we fixed the connection V, cf. Lemma 1.4.4. Hence by
Lemma 1.4.5 the variation in the connection is

(V1) — iN o7 — [(VL%) - iN o a] . (1.15)

Here, as before, * denotes adjointness with respect to the hermitian metric on the fibres.
Since Q is the imaginary part of the variation of the induced metric on /\7’0 M, to
compute Q7 is enough to take the trace of equation (1.15). Notice that, for any o €
AYL(End(E)), if we write its components as o . then the adjoint is

(O_*)l'j — hjko_klhli

and so, by taking an h-orthonormal frame for E

Trace(o — ¢”) = a]]. - akk = 2ilm(Trace(0)).

Summing up, we finally obtain an expression for Q1.
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1 Scalar curvature as a moment map
Lemma 1.4.7. For A € Tj 7, the deformation of the Chern connection of | on /\}1’0 M is
1
Q1(A) (X" = 2Im [Trace ((vl'%) (X9 - N (x91, v—))}

The next step is to rewrite the trace of V19, To do this, it is convenient to use the
tensor 4 € A" M ® A”!' M obtained from v by lowering its (1,0) index: for a local
frame ey, ..., e, of TYOM and dual frame €1, .. ., " of /\1’0 M, g is written as

[

Qap = 8caV -
Since V is a metric connection and V10 = 9 on A" M
Trace(V''v) = Vv, = 9V g5 = §9cq5-
We can rewrite this using the operator
1,0 0,1 01
Lam-t(A\ e\ e /\)
VP w®d

that has, like in the integrable case, an adjoint A given by contraction with w. So we
have the nice expression
Trace(V'Pv) = iAdg.

In [ , Proposition 16], Donaldson noted that some Kéhler identities hold also in
the non-integrable case:

Proposition 1.4.8. On any almost Kihler manifold, the adjoints of 9, d respectively are
o =i[A,d], 9 = —i[A,d].
Then we can rewrite Q1 as
Qi(A) = 20m (V1" g) = Zim [Te (N (-, 7-))]

To finish the proof of Theorem 1.0.1 it is now enough to put together the various
expressions we have already computed.

Proposition 1.4.9. For any X € T(TM) and A € AY(TM) we have

(P2(X), A) = 4(X, QuJA)F)
Proof. Recall from Lemma 1.4.3 that

1

1
1P2(X) =Im (VoleLO - N (x01, _)) =

= Im (VO1x'0) + }Ilm (N (x0,-))
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1 Scalar curvature as a moment map

while the previous computations give
Q1(JA)! = Im (Vo'l*Al'O) + }le [Tr (N(_’AO,l_))ﬁ]

and now a direct computation shows the two operators are formal adjoints of each
other. O

1.4.1 The complexified action

Having found a moment map for the action of 4 = Ham(M, w) on _¢#, the next step
to mimic the finite-dimensional picture described in Section 1.1 would be to extend the
action of ¢ to an action of the complexified group ¥¢; then, the stable ¢-orbits of ¢
should be in one-to-one correspondence with the set p=1(0)/%, i.e. in each stable orbit of
the complexified action we should be able to find a compatible almost complex structure
of constant scalar curvature.

There is a major issue with this approach: a complexification of ¢ does not exist, see
for example the discussion in [ , Remark 35] and [ , §1.3.3]. However we can
certainly complexify the infinitesimal action of Lie(¥) = C;°(M,R) at a point | € 7.
Indeed, if h € Cy’, the infinitesimal action of & at | is

hy=Lx,] €T 7.
Since ¢ is a complex manifold, for any h € Cy (M, R) we can define the infinitesimal
action of ik as _ A

ihy:=Jphy =] Lx,]
and so the complexified Lie algebra Lie(¥)° = C;°(M, C) defines a distribution ¥ on ¢
that plays the role of the infinitesimal complexified action of 4 on ¢

gy ={iy | e e, ®)f u iy | e e, R)} =
={Lx,] | h e C*M,R)} U {JLx,] | h € C*(M,R)}.

If we are able to prove that & is an integrable distribution, then the leaves of the
distribution can be considered as complexified orbits of ¢ ~ _#, even though ¢ does not

admit a complexification. This was shown by Donaldson, for integrable J, in [ ]
and later in [ ] (assuming H'(M,R) = 0, for simplicity, but the argument can be
generalized).

For integrable ], consider the Kahler class Kj(w) of w with respect to the complex
structure J. Then, let %] be the set

2 ={(f, @) | f € Diffo(M), @’ € Kj(w) and f*@’ = w}.

Then we have a Symp,(M, w)-bundle # — Kj(w) given by projection on the second
component (the hypothesis H! = 0 is required here to have Symp, = Ham, see Proposi-
tion 1.1.4). Consider now the map

D= F

(f, @) > £, (116
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1 Scalar curvature as a moment map

Proposition 1.4.10 ([ 1). For every integrable compatible complex structure | € _Z, the
image of @y is a leaf of the distribution 7.

It is crucial here to assume that | is integrable, since N; = 0 implies that ] Lx] = £;x]
for every vector field X.

Proof. We'll just show that @; is surjective onto the complex part of 7}, i.e.
Im %) = {]fo] ) fe CS”(M,R)}.
Assume that wy, = w + i&é(p is a Kéhler form, and consider the path w; := @y, in Kj(w).
Let X; be the time-dependent vector field X; = —1grad ¢(¢), and let f; be the isotopy
defined by X;, i.e. X; = d;f; and fo = 1. Notice that
1
Xt = E]X(P(wt)/
where X, (w;) is the Hamiltonian vector field associated to ¢; under the form w;. Then
1 1
Xpoawy = _Ea)t(X(p(a)t)/]_) = E]d(P
and by [ , Proposition 6.4] we have

* * : 37 * 1 937
O (fran) = fi( L, w1, +1999) = £ (7d]dg +19dp) = 0

=to

so f/w; = w. Hence we have a path (f;, w;) € %}, and if we compute the differential
of @; along this path, again by [ , Proposition 6.4] we get

. 1
A _orfen=a| (5= Lxl = 5L, -

The complexified equation

So, this map from the ¢¥-bundle # to f#in: defined by (f, w) — f*] plays the role of
the complex action ¥ ~ _fZin. This can also be used to rephrase the cscK problem
in a more familiar setting; the point of view we have adopted here in describing the
cscK equation as a moment map equation for the action 4 ~ _¢ is quite different from
the constant scalar curvature problem that is usually considered in Kdhler geometry,
namely, finding Kahler metrics of constant scalar curvature inside a fixed Kahler class.
Indeed, so far in the moment map equation

Sw,)-5=0

the symplectic form is fixed, while we let instead | vary in _#;,;. However, the two points
of view are closely related by the map @ : % — 7.
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1 Scalar curvature as a moment map

Remark 1.4.11. For any Kéhler form w on M and any almost complex structure | com-
patible with w, write ¢(J, w) for the Riemannian metric defined by | and w. Assume
that ' = ¢.] for some diffeomorphism ¢. Then

(', ) =" (g(J, (7 'w))

and for the curvature we have

S(gU", @) =¢" (S(8U, (@) 'w))) .

We can apply these consideration to compute the moment map along the complexified
orbit of a complex structure ] € _#. Let (f, @’) € #, and consider

S(@(f, @) =S (g(fT, @) = £ (S (g0, "))

so f*] is a zero of the moment map if and only if g(J, @’) is a metric of constant scalar
curvature. In other words, looking for a solution to the moment map equation along
a complexified orbit ¢¥°.] is equivalent to finding a constant scalar curvature Kéhler
form in the Kéahler class of w with respect to J. By analogy with finite-dimensional
GIT, Theorem 1.3.7 suggests that there should be some notion of stability for a Kdhler
class [w] such that in each stable orbit for the action of ¢4 there is exactly one element in
the zero set of the moment map, i.e. a Kdhler form in [w] of constant scalar curvature.

Of course these considerations are not sufficient on their own to prove any theorem,
but they might serve as guiding principles for obtaining new results on the cscK problem,
and they give a new perspective on many classical features of the cscK equation. For
example Matsushima’s criterion [ ], the Futaki invariant [ ] and Mabuchi’s K-
energy can be almost directly defined starting from this interpretation of the cscK
equation: see for example [ , Chapter 1] and [ ], where it is shown how these
objects arise from the Hamiltonian action.
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This chapter contains the proofs of our main results, Theorem 1 and Theorem 2. The
general idea for the proof of Theorem 1 is that ¢ is described locally in terms of maps
from M to the Kdhler symmetric space $ = Sp(2n)/U(n). As we have seen in Section 1.3
the Kéahler structure on _# is “pointwise” induced from that of $, using the fact that
the Sp(2n)-action on $ is by holomorphic isometries and that the transition functions
between two local descriptions of _# act as symplectomorphisms. Roughly stated, the
result of [ ] is that the cotangent bundle of a Kéhler symmetric space G/H admits a
hyperkahler structure that, crucially, is invariant under the action of G on G/H. In our
situation this suggests that we can induce on T"¢ a hyperkédhler structure locally by the
identification of ¢ with C*(M, ), and then checking that these local structures glue
together to give a hyperkahler metric on the whole T'# .

Section 2.1 gives a more detailed account of the results of Biquard and Gaudu-
chon [ ] for symmetric spaces of non-compact type, and in particular we find an
explicit expression for the Biquard-Gauduchon hyperkihler potential of the space AC™.
The Section begins with a couple of technical results characterizing hyperkahler mani-
folds that will be needed in the proof of Theorem 1.

In Section 2.2 we prove Theorem 1 and Theorem 2 (in Section 2.2.1), and then we find
an explicit expression for the moment map equations that arise from the Hamiltonian
action. This is quite complicated for the real moment map equation, and leads to the
Hitchin-cscK system (1). The discussion of the Hamiltonian action then continues in
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2 Hyperkihler extension of the Donaldson-Fujiki moment map

Section 2.3, where we show how to formally complexify the action and we consider
the moment map equations under this complexification. The final result is not as
satisfactory as one would have hoped from the classical case of the cscK equation, and
leads to a complexification of the system just in a more formal sense, see the discussion
around equation (2.31).

We close the chapter considering the moment map equations in complex dimension 1
and 2, in Section 2.4. For curves we show how our approach is essentially equivalent

to that in [ ], that instead found a hyperkéhler metric on the cotangent space of
Poincaré’s upper half plane inspired by the existence result of hyperkédhler metrics due
to Feix [ ]. The first objects for which our approach gives a novel result are complex

surfaces, and in Section 2.4.2 we find an expression of the HcscK system equivalent
to (3.31) but slightly simpler to study analytically. Examples of solutions to the HescK
system on surfaces will be given in Chapter 3.

2.1 A result of Biquard and Gauduchon

2.1.1 Characterisations of hyperkahler manifolds

Definition 2.1.1. Let (M, g) be a Riemannian manifold, and let I, | be two almost
complex structures on M such that

1. I] =-]I;
2. gI-,1-)=g(-,]-)=8(=-)
3. Vxe M, Vv e M g(Iv,Jv)=0.
Then (M, g, 1,]) is a hyperkihler manifold if (M, g,I) and (M, g, ]) are both Kédhler.

In this case, if we let K := I] then I, | and K satisfy the usual quaternionic relations,
giving a quaternionic structure on TM. Moreover, for any u € S? also (M, g,u1l +
us] + uzK) is Kdhler. This is what prompted Calabi [ ] to call these manifolds
hyper-Kahler. We refer the reader to [ ] for a general introduction to hyperkahler
manifolds.

The standard notation is to call w1, w2 and w3 (or w;, w; and wk) the three 2-forms
defined respectively by g oI, g o] and g o K. Consider also the complex-valued 2-
form w, = wy + iw3; an important remark is that w, is a symplectic form on M of
type (2, 0) relatively to the complex structure I. Symplectic forms with these properties
are called holomorphic-symplectic forms.

The following Lemma gives us a useful criterion to prove that some structures are

hyperkahler.

Lemma 2.1.2 (Lemma 6.8 in [ I). Let (M, g) be a Riemannian manifold, and assume
that 1, ] are almost complex structures on M satisfying conditions 1,2,3 of Definition 2.1.1.
Then (M, g,1,]) is hyperkihler if and only if

dwi = dwy = dws = 0.
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2 Hyperkihler extension of the Donaldson-Fujiki moment map

In other words, the three forms being closed is enough to ensure the integrability
of I, ] and K. We remark that this conditions follows from an algebraic manipulation of
the Newlander-Nirenberg criterion, so it holds also in the infinite-dimensional setting
— guaranteeing at least the formal integrability of the complex structures.

To construct the hyperkdhler structure on T'# we will need an additional criterion,
taken from the discussion in [ ].

Lemma 2.1.3. Let (M, g) be a Riemannian manifold, and let I be an almost complex structure
on M, compatible with g. Assume also that there is a (2,0) symplectic form on M, w.. Then we
can always define a tensor | on M by the condition g(J—, —) = Re w (-, -). If

1. dw =0, for w1 = g(I-,-)
2. J?=-1

then (M, g, 1, ]) is a hyperkihler manifold, and the three 2-forms defined by g and I, | and K = I]
are, respectively, w1, Re w. and Im w..

Proof. First of all notice that w; is closed, since w, is closed and by definition w; = Re w,.
We proceed to check that g, I and | satisfy the algebraic identities of Definition 2.1.1.

To check the compatibility of | with g, fix two tangent vectors v, w. Then we have,
using the (anti-)symmetries of ¢ and w.

§(Jv, Jw) = Re(wc(v, Jw)) = —Re(w.(Jw, v)) = —g(JJw, v) = g(v, w).

The anti-commutativity of I and | is equivalent to g(IJv + JIv, w) = 0 for every pair of
tangent vectors v, w. From the definition of | we have

gUJv +JIv,w) = - g(Jv, Iw) + g(JIv, w) =
= — Re(wc(v, [w)) + Re(w (Iv, w))

and since w, is of type (2, 0) with respect to I
—Re(w(v, Iw)) + Re(w:(Iv, w)) = —Re(iw (v, w)) + Re(iw (v, w)) = 0.
From the definition of ] it is also easy to check that g(Iv, Jv) = 0 for any tangent vector v:
g(Iv, Jv) = Rew(v, Iv) = Re (i w.(v,v)) = 0.

By Lemma 2.1.2, to conclude the proof we should check that, if K := I] and w3 :=
g(K—,-), we have dw3z = 0. Since w, is of type (2, 0) with respect to I we have, from the
definition of |

g(Kv,w) = g(IJv,w) = —g(JIv, w) = —Re(w.(Iv, w)) = Im(w(v, w))
so the closedness of w3 follows from that of w,. O

It is important to highlight the fact that the proof of Lemma 2.1.3 is purely algebraic,
provided that w. and w; are closed; we do not need to resort to computations in local
coordinates. Hence, this criterion for checking the hyperkédhler condition also holds in
the infinite-dimensional setting, where we intend to apply it in Section 2.2.
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2 Hyperkihler extension of the Donaldson-Fujiki moment map

2.1.2 Hyperkahler structures on symmetric spaces

We recall the construction of Biquard and Gauduchon in | ] of a hyperkédhler metric
on the cotangent bundle of any Hermitian symmetric space © = G/H. Assume that
has a complex structure I and a Hermitian metric h. For x € ¥ we have an identification
of T and T, & given by taking the metric dual of the real part of £ € T'YE. Under
this identification, for every & € T'0,X, we have an endomorphism IR(IE, &) of T, X
associated to the Riemann curvature tensor R. Since this is self-adjoint we can consider
its spectral functions; we are interested in particular in the function f : R.g — R defined

by
T+vli+x \’21” . 2.1)

f(x) ::% V1+x-1-log
Theorem 2.1.4 ([ ). Let (X =G/H,I,h) be a Hermitian symmetric space of compact
type, and let w, be the canonical symplectic form on TVO L. Then there is a unique G-invariant
hyperkihler metric on (TV0"%, I, w.) whose restriction to the zero-section of TO"L coincides
with the Hermitian metric of L.

Moreover, we have an explicit expression for this metric: if we identify T*Y and TE using
the metric on the base, the Kihler form is given by wr = 7wy, + dd°p, where p is the function
on TX defined by

p(x, &) = hy (f(=IR(IE, &))E, &) . (2.2)

Here f is the function defined by (2.1), evaluated on the self-adjoint endomorphism —IR(I&, &).

If instead X is of non-compact type, the same statement holds in an open neighbourhood N C
TV, of the zero section. This neighbourhood is the set of all & such that the modulus of the
eigenvalues of —IR(I&, &) is less than 1.

The quotient Sp(21)/U(n) considered in Section 1.2.1 is a K&hler symmetric space of
non-compact type, to which we can apply Theorem 2.1.4: the space T'?"(Sp(21)/U(n))
has a hyperkdhler metric, at least in a neighbourhood of the zero section. From Sec-
tion 1.2.1 we know that AC™ is diffeomorphic to Sp(2n)/U(n), and the Kéhler structure
on AC" is induced from the one of Sp(2n)/U(n) using this isomorphism. Then we can
also carry the hyperkahler structure of Tl'o*(Sp(Zn) /U(n)) to TV AC™.

Let’s denote by (g, I, w) the Kéhler structure of AC™; we also denote by I the complex
structure on TV AC™, and we let O be the canonical symplectic form, the form denoted
by w. in Theorem 2.1.4. Theorem 2.1.4 guarantees that § := v*w + dd°p is a hyperkédhler
metric on T*AC™.

Remark 2.1.5. Biquard and Gauduchon consider the full cotangent bundle; for notational
reasons, for us it will be more convenient to just consider the holomorphic cotangent
bundle of AC* and _#, but this won't cause issues, thanks to the usual canonical
identifications of the two. Moreover, Biquard and Gauduchon in [ ] use for the
curvature tensor the convention R(X,Y) = V|xy] — [Vx, Vy], rather than the more
usual R(X,Y) = [Vx, Vy] = V|x,y}, that is the one we are going to use. This is why there
is a minus sign in equation (2.2).
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2 Hyperkihler extension of the Donaldson-Fujiki moment map

The Biquard-Gauduchon function for AC™

We have to compute the Biquard-Gauduchon function p of AC*. For a fixed vector
field A on AC™ we consider the endomorphism E(A) of TAC™ defined by

E(A): B — —I(R(JA, A)(B)).

By Proposition 1.2.5, at a point | € AC™, E(A) can be written as:
- 1 1,5 »
E/(A)(B) = —J —Z[[]A,A],B] = —> (A*B+BAY). 2.3)

Remark 2.1.6. The C-linear extension of ] € AC* ¢ End(R?") to the vector space C?"
can always be diagonalized. We decompose C** as V' @ V", where V' and V" are
the eigenspaces for | relative to the eigenvalues i and —i respectively. The positive-
definite matrix (] induces on V' a Hermitian product, that we denote by 5. Then

any A € TAC" is written as A = (X,, 13 ), with respect to this decomposition of C?".

The two complex matrices A’, A” satisfy A” = A’. Moreover, A’ = f~16(A) for a
symmetric complex matrix 0(A), and these two properties characterize the tangent
space of AC™ ata point J.

Proposition 2.1.7. The Biquard-Gauduchon function of AC™ is

; : 1++/T-6(i
o, 4) = D8 (-0(1) = Y1~ VT=6() +log )
i=1 i=1

2

where 6(i) are the eigenvalues of A’A”, that are all real and non-negative.

Proof. Since B is a Hermitian matrix, there is a unitary matrix S such that §~! = STAS,
for a diagonal matrix A with real, positive eigenvalues. Then we can decompose A’ as

A’ = STASG(A) = STAZAZSG(A)STAZA™ZS.
The matrix R := A2Sa(A)STA? is symmetric, and the Takagi-Autonne factorization
(see [ ]and [ 1) tells us that there is a unitary matrix U such that R = UDUT
for a real diagonal matrix D. Let A := D?. Then we have
A’ = STAZUDUTA™ 25
and for the product matrix A’A”

A'A” = STASUAOTATES,
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2 Hyperkihler extension of the Donaldson-Fujiki moment map

This shows that the eigenvalues of A’A” are the diagonal entries of A, and in particular
they are all real and non-negative. From now on let A = diag(6(1),...,06(n)), and

let Q := STAZ U, so that A’A” = QAQ™!. For the map Z we find
0 Q\(A 0\(0 OYH(0 P
2 2 _ (Y
e =(g G5 Ao )l o)

o ol 56 Aen %)

Notice that P(B) := Q"'B”Qis a symmetric matrix:
P(B) = UTA"253STASG(B)STAZU = UTA2S 6(B) STAZU.
The linear map Z(B) has a much simpler expression in these new coordinates for T AC™:
0 Q 0 AP(B)+P(B)A\( 0 Q7!
Q 0 )(A@ + P(B)A 0 )(Q‘1 0 )

and in fact the map P — AP + PA on the space of complex symmetric matrices is quite
easy to diagonalize: consider the matrices E;; for i < j defined by

1
(Eij)pq =5 (6p0jq + 0igdjp)

then AE;; + E;;A = (6(i) + 6())) E;j. We are almost ready to compute the Biquard-
Gauduchon function; notice first that P(A) = D is a real diagonal matrix, so that in
the basis E;; of the space of complex symmetric matrices P(A) = Y1 DiiE;i, and recall
that D2 = 6(i).

E(B) = —%(

M (FE(A)A)-4) =
“ly (( 0 Yz f(_é(i))DiiEii)(L P(A))) _
2 i1 f(=0(i))DjiE;; 0 =
z": D;;E;;
1

P(A) 0
=Tr ((Zn: f(=06(i))D;iE;;

i=1

(2.4)

To finish the computation use that E;; is an orthogonal basis with respect to the trace,
and in particular

Tr(EiiEj) = Z 0ik0i10jk0j1 = Z 0i10ij6j1 = ;.
Kl 1

We can conclude the proof from the computation in (2.4)

n
Z Dij;iE;;
i=1

n

p(J,A) =Tr ((Z f(=0(i))D;;E;;

i=1

n

= D f5(0)5). s

i=1
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2 Hyperkihler extension of the Donaldson-Fujiki moment map

The hyperkéhler metric of Theorem 2.1.4 does not depend on p, but rather on its
differential dp. To compute explicitly the hyperkdhler moment map in Section 2.2.2 it
will be useful to have an expression for the derivative of p along a path (J;, A;) in TAC™.
To this end we should first compute the differential of the function

A {5{(AA)|1<i<n}

that assigns to A the set of eigenvalues of A’A”, where the type decomposition of A
is computed with respect to J. This is potentially problematic, mainly because the
eigenvalues are smooth functions of the matrix if and only if they are all distinct.
However, it turns out that p is a differentiable function of (J, A), even if the eigenvalues
of A’A” are not all distinct.

Lemma 2.1.8. Let (J;, A;) be a path in TAC*(2n). Then

dip(Ji, Ar) = Tr| AA Zn: (1 +4/1-6(i ) l_[ 5(j)1 — A2
i1

it O0) — (1)
where 6(i) are as in Proposition 2.1.7.
Proof. This is a consequence of Theorem 3 in [ : noting that the eigenvalues
of A’A” are real (and equal to the eigenvalues of A”A’) from [ , Theorem 3] we

find, assuming that the 6(i)s are all distinct,

1 L 6‘]]_—A,A” n 6‘]]__A//A/
8t6t(1) = ETI' Bt (A;A;’) l_l (])— at (A//A/) l_l (])— _

55— 00 o =o
j#i j#
n o O(j)L—A’A”
B s,
= =Tr| 9 (A] 8(j)L-A" A
2 0 T =555
JjFi
.7 0()1 - A?
=Tr|AA [ | =5—=|
( j=1, j#i 5(7) - 8(i)

To compute the differential of the Biquard-Gauduchon function along the path (J;, A¢)
now it is enough to compose this expression for d;0(i) with

Dp = Z ( Do(i)

1+ yT=500)

It is easy to check that this expression is well-defined even if 5(i) = 6(j) for some i,j. [
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2 Hyperkihler extension of the Donaldson-Fujiki moment map

Remark2.1.9. If A, B and C are elements of ) AC™ then forevery i € {1,...,n} this trace

vanishes:
tr(aBC[ ] (6()1-4%)).
j#i
Indeed, A, B and C anti-commute with ], while Q = [, (6(j)1 — A?) commutes with J.
Then
Tr(ABCQ)=-Tr(JABCQJ)=-Tr(ABCQ).

We will need this vanishing when computing the moment map equations for our hy-
perkéhler reduction in Section 2.2.2.

