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Chapter 1

Introduction

Dans cette these d’habilitation, nous présentons plusieurs résultats de
géométrie complexe qui ont pour dénominateur commun 'utilisation de
techniques de géométrie algébrique complexe dans le but d’appréhender
I'existence de métriques Kéhlériennes a courbure spéciale sur des variétés
algébriques projectives sur C. En géométrie Kahlérienne, certaines EDP
non linéaires, qui proviennent le plus souvent de considérations des physi-
ciens, sont particulierement délicates a étudier. Il a été parfois possible d’en
comprendre 'essence a 'aide de flots de la chaleur, des méthode de conti-
nuité ou des méthodes de viscosité mais ces techniques ont le désavantage
d’étre non constructives le plus souvent.

D’un autre c6té, la quantification géométrique est ’art d’associer a un
systeme classique physique décrit comme la donnée d’une variété symplec-
tique et des observables (des fonctions a valeurs réelles sur cette variété), des
espaces de Hilbert et des opérateurs hermitiens sur ces espaces. Ces espaces
de Hilbert (les états quantiques) et les opérateurs hermitiens associés sont
paramétrés par h, la constante de Planck, qui a la limite h — 0 permet-
tent de “reconstruire” le systéeme classique originel et les observables selon
le principe dit de correspondance. Comme cela apparut il y a un demi-siecle
dans les travaux pionniers de J-M. Souriau [Sou67], F.A. Berezin, M. Ca-
hen, S. Gutt, J. Rawnsley et beaucoup d’autres, la donnée d’une métrique
& courbure positive sur un fibré en droites L* au dessus d’une variété com-
pacte X induit une quantification géométrique et dans ce cadre h s’identifie
a 1/k ou k est le parametre de tensorisation du fibré. Dans le cadre com-
pact et algébrique complexe, ’espace de Hilbert considéré est juste ’espace
HO(X,LF) = H(L*) des sections holomorphes de L* — X. Le principe de
correspondance s’exprime notamment par le fait que la dimension grandit
asymptotiquement comme k"™ Vol ou Vol est le volume de I'espace classique
des phases et n la dimension de X. Le fait crucial que ’espace de Hilbert
soit de dimension finie va considérablement simplifier les choses. Il va nous
permettre dans un premier temps de développer un formalisme d’application
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CHAPTER 1. INTRODUCTION

moment en dimension finie qui se réinterprete en termes de Théorie des In-
variants Géométriques a la D. Mumford par les travaux classiques de G.
Kempf- L. Ness. Cette nouvelle interprétation donnera des critéres pure-
ment algébriques d’existence de solutions aux EDP considérées originelle-
ment. Il va aussi permettre dans un second temps d’obtenir des algorithmes
implémentables et donc des approximations numériques des objets tran-
scendants solutions de ces EDP, lorsque ces solutions existent a priori. Tout
comme ce fut le leitmotiv de [Kel07], c’est I'idée générale de cette these que
nous avons découpée en plusieurs parties qui sont en fait complémentaires.

Dans la Partie I (Chapitre 2), nous expliquons brievement comment la
quantification géométrique intervient dans le programme de S.K. Donald-
son pour la conjecture dite de Yau-Tian-Donaldson au sujet de 'existence
de métriques Kahler a courbure scalaire constante sur une variété projec-
tive complexe. C’est aussi 'occasion de fixer nos notations et de rappeler
certaines définitions classiques qui seront utilisées dans le reste de la these.

Dans la partie II, nous expliquons comment il est possible d’obtenir
a partir de la quantification géométrique et de la Théorie des Invariants
Géométriques de nouveaux flots naturels sur ’espace de dimension infinie
des potentiels Kéhler. Dans le Chapitre 3, nous utilisons cette idée pour
donner une nouvelle preuve du théoreme de S.T. Yau (solution de la con-
jecture de Calabi). Ce chapitre se base sur la publication [CaoKell2] et
quelques résultats de [Kel09]. Dans le Chapitre 4, en utilisant les techniques
du Chapitre 3, nous étudions le J-flot de S.K. Donaldson et introduisons
la notion de métrique équilibrée adaptée a ce contexte. L’objectif est ici
d’obtenir une condition algébrique simple pour détecter des chambres dans
le cone Kahler d’une variété projective qui contiennent des métriques a cour-
bure scalaire constante ou K-polystables comme il est suggéré dans [Kelll].

En vue de la conjecture de Yau-Tian-Donaldson, il est naturel d’étudier
des exemples concrets de variétés et de vérifier sous quelles conditions elles
admettent des métriques a courbure scalaire constante. On pense au cas
des surfaces, au cas des variétés toriques, ou encore au cas des variétés
réglées. Dans la Partie I, nous regardons en détails le cas des variétés
réglées données comme projectivisation de fibrés de rang 2 sur des surfaces.
Les cas qui nous intéressent ici sont les cas “limite” des fibrés Mumford
semistables qui sont Gieseker stables. Dans ce contexte, des phénomenes
intéressants de stabilité apparaissent. Ils soulignent la subtilité de la conjec-
ture de Yau-Tian-Donaldson. Par exemple, nous trouvons des exemples de
variété Chow stables non asymptotiquement Chow stables. Ceci fait 'objet
de I’étude du Chapitre 5 qui a été publié dans [KelRos12]. Dans le chapitre
suivant, Chapitre 6, nous présentons certains raffinements, étudions des ex-
emples concrets de maniere algébrique et donnons quelques conjectures. En
particulier nous trouvons des exemples de variétés strictement Hilbert ou
Chow semistables asymptotiquement. Une grande partie de cette section a
été publiée dans [Kelldb]. Puisque sur certaines variétés réglées, il n’existe
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pas de métriques a courbure scalaire constante, il est naturel de se demander
quelles sont les métriques canoniques dont jouissent de telles variétés. On
peut tout d’abord penser aux métriques extrémales (au sens de la fonction-
nelle de Calabi) et elles furent étudiées dans les travaux de V. Apostolov,
D. Calderbank, P. Gauduchon and C. Tgnnesen-Friedman a 1’aide du for-
malisme des 2-formes hamiltonniennes et des métriques admissibles dans
le cas de sommes de fibrés stables au dessus des courbes. Toujours dans
le cadre de métriques lisses, on peut imaginer des structures géométriques
supplémentaires comme cela fut étudié dans [Gar09; KelTgnl2]. Dans le
Chapitre 7, qui se base sur [Kell4a], nous verrons que ’on peut alors intro-
duire des métriques Kahler a courbure scalaire constante mais avec singu-
larités (a singularités coniques) sur la projectivisation de fibrés semistables
au dessus de courbes.

Dans la Partie IV, nous donnons des applications algorithmiques en
calculant une méthode pour approcher la métrique de Weil-Petersson sur
I’espace des modules de variétés Ricci plates. Nous montrons la pertinence
de cette méthode en étudiant le cas des quintiques de CP* et en com-
parant nos résultats avec les résultats bien connus des physiciens “cordistes”
(Chapitre 8). Ce chapitre provient de [KelLLuk12]. Par souci de cohérence
et de concision, nous avons décidé de pas présenter les résultats de la pub-
lication [Kel09] oti, entre autres choses, sont donnés des algorithmes sur les
variétés toriques Fano. Leurs généralisations permettent en fait de résoudre
numériquement certaines questions de transport optimal (deuxiéme probléeme
avec donnée au bord pour I’équation de Monge-Ampere réelle).

Enfin, dans la Partie V, nous expliquons quels axes de recherche peuvent
étre développés a moyen et long terme a partir des résultats que nous avons
prouvés dans les parties précédentes.
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Chapter 2

A (very) brief survey about
the constant scalar curvature
problem in Kahler geometry

2.1 Historical background

Kahler geometry is at the intersection of various fields of research in pure
mathematics and is a very active world for the last 40 years. Without being
exhaustive, it is intrinsically related to symplectic geometry, complex anal-
ysis, algebraic geometry, Riemannian geometry, PDE analysis, deformation
theory, quantization and has applications in all these fields and also in others
like mathematical physics via String Theory. The origin of this extraordi-
nary relationship lies in the very definition of a Kahler manifold that allows
one to define the metric tensor using simply one potential function, implying
a long list of “miracles”. We refer to J-P. Bourguignon’s enlightening paper
“The unabated vitality of K&hlerian geometry” (Mathematical works of E.
Kahler, de Gruyter 2003) where the importance of the quest of Kahler met-
rics with special curvature properties and the impact of Kahler geometry on
different fields are stressed.

Coming back to the definition of a Kdhler manifold, one can ask if there
are natural/canonical metric in a given Ké&hler class. In the early 80’s,
Calabi stated precisely this question and suggested Kéhler extremal metrics
as candidates. By extremal metric, we mean an extremal metric for the
functional given by the L?-norm of the scalar curvature, the trace of the
Ricci curvature. These metrics turn out to be solutions of a 4-th order non-
linear PDE. Kahler Ricci-flat, Kéhler-Einstein and constant scalar curvature
Kahler metrics are the most commonly known examples of extremal Kéahler
metrics. Since the breakthrough of S. T. Yau in the 70’s about Einstein’s
equations of general relativity, most efforts in this field are related to the
so-called Yau-Tian-Donaldson conjecture.
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CHAPTER 2. A (VERY) BRIEF SURVEY ABOUT THE CONSTANT
SCALAR CURVATURE PROBLEM IN KAHLER GEOMETRY

The problem of finding a best metric on a given manifold goes back to the
fundamental work of B. Riemann that led to the uniformization of Riemann
surfaces. It is actually expected that special (Kéhler) metrics give tools
that allow geometers to classify (Kéhler) manifolds, providing information
on their topology and their underlying geometric complex structure. In
a certain sense, Calabi’s question is the natural extension to the complex
world of R. Thom’s, formulated in the fifties, ”what are there best (or nicest
or most distinguished) Riemannian structures on a smooth differentiable
manifold?” which led generations of great geometers to the quest of Einstein
metrics, see [Bes08].

A long time ago, S.T. Yau [Yau93| foresaw that, similar to the case of
vector bundles, there should be an equivalence between an algebraic notion
of stability for a polarized manifold and existence of special metrics in the
Kahler class defined by the polarization. Actually, for holomorphic vec-
tor bundles, such a correspondence was proved (see [LT95]): an irreducible
holomorphic hermitian vector bundle E is Mumford-Takemoto stable if and
only if there exists an Hermitian-Einstein metric on E. When the considered
Kahler class is integral, several algebraic notions of stability were intro-
duced and tested (Chow stability, Hilbert stability, (uniform) K-stability,
relative K-stability, b-stability etc., see Section 2.5) in view of Yau’s idea.
This led to the so-called Yau-Tian-Donaldson conjecture that predicts that
K-polystability should be equivalent to the existence of a constant scalar
curvature Kahler metric.

If the Yau-Tian-Donaldson conjecture for extremal metrics holds, it
means that there is an algebraic method to test if a given integral Kahler
class carries an extremal Kéhler metric. This would be a very surprising
result since the extremal Kahler condition is equivalent to solving a highly
non-linear PDE. Moreover, it would set up a cartography of the Kéahler
cone - a fundamental object in complex geometry - of the underlying man-
ifold in terms of stable chambers and walls. One needs to keep in mind
that for the more linear case of vector bundles, the famous and fundamen-
tal Kobayashi-Hitchin-Donaldson-Uhlenbeck-Yau correspondence led to im-
portant and unexpected discoveries in topology (topological invariants,..),
symplectic geometry, algebraic geometry (moduli space problems,..), com-
plex geometry (classification of complex surfaces,..), mathematical physics
(gauge theory,..), etc.

2.2 Notations and conventions

In the sequel, we will denote by M, X, X, or B a complex manifold'
(we will specify in the rare cases for which we need to allow singularities).

1We shall also use sometimes ¥ for a surface and Q for a quintic threefold.

14



2.3. SCALAR CURVATURE AS MOMENT MAP

By a polarization, usually denoted L or £, we mean an ample holo-
morphic line bundle on the considered manifold. Such bundle defines an
(integral) Ké&hler class, denoted ¢;(L). On such bundles, it is well known
that there exists a hermitian smooth metric hy, with positive curvature. This
Chern curvature is denoted ¢ (hyr); it is a Kéhler (1, 1)-form that we usually
denote also by w = gcl(h,;) (we will omit the factor %)

By Volz (M) = ¢1(L)", we denote the volume of the complex manifold
M of complex dimension n with respect to the polarization L, omitting the
subscript L when there is no possible confusion. Similarly we will write
HY(L*) for H (M, L*) when it is clear on which manifold we work with.

By Met (V') (resp I'(V')) we denote the space of smooth hermitian metrics
(resp. smooth sections) on the bundle V' or the complex vector space V.
We denote by (.,.), (.,.) or h(.,.) a hermitian inner-product (the fibrewise
metrics are denote by h with subscripts).

By PV = CP”, we denote the complex projective space of complex
dimension N.

When we write k& >> kg we mean that we choose k large enough and
larger than the integer kg.

We use some abbreviations. For instance “cscK metric” stands for con-
stant scalar curvature Kéhler metric, and “G.I.T” for Geometric Invariant
Theory.

2.3 Scalar curvature as moment map

Consider (X,w) a finite dimensional symplectic manifold and for simplicity
we shall assume that H'(X,R) = 0. We can consider the almost complex
structures on M, i.e theset {J: TX — TX : J> = —Id}. An almost complex
structure is compatible with w if the tensor w(X,JY') is symmetric and
positive definite. Then, it provides a Riemannian metric g; = ¢, and
when J is integrable this metric is actually Kéhler. Assuming now that X
is also a Kéahler manifold, we are interested in the infinite dimensional space
J of almost complex structures on M compatible with w. Its tangent space
at J € J consists in maps v : TX — TX such that vJ + Jv = 0 and
w(?,v?) = w(?,v?) for all ?, Y. It has a complex structure thanks to
the fact that if v € T;7, then Jv € T;7, and can be equipped with an
inner product depending on J,

(X,Y) = / WX, IY)%
X .
Thus, by integration, we get a Kéhler structure on J simply by fixing at J,
WI(X.Y) = (JX, 7).

15
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SCALAR CURVATURE PROBLEM IN KAHLER GEOMETRY

The group of w-symplectomorphisms of X consists in diffeomorphisms of
X preserving the form w. It is an infinite dimensional Lie group that is a
subgroup of the group of diffeomorphisms of X. As we shall see, it plays
the role of a gauge group in the symplectic setting and we refer to the
enlightening paper [Hit90] on this topic. Its Lie algebra is that of symplectic
vector fields, the vector fields such that their Lie derivative annihilates the
symplectic form. We denote by

Ham(X, w)

the subgroup of Hamiltonian symplectomorphisms whose Lie algebra is given
by the Hamiltonian vector fields (i.e vector fields such that its contraction
with w is exact). For X connected, there is a central extension of Lie algebras

0—R— C*X,R) - Lie(Ham(X,w)) - 0

which allows to identify Lie(Ham(X,w)) with the smooth functions on X
that have vanishing integral, the Hamiltonian functions on X. At the level
of the structure, this identification is induced by the relation [th, hy) =
_Y{hhhz} where {hi, ho} = w(?hl,yb) is the Poisson bracket induced by
w for X, the Hamiltonian vector field corresponding to h;, i.e z?hiw = dh;,

i = 1,2. The group Ham(X,w) acts on J by pullback of the complex
structures i.e ¥(J) = ¥, Jip; !, ¢ € Ham(X,w). This action preserves the
Kihler form w?, hence one can ask for a moment map in the sense of J-M.
Souriau.

A. Fujiki and S.K. Donaldson showed that the action of Ham(X,w) on
J is hamiltonian and that the associated moment map is given by a nice
geometric expression, which was a priori unclear:

Moment map : J — Lie(Ham(X,w))*
J > scal(gy) — scalg,

with scal(gs) the scalar curvature of the metric g; and scaly its average
over X (that does not depend on J). Here we see scal(g;) — scalp as an
element of the dual of Lie(Ham(X,w))* thanks to the L? inner product on
functions with respect to w. Note that in the sequel, we restrict our atten-
tion to the case of J integrable, otherwise scal(gs) is not the Riemannian
scalar curvature. We denote by Jin: the space of integrable almost complex
structures compatible with w. Once non empty, it is an infinite dimensional
complex space of J. In particular for X a Calabi-Yau manifold, the zeros
of the moment map correspond to the Kahler Ricci-flat metrics. Of course,
another way of stating the result of Fujiki and Donaldson is to say that for
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2.3. SCALAR CURVATURE AS MOMENT MAP

any 7 € T3 Jint and h a smooth function on X with vanishing integral,
(Dscal(gy)(Y). b2 = (JY , Ly J)

where L?h is the Lie derivative with respect to the Hamiltonian vector

field Yh. We refer to the book (in preparation) of P. Gauduchon (Calabi’s
extremal Kahler metrics an elementary introduction) for details about this
computation. Actually, this computation is difficult. In the next section we
shall give of hint of deriving this result by a quantization method.

Eventually, we see that moduli of polarized varieties can be formally
constructed as an infinite dimensional symplectic quotient, as it appeared
in [Don97|. In fact, in the approach we overviewed, we are fixing the form
w and varying the complex structure. One can ask if it is similar to fix the
complex structure and vary the form within the Ké&hler class. If Ji,Jo
are two complex structures with v*J; = Jo then with above notations,
9haw = Y91, (v1)*w Which are isometric when ~ belongs to Ham(X,w).
This leads to consider the complexification of Ham(X,w) if we want a non
trivial action. But the complexified group Ham.(X,w) does not exist (at
least as a group!) while it is possible to consider the complexified Lie algebra
as the space of smooth functions on X with compler values and vanishing
integral, usually denoted Cp(X,C). It is also possible to think about its
orbit as integral submanifolds of a certain distribution in 7, (in other
words we have a foliation on J;,+ by the complexified infinitesimal action).
The infinitesimal action by \/—1h is just, in the integrable case (op. cit.),
the variation J L?h(J ) i.e the action of JX on the complex structure’.
But

LJth = dzJ?hw = dJdh = —2v/—100h

and so we recover all the Kahler potential in the Kéahler class. Hence we
can formally identify the symmetric space Ham.(X,w)/Ham(X,w) with the
space of Kéahler potentials (up to normalization) for [w], and the ‘quotient’ of
Jint by Ham (X, w) as the set of isomorphism classes of integrable complex
structures on (X, w). Finally, this means that the problem of finding a cscK
metric can be viewed as finding a zero of a certain moment map for the action
of Ham (X, w) in the complexified J-orbit. Therefore, it is a particular case
of the formalism of moment map type problems for Hamiltonian actions on
Kahler manifolds but in infinite dimension.

?Note that the induced map vy : Co(X,C) = T;Tint is not a Lie algebra homomor-
phism. Otherwise, 0 = vy({h,/—1h}) = [L?hJ7 LJ?;LJ] = -Lz, ,x,/ would imply

that th is always a J-holomorphic vector field. This underlines the fact that there is no
natural complexification of Ham(X,w).
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2.4 Quantization of the constant scalar curvature
Kahler metrics

In [Don01b], Donaldson showed how this previous infinite dimensional quo-
tient can be thought as the classical limit of a finite dimensional construction.
Let us fix a polynomial x(7') € Q[T] of degree n. One can consider the set
H, formed by couples (X, L) such that X is a projective variety of complex
dimension n and L a polarization with Euler-Poincaré characteristic x (X, L)
satisfying

X(X, L*) = x(k)

for k large enough. For each element (X, L) of #,, one obtains an embedding
(which is not unique !) in a fixed projective space

v X — PHY(X, LF)* =PV

for k large enough, because H, is a bounded family. From Grothendieck’s
results [Vie95], there is a quasi-projective scheme Hilb(N, x) containing H,,
the Hilbert scheme of subschemes of PV with fixed Hilbert polynomial y.
Moreover, there is a universal family Univy, = {((X,L),(x)) : © € X}
over Hilb(N,x) such that Univyn, C Hilb(N,x) x PV, ie. one has the
diagram

Univn, -2 PN

L m

Hy

In the sequel, we restrict our attention to H3® the subset of H, formed by
smooth projective manifolds. One can consider a natural (1, 1) Kéahler form
on H7° by pulling-back the Fubini-Study form from PN

)n—i—l

_ (m3wrs :
Qk = T1x ((n—f—l)' N [UTLZ’UN7X] , (21)
which simply corresponds to write at the point (X, L) € HY,

*, M

LW
Qk(”ly”Q):/ wrs(vi, v2) fS7 (2.2)
b'e n!

with vy, vy vector fields along 71| xPY, normal to the subspace defined by
the infinitesimal action of SL(N + 1,C). More precisely, if I' (T0| xPV)
denotes the space of smooth (1,0) vector fields on PY restricted to X ¢ PV,
then I' (T1’0] xPN ) decomposes, under the L? metric inherited from wgg on
PN as a direct sum

T (T"0|xPN) = T (Lie(SL(N +1,C))|x) & T (Lie(SL(N +1,C))[x)* .

18
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Here, T'(Lie(SL(N +1,C))|x) denotes the standard infinitesimal action
of SL(N 4+ 1,C) on PV restricted to X C PN. Thus, the vector fields
v1, vy € I (Lie(SL(N +1,C))|x)" c T (T xPY) in (2.2) are normal to
I' (Lie(SL(N +1,C))|x) (this will be used in Section 8.4.3 where we shall
reformulate the metric defined by (2.2)).