2.1.3 The cotangent space of complex structures

The main object of interest in this chapter is the total space of the holomorphic cotangent
bundle of ¢#; in order to use the results of Biquard and Gauduchon to obtain a hyper-
kdhler structure on this space it will be useful to describe it as the space of sections of a
bundle over M, with fibres isomorphic to T AC*. Once we have such a description
of TV we will use it to induce a hyperkahler structure, similarly to what was done in
Section 1.3 to define a Kdhler structure on _#. The details of this construction will be
given in Section 2.2.

We first briefly describe the real cotangent bundle of #. From the description of ¢
as the space of sections of & we have

T; 7 =I'(M, J*(VertE)) and I 7 = I'(M, J*(Vert&")).

A more explicit description can be obtained by locally trivializing the bundle in a system
of Darboux coordinates and identifying the fibres of & with AC™:

Ty 7 ={a € End(T'M) | JToa + a0 JT = 0 and gj(a—, -) is symmetric}

Here JT : T*"M — T"M denotes the transpose of | : TM — TM. In other words, every
element a € T7 # is a map from R?" to TAC *, once we fix a system of Darboux coor-

dinates. Hence we have a “pointwise” description of the cotangent space of _¢": T{ AC "
is the space of all a : (R?")V — (R?")V such that

JaT+aT] =0
]TQ()OéT+0(Q0]T =0

and the pairing between T/ AC Tand TAC™ is

(a, A) = %Tr (aTA).

We can realise the total space T"# as the space of sections of a Sp(2n)-bundle, with fibres
diffeomorphic to T*AC™. The action by conjugation of Sp(2n) on AC™ induces an action
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2 Hyperkihler extension of the Donaldson-Fujiki moment map

on T*AC™, again by conjugation. More precisely, for h € Sp(2n) and (J, a) € T*AC™ we
have

h(J,a)=(h]h™t,(h")TahT)

and that is precisely also the change that the matrices associated to (J,a) € T in a
Darboux coordinate system undergo under a change to another Darboux coordinate
system. Hence, as was the case for ¢, we can write T"# as the space of sections of

some Sp(2n)-bundle &S M.
There is a canonical Sp(2n)-bundle map F : & — &, covering the identity on M, that

is induced by the projection p : T*AC* — AC*. It is defined as follows: for & € &,
let x = 1(£) and fix a system of Darboux coordinates u# : U — R?" around x; consider

then the trivializations ®,, : é(u - UXTACT and ¢, : Su—-UxXAC *and let
F(&) = ¢y o (1 X p) o Dy(&).

The definition of F does not depend upon the choice of Darboux coordinates on M, since
the action of the symplectic group on T*AC™ is induced by the action on AC™. This

map accounts for the fact that from a section s of & we can always get a section | = F(s)
of & and a section «a of J*(Vert ). .
A similar discussion holds for the holomorphic cotangent bundle T]LO F: itis locally

identified with maps taking values in le’o*?lC * ie. functions x — a(x) € (R*)V® C
satisfying

1. JTa =ia;

2. a7 =—-ia;

3. JTQoRe(a)T + Re(a)Qp] = 0.

In what follows we will mostly study just the holomorphic cotangent bundle of ¢, so
notationally it will be more convenient to denote it just by T7¢; the context will make
clear what space we are working on.

Remark 2.1.10. If | is integrable and we fix a system of coordinates on M that are
holomorphic with respect to J, then an element a € Tl'o} # in these coordinates is
written as B

a=a,) d,; ®dz"

while for A € Tj ¢, if we decompose it as A = A0 + A0 then

A0 = A”Edzb ® O

so the notation A? and T'?" # might seem to be contradictory. This is caused by the fact
that the metric identification of the tangent and cotangent bundles of a Kéhler manifold
sends (1, 0)-vectors to (0, 1)-forms and vice versa.
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2 Hyperkihler extension of the Donaldson-Fujiki moment map

We know from Theorem 2.1.4 that TV AC™ carries a hyperkéhler structure, and one
of the complex structures in the hyperkéhler family is the canonical complex structure,
i.e. the complex structure induced by that of AC*. To obtain an expression for the
complex structure we can either directly pull back the complex structure of T*$ using
the identification of AC* with $, or we can consider TiJAC * as the space of infinitesimal
deformations of AC™; for this approach, see Section 2.3 and in particular equation (2.22).

The tangent space Tj , (T AC™") is the set of all pairs (], &) with ] € TJAC* and & €
(R?")V ® C such that

1. JTa+]Td =id
2. ajT+a]T = —ia
3. JTQoRe(a)T + JTQoRe(d)T + Re(d)QoJ + Re(a)Qof = 0.

Using the identification between AC * and 9, we can describe the canonical complex
structure of T AC™T as

T (Tl,oylcw) . (Tl,O*ﬂC+)
(,8) = (], &7+ ]Ta).

As we mentioned earlier, this complex structure can be directly computed, but it can
also be seen in a more conceptual way, c.f. equation (2.22). For now, we just check that
this map squares to minus the identity:

2.5)

(J, &)~ (], aJT +jTa) =(=], @]+ JTa)]T + (J))Ta) =
= (=], —a+]Ta]JT+[TTa) = (-], —d).

2.2 An infinite-dimensional hyperkéhler reduction

In this section we prove Theorem 1, constructing a hyperkédhler structure on a neighbour-
hood of the zero section # < T"# that restricted to _# coincides with the Donaldson-
Fujiki Kédhler metric on _# of Section 1.3. The structure will be constructed using
Theorem 2.1.4, taking advantage of the fact that the metric on T* (Sp(2n)/U(n)) of
Theorem 2.1.4 is invariant under the Sp(2n)-action.

With a view to applying Lemma 2.1.3, we introduce the following tensors on T"¢ :

- a Riemannian metric G;
- a complex structure I compatible with G;
- a symplectic form O of type (2, 0) with respect to I.

By Lemma 2.1.3, to prove that this defines a hyperkéhler structure on T"¢ it suffices to
show that

43



2 Hyperkihler extension of the Donaldson-Fujiki moment map

1. J? = -1, where ] satisfies G(J—, —) = Re(®);
2. dQ; =0, where Q;(—,—) = G(I-, -).

Since ¢ already has a complex structure J, we define I as the complex structure
induced on T"# by J; explicitly, from equation (2.5) we have, for a point (J,a) € T ¢
and a tangent vector (A, @) € Tjj, o) (T27)

Ij,0(A @) :=(JA, @]+ ATa).

Let (I, 0, §) be the triple of a complex structure, canonical 2-form and hyperkahler metric
on T*AC™ described in Section 2.1. The 2-form ® on T:7 will be

n

w
0(,0)(v, w) := / Ox(vx, wx) — (2.6)
xeM n:

forall (J,a) € T'# and v, w € T(j o)(T"# ), where as usual we are taking around each x €
M a trivialization of the fibre bundle (i.e. a system of Darboux coordinates). It’s not
obvious that this expression is actually independent from the choice of the trivialization;
itwillbe shown in Lemma 2.2.2. A point to remark is that @ is automatically of type (2, 0)
with respect to I, since 0 is of type (2, 0) with respect to the canonical complex structure I
of T"AC™.

The natural candidate to be the hyperkdhler metric is the metric G induced on T ¢
from the Biquard-Gauduchon metric on TXAC*

A w"
Gra@w = [ flenw) s )
xeM n:

but again we should check that this expression is independent from the choice of
Darboux coordinates around each point. Assuming for the moment that it is, the fact
that I and G are compatible follows immediately from the compatibility of I and ¢
on T*AC™; moreover, the 2-form Qy is

Qp(j,0)(v,w) = /

xeM

(w1)x(Vx, W) C:l_;: (2.8)

where wj is the 2-form defined in Theorem 2.1.4. Notice also that it is enough to check
that (2.8) does not depend on the choice of coordinates to guarantee that also (2.7) does
not. Again under the (provisional) assumption that (2.8) is well-defined, we notice
that condition (1) above is automatically satisfied. Indeed, the complex structure J is
pointwise induced from the analogue complex structure J of T*AC", from which it
inherits algebraic properties like J? = —1.

Summing up these considerations, to prove Theorem 1 we just have to verify that @
and Qj are well-defined and closed. The closedness of both forms is guaranteed by
Theorem 1.3.11. Even though that result is stated for _Z, it is quite easy to see that
the same argument can be used for T"Z, since the construction works in a much more
general setting. Again, we refer to the arguments in [ I

First we prove the well-definedness of Q. Notice that, since the action of Sp(2n)
on AC™ is isometric and holomorphic, both p and dd‘p are Sp(2n)-invariant.
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2 Hyperkihler extension of the Donaldson-Fujiki moment map

Lemma 2.2.1. The 2-form Qy of equation (2.8) is well-defined.

Proof. Choose (J,a) € T'7,v,w € Tjj,)(T"#) and a Darboux coordinate system u. In this

coordinate system the bundle & trivializes, and we have to check that, for x € dom(u),
the expression

T W () (x),a(x)) (0(X), w(x)) + dd pr(x),ax) (0(x), w(x))

does not depend upon the choice of the coordinate system u. If v is a different Darboux

coordinate system, the matrix ¢ := g—z is a Sp(2n)-valued function and the previous

expression becomes, in the new coordinate system,
T W (). x), () (P (%) 0(x), @ (x).w(x)) +
+ddpo(x).(x),ax) (@(x).0(x), p(x).w(x)).
Since both terms are Sp(2n)-invariant this proves the claim. O

Another consequence of Theorem 1.3.11 is that ® has a more natural description, and
in particular it is well-defined, concluding the proof of Theorem 1.

Lemma 2.2.2. The 2-form @ defined in (2.6) is the canonical 2-form of T'Z .

Proof. We recall that for any manifold X, the tautological 1 form 7x is a 1-form defined
on the total space of T*X 5X by

T, . X = R
v - a(m.0)
and is related to the canonical 2-form Ox of T*X by Ox = —d7x. Denote simply by ©

the tautological 1-form of T*AC™, just as O is the canonical 2-form. Let also 7 be the
tautological form of T#. Then from the definitions it follows immediately that for

any (J,a) € T'Z and (A, @) € T o(T>7)

7(7,0) (A, @) = a(A) = / %Tr(axA})C;—:l: /

a)n
T(]x/ax)(Ax’ (PX) [
xeM xeM n:

By Theorem 1.3.11 it is clear that this shows ® = —dr. ]

2.2.1 The infinite-dimensional Hamiltonian action

Let (M, w) be a compact Kdhler manifold. In this Section we prove Theorem 2, showing

that the action of ¥ = Ham(M, w) induced on T# from the action on ¢ is Hamiltonian

with respect to both the real symplectic form Q; and the complex symplectic form ©.
Recall from Section 1.3 that the group ¢ acts on ¢ by pull-backs as

p]=(@ )] =p.o]op .
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2 Hyperkihler extension of the Donaldson-Fujiki moment map

As we saw in Chapter 1 this action preserves the Kahler structure of ¢, and is Hamil-
tonian. The action induced by ¢4 on T’# is given by

o.(J,a)= (™), (@7 )a) = (poJop, (97 ) oao )

and again it preserves @, I and Q;. For a function € C;°(M) = Lie(¥), the infinitesimal
actionof hon T ¢ is

g = (£x,], Lx,a) € T (T2F). (2.9)

First we recall a simple result that will be used to prove Theorem 2.

Lemma 2.2.3. Let G be a Lie group acting on the left on a manifold X, and assume that the
action preserves a 1-form x; let also n = dx. Then the map

X — Lie(G)”

X > My
defined by my(a) = x«(y) satisfies
d(m(a)) = —an.

Moreover, m is G-equivariant with respect to the action of G on X and the co-adjoint action
on Lie(G)". In particular if ) is a symplectic form then m is a moment map for G ~ X.

Proof. The first part is a simple consequence of Cartan’s formula.
0=Lsx =a.dxy +d(@sx) = ain+d(my(a)).

As for the G-equivariance, fix ¢ € G and a € Lie(G). Then for every x € X (here o
denotes the left action G ~ X)

mglx(a) = Xglx(ﬁg.x) = Xgx ((dag)x (Adg—l(ll)x)) =
- (a;;()x (Adg-l(a)x) _— (Adg_l(a)x) = Ad,_m(a)
where we have used again the fact that x is G-invariant. O

As a consequence, we obtain the following results for the action of ¢ on the hyper-
kédhler manifold T"Z .

Lemma 2.2.4. The action ¥ ~ T ¢ is Hamiltonian with respect to the canonical symplectic
form ®; a moment map me is given by

1 n
mej,a)(h) = - /M ETr(aTLX,,])%. (2.10)

Proof. Since ® = —dt and ¢ preserves 7, we can apply Lemma 2.2.3 to find that —7( ],a)(ﬁ)
is a moment map for 4 ~ (T*Z, ©). O
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2 Hyperkihler extension of the Donaldson-Fujiki moment map

Let us now consider the action with respect to the real symplectic form.
Lemma 2.2.5. The action ¢ ~ (T"¢ , Q) is Hamiltonian; a moment map mgq, is given by
Mo, =pom+m
where u is the moment map for the action ¢ ~ ( #,Q), m : T'¢ — | is the projection
and m: T'¢ — Lie(¥)" is defined by

n

W
mg,q(h) = / AP, (Lx, ], Lx, @) —. (2.11)
xeM n.
Recall from Theorem 1.3.7 that the moment map u for 4 ~ (_7,Q) is

u() =25(7) - 28.

Proof of Lemma 2.2.5. Since Qr = n*Q + fM dd‘p %, from Theorem 1.3.7 we just have to
show that for all i € Cj°
~ n
d(m(h)) = —hJ/ ddcp <.
M n!
To prove this, we can use Lemma 2.2.3 and Theorem 1.3.11. Indeed, if we define xy =
fM d°p ‘;;—7 thendy = fM dd‘p “,;—7 We already saw that the action of & preserves yx, and
so Lemma 2.2.3 tells us that m defined by

a)ﬂ
m,q)(h) = / AP ety (L], Lx,a) =7
xeM .

has the properties we need. O

The results of Lemma 2.2.4 and Lemma 2.2.5 show that the action of ¢4 on T"7 is
Hamiltonian with respect to the symplectic forms in the hyperkahler family. To conclude
the proof of Theorem 2 we will obtain more explicit expressions for the moment maps
under the natural L?-pairing of functions. This is not too difficult for the complex moment
map, at least if | is integrable.

Lemma 2.2.6. Suppose ] is integrable. Then we have

moqa (1) = (h,~div (7))

Proof. Itis just a standard computation using the Divergence Theorem:

1 3 a " ) 3 g w"
m@(],a)(h) = _E " a, (LXh]) T -1 " a, VE(Xh) F =

n!
Ewn ac h b " —
=1 M(Xh) Vboza F—— Mg VE VEO(LZ F—
- o .
=/ hgtVeVia,t L = (,~div (VOV'a)) . O
M n!
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This shows that we can identify the complex moment map for the action of ¢4 with
div (d*a). It is interesting to compare this with the expression in Section 1.4 for the
differential of the scalar curvature map along a path of integrable complex structures.
By letting A = Re(a)T, the differential D(J +— S(J, w)) computed on A was written as
Q(A) in Section 1.4. We can see that, for an integrable complex structure |

Q(4) = Q2 0 Q1(A) = ~div (-] Qu(A)) = Imdiv (9"a).

It is slightly more complicated to obtain an explicit expression for the real moment
map. We carry out the details of the computation in the next section.

2.2.2 An expression for the real moment map

In this Section we will express the map m of Lemma 2.2.5 as the L?-pairing of h with
some zero-average function. Recall that m is defined as

n

w
m,a)(h) = /M d°pg0) (Lx], Lx,@) -

From Lemma 2.1.8 we know how to compute the differential of the Biquard-Gauduchon
function of AC*. We can use this to find the Biquard-Gauduchon form d°p on T'WAC*,
by considering the identification of the space TAC™ with TV AC* under the map

TWact - TAC*
a — Re(a)T.

So, we should compute

d°pj re(wyr (£Lx,],Re (Lx,a)7) = dPJ,Re<a>T( —JLx,], Re (Lx,])Ta + (Lx,a)] T)T)

with dp as in 2.1.8, since the identification between TAC* and T'"CAC™" is conjugate-
linear in the second component. It is more convenient to write A = Re(a)™ € Tj _#, so
that Lemma 2.1.8 gives

d°p re(a)r (£x,], Re (Lx,a)7) =

L 0(j)1 - A2
(Hm) Tr A(ALX,ZI+ILXIIA)BW '

- 1
£ D
i=1
Notice however that Lx,] € T} _#, so Remark 2.1.9 allows us to ignore that term when
taking the trace:

j#i

N YT 5(j)1 - A% 0"
m(],a)(h) = ; /NI E (1 +41 - 6(1)) Tr (A]LXhA l_[ m W (212)
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2 Hyperkihler extension of the Donaldson-Fujiki moment map

We now show how to write the integrals in equation (2.12) as the L? pairing of h with a
function f. More precisely, for i € {1, ..., n} we will find a zero-average function f (i) =
f(i, A,]) such that

Tr (4] Lx, A TLa(0()1 - 4%)) o
[ A=) e
M2 (14 yT=000)) TTa(0() - o) ™ Ju™ !

This of course allows us to identify the moment map m with }}; f(i). For notational
convenience, we introduce the functions

w(i) = (1+\/1 5(1))1

l_[ 5(j)1 - A2 (2.13)
i 00) = 0(0)°
So we can write m(J, @) in a more compact way as
C . N @
i) ==, [ 0T (Lx,A)JA0A) Sy
i=1
Consider the function
F':CX(M Cy’(M
o (M) = Gy (M) | (2.14)
h o Tr ((Lx, A)] A(i) A) .
We have m; »)(h) = ; (11[1(1) Fl(h)> so if we find a formal adjoint F* of F?, we can
writem = - ), F™* (¢(z)) Notice that we can write F’ as a composition F' = F; o Fy o !,

with
Fi:C(M) — T(M,TM)
h— Xh
F} :T(M,TM) — I'(M, End(TM))
X LxA
Fy:T(M,End(TM)) — C5*(M)
P Tr(P ] A(i) A).
Moreover the formal adjoints of F! and Fj with respect to the pairing induced by the
metric g7 := wo(—, J—) are given explicitly by
F{*(X) = div(X);
F3(f) = -f AAD].

It remains to compute the formal adjoint of Fj.
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2 Hyperkihler extension of the Donaldson-Fujiki moment map

Lemma 2.2.7. Forany Q € I'(End(TM)), X € I(TM) and A € Tj ¢ we have
(LxA, Q) =(Q, VxA) +(AQ - QA, VX).
Here the pairings and the connection are those defined by the metric gj.
Proof. Fix an element Q of I'(End(TM)), and consider the product
8/(LxA, Q) :gijglelemamAki - gijglelemiaka"'
+g0g, Q! Ak, 0,X". =

We can exchange the usual derivatives with covariant derivatives (using the Levi-Civita
connection of gj), but we have to introduce Christoffel symbols; the proof consists in
showing that the sum of all the terms that must be introduced in fact vanishes, and this
is done recalling that gj(—, A—) is symmetric (cf. equation (1.1)). The first right hand
side term of equation (2.15) can then be written as

gijgszlemamAki :8ij8lelemvaki B gijgklQl]'XmApirﬁw+

y (2.16)
+ gl]gleljxmAquZni
while the other two terms are written as
—8ijgszlemiaka = —gijgkinjAmivak + gijglelemiXprIz;m (2.17)
8¢, Q" AN, X" = glg, Q" AR,V XM — ¢llg, Q! AK, XPTT. (2.18)

Adding up equations (2.16), (2.17) and (2.18) we find
g1(LxA, Q) =g/(Q,VxA) - gijgszlemivak + gijgszlekmviXm'

Recall now that g and A are compatible, i.e. g¢(A—, —)is a symmetric tensor. This implies
that g'A™ = ¢ Al and guA*,, = gimAF,, so in the end we get

g1(£LxA, Q) = g1(Q, VxA) - g1(QA, VX) + gj(AQ, VX). O
Corollary 2.2.8. The formal adjoint of F} is

F}* : T(End(TM)) — I(TM)
Q = C2((VA)Q)* + V'(IA, Q).

Here V* is the formal adjoint of V, V*Q = — gif V;QF ; Jx, while C% denotes the contrac-
tion of the first lower index with the second upper index. More explicitly

C2 (VA)Q) = g (vafl.) Q' dy.

50



2 Hyperkihler extension of the Donaldson-Fujiki moment map

We are finally in a good position to write the real moment map. Our computations so
far show

may(h) = = Z (W), F'(h)) = Z (P FS (9(0)), ) =
-2 <dw |v()] C2vAAG I + 21V @0IA%AG)|, B)
so we identify the function m with
m(J,a) = ) div [¢()] CHVAIAAD ) +2)VWEIAAD)|.  @19)

Notice that this expression implies that m(; ,) is a zero-average function, as we expected.
We can make some simplifications to equation (2.19) under the assumption that | is
an integrable complex structure. Then a first simplification is

IV (@ ()] AA(D) = -V (i) A2A())

since when | is integrable gj is a Kdhler metric, so that V] = 0. Now, fix holomorphic
coordinates with respect to /. Then we have

) §\ 10
J(C2 (vaaamf) =
ab (g(VEAO,llAl,OA(i)O,l) _ g(vEAl,O,AO,lA(i)l,O)) 0.0 =
= g (VIAY —veALY, A A()) 0.

so we can rewrite (2.19) as

Zﬁwpmzmgﬂwﬁm—WN&AAmpwyav@mﬁAmﬂ

We can write this expression in a slightly more compact way.

-1
Lemma 2.2.9. Let i be the function defined in (2), P (x) = 3 (1 + V1 - x) . Then we have

. 5(j)1 — A% ALD
A= Y [0 En— - vaia),
i j#i

Proof. 1t is just a matter of linear algebra. In a basis for which A%!A!? is diagonal, with
A AL = diag (5(1),...,6(n))
one has

o(j)1 - A01ALD L o(j) = o(1) o(j) — o(n)
S =0 OB\ =0() " fahplade fthplade " () = 0(7)
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2 Hyperkihler extension of the Donaldson-Fujiki moment map

so when we take the product of these terms for j # i we get a matrix whose only non-zero
entry is a 1 on the i-th place of the diagonal. Summing over i finally gives

A = diag(p(6(1)), ..., P(5(n)). O

Our previous computations allow us to write m(J, a) as
2 divRe (g (V“Aofl,Al'OA) Dui — g (VEAofl,Al'OA) Dz — 2V*(A0'1A1'0A)) (2.20)

so from Lemma 2.2.9 we can finally obtain the complete expression for the real moment
map (c.f. Lemma 2.11) appearing in the HescK system (1):

mg, (], @) =25(]) - 25+

A i ) . 2.21
+2div Re[ g (V2A%h A0A) 9.0 - g (VPA%L ALOA) 0z, - 2V*(AO'1A1'OA)]. 221

2.3 Formal complexification of the action

Having a set of moment map equations, one would hope to link the existence of so-
lutions to these equations to a stability condition of algebraic nature. As we already
remarked for the classical cscK equation, the correspondence given by the Kempf-Ness
Theorem between Marsden-Weinstein reductions and GIT quotients cannot be used in
our situation, as there is no complexification of ¢4. However we can generalize the
discussion of Section 1.4.1 to formally complexify the action of 4 on T ¢ .

We will see that there are some important differences between our problem on T¢
and the classical description of the complexified orbits of 4 ~ _¢; most notably, it turns
out that our moment map equations can be complexified just in a more formal sense,
c.f. Remark 2.3.4.

The infinitesimal action of 1 € Lie(¥) = C*(M,R)onT*7 is

hya = (Lx,], Lx,a)

and since T"# has a complex structure I we can infinitesimally complexify the action
of ¢4 by setting for h € Lie(¢)° = C*(M, C)

1y, = Re(h); o + I1,Im(h); ,

So we can define a distribution on T"#, similarly to what we did for ¢ in Section 1.4.1,
as

Dy = {fz],a

We would like to prove that this distribution is integrable, so that the integral leaves
of Zj,, can be considered as complexified orbits of the action 4 ~ T°#. We will need
some preliminary results, the analogues of Remark 1.3.8 and Lemma 1.3.10 on the

he C“(M,R)} U {ﬁzm

he C”(M,R)}

52



2 Hyperkihler extension of the Donaldson-Fujiki moment map

cotangent space T"# . To obtain these results we will use a slightly different description
of T"7.

Consider the ring End = I'(M,End(TM)) and the ring End[e] of formal series
obtained by adding a formal parameter ¢ to End; we can quotient it by the (two-sided)
ideal (¢2), and define

XA = {]+ eA+(e2) e Endle]l/(2) | J+eAP +1e(2)andwo (J+eA)—w € (82)}

where we are considering the map End[ ] — A2(M)[ €] defined by
P(e) — w o P(¢) := w(P(e)—, P(e)-).
There is a diffeomorphism k : Z — T:#, given by
k(J+eA+(e?) =, (A+iJA)T) = (J,2(A"HT)

with inverse
k_l(], a) =]+ eRe(a)T + (ez).