Of course, from the natural action of SU(N + 1,C) over PV, the group
SU(N +1,C) will act equivariantly on Hilb(N,x) and Univy,. With re-
spect to 2, this leads eventually to a natural moment map p on the space
of smooth maps from X € H to PN, Given an orthonormal basis of sec-
tions {so} of HY(X,L*) (which is equivalent to fix the embedding ¢), one
can write this associated moment map as

N+1 SaSp Wi
frd — 5 2
nv) Vol (X) Jx S [si2 nl — oF

which is a trace free hermitian endomorphism. The zeros of y correspond
to “balanced” manifolds (X, L¥) € Hilb(N, x)P* that are polystable in the
sense of Geometric Invariant Theory (this will be described in details in
Section 2.5.2 with the notion of Chow stability). For those manifolds, there
does exist an embedding for which the center of mass with respect to the
Fubini-Study form is zero. Omne can reformulate this by considering two
natural maps on the space of metrics over LF and the space of metrics over
HO(X, LF):

e The ‘Hilbertian’ map |,
Hilby,: Met(L*) — Met(H’(X, L¥))

such that B
Hilb = Hilby(h)(s, 5) z/ \S\icl( ,)
X n.

with ¢1(h) the curvature of h.

e The injective ‘Fubini-Study’ map ,
FS = FSy,: Met(H°(X, L*)) — Met (L")

such that for H € Met(H°(L*)), {s;} an H-orthonormal basis of
HY(X, L*) and for all p € X,

dim HO(X,LF) .
S ) gy ) = S
i=1 SIS Vol (X)

which means that we fix pointwise the metric F.S,(H) € Met(L*).
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The curvature of F'S(H) is the pull-back of the Fubini-Study metric
living in the projective space, using the embedding defined by the
H-orthonormal basis {s;}.

Equivalently, p(t) = 0 corresponds to the existence of a Hermitian metric
Hj, on the vector space H°(X, L¥) such that Hilb,(FSy(Hy)) = Hy, i.e to
a fixed point of the map T' = Hilby o F'S;, where

T: Met(HY(X, L*)) — Met(H° (X, L¥)).

Definition 2.4.1. We say that a fixed point Hj, € Met(H°(X, LF)) of the
T-map is a balanced metric at level k. We will also say that the induced
metrics F'Sy,(Hy) € Met(L*) (resp. t*wpg = fc1(FS(Hy))) are balanced on
L (resp. in ¢1(L)) at level k.

The next statement sums up the important results of [Don0lb; Don05b;
San06].

Theorem 2.4.2. Let X be a smooth projective manifold with a constant
scalar curvature Kdhler metric in the class c1(L) and with Aut(X, L) group
discrete®. Then, there exists a balanced metric Hy € Met(H(X, L*)) for k
sufficiently large.

The sequence of Kéhler forms c1(FS(Hy)Y*) converges in C* topology when
k — oo to the unique cscK metric.

The T map admits a unique attractive fixed point, the balanced metric Hy,
and iterates of the T map converges exponentially fast to the balanced metric.

Remark that the idea of approximating Kéhler metrics by Fubini-Study
type metrics via projective balanced embeddings, goes back to [BLY94]. The
previous theorem also furnishes as a by-product a proof of the uniqueness
of cscK metric in a given integral Kahler class.

One obtains a complete analog in a finite dimensional framework of the
formal ‘symplectic’ quotient of J;,;+ described in Section 2.3. The fact that
at the quantum limit one recovers the setting of Section 2.3 is justified below.
In terms of geometric analysis, a metric in Met(L¥) is balanced if and only if
its associated Bergman function is constant over the manifold. Let us recall
that given h € Met(L) with positive curvature ¢1(h) = w, the Bergman
function associated to h¥ is the restriction over the diagonal of the kernel

3This will not be essential in the rest of the thesis, but we explain shortly what it means.
Aut(X, L) consists in couples (a,b) of bihlomorphisms of X and L such that aom =mob
where m : L — X. There is the restriction map 6 : Lie(Aut(X, L)) — Lie(Aut(X)) that
has 1-dimensional kernel generated by let’s say v. The required assumption that Aut(X, £)
is discrete means that the image of @ is trivial, i.e Lie(Aut(X,L))/C - v is trivial. This
implies by a result of Matsushima-Lichnerowicz that any holomorphic hamiltonian vector
field for w € ¢i(L) is trivial and thus that the Lichnerowicz operator associated to any
Kéhler metric in ¢1(L) has trivial kernel.
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of the orthogonal L2-projection (with respect to h* and Hilb(h¥)) from the
space of smooth sections of L* to the subspace of holomorphic sections. This

can be written as
N+1

pr()(P) = lsilp (p)
=1

where p € X, {s;}i=1,. N1 is an Hilb(h*)-orthonormal basis of HO(X, L*¥).
As we explain later in more details (Section 3.1) there is an asymptotic
expansion for k large of py in C* norm (Theorem 3.1.2) of the form

T scal(w) .

= k"
Pk B)

so the scalar curvature of the curvature w of h appears at the second term of
the expansion. This is a crucial fact in the study of the Yau-Tian-Donaldson
conjecture.

Now, we can come back to our previous discussion about the result
of Fujiki and Donaldson. For k sufficiently large, there is an embedding
of Jint into the Grassmannian Gr(H(X,LF),T'(X, L*)) given by the map
J + Ker(dy) (see also Section 8.4.1). Let us denote Z the symplectic
quotient

{(s1,--y8n+1,J) € T'(X, Lk)N‘*'1 X Jint, 055; = 0, {s;} basis}//SU(N + 1),

i.e the set of couples (V,.J) of (N + 1)-dimensional subspace V of I'(X, L¥)
generated by orthonormal sections that are holomorphic with respect to the
structure J. There are obvious maps: the projection 7 : Z — J;ne and also
T Z — Gr(H(X, LF),T'(X, L*)) given by ma(s1, .., 5n41) = S1 A . ASN 41
On I'(X, L*) there is a natural symplectic form associated to the hermitian
metric Hilb(h¥) which induces a symplectic form on the Grassmannian. One
can pull-back this form by w9 and push it forward by m; to obtain a Kéhler
form w’* on Ji,s. As sketched in [Don0la], one has the convergence

1
lim —w’* =wd

w
k—+oo kT

when restricted to integrable almost complex structures compatible with w.
Let us give some details. Given gg, g1 two Kéhler metrics on T'X compatible
with J € Jint, we set hiy 0, hiy1 the induced metrics on the canonical
bundle Kx. A computation shows that one can write the local potential of

w:,7 as
h n
/ log <KX’1> “
X hKX70 ’I’L'
Let’s take k large enough so that h*(X, L*) = 0 for s > 0. Using the metric
h on L, we get from go, g1 the L? metrics hrz, hr2 1 on the determinant of
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the cohomology det H°(X, LF). One can invoke the work of J-M. Bismut,
H. Gillet and C. Soulé to obtain that

2 n
log <hL2’1> = k"/ log <h§X’1> Y4 O(k™ 1)
hr2g X R, o n!
thanks to the asymptotic anomaly formula for the L? metrics, see [MMO7,
Theorem 5.5.12]. But the LHS of the previous equation is precisely the
potential of the metric w*.
A quite simple computation shows that the moment map associated to the

action of Ham(X,w) on J;,: with respect to k%wj * is given by the function
on X,

N+1

1 /1 N+1

P g (580 +8) S lsalo) - oo (2.3
i=1

for {s;} orthonormal basis for H°(X, L¥) with respect to the metric w; =
c1(h) induced by J € Jint. Actually, to do this computation it is sufficient
to consider the diagonal action over {(s,J) € I'(L*) x Jint, 058 = 0} C
I'(L*) X Jint of hermitian bundle maps of L* that preserve the connection
and cover the w-symplectomorphisms on X. By [Don0lb, Lemma 9], the
associated moment map for this latter action is just (3A, + k) |s|? with s
holomorphic section of L*.

Eventually, from the asymptotic expansion of the Bergman function, one
checks that the moment map (2.3) converges when k — +oo towards the
scalar curvature scal(wy)(p) = scal(gs)(p), up to a normalizing factor, as
expected.

2.5 Algebraic stability of varieties

In this section, we explain some notions of stability for manifolds in terms
of Geometric Invariant Theory (G.I.T). These notions of stability will be
related to the existence of canonical metrics as will appear shortly.

2.5.1 G.I.T stability

We need some basic material about G.I.T stability. We refer to [Tho06;
Mum?77; KN79] as general references, see also [Kel05b, Chapitre 1]. Suppose
that X € PV is a projective variety and G, a complex reductive® linear
group, acts on X and the action is induced by a representation G — SL(N +
1,C). G.I.T has been invented in order to provide a construction of “good”
quotients of X by G.

4i.e it is the complexification of a maximal compact subgroup of G. Equivalently, one
can ask that the uni-potent radical of G is trivial.
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Through the action on Clzy,..,zx], G induces an action on the homo-
geneous coordinate ring of X, R(X') = C|xo, .., zn]/Z, where Z is the prime
ideal generated by the homogeneous polynomials vanishing on X'. The fact
that G is reductive implies actually that the ring of invariants R(X)% is
finitely generated as a Z-graduated algebra. We can associate a projec-
tive variety Proj R by performing the following operation. Since R(X) is
graded by the degree, there is a decomposition R(X)% = @,-, R(X)¢
where R(X )g corresponds to the degree k. From Hilbert’s Nullstellensatz,
one knows that there is a correspondence between finitely generated graded
C-algebras generated in degree 1 without zero divisors and on another side
projective varieties, seen as the zero set of a finite collection of homoge-
neous irreducible polynomials. We replace R(X) by a C-algebra generated
in degree 1 (this corresponds to consider a higher power of the linearisa-
tion” on X). It is true that the algebra R’ = @®>oR(X)$, for a certain
d > 0 is generated by elements in R(X )g, and thus ProjR’ is a projective
variety, usually denoted X'//G. One thinks about this quotient as the set
parametrizing orbits on which there is a least one non-vanishing G-invariant
function in R(&X'). By doing this quotient, we identify two orbits that cannot
be distinguished by G-invariant functions.

Definition 2.5.1. The set of semistable points X'** is the subset of X' given
by the points € X such that there exists a non-constant homogeneous
function f € R(X)¢ with f(z) # 0.

The set of polystable points XP? is the subset of A'*® given by the points
x € X% such that the orbit G - x is closed in X'*%.

The set of stable points X® is the subset of XP® given by the points x € AP?
such that the stabilizer of z in G is finite.

Let us comment briefly this definition. First of all, it is independent
of the choice of x in a fixed orbit, so we can speak of the stability of an
orbit. The semistable points are those that the G-invariant functions can
distinguish. The evaluation map from X — X //G is well defined on the
locus X'*°, which is Zariski open (but possibly empty). The closure of every
semistable orbit contains a unique polystable orbit. The stable points x form
a Zariski open and provide a “geometric quotient” X'*/G by separating orbits
near x. This quotient has a quasiprojective structure.

The Hilbert-Mumford criterion provides a way to check in practice the
semistability (resp. stability, polystability) of a point by restricting our

5We recall that to fix a linearisation L of the action of a linear algebraic reductive
group G on X means to choose a line bundle L and a linear action of G on L inducing the
one on X. When & is Kéhler, one can consider an extension of this definition for compact
Lie group G such that its complexification acts holomorphically and G acts by symplectic
diffeomorphisms. In practice, L is very ample and the linearisation implies that the action
of G is induced by the projective embedding induced by L and a linear representation on
H°(X,L). Then R(X) can be identified to @, H° (X, L*)*.
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attention to l-parameter subgroups. Given A : C* — G a l-parameter
subgroup and x € X, we can define the Hilbert weight

w(z, \)

of the action by looking at the point ' = lim;_,o A(t) -  and doing the
following computation. Since X C PV, each point 2/ € X' can be lifted to
2’ € CN*1\ {0}. Since ' is fixed by the 1-parameter group, there is an
integer w(z, \) such that®

i) - & =@

If this weight is negative, then 0 belongs to the closure of the orbit of any
lift of x.

Theorem 2.5.2 (Hilbert-Mumford). The point x € X is semistable if and
only if
w(z,\) >0

for any 1-parameter subgroup A.
The point x € X is polystable if and only if
w(z,\) >0

for any 1-parameter subgroup \ such that 2’ ¢ G - x.
The point x € X is stable if and only if

w(xz,A) >0
for any nontrivial 1-parameter subgroup A.

We conclude this section by explaining shortly how the moment map
framework fits in the G.I.'T construction. Assume X is now a projective
submanifold of PV and G ¢ SL(N+1,C) is acting on X. Given K C SU(N)
a maximal compact subgroup of G, there is a moment map

X = Lie(K)*

with respect to the symplectic form given by the restriction of the Fubini-
Study metric to X. Note that fixing a linearisation on X" is actually equiv-
alent to fixing a G-equivariant moment map, see [Kir84, Section 8].

Theorem 2.5.3 (Kempf-Ness). A point x € X is polystable (resp. stable)
for the action of G if and only if the orbit G - © contains a zero of the
moment map  (resp. and furthermore the stabilizer is discrete). It is

Sof course there is here a convention, we define the weight in such a way that stable
points have positive weight.
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unique up to the action of K. As sets, one can identify X//G with the
Marsden-Weinstein reduction H*I(O)/K that admits a symplectic structure.

The proof relies on considering the application J, : G /K — R given by
g~ logllg - 213

where h is a K-invariant metric. A computation shows that ¢ is a critical
point of J, if and only if u(g-z) = 0. Also J, is convex along geodesics
in G/K. On another hand, the orbit of x is closed exactly when the norm
llg - Z||5 goes to infinity as g goes to infinity and this corresponds to say that
J, is proper. But the convexity property forces J, to have a critical point
and conversely. This natural idea will appear also several times in our work.

2.5.2 Chow, Hilbert and K-stability

In this section we recall some well known facts about Chow, Hilbert and K-
stability of a polarized variety. We refer to the surveys [Biq06; Tho06; PS10;
Fut12] and also to [Mum?77; Don05a; Don02] for definitions and examples.

Consider (X, L) a polarized variety of complex dimension n and X C
PHY(L*)* = PV the closed immersion associated to the complete linear
system |LF|. Let Zx = {P € Gr(V,n—1) : PN X # (}} which is a divisor of
degree d = deg L in the Grassmannian G = Gr(V,n — 1). Thus there exists
sxv € H(G,0g(d)), such that one has Zx = {sx,y = 0} and this induces
a Chow point

Chow(X) = [sx.v] € PH*(G, Og(d))

on which one can consider the action of SL(V). The polarized manifold
(X, L*) is said to be Chow stable (resp. Chow semistable) if the Chow
point Chow(X) is G.I.T stable (resp. G.I.T semistable).

We say that it is asymptotically Chow stable (resp. asymptotically Chow
semistable) if (X, L*) is Chow stable (resp. Chow semistable) for & > 1.

Let us discuss now Hilbert stability. For X C PV a variety such that
the restriction map

p: H'(PV,0(m)) = H*(X,O(m))
is surjective, one sets

hO(X,0(m))
Wn= N\ H'(PV,0(m))".

Thus, from the map p and taking the wedge product, one can consider the
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m-Hilbert point in the projective space P(W,,) given by

RO(X,0(m)) RO(X,0(m))
Xm=[ A  H'®V,0m) = A\ H'X,0(m))]e€P(Wny).

The polarized variety (X, L) is said to be Hilbert stable (resp. Hilbert
semistable) if the induced m-Hilbert points [X],, defined by the closed im-
mersion associated to the complete linear system |L™| are G.I.T semistable
(resp. G.I.T stable) for all m > 1.

The polarized variety (X, L) is said to be asymptotically Hilbert stable (resp.
asymptotically Hilbert semistable) if (X, L*) is Hilbert stable (resp. Hilbert
semistable) for k& > 1.

We recall now the notion of test configuration [Don02; Don05a; Tia97].

Definition 2.5.4. A test configuration for a polarized variety (X, L) is a
polarized scheme (X, £) with:

e a C* action and a proper flat morphism 7 : X — C which is C*
equivariant for the usual action on C,

e a C* equivariant line bundle £ — X which is ample over all fibers
of m such that for z # 0, (X, L*®) is isomorphic to (X, Lx,) for some
positive integer s, called the exponent.

A product test configuration is a test configuration with X ~ X x C. A test
configuration is trivial in codimension 2 if it is C*-equivariantly isomorphic
to a product test configuration X x C, with trivial C*-action, away from a
closed subscheme of codimension at least 2.

From [RT07], we know that there is a correspondence between the data
of a test configuration (X, L) of exponent s and the data of a 1-parameter
subgroup of SL(H®(X, L*)). Thus using the Hilbert-Mumford criterion, it
is sufficient to consider the weights of the C* action to check the stability
of (X, L). More precisely, let us call w(Ks) the total weight of the induced
action on W*,Cllg = HO(Xp, LK) for K > 0, for a test configuration associated
to (X, L%*). Remark that w(Ks) is a polynomial of degree n + 1 in the
k = Ks variable. Let us denote P(k) = dim H°(L¥) which is equal to the
Hilbert polynomial x (X, L*) for k large. The normalized weight after taking
the sP(s)-th power of the C* action on 7'['*[,{5 is

w(s, k) = w(k)sP(s) — w(s)kP(k) (2.4)
which is a polynomial of degree n+1 in the k variable. It is the Hilbert weight
of (X, L) and thus (X, L) is asymptotically Hilbert stable (resp. asymptot-
ically Hilbert semistable) if and only if @w(s,k) > 0 (resp. w(s,k) > 0) for
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all k> 1 (k > ko(s) large enough), s > 1.

One can decompose (s, k) as

n+1
w(s, k) = Z ek
i=0
where e; = ;Li(} € j 7 are polynomials of degree n+1 in the s variable with

en+1,n+1 = 0 due to the normalization.

We refer to [Mum77, Lemma 2.11] and [RT07, Theorem 3.9] for a proof
of the next result.

Proposition 2.5.1. The coefficient e,11(s)s" 1 (n+1)! is the Chow weight
of X € PHY(X,L®). In particular, (X,L) is asymptotically Chow stable
(resp. asymptotically Chow semistable) if and only if ept1(s) > 0 (resp.
>0) for all s> 1.

Note that (X, L) is asymptotically Chow (resp. Hilbert) polystable if
it is asymptotically Chow (resp. Hilbert) semistable and any not strictly
stable test configuration is a product test configuration. This matches with
the notion of polystability in terms of G.I.T.

We are ready to define the notion of K-stability. The following definition
is a refinement of Donaldson’s definition [Don05a] and is due to Stoppa
[Sto08].

Definition 2.5.5. The polarized variety (X, L) is K-stable (resp. is K-
semistable) if for any non trivial (in codimension 2) test configuration 7T,
the leading coefficient e, 115, of e,41(s) is positive (resp. > 0). This leading
coefficient is called the Donaldson-Futaki invariant of the test configuration
and denoted DF;(T). Moreover (X, L) is said to be K-polystable if it is
K-semistable and any not strictly stable test configuration is a product test
configuration.

In the case that the test-configuration only involves a smooth central
fibre, one recovers from this definition the classical invariant introduced by
A. Futaki in the eighties (the test configuration providing a holomorphic
vector field and conversely). Remember that in that case, one can write

1 n
DFl(Yh) =3 /X h(scal(gs) — scalo)%
1 aX)Aa@)"t 1 / cr(L)™
_Q/Xh ) R el Mo
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where scaly is the average of the scalar curvature for the class [w] = ¢ (L) and
Yh a holomorphic vector field. Futaki proved that DF; depends actually
only on the considered Kéhler class and is a character over the Lie algebra
of holomorphic vector fields of X.

As one can imagine easily, it is particularly challenging to test K-stability
in practice. Y. Odaka has proved that it suffices to check the positivity of
the DF} invariant on all “semi-test configurations” arising from ideals. More
precisely, a flag ideal on X is a coherent ideal sheaf Z on X x Al of the form

T=1Io+ @) + ...+ (D),

where Inp C I; C ... C Ip_1 C Ox is a sequence of coherent ideal sheaves.
Such a flag ideal Z induces a coherent ideal sheaf on X x P!, denoted the
same way, and one can blow up Z on X x P!. Let us call 7 this map and E
the associated exceptional divisor. Thus 7 : Bz(X x P') = X x P!, Let £
stand for 7*(p* L) where p : X x P! — X is the projection on X. Similarly
Kx is the pull-back of Kx to

B:= BLz(X x P').

The natural C* action on X x P! acting trivially on X lifts to an action
on B. This gives rise to a “semi-test configuration” (B,L£ — E) when £ — E
is relatively semi-ample over P! and B is normal. This is a generalization
of the deformations to the normal cone as used in Part III for which the
parameter P is equal to 1. Then Y. Odaka [Odal3a] and independently X.
Wang [Wan12] computed the following expression for the Donaldson-Futaki
invariant:

DF(B,L - E)=—n(L"'Kx)(£ - E)"!
+ (n+ D(L")(£ - B)"(Kx + Kp/xxp1), (2.5)
where Kp,xp1 is the relative canonical bundle. We will explain in Part V

how this formula can be used. To sum up, with formula (2.5) in hand, we
have the following theorem [Odal3a, Corollary 3.11], [Wan12].

Theorem 2.5.6. Assume that (X, L) is a normal polarized variety. Then
(X, L) is K-stable (resp. K-semistable) if and only if

DF\(B,L" — FE) >0, (resp. >0)
for all r > 0 and all flag ideals T with B normal and Gorenstein in co-
dimension 1 and L™ — E semi-ample over P

Let us finish this section by recalling certain well-known relationships

between the various notions of stability that we shall use later (see [Tho06;
Mab08al):
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2.5. ALGEBRAIC STABILITY OF VARIETIES

Asymptotic Chow stability < Asymptotic Hilbert stability = Asymptotic
Hilbert semistability = Asymptotic Chow semistability = K-semistability.