The pull-back of the complex structure of T*# to # via k has a rather natural expression;
compare it with the complex structure of AC™ described in Proposition 1.2.4.

(k*I)]-}—EA-}-(Ez) : T]+eA+(52)<@ — ’T]+8A+(é'2)‘%

e o (2.22)
J+eA+(2)— (J+eA)(J + eA) + (7).

The pull-back of the distribution Zj ,) to ] + €A + (e2)=k71(J,a)is

Dpreasiey =ALxy] + e Lx, A+ (€%) [ h € C¥(M)}u
U{(J + eA)Lx,] + eLx,A) + (%) | h € C¥(M)}.
The action of & on T"# carries over to an action on %; if ¢ is a Hamiltonian diffeo-
morphism,
K., 0) =k (@7 T (97 ) = (97T + eRe((p7 @) + (e2) =
~(p71)"( + eRe(@)) + (&%)
so the induced action ¥ ~ Zis . (] + e A+ (%)) = (1) (J + € A) + (€2).

We will consider only | + ¢A + (¢2) € Z that are (first-order) integrable in the sense
of Definition 1.3.9,i.e. N (J + €A) = O(¢?) where N is the Nijenhuis operator.

Lemma 2.3.1. The distribution | + ¢A + (¢2) Dy veas(e2) 18 tangent to the subspace of
integrable objects in X.

Proof. Let be the distribution

0
‘@]+£A+(£2)
{Lx,] +eLx, A+ (2) | h e C®(M)}.
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2 Hyperkihler extension of the Donaldson-Fujiki moment map

This is the tangent space to the orbits of the action 4 ~ Z. A computation using the
naturality of the Lie bracket shows that if Ny, . 4.(.2) € (¢2) then also N FeeeA)e2) € (£2)

for any diffeomorphism f, so #° is indeed tangent to the space of integrable first-order
deformations of complex structures.

Since 7 = 2° + 12", the next step is to show that if ] (¢) is integrable and DN 1) (Q) €
(¢2) then also DNj(,)(I}()Q) € (&2). For any two vector fields X, Y on M, we have

DNje) I Q)(X, Y) =] (&) (J(e)QX, Y] + [X, J(e)QY]) +
+J(e)Q (J(e)X, Y]+ [X, ](e)Y]) - (2.23)
- [J(e)X, J(e)QY] - [J(e)QX, J(e)Y].

Since J(¢) is integrable and DNj((Q) = 0, up to e2-terms we have

QU(a)X, Y] +[X,J(e)Y]) = = J(e) ([QX, Y]+ [X, QY] +
+[J(e)X, QY]+ [QX, J(e)Y];

(@)X, J()QYT =[X, QYT+ J(&)([/(e)X, QY] + [X, J(e)QY])

and substituting these expressions in 2.23 we get DNj(,)(Ij»Q)(X, Y) = O up to ¢*-terms,
for all vector fields X,Y on M. O

Analogous computations allow us to get the following result.
Lemma 2.3.2. If ] + ¢A + (¢2) € Z is integrable, for every vector field X
Ligrenyx(J + €A) = (J + eA) Lx(] + €A) + (€9).

We can now describe a complexification of the action ¥ ~ T #. We fix an ele-
ment (J, a) of T*# such that | is an integrable complex structure and a defines an
integrable first-order deformation of |]. We will show that the parametrization in Propo-
sition 1.4.10 of the complex ¢-orbit of | in ¢ can be used to parametrize the complex
orbit of (J, a), by modifying the map ®@; : %3 — _# of (1.16).

Proposition 2.3.3. Fix an integrable element (], a) of T'# . Then, there is a map
Dy K(w) > TF

defined on the Kihler class of w, such that @y o(w) = (], a), and such that its image is an integral
leaf of the distribution

{(ULx,], (Lx,a)]T +(Lx,JT)a) | h € C™(M,R)}.

In other words, the map @) , gives a way to parametrize the “complex directions” of
the complexified orbit of (J, a) in T"#. For convenience, we will prove this Proposition
in the case H'(M) = 0.
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2 Hyperkihler extension of the Donaldson-Fujiki moment map

Proof. For a Kdhler potential /1, consider w; = w + iddth and the vector field Y; = % X,
where XZJ " is the Hamiltonian vector field associated to i under w;. In the proof of
Theorem 1.4.10 we showed that, if f; is the isotopy of the time-dependent vector field Y;,
then (f;, w;) € %) and 0; f;] lies in the “complex part” of Z;.

We will show that there is a path a; € AYY(T%! M) such that

Ee (£, ff o)

is a curve in T'# that is tangent to the complex part of the distribution Z; ,. These
conditions can be rephrased as

1
1. diffar= 5 ((lx;;’tat)]T + (LX;%IT)OH);

(2.24)
2. w;(a;—,]-) € Sym (T M) .

For a generic path a;, the variation of f;a; is

a * _ * 1 .

tft ay = ft EL]X;)tOKt +az].
By Lemma 2.3.2, this can be rewritten as
. 1 - T 1 T
aufiar = fi |5 (L) T+ 5 (Ln]) @ = 5 Loy T + it

Then, condition 1 in (2.24) holds if and only if

) 1

oy = E.EatT(X;)t)]T = 8(at(Vth)) . (2.25)

This condition implies that any a; satisfying the first condition in (2.24) can be written
as a; = a — 2idV;, for some time-dependent vector field V; € [(T%'M). For equa-
tion (2.25) to hold it is sufficient for the vector field V; to satisfy the PDE

y 1 [
Vt = Eat(Xht). (226)
The second condition in (2.24) instead can be rephrased as
2 (ta(@n) +2iv") = 0.

Hence, bearing on the assumption H! = 0, there must be a family of functions ¢; € C*
such that ' i

V, = % (ta(éh) - 8(pt) " (2.27)
We should show that we can choose ¢; in such a way that a; = a —2idV; satisfies (2.24),

for V; defined by (2.27). Notice that we should set ¢ = 0, so that @y = a. Rephrasing
equation (2.26) in terms of ¢; we can see that ¢ and V; satisfy the relation

¢t =2iVi(h)
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2 Hyperkihler extension of the Donaldson-Fujiki moment map
that, together with (2.27), implies that ¢; must satisfy the PDE

Pr =gt (8@ — ta(dh), éh) : (2.28)

Using the method of characteristics, it is not difficult to check that this equation, together
with the starting condition ¢y = 0, can be solved by a smooth function. The solution
is in fact unique, up to the addition of a constant. We have not been able to write an
explicit solution to (2.28), and this has some consequence on the the complexification of
the HcscK system. We will get back to this in the next section.

Tracing back the computations, the path «a; is uniquely determined by a and w; as

& = a+ 19 (a@h) ) - Vi,
for a solution ¢ of (2.28). O

2.3.1 The complexified equations

Following the classical case of the cscK equation, the “formal complexification” of the
orbits of 4 ~ T"# would make it natural to regard our system

{mgl(a),], a)=0

me(w, ], a) =0

as equations for a form w, to be found in some prescribed set, keeping instead the
complex structure | fixed.

From the discussion of the cscK problem in Section 1.4.1 we know that to achieve
this we should consider how the moment maps change when we move (J, a) along a
“complexified direction” of the orbit, i.e. under the transformation

(]r ‘X) = ft*(]/ af)

where, for a function i € C*(M), f; and a; are described in the proof of Proposition 2.3.3.
So, we can write complexified moment map equations for mg, and me, as

{mﬂf (i fia) = 0; (2.29)

me(f], fiar) = 0.

Focusing on the Qj-equation, recall that the moment map is computed using the met-
ric g(J, w) defined from the background symplectic form and the complex structure.
Making the dependence on w explicit we find

mo, (f], ;o) =may (8(fT, w), fiar) = £ (e, (U, f;7 @), ar)) =
=f{ (mQI (g(]/ a’t)raf)) .
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So, the equation mgq, (f'], f;a;) = 0 is equivalent to

ma, (§(J, we), ar) =0

hence looking for a solution to the moment map equations along the complexified orbit
of (J, a) is equivalent to keeping | fixed, moving w in its Kéhler class to w + 2iddth and

simultaneously moving «a to a + td (a(éh)m) — dV; ¢y, for a solution ¢; of (2.28).

The same considerations can be made also for mg, so that the complexified HcscK
equations are

(2.30)

ma, (8, wi), ar) = 0;
me (g(J, wt), az) = 0.

Remark 2.3.4. Since we are assuming that a is an integrable deformation of the complex
structure J, a determines a class [@] € H(T°M). The formal complexification moves a
to the deformation a; := a — 218Vt0’1 that lies in the same class, [@;] = [@]. So, the
formally complexified system (2.30) can be considered as a system for compatible w
and a belonging to a fixed Kéhler class and a fixed deformation class respectively.

It seems quite difficult to find an explicit expression for the general solution ¢; of
the PDE (2.28). There is, however, a very specific case in which we can characterize
solutions to (2.28): if a(dh) = 0, then a is compatible with w; = @ + iddth and the
unique solution of (2.28) is ¢¢ = 0. Notice however that, even if « is already compatible

with wp, i.e. d (a (éh)) = 0, we still have to move «a along a nonconstant path a; to

obtain the complexified orbit.

The problem of finding an explicit expression for the function f; perhaps could be
avoided by complexifying the equations not by moving (], ) along the complex direc-
tion of the orbit that we have described, but rather by moving (], a) to a point of 4°.(J, )
along a different path, or along a different parametrization of the same transversal path
that described in the proof of Proposition 2.3.3.

As we are not yet able to address this issue, we propose to study a slightly different
version of system (2.30), obtained by decoupling the “Higgs term” and the Kahler form.
For a fixed complex structure | on the compact manifold M and a Kéhler class [w] on M,
we look for a Kdhler form @’ € [w] and a deformation of the complex structure o €
AVY(TOIM) such that

@'(J-,aT=-)+'(a™-,]-) =0;
mgo, (v’, a) =0; (2.31)
me (w’, @) = 0.
Every solution to (2.30) for some Kéhler form @ on M and some ¢t > 0 gives a solution
to (2.31). The vice-versa does not hold, since for an integrable Higgs term a we know

by Remark 2.3.4 that we should also impose the condition that a belongs to a fixed
class in HY(T%'M). System (2.31) has the advantage over (2.30) of not depending on
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the background metric w but just on the K&hler class, and the results in Chapter 3
about solutions to the system (2.31) suggest that it might be interesting to also consider
non-integrable deformations of the complex structure. For the rest of the thesis we will
refer to (2.31) as the HcscK system.

2.4 The HcscK system on curves and surfaces

In this Section we examine the moment map equations when the base manifold M has
complex dimension 1 and 2. In these cases the equations are easier to study, and in
particular we will recover Donaldson’s equations on a complex curve (c.f. [ ]) by
considering the complexified equations (2.31). We then show how the real moment map
equation can be written in an alternative way for complex surfaces, and we show how
the equation becomes simpler when considering deformations of the complex structure
of non-maximal rank.

2.4.1 The real moment map on a curve

In dimension 1 the expression for the real moment map, equation (2.21), becomes much
simpler. Indeed A?A%! is just the multiplication by some number, so that

AO,lAl,O =Tr (Al,OAO,l) 1

and the matrix A of Lemma 2.2.9, that is needed to compute the real moment map, is

just
~ 1
_ - _ 1,0(|12
A= 5 (1+,/1 I|A |g])IL.
Then on a curve we can rewrite some of the terms in (2.21):
—2V* (A% AN A) = 2 grad (v |AM|?)

and we also have
(g(VaAO’l,Al’O) _ g(V”Al’O,AO’l)) au —

= —grad (J|[AY)2) " + 24(V° AL, AM0))...
The map m of equation (2.20) becomes, if P := P(||AM0||?)

m(J, @) = div[ — ¢ grad (|[AM0]]?) + 2 grad (¢ [|AM]]?) + 4 Re(g(V?A™, A10)9, )] .
(2.32)

A direct computation shows that

~p grad (||AM0P) + 2 grad (y || A1|]) = grad (log (1+ y1 - [|AT0]Z) )
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and we find a simple expression for m:
m({, @) = A (log (1 1= ||A1/0||2)) +div (4 Re (g(V° A%, A10)9,))

where we recall that A = Re(a)T, i.e. A% = %aT. Summing up these computations, the
real moment map on a Riemann surface is (c.f. equation (2.21))

oy (], @) =25()) - 28 + A (log (1+ V1= [|AT0[E) ) +

(2.33)
+div (41 Re (g(V* A%, A19)9,)) .

A system of equations studied by Donaldson

We turn now to the complexified system of equations (2.31), so we fix a complex struc-
ture ] on M and a Kéhler class [wg]. Notice first that in dimension 1 every a € T]* 7

is compatible with any Kéhler form, since w(a—, J—) is certainly symmetric. Then we
look for a metric @ € [wp] and a “Higgs field” & € Hom(T%""M, T'Y" M) that satisfy the
system of equations:

illal? < 1;
div(d*a) = 0;

2S(w) + A (log (1 +4/1- %lla”z)) +div (¢ Q(w, a)) =28,

where all the metric quantities are computed from the metric defined by w and J,
and Q(w, @) := Re (g(V*a, @)d,). It is more convenient to write the equations in (2.34)
not in terms of a but rather in terms of the quadratic differential q defined by

(2.34)

1 -
q:= E%b g5 dz” © dz5;
using this object, equations (2.34) become

lqll? < 1;
div(d*q)¥ = 0; (2.35)
25(w) + A (log (1+ T = T9I2)) + div (¢ Q(w, 9) =23,

We can make the the second equation in (2.35) more explicit by using holomorphic local

coordinates (with respect to the fixed complex structure); recall that we are working on
a Riemann surface, so we just have one index, when working in coordinates:

div(9'g)* = -g'1o: (gﬁathl) '
This shows that the second equation in (2.35) is certainly satisfied when ¢ is a holo-
morphic quadratic differential, i.e. when dq = 0. The space of such objects has di-
mension 3 g(M) — 3, and in particular is non-empty, for g(M) > 1. Notice that, while

the second equation in (2.35) depends on the choice of w in the fixed Kahler class, the
simpler condition dg = 0 does not.
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Remark 2.4.1. If q is a holomorphic quadratic differential then the vector field Q(w, q)
vanishes, for every Kdhler form w. Indeed

8(V'q,0)da = 8" 88" Viaea g57 90 = 0.

So, assuming that g is a holomorphic quadratic differential on the Riemann surface M,
the complexified HescK system reduces to the equation

ZS(w)—2§+A(log (1+./1— ||q||2)) =0. (2.36)

Aswas already mentioned in the Introduction, this equation has been already studied by
Donaldsonin [ Jand by Hodgein [ ] (see also [Tra]). In particularin [ ]
it is shown that if the norm of 4 and its derivative is small enough with respect to the
hyperbolic metric wg of M, then there is a unique solution w of equation (2.36) in the
conformal class of wy.

2.4.2 The real moment map on complex surfaces

In this Section we will describe an alternative and more explicit expression for the

real moment map equation on a complex surface, alternative to the one found in equa-
A -1

tion (2.20). This is because the matrix A = (1 +V1- Ao'lAlfO) is not easy to compute

explicitly, in general, in dimension greater than 1. However in dimension 2 we can write
the differential of the Biquard-Gauduchon functional in a different way.

On a surface the real moment map depends on the two eigenvalues 6%, 5~ of AMWAL,
and the differential of the Biquard-Gauduchon function p is, according to Lemma 2.1.8

Tr (A A1 - AZ)) Tr (A A1 - AZ))
2(1+m)(5+—6‘) ) 2(1+m)(6+—6‘).

dP],A(j/ A) =

However in complex dimension 2 the eigenvalues can be expressed as

5*(A) = % (Tr (AM0A%) + \/ (Tr (ALOAO1))? — 4det(A1'0A011)) (2.37)
or, equivalently, as
o 1 Te(AY) Tr(A2)\*
65(A) = 5| — i\/( > —4det(A) |.

These expressions allows us to compute the derivative of 6* along a path (J;, A;) € T #
without using the results of [ I, thus finding an alternative expression for dp in
terms of the adjugate matrix of A, which we denote provisionally by A := adj(A). This is
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the transpose of the cofactor matrix of A, and it appears when computing the differential
of the determinant, by Jacobi’s formula. Then the differential of p can be expressed as

Tr(AA) ~
2(\/1—6++\/1—6—)
B Tr(adj(A)A)
2(\/1—5++\/1—5—) (1+m) (1+W)'

To see that the two expressions are the same, one should check that in dimension 2 the
following identity holds: adj(A) = %Tr(AZ) A— A3

The real moment map can also be rewritten using this alternative expression for dp.
To do so, it will be convenient to introduce the quantities

dP],A(j/ A) =

(2.38)

1 -1
)= 3 (V=072 +T=5-(A))
)= i) (1 T8 ) (1T A)

The same process used to obtain equation (2.20) can also be carried out with a few
differences starting from (2.38), giving this form of m(J, a):

(2.39)

m(J, a) = div [2 1 Re(g(V”AO'l - V”ALO,A)HZu) 2V (¢ AZ)] -

—div [2 s Re (g (V”AO'1 - V“Al'o,/i) azu) + 2 grad(i» det(A))]
= div [-¢1 grad (|[AM)?) + 4¢1 Re (g(V* A%, A10)d.q) —2V* (1 A?)] -
_ div [2 s Re ( ¢ (V”AM _vialo, A) aza) +2grad(y, det(A))] .

(2.40)

Remark 2.4.2. Since A is the adjugate of A and is also an element of Tj_#,
(AW, A01) = Tr (AI0A0T) = 2det(4) = (4%, A1),

This identity can be used in some situations to further simplify (2.40).

There are some conditions under which m(J, &) becomes much simpler. If A does not
have maximal rank then det(A) = 0; moreover, since the rank of A is even (the kernel of A
is J-invariant), if rk(A) is not maximal then actually rk(A) = 0 or 2, so also adj(A) = 0.
If A does not have maximal rank then 6~ (A) = 0,and 67 (A) = %Tr(Az) = ||A10 ||§]. Hence

1 = % (\/1 "ot (A) + A1 - 6—(A))_1 - % (1 1= ||A110||2)_1.

In the low-rank case m(J, a) becomes

div [-y1 grad (|A0]1?) + 4y Re (g(V? A", A10)9,) — 2V* (1 A?)] (2.41)

The resulting moment map is remarkably similar to the one we had in the Riemann
surface case, c.f. equation (2.32).
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In this chapter we collect some results about the existence of solutions to the HescK
system, particularly on curves and surfaces.

The first section, where we generalize some of the results of [ ] to the HescK
system, is taken from [ ]. The section is devoted to the proof of Theorem 3, that
is based on a change of variables introduced by Donaldson to study the HescK system
on a curve (2.35) in the special case when g is a holomorphic quadratic differential. The
set of solutions described in Theorem 3 is obtained essentially by a continuity method
that deforms the usual cscK equation to the real moment map equation in (2.35), so it
considers the HescK system as a perturbation of the cscK equation.

The goal of Section 3.2 is to find a different kind of solutions to the HcscK system, not
given by perturbation around a cscK metric. In fact, we find an example of a surface on
which there is no metric of constant scalar curvature, but for which we can find a non-
zero Higgs field and a metric solving the HescK system. The result is not completely
satisfactory, since in fact the metric and the Higgs term are not compatible, i.e. they do
not satisfy the first condition in (2.31). This poses some difficulty in the interpretation
of the real moment map equation, as will be addressed in Remark 3.2.9. The results of
this second section already appeared in [ I
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3 Examples of solutions to the HescK system

3.1 The HcscK system on a curve

Let £ be a compact oriented surface of genus g(X) > 1, let w be an area form on X
and consider the space ¢ = ¢ (w) of complex structures compatible with w. In this
setting the group ¢ acting on _# consists of exact area-preserving diffeomorphisms
of X, and as a particular case of the discussion in Chapter 1 we have a well-defined
Kihler reduction M = u~1(0)/4.

It is important to note that M is not the Teichmiiller space 7~ of L, since we are taking
the quotient of _# under the group ¢ rather than the group 4™ of all area-preserving
diffeomorphisms isotopic to the identity. The quotient of ¥* by ¢ is the 2¢-dimensional
torus Ay, = HY(Z,R)/HY(Z, Z); in fact M can be identified with the moduli space of
marked Riemann surfaces (X, ]), together with a choice of a holomorphic line bundle
on X of fixed degree (see the last paragraph in [ , §2.2]). The Teichmiiller space
of X can then be obtained as the quotient of M by Ay.

In this section we will study the complexified HcscK system (2.35), whose solution
should allow us to describe a hyperkéahler thickening of M inside T*M. More precisely,
we fix a marked Riemann surface (X, J) together with a Kéhler class 3, and we consider
the following system of equations for a quadratic differential 4 € T'(K2) and a Kahler
form w € Q

lqll% < 1;
VIV =0,

— 2R é ,_ ﬁ
25(w) = 2S(w) + Ay log (1 +4/1 - ||q||ZJ) L div2Re8@g.PF _

1+4/1-1iqll%

In the original paper [ ], Donaldson was interested in solutions to (3.1) given by a
holomorphic quadratic differential g, since these special solutions can be used to define
a hyperkéhler extension of the Weil-Petersson metric on the Teichmiiller space 7~ of X
to an open subset of T*7". Under this holomorphicity condition the system decouples
and reduces to equation (2.36). From our point of view however the restriction to
holomorphic quadratic differentials is not very natural, and we will consider more
general solutions to the original coupled system (3.1).

Let wg be the Kihler form of constant scalar curvature in QQ. Then we state more
precisely our main theorem of existence on curves (c.f. Theorem 3) as

(3.1)

Theorem 3.1.1. The system (3.1) admits a set of solutions whose points are in bijection with

pairs (T, B), consisting of a holomorphic quadratic differential T and a holomorphic 1-form B, such

that ||T||CO/% )< 1, ”’BHCL%( )< c2 for certain c1, co > 0. The constants c1, c2 depend on (2, ])
[on) [on)

only through a few Sobolev and elliptic constants with respect to the hyperbolic metric wp.

An application of the Implicit Function Theorem would give quite easily the result
above for some c1, ¢ > 0, but much of the work here goes into proving the stronger
characterization in terms of Sobolev and elliptic constants of the hyperbolic metric.
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3 Examples of solutions to the HescK system

The precise constants which play a role will be made clear in the course of the proof,
and with a little effort the dependence upon these constants could be made completely
explicit.

A consequence of Theorem 3.1.1 is the construction of a hyperkéhler structure on
an open neighbourhood of the zero section in T*M. The hyperkdhler thickening of
Teichmiiller space considered by Donaldson is then a quotient of the locus f = 0 by
the torus Ay, see [ , §3.1, pag. 185]. The open neighbourhood on which the
hyperkdhler metric is defined can be controlled in terms of the hyperbolic geometry
of X.

According to our previous discussion of the space M, the holomorphic cotangent
space T* M can be identified with the moduli space of collections consisting of a marked
Riemann surface (X, ]) together with a holomorphic line bundle of fixed degree, a holo-
morphic quadratic differential T and a holomorphic 1-form g, so that it is a hyperkéhler
manifold of complex dimension 2¢ + 2(3¢ — 3): the differential p parametrizes the
cotangent space of the torus Azx.

Corollary 3.1.2. There is an open subset of the space of collections T*M = {[(X,],L, T, )]},
described by the conditions

el g3 < C1(@o) and [y < cal@o),

carrying an incomplete hyperkdihler structure, induced by the hyperkihler reduction of T"7 by 4.

The rest of the section is devoted to the proof of Theorem 3.1.1. In Section 3.1.1 we
first show that solutions to (3.1), if they exist, are parametrised a priori by pairs (7, §) as
above. The pair (0, 0) corresponds to the unique hyperbolic metric wg. Then, following
an idea of Donaldson, we perform a conformal transformation of the unknown metric @
which brings the real moment map equation to a much simpler form. But in our case
this has the cost of turning the linear complex moment map equation into a more
complicated quasi-linear equation.