Now, we can explain the deep relationship between Section 2.5 and Sec-
tion 2.4. In [Zha96] and [Luo98], S. Zhang and H. Luo have reformulated the
G.L.T notion of Chow (poly)stability in terms of existence of special metrics,
the balanced metrics defined as previously. They proved the next theorem
that we shall use several times in this thesis.

Theorem 2.5.7. The embedding of the algebraic manifold X into the pro-
jective space via the linear series determined by L¥ is Chow polystable if and
only if there exists a hermitian metric on L that is balanced at level k.

Therefore, together with Theorem 2.4.2, there exists a bridge between
algebraic notions of stability (i.e G.I.T), existence of canonical algebraic
metrics (balanced metrics) and existence of Kéahler metrics with special cur-
vature properties (cscK metrics). By algebraic metric, we mean metrics
obtained as pull-back of Fubini-Study metrics by the Kodaira’s embeddings
of the manifold. We stress the fact that cscK metrics or more generally
extremal metrics are transcendental objects solutions of non linear PDEs.
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30



Part 11
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Chapter 3

()-balancing flow

In this chapter we provide a new proof of the Calabi-Yau theorem over a
projective complex manifold by introducing a new flow, called the 2-Ké&hler
flow that appears as limit of an algebraic construction through the moment
map formalism in finite dimension. Firstly we give some definitions and
recall some natural moment map considerations about {2-balanced metrics.
Then we introduce the two main flows of this chapter, the 2-balancing flow
and its quantum limit, the (2-K&hler flow, and state our main results, Theo-
rems 3.0.11 and 3.0.12. Eventually, we derive some consequences in Sections
3.2.3 and 3.4.

Assume that M is a smooth polarized manifold of complex dimension n
and L an ample line bundle. We consider a smooth volume form € on M
such that [;, Q = Vol (M), the volume of M with respect to L.

In [Don09], S.K. Donaldson introduced a notion of 2-balanced metric,
adapted to the Calabi problem of fixing the volume of a Kéhler metric in
a given Kéhler class. More precisely, given a (smooth) hermitian metric
h € Met(L*), one can consider the Hilbertian map

Hilbg = Hilby g : Met(L*) — Met(H°(L"))

such that

Hilbg(h):/ h(.,.)Q:/M<.,.)hQ

M

is the L? metric induced by the fibrewise h and the volume form €. On
another hand, one can consider the Fubini-Study applications F'S = F'Sj, :
Met(H(LF)) — Met(L*) defined as page 19. One of the main result of
[Don09] asserts that the dynamical system on Met(L*) given by

Tox = FS o Hilbg

has a unique attractive fixed point.
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CHAPTER 3. Q-BALANCING FLOW

Definition 3.0.8. Let (M, L) be a polarized manifold, © a smooth volume
form. Then for any sufficiently large k, there exists a unique fixed point
hy. of the map Tq : Met(L¥) — Met(L¥) which is called Q-balanced. The
metric Hilbg(hi) € Met(H(L¥)) and the Kihler form c;(hy) € ¢1(L), given
by the curvature of hj, will also be called 2-balanced.

When k tends to infinity, one obtains from [Don09] and [Kel09, Theorem
3], the following result.

Theorem 3.0.9 ([Don09; Kel09]). When k — oo, the sequence of -
balanced metrics (hy)'/* € Met(L) converges to a hermitian metric hoy €
Met(L) in smooth topology and its curvature is a solution to the Calabi
problem of prescribing the volume form' in a given Kdhler class,

C1 (hoo)n = Q.

Let us denote in the sequel N +1 = Ny, + 1 = dim H°(L¥). Another
way of presenting the notion of {2-balanced metric is to introduce a moment
map setting. Let us consider first ppg : PV — /—1Lie(U(N + 1)) which is
a moment map for the U(N + 1) action and the Fubini-Study metric wgrg
on PV. Note that here we identify implicitly the Lie algebra Lie(U(N + 1))
with its dual using the bilinear form (A, B) = —tr(AB). Given homogeneous
unitary coordinates, one sets explicitly ups = (Urs)a,s as

(IU’FS([ZOv"';ZN]))a,B = 27 (3.1)

Then, given an holomorphic embedding ¢ : M < PH?(L¥)*, we can consider
the integral of pupg over M with respect to the volume form:

nat) = /M s (L) 2p)

which induces a moment map for the U(N + 1) action over the space of all
bases of HO(LF). Let us give some details on that point. On the space 9t of
smooth maps from M to PH?(L*)*, we have a natural symplectic structure
wq defined by

wq(a,b) = / (a, b))
M
for a,b € T, M C T'(M, T(IP)N)TM) and (.,.) the Fubini-Study inner product
on the tangent vectors. Let ¢ € Lie(U(N+1)) and X, € HO((PY)*, T(PV)*)
be the induced holomorphic vector field on the dual space (PV)* = PHO(LF)*.

'Note that in the following we shall forget the normalization factor % in front of the
Monge-Ampere mass ¢1(hoo)™.
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For all Y € T'(M, T(PY )ias) we have that

wQ(XC|M’ Y) = /M iy(ngwFs)Q

—— [ tdues(v)-0)0
M

= —tr(dpa(Y) - ¢)

and pugq is Ad-equivariant as the integral of the Ad-equivariant moment map
pups. Thus, U(N + 1) acts isometrically on 9 with the moment map given
by

e — (MQ(L) - Wld]\;H) € V—1Lie(SU(N + 1)).

Note that if one defines a hermitian metric H on H°(L*), one can consider
an orthonormal basis with respect to H and the associated embedding, and
thus it also makes sense to speak of uq(H). As we shall see, in the Bergman
space B =By = GL(N+1)/U(N +1), we have a preferred metric associated
to the volume form 2 and the moment map we have just defined, and this
is precisely an (2-balanced metric.

Definition 3.0.10. The embedding ¢ is 2-balanced if and only if

_ tr(pa(4)

Id =0.
N1 0

pa(t) = pald)
An Q-balanced embedding corresponds (up to SU (N + 1)-isomorphisms)
to an (2-balanced metric (*wpg by pull-back of the Fubini-Study metric
from PHO(L¥)*, so our two definitions actually coincide (see [Don09]). Note
that for H € Met(HY(L*)), it also makes sense to consider ugq(h) where
h = FS(H) € Met(L¥), i.e when h belongs to the space of Bergman type
fibrewise metric that we identify with B.
On the other hand, seen as a hermitian matrix, ud () induces a vector
field on PY. Thus, inspired from [Fin10], we study the following flow

MO ).

and we call this flow the Q-balancing flow. To fix the starting point of this
flow, we choose a Kéhler metric w = w(0) and we construct a sequence of
hermitian metrics hi(0) such that wg(0) := ¢1(hg(0)) converges smoothly
to w(0) providing a sequence of embeddings ¢;(0) for k sufficiently large.
Such a sequence of embeddings is known to exist thanks to Theorem 3.1.2
(cf. [Tia90; Bou90]). For technical reasons, we decide to rescale this flow by
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CHAPTER 3. Q-BALANCING FLOW

considering the following ODE.

dug(t)

e C10) (32)

that we call the rescaled Q)-balancing flow. Of course, we are interested in
the behavior of the sequence of Kéhler metrics

wn(t) = 7 ua(0)* ()

when ¢ and k tends to infinity. Here is one of the main results of this chapter.

Theorem 3.0.11 ([CaoKell2]). For any fived t, the sequence wy(t) con-
verges in C™ topology to the solution w++/—100¢; of the following Monge-
Ampére equation

olon Q

— =1- — 3.3

ot (w+ V/—100¢)" (3:3)
with oo = 0 and w = limg_,oo w(0). Furthermore, the convergence is Clin
the variable t.

We call the flow given by Equation (3.3), the Q-Kéhler flow. The proof
of this theorem will be done in several steps. First we study the limit of
a convergent sequence of rescaled (2-balancing flows to identify the limit
(Section 3.1), that we shall call the Q-Kéhler flow. Then, in Section 3.2, we
study in details the behavior of the 2-K&ahler flow in any Kahler class and
prove our second main result.

Theorem 3.0.12 ([CaoKell2]). Let ¢ be the solution to Eq. (3.3) on the
maximal time interval 0 <t < Tipar. Let

1 w”

Then the C* norm of vy are uniformly bounded for all 0 < t < Tihae and
consequently e, = +00. Moreover, v; converges when t — 00 t0 Voo N
smooth topology and % converges to a constant in smooth topology.

Finally, inspired from the work of [Don01b] and especially [Fin10] for the
Calabi flow, we will prove Theorem 3.0.11 in Section 3.3. In Section 3.4.1,
we give a moment map interpretation of the Q-Kéahler flow.

3.1 The limit of the rescaled ()-balancing flow

In this section, we assume that the sequence wy(t) is convergent and we want
to relate its limit to Equation (3.3). The goal of this section is to prove the
following result.
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3.1. THE LIMIT OF THE RESCALED Q-BALANCING FLOW

Theorem 3.1.1 ([CaoKell2]). Suppose that for each t € Ry, the metric
wi(t) induced by Equation (3.2) converges in smooth topology to a metric wy
and that this convergence is C' int € Ry. Then the limit w; is a solution
to the flow (5.3) starting at wy = limg_ o wi(0).

Given a matrix H in Met(H°(L")), we obtain a vector field Xz which
induces a perturbation of any embedding ¢ : M < PH?(L*)*. The induced
infinitesimal change in (*wpg is pointwise given by the potential tr(H upg)
where ppg is given by (3.1). Thus, the corresponding potential in the case
of the rescaled ()-balancing flow is

—ktr(pgpurs).

Since we are rescaling the flow in (3.2) and considering forms in the class
c1(L), we are lead to understand the asymptotic behavior when k& — oo of
the potentials

By = —tr(prs)

We will need the following key result. Let us fix a Kéhler form w € ¢;(L)
and write w = ¢1(h). Let us consider the Hilbertian map defined page 19.

Theorem 3.1.2 (Asymptotic expansion of the Bergman kernel).
The Bergman function (or distortion function) associated to h* has the fol-
lowing pointwise asymptotic expansion:

N+1 4
pe(M)(p) == > Isilpn(p) = K" + Y _ k" "ai(h),
i=1 i>1

where {s;}i=1. n+1 is an Hilb(h¥)-orthonormal basis of HO(L¥). By a;(h)
we mean terms depending on the curvature and its covariant derivatives that
are uniformly bounded on M. If h is varying in a compact set (in smooth
topology) in the space of hermitian metrics with positive curvature, then

on ()~ (k + ikn—iaxh)) |
i=1

where C' is uniform and only depends on r.
A direct consequence is the convergence of the sequence of Bergman metrics
2e1 (FS(Hilb(hF))) to w in smooth topology, i.e for all v > 0, i.e.

=o()) ”

Theorem 3.1.2 is usually called nowadays the Tian-Yau-Zelditch expan-
sion. S. T. Yau conjectured the convergence of the Bergman metrics in

C
<
cor = kmtl’

H%cl(FS(Hilb(hk))) |
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CHAPTER 3. Q-BALANCING FLOW

[Yau86, Section 6.1], while G. Tian proved it in [Tia90] for C? topology
(and Y-D. Ruan for C*, see [Rua98|) and identified ay = 1. The existence
of the asymptotic expansion was proved S. Zelditch [Zel98] (and indepen-
dently by D. Catlin [Cat99]) using Boutet de Monvel-Sjostrand techniques.
The uniformity of the coefficients a; appeared in [Lu00] and will be crucial
in the rest of the chapter. We refer to [MMO07] as a general survey on this
topic and provides a historical perspective.

Remark 3.1.1. Away from the diagonal, the kernel >Nt (s;(py), ) pesi(p2)

vanishes asymptotically, so the geometric information is essentially carried
by pi(h).

Equation (3.4) means that the embeddings ¢; induced by Hilb(h) pro-
vides a sequence of metrics ¢} (wrs) by pull-back of the Fubini-Study metric,
and this sequence is convergent towards the initial metric w when k — oo.
We will also use in the sequel the following technical result that can be
proved with similar arguments to Theorem 3.1.2. See [Zel98; Cat99] and
[Bou90] where is identified the first term of the asymptotic expansion.

Proposition 3.1.1. Let (M, L) be a projective polarized manifold. Let h €
Met(L) be a metric such that its curvature c1(h) = w > 0 is a Kdhler form.
Assume > 0 to be a volume form with continuous density. Then we have
the following asymptotic expansion for k — oo,

N+1 P
Z |silpr = knﬁ +O(k"),
i=1

where {s;} is an orthonormal basis of HO(L*) with respect to the L? inner
product [y, h*(.,.)Q = Hilbo(h*). Here by O(k"~1), we mean that for r >0

N1 o X
DI
i=1

where ¢, remains bounded if h varies in a compact set (in smooth topology)
in the space of hermitian metrics with positive curvature.

We will also need the following important technical result, see [LMO7,
Theorem 1], [MM12, Section 6]. Note that the C" estimate below holds for
any f € C*(M,R).

Theorem 3.1.3. Let us consider h € Met(L) with positive curvature, w =
c1(h) the induced Kdhler form, Q a smooth positive volume form and {s,}
orthonormal basis of HO(L*) with respect to Hilbg(h¥). Then the operator
on C*(M,R) given by

QN0 = 5 [ 3 (o 0) s 50 (D) (),
a,b
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3.1. THE LIMIT OF THE RESCALED Q-BALANCING FLOW

approximates the operator %exp(—ﬁ) in the following sense. For any

r € N* there exists C > 0 such that for all k sufficiently large and any
function f € C*°(M,R), one has

1(5) (@ -Few (-2:) 1) ..

Q) ~ L Flor < Clfllere (36

C
EHf”L? (3.5)

where the norms are taken with respect to the induced Kdhler form obtained
from the fibrewise metric on the polarization L and A is the Laplace operator
for the induced Kdhler metric. The estimate is uniform when the metric
varies in a compact set of smooth hermitian metrics with positive curvature.

We have the following first consequence.

Proposition 3.1.2 ([CaoKell12]). Let hj, € Met(LF) be a sequence of met-
rics such that wy := %cl(hk) 18 convergent in smooth topology to the Kdahler
form w. Then the potentials B, = —tr(udpurs) (induced by the embeddings
given by Hilbo(hy)) converge in smooth topology to the potential

Q

wn’

Note that given a form w, a sequence of Bergman metrics hy is known
to exist by the previous theorem.

Proof. Let {s;} be an orthonormal basis of H%(L*) with respect to the metric

Hj, := Hilbg(hy). By the discussion at the beginning of Section 3.1, the
balancing potential at p € M for the rescaled balancing flow is

/ Z Saasb q . dab <5a,3b>(p) Q(q)
S silg)2 N AL S si(p)?
where (.,.) stands for the fibrewise metric hy. By the Riemann-Roch theo-

rem, N + 1 = k"Voly, (M) + O(k™1). From Proposition 3.1.1, the fact that
wg is convergent to w and the uniformity of the estimates, we obtain

Saasb Sa73b>(p) 1
Br(Hg) = N+1 15:(p / Z <Q£(q)+0(i)>9(€ﬁ

- wﬂ /M<sa,sb><qi7<lsa,5b><p> ((1+O<k>> 2 @)a+o(2).

But now, from Theorem 3.1.3, one knows the asymptotic behavior of the
quantification operator Q. (f)(p) = g [1; 2ap (s 56) (@) (565 50) (P) f (@) A(q)-
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CHAPTER 3. Q-BALANCING FLOW

Then, for k — oo, from Inequality (3.6) and the uniformity of the constants,

one obtains
Br(H)(p )—1—*Qk <£Ez < >>+O<k>

The convergence of Qy ( O (1)) to 14 O(1/k) follows from the same
arguments as in [Finl0, Pages 10-11] and is a consequence of (3.5). This
gives finally the expected result. O

Independent of the considered flows, we have also a general result that
complements Theorem 3.1.2.

Proposition 3.1.3 ([CaoKell2]). Let h(t) € Met(L) be a path of hermitian
metrics on L with c1(h(t)) > 0. Let us consider hy(t) = F.S(Hilbg(h(t)¥))'/*
the path of induced Bergman metrics. Then 8hgt(t) converges to 8%—?) as
k — 400 in C™ topology. This convergence is uniform if h(t) belongs to a

compact set in the space of positively curved hermitian metrics on L.

Proof. Let us assume that h(t) = hge®* and that ¢e® hg is the infinitesimal
change of the fibrewise metric, say at ¢ = 0. An infinitesimal change of the
L? inner product corresponds to the hermitian matrix in the tangent space

of the Bergman metrics
A= [ Kolsa s
M

and thus the potential associated to that infinitesimal change is, after rescal-
ing to Met (L),

Sa; S )(Q)
Etr (Aups) = k‘/ kqbz Say Sp) ( MQ(C]%

where the {s;}i—1 . n41 form an orthonormal basis of holomorphic sections
with respect to Hilbg(h%) and hE = (.,.). Thus, using Proposition 3.1.1,
one obtains that

Jar (@) X (50> 56) () {5, 50) (9)2(9)
b (Fw+o )
1

= Forroum @ 9@

—tr(Aprs)(p) =

and, as k — +oo, this converges, thanks to Theorem 3.1.3, towards ¢(p)
after simplification. O
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3.1. THE LIMIT OF THE RESCALED Q-BALANCING FLOW

Remark 3.1.2. Thus we have obtained the convergence of the family hy(t)
in C! topology with respect to the variable t. Note that the result cannot be
improved, in the sense that, thanks to a direct computation, we don’t expect
a convergence in C? topology. Let us be more precise. An infinitesimal
change at order 2 of the induced L? inner product along a smooth path of
the form hge®* corresponds to a hermitian matrix

B= [ (k02 +80) (50}

On another hand, the potential associated to this infinitesimal change at
p € M is given after rescaling by the formula

% (tr(BuFS) — tr(A,qu)z) (p) (3.7)

Actually, if we write in an orthonormal basis the potential of the metric
FS(Hilb(h(t)")),

() = log 3~ Aa(0)]sa

” / 2
with (0) = log 32, [sal?, then G(t))—g = Za el Ol (ale Opal)

a lSa a |5a‘2
which shows (3.7). In order to simplify the computations, let us assume that
hg is solution of the Calabi problem, i.e. ¢1(ho)" = wi = §2. Now, using this
assumption, Proposition 3.1.1, and [MMO07, Theorem 4.1.2],

1 1 . ..
%tr(B’uFS) - 1 scal(wp) 1 @k (k¢2 * (15) '
(1 ik T O(P)>
Then we can define the operator on C®°(M,R), Qx(f) = m@k (f).

. TS
We write

= (tr(Burs) — tr(Anrs)?) = Gu(@) + & (Qu(d) — Quld)?) +0 (;)

Then using Theorem 3.1.3 and [MM12, Theorem 6.1] which gives the asymp-
totic expansion of @, at second order, 1 (tr(Bups) — tr(Apps)?) is equal

to
. 1
=+0(g)

1 9 1 (scal(wp) .9 1 ‘9 1
+1+41sca;«uo>’f<¢ +k(87r O gt ) HO 2

k

2
1 .1 (scal(wg) . 1 A 2
o (1 + 1 scal(wo)> k ((b—i_ % < 87 ¢ B 471'Aw0¢>)

ir 2k
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. 1 15 .1 . 1
—¢_ 47TAWO¢ +2¢4ﬂ,Awo¢+O <k>

.1 )
=3~ IVl
™
which is different from ¢.

We are now ready for the proof of Theorem 3.1.1 which identifies the
limit of the sequence of rescaled 2-balancing flows for k — +oc.

Proof of Theorem 3.1.1. We write w; = w + v/—100¢;. Using the C!
convergence in ¢, ét is continuous and unique up to a constant that we shall
fix by setting [}, $iwl = 0. Consider the potential S (11 (t)) induced by the
embedding ¢ (t) given by the rescaled 2-balancing flow at time ¢. Thanks to
Proposition 3.1.3 and the fact that [, B (e (t))wi(t) — 0 when k — o0,
this sequence of potentials converges to ¢;. Moreover, using the balancing
condition, we can apply Proposition 3.1.2 to get

. Q
¢r = lim B(u(t)) =1~ o

O]

3.2 The (2-Kahler flow and the proof of its conver-
gence

3.2.1 The long time existence

We are now interested in the flow

Oy Q

— =1- — 3.8

ot (w4 V—100¢)" (3:8)
over a compact Kéhler manifold (not necessarily in an integral Kahler class),
where ¢p = 0 and w is a Kéhler form in a fixed class [@]. Of course, this can
be rewritten as

= 1

ot

where f is a smooth (bounded) function defined by f = log(€2/w™). We are
interested in the long time existence of this flow and its convergence. We
study now long time existence and convergence of this flow, following the
ideas of [Cao85]. Note that after we wrote this article we have been informed
that similar results were proved recently in [FLM11] , and we would like to
thank Prof. Z. Blocki for pointing out this reference to us. In this section
we will prove the following result.

42
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CONVERGENCE

Theorem 3.2.1 ([CaoKell2]). Let ¢, be the solution of
doy 1 Q

Ot (w+/—100¢)"

on the maximal time interval 0 <t < Typaz. Let ve = ¢ — W u Prw"
Then the C* norm of vy are uniformly bounded for all 0 < t < Thar and
Traz = +00.