In Section 3.1.3 we introduce a continuity method for solving this equivalent system
of equations. It is given simply by deforming a given pair (7, §) to (t7,tp) for t € [0, 1].
In Section 3.1.4 we proceed to establish C2: (wp) a priori estimates on solutions w;, g,
and to show that the condition ||g¢||?, < 1 is closed along the continuity path. The

Wy
latter fact requires to control the growth of the norm ||w; ”CO' oo which we can achieve
wo

provided the norms || ’L’HCO, Yoo lIBllc1(w,) are sufficiently small, depending only on a few
@o

Sobolev constants of wy, as well as elliptic constants for the Bochner Laplacian V}, V,
acting on 1-forms and the Riemannian Laplacian A, acting on functions. Finally
in Section 3.1.5 we show that the linearization of the operator corresponding to our
equations is an isomorphism. For this we need to take || ﬁIlCL }wo) sufficiently small,

again in terms of an elliptic constant for the Riemannian Laplacian A,,, on functions.
Thus our continuity path is also open, and moreover the parametrization by (7, ) is
bijective.
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3 Examples of solutions to the HescK system

3.1.1 The complex moment map

Let us focus on the first equation in (3.1), corresponding to the complex moment map.
We want to show that for any fixed w we can parametrize the solutions g to

vy vyg = 0.
Notice that the kernel of the operator V10* : AY(T) — Cy(X)isH O(Ky), since
Vl'o*ﬁ — —gﬁ32ﬁ1-

So in order to solve the complex moment map equation we can simply fix a holomor-
phic 1-form g and solve
vi0yg =B, (3.2)

In equation (3.2), V10" is the formal adjoint of
Vi AN(E) - T(K2).

Since V1%*: T(K%) — I'(Kz) is an elliptic operator, by the Fredholm alternative we know
that there is a solution g to equation (3.2) if and only if g is orthogonal to the kernel
of V10,

Lemma 3.1.3. The kernel of V1?: AY(Ky) — A°(K2) is trivial.

Proof. Assume that 7 is in the kernel of V¥ : A%(Ky) — ﬂO(K%), and let X := ﬁﬂ €
[(T'PL). Then V%7 = 0, but this happens if and only if

0= VT’H (dZ)2 = &11 Vixl (dZ)z

if and only if X is holomorphic. But since g(X) > 1 there are no non-zero holomorphic
vector fieldson X, son = 0. O

Hence for all fixed g there is a solution to equation (3.2). Moreover, there is a unique
solution orthogonal to the kernel of V1**, i.e. there is a unique solution to equation (3.2)
that is in the image of V. We already computed in 2.4.1 that the kernel of V%% is the
space of holomorphic quadratic differentials, so we deduce that for any holomorphic 1-
form f3, any solution g of (3.2) can be written as

g=1+V(p) (3.3)

where 7 is a holomorphic quadratic differential and 7(f) is the (unique) (1, 0)-form that
solves
Vl,O*v],On — ‘B

Of course 7(B) can be written as 1 = G(f), where G is the Green’s operator associated
to the elliptic operator V19*V10: [(Ky) — F(K%). So the set of solutions to the complex
moment map equation can be written as the (4g — 3)-dimensional complex vector space

V={t+VGB)|p € H'(Ky)and 7 € H'(K3)}.
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3 Examples of solutions to the HescK system

The solutions considered in [ ]land [ ] form a codimension-g vector subspace
of V and correspond to setting = 0.

Let L : I(Kz) — I'(Kz) be the self-adjoint elliptic operator defined by L(¢) =
V10+y10¢. The standard Schauder estimates for elliptic operators on CK%(Z, w) tell
us that there is a constant C = C(w, a, k) such that

lllea < C(IL@llk—2,a + lIgllo) , (3.4)
so for the Green operator we have
Lemma 3.1.4. Let g € A'YO(L), and let 1 € AVO(L) be the unique solution to
VoL, = g,

Then, for every k > 2
Inllka < KllBllk-2,a

for some constant K > 0 that does not depend on n, p.

This result is analogous to [ , Proposition 2.3]. The proof there is relative to the
Green operator associated to the Laplacian, but it also goes through in our situation; the
key points are an elliptic estimate, the linearity of the operator and its self-adjointness.
We give a proof of Lemma 3.1.4 anyway, for completeness.

Proof. Let as before L := V10*V10 and let G be the corresponding Green'’s operator. In
the statement of the Lemma we have 1 = G(f8), so we have to prove an estimate for the
operator G. By the elliptic estimate (3.4) we have, for any f3

IGBllk.a < C (IIBllk-2,a + 1GBllo)

so it will be enough to show that there is a constant C’ such that ||GB|lo < C’||||k-2, for
every 8. Assume that this is not the case. Then we can find a sequence §,, such that

1GBllo
181l k2,0

so the sequence ¢, := mﬁ” satisfies
1GYullo =1and [[¢u k-2, — 0.
In particular, together with the elliptic estimate, this implies
1GYullka < K

for some constant K. By the Ascoli-Arzela Theorem we can assume that there is a 9
such that for every h < k we have uniform convergence V"Gy, — V"3, up to choosing
a subsequence of {{, }. Then:

191, = im (G, 9),, = lim (Gyy, LGY),, =
= lim (LG, G9) , = lim (,,, G9) , =0

since 1, — 0in C¥=%%, But this is a contradiction: indeed || 9o = lim||G¢,|lo =1. O
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In particular we deduce from Lemma 3.1.4 that for every a € (0, 1), if VIOV = g
then

1,0 =
Ve nllo < linllz,e < CliBllo,a-

So for g = 7+ V101 we see that if for some a the C%*(w)-norms of 7, § are small enough
then we also have ||q ||S < 1, as required by the real moment map equation.

Remark 3.1.5. Let us consider what happens when g(Z) < 1, that is, when £ = CP'
or X. = C/A for a lattice A < C.

In the first case & = CP' there are no holomorphic 1-forms or holomorphic quadratic
differentials, so the only solution to the complex moment map equation is ¢ = 0 and the
HcscK system reduces to the cscK equation.

When X is a torus, if we consider systems of coordinates on X induced by affine
coordinates on C via the projection C — C/A, then holomorphic objects on L have
constant coefficients. It is immediate then to see, by the Fredholm alternative for V10«
that the equation V1*q = g can be solved precisely when the holomorphic form  is 0.
In this case then g must be a holomorphic quadratic differential. By fixing an affine
coordinate z on the torus then the HcscK system reduces to the equation

Alog (gﬁ (1 + \/1 - (gﬁ)zvlnqﬁ)) =0

since g;7 can be regarded as a (global) positive function on X and 411 is a constant. But

then g1 (1 + \/ 1-( gﬂ)zquqﬁ) must be a constant, and this happens only if g is the flat
metric in its class. So, even for g(X) = 1, the HescK equations essentially reduce to the
cscK equation.

3.1.2 A change of variables

The upshot of the previous section is that a unique solution g to the complex moment
map equation can always be found, for a fixed metric w, by prescribing two parame-
ters T € HO(Ké), B € H(Ky). The corresponding g(w, 1, B) is given by

q=1+V"n(p)

where 7(8) is the unique solution to V9*V1%, = g, so our system becomes

IqlI?, < 1;
Vitig =g

)
25(w)—2§+Alog(1+ 1—||q||2)—div - 1_'”q||2 = 0.

In order to study the real moment map equation we take an approach analogous to
the one in [ ], by performing a change of variables.
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Let F := 1+ 4/1 - ||q|%, and consider the Kahler form & := F w. Notice that « can be

recovered from @ and g, by w = % (1 + ||q||i~) ) @. Indeed, a quick computation shows

that

2 2
1y 19115

e 1ol (1+ 1—||q||a)

so that F~1 = %(1 + ||q||§~)). We also have this identity for the scalar curvature:

_ 2
~=1+lql

S(w) = FS(&) - %A(log F)
while for any vector field X
div,(X) = divg(X) — X(log F)

so that we get

dive, (%Re (q (—,ﬁﬁ)ﬁ)) = Fdivg (ZRe (q(—,ﬁﬁ)a)) :

Using these identities we see that w solves the second equation in (3.5) if and only if @
solves

28(&) - %5— divs (ZRe (q(—,ﬁﬁ)a)) = 0.

These computations show that under this change of variables the HescK system for (w, q)
is equivalent to the following system of equations for @ and g

2 i
1+ gl
25(&) - S (1+9l1%) - divs (2 Re (q(_,[gﬁ)ﬁ)) = 0; (3-6)
lgll3 < 1.

We can use the first equation in (3.6) to rewrite the second as
25(@)+ (=5 + IBI2) (1+ ll912) ~2Re (3(3, V/B)) = 0.

The equations for a conformal potential

In order to solve our equations (3.6) we take the standard approach of fixing a reference
Kéhler form, still denoted by @, and of looking for solutions in its conformal class, that
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3 Examples of solutions to the HescK system
is, of the form ef&. A straightforward computation shows that our equations written
in terms of the unknown f become

2e‘f 1,0% ﬁ
L+lefql? @ '

25(@) + Aaf + (IBI5 - /8) 1+ lle /gl ) = 2Re 3(e7/7, VE'p — p & 9f);
le™/qI5 < 1.

(3.7)

Here S = S/(\a)) is still computed using the original metric w.

Of course we may also do things in the opposite order: we can first write our original
system (3.5) in terms of a conformal factor and then perform the change of variables
described in the previous section. In fact this yields the same equations (3.7). To see
this write (3.5) in terms of a reference Kéhler form, still denoted by w, and a conformal
metric wy = e/ w, giving

Vg = elp

) ) :
25(w) + Aw(f) + Ay log (1 + 41— |le~fq| 2) = dinzle:M +2efS;

lle™/qll2, < 1.
(3.8)
Notice first of all that if wy satisfies the second equation in (3.8) then wy is neces-

sarily in the same Kéhler class of w, since the constant which appears is S(w) rather

than ST\a)f) Now we can rewrite this system in terms of @’ = (1 +4/1-lle fq] ﬁ,) w and

a computation shows that this is the same as (3.7), with @ replaced by w’.

The upshot of this observation is that there is a bijection between the solutions to (3.7)
and those of (3.8), given by mapping (7, e/ @) to (g, e/ @), and a solution ef @ is automat-
ically cohomologous to the original metric w. In particular the complex moment map
equation in (3.7), that is

2 e‘f 1,0%
T lerqg @ 1P 39)

is equivalent to e™f V}L,’O*q = 8, and we know from Section 3.1.1 that it has solutions.

3.1.3 A continuity method

In the previous section we showed that the original HescK system is equivalent to (3.7).
We will solve this system, under appropriate conditions on 7 and 8, by using a continuity
method.

It is convenient to change our notation for the background metric appearing in (3.7),
denoting it simply by w. We take the background metric @ to have constant negative
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Gauss curvature. Without loss of generality we can also assume that the constant S
in (3.7) is equal to -2, and we consider the family of equations (*;) parametrized
byt €[0,1],

Afi + (2 efi ||t;s||2) (1 +e2fi ||qt||2) ~242Re (g(e_ftq't, VIO (t6) - (tB) ® 8ﬁ))

(%¢)
e 2 ql? < 1

where g; is a solution to
2efi

——— Vg =tp.
Tre g 1P

Recall that the complex moment map always has a solution, from Section 3.1.1. More-
over, once we fix the projection of g; on ker (V%) to be tt € H(K%), there is a
unique (1, 0)-form n; such that q; = tt + Vl'or]t. Here all metric quantities are com-
puted with respect to the background metric w, as usual.

For t = 0 we have the solution f = 0 to (%), and we propose to show that, under
some boundedness assumptions of 7, §, VB, we can find a solution f to (%1). To prove
closedness of the continuity method we need a priori C¥“-estimates on f; and g;, for
some k > 2 and some 0 < a < 1. Moreover, crucially, we also need to show that the
open condition e2/||g;||? < 1 is also closed.

Ideally, the openness of our continuity method should follow from general principles:
one expects that obstructions are given by Hamiltonian Killing vector fields, which are
trivial in our case since g(X) > 1. However, it is not clear that this general principle can
be used in our problem involving a coupled system of equations. Thus we will give
a more direct argument using the Implicit Function Theorem. This requires a further
estimate along the continuity method.

As a preliminary step we first establish such estimates on the quadratic differential g,
along the continuity path, in terms of given Holder bounds on 7, §, and a Hélder bound
on f. The latter will be then proved in the following sections. In what follows all metric
quantities are computed with respect to w. We know that a solution g to (3.9) can be
decomposed as g = T + V105 for some 1 € A0(X) and © € HY(K%) = ker(V?*). Thus
solves the equation

2e~f
1+ e 2|7 + V102

VI,O*VLO” — ‘B
We write this in the form
. 1
VIOV = 2p (ef + el + V1O 2)

and use the standard estimate given in Lemma 3.1.4 to show that for all k > 2 and a €
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(0, 1) there are constants C, C’ > 0 such that

- 1,012
Inllka < ClBN-200 (e lk-20 + e~ ezl + VORI, y , ) <

, 2
< Cellflia||gll . (1 + e+ vy k—2,a) < (3.10)

< Cel/lsa|pl g0 (14 C (ITl2 0+ IIE , + 2Nl 2,llnlla )

In this estimate only the constant C depends on w, and the dependence is only through
the elliptic constant K appearing in Lemma 3.1.4. Note that to go from the first to
the second inequality in (3.10) one has to bound ||||T + Vlfo17||2||k_2 , in terms of |7 +

V09| |k=2,4: this is possible since V is the Levi-Civita connection, so the covariant
derivatives of the function || 7+V11||2 can be written in terms of the covariant derivatives
of the tensor 7 + V197, Setting

a =C C/ e”f“k*Z,Ué ||ﬁ||k—2,0¢
b =2C C" elfll2a||B]_pullTllk-2,0
e =C el By, (1+ eIy )

we can rewrite the inequality 3.10 in the form

2
Inllk,a < ¢ +0linllka +alinll -

Notice that a, b and ¢ become arbitrarily small if ||||x—2,« is small enough, depending
on K. Soif || f|lk=2,a, l|Bllk=2,a and ||7||x-2,« satisfy a suitable bound, which only depends
on w through K, then we have 1 - b > 0 and (1 — b)? — 4ac > 0, and we find

(1-0b)%2—4ac 1-b++/(1-0b)2—-4ac

0 < lInlles < - or [nllo > -

Since for § = 0 the only solution to our equation is 17 = 0, along the continuity path (*;)

we obtain the bounds
1-b-—+/(1-0b)2?-4ac

2a

In particular, for k = 2 we get bounds on ||17]|¢ in terms of the C**-norms of g, 7, f. The
bound (3.11) on 17 may be written more explicitly as

nllk,a < Celf e IBll2,0 + OUIBllk-2,alITlk-2,0), (3.12)

(where the O term depends on the background w only through the constant K), and
holds as long as

Inllk,a < (3.11)

2C C el lza|iplligalitllk—,a < 1

and

4CCreMlia s (Cellapll + lItlliaa) < 1.
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3.1.4 Estimates along the continuity method

We now proceed to establish Holder bounds on the conformal potential f.

Cl-estimates. Let (g, f) be a solution to (3.7). Then, at a point at which f attains its
maximum we have

2+ (2 of + ||ﬁ||2) (1 + e-2f||q||2) —2Re (g (e-fq, v“)ﬁ)) <0

(recall that our convention is A = —div grad, so that A(f) is positive where f attains its
maximum). As we are assuming e 2f||g||> < 1, by the Cauchy-Schwarz inequality we
have

[Re (5 (e, v1%))| < IV
and so, at a maximum of f
0> -2+ (2ef + ||/3||2) (1 +e2/g|]?) - 2Re (g (e_fE/,Vl’Oﬁ)) >
> 2+ (2¢/ + IBI2) - 21V

hence we find that
ef <1+|VYO8.

Similarly, at a point of minimum of f we find
—2+ (2¢ + IBIR) (1+e27NlgI?) - 2Re (g (77, V1) ) 2 0.
The same estimates then imply
0< -2+ (2ef + ||/3||2) (1 + e—2f||q||2) _2Re (g (e—fq, Vl'oﬁ)) <
< -2+2(2¢/ + 1) +2|IV0]

so that
2ef > 1-||V1O8| - |IBI%.

If B is chosen in such a way that ||[V08|| + ||8]|> < 1 — 2¢ then ef is uniformly bounded
away from 0 by ¢, and we have a C’-bound for solutions to (x1) (and similarly for
solutions to any (*;)).

L*-bounds on the gradient and the Laplacian. Our C’-bound on f can be used to
obtain an estimate for the L>-norm of df. Since f solves

A(F) =2+ (26 + IBI2) {1+ gl12) - 2Re (g (e7/7, V196 - @ 9f ) ) = 0
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Jarko= [ rao

1412, = [ 7[2= (2¢7 +1617) (1+ €2 1glP) + 2Re g (¢77, 9" - p 0 97 o

the identity

shows that we have

Expanding out the product in the integrand, we see that the first three terms can be
bounded explicitly in terms of ||8]|o and ||VB||o using the C’-bound on f. As for the last
term, we have by Cauchy-Schwarz

/f2Re (g (e_fc'],ﬁ ® 8f)) w=2Re(f® 8f,fe_fq>L2 <
<2||f e allallpll-llof Nl < V211f 18] el f o

So there are some positive constants C; and C, that depend explicitly on our C°-bound
for f and a bound for ||||o, such that

lafl: < &+ Collaf] o,

which clearly gives a bound on the L2-norm of df.
Now we write our equation as

A(f) =2 (2¢/ + IBIP) (1+ e/ llgIP) + 2Re (g (77, V19 - p ® 0 ) ).

Using the C’-estimate, the condition ef||g|| < 1 and the Cauchy-Schwarz inequality
we get

[A(F)] < s +2JRe (3 (77, p & 0 ) )| < Cs + Culdf |
for positive constants Cz, C4 that depend on ||8]lo, ||[V}°B|lo and the C’-estimate on f.

This implies
IAflli2 < [|Cs + Calldfllol|,> < C3 + Calldfll 1

so the L2-bound on df gives us a L?>-bound on Af. The same reasoning actually shows
that LP-bounds on d f will imply L”-bounds on Af.
Recall the Sobolev inequality

lullz2 < Kallullwai.

In particular for u = ||df||? we find

ANz < Kalll A1 lgrs = Ko (AN + IVHQFIZ]LA)
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Now, [[Ildf1I2||;. = lldf[I%, and V[Idf I = 2g(Vdf,df), so by Cauchy-Schwarz

IViarl = [2svar, anlo =2 [Ivar], sl -
=2 (IVdfllw, ldflle);. < 20VAflilldf .

By elliptic estimates (c.f. [ , Theorem 5.2]) we have

IVAflliz < Ko (Ifllzz + 1Af]I2) -

Thus we find

A1z < Ko (IlAfI2: + 2 Ko lldflle (IFll2 + IAfllz))

Since ||||df||§,||L2 = ||df||%4, from the L2-bound on df and A(f) that we already have we

deduce an L*-bound on df.
Our previous discussion then shows that we can actually obtain (explicit) L*-bounds
on Af, in terms of ||8|lo, |[V?B]lo, the Sobolev constant K; and the elliptic constant K.

Ck“.bounds. Recall Morrey’s inequality forn =2, p = 4 (cf. | ,§5.6.2]):
1£1lg 3 < Kallf llws.

By our L* bound on df this implies a CV2-estimate on f in terms of the C’-estimate
on f, the Sobolev constants Kj, K3 and the elliptic constant K.
Moreover, the Sobolev inequality for n =2, p =4 (c.f. [ , §5.6.3]) tells us that

11l 3 < KallFllwes

soour previous L* bound on Af gives a priori estimates for the C> 2-norm of f solving (*1)
(or (x;) substituting tf to § in the previous discussion).

Closedness

We can now complete the proof of closedness for our continuity path.
Our C¥2-estimate for f is enough to pass to the limit as t — t < 1 in the equation

A(fy) - 2+ (2eﬁ + ||t;3||2) (1 + e_2ﬁ||qt||2) —2Re (g (e‘f’q't,Vl'Ot,B —t® 8ﬁ)) -0

for q; = q(tt, fi,tp). Bootstrapping then shows that the set of t € [0, 1] for which this
equation has a smooth solution is closed. Moreover, the C3/2-estimate for f follows
from the C%-estimate, which only requires the assumption ||g]|; < 1.

What remains to be checked is that the quantity |le™/ g;||o stays uniformly bounded
away from 1 along the continuity path. This is where the more refined control on the
growth of || f; ||0,% is required.
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Our estimate (3.12) on 7 for k = 2, a = 1/2 immediately gives a bound on g of the
form

llgllo < llzllo + IV*nllo < llzllo + [Inll, 3 <

1l 1

< lzllo + Ce™ ™2{[Bllo,1 + OlIBllo,1lI7llo,1)-

The O(||Bll, 1 llllo, 1 )-terms depend on the background w only through the elliptic con-
stant K, and the inequality holds provided || f ”0,% , 1Bl 1 and ||T||O,% are sufficiently
small, also in terms of K. But we showed that there is a uniform a priori bound
on || flo, 1 depending on the condition ||f]|; < 1, the Sobolev constants K;, K3 and the
elliptic constant Kj.

It follows that we if choose || ||, iy ||B]l1 small enough, depending only on the Sobolev
constants K1, Kz and the elliptic constants K, K5, then we can make sure that for all t €
[0, 1] the norm ||g¢||o is sufficiently small so that the required bound

Il 3

le~figillo < e 2 lgillo < 1

holds uniformly.

3.1.5 Openness

We complete our analysis of the continuity path (x;) by showing that the set of times ¢ €
[0, 1] for which there is a smooth solution is open. We will see that openness requires
control of a further elliptic constant, namely the C 27 Schauder estimate for the Rieman-
nian Laplacian of the hyperbolic metric acting on functions.

It is convenient to write our equations in the form

2

v, =

1+ lql7 ’

. ) 3.13
2 4 A(f) + (1 + g2 + IBI2) ~ 2Re (57, Vi) =0 O
lgl2 < 1.

where the notation underlines that metric quantities are now computed with respect to
the metric wy. The last condition is clearly open, so we focus on the first two equations.
These can be regarded as the zero-locus equations for the functional

F : HO(K%) x HY(Ky) x A°(Kz) x C*(Z,R) —» A% (Ky) X C¥(Z,R)
(T, B0, f) = (FH(T, B0, ), F 2T, B,1, f)

defined as
2 vLOyLO, g

1 =
F(npnf) 1+HT+V}'O’7Hj fovf
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F2r, B, f) = -2~ + As(f) + (1+ ©+ V0 )(z+ 1B12)-

—2Regy (’E + V?ln, V}O‘B)
Assume that 7 (7, 8,1, f) = (0,0). We want to show that if 7/, p” are close enough to 7, 8

then we can also find 1}/, f” such that ¥ (7/, p’, 1, f’) = (0, 0). To use the Implicit Function
Theorem we should show that

A’Kz) x C°(L,R) —» A’(Ks) x C*(Z,R)
(77/ (P) = Dq:(r,ﬁ,l],f)(or 0/ f]/ (P)
is surjective (on some appropriate Banach subspaces). We will show that in fact it is
an isomorphism. For the rest of this section we will compute all metric quantities with
respect to wy, unless we specify otherwise, so we will drop the subscript f. As usual
we write g = 7+ V0.
Using F1(t,B,1, f) = 0, we compute

. p 2 10, = 2V
DF'(#, @) = - -2 2Re(V,"1,q)| - =
7, 9) 1+”q”2( ¢ llqll” + e< o' 61>) PP IR
21 2ROV
_ pphdl TP R (V1% 7).

+
T+lqll2 ~ 1+1lql> — 1+1qlP
Similarly, using ¥ 2(t, 8,7, f) = 0, we compute
DF (1}, @) =A(@) +2¢ (1= llqlI(1 + [IBII*) + 2Re(q, VB)) +
+2Re (2 +1IBIP), Vi) - 2Re (VF, V105).

To prove that (17, ¢) — DF (1], ) is an isomorphism we have to show that for any
fixed (0, h) € AY(Kx) x C*(Z) there is a unique pair (1, ) such that

DFY#, @) =0
2(7 ¢) (3.14)
DF=(n, ¢) =
Our strategy to prove this is to regard (3.14) as a deformation of the system
2 Vl,O*vl,O . 2 _
U, it
1+ gl 1+ i4ll (3.15)

Alp) +29(1—1gl*) = h

Since the two operators 17 > V9"V and ¢ — A(p) + 2 ¢ are elliptic, self-adjoint
and their kernel is trivial, it is straightforward to check that (3.15) has a unique smooth
solution (1], @) for each fixed o, h. Now the equations (3.14) differ from (3.15) from
terms which vanish as ||| ¢, ||V}’Oﬁ s, Il and ||V}’On||f go to zero; we have shown that

all these terms can be bounded in terms of |||lo, |[V°Bllo, ||]lo, effectively in terms of
certain Sobolev and elliptic constants, so for ||f]|c1 and ||7]|o small enough we can make
sure that (3.14) also have a unique smooth solution.
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3 Examples of solutions to the HescK system

Lemma 3.1.6 (Lemma 7.10 in [ ). Let D : By — By be a bounded linear map between
Banach spaces, with bounded inverse D~1. Then any other linear bounded operator L such
that ||D — L|| < (2||D~Y|)~! is also invertible, and ||L7|| < 2 ||D71|.

To apply this result we regard # as an operator defined on the product C%%(Z, K2) X
Cl*(Z, Kx) x C**(Z, Kx) X C¥%(X, R) with image contained in C%%(Z, Ky) X C**(Z, R),
and we are interested in the invertibility of the linear operator

. _ 1 o 2 o
L(T], (P) - (D?('T/ﬁﬁ,f)(n' 90)/ DT('T,ﬁ,T]/f)(n' 90)) .
We compare L to the auxiliary linear operator

V10V gl -1

; ) +2¢(1— | ||2>).
PR T T A A

D@, ¢) = (

D is invertible, and the norm of D! is controlled by the Schauder constants of the
Laplacians A and V!%*V10. The difference between D and L is given by the operator

—P

_ . _ 1,0: =

29 (2Re(7, V"B) ~ I[P I1BI?) +2Re (2 + IBIP)7 — VB, V")

and we can estimate

ID = LIl <lIBll,a (1 +lIgllo.a) (1 + IBll1allglloa) +2llqllo.e (1+11Bll,a) -

It is important to recall that in the present context all these norms are computed using
the conformal metric wy. However, our Holder estimates on the conformal potential f
along the continuity method tell us that these norms are uniformly equivalent to those
computed using the background hyperbolic metric w. By also using our Holder esti-
mates on ¢, it follows that we can control the norm of D — L, for @ = 1/2, in terms of

the norms ||ﬁ||Cl Yoy’ ”T”CO by If these are small enough, then by Lemma 3.1.6 the
"2 (w "2 (w

operator L is invertible. Finally, bootstrapping shows that a solution to (3.13) in C*“ is

actually smooth.

3.2 The HcscK system on a ruled surface

Let X be a Riemann surface of genus g(X) > 2 and assume that L — X is a holomorphic
line bundle equipped with a Hermitian fibre metric k. In this section we study our
equations on the ruled surface M = P(O @ L) (the completion of L) using the momentum
construction; our main reference for this technique is [ ]; see also [ , chapter 5]).
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3 Examples of solutions to the HescK system

After this initial study we solve a “complexified” version of the equations in the
particular case when L is the anti-canonical bundle of X.. We remark that we solve just a
subset of equations of the complexified HescK system (2.31), namely for a fixed complex
structure | we will find a Kdhler form wy and a Higgs field a that are a zero of the
moment maps, but such that @ and w, are not compatible. A consequence of the lack of
compatibility is that we have at least two different equations to consider when studying
the complexified real moment map equation. We will discuss this point in Remark 3.2.9.

Section 3.2.1 and Section 3.2.2 are devoted to describing a set of first-order deforma-
tions of the complex structure and to characterize the deformations that give solutions
to the complex moment map equation. Essentially we consider deformations of the
complex structure of P(O @ L) that are induced from a deformation of the bundle O & L.
We proceed to study the real moment map equation in Section 3.2.3, for a particular
choice of a deformation of complex structure solving the complex moment map equa-
tion. Our goal is to prove that when the fibres of P(O @ L) — X are sufficiently small
compared to the base then there is a solution to the real moment map equation. The
study of the constant scalar curvature equation in this adiabatic limit is a well-developed
subject (see for example [ 1), and we follow in particular the approach of [ ].

For a fixed Kdhler form wy on L, we consider Kédhler forms on the total space of the
bundle

PO®L) ST

that satisfy the Calabi ansatz, i.e. we consider a form w of the form
w =T wy +1 Qéf(t) (3.16)

where t is the logarithm of the fibre-wise norm function, and f is a suitably convex real
function. More explicitly, we fix a system of holomorphic coordinates (z, C) on M that
are adapted to the bundle structure, i.e. z is a holomorphic coordinate on X while C is a
linear coordinate on the fibres of L — X. Let a(z) denote the local function on X such
that the Hermitian metric & on L is given by I = a(z)dC di; thent := log(a(z) CQ)is a
well-defined function on L\ X, and if f satisfies some conditions on its second derivative
then idd f(t) is a (globally) well-defined real 2-form on the total space of L, that in some
cases can be extended to M.

Let F(h) be the curvature form of . We choose h such that F(h) = —wy. Then in
bundle-adapted holomorphic coordinates w = (z, C) we have

Ty +iddf(t) = (1+ f'(H)T wr+

st (3.17)

H f(t) | 9.t Ozt dz A dZ + %dz AdT + cdcndz+ édc AdC|.

It will be useful to change point of view to describe the curvature properties of the
metric w. Rather than working with f and ¢, define 7 to be the function v = f’(¢), and
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3 Examples of solutions to the HescK system

let F be the Legendre transform of f. If we define ¢ := %, then we have
T=f'(t)
t=F'(1)
F(r)+ f(t)=tr
f7(t) = ¢(1)

so that the metric wy := w is, with the notation of (3.17)

wy =1+ 1) wg+

_ _ _ 1
+i¢(1) (8Zt dstdz AdZ + %dz AdC + %dc AdZ + édc A dc) (3.18)

In particular, the matrices of the metric and its inverse in this system of coordinates are

) (A +71)gs + @(7) 0t 9zt (p(f)%
(gab)1Sa,bS2 - (P(T)% %

1 __Cost
( “E) — (1+7)gx _ (+7)gs
§ 1<a,b<2 (2 ¢l | tlostast]”

T+ng: 9 (1+1)gz

The main reason for using ¢(7) rather than f(t) is that it is easier to characterize the
conditions under which our Calabi ansatz metric extends to the two possibly singular
sections Xy and X, see Proposition 3.2.1. Moreover the scalar curvature of w has
a nice expression in terms of the momentum profile ¢(7), as it often happens for the
scalar curvature under Legendre duality (see Chapter 4). We will see this formula in
Proposition 3.2.3. Note that we are only stating a particular case of the more general
results of Hwang-Singer in [ I

Proposition 3.2.1 ([ ], see also [ ). Assume that ¢ : [a,b] — [0, o) is a function
positive on the interior of [a,b]. Then wgy defines a smooth metric on M \ Lo if and only
if p(a) = 0, ¢’(0) = 1. Moreover, wy, extends to the whole of M if and only if ¢p(a) = ¢p(b) =0
and ¢’(a) =1, ¢’(b) = -1.

Then it will be useful to assume that 7 takes values in an interval [a, b]. The convexity
assumptions on f imply that actually 7 is increasing (as a function of ), and that 7}, =
a, T, = b. Up to translations, we can assume that in fact [2, b] = [0, m] for some m €
R>o. This m has a direct geometric interpretation:

Lemma 3.2.2. The volume of a fibre of P(O @ L) — L is 2t m.

Proof. We just have to compute fF i*wgy, where F is a fibre of PO® L) —» Land i : F —
P(O @ L) is the inclusion. Fix a system of bundle-adapted coordinates (z, () on P(O® L),
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3 Examples of solutions to the HescK system

and let 7 = |C|. Then d,7 =2 ¢(t)r ™}, so

R () m
./sz(p_/cecl 2 dcdl = o dxdy =

:/ dytdtd® =27nm. a
[0,2 xR

Proposition 3.2.3 ([ ], see also [ 1). With the previous notation, the scalar curvature
of wy is
1 ”
(o) = Tr='s(@s) = (1) = o=/ (2),
To study the real moment map equation we also need an explicit expression for sTa)\qb)

Lemma 3.2.4. If ¢ defines a Kihler metric on the whole ruled surface P(O @ L) then

— 2
S(C()z) + E

I 2
s(wg) = m+2
Proof. We use the same notation of the proof of Lemma 3.2.2. First notice that

= —(1+T)g2&dz/\dz/\dC/\dC

so that the volume of M = P(L ®0)is

Voly(M) = / — = ——/dzdz [go /(1+T)&)dCdC]
:/Zdz dz go [ni (1 + E) m] - nw Voly, (X).

To compute the integral of s(wg) we use the expression in Proposition 3.2.3

/s(ww—:——/(n 020 ($92 - (o) - 2877 azazaat -
2—%/Zdzd2ggs(a)g)[ Mclcolc]

+%/Zdz dz gx [/@ —2(’5(?2(? 4 dz]
1 V44 _
+%/Zdzd2gz [/C( ”)‘Pr(;)qb (T)dCdC}.

We split the computation in three parts. To compute the integrals over C, we use polar

coordinates.

21 )

qb(?d@d@—— / dS[ Z@dr] = 2nim
c 7 0 0 r

80



3 Examples of solutions to the HescK system
20 (1) = [T [ = ¢(7) (1) ] _
/c P dCdC = 21/0 ds 2/0 . dr| =
2n
=—-21 d <= ;
2i /O 9 [p(1)], =0
1+09(@¢"(1) . - . [ [ = (1 +1)¢(1) ¢"(1) ] _
5 dcdc = 1/0d92/0 . dr| =

;
=—i ‘/027:18 [/000 arq)'(’c)dr} —1/02219 [/000 (¢ (1) 1) —arqb(’c)dr] =

=4dni+2mim.

C

Putting everything together:

2

)
/ s(w¢)7¢ :—%/ddegzs(a)g) [=27im] +
M b
+1/dzd2gg[4ni+2nim] =
2J)x
=Ttm / s(wxz) wy + (27 + wm) Vol (L)
b
and finally we find
Justwn) %
slwg) = Volp(M) 2+ ms(wZ) T -

An analogous computation will give the Kéhler class of w.

Lemma 3.2.5 (See § 4.4 in [ 1). Consider on P(O @ L) the classes of a fibre C and the
infinity section L. Then the Poincaré dual to [w ] is

Ly =21(C+mLs).

Transversally normal coordinates. For many of the computations in Section 3.2.3 it
will be convenient to choose bundle-adapted holomorphic coordinates w = (z, C) such
that, for a fixed point p € X, (d-t) (p) = 0. For brevity, we will call coordinates with these
properties transversally normal at p. Such a system of coordinates always exists, they are
essentially just normal coordinates for the bundle metric k. In these coordinates the
metric wy becomes (c.f. equation (3.18))

w(p)=1+1)Twy +1 (Pc(g)dC AdC.

In particular, it will be convenient to use transversally normal coordinates whenever
we have to compute objects that involve the Christoffel symbols of wg, since in these
coordinates g, and its inverse are diagonal.
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Lemma 3.2.6. Let I'(X) be the Christoffel symbol of gx. Then the Christoffel symbols of w, are

I, —zf’( %) 0.t + T(X); 2 =Cot ((qb (1) — ‘P( ))a t— F(Z)) + (0%
_ p(n) $(7)

Fél 1+ 1%1 —8t(q5( )- 1+"C)

F%2 =0; F§2 il (TC) -

In particular, if we fix a point p € L and a system of transversally normal coordinates
around it, all the Christoffel symbols of w at the point p vanish, except for

(1) (1) -
r%l = F():), Igl = (1¢+1)C, I%Z = (P (TC) :

3.2.1 First-order deformations of projective bundles

The HescK equations involve both a Kédhler metric and a deformation of the complex
structure. While in this ruled surface case we have already chosen to use Kahler
metrics satisfying the Calabi ansatz (3.16), we still have to choose which deformations
of P(O & L) to consider. The natural choice is to consider a deformation of the é—operator
of E := O ® L, so a matrix-valued form g € A%!(End(E)); this 1-form will induce in turn
a deformation A € End(TE) of the complex structure of the total space (which we still
denote by E).

First, recall how a Jg -operator determines the complex structure Jg, see [ ,
Proposition 1.3.7]. Fix a local holomorphic coordinate z on £ and a local frame (s1, s2)
on E. If we let (w!, w?) be the usual coordinates on C?, by the choice of the local frame
we can use (z, w!, w?) as local complex coordinates on E. Denote by

i _migs
T]. .—Ti],dz

the local representative of the dg-operator. A complex structure on E is uniquely
determined by a decomposition TcE = TE @& TY'E; we define

T'OF := span,. (awl,awz,az - (5Z)wfawi) .

A different choice of a local frame does not change this bundle; moreover, the integra-
bility of Jr (i.e. 9% = 0) is equivalent to that of T'VE (i.e. [T*'E, T'PE]  T'YE.)

Consider now the case in which we already have a holomorphic structure ég, and
we are deforming it as é;s = Jp + B for some B € A% (End(E)). Choose a local Jg-
holomorphic frame s1, s, for E. Then a local representative for (_9% in this local frame is
just the matrix g, and the previous construction gives us

T2°F = spang (91,2, 32), TéléoE = span,. (awl Qus 3z = Byl © 9 )
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Changing point of view, dr defines on the total space of E a complex structure J¢, and
if we slightly deform it to J. := Jg + ¢ A for some A € I'(E, End(TE)), to first order in ¢
the holomorphic tangent bundle of E with respect to J; can be described as

1,00 _ [ 1€ 1,0
T]‘,EE—{U 2A(v)|veT]EE}.

Comparing the spaces T}°E and TL.;,’OE, we see that A induces the same deformation
E E

of Jg as  if and only if

A(9z:) =0
) f) i . ‘ (3.19)
A(0z) =21 (dz)w! dy1;
we let A(p) be the deformation of the complex structure defined by these equations.
The next step is to see how a deformation of Ik, B € AY(End(E)) induces a de-
formation of the complex structure of P(E). From the previous discussion, we have a
canonical way to induce a first-order deformation A(B) € I'(End(TE)) of the complex
structure of E. Recall the definition of P(E) from the usual C*-action on the fibres

P(E) :=(E\ M) /C".

Lemma 3.2.7. Let p : E\ M — P(E) be the usual projection, and fix p € A% (End(E)).
Then A = A(B) induces a deformation of the complex structure of P(E) as follows: for [x] € P(E)
and v € T;,yP(E) choose a p-lift o € T E of v, and let

A[x](l)) = p*Ax(ﬁ)

Proof. We have to check that this expression does not depend upon the choice of the
preimage of [x] and of the lift o of v. Fix holomorphic local frames of O and L, so
that we can locally describe E as M X C2?, with coordinates w!, w? on the fibres. We get
homogeneous coordinates on the fibres of P(E) as [w! : w?]. If we fix a holomorphic
coordinate z on M, on the open subset of P(E) where w! # 0 we have local holomorphic
coordinates (z, C), with = w?/w!.

In this system of local coordinates the projection p is written as p(z, w) = (z, g—i), and
(the (1,0) part of) its differential is

1 0 0
dp(z,wl,wz): 0 - w? 1]-

@2 w!

We have to check that for all [x] € P(E) and all A € C*, if 5, € T"'E and 9, € T/{)’xlE are
such that p.91 = p.0;, then also

P*Ax(ﬁl) = p*A;Lx(ﬁz).
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If x = (z,w',w?)and 9, = V 95 + u?ai,i then

pAw(B1) = p. 20V (02 0/, =

=2iV (—51].(82) w w? " 52.(a2)wfi) e
(wl)Z ] wZ
while, if 6, = Vs + U194
P Ay x(52) = p. (21 Vﬁij(ai)wfawi) -
=2iV (—[31].(82) w (;"12)2 + (92w %) ac
but if 91 and 9, have the same image under p., V = V. O

Letv = vl0; + 0285 € T}Zilc)P(E), and consider 9 = v19; + 0285,2 € T(gl,ll,C)(E)' By our

definition,
PLA(®) =21 0" (=B14(92) C = B5(92) T + B2,(92) + f%(92) €) I
So, if we denote still by A the deformation of the complex structure of P(E) we have
10 _»n: 2 1 1 72 2 | 4z
AW =2i (2, - 1) C- B, P4 | dz @ o (3.20)

Notice that when we decompose € A% (O ® L) as
Bl B,
-
B B

Bl € AY(0) = A (Z,C), B!, e AV(LY),
B, € AM(L), g2, € A¥L(End(L)) = A% (L, C).

then

The expression (3.20) for A holds just on the set P(O & L) \ L. If instead we change
coordinates to P(O & L) \ Lo, we simply have to exchange the roles of g, and 2.
Indeed, equation (3.20) was obtained by fixing a system of bundle-adapted holomorphic
coordinates (z, C) on L; if we perform the change of variables 1 = ™! we obtain

A = 22i| (B2, - B, ) n - B, + BT dZ @ 0,

After all, the construction of P(O @ L) can be interpreted as glueing the total spaces of L
and L along their open subsets L \ £ and L* \ L.
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Remark 3.2.8. Choosing the Higgs term A as in (3.20) guarantees that the first-order de-
formation of the complex structure is integrable (c.f. Definition 1.3.9). The integrability
condition for A in (3.20) is written as

8§A2C— = 85A25;

the only possibly non-vanishing term of A is A2i’ so the integrability reduces to 85142i =
0. It is immediate to check that any A defined by (3.20) satisfies this condition.

Remark 3.2.9. Our choice of deformation of the complex structure A is not compatible
with wg forany ¢. Indeed A% = AMWAY1+ AOTALD = 0, and if A and wg were compatible
then we would find
2 _ 2y —
IAI2, = Tr(4%) = 0

but A # 0. Hence, in this Section we study the complexified equations

me, (a),A(ﬁ)) =0;
me (a),A(ﬁ)) =0.

for A(B) as in 3.20, and so we'll find a solution to the complexified system (2.31) without
the compatibility condition.

Hence, we are tacitly assuming that we have extended the moment maps mgq,, mg to
the space of metrics g for which g(aT—, —) is not necessarily symmetric. We have shown

above that me; 4)(h) = <h, —div (é*c'ﬁ) >, which clearly has a tautological extension to

all ¢ in the Kéahler class. But the choice of an extension of the real moment map mgq, is
more flexible.

The crucial point is that, by Lemma 2.2.5, mq, is computed in terms of a spectral
function of A = Re(aT). This function can be expressed in several different, equivalent
ways by using a compatible metric g, thatis, one for which ¢(a7—, —) is symmetric. In our
present situation where this compatibility condition might not hold, these equivalent
expressions give rise to potentially different extensions of mgq,. A simple example
is given by the spectral quantity Tr(A2). We know that for compatible ¢ this may be
expressed equivalently as ||A|2, so when ¢ and A are not compatible ||A||§ gives an

alternative extension of the spectral quantity Tr(A?).

Choice of complexification. The expression for m appearing in (2.41) has been derived
in close analogy to the case of curves. However in Remark 3.2.9 we saw that we have to
extend m to the space of first-order deformations of the complex structure that are not
necessarily compatible with the metric, and this can be done at least in two ways: m is
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3 Examples of solutions to the HescK system

the divergence of the vector field

grad (JA?)  2Reg(v'A"!, A0)3, . ( A2
2 (1 1= ||A1,0||2) 1++/1— [AL0]2 1+ /1— [[ALO]2
grad (Tr<A2)) (3.21)

2 2Re g(V* A, A10)9, v A?

+ —_— .
Tr(A2 Tr(A2) Tr(A2)
2(17Lw/1——r<2 >) 1+41- 24 1+41- 20

This leads to a few different possibilities for the formal complexification. In the rest of
this paper we examine the natural choices given by the two expressions in (3.21).

3.2.2 The complex moment map

In this Section we find sufficient conditions on g € A% (End(O & L)) such that the
pair (we, A(B)) satisfies the complex moment map equation. We work with a fixed
metric wy for a prescribed (arbitrary) momentum profile ¢.

Our strategy is to carry out the necessary computations without assuming that A =
A(B), but rather for some arbitrary A" = A%,dZ ® dc. At the end of this Section we

show that, when L is the anti-canonical bundle and for suitable choices of A = A(B), we
can find some solutions to the complex moment map equation on P(O @ L).

Recall that, for a deformation of complex structures jo and a Kihler form w, the
complex moment map equation is

div (7,°) =0,
Lemma 3.2.10. With the previous notation,

B (P(T)A21 B 1
Cgo(1+1)? * (1+1)g0

Proof. It’s just a matter of computing carefully, starting from

(azAzi + A% 0t (1 - M) — (ot 8CA21) ..

IrAM =
1+7

é*Al’O — _gabVaACE (9c~
The only possibly non-vanishing covariant derivatives of A are
V1Al = AATY,, VA% = 9, A% + APTS,,  VoA% = 9cA% + AR,
So by Lemma 3.2.6 we can rewrite d" A0 as
a*Al,O - _ gllleci ac _ g21V2AZi ac —
= - ¢'viA%0. - (g“leZT + g21V2AZT)8C _

(f’(T)AZi&z 1 ) ) (1) )
T e+ 0? (T+Dg0 (‘92A1+A g 0zt (1—m) —00:tdcA T)ag. O
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3 Examples of solutions to the HescK system

We proceed to calculate the divergence of 9*A'0. By definition
div(9*A0) = V,(9*AM0)* = 9,(9*AM0)" + (9" ALY, (3.22)
We compute the two terms separately. We will need the quantities

o) 1
Di(t) =~ (1+1)? = b(r) o (1 + T)

Ds(7) :=¢(1) d:D1(71).

The first term in (3.22) is the sum of

_ A2
91(9"AM)! =9. | Da(1) C—glo =

BZt (Z) 1 2

=D — -D +D —d, A%

2(7) Cgo (7 ) 1(7) T

and
2(9"AM0)? =
3, A% A2 0.t A2 0.t
! 19z 19z C ot 2
=d; |- - -D + dcA*-| =
“NTa+0g 0+0g 1(©) g0 (1+10)g =1
=-D L -D L z I A2
1(7:) CgO (1 +T)g 1(T) 2(T) CgO (1 +T)g[) coc 1
The sum is given by
2 2
_ r(z) dcd-A : A iazt Co.t
9,(*AY) =—D A% — -D O A2 =
( )" =—D1( ) sy 1(17) Ceo T O+ng A
_ 90, A . A% 0.t Co,t
—(FAIT(Z) - ——1L L= 4 2 eI A2
( ) T(Z) a +T)g D1(7) Coo T+ 0t

On the other hand the second term in (3.22) is given by
(O AMT? =" AT + (*AMO)ITE, + (9" AT, + (97 AM0) TS, =
= d;t
- AM)I(E) + D) CZ (o )

9.
14 Dy(r ) A%~ Di(1) —‘P(T)azt/p__
8o

+ Dl(’[) C 20 i
(T)

8 8 AZ
—DM)—C (A" 0)2¢
8o
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3 Examples of solutions to the HescK system

These computations show that we can write div(é*Al'O) as

IdA% ot , 9: A%, (q)(f)

_(1+T)80+(1+T)g0 I T ¥ g 1+T+¢,(T)_1)+

$(7) thacAz d,t A%, o)\
( +¢()‘1) T+ g0 <1+T>cg0(¢()‘ m)—
—000. A% + CDut D 9 A% 9. A2 dat A2,
G ikl S L9t 9A% 4 —— 1| -
(1+T)g0 (1+T)g() C 1 C

m&: [log ¢(7)(1 + 7)] (8 A% — 0.t COL A + 0t Azi) .

This quantity vanishes precisely when
~C0L0. A% + 9.t I AL A% (—aZAZi + 0.4 CIcA% — st Azi) +

+ o [log p(r)(1 + 7)) (—azA?-i + 0.4 CIcA% - st A?—i) = 0.

Notice that
0000 A% + 2 92t 9O A% = Lo (-aZAZi + 0.t COcA% - Ot Azi) .
Thus, introducing the locally defined function
k= =0, A% + 9;t LI A — 9:t A%, (3.23)
the complex moment map equation diV(é*Al'O) = 0 may be expressed locally as
Cack + (Coc [log o(7)(1 + T)] -1)k=0.

This condition can be rewritten as

k =0.

1
Qck + 8@ (log—qb(T)é C+ T))

This equation can be integrated; so we see that the equation div(d*A?) = 0 is satisfied
locally if and only if the function k defined by equation (3.23) satisfies

P S S
PO +7)

for some function ¢ = ¢(z, C) such that dcc = 0.