We remark that if we look at the formal level of this equation in terms
of cohomology class, we obtain directly

Ol(w+ v=100¢,)]

ot ’
which shows that the Kahler form

wi 1= w + vV —1900¢;

remains in the same class as w + /—109¢y, i.e. [a].

Proposition 3.2.1 ([CaoKell2]). The function % and 1_%& remain (uni-

ot
formly) bounded in C° norm along the flow given by Equation (3.9).

Proof. Let us differentiate Equation (3.8), we obtain

0 (960\ _ 9, (00

at\ ot ) wprTt\ ot
with A, the normalized Laplacian with respect to the metric w + v/—100¢;.
We apply now the maximum principle for parabolic equations at the point
where % attains its maximum (respectively its minimum). Plugging this

information in (3.8), we obtain

¢

o S S}\Zp(l —ef)
and moreover 5
g > inf(1 — ef)

On another hand,

o0 ( 1\ _ (wt+v=T0ds) (&m)
1_ % — t )

ot Q ot

and one applies again the maximum principle to obtain the proposition. [J
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We denote A the Laplacian with respect to the Kéahler form w given at
t=0.

Lemma 3.2.1. One has
0<n+ Agbt

Proof. The fact that w + +/—100¢; is a Kihler form implies by taking the
trace that n + A¢y > 0. O

We show now the upper bound for the Laplacian of the potential.

Proposition 3.2.2 ([CaoKell2]). There exist positive constants C1 and Co
such that

0<n+Ad < CeC2(@r—infarxpo,r) ¢t), for all t €]0,T).

Proof. In the proof we denote ¢, by ¢, omitting the subscript for the sake
of clearness. Moreover, g (resp g;) denote the Riemannian metric associated
to the Kihler form w (resp. wy = w + v/—109¢;).

First of all, using holomorphic normal coordinates system at any point
p € M, we have

Ai(n + Ag) = gfl (gijébij)kl' = gflRijkl'ﬁbﬁ + gflgijﬁbijkl'-

Set

n

h= log% = logw;" — logw™ — f.

so that 0
eh=—.
wy'

The idea of the proof is essentially to apply maximum principle to the quan-
tity (n + A¢) with the operator e "A; — %.

Now, by using holomorphic normal coordinates and direct computations,
we get

Ah = ~g,°91 Di51bpqr + 9t (—Rij + di5pr) + R — Af.

Here R;j; and R = scal(w) denote the curvature tensor and the scalar
curvature of the metric g;; respectively. Then

0 0
S0+ 80) =A(S) = A ) = e AR - VAP

—hy 45kl ij iq pj
= Mg’ M biu1 — 97 Rij + R — Af — g797 di51.0,55 — IVA).
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Thus
—n 9 Kl i Kl
(e™"Ay — a)(” + Ag) =e"gf'g (ﬁ%kl‘ — Oiij) + 9 Rizuidj
+ gt]R —R+Af+ gzqgf]@jk%q/} + [Vh[?].
On the other hand, by commuting the covariant derivatives, we have
¢¢ij - ¢kz‘1;j = Riqkl‘%j - Rijkq%l‘ .
Hence
—h 9 K K
(e7"Ay — a)(n + A¢) =e"[2g} Riz1i%5i — 9 Rikq®qr
+ 0 Rij = R+ Af + 61797 6510y + VAP

Moreover, if we choose another coordinates system so that g;; = ¢;; and

¢) ¢’L’L 51_] Y

_ . bii Prk
gflRijkl‘ébﬁ - Qflet?(ﬁql_ = Z Riii( 1+ ¢z 1 +k§I;kTg)

1y

¢2*- - ¢ﬁ¢k1€
—N"R.. it
sz: Rk (14 ¢ﬁ)(1 + k)

1 Z — Oui)’
iikk 1 + (Z)zz)(l + (ﬁk%)’

and
9 Rizdsi + 9/ Rz — R :ZR'%;}( a1 1)
A J — 1+<75k;1; L+ dpr
1 Z — Oup)” )
iikk 1 + d)u)(l + (ﬁk%)
Therefore,

B 0 _ Rii(di — dur)? I
h h iikk\Pii kk *q P] b - 2
Ar——=)(A¢) = g A Gk Ppak VA7)

(3.10)
Now, we assume the curvature tensor R;7.; is bounded below by —Cy, for

some constant Cy > 0, so that

ijk

Rzt > —Col(9:59k1 + 9:19k5)-
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Then, from (3.10) we obtain

0 1 7 iqg v
(e7"Ar = 2)(A¢) = e "[-2Co(D 1:;; =) + Af + 6,97 $iji B
i,k

ot
(3.11)

Finally, we consider the function e=“%(n + A¢) and compute

Ad(e%(n + Ag)) = C2e O (n + Ad)gl did;
— Ce gl v [0i(Ad); + (Ad)ig;]
—cacﬂn+A@A@+w*%Axn+A@
— (n+ A¢) e gl (A¢)i(Ad);
— Cem Y (n+ M)A + e Ay (n + Ag),

%(e‘c¢(n+A¢)): —Ce C¢(n—|—A¢>) ¢+e g(n—I—Agb).

(€8 — L) (et Ag) > — (n+ Ag) e O G (Ag) (Ad);

0

—Co(e=hA, —
e e A - )+ A9)
9

—Ce % (n+ Ap)(e A, — a)q5

Now observe that, by using g;; = 0,5, ¢;; = ¢;30;; and (3.11), we have

(14 20) g7 (AG)(B); + (B~ D )n+ AY)
(n+A¢ IZ 1+¢m 1|Z¢kkz‘2

+Z 1+¢” 1+¢kk> 1|¢mk‘2+Af

1,5,k

1+ 95 2
— 20 i p2)
%1+¢kk

1+ 95 2
>—-2C(y — —n")+Af.
Z.Zk:l‘i'ﬁf’kl%
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CONVERGENCE
Therefore, by taking C' = Cy + 1,
(B~ 2Ot Ag)) 2 e CHI(AS +n2C)

— Ce™CO N (n 4 Ap)(n — ehaif)

+(C = Co)e M+ 29) 3 5 +1 -

> e (O (Af 4 n2Cp) z
— Ce™ @ (n + Ag)(n — eﬁaif)
+ e (Cotitatn (g gf) T(n+ Ag)aTT
@Jm

where in the last inequality we have used the arithmetic-geometric inequality

256 Trom o)

= [ (1= DN 4 Ag)

Now the proposition follows from the maximum principle and Proposition
3.2.1. Actually, at the point (p, ) where (e~“?(n + A¢)) achieves its max-
imum, the left hand side of (3.12) is non positive and hence

(n 4+ Ad(p,to)) ™7 < C'(1+ (n+ Ad(p, o))
with C” independent of ¢. Finally, (n + A¢(p,tp)) < Cy which gives the
result. O
Using the fact that we are working with plurisubharmonic potentials, we
get the obvious fact:

Lemma 3.2.2. Let us denote

v = G —

Vol ( / P

where ¢y is solution to Equation (3.9). Then, there exist constants ca,cs3
such that

sup v < ca,
Mx[0,T]

sup /|vt|w < cs.

Mx[0,T]
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CHAPTER 3. Q-BALANCING FLOW

Proposition 3.2.3 ([CaoKell2]). There exists a constant c4 > 0 such that

sup |ve| < eq.
M x[0,T]

Sketch of the proof. We apply the Nash-Moser iteration argument. The only
major difference with [Cao85, Lemma 3] is that in [Cao85, Equation (1.14)],
the right hand side is bounded by the term

n‘/ Co o —1]w"
Juwop—1 \1- 9 '

But now, from Proposition 3.2.1, one can give the following upper bound
for this term:

n
)

(v
M p—1
where C' is a uniform positive constant. This ensures that one can applies the

Nash-Moser argument. This implies in a similar way to the computations
of [Cao85, page 364] the C° estimate. O

C

With Propositions 3.2.3 and 3.2.2 and Lemma 3.2.1, one obtains a uni-
form bound of the quantity n + A¢; = n + Avy. This implies from the
Schauder estimates a first order estimate

sup |V <es( sup |Av|+ sup Jui|) < k.
Mx[0,T] Mx[0,T] Mx[0,T]

All the second order derivatives of the potential v; are bounded. From
the last inequality, one sees that in normal coordinates, the terms 1 + ¢,;
is bounded from above, while from Proposition 3.2.3 and (3.3), the term
[L;(1 + ¢;) is bounded. So finally, 1 + ¢;; is uniformly bounded along the
time.

From Calabi’s work and similarly to [Yau78; Cao85], it is now standard
that it implies also the third order estimate. Finally, using Schauder reg-
ularity theory [GTO01] we have proved long time existence of the Q-Kéahler
flow. This concludes the proof of Theorem 3.2.1.

3.2.2 The convergence

In this section, we are interested in the convergence of the 2-Kéhler flow.

Theorem 3.2.2 ([CaoKell2]). Let us denote vy = ¢ — me D™

where ¢y is solution to Equation (3.9), the Q—I{dhler flow. Then, vy converges
when t — 00 to Voo N smooth topology and % converges to a constant in
smooth topology.
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Note that we also refer to [FLM11] for an independent proof of this result.
To prove the convergence of the 2-Kéahler flow, we need some results of P. Li
and S.T. Yau for the positive solution of the heat equation on Riemannian
compact manifolds [LY86, Section 2]. This takes the following form.

Proposition 3.2.4. Let M be a compact manifold of dimension n. Let
7 (t) a family of Riemannian metrics on M such that

1. cpij(0) < i5(t) < cgig (0),
D7
2. |%21(t) < e17i5(0),
3. for the Ricci curvature, R;;(t) > —Kg;5(0),

where ¢, ¢y, c1, K are positive constants independent of t. If we denote A,
the Laplace operator of the metric ~;;(t), and if ¢(p,t) is a positive solution

of the equation
< 0
(8- 5) e =0

on M x [0,T), then one has the following Harnack type inequality for any
a>1:

. t2 2 &
sup ¢(p,t1) < inf ¢(p,t2) <> exp < + etz — tl))
pEM pEM t1 to — 11

where c3 depends on ¢ and the diameter of M with respect to 7;;(0), ca
depends on the quantities o, K, n, ¢, c1, sup||V2log¢|| and 0 < t; <ty <
T.

With Iheorem 3.2.1 in our hands, we shall apply Proposition 3.2.4 with
ij(t) = “&g;;(t) where g;5(t) is the metric associated with the Kahler form
w+/—18d¢;. Thus, A, =
Equation (3.3) satisfies

WA,: and the potential ¢; solution of

A 0 a¢t(]9)_
<At—8t> )y,

We apply the same reasoning than in [Cao85, Section 2]. This turns out to
show that the quantity

B Iy 1 oo \° .,
fm‘@(%WM@Mm%)%

is (at least exponentially fast) decreasing to 0. The only difference with the
computation in [Cao85] is that we need to show that the 7;;(t) are uniformly
equivalent to 7;;(0). But this is clear because the metrics g;;(t) and g,;(0)
are uniformly equivalent thanks to Theorem 3.2.1, and the same happens
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CHAPTER 3. Q-BALANCING FLOW

for their respective volume forms. So the first eigenvalue of the Laplacian
At is under control.

Similarly to [Cao85, Proposition 2.2], we obtain now Theorem 3.2.2.
Note that a consequence of Theorem 3.2.1 is the existence of a convergent
sequence v(p, t,) in smooth topology (with ¢, — oo when n — oo) towards
a smooth function vs.

3.2.3 Corollaries

A direct consequence of Theorem 3.2.2 is the convergence of the Q-Kéhler
flow to the solution of the Calabi conjecture. Actually, the limit v, satisfies

(W + V=100050)" = (w + V—=100¢s0 )™ = Q.

In other words, one can prescribe the volume form in a given Kéhler class.
This was first proved by S-T. Yau in [Yau78] and our proof uses essentially
the same type of estimates. Of course, if the canonical bundle of M is trivial,
then there is a global nowhere vanishing n-form and the limit metric is a
Calabi-Yau metric (i.e Ricci-flat and Kéhler).

We also remark that one can modify slightly Equation (3.8) if the mani-
fold M has negative first Chern class. In that case, it is natural to introduce
the following flow:

(w+ V=1000,)" = - S (3.13)
ot

where w € —c1(M) > 0, and f is the deviation of the Ricci curvature of w,
that is Ric(w) +w = v/—100f and [;, —4;—e/t?w™ = Volg,, (M). In that

[N
-

case similar computations to Section 3.2.1 will involve the operator A; — Id
since by differentiating (3.13), one obtains

d (0d\ el P A O\ (O
i (o) = (o (%) - (5)

The uniform bound of the term 1_@ can be proved in a similar way to

ot
Section 3.2.1 (Proposition 3.2.1) and by maximum principle, there is a uni-

form bound of the potentials ¢;. Thus, one obtains the convergence of ¢,
when ¢t — 0o and w + v/ —100¢, is a smooth Kéahler-Einstein metric with
negative curvature.

3.3 Proof of the convergence results

In this section (M, L) is a polarized manifold and we are only consider-
ing integral Kahler classes. The techniques we use in this section to prove
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Theorem 3.0.11 are inspired from the techniques of [Fin10].

3.3.1 First order approximation

We know that from any starting point w = wy, there exists a solution
wr = w + V=100,

to the Q-Kéahler flow from the results of Section 3.2. We can write w; =
c1(h¢) where h; is a sequence of hermitian metrics on the line bundle L.
Furthermore, we can construct a natural sequence of Bergman metrics

hi(t) = FS(Hilbg(hF))'/*

by pulling back the Fubini-Study metric using sections which are orthonor-
mal with respect to the inner product

1 k
kn /J\/lht( ) )

Using Proposition 3.1.1 we obtain the asymptotic behavior

hat) = (‘“g” L0 (;))Uk b

for k sufficiently large. Thus, the sequence ilk(t) converges to hy as k — oo.

On the other hand, the rescaled )-balancing flow provides a sequence
of metrics wy(t) = c1(hg(t)) which are solutions to (3.2). Note that by
construction, we fix hj(0) = hy(0) for the starting point of the rescaled
)-balancing flow.

In this section, we wish to evaluate the distance between the two metrics
hi(t) and hy(t). Since we are dealing with algebraic metrics, we have the
(rescaled) metric on Hermitian matrices given by

tr (HO - H1)2>1/2

d.(Ho, Hy) = ( 2

on Met(H?(L*)) which induces a metric on Met(L), that we denote by disty.

Proposition 3.3.1 ([CaoKell2]). One has

distk(hk (t), ilk (t)) <

= Q

for some constant C' > 0 independent of k.

Proof. Let us consider e?®hg a family of hermitian metrics with positive
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CHAPTER 3. Q-BALANCING FLOW

curvature, and denote
wy = c1(e?@hyg).

The infinitesimal change at ¢ in the L? inner product induced by this path
and the volume form §2 is given by

0 s(8) = g | (50035} K60) ©

for {s,} an orthonormal basis of H°(L*) with respect to the L2-inner prod-

uct
1

— ko(t) )
= e .

The formula is obtained by noticing that the variation occurs with respect to
the fibrewise metric. Now, if furthermore ¢(¢) is a solution to the Q-Kéhler
flow, this infinitesimal change is given at hy(t) as

O s(t) = kin /M<sa,35) <k (1 - j;)) Q, (3.14)

with {s,} satisfy the same assumption as above.
On another hand, the tangent (at the same point fy(t)) to the rescaled

Q-balancing flow (3.2) is given by directly by the moment map p, and we
write the infinitesimal change of the L? metric as

Oy (5a,58)
U, 5t —k/ p__ Q, 3.15

where s; are L? orthonormal with respect to the L? inner product induced
by h(t)* and . Again, from Proposition 3.1.1, one has asymptotically

Uaﬁ(t) = Ua’g(t) + kin /M<Sa785>0(1) Q.

Here the term O(1) stands implicitly for a (smooth) function which is
bounded independently of the variables ¢ and k. Thus, one has

. ~ . 2
£ (Ua,ﬂ(t)kQ Uas()) :<%O(1)7Qk (;O(D) )12

We can use Theorem 3.1.3, Inequality (3.5) to obtain that

r Aa — Uq 2 _
i Cast) Do) _

This shows that di(Us (1), Uas(t))) = O(1/k). If we denote by hy(t) the

52



3.3. PROOF OF THE CONVERGENCE RESULTS

rescaled balancing flow passing through ﬁk(to) at t = tg, we have just proved
that hy(t) and hy(t) are tangent up to an error term in O(1/k) at ¢t = to.
On the other hand, it is clear that hy(t) and hy(t) are close when t — oo,
because they are obtained through the gradient flow of the same moment
map and this gradient flow converges to the unique Q-balanced metric (this
is a consequence of [Don09]). Thus dist(hy(t), hi(t)) = O(1/k). This finally
proves the result. ]

3.3.2 Higher order approximations

In this section, we improve the result of the last section by constructing a
new time-dependent function

1
(k1) = 0 + Zl (1)
J:

which is obtained by deforming the solution to the 2-Kahler flow and which
satisfies the property to be “as close” as we wish to the 2-Balancing flow.
We will need to compare this metric to the Bergman metric hy(t). Thus, we
introduce the Bergman metric associated to hoe?*?) i.e

Ti(t) = FS(Hilbg(hkekoUet)))1/k |
We wish to minimize the quantity
disty, (. (), hr(t))

by showing an estimate of the form dist (hy(t), hx(t)) < C/E™H, with C >
0 a constant independent of k£ >> 0 and ¢. This is the parameter version of
[Don01b, Theorem 26], and Proposition 3.3.1 shows that the result holds for
m = 0. One needs to choose inductively the functions 7; and this is done
by linearizing the Monge-Ampere operator.

Let us give some details for the first step of the induction, that is to find
m. Consider the tangent to the path hy(t), then similarly to (3.14), this
tangent can be written as

Toslt) = kin /M F(sas 55) (1 _ (Z + % 4 O(l/k)) Q,

where w; = w++/—199¢; and {sa}is L? orthonormal with respect to e~ ?thy
and the volume form (2. On another hand, the tangent to the rescaled
balancing flow at the point hg(t) is given, similarly to (3.15) by

Tus(t) = kin /M k{50 55) (1 - Qt + O(l/k)) Q. (3.16)
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But now,
Q Q Q 1

o) W wp

and we can write the error term kO(1/k) from (3.16) as

KO(1/k) =Y yik™" = y0+ O(1/k)

>0

for 71 ; smooth functions with real values depending on the metric and ob-
tained from the Bergman function asymptotics, so

Tus(t) = kin /M<sa,sﬁ> <k <1 - j; + S;At <2m> + 7]20) + O(l/k)) Q.

If we wish to force di(Tap(t), Tags(t)) to be of size O(1/k?), we need to find
11 such that

o (t Q
D — e Am() =g (317)

for all t > 0 and 7;(0) = 0. But, by the standard parabolic theory (see, e.g.,
[Bak11, Section 3.1] for a detailed exposition), a smooth solution 7; to the
above initial-value problem exists and is unique. Then, one obtains

tr (Tap(t) — Tap(t))?

k2 = <O(1/k2)’Qk(O(1/k2))>L2

and we can conclude with similar arguments to Section 3.3.1: there exists a
constant C' > 0 independent of ¢ such that

tr (Tozﬁ (t) — Top (t))Q
2

c
74.

< (3.18)

-~

This implies, by the same arguments as in the end of the proof of Proposition

3.3.1, that
C

disty (hi(t), hi(t)) < 12
Now, for higher order expansions, one considers higher order asymptotics
in the expressions above. The same reasoning can be applied for the con-
struction of higher order approximation. It will involve, knowing the terms
My -y Nm to find 7,11, solution of a similar equation to (3.17), where the (non
constant) R.H.S will depend on the functions n; (1 < j < m) computed at
previous step:

Ot (t) Q)
77({;—1() —_ TAtT/m-i-l(t) = ’Ym+1,0("71, cey 77m) (319)
t Wy

Again, it is possible to solve (3.19) by inverting the operator %At — %.
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Finally, we have obtained

Theorem 3.3.1 ([CaoKell2]). Given solution ¢, to the Q-Kdhler flow (3.3)
and k >> 0, there exist functions 11, ...,Mm, m > 1, such that the deforma-
tion of ¢¢ given by the potential

— 1
vkt =0+ 50
J:

satisfies

diStk(hk(t),Ek(t)) < A
Here hy(t) = FS(Hilbg(hkeF**D)/E ¢ Met(L) is the induced Bergman
metric from the potential v, hi(t) € Met(L) is the sequence of metric ob-
tained by the rescaled balancing flow (3.2), and C is a positive constant
independent of k and t.

Proof. The only point that we did not explain earlier is that C'is independent
of the variable t € Ry. This comes from the following facts. On one hand,
the expansion of the Bergman function of a family of metrics h; is uniform
if the metrics h; belong to a compact subset of hermitian positive metrics
in Met(L), see Theorem 3.1.2. On the other hand, we have seen that the
metrics involved in the 2-Kéahler flow are in a bounded set, since w; is
convergent in smooth topology when ¢ — +o0o thanks to Theorem 3.2.2.
This completes the proof of Theorem 3.3.1. O

Furthermore, on can improve slightly this result by showing that one has
C! convergence in t.

Proposition 3.3.2 ([CaoKell2]). Under the same assumptions and nota-
tions of the previous theorem, one has

, Ohy(t) Ohk(t) C
2R <
disty < at ot ) = Ekm

where C' is a uniform constant in k and t.