(3.24)
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3 Examples of solutions to the HescK system

Choosing c = 0. Let’s consider the case in which the function ¢ in (3.24) is identically 0.
In this case, A1V satisfies

— 0; A% + 0 ;1 O A% — 9t A% = 0. (3.25)

If we now choose A = A(f), i.e.
A% =21 (B, - b - OBy, 87

for ﬁll,ﬁzz e AV (L, C), 512 e AY(LY), ﬁ21 e A% (L), we can get an interesting con-
sequence from equation (3.25). Indeed, on the divisor £ = £y = {C = 0} we get, from
equation (3.25)

—0:p{%, = 9=t ;7 =0

and recalling that d,t = d;log(a(z)), were a(z) is the local representative of the fibre
metric on L, this tells us that
2 _ 1)
p 117 4(z2)
for some function g over L such that d,q = 0. Consider instead what equation (3.25)
tells us for C = oo, i.e. on the zero-set of n = 7L after the change of coordinates,
equation (3.25) becomes

2-A% (1) + 9.t (ndy 4% — A% () = 0
where Azi(n) =-2i (n(ﬁizz - ﬁill) - ﬁilz +1? ﬁizl)' Setting 7 = 0 we find

O:py', = 9=t By, =0

and so

Bi', = a(2)q(2)
for some function § over X such that d.§ = 0. With these choices, the matrix associated
to p € A% (End(O @ L)) in a local holomorphic frame for L is

( Y EI(Z)a(Z)dZ)

q(z) 1= 2
m dz ﬁ )

It is useful to notice the identity C 8CAZi - AZi = -2i (C2 ﬁilz + ﬁiz 1). Plugging this
into (3.25) the equation can be rewritten as

o, (ﬁfz - ﬁ;l) ~ 2 0B, + 02, — a:t (c2 Bi,+ ﬁfl) =0,

which reduces to

9: ('Bizz - ﬁil1) =0.
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3 Examples of solutions to the HescK system

So equation (3.25) is satisfied if and only if

ﬁ112 =a(z)§(z) withd.j=0;

By = % with d.q = 0; (3.26)

a(ﬁzz - .311) =0.

The first two conditions in equation (3.26) are still just local ones. However we can
globalize them by choosing L to be the anti-canonical bundle of X, L = T'YL. Indeed,
recall that ,812 e AY(LY), ﬁzl € A% (L), so that if L = T"OX then ﬁ12 must be an element
of A%Y(TIY"L), while 2, must be an element of A% (TPL). Then we can choose the
quantity 7 of equation (3.26) to be a constant, and the local condition on g, becomes
the global condition ,812 = g h. This is compatible with ﬁlz e AYY(TO"L), since h
is a Hermitian metric on T'YZ. In the same way, if g is the local representative of a
global holomorphic quadratic differential on X (that we denote still by g), then the local
condition on B, globalizes to p2, = g%, ie. B2, should be the quadratic differential with
one index raised by h.

Let us summarise the results of this Section. Suppose that L = K} = T'Y% and that f
satisfies the globally defined equations

B, =Gh for some constant F;
B =1 B for some holomorphic quadratic differential g; (3.27)
a(‘BZZ - .311) =0.

Then the complex moment map equation is satisfied. From now we always assume
that L and f3 are of this form.

3.2.3 The real moment map

In this section we will prove that there exists a solution to the HescK equations on our
ruled surface, at least when the fibres have sufficiently small volume. We will work with
the two possible choices of formal complexification given by the expressions in (3.21).
First we reformulate Theorem 4 using the notation introduced in the last few sections.

Theorem 3.2.11. Let ¥ be a Riemann surface of genus g > 2, and consider the ruled surface M =
P(O & K3,). Then, for all sufficiently small m > 0, there exists a Kihler metric w in the class
dual to 270 (C + m L) and a Higgs field &« € Hom(T'O"M, TOY" M) such that the system of
equations

div (") =0
25(w) - 25(w) + div [X(w, a)] = 0

is satisfied, where the vector field X(w, at) is given by one of the expressions in (3.21).
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3 Examples of solutions to the HescK system

We will choose A = Re(aT) = A(B), for a form g € A*(End(O & L)). Then the
complex moment map equation holds provided p satisfies the conditions (3.27). As
we already noted, any A(B) will be such that A2 = 0, and in particular we are in the
low-rank situation described at the end of Section 2.4.2.

We will present the details of the proof of Theorem 3.2.11 for the choice of complexi-
fication given by the second expression in (3.21), namely

¥ (Tr(;‘ 2)) (4Re ((v2A%1, A10)9,) — grad (Tr(;‘\z))) oy ( ’ (Tr(;lz)) A2)

m = div

for (x) = 4 (1 + V1 - x) , as in (2). The proof for the alternative complexified equa-
tion, i.e.

m = div |y (J|AY)?) (4Re ((V* A1, A19)9,) — grad (||AM0|?)) — 2V* (v (|AM0]?) A?)

(3.28)

is essentially the same, but some of the computations are more involved. We will point
out the key differences in the course of the proof.
With our current choice of complexification we find, from A(ﬁ)2 =0

m(wy, A(a)) =divy Re ( g¢(V;§AO'1,A1'O)8H) .

In the rest of this Section we fix L = K} and choose f so that the complex moment
map vanishes, i.e. we assume that A'? satisfies equation (3.25). Then f should satisfy
the conditions in equation (3.27), and in particular 5112 = §a(z) for some constant 7.
We can also make some additional assumptions on the Hermitian metric on L and
on g € A" (End(O®L)). First, since L = Ki. we can assume that a(z) is a local
representative for gr, so that 8 12 = §gr. We will prove the following result.

Lemma 3.2.12. Assume that 522 = 511 and [321 = 0, so that the matrix of 1-forms associated
to B is upper triangular. Then

’ 2
- 01 41015 ) = (402 (@ 1D ”
aivy Re (g VA%, 41902,) = 1415 (L5204 ).
Under the assumptions of Lemma 3.2.12, A0 = AZTdZ ® d¢ is written as

_ 2~
A? ;= -21C° g go
so we can easily compute that, for some positive constant A

P(7) tqb(T).

1,012 _ 7
JAMIE = AT T g0 = A

(3.29)
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3 Examples of solutions to the HescK system

Proof of Lemma 3.2.12. We will first obtain an expression for the vector field
go(V4AM, A9,

We will then compute the divergence of this vector field working in a system of transver-
sally normal coordinates at a point p € M. First, in any system of bundle-adapted
coordinates (z, C) we have

gq’)(véAO’lel,O)aa :gaEVEAEd Aef geﬁgdf —
_ab [ q_pC q ¢ _df _
_ga_ (abACd +A dr;E)Aff_gecg 7=
:gab&EAzl 142i gzigll + gabAzlrgEAZi gZEgll-
a direct computation gives
gabal?AZl = (8“1321‘121 + gazaZAzl) Azi 838" =
=143 (g“ié’zt + Zgﬂazt) .
While for the term involving Christoffel symbols

AL TE A gl = A7 4% g1 (gai%azt +gai%(¢/ _ 1)3zt) _

= AR (819 azt + g2(9f ~ 1ot )
Putting these expressions together we get, after some simplifications
go(V4AY, A1), =|| A2 (¢ +1) (g”i8gt 4 g”iait) 9, =

4
¢

We should now compute the divergence of this vector field. We do so in transversally
normal coordinates around a point of P(O & L); in such a system of coordinates we have

=[AY|2 (@ +1)=ac.

1,012 _ 1,012 ’r_ ¢
2ellAMIZ = 1A ||¢(1+¢ 1+T)9ct

SO we can Compute

Va (g0(V3,4%1, 410)) =

— aC (”Al,ollé(qb/ + 1)%) + ||A1’0||é)(¢/ + 1) (qb,qb— 1 " - i T) =
’ 2
= AR (—(qj ;1) +<z>”)-

In particular div (8 ¢ (V’éAO'l , Al'o)aa) isareal function, and this concludes the proof. [J
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3 Examples of solutions to the HescK system

Substituting (3.29) in the result of Lemma 3.2.12 we find

elp ((¢'+17?
1+T( & +¢)'

We can finally write the zero-locus equation of the real moment map, using Proposi-
tion 3.2.3 and Lemma 3.2.4: since we are choosing a metric on X that has constant scalar
curvature equal to —1, the equation is

2041 4 _c &9 (<¢’+1>2+¢,,)

+ -
1+71 mR2+m) m2l+rt ¢

where we are collecting in ¢ m ™ the various constants. The reason for introducing
the factor m~2 in the equation is that in the next sections we will find a solution to
equation (3.30) in the adiabatic limit when m — 0, and to do this we will have to expand
the equation with respect to m. This m~2 factor has been chosen precisely in such a way
that the expansion in m will have the appropriate form.

Let us summarise our computations so far. We showed that with all our assumptions,
in particular those of Lemma 3.2.12, the complex moment map vanishes automatically,
while the real moment map equation reduces to the problem

¢//+2¢,+1+ 4 _L et¢ ((¢,;1)2+¢//)

1+7  mQR+m) m2l+t
$(0) = ¢(m) =0
¢'(0) = —¢’'(m) =1

to be solved for a positive function ¢(7) on [0, m] and a positive real number c. Here
the function ¢ is a primitive of ﬁ ; we might fix the starting point of integration as m/2,

divy Re ( g¢(VfPA0'1,A1'0)8a) ~ A

¢+ (3.30)

(3.31)

since the choice of a different point can be absorbed by the constant c. From now on

then we will consider t as .

1
z Px)

hence equation (3.31) becomes an ordinary integro-differential equation for ¢ and c.

t(1) = dx

Remark 3.2.13. Essentially the same computations show that for the alternative choice
of complexification (3.28), the real moment map equation reduces to the problem

(1 +4/1- # ;Pii et) (<P"(T) y 120t +12+¢T(T)) +

c ¢(0) ¢
8 2 T4z © p(r)  (1+¢'(1)?\
+m(2+m)+ ((1+T)2_ ¢(1) )_O

21— < 2

m2 1+1

with the same boundary and positivity conditions, and the same definition of ¢(7).
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3.2.4 Approximate solutions

We may regard (3.31) as a family of integro-differential equations parametrized by m €
R>p. Our aim is to show that for sufficiently small values of this parameter (i.e. in the
limit when the fibres of P(O @ L) are very small) there is a solution to the equation.
Notice however that m appears both in the equation and in the domain of definition
of ¢(t), since 7 takes values in [0,m]. It will then more convenient to first change
variables, letting T = Am, so that A takes values in the fixed interval [0, 1]. If we rewrite
the problem (3.31) in terms of ¢(1) we get the equivalent equation

Am
oamgemt am o oplfge)
O T Zem o w Tiam (@M 6¢)

with boundary conditions

¢(0) = ¢(1) =0
¢'(0) = —¢'(1) = m,

to be solved for a momentum profile ¢(A) and a constant ¢ > 0.

Remark 3.2.14. The corresponding equation for (3.28) is given by

A % ’ 2
c ¢ m L 2m@ +m
1+(1—W1+/\mexp(/l/2$dx)) )((P " 1+Am )+
C ¢ A m
8m W1+AmeXp(/1/2$dx) ( m2 ¢ (m + ¢’)? o
2+m - \a+amp2 ¢ -
2(1—#—1+ﬁmexp(f1/2adx))

with the same boundary conditions.

Introduce the space

¢ >0in (0,1)
V=10 €C([0,1])| ¢(0)=¢(1)=0
¢'(0) = ~¢'(1) = m

Our problem is equivalent to showing that the integro-differential operator
Fn 2 Vi XRso — C(‘)X,([Or 1])
has a zero for some choice of m, where ¥, is defined as

A
2m@'+m?  4m c exp(f% %dx)

Tram T axm R ieam (@ Em i eg”).

Fn(p, c) =" +
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The reason why the image of ¥, lies inside the space of zero-average functions is that
in its original form the real HescK equation is of the form

scalar curvature — its average + divergence of a vector field = 0.

In fact we will show that %, has a zero for all sufficiently small m > 0.

We follow the well-developed approach of adiabatic limits and in particular the ex-
cellent reference [ ]. In this approach one first constructs a sufficiently good ap-
proximate solution and then perturbs this to a genuine solution by using a suitable
quantitative version of the Implicit Function Theorem. An “approximate solution” in
this context is just the data of a function qg € V,, and a positive constant ¢ such that

Fn($, ) = O(m")

for some n > 0, in a purely formal sense. It is in fact possible to find approximate
solutions up to every order, but we’ll just need the first one

Po(A) :Azn(qz(l—;f))(zl +2m —m(4+3m)A(1 - A));
Cco =2m2.

For this choice of ¢ and ¢ we have

Fun(Po, co) = O(m®)

moreover,
” (1)6 mZ 4m 2
0+2m1+)\m 1+/\m+2+m_o(m) (333)
A .
exp(f% %dx)

(¢ + m)* + Pogpy) = O(m?).

1+ Am

Remark 3.2.15. Precisely the same choice of approximate solution works for the more
complicated equation corresponding to (3.28); the choice of ¢ instead is 8 m?.

Linearization around the approximate solution. We wish to study the differential of %,
around our approximate solution, (¢, cp). Introduce the space

V= {¢p € C=([0,1]) | p(0) = ¢'(0) = (1) = ¢'(1) = 0} .
The tangent space to V,, X Rsq is V x R. The linearization

(DF)g,e) VX R = C([0,1])
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around a point (¢, c) € V;, X R is

A
/ kexp(/l mclx)
o 2mu _ 3 ¢ ’ 2 ”
(D(};ﬂ)((b,c)(u/k)_u + 1+ Am m2(1+/\m) ((¢ +m) +¢¢ )+

. exp(/; ndx) (/A "

m?2 1+ Am 1 2

d
- = M (2(¢" + myu’ +u” + pu”).

m?2 1+ Am

dx) (¢ +mP+po”)- B39

Consider now the linearization around the approximate solution (¢, cp). Taking into
account (3.33) and the fact that ¢o(1) € O(m), we have for the various terms in the
linearized operator:

u” +2m W
1+ Am
A
k exp(f% %dx)
m2 1+ Am
A
C_Oexp(/% %dx) (/A mu
1

m?2 1+ Am ! ¢%

o exp(/ 30 dx)

2
m?2 1+ Am

=u” + O(m);

((py +m)* + po f) = =2k (3A% =2 1) + O(m);

dx) ((0p(A) +m)? + po ) = O(m);

(2(py + m)u’ +u gy + pou”) = O(m).
Hence we see that the differential of 7, at the point (¢, co) is
(DF) (o, co) (U, k) = u” +2k(3A* = 21) + O(m).

Lemma 3.2.16. The following map is an isomorphism:

D:V xR — C;([0,1])

(u, k) = u” +2k(BA2-21).
Proof. Fix f € C*([0,1]) and consider
u”(A)+2k(3A%*=21) = f(A)

(3.35)

as a differential equation for u(A). The general solution is given by

3

u(/\)=/( f(x)dx)dy 2k(——%)+C1/\+C2

for constants Cq, C,. There is a unique choice of k, C1, Cz such that this solution u lies

in V, namely
1 y
C1:C2:0andk:—6/ (/ f(x)dx)dy. O
0o \Jo
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The proof of Lemma 3.2.16 gives in particular an explicit inverse to the zeroth-order
part of (DF ) ¢y,co)-
Remark 3.2.17. The linearisation of the more complicated equation corresponding to the
choice of complexification (3.28) is in fact just the same as D%, up to O(m) terms, so
Lemma 3.2.16 also applies to that case.

3.2.5 Solutions in the adiabatic limit

Since the linearization around the approximate solution (¢, co) is an isomorphism up
to O(m)-terms, to obtain an exact solution we can use Lemma 3.1.6 together with the
following result, a quantitative version of the Inverse Function Theorem.

Lemma 3.2.18 (Theorem 5.3 in [ ). Let F : By — By be a differentiable map between
Banach spaces, with derivative DF : By — By at 0. Assume that DF is an isomorphism,
with inverse P, and let 6 be such that F — DF is Lipschitz on the ball B(0, 6) with a Lipschitz
constant | < (2||P||)"Y. Then, for any y € By such that ||y — F(0)|| < 6 (2||P||)™" there is a
unique x in By such that ||x|| < 6 and F(x) = y.

In order to apply these results we embed V X R and C;°([0, 1]) into Banach spaces as
follows:

o the first Banach space is the closure YV of V in C*2£ ([0, 1]), with the usual Holder
norm, for [ large enough and 0 < f < 1. We can then take the direct sum of this

space with R, and we let (W XR,|. ||) be the resulting Banach space;

e for C;°([0, 1]), we'll just consider it as a subset of Cé’ﬁ([O, 1]).

We have the following estimate for the norm of the operator D defined in equation (3.35)
(that is the zeroth-order part of the linearization of ¥, around the approximate solu-

tion ((PO, Co)):

ID(u, D)l < llu”llgrs +2 k[ 113A% =27 [l cip <
< lullgrap +221k| < 22](u, K.

In order to prove a similar estimate for the inverse, fix f € Cé’ﬁ ([0,1]) and let (ug, ko) :=

D~Y(f). Then
1 y
|k0|:’6/ (/ f(x)dx)dy <3supf <3| fllous
0o \Jo
A Y /\4 /\3
luoll o2 = / (/ f(x)dx) dy +2ko (Z - ?) <
0 0 foll
A Y /\4 /\3
< / (/ f(x)dx) dy + 2 |ko| Y <70 fllcLe
0 0 clp clp
This shows

IDTYON <731 fllgrs-
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3 Examples of solutions to the HescK system

Lemma 3.2.19. For all sufficiently small m > 0 the map (DFn)(,c,) 1S @ linear isomorphism
of Banach spaces. Moreover the norm of its inverse is less than 146.

Proof. We can use Lemma 3.1.6; indeed, we know that (DF)(g c,) — D € O(m) so for m

small enough we'll have that the norm of the difference is less than ﬁ, as is needed to
apply the Lemma. O

Remark 3.2.20. In fact precise estimates for the norm of (D?"m)(%lm) and its inverse are
not needed. We only require the norm of the inverse to be controlled by a quantity
which is independent of m and . In what follows we will write simply N for the norm
of (Dﬁl)(}}olfo)'

We showed that for m small enough we have an approximate solution (¢, co), de-
pending on m, to the equation 7, = 0, such that

Fn(Po, o) = O(m).

Moreover, we know that the differential of  around this approximate solution is an
isomorphism of Banach spaces. Our next step is to use Lemma 3.2.18 to show that for
small enough m we have a genuine solution to %, = 0.

Let Gy : V XR — Ly ([0, 1]) be defined as
Gm(u,c) = 7jm(¢0 +1u,co+ ).

The differential of G, at Oisjust (D Tm)(%,CO), soitis anisomorphism. Then Lemma 3.2.18
tells us that, if 6 is the radius of a ball over which G, — DG, is Lipschitz with a constant
that is less than %, then for any y such that ||y — G, (0)|| < % there is a unique x such
that ||x|| < 6 and G (x) = y.

As G (0) = O(m®), in order to apply the result, we need to show that § can be chosen
to vanish slower than m?® as m — 0.

However we also want (®,C) to satisfy some additional conditions: ® should be
strictly positive in the interior of [0,1], and C should be positive. The approximate
solution satisfies these conditions, however ¢y € O(m) and ¢y € O(m?); so in order to
preserve positivity we need to choose a radius 6 that goes to 0 faster than m? as m — 0

The next result shows that we can choose 6 as required.

Lemma 3.2.21. Let k > 2. If 6 € O(m*) then for m small enough Gy — DGy, is Lipschitz
on B(0,0) € V x R with Lipschitz constant smaller than %

This tells us that for a small enough m we can choose 6 in such a way that the solution
to the equation that we have found satisfies the positivity conditions; it is enough to use
Lemma 3.2.21 for k =2 + %

Proof of Lemma 3.2.21. Let Ny, := G — DGy, be the non-linear part of G,,. For a,b €
B(0, 6), the Mean Value Theorem implies

INm(@) = Nu()llis < lla = bllgrzp - sUp,ep g, o) [ (DNm), |-

98



3 Examples of solutions to the HescK system

For z € B(0, 9),

(DNm)z ((P) = (ng)z ((P) - (ng)o ((P) =
= (DFm)(¢o,c0)+z (@) = (DFm) (.0 ()-

We will show that this quantity is O(m), if 6 € O(m?). Since O(m*) € O(m?) for k > 2,
this will give us the thesis.

To prove the claim, let z =: (f],¢); if 6 is O(m?), since ||z|| < 6 also § = O(m?)
and ¢ = O(m?). The linearization of %, at (¢, c) := (¢, co) +z is given by equation (3.34)

A
/ kexp(/l mdx)
" 2mu _ 1 ¢ ’ 2 ”
(Dy:m)(q[),c) (Ll,k) =u” + 1+ Am m2(1+/\m) (((p +ﬂ’l) +(pq5 )+

c exp(/; %dx)( A
- s

dx) (" +m)*+ P ¢”) -

m2 1+ Am

A
_Lexp(f% %dx)
m2 1+ Am

(2(¢" +mu’ +u¢” +pu”).
Let us consider the series expansions:

rm A Y om )
eXP([ gdx)—exp(/% ¢O+gdx)—exp( . %—(P—gy+...dx)_

2 2

A A
:exp(A % + O(m)dx) = exp([ %dx

2

+ O(m),

(&' (1) + m)? + (1) $"(A) = (¢ + 7 +m)* + (po + PG + ") =

= (0 + m)? + (72 + 2+ )i + do @ + Ty +bo§" + 77" =
= () + m)* + o ¢y + O(m?).
So we have
A

k exp '/% mdx
ﬁ% (@ +m?+¢”) =
e o)) g
2 i+am

((pp + m)* + o Py) + O(m).

For the other terms, recalling that ¢ = ¢o + ¢ = O(m?), we simply have

c exp(f; %dx) (/)\ —_—
1

— ) ?dx) ((¢" +m)* + P ¢”) = O(m)

m2 1+ Am
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3 Examples of solutions to the HescK system

2
m?2 1+ Am

As a consequence we find that, up to O(m)-terms

A
1 ¢d
< —eXp(/_ i X) (2(¢" + m)u’ +ud” + pu”) = O(m).

2mu’ k exp(/;%dx)

(DF g0 (U ) =t + e = 17
= (D?m)((i)o,(}o) (ul k)

(¢ +m)* + poy) =

Then for z € B(0, 8), |[(DNi), || is O(m). Hence for m small enough, on a ball of radius 1?2
the Lipschitz constant of N, will be smaller than N~!. O]

Lemma 3.2.21 settles the problem of existence of a solution (®, C) € C'*?#([0,1]) x R
of F(¢, c) = 0. To prove smoothness we consider the existence result we just showed
for increasing values of I, with corresponding solutions @;. The uniqueness statement
in Lemma 3.2.18, together with the fact that ||u||15 < [[ul|o116, implies that actually all
the various @; are the same function, that is of course smooth.

Remark 3.2.22. Given our previous remarks, it is straightforward to check that the same
proof works for the more complicated equation corresponding to (3.28).
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4 The HcscK system in symplectic
coordinates
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In the first part of this Chapter we study the HcscK system in the special case of a
compact complex torus, focusing in particular on the 2-dimensional case. In the second
partinstead we study the system on a toric manifold, i.e. a compact Kahler n-fold (M, w)
equipped with a Hamiltonian T"-action. We study the two situations together because
they share an important feature, the existence of symplectic coordinates on a dense
open subset of M. The idea is to generalize Abreu’s formula for the scalar curvature of
a Kéhler metric in symplectic coordinates, obtaining an interesting expression for the
HcescK system under some simplifying assumptions. Our first result, Theorem 4.0.1,
shows that the equations (2.31) become more explicit and treatable when written in
symplectic coordinates, mainly because they can be decoupled by this simple change
of variables. These results generalize those of [ ] to abelian varieties and toric
manifolds of arbitrary dimension.

Section 4.2 focuses on obstructions to the solvability of the HcscK system on a toric
surface: we will see for example that the complex moment map can be solved just for a
non-integrable Higgs term a. More interestingly, we will show that a necessary condition
for having a solution of the (toric) HescK system is that the surface is K-stable, so we
have a first obstruction to the existence of solutions to the system, at least on a toric
surface. This result is a consequence of an “integration by parts formula”, inspired by
a result in [ ] that is crucial to study the cscK equation on toric varieties, see the
discussion in [ , 86].

It is easier to start the study of the HcscK system in symplectic coordinates on a
complex torus, following the approach of [ ] to the study of the prescribed scalar
curvature problem. Without loss of generality, we can assume that the torus is in fact
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4 The HescK system in symplectic coordinates

the abelian variety
M =C"/(Z" +iZ"),

on which we have complex coordinates z = x + iw induced by the projection C" — M.
We fix the flat Kdhler form

wO:iZdz“AdZ”
a

and we want to find solutions to (2.31) for a Kahler form in w € [wg] and a first-order
deformation a of the standard complex structure induced by the projection C* — M.
Even on this simple geometry the equations (1) are highly non-trivial, so we will work
under some additional assumptions. There is a real torus T C Symp(M, wy), with T =
R"/Z", acting on M by translations

t-(x+iw)=x+i(w +t).

We will study a particular set of solutions to the HcscK system such that the symplectic
form w and the endomorphism «a are both T-invariant.
We can assume that the Kédhler form w has a local (real) potential of the form

f(z) = |z* + 4 h(x)
for a function  that is Z2-periodic in x. Notice that, if we define v(x) as
o(x) = ol + h(x)
then the matrix of the metric defined by w and J is the Hessian of v(x):
020030 f(2) = dxadpU(x).

If we let v°" be the inverse matrix of Hess,v then we have the following formula for the
scalar curvature of our metric:

S(w) = _gal;al;rga = _Llivabaxb (deaxCU,ad) .

It is an observation of Abreu [ | that, under the change of coordinates given by
the Legendre transform of v, this expression of the scalar curvature greatly simplifies.
Consider the system

X = dyu
Yy =00
uy) +o(x)=y-x
defining the Legendre transform u(y) of v(x). Then the identities

Hess,u(y) = (Hessyv(x))™  0%(x)dye = dyp
Hess,v(x) = (Hess,u(y))™! u”b(y)Jya =0du
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4 The HescK system in symplectic coordinates

allow us to write the scalar curvature of (w, |) as

__1 ab cd )__1 ad__l(ab
S(@) = =309y (0°02c0,0a) = 10yt == (u )b 4.1)

In these coordinates (y, w) the Kdhler form w becomes the standard symplectic form
n
w =1 Z dy® A dw”
a=1

while the complex structure | takes the form

0 —(Hessyu)™!
Hess,u 0 |

1y, w) = J(y) = (

So we could equivalently fix the flat metric on M and consider instead the complex
structure | as a variable in the HescK system. In other words, the duality between com-
plex and symplectic coordinates gives an alternative description of the complexification
of the action 9 ~ _#. We refer to [ , §3.1] for more details on this point of view.

In Section 4.1 we will write the HescK system (2.31) in symplectic coordinates, obtain-
ing an expression similar to (4.1). To do so we will write the HescK system in terms of
the quadratic differential g defined by « and w, similarly to what we did in Section 3.1.
Under the assumption that a is T-invariant, we have

a = g,c(x)0 (x)05 ® dz”

and we let £%(y) be the image under Legendre duality of the matrix g, (x), so that

a = E(yun(y)dz @ dz".

c

The HescK system can thus be written in terms of Hess(#) and &; these are functions
on the real torus T with values in complex symmetric matrices, and Hess(u) is real and
positive-definite. In what follows we occasionally refer to u as the symplectic potential of
the metric, and we will often use G or D?u to denote the Hessian matrix of u.

Notice that with our new set of variables (u, ) we can express the morphism ad
as EGEG, so the eigenvalues of a@ are in fact the eigenvalues of EGEG. The morphism &
can also be written in terms of 1 and &, since it is computed as a spectral function of aa.
If we let @ be the matrix representing & in a system of symplectic coordinates, i.e.

= Z &, ()9, ® dz°
a,b
then the matrix & can be expressed as

i=y % (1 1= 5(1'))_1 [ L= EGEG PW(EGEG). 4.2)

6(j) = 6(i)

i j#i
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4 The HescK system in symplectic coordinates

Theorem 4.0.1. The HescK equations (2.31) on M for T-invariant w, | and «, are equivalent
to the system of uncoupled partial differential equations

(&) 4 =0
/8 - 43
{@%Gﬁ+wagcgvﬂﬁh:0, (43)

corresponding to the vanishing of the complex and real moment map respectively.

Remark 4.0.2. Since x¢(x) = %(1 — V1 - x), we could also write the real moment map

equation in (4.3) as
ab

(1-¢6E6)* 6] =0
,a
obtaining the expression in (3).

To study the HescK system on an abelian variety we fix a solution £ to the first equation
in (4.3), and we will study the second equation for a symplectic potential u. In [ Jwe
have shown that, in complex dimension 2, for every small enough & there is a (unique)
solution to the real moment map equation, using results developed in [ ] to study
Abreu’s equation on abelian varieties.

This point of view for studying the HescK system in symplectic coordinates is also
motivated by a variational characterisation of the real moment map equation in (4.3) in
terms of the Biquard-Gauduchon function. To describe this, let H(u, &) be the Biquard-
Gauduchon function of the corresponding first-order deformation of the complex struc-
ture a, c.f. Proposition 2.1.7

HOu ) = pla) = 31— VT 500 + log L YL=0)

. 2
i=1

where 6(i) are the eigenvalues of aa = & G &G, and define the Biquard-Gauduchon
functional as

1
Hu,&) =5 [ H, € an (@4
T
where du is the Lebesgue measure. The periodic K-energy (see [ , §2]) is given by

F(u) = —% /log det(D?u) dp. 4.5)
T
We define the periodic HK-energy as
F 1, &) = F(u) + H(u, ). (4.6)
Note that, for fixed &, these functionals are well defined on the set
(&) = {u symplectic potential | r(u,&) < 1}

where 7(u, &) is the spectral radius of ad = EGEG, i.e. the largest eigenvalue of ad.
Pairs (u, &) corresponding to points of T satisfy u € <7(&).
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4 The HescK system in symplectic coordinates

Remark 4.0.3. The set #7(£) is not convex, in general, even if we assume that & is definite.

Proposition 4.0.4. For a fixed Higgs tensor &, the real moment map equation in (4.3) is the
Euler-Lagrange equation, with respect to variations of the symplectic potential u, for the periodic

HK-energy F(u, &),

Proof. Let u(t) = u +t ¢ be a path of symplectic potentials in </(&), for a periodic
function ¢, and compute the derivative of the Biquard-Gauduchon function (c.f. the
proof of Proposition 2.1.7)

» HM i (G EGy)

0 i3 9y (i) E (]-# 8(7)-o(i)
ep(ut, )_ZZ(1+\/1_75(1'))_Z 2(1+m)

and from the definition of & we have d;p(ut, &) = Tr (& 9 (£ G; £Gy)). A quick compu-

tation shows that 8« = a @ and @ & = & &, so we get
diplus, €) :Tr(&EGEG) +Tr(075GéG) -
=Tt (REGEG)+Tr(d£GEG).
Since G = Hess(u) is a real matrix we find
diplur, &) = 2Re Tr (&g GEG) .

At this point computing the derivative of the Biquard-Gauduchon functional (4.4) is
straightforward, since every ¢ € T,/ is a periodic function:

DHy,g)(p) = / Re (87, €% ucqf% .0 ) dp = / Re (¥&G &)%), pdu.

On the other hand the first variation of the (periodic) K-energy gives the scalar curvature
term, see [ ], so the variationof ¥ = F + H is

. 1 [, « o =yab
Dﬁu,é)((P):_E/u,abb(de'i_/Re (aéGé)ixb(de'

)ab

To conclude the proof we note that (& &G & ,p 18 a real quantity. Indeed, using the

expression (4.2) for &, we see that ¥ £ G & = &GE ar, from which it follows

N o W

,ab ,ab
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4 The HescK system in symplectic coordinates

Our main application of this variational characterisation is a uniqueness result for
surfaces, which relies in turn on a convexity property of the HK-energy that is proven
in Section 4.1.2.

We will provide some examples of solutions to system (4.3). First note that the
complex moment map equation is (4.3) is linear. As a consequence the full space of
solutions & can be described quite easily in momentum space. Indeed writing & for
the Fourier modes of &, the complex moment map equation is equivalent to the set of
conditions

kéxk =0, ke Z".

In [ ] we also proved a general existence result for the real moment map equation
on surfaces.

Theorem 4.0.5. In complex dimension 2 there exists a constant K > 0, depending only on
well-known elliptic estimates on the real torus T with respect to the flat metric gj,, such that
if & satisfies |||y, < K then there exists a unique solution u to the real moment map equation
in (4.3), up to an additive constant.

This result is quite implicit, but we discuss in detail the special case when the Higgs
tensor & depends only on a single variable, say y!, and satisfies det(&) = 0. We show that
in this case the real moment map equation is “integrable”, i.e. it reduces to an algebraic
condition, and use this to prove an effective existence result in Section 4.1.3. These
results have been obtained just in complex dimension 2, since on a complex surface we
have an alternative expression for the real moment map, as we explained in Section 2.4.2.
We will write the resulting equivalent for of the real moment map in Section 4.1.2.

Remark 4.0.6. We will show in Proposition 4.1.4 that the integrability condition for the
deformation of complex structure « is equivalent to & being of the form
&= (DZu)—l DZ(P (Dzu)—ll

for a function ¢ whose Hessian is a periodic function of y. Thus a general solution to
the complex moment map equation does not correspond to an integrable deformation
of the complex structure, but rather to an almost Kdhler deformation. We will also
check that the translation-invariant solutions to Section 4.1.3 are integrable only if ¢ is
constant.

4.1 The HcscK system on abelian varieties

The proof of Theorem 4.0.1 relies on the interplay of complex and symplectic coordinates
on a Kahler manifold, as in the computation of Abreu’s equation (4.1) for the scalar
curvature. The key ingredient is the following computation.

Lemma 4.1.1. Let X be a (1, 0)-vector field on M that is invariant under the T?-action. Then
in symplectic coordinates the divergence of X may be expressed as

div(X) = %@a (Mﬂb)(b(]/))
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4 The HescK system in symplectic coordinates

where we write x,(y) = X?(x) for the image under the Legendre duality of X.

Proof. Using the fundamental relations of Legendre duality, we have

a 1 a ac 1 a c
VaX® = 2 (9 X(0) + X (@0 Darvnc) = 5 (19 xal) + o)y’

1
= §8ya (u”b)(b(y)) . O
Let us consider the complex moment map equation in (1), i.e. the linear PDE
div (d*a) =0
where 0" denotes the formal adjoint with respect to ¢ = w(—,]—). With the previous
notation we have a,’(x) = g,.(x)v°(x), and
; oz . : 1
(ax—a)b - _gacviaab - _gﬂcgbdazc qad — _Evacvbdaxcqad

so in symplectic coordinates we find

o b _ 1 pa] ad

(@a)” (x) = —5upadys&

and by Lemma 4.1.1 we get

o 1 1 1
oI ()« < 1),
Thus the vanishing condition mg o) =0, h € ham(M, w) is equivalent to the linear

PDE (&) ,, = 0 appearing in (4.3).

The analogous computation for the real moment map is slightly more complicated.
By Abreu’s formula we have S(g7) = —1(u?) 4, so we just have to compute the other
terms of (1) in symplectic coordinates. As these are in divergence form this can be
achieved by applying Lemma 4.1.1.

In order to compute the divergence term in the real moment map in symplectic
coordinates we will use the following fact: if X is a real vector field and we decompose

itas X = X0 + X01 we have X! = ﬁ, so X = 2Re(X"%) and
div(X) = div (2 Re(X'?)) = 2 Re (div(X'?)).
Now the (1, 0)-part of the vector field X(«) appearing in (1) is
X® = g(V'a,a &) - g(V*a, a &) - 2V (aa &)°
We examine the three terms separately:

o a 1 =dp v
g(V'a,aa) = 5%5“ UpattepEP A4 ,;
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g(V'a, ad) =¢(V'a, da) =
=% (8ya£hc ubd&deée”upc +20dyatipg Ebcé'cdeég’”upc) ;
V(add) = - %ayc (67 uap B uneitt, ).
Putting everything together we have
2X"(x) =90 & upa(EG)", &°; — D" upa &7,(£G)~

- - 4.7
- Zay“ Upd gbc&de(gG)ec + 2ayc ((EG)Cd(EG)de&Ga) : ( )

Since & £ G = & G d we can rewrite the first two terms in (4.7) as

Da&? g (EG)", & — 00" upa 8, (EG)°, =

= 02 upa(EG)', & — &7 upa & (EG)’,
and in particular this quantity is purely imaginary; we have to compute the divergence
of X104+ X%1, 50 we can ignore these two terms in the computation. For the other terms
in (4.7) instead

~20yatpg (REGE)™ + 29, (EGEGA)", =
= —20yettpg (FEGE)™ + 20, (AEGEG), =
= ~20yattpg (FEGE)Y + 21hpq ye(XAEGE)™ +2dyettea (IEGE)™ =
= 21lpq Dye (FEGE)

and finally we conclude the computation of the real moment map using Lemma 4.1.1:
div(X(a)) = Re (ayaayb (&G 5)“*’) = 9pudy (§EGE)™

)ah

The last equality comes from the observation that (& &G & qp 18 T€al, as was shown in

the proof of Proposition 4.0.4.

4.1.1 Deformations of complex structures in symplectic coordinates

We want to characterize those Higgs fields a € T;_# that are integrable in terms of the
matrix ¢ that we used to write the HescK system in symplectic coordinates. To do so,
it will be convenient to let j = Re(a)T be the first-order deformation of the complex
structure defined by «.

In the system of symplectic coordinates (y, w) that we are using on M, the symplectic
form w is just the standard symplectic form }}; dy’ A dw’, while the complex structure |
is described by the matrix

0 -G
=le )
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with G = Hess,u; the metric g; defined by w and | is

o=t =5 ol

A system of holomorphic coordinates for | is described by the vector fields
9o = 2 (G0, —idue);
z0 = 5 yb T 10wa ]

indeed, using the fact that G is a Hessian matrix it is easy to check that [z, d,»] = 0.

The first-order deformation ] is also described, in our fixed coordinate system (y, w),
by a real matrix-valued function. It must satisfy the relations jJ+J] =0and w(J—, J-) +
w(J—,J-) = 0. It is not too difficult to see that any such j is of the form

. (GA GBG™
I={"B  -ac™

for some real symmetric matrices A and B. We are interested in the (0, 1)-part of j,ie.
the restriction of j to Tll’OM, that can be written as | b dz” ® 9z, since aT = joL.

Lemma 4.1.2. With the previous notation, the matrix an is G (A —1iB)_.

Proof. Using the expression of ] in the coordinates (1, w) we see that

T, =2 (j(020)) = 5 (Guedy ~ idwo?) (G™](0,0) = 1(0ur)) =
1 d b
=2 (GbCG” G A g + 5efAf,,GP‘75W5€) -
~ 5 (GocGE By Gr19043% + G0 Byad? ) =
=G Ay —iG"Bgp. O
Lemma 4.1.3. The quadratic differential q := w(—, | JOA-) is written in the coordinates z as

q= Z G™(A - iB).gG%dz" ® dzt.
a,b

In particular, & = G1(A-iB)G™L

Proof. From the definition, if we let ¢ = w(—, J—) be the metric defined by ], we have g =
ga,;jbc dz” ® dz°. Then it is enough to use the matrix expression of g to find

q=g;/0dz" ®dz = Z GG (A-iB),,dz" ® dz". 0
a,c
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The integrability condition for a from Section 1.3 is
da = 0. (4.8)
The next result expresses (4.8) in terms of our symplectic coordinates.

Proposition 4.1.4. Let | be the complex structure associated to a symplectic potential u in a
system of symplectic coordinates, and let & be a Higgs tensor for |. Then & comes from an
integrable deformation of the complex structure | if and only if D*u & D?u is the Hessian matrix
of a function.

Proof. The integrability condition (4.8) is written more explicitly as

azﬂacb = azcaﬂb
and in our case it becomes
bd bd
ax" (U ch) = axC (7) qad)

i.e. dya (v¥9q.4) should be symmetric in the indices a, c. Under Legendre duality this
quantity becomes, using the fact that u;; is a Hessian matrix,

Oya (Z)bdch) = u‘”aye (udeCd) = u“eaye (ubdéfdufg) u8® + ubdédf8yfu”.
The second expression on the right hand side is symmetric in @ and ¢, while the first
udye (uhdéfdufg) us*

is symmetric in a and c if and only if dye (ubdéf dy fg) is symmetric in e and g. Thus
letting Hyp () = uacé Ay equation (4.8) is equivalent to d.H,, being symmetric in all
indices. 0

From Lemma 4.1.3 we know that & can be written as G"'HG™! for some symmetric
matrix-valued function H; Proposition 4.1.4 then tells us that £ corresponds to an
integrable first-order deformation of | if and only if H = Hess,h for some complex-
valued function h.

4.1.2 Convexity of the periodic HK-energy

In this Section we study the Biquard-Gauduchon functional H(u, &) defined in (4.4)
on an abelian surface, and the corresponding version of the K-energy ¥ (u, &) defined
in (4.6), proving a convexity result.

Theorem 4.1.5. Fix a Higgs tensor & on a 2-dimensional torus M, and suppose that ei-
ther Re(&), Im(&) are (positive or negative) semidefinite, or det(&) = 0. Let uy = (1 — t)ug +
tuq, t € [0, 1] bealinear path between symplectic potentials ug, uy, such that ||5||%:,- <1,i=0,1.

Then the HK-energy ’}?(ut, &) is a well defined and strictly convex function of t € [0, 1].
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As a consequence, under these assumptions on &, there is at most one symplectic
potential u, up to an additive constant, solving the real moment map equation in (4.3)
and such that ||&]|2 < 1. This condition on the norm of & is equivalent to

STEGEG)+6(EGEG) <1

so the symplectic potentials u such that ||£]|2 < 1 describe a proper subset of <7(&).
We claim that it is in fact a convex subset of @7(¢&), if & satisfies the hypothesis of
Theorem 4.1.5, namely

Re(&), Im(&) definite, or det(&) = 0.

This follows from the fact that with our assumption ||£||2 is a convex function of D?u.
Indeed we have, for a linear path u; = (1 — f)ug + t uy € <7(&)

d2

ﬁllélli, = 2Tr(£ D211 £ D2iy).

If Re(&) is definite, then Re(&) D%l is similar to a symmetric matrix and so it has real
spectrum, thus

Tr(Re(&) D% Re(&) D?i1y) = Tr(Re(&) D?i1y)? > 0.
The same happens for Im(&), and both conditions together imply
Tr(& D21y & D%i1) > 0.

The same conclusion holds when det(£) = 0: itis enough to consider the case when D2
is diagonal with eigenvalues p1, p2, and using the condition det(£) = 0 we compute in
that case

Tr(& D%y & D%iy) = (18" |1 + 1% |u2)* 2 0.

Remark 4.1.6. It is important to point our that, even under the assumptions of Theo-
rem 4.1.5, the Biquard-Gauduchon functional H(u, &) is not, in general, convex with
respect to 1. However we show that the periodic K-energy 7 (1) compensates this lack
of convexity.

Proof of Theorem 4.1.5. Let ug, u; € /(&) be symplectic potentials such that ”5”%11 <1,
and consider the linear path u; = (1 — )ug + t u1. The convexity in ¢ of ||&]|2 , implies in
particular that the HK-energy is well-defined along ;.

The differential of along the path is

~ 1 3 1
8t7:(ut,<§):—E/ufbu,ubdy+E/&p(ut,cf)dy
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to compute the differential of the Biquard-Gauduchon function we will use the expres-
sion (2.37) for the eigenvalues of & G; £ G; on a complex surface. Consider the functions
of two real variables

FE(x,y) i=x £ Jx2 — 4y

R(x,y) =2 - \/1 - fr(x,y) - \/1 - f(x,y)+
1++/1-f*(x,y) . logl ++1-f(x,y)

2 2
then the Biquard-Gauduchon function on the torus p(u, &) is in fact

p(ur, &) = R (IIEIIG,, 1det(G;&)I?)

where as usual Gy := Hess(u;). Setting also G = Hess(ii;) for convenience, we can
compute the second variation of the HK-energy in terms of the derivatives of ||&]?,
and |det(G;&)|?. These can be expressed as

+log

d , .
=Nz, =2 (568G

while for the determinant we find

d
%’t:0|det(Gt.§)|2 = 2|det(G:&)*uf pap.

We can compute the second variation of the HK-energy. In the following computation
the derivatives of R are all evaluated on (||&]|?,, [det(GE)[?).

d2
ar
42 / D2R [det(G &)PTr (G16) du - / DaR [det(G &)PTe ((G6P) dur (4

+2/ Tr(EGEQG) ) N

- Hessy ,R - -\ | d
8| | det(G &) Tr (G—lc)
Elementary inequalities show that R is a convex function on its domain; moreover,
the function D1R(p, q) is positive, while DoR(p, q) is negative. It follows that, in the
expression above for the second variation, under our assumptions on ¢, all terms are
positive except for the negative term

F(ur, &) = % / Tr ((G‘lé)z) du + / DiR Tr(E G & G)du+

Tr(E GEG)
|det(G &)[2Tr (G—lc';)

N2
2/D2R|det(G &)|*Tr (G‘lc) d.

We claim that we have in fact

% / Tr((G‘lé)z) du +2 / D;R |det (G &)[*Tr (c—lc)zdy_

- / DyR |det (G &)|*Tr ((G—lc';)) du > 0.
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Indeed, if we denote by u;, i = 1,2 the eigenvalues of the endomorphism GG at a
point, then the sum of the integrands in the expression above may be expressed as

(% - DR 5+5—) (U3 + 13) + 2DaR 6767 (1 + pa)? (4.10)

since |det(G &)|2 = 676~. We will show that, under the condition 6 + 6~ = ||&||2 < 1,
we have —D,R 616~ < %. Assuming this for the moment, we have

(% - DR 5+5—) (U2 + U3) +2DR6%07 (u1 + pa)? >
1 _ .
> (E + DR 676 ) (U2 + u3) +4DoR 6% 67 || |u2| =

> (% +DaR 6+5—) (W + p3) =2 (% +DsR 6+6‘) | 2

so the expression in (4.10) is strictly positive unless y; = 0,7 = 1,2, that is, G=0. To
check that —D,R 66~ < % holds, we consider the following inequality, which holds
forot+0" < 1:
+ —
—DZR (5+5_ = 6 5 =
2 (V=87 +VT=5) (14 VI =67 (1+VT=5")

(1-vi=o7) (1-vi=&7) (1-V&)(1-Vi-o)
2(\/1—6++\/1—6—) - 2(\/6_++ 1—5+) '

This last term achieves its maximum for 6% = %, and one can check numerically that this
is strictly less than 1. O

Our discussion so far shows that ¥ (u;, &) is convex along the linear path. More-

over, ?’:(ut,é) is strictly convex unless D?i; = 0, i.e. unless 1 — 1 is constant. By
Proposition 4.0.4, solutions to the real moment map equation in (4.3), for fixed &, are

precisely critical points of %(u, &), which only depends on D?u. Therefore a symplectic
potential in the set

(&)= {ued&)]| N> <1}

solving (4.3) is unique up to additive constants. Notice that, in general, </’(£) is strictly
included in <7 (&). A possible case in which the two sets coincide is when the deformation
of the complex structure has non-maximal rank.

Remark 4.1.7. The same result also holds on curves but it is not particularly interesting
in that case, since we already obtained a stronger result for genus 1 Riemann surfaces in
Section 3.1. We also conjecture that a convexity result analogous to Theorem 4.1.5 should
hold in higher dimension, using the convexity of the Biquard-Gauduchon function.
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4.1.3 Translation-invariant periodic solutions

In this Section we describe some solutions to the HcscK system in dimension 2 in the
very simple situation where both the Higgs tensor and the matrix G = Hess(u) depend
on a single variable, say y!, and the Higgs field has non-maximal rank.

The complex moment map equation in (4.3) reduces to &1 = 0, i.e. to the condi-
tion £ = ¢ € C, by periodicity. With our further assumption det(&) = 0, all possible
solutions are given by

12(,,1
0 0 ) c <)
22/.1 or 12¢,17)2 | - (4.11)
(0 E(y') (élz(yl) (& (Cy )
We look for solutions u(y) of the real moment map equation of the form

1
u(y) = slyl* + f(y)
for a periodic function f(y'), so

ont
Dz(u)=(1+f0(y) (1))

Remark 4.1.8. Once we show that there are such solutions, Theorem 4.1.5 will guarantee
that in fact all possible solutions u(y) are of this form. Notice also that under the
assumption det(&) = 0, the conditions r(u, &) < 1 and [|]|? < 1 are equivalent.

From the definition (4.2) of &, in the low-rank case the real moment map equation

becomes
(1+f”NETW2+|£“V) 3
T+@-&DY? ),

(—(1 o

Notice however that if & is of the first type in (4.11) then the equation reduces to f* =0,
i.e. the metric must have constant coefficients. So it is enough to discuss the case

¢ F(yh)
EZ(F(yl) M)

for some periodic function F. Then the equation becomes
(L+f")lel* + |FP?