Proof. One needs essentially to give an estimate of the quantity

2

o (Toa)  OTestt!

ot ot

Let us assume that we have fixed 11 as in the proof of the theorem, that is
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m = 1. Then, as the first step, we are lead to estimate

i <8m85> (gt ( . At(%) - n—kl + 7]1;0 + O(klg))) Q  (3.20)

3¢t Q omy o m Mo 1
o A (=) = & d —) | Q 21
/k (s sﬁ><w? t(k) T +0(+3) (3.21)

In (3.20), the term O(1/k?) stands for a smooth function 7(p, k,t), where
p € M, and is uniformly bounded over M and in the variable t. But we
know that the asymptotics of the Bergman kernel is given by polynomial
expressions of the curvature and its covariant derivative. We can write
r(p,kyt) = > is9 %ri(p, t) where r;(p,t) are smooth in ¢ and p variables.

Thus ||r(p, k,t)||cee < k21 and ) ar( p7kt H

pend on k, t and p. The independence in the variable t is again obtained from
the fact that the metric w; along the Q-Kéhler flow is convergent (Theorem
3.2.2) and the uniformity of the expansion. Moreover, since 7; is a smooth
solution of (3.17) in ¢, one gets that the term (3.20) is uniformly bounded by
Cs3/k? using the same argument as in the proof of Theorem 3.3.1, Inequality
(3.18).

On another hand, by the same reasoning, (3.21) is uniformly bounded
by C4/k, where Cy is independent of ¢t and k. This provides the result for
m = 1.

The computations for m > 1 are completely similar. Also, higher order
derivatives in ¢ could be treated in a similar way. O

< k—g, where C7,C5 do not de-

3.3.3 L? estimates in finite dimensional set-up

We start this section by fixing some notations and giving some definitions.
Let us fix a reference metric wy € c¢1(L). We denote wy = kwg the induced
metric in kcq(L). We need the notion of R-bounded geometry in C” [Don01b,
Secion 3.2]. We say that another metric @ € kc; (L) has R-bounded geometry
in C"if @ > £ and [&@—&ollcr(@y) < R. We say that a basis {s;} of HO(L¥)
is R-bounded if the Fubini-Study metric induced by the embedding of M in
PHO(L*)* associated to the {s;} has R-bounded geometry.

The purpose to work with R-bounded metric is to avoid constants de-
pending on k in the forthcoming estimates. Let us fix

Hy= ZAij(Sia sj) = tr(Aprs) € C°(M,R),
]

where A = (A;;) is a Hermitian matrix, {s;} is a basis of H°(L¥), and (.,.)
denotes the fibrewise Fubini-Study inner-product induced by the basis {s;}.
This function corresponds to the potential obtained by an A-deformation of
the Fubini-Study metric, i.e when one is moving the Fubini-Study metric in
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an Lie(SU(N +1)) orbit. Moreover, we denote || A||o, = max % the opera-

tor norm, given by the maximum moduli of the eigenvalues of the hermitian
matrix A, and the Hilbert-Schmidt norm [|A|? = tr(42) = tr(44%) > 0.
We will need the following result which is very general,

Proposition 3.3.3 ([Don0lb, Lemma 24],[Finl0, Proposition 12]). There
exists C > 0 independent of k, such that for any basis {s;} of H°(LF) with
R-bounded geometry in C" and any hermitian matriz A,

[Hallor < Cllua () lopll Al
where v is the embedding induced by the basis {s;}.

Proof. By definition, po(t) = [, prs(t)Q. Given a holomorphic section s
of L — M, one defines a holomorphic section § of L* — M (here M is just
M with the opposite complex structure) thanks to the bundle isomorphism
given by the fiber metric. Then, for the hermitian matrix A, one can define
the section o4 = ZAijSi ® s; and compute its L? norm over M x M.
This L? norm is given by tr(AuQu’éA*)l/Q. But one has an obvious upper
bound for that term, by a standard inequality: for hermitian matrices G,F,
tr(FGF) < ||F|*||G||op- Thus,

loall = tr(Apeun A2 < ua () lopll Al (3.22)

On another hand, for any holomorphic section ¢ of a hermitian vector bundle
L — Y, one has the L? estimate, lollcryry < Cllofl2(yy for a submanifold
Y’ € Y and some constant C that depends on Y. This is described in
[Don01b, Lemma 24]. Hence, applying this result with Y = M x M and
Y’ = M, together with (3.22), one obtains the expected inequality. O

We will need the following lemma.

Lemma 3.3.1. Let us fix r > 2. Assume that for all t € [0,T], the family
of basis {s;}(t) of HO(L*) have R-bounded geometry. Let us define by h(t)
the family of Bergman metrics induced by {s;}(t). Then the induced family
of Fubini-Study metrics w(t) satisfy

T
5(0) = STl < C'sup (et oy [ list(h(s). h(0)) s,

and also

T
<O s ()l | dist(G (). 5 0)ds

|50 - Z @],

T
+C*sup [daalu(t) o | dist(h(s). h(0)) .
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where C, C* are uniform constants in k.

Proof. Thanks to [Finl0, Lemma 13], we just need to check the second
inequality. For the deformation A(t) of the L? metric induced along the

path from 0 to 7', one has
152, = [v=100 5 .

< [|08tr(A(t)ups)llore + |00t (At pirs (t0)) | 2. (3.23)

The first term of (3.23) can be bounded from above by C||uq(¢(t))|lopl| At
using directly Proposition 3.3.3. For the second term, one needs to adapt
the proof of Proposition 3.3.3, but this can be done with no major difficulty.
Hence, the second term of (3.23) can be bounded from above by

100tr(A(t) prs (ue))llcr-2 < C

| [ wisteng] 4ol
M op
< Cldpa(e(t)) llopl A)-
Then by integration, one obtains the expected estimate. O

Corollary 3.3.1. Let @y be a sequence of metrics with R/2-bounded ge-
ometry in C"2 such that the norms ||pa(Or)llop are uniformly bounded.
Then, there is a constant C' > 0 independent of k such that if w has
distg(w, o) < C, then @ has R-bounded geometry in C.

Proof. The proof is completely similar to [Finl0, Lemma 14]. O

3.3.4 Projective estimates

In this subsection, we aim to control the operator norm of the moment map
in terms of the Riemannian distance in the Bergman space

B =GL(N +1)/U(N +1).

With this result in hand, we can launch the gradient flow of the moment
map and show its convergence.

We start our investigation by the following result, which is a direct con-
sequence of Theorem 3.1.2.

Proposition 3.3.4 ([CaoKell2]). Let h be a hermitian metric on L with
curvature w = c1(h) > 0. Consider the sequence hy = FS(Hilb(h)) €
Met(L*) of Bergman metrics, approzimating after renormalization h, thanks
to Theorem 3.1.2. Let us call

IQ,k:/ (54, 85) il
M
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for {si}i=1,. nN+1 a basis of holomorphic sections of HO(LF) with respect to
Hilb(h). Then, when k — 400,

[a(hr) — Iokllop — 0

and the convergence is uniform for w lying in a compact subset of Kdhler
metrics in c1(L).

Proof. Firstly, the matrix Inj; does not depend on the choice of the or-
thonormal basis {si}¢:17._7 ~N+1- Thanks to the asymptotic expansion given
by Theorem 3.1.2,

po(he) = /M(Sz', 8j)FS(Hilb(h)$? = /M<3i> i) (14 O(1/k))S.

Finally, we can conclude the convergence by using [Don0Olb, Lemma 28]
which ensures that for the operator norm,
<| Lo (L |
op ~ lw" k ) ILeo

1
H/ (8i5 85) PS(Hib(R)) X O <k> Q
M

The uniformity of the convergence is given by the uniformity of the expansion
in the asymptotics, see Theorem 3.1.2. ]

Given a tangent vector A € Ty with b € B, we have a vector field (4 on
(PV)* and thus on M, corresponding to A. Of course, the fact that puq is a
moment map gives straightforward the following fact.

Lemma 3.3.2. For any pair of Hermitian matrices A, B € TyB, one has

tr(Bdpo(A)) = /M@A,cB)Q,

where (.,.) denotes the Fubini-Study inner product induced on the tangent
vectors.

By the fact that pupg is a moment map, we have the following lemma.
Lemma 3.3.3. Let A, B € TyB. Pointwisely over (PV)*, one has
HaHp + (Ca,(p) = tr(ABurs).
Lemma 3.3.4. For any hermitian matrices A, B € Ty,
tr(Bdpia(A)) + (Ha, He) 210 = tr(ABpig).

Proof. We start from the previous lemma which says that at each point of
M,
HHp + (Ca,Cp) = tr(ABpurs).
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Now, we integrate with respect to the volume form 2 and apply Lemma
3.3.2. =

Lemma 3.3.5. For any hermitian matriz A € T8,
1Hal 220 < IAIP lgllop
Proof. From the last lemma,
1 Ha 220 = tr(A%0) — tr(Adua(A)).

Now, by Lemma 3.3.2,

r(Adpa(4) = [ (oo =0

Hence,
| Hall3eqy < tr(A%u0) < 1A [glop-

O
Lemma 3.3.6. For any Hermitian matriz A € TpB,
ldpa(A)llop < lldua(A)]l < 2[Alllluellop-
Proof. From Lemma 3.3.4, one has
ldpa(A)|* = tr(dua(A)?)
= tr(Ad/'LQ (A)'UQ) - <HA7 Hdug(A))LQ(Q)
< [[A[llldue (Al pellop — (Has Hapga)) L2(0)-
Then we can conclude by using the fact that
[(Has Hapgay) 22l < [1Hall 20 | Haug (4l 20
and the previous lemma. O

Finally, we obtain

Proposition 3.3.5 ([CaoKell2]). Let by, by € B. Then,

e (01) lop < 40D g (bo) [ op-
Proof. We know that a geodesic in the space of Bergman metrics B is given
by a line, i.e., the Hermitian metric involved along the geodesic is modified
by e/ and that dist(by,b;) = ||A||. This can be rephrased by saying that
if {5?}i=1,..,N+1 (resp. {5%}1:1’..71\]“) is an orthonormal basis of HO(L)
with respect to by (resp. b1), then there exists 0 € GL(N + 1,C) such that
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o -s" = s! and without loss of generality we can assume o diagonal with

entries e, .. e*. Then the geodesic is just induced by the family of basis
ot -89 for t € [0,1]. Now, we can conclude our proof by using Lemma 3.3.6
and the fact that the norm ||.||,, on the space of matrices is controlled from

above by the Hilbert-Schmidt norm ||.|. O

We are now ready to give the proof of Theorem 3.0.11, that is to show
the smooth convergence of Kéahler metrics wg(t) involved in the rescaled bal-
ancing flow (3.2) towards the solution w; to the Q-Kahler flow.

Proof of Theorem 3.0.11. Using Theorem 3.3.1, for any m > 0, we have
obtained a sequence of Kahler metrics

w(k;t) = c1(hoe? )

such that w(k; t) converges, when k — +o0 and in smooth sense, towards the
solution wy = ¢;1(hpe?t) to the Q-Kihler flow. Moreover, one has, for k large
enough and with hy(t) € B the Bergman metric associated to hoe?®!) ¢
Met (L), the estimate

disty, (he (), hi(t)) < <

< (3.24)

where hy(t) is the metric induced by the rescaled Q-balancing flow. Conse-
quently, in order to get the C° convergence in ¢, all what we need to show
is that

llwon (£) — e1(hi(t))llcr ) — 0. (3.25)

The idea is to consider the geodesic in the Bergman space between these
two points.

Firstly, we will get that along the geodesic from hy(t) to hi(t) in B,
l|tallop is controlled uniformly if we can apply Proposition 3.3.5. This re-
quires to prove that hi(t) is at a uniformly bounded distance of hy(t) and
that ||ua(he(t))|lop is bounded in k. But, this comes from the fact that
one can choose precisely m > n + 1 in Inequality (3.24) and one can apply
Proposition 3.3.4. For the latter, one needs to notice the estimate

Q
I < sup —
Hakllop < sup =

from [Don01b, Lemma 28].

Secondly, we show that the points along this geodesic have R-bounded
geometry. This is a consequence of Corollary 3.3.1, applied with the refer-
ence metric wy to the sequence c; (hg(t)). On one side, || (hk(t))||op is under
control as we have just seen. On another side, c;(hx(t)) are convergent to
wt in C* topology (hence in C"** topology), thus they have R/2-bounded
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geometry. Given m > n + 2, one obtains, thanks to Corollary 3.3.1 and
inequality (3.24), that all the metrics along the geodesic from hy(t) to hy(t)
have R-bounded geometry in C"*2.

Thirdly, we are exactly under the conditions of Lemma 3.3.1. It gives,
by renormalizing the metrics in the Kéhler class ¢;(L) and by (3.24), that

llwro () — kex (i (8) lcr (o) < Cllia (i (8))lopk™ 2 disty (hi (), B (2)),
Hwk(t) - Cl(ﬁk(t))”cr(wt) < CHMQ(Ek(t))Hopkn+27mfl+r/2,

where we have used that the geodesic path from 0 to 1 is just a line. Here
C > 0is a constant that does not depend on k. If we choose m > r/2+1+n,
we get the expected convergence in C” topology, i.e Inequality (3.25). Of
course, this reasoning works to get the uniform C° convergence in ¢ for
t € Ry, because all the Kahler metrics w; that we are using are uniformly
equivalent (we have convergence of the Q-Kéhler flow, Theorem 3.2.2) and
because we have uniformity of the expansion in Theorem 3.1.2 and Theorem
3.1.3.

We now prove that one has C! convergence in ¢ of the flows wy(t). Again,
we need to show the C! convergence of wy(t) to c1(hy(t)), because we already
know the convergence of ¢;(hy(t)) to w; by Proposition 3.1.3. We are under
the conditions of Lemma 3.3.1 by what we have just proved above. So we
have, using again that our path is a geodesic,

wi(t) , dcr(hi(t))

=5 -+ e 5T

<CO* T n+2 q:
SO )it () O
O i (i) o™ list (i (1), (1)

Here the C" norm is computed with respect to kw;. If we apply Lemma
3.3.6, Theorem (3.3.1) and Proposition 3.3.2, we can bound from above the
RHS of the last inequality, and get

H Qwi(t) acl(hk(t»‘

o o <Ot (e () | oph™ 27712

Cr(we)

+ C”H:uk,x (Ek (t)) ||opkn+2+'r/2k—m—1k—m—1
<ka‘n+2_m_r/2.

Finally, we choose m > r/2+n+2 to obtain C! convergence. This completes
the proof of Theorem 3.0.11. O

Finally, if we apply Definition-Proposition (3.0.8) that asserts that an -
balanced metric does always exist and is a zero of the moment map u%,
Theorem 3.0.11, and the convergence of the 2-K&hler flow towards a solution
to the classical Calabi problem, we obtain directly the following result.
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Corollary 3.3.2 ([CaoKell2]). Under the same setting as above, the se-
quence of balanced metric hy(c00)'/* € Met(L), obtained as the limit of the
balancing flow at t = +o0o0, converges in smooth topology towards hs, a
solution of the Calabi problem,

(c1(hoo))™ = 2.

Note that this is a new proof of Theorem 3.0.9, but which uses a priori
the existence of a solution to the Calabi problem (compare with [Kel09]).

3.4 The infinite dimensional setup

3.4.1 A symplectic approach to the Calabi problem

In this section we develop the moment map set-up on the infinite dimensional
space of Kahler potentials related to the 2-Kéahler flow. Let us assume that
(M, L) is a polarized manifold. Let us fix w € ¢1(L) and © a smooth
volume form on M with [, Q = Voly(M). We introduce C the infinite
dimensional space of integrable hermitian connections on L with Kéhler
form as curvature, with respect to a fixed complex structure. It means that
we consider unitary connections V on L such that if Fy € Q*(M, End(L))
is the curvature connection, then F%2 = Fé’o = 0 and Fé’l is a positive
form with respect to the complex structure on M. Consider the abelian
gauge group G of maps L — L that cover the identity on M. By duality,
the Lie algebra Lie(G) can be identified with the space of smooth functions
from M to R with zero integral, since one can identify G with C°°(M, S!).
The tangent space at C is given by the 1-forms with values in End(L). For
simplicity, we assume that M is simply connected and we fix the following
symplectic form on C at the point V € C,

vy(a,b) = /Ma/\ bAFL!

which is a symplectic form invariant under the action of G. Note that v is
invariant under the action of the group G.
We have a natural paring Lie(G) x Lie(G)* — R given by

(C.0) /Mgez /M<g,9>. (3.26)

We are in a moment map setting. Actually, we have the following simple
proposition that shows that prescribing the volume form in a Ké&hler class
is related to finding the zero of a certain moment map. Note that given
V € C, we set Ay is the real connection (S! invariant) 1-form associated
to V on the natural S'-principal bundle 7 : P — M that we can associate
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with L — M. It acts on an element of ( € Lie(G) by decomposing in a
vertical and horizontal parts and fibrewise this vertical part corresponds to

a rotation which is eventually parametrized by the real function (Av, ¢) over
M.

Proposition 3.4.1 ([CaoKell2]). There is a moment map i : C — Lie(G)*
associated to the action of G on (C,v) given by

(V) = (Av, ) ((Fy)" — Q).

Proof. We need to check that for any ¢ € Lie(G) and any a vector field v,
we have

{dp(V)(v), Q) = ve(v, X¢),

where X. is the vector field on C defined by the infinitesimal action of
¢ € Lie(G). More explicitly, X, is given by X¢ = LcAy = d(Av, () +1cdA =
d(Av, () + tr.cFv = d(Av, (), since the elements of G cover the identity on
M. Now, we have

v (0, X0) :/ v A d{Ay, ¢) A Fo!
M

= / (Av, C)ydv A FE1
M

But the change in Fy by the vector field v is precisely given by dv, so

(V) (), C) = /X (Ag. C)dv A F21,

since the elements of G cover the identity on M. O

Note that the moment map that we have just defined is obviously not
unique. Let us denote as in the proof above by X, the vector field associated
to ¢ € Lie(G). Now, using the pairing (3.26) and the natural G-invariant

norm on Lie(G), one can consider [z with values in Lie(G), which means that
_ (Fg—9)
= %73

we write (V) . Then, we consider the downward gradient flow

d,
%IIM(VQII2 = —[| XpewnlI®

where the norm on the R.H.S is computed with respect to vy,. This is

actually equivalent to

dAg
Tt = IXE(Vt)a

with I the complex multiplication on the tangent vectors in C. This equation
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can be rephrased in terms of flow over 1-forms by

dFy,
= Lo Ev.

If we use the notations of the previous sections, w; = Fy, is an evolving
Kéhler form, then this (negative) gradient flow reads as

P (‘”t = Q) .

dat wy

Then, using the fact that the kernel of the operator v/—190 is given by
constants (since M is compact), one recovers precisely the equation of the
Q-Kéhler flow (3.8). Finally, we would like to mention that J. Fine has
developed in the preprint [Finll] a more general theory that covers the
results presented in this section (see [Finll, Section 3.2]).

3.4.2 Integral of a moment map

In this section we deal with a very general setup. Consider the case of
a Kéahler manifold (Z,w) polarized by the line bundle L and a moment
map po associated to the action of a linear reductive group I' such that
its complexified acts holomorphically. To the moment map g corresponds
canonically a functional
U:ExTC R

that we call “integral of the moment map py” and that satisfies the following
two properties:

e Tor all p € Z, the critical points of the restriction W, of ¥ to {p} x T'C
coincide with the points of the orbit Orbpe(p) on which the moment
map vanishes;

e the restriction ¥, on the “lines” {e™ : u € R} where A € Lie (I'®) is
convex.

This is well known in the projective case from the seminal work of G. Kempf
and L. Ness [KN79]. We refer also to [Mun00] for a more general setting.

Theorem 3.4.1. There exists a unique map ¥ : Z x I'C — R that satisfies:
1. U (p,e) =0 for all p € E;

2. %\I/ (p, e”‘“)luzo = (1o (p),A) for all X € Lie (T).

Let us sum up some of the main properties of the integral of the moment
map.
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Proposition 3.4.2. The functional ¥ is I'—invariant (for the left action)
and satisfies the cocyclicity relation

U (p,7) + ¥ (yp,7) = ¥ (p,7')

for allp € Z, v,7 € TC, and the relation of equivariance
U (yp,y) =¥ (p,y19")

forallp € E, ’y erl',y ert.
Moreover, - &\ (p, Z)‘“) > 0 for all X € Lie (I') with equality if and only
if the vector field X ( iAu ) =0.

Let us apply the previous results in our set-up. We introduce some clas-
sical functionals on the space of Kahler potentials. The energy functionals
I, J, introduced by T. Aubin in [Aub84] (see also [Tia00]), are defined for

each pair (w,wy = w + /—1909¢) by

I(w,wg) = VO&M / Fagzmaqs/\zw Ayt
1
= Vol(M) / " —wp),

J(w,wy) = / \/78¢/\8¢/\Zn—zw /\wgll,

(n+1) Vol

where we have skipped again the normalization of the volume form by the
factor n! for the sake of clearness. Note that one has the relationship

J(wsi) = /01 I(w,w + sv/—190¢) ds

S

It is well known that I, J and I — J are all non-negative and equivalent.
One may also define these functionals via a variational formula and they
are very natural from this point of view. We refer to the recent work of
[Ber+13] where this idea is exploited in details. We shall see that they are
also natural in the context of the Q-Kahler flow. If wy, is a smooth path in
the Kéahler cone, a direct computation gives

d 1 o n
a’ @ws) = Vol(M) /M Ou(W" —wg,).
We obtain

Proposition 3.4.3 ([CaoKell2]). The integral of the moment map associ-
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ated to i : C — Lie(G)* is given by the functional

Fi(wr0) = J(e00) + gy . 6@ =)

This functional is decreasing along the 2-Kéahler flow. Along the flow
(3.8), one has

d 0 | n 12, m
G wa) = [ dia—up) == [ ity <o

Furthermore, for the second derivative along the Q-Kéhler flow, we ob-
serve using the fact that [, prwf, = 0 and ¢y = W%Atgét = (1 — ¢¢) Avy
o
that

d? .
dtgFgg(WaW@):/ oY)
M

=2 /M(1 - q&t)&z'ﬁt A éét A wgfl

Since 1 — ¢, is positive from Equation (3.8), we get that this functional
t > FQ(w,wy,) is convex along the Q-Kihler flow.