1 1= 2 (4 f)leP + |F2)°

1+ f") + =0 (4.12)

which is equivalent to the condition
(1+f")le? + |FI?
2
1 1= 2 (4 f)leP +IFP)

=1+k+f"
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for some real constant k, or equivalently, f” must satisfy the algebraic equation

2(f"+k+1
() = 7 +k+1) (4.13)

kP+UW+k+UZ
When F = 0 a solution f” is a suitable constant, corresponding to a constant almost-

complex structure and a flat metric. We will prove our existence result by perturbing
around F = 0 in a quantitative way. It is convenient to introduce the operators

P:C™(C,R) = CZ(S!,R)
P "
Q: C¥(S',R) x C*(S",R) —» C™(S",R)
(1+ @1)lc]* + @3
14 y1= e (L4 gl + 3)°
R:C(SL,R) x C*(S!,C) — C(S, R)
(f,F) = P (Q(P(f), |E])) .

We will show that if |F| < |c] < %, then there exists f € C*(S!,R), unique up to an
additive constant, such that

(p1,P2) — -1+ q1);

1+f">0;
L+ £l + |FI* < |cl;
R(f,F) =0.

Clearly P is surjective, and its kernel are the constant functions, so it is enough to show
that with our assumptions there is a unique ¢ € Cg’ (S1,R) satisfying the positivity
condition

o+1>0, (4.14)

as well as the uniform nonsingularity condition
(1 + @ +FP)* < | - elcP? (4.15)
for some fixed 0 < ¢ < 1, and such that

P(Q(¢, F)) =0.
For F = 0 we have a unique solution, ¢ = 0. We consider the continuity path
P(Q(¢,tF))=0for0<t <1,

and prove openness and closedness, as usual.
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Consider the differential of the operator

Cé,a(sl) N Cg,a(sl)
¢ — P(Q(¢, F)),

namely
"

q'5+—> |C|2 _1 qi) )

Vim g (- )

where we set p = (1 + ¢)|c|* + |F|? for convenience. This is clearly an isomorphism
provided its coefficient is bounded away from 0. Since we have p? < |c|>—¢|c|? by (4.15),
a short computation shows that it is enough to assume

lc|> < Ve —e.

What remains to be seen is that the (automatically open) positivity condition (4.14) is
also closed along the path, while conversely the (automatically closed) uniform non-
singularity condition (4.15) is also open. Then further regularity would follow by a
standard bootstrapping argument. Let us prove both claims at once. Our equation
holds if and only if there is a constant k such that

(1+¢)le + |
1+ 1= e (1 +@)lel +|FPR)?

-(1+09¢)=k.

Note that this implies 1 + ¢ + k > 0. Moreover, since ¢ has zero average, we have

1
p 1
k+1=/ ——dyl,p
0 1+ /1—#;;2

so we also have k +1 > 0 and k +1 < p, hence k + 1 < |c| along the continuity path.
Moreover we have 1 + ¢ > —k > 1 —|c|, so if |c| < 1 then 1 + ¢ is bounded uniformly
away from 0. This shows that the positivity condition (4.14) is closed along the path
provided |c| < 1. Now as in (4.13) we may write our equation as

F
c

Then ¢ + 1 + k is a positive solution to the equation

= (1+)lcl2 + |F]

2 2 +1+k)

TP (p+1+k2

+¢+1

|F|> = k|c]® + |c|*x + (

2
F
. —k)x2+x3:2x.
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Note that all the coefficients on the left hand side are positive. Using the fact that —k >
1—|c|, we see that a positive solution to the equation cannot be larger than 1+ |c|. Hence
we find

O+1<1+4|c|-k<2+]c|

from which we get, assuming |F|? < |c|?,
(L+P)lel? +[F2 < [cl> B+ Iel).-
It follows that (4.15) certainly holds for 0 < ¢ < 1 as long as
IcPGB+]c)?<1-¢
hence |c| must be less or equal than the first positive root of the polynomial
P63+ 9%+ -1, (4.16)

Under these conditions on ¢ and |c| the uniform nonsingularity condition (4.15) would
hold automatically along the path. Finally we need to choose the values of |c| and ¢ in
our argument so that all constraints are satisfied. Recall these are

lc] <+fVe—¢,|c| <1

as well as the fact that |c| is less or equal than the first positive root of (4.16). Direct
computation shows that ¢ = 1/100, |c| < % is an admissible choice.

We conclude by examining the integrability condition, as characterised in Proposi-
tion 4.1.4, for the solutions to the HecscK system we have constructed. Since both &
and D?u depend just on the variable y!, the integrability condition on & implies

01(GEG)yy = d2(GEG), = 0.

Hence, if £ is of the first type in (4.11), we find F’ = 0, while for the second type we must
have F I’ = 0. In both cases & must be constant.

4.2 The HcscK system on toric surfaces

Consider a toric manifold (M, |, w) with a Hamiltonian action T” ~ M, whose moment
map u sends M to a convex polytope P € R" by the Atiyah-Guillemin-Sternberg Theo-
rem [ , ]. It is well-know that P is a Delzant polytope [ ], and that any such
polytope defines in turn a standard compact symplectic manifold (Mp, wp) together
with a Hamiltonian T"-action on Mp such that (Mp, wp) is equivariantly isomorphic
to (M, w). The polytope defines also a standard compatible complex structure Jp, but in
general (Mp, [p, wp) will not be isomorphic to (M, J, w). For the general theory we refer
to[ , ]and [ ].

The moment map gives an alternative way to describe the symplectic structure on M,
since it establishes an isomorphism between (M°, w) and (P° X T", wp), where M° is the
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open subset of M where the action is free and wp is the standard symplectic structure
induced by the inclusion in R?". The manifold M° is T-equivariantly biholomorphic
to C"/2niZ" = R" + iT", where the action is by translations on the T"-factor. We
consider the standard coordinates z = x + iw on R” X T". On P° x T" instead we
consider coordinates (y, w), with y = p(x).

The symplectic form on M°® is given by 4iddv for some T-invariant potential func-
tion v, so that @ = idwdwovdz® A dz°, while | is just represented by the canonical

matrix J(x, w) = (g _01). On the other hand the symplectic structure on P induced
by w via the moment map is the canonical symplectic form };; ; dy’ Adw/ on R?", while
0 -G

the complex structure | is described by a matrix J(y, w) = . Since | is inte-

G 0
grable, this matrix must be of the form G = Hess,u for some potential u(y): moreover,
the two coordinate systems and the two functions u and v are Legendre dual to each
other:

Yy = 00;

X = dyu;

u(y) +o(x) = x - y.
This means that the HescK system (1) can be expressed in the coordinates (y, w) in a

form similar to what we did for abelian varieties in (4.3). The only difference is that S
does not vanish, in general, for a toric manifold, so the system of equations becomes

(éab),ab =0 b
a
((1- gD D)  D2ut) = -C. &7
,a
Here C is the topological constant 45. The system should be solved for a potential  and
a deformation & of the complex structure. However an important difference between
the system on abelian and toric varieties is the boundary conditions that we must
impose on 1 and &. For an abelian variety the conditions are just periodicity of the
matrix-valued functions D?u and &, but for the toric case the situation is slightly more
complicated: while the boundary conditions for u are well-understood from the work of
Abreu, it is not yet clear what the boundary behaviour of £ should be. We will see that,
as a consequence of the compatibility between & and the complex structure, also the
boundary conditions for £ can be expressed in terms of Guillemin’s boundary conditions.
We recall here in some details some features of these boundary conditions, since they
play a major role in what follows.

As was mentioned above, there is a standard complex structure Jp on P° X T", whose
boundary behaviour allows it to be extended to a complex structure on the whole
manifold Mp; moreover, (Mp, [p) is T"-equivariantly biholomorphic to (M, J). We recall
from [ ] the construction of this complex structure Jp: let Sy,..., S, be the faces
of the polytope P, defined as S, := {¢’(y) = 0} for some affine-linear functions ¢ such
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that
P={yeR"|{'(y) >0Vr}.

Then the potential up for the canonical complex structure Jp is
up := Z U"(y)log ¢ (y). (4.18)
s

The following result of Abreu describes all possible integrable compatible complex
structures | on P; more precisely, it shows that any T-invariant complex structure on M
has the same behaviour of Jp near the boundary of the moment polytope: this boundary
behaviour is what we refer as Guillemin’s boundary conditions for a symplectic potential
on the polytope P.

Theorem 4.2.1 ([ 1, Thm. 2.8). Every integrable compatible complex structure | is given
by a potential u = up + h, where up(y) is defined by (4.18), and h is a smooth function on the
whole polytope such that Hess,u is positive definite on P° and has determinant of the form

-1
det(Hess, (1)) = (6(y) 1—[ ”(y))

for some strictly positive function 6 € C°(P).

In particular, consider the matrix G := (Hess, (up + h))_l. We claim that it is a
continuous and bounded function on the whole polytope; by our assumptions it is
invertible in P°, and we claim that as y tends to a face S,, the matrix G! acquires a
kernel containing the vector V¢". In particular, G™! vanishes at the vertices of P.

We write down the details of the proof of this claim just in the 2-dimensional case,
since it is notationally easier and in what follows we will mainly focus on the complex
surfaces.

Proof. Itis enough to show this for the firstedge S1 = {€ (%) = 0} and the vertex p at the
intersection of S1 and S,. Consider the linear system of coordinates p centred at pg and
generated by V¢!, V{2, up to reordering the edges of P we can assume that (V{!, V?) is
positively oriented, and if we let L be the matrix whose columns are V¢! and V¢?, the
two system of coordinates y and p are related by the affine transformation y = Lp + po.

Notice that Hess,u = L™'Hess,u L™!: it will be enough to prove our claim for the
matrix (Hesspu)_l. More precisely, since in this new coordinate system the side Sj is

described as pl = 0, we will consider the limit for pl — 0 of the matrix (Hess,,(u))_l.

1 Vv vVl
Hess. 11 = F + Zr>2 o Zr>2 o + hi1 h
e - Vi vy 1 VeVl h h
Zr>2 rr P + Zr>2 0 12 2
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VW Vfr VW Vﬂr
p'p* (detHesspu) =1+ p' (h11+z ) ( 2+Z )
r>2 r>2
verve Ve Ve Ve ve (¢.19)
+plp? (h11+2 )(22+Z ) (12+Z )
r>2 r>2 r>2
Ve Ve Ve v
) 1 hay + # + 22 7= —hn- Zz L2
HeSS u - = > r r r> r r (4.20)
( pt) detHesspu | —p;y— 3 W1WW2 h+L+y Wlwvﬁ
r>2 b r>2

so as p! goes to 0 we see that (Hess,,u)_1 tends to

1 (0 0)
W’W’ 2]
pPhon +1+p2 3,0, 0 p

Since we know from Theorem 4.2.1 that the denominator is strictly positive on the edges
of P, this matrix-valued function is continuous on S; and its kernel is generated by (1, 0),
i.e. V1. Moreover, Hess;lu vanishes at py, i.e. for p!, p? — 0.

In the higher-dimensional case the situation is analogous; in a system of linear coor-
dinates centred in a vertex pg and generated by the vectors {VW | po = nS,} the matrix
is of the shape

Hessp(u)_1 =
an
where a1, ..., a, are functions on P that vanish for pl —0,andHisa(n—-1)x(n-1)
matrix-valued function on P that vanishes on the vertices of P. ]
4.2.1 Boundary conditions for a deformation of the complex structure

From Theorem 4.2.1 we can describe all integrable deformations of the complex struc-
ture | in the symplectic coordinates y of P: assume that | is defined by the potential u,
and let G := Hess, (). For a function ¢ € C*(P) let ® := Hess,(¢) and consider

. 0 G loGg™!
= 0 :
Then | is the deformation of the complex structure | corresponding to the path of
potentials u + €¢. Since ¢ is a complex manifold, also J] is a first-order deformation
of J, so the general form of an integrable deformation of the complex structure is
. (G'A GTBG™!
I=\'B 46
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where A and B are the Hessian matrices of two functions in C*(P), and in particu-
lar they are smooth matrix-valued functions on P. If we do not assume A and B to
be Hessians, but rather just symmetric matrices, then we obtain deformations of the
complex structure that are not first-order integrable. This description of the first-order
deformations of | is completely analogous to the one we had for abelian varieties, see
Section 4.1. Correspondingly, the matrix & has the same description as in Lemma 4.1.3

&E=G Y A+iB)G™. (4.21)

We see that, essentially, the boundary behaviour of a deformation £ of the complex struc-
ture is determined by that of J. More precisely, consider a symplectic potential u satis-
tying Guillemin’s boundary conditions (c.f. Theorem 4.2.1), that defines a T-invariant
integrable complex structure J. Then for any A, B € C®(P,R™*") the matrix & defined
by (4.21) comes from a T-invariant Higgs term a € T;_#, and vice-versa.

Remark 4.2.2. One of the conditions of the HcscK system is that [|£|? < 1; letting G =
Hess,u we have

1€l =Tr (G EG).
For y — JdS, however, we know that some components of G blow up along the
direction V¢’, so the condition ||£]|2 < 1 can be satisfied in P only if & vanishes

for y — JP along the normal direction. Equation (4.21) implies that this is the case:
since & = GT'®G™! for some symmetric matrix-valued function ® € C*(P, C"™*") then

IENG = Tr (@GOG

is well-defined (and finite) up to the boundary of P.

4.2.2 The complex moment map on a toric surface

In this Section we consider the complex moment map equation in complex dimension 2,
with the aim of studying the integrability condition for a solution to the HescK system
on a toric surface.

Assume that £ is of the form (4.21) for some smooth matrix-valued functions A and B.
In particular £ is bounded on P, since G~ is; also the function éaahb is bounded on P, as
it is just the expression in symplectic coordinates of div (d*«), up, to a constant.

Lemma 4.2.3. Let & be the representative of a first-order deformation of the complex structure.
Then for any f € C*®(P) we have

[ehufan= [ & pyan
P P

To prove this result it will be notationally convenient to let do be the measure on JP
that on each side S, is given by the Lebesgue measure multiplied by |V¢"|7; this is the
same measure do considered by Donaldson in [ I
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Proof. For any sufficiently regular function f on P, integration by parts with respect to
the Lebesgue measure du gives

/é fdu=- /(gW) fda+/ (E V) flda+/£]f1]dy

since the outer normal to the boundary is given, at the side S;, by —
consists in showing that the boundary terms vanish.

First, since £ represents a deformation of the complex structure we have & = G loG!
for some symmetric ® € C*(P, C™"), so that on the boundary of P we have £V{ = 0.
Then the integration term (& V¢)' f; vanishes, for smooth f.

For any side S, of dP, let V be the vector field V := EV{". We claim that also div(V)
vanishes on S,; this would imply /ap (& V@)fl- f do =0, concluding the proof.

We can assume without loss of generality that r = 1, £! = y! and ¢? = y2, so that we
are in the same situation considered in our previous description of G}, c.f. pag. 119.

We have V¢! = (1,0), and we know that G} = (Z

thata — 0and b — 0 as y! — 0. More precisely, from (4.20) we have

IVWIZ The proof

b )
c) for some functions a4, b and ¢ such

1 Ve vE
= |h»
det Hess(u) ( T ; )
1 VT vE
b=-—F——
~ detHess(u) ( ¥ ;

where det Hess(u) is given by (4.19). We can easily compute
lim 8 =1, lim d,ca=0;

yl_,o yl_)o y
y (hlz + 252 A W) (4.22)
lim d,1b = — W,W,; lim d,2b = 0.
y'=0 Phy +1+y2%,.,—2—2 P20

Since up + h satisfies Abreu’s conditions on the determinant of G = Hess(up + h) (c.f.
Theorem 4.2.1), the fraction that gives lim,1_,y d,1b is non-singular on dP. Now, V' is

V() LZ b D11 Do) (a _ ®1lﬂ2+2®12ab+®2252
- @12 @22 bl ~ CD11ab+CD12(b2+ac)+CD22bc ’

Since ®;; are smooth functions on P, it is clear from (4.22) that divV = 0 on Si, thus
proving our claim. O

Corollary 4.2.4. The matrix & = G~ '®G™! is a solution to the complex moment map equation
if and only if  is orthogonal to the space {Hess(f) | f € C*(P)} with respect to the L2 product
on C(P) defined by G. In particular, if G and & solve the HescK system (4.17), then & is integrable
if and only if it is identically 0.
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4.2.3 K-stability and the HcscK system on toric surfaces

We would like to have a variational formulation of the HescK problem on a toric mani-
fold, similarly to what we saw in Proposition 4.0.4 for abelian varieties. In that situation
a simple computation showed that the real moment map equation of the HecscK system
is the Euler-Lagrange equation for the periodic HK-functional F, cf. (4.6). However on
a toric manifold the computation of Proposition 4.0.4 has to be modified, taking into
account some boundary terms arising from the integration by parts that is required.

Fix a symplectic potential u, let G := Hess(u) and assume that & = GldG, as
in (4.21). Consider the real moment map equation of (4.17)

b
((1 -G o G‘lcfb)% G‘l)a =-C.
,ab

To compute an analogue of the periodic HK-energy in the toric setting, we need an
integration by parts formula.

Lemma 4.2.5. For a Delzant polytope P C R?, fix a symmetric matrix-valued function ® €
C*(P,C»2) and a symplectic potential u. For any function f € C°(P) N C®(P°) that is either
convex or smooth on P we have

ab
[(1-cr0670) 61 ) au= [f(0-6 06 9 )" du [ fao
P P sab JP

We follow the proof of [ , Lemma 3.3.5].

Proof. For 6 > 0, let Ps be a polytope contained in P, with sides parallel to those of P
separated by a distance 6. Inside Ps both u and f are smooth, so we can integrate by
parts and obtain

/Pé Tr((1- G0 G19)? 61 D?f ) dyu = /

Ps

ab
F(1-6Tec ) 6) dus

a
(1-606®)* 6've) aufdo.

(4.23)

We will take the limit for 6 — 0 of the two boundary terms on the right-hand side. First

of all, fix a side S5, of Py, parallel to the side S, of P; as in the proof of Lemma 4.2.3 we

can assume that 7 = 1, £! = y! and ¢2 = y?, c.f. the discussion about G! at pag. 119. As
the distance between S; » and S, is 6, points of S;  have coordinates (0, yz).

Recall from (4.22) that, in this system of coordinates, the matrix G7! is of the

shape (Z ZZ) for functions 4, b such that

+ fdiv((l -Glo G‘lcb)% G‘1W) do —/
8Pg, 8Pb

ah, v =y +0((v'))
b,y = ey + O ( (1))
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and ¢ € O(y?). Then we can expand G~'®G~'® in § to find

1
(1- G‘lq)G‘lCT))% = ! 0 +0(5) g
—c2D1pDyy 1 [cDyp|?

+ O(9).

1 0
= 2Dy Pp 2
_ Sy e
( 1+ 1-[cDyp | |C 22'
Composing with G™'V/{ we have

1
2

(1-Gloc™'®)2 G v = +0(6%) (4.24)

a
M _ 2 _ ac2D, Dy
b 1 |Cq)22| 1+ \/1—|CCD22|2
and the divergence of this vector is
-1
div ((1 ~ GG 1d)? G—lw) = 91a+0(5) =1+ 0(0).

Hence the first boundary term in (4.23) goes to /(913 fdo as 6 goes to 0.
As for the second boundary term, it certainly vanishes if f is smooth on the whole

of P, since we showed in (4.24) that (1 — G‘lq)G‘lq_D)% G~1Ve € O(5). It is slightly more
complicated to obtain the same result for a convex function f € C°(P) N C®(P°®), since
the gradient of f might blow up as we go to the boundary of P. The convexity of f is
however sufficient to guarantee that the vanishing of G~ V/{ will balance out the growth
of Vf. We follow the approach of [ I

-1
Let V be the real part of (1 - G‘lCDG‘ch)) 2 G~1V¢. Since all the terms in (4.23) are real,
at least in the limit for 6 — 0, we just have to show that

/ Vyfdy — 0as 6 — 0.
oP;

For p € S5, let ¢ = g(p) be the closest point to p at the intersection between JP and
the ray p — tV. Notice that, as VT - V > 0, the vector V points inward from p to Ps.
Moreover, the slope of V is

ZRe (@1 @
é\/1—|c®22|2— "Re (9120z) + O(6).
a 1+\/1—|C(D22|2

We can choose 6p such that, for 6 < 6o and every p € S5, q(p) belongs to the side S,
of dP, as the slope of V is uniformly bounded on S; ;.

Letnow g’ = q’(p) = p—(q—p), and consider the norm of V and the distance between p
and g, q’. As g lies on S,, we have

lp—ql=lp—q'1=0o

2Re (O12®
1, i e - S Re Bt
a 1+ 41— |cDyp|?
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and so there is some positive constant ¢ such that, for 6 < 6¢

ac2 Re (6312(1322)
1+ /1= [cDyp)?

By the convexity of f, we know thatatp € S5,

V| =1|a, by1 - |cDPp|? - +0(6%)

<clp—ql.

9 £ ) < L max{10) - 90, £) - £} < cmaxt @)= £, 100 - £1p)
so we can estimate the second boundary term in (4.23) as
[ sl [ vsanse [ maxsaen - 1o o) - fp)da <
Py oP; pedPs

<e Vol(oPy) max {f(9) - f(p). £(4) = fp)}-

As f is uniformly continuous on P and |p — q| € O(0), this inequality shows that, as 6
goes to 0,

dPs

Lemma 4.2.6. With the previous notation, V1 — G-1®G-1® G~ is a Hermitian positive-
definite matrix.

Proof. We can write G~ as STAS for a diagonal positive matrix A and an orthogonal
matrix S, so that

GloG1d = STAS (A%ScDSTA%) (A%scBSTA%) A"1S,
LetR := A%SCDSTA%, so that

V1 -G 10G-1d G = STA’VI — RRA“ZS STAS = STA3V1 — RRA2S

and since the eigenvalues of RR are smaller than 1, V1 — RR is positive-definite. O

Corollary 4.2.7. Assume that (&, u) is a solution to the HescK system (4.17), that u satis-
fies Guillemin’s boundary condition, and that & = D*>u='® D*u~! for a symmetric complex
matrix ® € C®(P). Then for every convex function f € CO(P) N C®(P°)

fda—/CfduZO.
oP P

With equality if and only if f is affine-linear.
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Proof. From Lemma 4.2.5 we see that if (£, 1) is a solution to the real moment map for
the toric HescK system then

/PTr((l—G_lq)G‘lCTD)%G‘lsz)dy:—/Pdey+/ando.

By the convexity of f and Lemma 4.2.6, the left hand side is non-negative, and vanishes
when f is affine-linear. O

Linear functions on P correspond to T-invariant holomorphic vector fields on the toric
surface via the Hamiltonian construction, and in fact the functional

ze(f)= [ fao- [crau

is the Futaki invariant of M valued on the vector field defined by f, c.f. [ ,
Lemma 3.2.9]. For general convex functions f, Lc(f) is the Donaldson-Futaki invariant
of a toric degeneration of the surface induced by f. The condition L¢(f) > 0 is equiva-
lent to toric K-stability of the surface, see again [ ], and implies general K-stability
of the surface. In the series of papers culminating in [ ], Donaldson showed that
toric K-stability implies the existence of a cscK metric.

Corollary 4.2.7 then implies that a necessary condition for the existence of a solution
to the toric HescK system is that there is a symplectic potential 1 satisfying Abreu’s
equation (u(l)] ),ij = —C. Itis not clear, however, if K-stability is sufficient to guarantee the
existence of a solution (&, 1) for non-zero Higgs terms &.

A possible alternative way to study the stability of a polarized toric surface with the
addition of a non-integrable Higgs term comes from a variational characterization of the
real moment map equation in (4.17). The integration by parts formula for smooth test
functions of Lemma 4.2.5 allows us to describe the real moment map equation of (4.17)
as an Euler-Lagrange equation, for a fixed symmetric complex matrix ® € C*(P, C2x?),
that induces the Higgs term & = GT1OG™.

Lemma 4.2.8. Consider the space of symplectic potentials (c.f. Theorem 4.2.1)
AD) = {u =up+h | r(D*u~'®D?*u"'d) < 1}.

The real moment map equation in (4.17) is the Euler-Lagrange equation of the HK-functional
defined on A(D) as

ﬁ(u,@):/ uda—/Cudy—/logdet(Dzu)dy—/p(Dzu_lq)Dzu_l(iD) du.
P P P P

Aswe arenot able yet to characterize solutions to the toric HcscK system by an algebraic
stability notion, a possible alternative approach could be to study the relationship
between the toric HK-energy of Lemma 4.2.8 and its linear part Lc, along the lines of
the study of the toric K-energy in [ ]. This might shed some light into a possible
stability condition, generalizing K-stability, to characterize the existence of solutions to
the HescK system on a toric surface at least from an analytic point of view.
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