Moreover, let us compute the second derivative of Fg(w,w¢t) along a
geodesic in the space of Kéhler potentials that satisfies the geodesic equation
bt = %|V¢t|it; we find

2 .. .. .
) = [ o~ /M(qst At

but the first integral is obviously non-negative and the second integral van-
ishes since its integrand is a divergence when ¢; is a geodesic.

Finally, it is not difficult to check that this functional satisfies the co-
cyclicity property

Ffoz(wvw%) = FS%(‘U?(‘)@) +F8(W¢2,W¢1),

for wg, ,we, Kéhler metrics in the class of [w].
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Chapter 4

The J-balancing flow

In this chapter we explain how the techniques used in the previous chapter
can be modified to obtain a finite dimensional approach to Donaldson J-
flow. The main results of this chapter are Theorems 4.3.3, 4.3.4 and the
consequences drawn in Section 4.4 (Theorem 4.4.1, Corollary 4.4.5).

4.1 The setting

We consider M a smooth projective manifold equipped with two polariza-
tions L1, Ly > 0 and of complex dimension n > 2. Let us fix hy € Met(Ly),
he € Met(L2) such that the curvatures ¢q(h1) = w, and ¢1(hg) = x are both
two Kéahler forms. The Donaldson J-flow is given by the following parabolic
PDE in the (smooth) w-potentials ¢;:

09y oy X/\(w‘i‘\/jlaéqﬁt)nil, (4.1)

ot (w+ V/—100¢;)"

n—1
where 7 is the topological constant % denoted as the J-constant.
1 1

A critical metric for the Donaldson J-flow is a solution to

XA (w+V=100¢)" 1 = y(w + V—190¢)". (4.2)

This flow is very natural and we shall explain in the next section its interest.
If one considers the manifold Diff (M) of diffcomorphisms f : M — M
homotopic to the identity and equipped with a natural symplectic form
Qywla,b) = [, x(a, b)%, then there is a moment map setting [Don99]. Here
a,b € T(f*(TM)) as we identify the tangent space of Diff(M) at f to the
space of smooth sections of f*(T'M). The group G of w-symplectomorphisms
of M acts on Diff(M) and preserves €, .. Since we can identify the Lie
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algebra Lie(G) with the set

{f € C*(M,R), /M fw" =0}

we can express simply the associated moment map gy : Diff (M) — Lie(G)*
for the group action and this is

Fro) Aw
p(y) = TN (4.9
This moment map induces also a gradient flow f; of the function ||ps(f:)/?.
The J-flow is just the gradient flow expressed using (f;)~!(w) on M, using

the same argument as at page 17.

4.2 Some results about Donaldson J-flow

From [Che04], it is known long time existence of Donaldson J-flow for all
time, that is (4.1) admits a smooth solution for all ¢ > 0. If it exists,
the critical metric is actually unique. Donaldson observed that a necessary
condition for the existence of a critical metric is the following inequality on
the Chern classes

nylw] — [x] = nye1(L1) — e1(L2) > 0. (4.4)

He conjectured that it is sufficient.

Applications of Donaldson’s conjecture and the existence of critical met-
rics are provided in [Wei06; SWO08; Che00]. The key point is that it is
expected that the J-flow describes around a class with cscK metric, the
classes in the Ké&hler cone that admit a cscK metric. In that direction, it
has been proved by X.X. Chen that if [x] € —c1(M) < 0 and there exists a
critical metric, then the Mabuchi energy for [w] is bounded from below. In
other words, if one obtains a Chern inequality similar to (4.4) that would
imply the existence of critical metrics, it would be possible to describe more
precisely the Kahler cone of a given manifold in terms of “chambers” for
cscK metrics (at least one can expect such a result for general type man-
ifolds, see for instance [Ros06, Section 4] or [SWO08] where it is described
a conical neighborhood of the anticanonical class for which the Mabuchi
energy is proper). Keeping in mind the Yau-Tian-Donaldson conjecture, a
similar guess is natural in terms of K-semistability or K-stability, see Part V.

In dimension 2, it is proved in [Che04; Wei04] that Donaldson’s conjec-
ture holds, the problem being proved equivalent to solve a Monge-Ampere
equation in [Che04] (see also the study of the convergence of the J-flow in
[Wei04]).
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As far as we know, the problem is not well understood in higher dimen-
sion. The best result in that direction is that if there exists a Kahler metric
W' =w+ V/—100¢ € ¢1(Ly) satisfying

(nyw — (n— 1) A W) 2 Aunt >0

for all (1,0)-form u, then there is convergence of the flow towards a critical
metric [SWO08; Wei06]. Unfortunately, it seems pretty hard to check on a
given manifold this condition. For instance it is not even clear whether it
depends on the class only (and not on the forms). Conversely if there is
convergence such a metric w’ does exist. For instance, this condition holds
if w and x belong to the same class.

We explain now by a simple construction why Donaldson’s conjecture
does not hold in higher dimension. This suggests that the problem is actu-
ally quite subtle.

A counterexample to Donaldson’s conjecture in higher dimen-
sion. Let X be a complex surface and w and y Kéahler metrics. Let v the
J-constant appearing in (4.1). Assume that ny[w] — [x] is not Kéhler. For
some integer k > 0, the class n(y + k)[w] — [x] is Kéahler. Consider the
manifold X = CP*¥ x ¥, m; the projection from X to P¥ and 7 from X to
Y. Consider on X the product Kéhler form x' = mfwrg + m5x. On X, the
class [rjwps] + [msw] has J-constant v/ = v + k (with respect to the class
[X']) by direct computation.

Let us assume now that Donaldson’s conjecture is true. Then, there exists
a critical metric in [Tjwrg] + [Tiw] and let’s call it ©. As we shall see soon,
it must be of the form

© = mjwrg + 50

where 0 € [w] is a metric on ¥ and which is critical for x. To see why, note
that the form y’ and the class [rjwrg] + [m3w] are both invariant under the
action of U(k + 1), so the critical metric must be too (by uniqueness of the
critical metric). It follows that the restriction of © to each copy of P¥ is
the Fubini-Study metric. Now it is not difficult to check that because © is
closed it is determined by its fibrewise restriction up to sums of forms pulled
back from the base. This forces the decomposition © = Tjwpg + 756 where
0 is a Kéhler metric on the base. Now writing out the critical equation we
see that € must be critical for y as claimed with J-constant . But @ critical
(i.e we have a stationary solution of the J-flow in the class [w]) implies that
ny[0] — [x] = nvy[w] — [x] is K&hler as pointed out above. Contradiction!

To finish this section, let us mention that a more technical counterex-
ample appeared in the recent preprint [LS13].
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4.3 Finite dimensional approach to the J-flow

Given the hermitian metric h € Met(LY) with positive curvature, one can
consider the Hilbertian map

Hilb, = Hilby,, : Met(LY) — Met(H°(L}))

such that .
Ner(h)™™
Hilb, (h) :/ () Vn xAei(h)
M v
is the L? metric induced by the fibrewise h and the volume form xyAcy (h)" L.
On another hand, one can consider the Fubini-Study applications F'S =

FSy : Met(HY(LY)) — Met(LY), cf. page 19. We also define the map

Ty = FS o Hilb,.

Definition 4.3.1 ([Kell3]). A fixed point hy of the map T}, : Met(L¥) —
Met(L¥) is called a J-balanced metric at level k.

Let us denote in the sequel N = Nj, = dim H(L}) — 1. We introduce a
moment map setting in finite dimension. Let us consider first ppg : PV —
v/—1Lie(U(N +1)) which is a moment map for the U(N + 1) action and the
Fubini-Study metric wpg on PV. Given homogeneous unitary coordinates,
one sets explicitly urps = (1tFs)a,s as in (3.1). Then, given an holomorphic
embedding ¢ : M < PHO(L¥)*, and the Fubini Study form wgg on the
projective space, we can consider

XA (wiggh)

Y (p)- (4.5)

(1) = /M urs((p))

Claim. The map py,, is a moment map for the U(N + 1) action over
the space of all bases of H(L¥).

Let us give some details. On the space 9 of smooth maps from M to

PHO(L¥)*, we have a natural symplectic structure @ defined by

A n—1
w(a,b) _/ (a,b) XO“Ps
M Y

for a,b € T,9M and (.,.) the Fubini-Study inner product induced on the
tangent vectors. Let ( € Lie(U(N + 1)) and X, € HO((PV)*, T(PV)*)
be the induced holomorphic vector field on (PN)* = PHO(L¥)*. For all
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Y € (M, T(IP’N)|M) we have that

w(XC\ny): iy(i)Q(wFs/\X/\w?@l))

wrs(Xe, Y X/\"JFS /ZXC WFS) /\2y(wFs)Ax/\w?;52

E

TETET

wrs(Xe, Y)x Awig' /3MFS Q) A Oups(Y) A x Awphg’

S

wrs(Xe, Y)x Awhg +/ tr(prs)00urs(Y) A x /\W?«@Q’
M

/ prs X Awig' (Y),¢).
M

S

S

(

Also jig,, is Ad-equivariant as the integral of the Ad-equivariant moment
map pps. Thus, U(N + 1) acts isometrically on 9t with the moment map
given by

L —V/—1 <,Uk,x( ) — Wld > € V—1Lie(SU(N +1)).

Note that if one defines a hermitian metric H on H°(L¥), one can consider
an orthonormal basis with respect to H and the associated embedding, and
thus it also makes sense to speak of py,(H). In the Bergman space of
metrics GL(N + 1)/U(N + 1), we have a preferred metric associated and
this is precisely a J-balanced metric.

Definition 4.3.2 ([Kell3]). The embedding ¢ is J-balanced if and only if

tr (g x( )

Idy41 = 0.

Hio () = e (1) =

A J-balanced embedding corresponds (up to SU(N + 1)-isomorphisms)

to a J-balanced metric t*wrg by pull-back of the Fubini-Study metric from

PHO(L¥)* so our both definitions of J-balanced metric and embedding actu-

ally agree. Note that for H € Met(H(L¥)), it also makes sense to consider

ftkx(h) where h = FS(H) € Met(L}), i.e when h belongs to the space of
Bergman type fibrewise metric that we identify with B.

On the other hand, seen as a hermitian matrix, u X(L) induces a vector

field on PV, Thus, like in the previous chapter, we are lead to study the
following flow

du(t) 0
dt = _Mk,x(L(t))a

and we call this flow the J-balancing flow. To fix the starting point of this
flow, we choose a Kéhler metric x = x(0) and we construct a sequence of
hermitian metrics hy(0) such that wy(0) := ¢1(hg(0)) converges smoothly to
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CHAPTER 4. THE J-BALANCING FLOW

x(0) providing a sequence of embeddings ¢x(0) for £ >> 0. For technical
reasons, we decide to rescale this flow by considering the following ODE.

dug(t)
dt

= —kud (1)) (4.6)

that we call the rescaled J-balancing flow. In the following sections, we are
interested in the behavior of the sequence of Kéhler metrics

an(t) = 1a(t)"(wrs),

when t and k tends to infinity.

4.3.1 The limit of the rescaled J-balancing flow

In this section, we assume that the sequence wy(t) is convergent and we want
to relate its limit to Equation (4.1).

Theorem 4.3.3 ([Kell3]). Suppose that for each t € Ry, the metric wy(t)
induced by Equation (4.6) converges in smooth topology to a metric w; and
that this convergence is C' int € Ro.. Then the limit w; is a solution to the
Donaldson J-flow (4.1) starting at wo = limg_, 0 wi(0).

The proof is essentially identical to Theorem 3.1.1 and use similar argu-
ments to the one developed in Section 3.1. The only difference is that we
are dealing with orthonormal basis of holomorphic sections {s;} of L} with
respect to Hilbk»((hk). But in that case, the asymptotic of the Bergman
function stands as

Nk+1 ’ywn
2 _ 1n n—1
; [silie = K" it + O™ (4.7)

where w = ¢1(h) thanks to Proposition 3.1.1. In particular, the potentials
—tr(u%x,upg) converge in smooth topology to the potential 1 — X/\Wf:;_l when
k — +o0o. Proposition 3.1.3, with respect to the metric induced by the

Hilby, , map is also true in our context.

4.3.2 Convergence result for the J-balancing flow

Theorem 4.3.4 ([Kell3]). FizT > 0. For anyt € [0,T], the sequence wy(t)
converges in C* topology to the solution of the Donaldson J-flow (4.1) with
¢o = 0 and w = limy_, wi(0). Furthermore, the convergence is C! in the
variable t. If there is a critical metric, then there is convergence for all
t>0.

The last part of the theorem is a consequence of the long time existence
of the flow and the fact that when there is a critical metric, the J-flow
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4.3. FINITE DIMENSIONAL APPROACH TO THE J-FLOW

converges towards this critical metric [SWO08, Theorem 1.1, (i) < (i4)]. Thus
the metrics involved in the J-flow belong to a compact set in the space of
smooth Kéhler metrics when there is a critical metric. The proof of Theorem
4.3.4 will occupy subsections 4.3.2.1, 4.3.2.2, 4.3.2.3, and 4.3.2.4.

4.3.2.1 First order approximation

We know that from any starting point w = wy, there exists a solution
wr = w + V—100¢,

to the J-flow for ¢ > 0. We can write wy = ¢1(ht) where h; is a sequence of
hermitian metrics on the line bundle L;. Furthermore, we can construct a
natural sequence of Bergman metrics

hi(t) = FS(Hilby (hF))Y/*

by pulling back the Fubini-Study metric using sections which are orthonor-
mal with respect to the inner product

11
— = [ (s, ) rx A (B
oo [ mtnam)

Using Proposition 3.1.1, we obtain the asymptotic behavior

k
- vk™eq (hy)™ 1\ Y
hp(t) = ——F———=+0 | = h
k(1) (X A cp(hg)n1 + k !
for k >> 1. Thus, the sequence hy(t) converges to h; as k — oo.
On the other hand, the rescaled J-balancing flow provides a sequence
of metrics wy(t) = c1(hy(t)) which are solutions to (4.6). Note that by

construction, we fix hy(0) = hg(0) for the starting point of the rescaled
J-balancing flow.

In this section, we wish to evaluate the distance between the two metrics
hi(t) and hy(t). The techniques are similar to Section 3.3.1. Since we are
dealing with algebraic metrics, we have the (rescaled) metric on Hermitian

1/2
matrices given by di(Hy, H1) = (%) on Met(H(L¥)) which

induces a metric on Met(L;), that we denote by disty.

Proposition 4.3.1 ([Kell3]). One has

disty (hi(t), hi(t)) <

= Q

for some constant C > 0 independent of k.

75



CHAPTER 4. THE J-BALANCING FLOW

Proof. Let us consider e?®hg a family of hermitian metrics with positive

curvature, and denote
wy = c1(e?Dhy).

The infinitesimal change at ¢ in the L? inner product induced by this path
and the induced volume form is given by

A 1

o) = = [ (avss) ((#010) + Bud(0) x n ™ = Bty

where A, is the Laplacian with respect to w; and Awt is given by the
Laplacian-type operator

A Lokl

Ay,u = W W Xi50k0pu.
Here {s,} is an orthonormal basis of H°(LY) with respect to the L?-inner
product

1
YE" Jm

The formula is obtained by noticing that the variation occurs with respect
to the fibrewise metric and the induced volume form. Now, if furthermore
¢(t) is a solution to the J-flow, this infinitesimal change is given at hy(t) as

A 1 Awr! e
Uap(t) = e /M(sa,85> <k <1 - X%;l> + O(l)> X A wy 1

t

Ry A wnt,

with {s,} satisfy the same assumption as above.

On another hand, the tangent (at the same point izk(t)) to the rescaled
J-balancing flow (4.6) is given by directly by the moment map 4 +» and we
write the infinitesimal change of the L? metric as

dap (5a,58) 1
U,s(t) =k — ANwl ™,
a() /M <N+ LSVl g2 X

where s; are L? orthonormal with respect to the L? inner product induced by
h(t)* and x A w;‘_l. Again, from Proposition 3.1.1, one has asymptotically

- 1 _
Uap(t) =Uyp(t) + o /M(sa,55>0(1) X Awp 1

Here the term O(1) stands implicitly for a (smooth) function which is
bounded independently of the variables ¢ and k. Thus, one has

. ~ _ 2
£ (Ua,g<t>k2 Ua,5(t)) :<%o<1>,Qk <,1€0<1>> )12
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4.3. FINITE DIMENSIONAL APPROACH TO THE J-FLOW

We can use Theorem 3.1.3, Inequality (3.5) to obtain that

tr (Ung(t) — Unp(t))>
k2

=O0(k™?).

This shows that di(Us5(t), Uas(t))) = O(1/k). If we denote by hy(t) the
rescaled J-balancing flow passing through ﬁk(tg) at t = tp, we have just
proved that hy(t) and hy(t) are tangent up to an error term in O(1/k) at
t = to. On the other hand, it is clear that hy(t) and h(t) are close when
t — oo, because they are obtained through the gradient flow of the same
moment map and this gradient flow is distance decreasing (see also [Che(4,
Theorem 1]). Thus dist(hy(t), hx(t)) = O(1/k). This finally proves the
result. O

4.3.2.2 Higher order approximation

In this section, we shall only describe the main differences with Section 3.3.2.
The key operator appearing in the linearization of the problem is actually
(compare with (3.17)),

We mean that it is sufficient to solve inductively equations of the form
£e(mi) = vio(m,..,ni—1) where ;¢ is smooth. By the standard parabolic
theory, a smooth solution 7, of

{£:(n) =& n(0) =0,§ € C(M,R)}

exists for all time ¢ > 0. Using this remark, it is easy to modify the argu-
ments of the previous chapter in order to obtain the following result.

Theorem 4.3.5 ([Kell3]). FizT > 0. Given solution ¢, fort € [0,T] to the
Donaldson J-flow (4.1) and k >> 0, there exist functions 1, ..., Ny, m > 1,
such that the deformation of ¢ given by the potential

— 1
vkt =0+ 50
]:

satisfies
' _ C
and () - (t)
. Ohi(t) Ohi(t C
< -
dlStk< a ot ) = me

Here hy(t) = FS(Hilby (h5etVE)/E ¢ Met(Ly) is the induced Bergman
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CHAPTER 4. THE J-BALANCING FLOW

metric from the potential 1, hi(t) € Met(Ly) is the sequence of metric
obtained by the rescaled J-balancing flow (4.6), and C is a positive constant
independent of k and t.

4.3.2.3 [L? estimates in finite dimensional set up

These estimates work in a similar way to Section 3.3.3. We have an analog of
Proposition 3.3.3, Lemma 3.3.1, and Corollary 3.3.1 where ugq is replaced by
the moment map pi,,. This is because all the proof of these results depend
only on the integrand of the expression for the moment map p, given in
(4.5).
Fix
HA = ZAij(Sia Sj) = tr(AuFS) S COO(M, R),
i,

where A = (A;;) is a Hermitian matrix, {s;} is a basis of HO(L¥), and (., .)
denotes the fibrewise Fubini-Study inner-product induced by the basis {s;}.

Proposition 4.3.2 ([Kell3]). There exists C > 0 independent of k, such
that for any basis {s;} of H°(LK) with R-bounded geometry in C" and any
hermitian matriz A,

[Haller < Cllpk ()llopll Al
where v is the embedding induced by {s;}.

Lemma 4.3.1. Let us fir v > 2. Assume that for all t € [0,T], the family
of basis {s;}(t) of H°(LY) have R-bounded geometry. Let us define by h(t)
the family of Bergman metrics induced by {s;}(t). Then the induced family
of Fubini-Study metrics w(t) satisfy

T
[@(0) = &(T)llcr-2 < C'sup Huk,x(b(t))Hop/D dist(h(s), h(0))ds,

and also

Oh Oh

o @ T
Hgt(o) - %t(T)’ < slipHMk,X((,(t»HOp/o dist(~(s), 5 (0))ds

Cr—2
T

+C” SltlpHde,x(L(t))HOp/ dist(h(s), 2(0))ds,
0

where C, C* are uniform constants in k.

Corollary 4.3.1 ([Kell3]). Let &y be a sequence of metrics with R/2-
bounded geometry in C™+2 such that the norms ||pk. (@r)|lop are uniformly
bounded. Then, there is a constant C > 0 independent of k such that if @
has distg (@, 0r) < C, then @ has R-bounded geometry in C".
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4.3.2.4 Projective estimates

Using the same arguments as in Section 3.3.3 and Section 4.3.2.3, we get
the following proposition.

Proposition 4.3.3 ([Kell3]). Let h be a hermitian metric on L with cur-
vature w = c1(h) > 0. Consider the sequence hy = FS(Hilb(h)) € Met(L¥)
of Bergman metrics, approrimating after renormalization h, thanks to The-
orem 5.1.2. Let us call

~ 1 —
Jk»X:/' <5i’5j>th/\wn 1>
Y JMm

where {s;} is a basis of holomorphic sections of HO(LY) with respect to
Hilb(h). Then, when k — +oo0,

[t x (P) = Tie xllop — O

and the convergence is uniform for w lying in a compact subset of Kdahler
metrics in c1(L).

Lemma 4.3.2. For any pair of Hermitian matrices A, B € TyB, denote
Ca, (B the induced vector field on PN . One has

1 = _
tr(Bdpg,(A)) = 7/ (CasCB)X AW —OHp NOHA A X A whia',
M

where (.,.) denotes the Fubini-Study inner product induced on the tangent
vectors.

Proof. We have, using the fact that ppg is a moment map,

1 _
(B (4) = / tr(Bdpups(A))x Awls!
M

1 -
+/ tr(Bups)Le, (x Awig')
7 JIMm
1 n—1
=— [ (Ca,(B)X Nwpg
VM
1 _
- — / tr(Bups)00tr(Aprs) A x Awis'
Y JIM
1 _ _ o
Iy/M(CA,CB)X/\W?:Sl3tT(BMFS)/\atT(ANFS)/\X/\Wpsl'
O

By integration and using Lemmas 4.3.2 and 3.3.3, we get
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CHAPTER 4. THE J-BALANCING FLOW

Lemma 4.3.3. For any hermitian matrices A, B € Ty,
tr(Bdpk,y (A)) + (Ha, HB>L2(M Lyawtsh) = tr(ABpk,y),
1ML FS

where the L%(M, %X A w}f{;l)—norm is computed with respect the volume form

%X A wggl and the gradient induced by x.
Similarly to Lemma 3.3.5, we have

Lemma 4.3.4. For any hermitian matriz A € T,

2 2
1A 0 5y < AN

Lemma 4.3.5. For any Hermitian matriz A € Ty,

1 dpan (A)llop < Nl dparey (A< 2[| Al x [ op-

Finally, we obtain

Proposition 4.3.4 ([Kell3]). Let by,by € B. Then,

ko (01)llop < T C00D] 1 (B0) | op.

We have now all the ingredients to proceed to the proof of Theorem
4.3.4. The only difference with the proof page 61 of Theorem 3.0.11 is that
we need to estimate ||Jj, y|lop which is bounded from above by sup,, X/\“:JTI
using [Don01b, Lemma 28]. This latter term is also bounded along the J-
flow by maximum principle. The other main ingredient of the proof is the
uniformity in the evolving metrics, which is ensured by the fact that we are

working in finite time or that we have smooth convergence.

4.3.3 Convergence result for J-balanced metrics

The previous results are uniform if one considers that the J-flow is convergent
(and so T" can be chosen T' = +00). Thus a direct corollary of Theorem 4.3.4,
the long time existence and convergence of the J-flow is the following.

Corollary 4.3.2 ([Kell3]). Consider (M, L1, Ls) a polarized manifold by
Ly, Ly such that that there exists a critical metric solution of (4.2). Then for
k sufficiently large, there exists a sequence of J-balanced metrics on Met(L})
obtained as the limit of the balancing flow at time t = +o00. Furthermore,
the sequence of J-balanced metrics converges in smooth topology towards the
critical metric when k — +00.

This is an analogue of the main result of [Don01b]. Of course a more
direct proof inspired from [Don01b] could be used to derive Corollary 4.3.2.
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4.4. VARIATIONAL APPROACH TO THE J-BALANCING FLOW

This would involve to the operator obtained from linearizing the Bergman
function close to the critical point we i.e explicitly

¢ ANy ¢

2nd

This operator is a uniformly elliptic order operator. Its kernel consists

of constant functions.

4.4 Variational approach to the J-balancing flow

4.4.1 Convexity along geodesics

Let us consider the functional J, : Met(L;) — R on the space of smooth
hermitian metrics with positive curvature on L; defined up to an additive

function by
dJy (h)

1 : _
= / ¢t X A Cl(ht)n 1, (48)
VM
where h; = e~?thg is a smooth path in Met(L1). Setting
Wt = Cl(ht) = Wy + V —185¢t,

a direct computation gives

T L[ Gix e = B of + e xnp

We shall use the same notation .J, as above for the induced functional
defined on Met(L¥) for k > 0. Consider now the following functional I u0
3 X

B — R on the Bergman space defined by

VOZL1 (M)

Ly (H) =y o FS(H) + —

i x

log det(H),

where H € Bj. It is clear that the derivative of J, o F'S at a point H € By,
is given by

}y ; /M(5H)i,j<3z‘a Sj)Fs() X N ci(FS(H))" 1

where {s;} is an orthonormal basis of holomorphic sections of L with respect
to H. Thus a J-balanced metric H is a critical point of the functional I,
X

The functional I . is the integral of the moment map ,uk , in the sense

defined in Section 3.4. 2 In particular it is decreasing along the J-balancing
flow. Furthermore, due to Kempf-Ness theory, its properness on SL(N + 1)
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CHAPTER 4. THE J-BALANCING FLOW

is equivalent to the existence of a J-balanced metric.
One can ask at that stage what is the analogue of I 0 for the infinite
»X

dimensional space of Kahler potentials. Let us consider w, wy = w++/ —100¢
two Kéhler metrics in ¢;(L1). We define the functional

I, (w,we) //¢t< X/\w¢ —wgt>dt,

for wg, a smooth Kéhler path from w to ws. The functional I, is well
defined and independent of the chosen patl}. Remark that this functional
appeared also in [SWO08] where it is called J.

Lemma 4.4.1. The functional J, is strictly convex on the CH! geodesics of
the space Met(Ly) of Kahler potentials in c1(Lq).

Proof. See [Che04, Proposition 2.1]. O

We sum up the main properties of I,,; in the next proposition.

Proposition 4.4.1 ([Kell3]). The functional I,,, is strictly convex on the
CYHl geodesics of the space Met(L1) of Kdhler potentials in ci(Ly). Along
Donaldson J-flow, the functionals 1,,, and J, are equal and decreasing. The
functionals 1,,, satisfies the cocyclicity property

1, (w’w%) + 1y, (w¢07w¢>1) =1y, (W7w¢1)

for wgy,wy, Kdihler forms in the Kdhler class (w]. 1, is the integral of the
moment map of py defined by (4.3).

Proof. 1t is well known that the functional Iaym(w,wys) = fol Jor q'ﬁtwgt dt
(often called Aubin-Yau-Mabuchi energy) is affine along geodesics of the
space of Kahler potentials. Therefore the convexity is just a consequence
of Lemma 4.4.1. Moreover, I,,, and J, are equal since | M d;twgt vanishes
along the flow and decreasing by definition. The cocyclicity property can be
proved following the lines of [Mab86, Theorem 2.3]. O

Lemma 4.4.2. The functional J, o F'S is convex along geodesics of By,.

Proof. A formal way to see the result is to use Phong-Sturm approximation
result of geodesics in the space of Kéhler potentials by geodesics from the
Bergman space By, (see [PS06; Ber09; BK12]) and Lemma 4.4.1.

One can also proceed by a direct computation. A geodesic in By is just
a line. Given A a hermitian matrix and a Hamiltonian function Hy =
tr(Appg) for the corresponding action and the 1-parameter group of em-
beddings ¢ = t4 o 1, one needs to evaluate the derivative with respect to t

of
1

! / A A (s,
Y JMm
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but this is equal, up to the factor %, to

:/ \VhAIZ)(/\w;‘fgl —/ hA(‘)éhA/\x/\w?,ﬂgl,
M M
:/ \VhA]2x/\w$§1 —/ 8h,4/\5h,4/\x/\w$§1,
M M
_ |Vh ’2 A n—1 __ Vh 2 n—1
= AITX N wWpg IVhalpa A XA wig
M M
-1
+/M‘VhA%M,X/\X/\w?’S

:/ \VhAliAx/\w%gl—i—/ \VhA]?pM7XAx/\w}}§1,
M M
>0

In the computation we have decomposed the restriction of the vectors to M
in two components: the component which is tangent to M plus the compo-
nent which is perpendicular with respect to the obvious metrics. Therefore,
we have obtained the required convexity. O

Corollary 4.4.1 ([Kell3]). The functional I,,,0F'S is convex along geodesics
Of Bk .

Proof. This is a consequence of the previous lemma and the fact that the
functional —Iayn o F'S is convex along geodesics in the Bergman space, cf.

[Don05b, Proposition 1]. O

Now, using the fact that log det is linear on geodesics, we also get

Corollary 4.4.2 ([Kell3]). The functional Ly —is convex along geodesics
X

of B. It has at most a critical point. A J-balanced metric is an absolute
minimum of the functional Iug .
s X

4.4.2 Iterates of the maps Hilb, o F'S and F'S o Hilb,

In this section, we investigate the iterates of the map T .

Lemma 4.4.3. Consider hg € Met(L1), h = e~®hg € Met(L;). Then
1 n—1 1 n—1
= [ oxna)y Tt < Ik = Lho) < = [ éxAeilho)

Y JIMm Y JIMm
Proof. If one defines h; = e *hyg, and
1 n
£ == [ 1o nealho)™™! = () = Iy(hw)).
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then f(0) = f’(0) = 0 and furthermore along the considered path,
£ = (=17 [ oxnaav=1ds,
M
= (n— 1)\/—1’1 / Ob NP A x A ci(hy)" 2,
M

which is non-negative. Thus f(¢) > 0 at ¢ = 1 which provides one inequality.
Using the symmetry, we get the result. One can also a direct computation.
Fo(r i)I)lstance, when n = 2, Jy(h) — Jy(ho) writes as % Jar @ x A (er(ho) +
C1 h)). OJ

Define for h € Met(L}), H € Met(H (L)),
N+1

N+1
logz 15l rit, () — 1og(N +1) + log det(H) + o anx®
1

where {S;} form an orthonormal basis with respect to H. Then it is not
difficult to check that

N +1
——— T, (H).
Vol (M) w3 (H)

P(FS(H),H) =
Lemma 4.4.4. For any metrics h, H, one has

P(h,H) > P(FS(H), H).

Proof. One checks that if we define h = e"?FS(H), then

P(h,H) — P(FS(H),H) = log (m /M e ?x A cl(h)"_l)

N+1
Volr, (M) (Jx(h) =

_l’_

I (FS(H))),

N+1
> A
= 7V01L1 / -0 X Cl
N+1
——— (Jy(h) = S (F'S(H
> 0
using Lemma 4.4.3. O
Lemma 4.4.5.
P(h,H) > P(h, Hilby(h)).
Proof. This is a consequence of the arithmetico-geometric inequality. O
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Suppose there exist hpy € Met(L’f) a J-balanced metric and Hy, €
Met(HY(LY)) the J-balanced metric on the Bergman space. Then for any
h € Met(L¥), H € Met(H°(L¥)) one has

P(h,H) > P(FS(H),H)
1
= Vou, o) D)

1
——— I, (H
Volg, (M) 43, (Flba)

=  P(FS(Hya), Hpar)
= P(hpal, Hpal)

AV

In particular it gives that

Lo (H) =1 (Hpa)-

Moreover P(h, Hilby(h)) > P(hpa, Hilby (hper)). Thus the functional on
Met(LY) defined by

~ _ VOlLl (M)p

I(h) : TN+l (h, Hilby (h)) = Jy(h) + M

Nl log det Hilby (h)

satisfies

Ii.(h) > I(hpar)-
We will see soon that this new functional has a geometric interpretation. A
direct consequence of Lemmas 4.4.4 and 4.4.5 is the following corollary.

Corollary 4.4.3 ([Kell3]). In our setting, the following hold:

1. A J-balanced metric on Met(LY) (resp. Met(HC(LY)) is a minimum
of the functional Iy, (resp. 1,0 k)
X

2. The map F'So Hilb, decreases the functional I, while the map Hilb, o
FS decreases the functional I,,0 L
X

3. The functional I, is bounded from below if and only if the functional
10 X s bounded from below.
X

Let us explain now the asymptotic behavior of the functional I, by
studying the term
log det Hilb, (hy)

where h; = he %% (with ||¢¢||ce = O(1) when k — o0) is a path in Met(L¥).
Then, we can write Hilby (hi) = (s, 57) Hiip(h,) Where {s;} is an orthonormal
basis with respect to Hilb,(h). Thus its derivative at ¢ = 0 is given by
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the derivative of Y-, |[si|% (hy) and because of the variation of the volume
X
form, this writes as

‘fiﬁﬁ¢§:wﬁxAcﬂm"1+0w=U§ZMﬁXACNM"1AVC“”¢

1

Together with (4.7) and the fact that the second term in the integrand is
negligible compared to the first one when k& — +o00 (by uniformity of the
Bergman expansion in C? topology), we obtain when k — +oco that

d <V01L1 (M)

l log det Hilb, (he %) ) = —k | e (h)" 1
i (S tomdet it (he ) = <k [ deathy + 000,

where we have used that N = Vol (M)k" + O(k™~1). This leads to the
following conclusion for I.

Corollary 4.4.4. Over compact subsets of Met(Ly), the functionals I, and
1, are equivalent, up to a normalization, i.e

LI) = 1, (1) + 001/
for h € Met(Ly).

Corollary 4.3.2 and our last result show that a critical metric solution of
(4.2) is actually an absolute minimum of I,,,. Of course this fact is also a
consequence of I,,; being the integral of the moment map ;.

Finally, following the techniques of [San06], we obtain that if there is a J-
balanced metrics of order k, then the iterates of Hilb, o F'S on Met(H(Lk))
will converge towards this metric.

Theorem 4.4.1 ([Kell3]). Assume that there exists Hy, € Met(HO(LY))
J-balanced. For any Hy € Met(H°(L})), denote from now

H; = Hilb, o FS(H;_1),
for 1 > 1. Then, up to a positive constant r,
H; — rHy
as I — 4o00.

For the sake of clearness, we give the details of the proof which consists
in an easy modification of [San06], which is not surprising since it is a purely
finite dimensional problem. We will decompose the proof in several lemmas
starting with the following definition.

86



4.4. VARIATIONAL APPROACH TO THE J-BALANCING FLOW

Definition 4.4.2. Let {s;} be a basis of H°(L¥). Using this basis, we can
view elements of Met(H°(L%)) as hermitian matrices (N + 1) x (N + 1).
A subset U C Met(HO(LY)) is bounded if there exists a number R > 1
satisfying the following. For any H € U, there exists a constant vz > 0 so
that the smallest and largest eigenvalues of H satisfy

e _ . [H(G)] [H(¢)|
— < min —* <max —— < ygR.
R 19 Iq
With the notations of the the previous definition, we have an obvious

proposition due to the fact that the closure of bounded sets are compact in
finite dimension.

Proposition 4.4.2. Any bounded sequence Hy, has a subsequence H,, such
that %an converges in Met(HO(L¥Y)).
(3

Lemma 4.4.6. The set U is bounded if and only if there exists a number
R > 1 so that for any H € U, we have

1 - [H(Q)] [H(Q)]
— < min < max <R,
R Iq Iq
where H = —1 _H.
det(H) N+T

Proof. Without loss of generality, we can assume H(s;, s;) is diagonal with
entries e)‘i, A1 < .. < An41. Assuming U bounded, we obtain vg < Re*i and
YH 2 %e&'. Thus, e*v+1 < R2eM and eM > R2eM for all i = 1,.., N + 1,
which gives

1/(N+1)
det(H)~V/INFD v = (H e>‘N+1—>\i> < R2

Similarly, we obtain det(H )Y/ V+leh > 4 O

Lemma 4.4.7. Under the assumption of the theorem, if the sequence H,
is bounded in Met(HY(LY)), then the sequence det(H;) is convergent and
det(Hi 1 H ') — 1 and 1 — +oo.

Proof. From Lemma 4.4.5, we deduce that the sequence logdet(H;) is de-

creasing. From Lemma 4.4.4, we deduce that the sequence J, o F'S(H;)

is also decreasing. Since 1,0 k(Hl) is decreasing and bounded from below,
X

log det(H)) is bounded and converges. O

Lemma 4.4.8. Assume the sequence H; is bounded in Met(H°(LK)). Let
H € Met(HO(L%)) and {st}; be an orthonormal basis with respect to H; so
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that the matriz H (s, sg) is diagonal. Then,

\/vOlL1 (M)

. 112
o (silzza, (rscmy) = +1

Proof. Let us consider § another basis, orthonormal with respect to H; and
so that Hyyq (8, ]) is dlagonal From the previous lemma, we deduce that

limy_, | o det(H;, 1 (8L, 8})) = 1. We have always that

tr(Hilb (FS(H))H™ ') = N +1,

so we get tr(H;41(8,8L)) = N + 1 for all . Tt is not difficult to check using
the arithmetico-geometric inequality that it implies

Hl+1( Sis i) —1

as [ — +o00. Now, we write

N+1

I Al
Si _Zaw S5

with (al ;) € U(N+1). The matrix aﬁj converges when | — +00 up to taking
a subsequence For the limit (afy) € U(N + 1) we have

N+1
Hl+1 17 ] Z ’azj ’2
which means that
N+1 1
l—>+oo ’YVO Ly / | Z|FS(HI) xha (FS(Hl)) =5
as expected. 0

Lemma 4.4.9. If the sequence Hj is bounded, then for any H € Met(H(L¥))
and € > 0, we have
I, (H)ZIMOk(Hl)—G (4.9)
X

Hx .k

for 1 sufficiently large.

Proof. Fix {sl} an orthonormal basis with respect to H; such that H (s, J)
is diagonal with entries e*i. Define f(t) = Lo k(Ht) where H; is the matrix
X

of entries et’\i, so that H;—o = H; and Hj;—y = H. By convexity of I,,0 . in
X
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the Bergman space, we have f(1) — f(0) > f/(0). By definition, one gets

f’(o) :/ i (FS(Ht))X/\Cl(FS(Ht)) Vol (M Z)\l

dt |t=0 ~y N+1

N
/ Z* Nz, XAaPSEH)" Vol (M Z A
M= il F'S(H;) y N +1

Let us assume that )\ﬁ are bounded. Then we can apply Lemma 4.4.8 and
obtain that f’(0) — 0 when [ — +o00, which provides eventually (4.9).
It remains to show that )\ﬁ are all bounded when [ varies. Using the fact
that {e=*/2s!}; is an orthonormal basis for H and Lemma 4.4.6, we have
the existence of R > 1 such that

1 Hy(s!,she e N

27 71

i) < det (Hy) Y/ N+ det(H;)V/(N+1) <R

from which we deduce that A! is bounded if and only if det(H,) is bounded.
But this is the case by Lemma 4.4.7. O

Proof of Theorem j./.1. As we have already seen in the previous section,
the J-balanced metric Hy is unique up to normalization. To normalize our
metrics, we choose to work in the space

{H = (det H) VNV H H e Met(H°(L¥))} € Met(H(L¥)).
Furthermore, as integral of the moment map ,u?( > the functional 1 o, is
’ Xk
proper and bounded from below. The sequence /0 k<Hl) is decreasing, and
X
thus J, ((det H;)~Y/ N+ FS(H;)) is also bounded. By properness, it comes

that
= (det Hy)“YWN+IES(H))

is bounded. This forces this sequence to converge as we shall see now.
Otherwise, we can at least take a non convergent subsequence H;, which
always remain at a distance € of the balanced metric Hy,. But Hj, is bounded

and its image by I 0 , converges to the minimum of the functional o o up
X,k X

to taking a subsequence that we denote I;lem. As a matter of fact, we

have obtained from the previous results that for any bounded sequence Hj,

Lo (H,) converges to the minimum of the functional I ;0 .+ see Lemma 4.4.9.
X X

Therefore, f]lkm converges and its limit is actually a balanced metric from
Corollary 4.4.2. This is a contradiction with the fact that all the terms ﬁ[lk
are at distance € of Hyo.

From Lemma 4.4.7, we get that log(det(H;)) is bounded and decreasing.
This allows us to conclude that H; is convergent to rHqo. O
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From Corollary 4.3.2 we obtain the following result.

Corollary 4.4.5 ([Kell3]). Assume the existence of a critical metric solu-
tion weo of (4.1). Then for all k >> 0, the map

Hilb, o FS: Met(H(LY)) — Met(HO(LY))
(respectively Ty, = FS o Hilb, : Met(L¥) — Met(L¥)) defines a dynamical

system that has a fized (unique) attractive point, the J-balanced metric Hpq
(respectively hpq with F'S(Hpg) = hpar). Furthermore,

o = perFs(a)| . =0 @) |
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Chapter 5

About Chow stability of
projectivization of (Gieseker
stable bundles

5.1 Statement of the results

In this chapter, we investigate the connection between stability of a vec-
tor bundle E and stability of the projective bundle P(FE) as a polarized
manifold. The main results of this chapter are Theorems 5.1.1, 5.1.2 and
Corollary 5.1.1.

Roughly speaking one expects that P(F) is stable, with respect to po-
larizations that make the fibres sufficiently small, if and only if F is a
stable vector bundle over a base that is stable as a manifold. The first
result along these lines is due to I. Morrison [Mor80] who showed that
if F is a stable rank 2 bundle on a smooth Riemann surface B then the
ruled surface w: P(F) — B is Chow stable with respect to the polarization
Op(p) (1) @ *Op(k) for k> 0. Later, building on the work of E. Calabi, A.
Fujiki, C. Lebrun and many others, V. Apostolov, D. Calderbank, P. Gaudu-
chon and C. Tgnnesen-Friedman have provided a complete understanding
of the situation for higher rank bundles over a smooth Riemann surface.
They show there is a constant scalar curvature Kéahler metric in any Kéhler
class on P(E) if and only if the bundle F is Mumford polystable [Apo+08a].
Such metrics are related to stability through the Yau-Tian-Donaldson con-
jecture (see, for example, [RT06] for an account). In particular it implies
through work of S.K. Donaldson [Don01b] that P(FE) is asymptotically Chow
stable, by which one means that if r is sufficiently large then the embed-
ding of P(FE) into projective space using the linear series determined by
(Opg)(1) ® m*Op(k))®" is Chow stable (see also A. Della Vedova and F.
Zuddas [DZ12] for a generalization).

93



CHAPTER 5. ABOUT CHOW STABILITY OF PROJECTIVIZATION
OF GIESEKER STABLE BUNDLES

There are at least two extensions to the case when the base B has
higher dimension. First, a result of Y.-J. Hong [Hon99] states that if E
is a Mumford-stable bundle of any rank over a smooth base B that has a
discrete automorphism group and a cscK metric, then P(E) will also admit
a cscK metric, again making the fibres small. (Once again, from [Don01b],
this implies that P(E) is asymptotically Chow stable.) Second, a result of
R. Seyyedali states that in fact under these conditions, P(E) is Chow stable
with respect to Ly for & > 0, the novelty here being that stability is not
taken asymptotically, which implies Morrison’s result.

The purpose of this chapter is to relax the assumption that £ is Mumford
stable and instead consider bundles that are merely Gieseker stable. To state
the theorems precisely, let B be a smooth polarized manifold carrying an
ample line bundle L such that the automorphism group Aut(B,L)/C* is
discrete. The projective bundle 7: P(E) — B carries a tautological bundle
Opg(1), and the line bundle

Ly = Opp(1) @ 7 LF

is ample for k sufficiently large.

Theorem 5.1.1 ([KelRos12]). Suppose that E is Gieseker stable and its
Jordan-Holder filtration is given by subbundles, and assume there is a con-
stant scalar curvature Kdhler metric in the class c1(L). Then (P(E), Ly) is
Chow stable for k sufficiently large.

Theorem 5.1.2 ([KelRos12]). Suppose that E is a rank 2 bundle over a
surface and F is a subbundle of E such that E/F s locally free. Suppose
furthermore uw(F) = p(E) and

4 (cha(E)/2 — cha(F)) + c1(B) (c1(E)/2 — 1 (F)) <0,

where chy denotes the degree 2 term in the Chern character. Then for k
sufficiently large, (P(E),Ly) is not K-semistable and thus not asymptotic
Chow stable.

These theorems should be compared to an observation of D. Mumford
that a quartic cuspidal plane curve is Chow stable (as a plane curve), but
not asymptotically Chow stable [Mum?77, Section 3]. We consider the results
here noteworthy insofar as it gives in Section 5.5 smooth examples of the
same nature.

Corollary 5.1.1 ([KelRos12]). There exists smooth polarized complex man-
ifolds (X, L) such that (X, L) is Chow stable but not asymptotically Chow
stable.

When E is Mumford stable Theorem 5.1.1 is due to Seyyedali [Sey10]
which in turn builds on work of Donaldson [Don01b]. Our proof will be along
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the same lines, the main innovation being to replace the Hermitian-Einstein
metrics used by Seyyedali with the almost Hermitian-Finstein metrics on a
Gieseker stable bundle furnished by N.C. Leung [Leu97]. Under the above
assumptions, we construct a sequence of metrics that are balanced i.e make
the Bergman function for (P(F), L) constant. The proof of Theorem 5.1.2
consists of a calculation of the Donaldson-Futaki invariant similar to that of
Ross-Thomas [RT06].

Conventions: If 7: E — B is a vector bundle then 7: P(F) — B shall de-
note the space of complex hyperplanes in the fibres of E. Thus 7.Opgy(r) =
S"E for r > 0.

5.2 About Gieseker stability and Bergman kernel
endormorphism

Before discussing almost Hermitian Einstein metrics we recall some basic
definitions. Let (B, L) be a polarized manifold with b = dim B and £ — B
a vector bundle. We say that E is L-Mumford stable' if for all proper
coherent subsheaves F' C F

p(F) < p(E)

where the slope p(F') = pr(F) = degy, F'/rk(F) is the quotient of the degree
of F' (with respect to L) by its rank rk(F'). We say it is Mumford semistable
if the same condition holds but with non-strict inequality. Finally E is
Mumford polystable if it is the direct sum of Mumford stable bundles whose
factors all have the same slope.

Any Mumford semi-stable bundle E has a Jordan-Holder filtration 0 =
Fy C F1 C --- C F, = E by torsion free subsheaves such that the quotients
F;/F;+1 are Mumford stable with u(F) = u(F;/F;y+1). We say that E has
a Jordan-Holder filtration given by subbundles if it is Mumford semistable
and all the quotients F;/F;y; are locally free (see [Leu97, Theorem 3)).

We say that F is Gieseker stable if for all proper coherent subsheaves F' C
FE one has the following inequality for the normalized Hilbert polynomials

X(FeL*) x(E®L")
K(F) © k(E)

for k> 0,

and Glieseker semistability, Gieseker polystability is defined analogously. It
is known that if E is Gieseker stable then it is simple [Kob87], which means
that Ker(9) = Ker(9) = Cldg [Kob87; LT95].

These stability notions are related; using that py (F') is the leading order
term in k of x(F ® L*)/rk(F) one sees immediately that

We shall omit the polarization parameter when there is no possibility of confusion.
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Mumford . Gieseker - Gieseker . Mumford.
stable stable semistable semistable

5.2.1 Almost Hermitian-Einstein metrics and Gieseker sta-
bility

Now suppose L is equipped with a smooth hermitian metric hy, with curva-

ture w := c1(hy) > 0.

Definition 5.2.1. We say that a sequence of hermitian metrics Hy on F is
almost Hermitian-Einstein if for each r > 0 the curvature Fp, is bounded
in the C"-norm uniformly with respect to k, and furthermore

E®LF) . Wb

Fy, +kwldg (bb) _ X( w-
[e" Hk Todd(B)] K (E) Idg o

In the above the (b,b) indicates taking the top order forms on the left
hand since, and Todd(B) = 1+ ¢1(B) + 3(c1(B)? + c2(B)) + -+ is the
harmonic representative of the Todd class with respect to w.

By a simple rearrangement this condition implies
V—=IA Fy, — w(E)ldg =Ty + k™' + - - (5.1)

where T; € I'(End(FE)) are hermitian endomorphisms depending on Fpg,
and w that are bounded uniformly over k in the C"-norm. Moreover we can
arrange so

scal(w)
2

where scal(w) is the scalar curvature of w.

Ty =

Idg. (5.2)

Remark 5.2.1. By the C"-norm above we mean the sum of the supremum
norms of the first r derivatives taken using the pointwise operator norm with
respect to a background metric on the bundle in question (that should be
fixed once and for all). From now on we shall write Ocr (k') to mean a sum
of terms bounded in the C™-norm by Ck? for some constant C. Thus, in the
above, T; = Ocr (k) = Ocr(1).

In [Leu97], Leung proved a Hitchin-Kobayashi type correspondence for
Gieseker stable vector bundles.

Theorem 5.2.2 (Leung). Assume that the Jordan-Hélder filtration of E is
given by subbundles. Then E is Gieseker stable if and only if E admits a
sequence of almost Hermitian-Finstein metrics for k > 0.

For simplicity we package together the following assumption:
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Let E be an Gieseker stable holomorphic vector bundle of
(A) rank rk(F) whose Jordan-Hoélder filtration is given by sub-
bundles.

We refer to Section 5.5 for examples of bundles that satisfy assumption
(A). From now on we will also assume that F is not Mumford stable,
otherwise our results are direct consequences of [Sey10; Wan02; Wan05].

5.2.2 Balanced metrics

Suppose now in addition to our metric Ay on L we also have a smooth
Hermitian metric H on E. These induce a hermitian metric H ® hlz on
E®L* which determines an L2-inner product on the space of smooth sections

I'(E ® L¥) given by
2 2 wb
sl = [ Tofons 57

Associated to this data there is a projection operator Py,: I'(B, E ® L*) —
H°(B,E ® L¥) onto the space of holomorphic sections for each k. The
Bergman kernel is defined to be the kernel of this operator which satisfies

U.)b
By(a,y)f(y) 5L forall f € T(E o 1Y),

Pef)a) = [
B
(see [Wan02, Section 4]).

We wish to consider the Bergman kernel restricted to the diagonal, which
by abuse of notation we write as Bi(z) = Bg(z,z). Thus Bi(x) lies in
I'(End(E)) which we shall refer to as the Bergman endomorphism for EQ L,
which of course depends on the data (H ® h%,w®/b!).

Definition 5.2.3. We say that the metric H € Met(E) is balanced at level
k if the Bergman endomorphism By (H ®hlz, w®/b!) is constant over the base,
ie.

hO(E ® LF)

B = A B Vol (B)

Idg.
The connection with Gieseker stability is furnished by the following result
of X. Wang [Wan02]:

Theorem 5.2.4 (Wang). The bundle E is Gieseker polystable if and only
if there exists a sequence of metrics Hy on E such that Hy is balanced at
level k for all k> 0.

Taking E to be the trivial bundle, with the trivial metric, gives an im-
portant special case. Here the only metric that can vary is that on the line
bundle L, and Bj; becomes scalar valued. To emphasize the importance of
this case we use separate terminology. We say the metric hy, is balanced at
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level k if its Bergman function py, = pp(hr,w®/b!) is a constant function, i.e.

RO(LF)
7 Vol (B

In this context, balanced metrics are related to stability of the base B
as in the following result proved by Zhang [Zha96], Luo [Luo98], cf. Section
2.5 for details.

Remark 5.2.2. It will turn out that the assumption that scal(w) is con-
stant is not strictly speaking necessary for our proof of Theorem 5.1.1. In
fact, as will be apparent, a simple modification shows it is sufficient to as-
sume that there is a sequence of metrics hrj on L that are balanced at
level k and whose associated curvatures wj are themselves bounded in the
right topology. However we know of no examples of manifolds that admit
such a sequence of metrics that do not admit a cscK metric, and thus this
generalization does not give anything new.

5.2.3 Density of States Expansion

Through work of S.T. Yau [Yau86], G. Tian [Tia90], D. Catlin [Cat99], S.
Zelditch [Zel98], X. Wang [Wan05] among others, one can understand the
behavior of the Bergman endomorphism as k tends to infinity through the
so-called “density of states” asymptotic expansion. We refer to [MMO7] as
a reference for this topic. The upshot is that for fixed ¢, > 0 one can write

By =KAo+ kYA 4+ -+ EPT9A, + Ocr (KP4 (5.3)

where A; € T'(End(E)) are hermitian endomorphism valued functions. The
A; depend on the curvature of the metrics in question, and when necessary
will be denoted by A; = A;(h, H); in fact

scal(w)

Ag=1dg and Ay =+v-1A Fy+ 5

Idg.

Now a key point for our application is the observation that the above
expansion still holds if the metrics on L and E are allowed to vary, so long
as the curvature of the metric on E remains under control. This is made
precise in the following proposition which is a slight generalization of [MMO07,
Theorem 4.1.1].

Proposition 5.2.1 ([KelRos12]). Let g,7 > 0 fized as above. Let hyj €
Met(L) be a sequence of metrics converging in C* topology to hy, € Met(L)
such that w = c1(hr) > 0. Let Hy € Met(E) be a sequence of metrics
such that the curvatures Fp, are bounded independently of k in " norm
for some v > r,q. Consider the Bergman endomorphism By associated

98



5.3. CONSTRUCTION OF BALANCED METRICS

to Hp ® hlzk € Met(E ® L*). Then By satisfies the uniform asymptotic
expansion (5.3) with A; = A;(hr i, Hy).

We only provide a sketch of the proof of this proposition by pointing out
how to adapt Tian’s construction of peak sections ([Tia90], [Wan05, Section
5]) to this setting. It is important for our application that we do not assume
the Hj necessarily converge.

In order to modify a smooth peaked section to a holomorphic one, and
control the L? norm of this change, one needs to apply Hérmander L? esti-
mates for the 0 operator. But under our assumptions v/—1AF’ w, + kldg is
positive definite for k large enough so Hérmander’s theorem (see [Dem96,
Theorem (8.4)]) holds on E ® L*.

Since the calculation of the asymptotics is local in nature, another key
ingredient is a pointwise expansion of the involved metrics. Fix a point
29 € B. From [Dem97, Chapter V - Theorem 12.10], we know that there
exists a holomorphic frame (ei)z‘:l,..,rk( ) over a neighborhood of zy € B such
that, with respect to this frame, the endomorphism Hy(z);; = Hy(e;, €;)
associated to the metric Hy has the following expansion:

Hi(2)i = 05— Y, (Fu)gazza+0(2P) ], (5.4)
1<k,l<n

Furthermore, by induction one can show that the higher order terms of the
expansions are given by derivatives of the curvature of the metric on F. For
instance, at order 3, Hy(z);; has an extra term of the form

1 _ o
— 5 ((FH,)ijab 70202 + (FH,)ijab ) ZaZbZe;

2
and thus in (5.4), O (|2*) = Ogwv-1(k°) under our assumptions. Similarly,
the higher order terms of this Taylor expansion are under control. Using
this, one can follow line by line the arguments of [Wan05, Section 5] to
obtain the proposition.

5.3 Construction of balanced metrics

In this section we construct metrics for P(F) that are almost balanced by
perturbing the metrics on the bundle E. Then an application of the implicit
function argument from [Sey10] will provide the required balanced metrics.

5.3.1 Relating the metric on the bundle to the metric on the
projectivization
We first recall the techniques in [Seyl0] that relate the Bergman endo-

morphism on F ® L* and the Bergman function on the projectivization
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(P(E), Ly, == Opg(1) @ n*L¥).
Let V' be a vector space equipped with a hermitian metric Hy. This
induces in a natural way a Fubini-Study hermitian metric on Op(y(1))

which we denote by hy. Similarly given a hermitian metric H on E we get
an induced metric b on Op(gy(1). We denote by

o = pr(hp @ Thk)

the Bergman function on (P(E), L) induced from the metric hg ® T hE.
The next results gives an asymptotic expansion for p; in k (observe this
is not the same as the usual density of states expansion, since we are not
taking powers of a fixed line bundle).

Theorem 5.3.1 (Seyyedali [Sey10]). There exists smooth endomorphism
valued functions By, = Bp(H, hr) such that

o)) = -t (Wékwm) for W] € B(E),  (5.5)

d¢AdC

where ¢, 1= f(CT*l W Moreover By has an asymptotic expan-

sion of the form

rk(E) + 1

= _ b b—1 — 0
By(H,hp) = k'1dg + k (x/ 1AL Fyl® + P (E)

scal(w)IdE> + -

where [T]° denotes the traceless part of the operator T.

We refer to By, as the distorted Bergman endomorphism. The proof of the
previous results is obtained by relating By to the Bergman endomorphism
by an identity of the form

b
() K TP05)Bi(H, hr) = By(H @ h,w" /b)),
j=0

for certain (V;);—o.» € End(E) that depend only on the curvature of the
metric H € Met(E). In fact,

U, = AV (F}’;j +P(H)FIT Pb,j(H)) ,

where Pj(H) = P;(C1(H),...,Cy—;(H)) are polynomials of degree ¢ in the
k-th Chern forms Cy(H) of H, 1 < k <b— j [Seyl0, p 594]

Given this, the asymptotic expansion for By, follows from that of Bj.
Thus, using Proposition 5.2.1 we see that Theorem 5.3.1 in fact holds uni-
formly if the metric h is allowed to vary in a compact set, and the metric
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H is allowed to vary in such a way that the curvature Fiy is bounded (as in
the case for almost Hermitian-Einstein metrics).

5.3.2 Perturbation Argument

From now on let E — B be a vector bundle satisfying assumption (.A),
equipped with a family of almost Hermitian-Einstein metrics Hy, € Met(E),
and (L, hr) a polarization of the underlying manifold B such that w =
c1(hr) is a cscK metric. We now show how to adapt the methods of [Sey10,
Theorem 1.2], and prove the existence of metrics on £ that are almost
balanced, in the sense that the associated Bergman function is constant up
to terms that are negligible for large k£ [Don01b].

The approach is to perturb both the K&hler metric w and the almost
Hermitian-Einstein metric H; on E by considering

q
wh = w+V=1000>_ k'),
=1

q
Hj = H; (IdE +) k:‘icbi) ,

i=1

where ¢; are smooth functions on B and ®; are smooth endomorphisms of
E. We will also denote the perturbed metric on L as b, = hre™ Tk ¢
Met(L) which satisfies wj, = ¢1(h7,). The perturbations terms ®; and ¢; will
be constructed iteratively to make the distorted Bergman endomorphism
approximately constant. In fact it will be necessary for ¢; and ®; to them-
selves depend on k, but for fixed i they will be of order Ocr(k"), and this
will be clear from their construction.

Observe the metrics wy, lie in a compact set, and the curvature of the
metrics Hj, are bounded over k. For the first step of the iteration, where
q = 1, we can apply Theorem 5.3.1 to deduce

Bi(Hyp, hy) = k'ldg + kYA (Hy, w) 4+ k272 (Ag(Hy, w) + 6) + - -

where
rk(E) + 1

Al(Hk,w) = \/jl[AwFHk]O + 2rk(E)

scal(w)Idg
and we have defined

6 = 6(®1, 1) := D(A1) 1, (P1, P1),
where D(A;) is the linearization of A;. Thus

d

= t_OAl(H(IdE +1t®), w + tv/—190¢)

D(A1)Hw(®,0)
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Crk(E)+1
-~ 2rk(E)

+ V=1 [A, 00D + A2(Fy A V=1000) — AupAy,Fir]°

(Lo)ldg

where L denotes the Lichnerowicz operator with respect to w.

Now from the definition of the almost Hermitian-Einstein metrics we
have an expansion (5.1)

T :=+v—1A,Fy, — w(E)ldg = To+ ik~ + Tok ™2 4 -+ Ty_1k"7L, (5.6)

where the T; = Ocr(k°) and Ty is constant, see (5.2).

The metric Hi on E induces a metric on End(F) (that we still denote by
Hj; in the sequel) and one has an operator OFnd(E) (that we still denote 0 in
the sequel) as the (1,0) part of the connection operator induced on End(E)
from the Chern connection on F compatible with Hj. One can write the
associated curvature on End(E) as Fgna(p),m, = Fu, ®ldp +1dg ® Fps gy
Thus, we obtain a similar expansion as (5.6),

R := V=10 Fpna(m), i, — #(End(E))ldgnae) (57)
= \/lewFEnd(E),Hk
= Ro+ Rik™" + Rok ™+ -+ Ry k",

where the R; = Ocr(k°) and Ry is constant.
Using this, we rewrite the distorted Bergman endomorphism as

By(H}, b)) = kPldg + KP 1Ay + k02 A5 + - -

where

- tk(E)+1
Ay = ————scal(w)]
1 k() scal(w)Idg,

Ay =[] + Ay + 6(®1, 1),

since [Tp]° = 0.

Observe since scal(w) is constant, the top coefficient Ay is also constant.
The aim now is to find a perturbation that makes the lower order terms also
constant. To this end it is convenient to define

R=R— Ry=Ocr(1/k)

and to rewrite the Bergman endomorphism once again, this time in the
following way using (5.7)

Bk(H;ﬁ, h/L) = kadE+kb_1/~11+kb_2(A2—[R(I)l]o)+]€b_3(/~13+[R1(I)1]0)+' ce
(5.8)
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5.3. CONSTRUCTION OF BALANCED METRICS

Remark that since ®; is Ocr(k°), the same will be true of [R;®1]°. The
reason for adding and subtracting this term arises when it comes to ensuring
that the ®; we construct are hermitian operators, as in the next proposition
which ensures that it is possible to find ¢; and ®; to make the k*~2 term
constant.

Define Endy(F) to be the vector space of endomorphisms 7 of E such that
S5 trn “’b—f = 0, End)(E) the trace free elements of Endo(F) and C§°(B,R)
the space of smooth functions with null integral with respect to the volume
form 4.
b!

Proposition 5.3.1 ([KelRos12]). Assume that Aut(B, L)/C* is discrete, w
is a cscK metric and that E satisfies assumption (A). Then for any endo-
morphism ¢ € Endg(E) there exists a unique couple (®1,¢1) € End)(E) x
C3°(B,R) such that

5(®1, 1) — [RP4]° = C. (5.9)
Furthermore, ®1 is hermitian with respect to Hy if and only if the same is

true of C.
Finally if r > 4 and o € (0,1) there is a ¢y such that for all ¢,

[@1llere + 1@1]lgr20 < crallCllcrs.e-

We observe that R is non-zero for all k since by assumption E is not
Mumford stable and thus none of the Hy are Hermitian-Einstein. The proof
of the previous proposition will depend on a number of Lemmas, the first of
which is a consequence of Kéahler identities.

Lemma 5.3.1. Let H be a hermitian metric on E which induces a metric
on End(F) that we still denote H. Then for any ¢ € End(FE),

V=1A,00¢*" = (V=1A,00¢ — [V —=1Au Fina(p), - ¢]) ™

Lemma 5.3.2 (Poincaré type inequality). Assume that E is a simple holo-
morphic vector bundle. Then there is a constant C' such that if H € Met(FE)
and n € End(FE), we have the following inequality with respect to the metric
induced on End(E),

Il < C1nlZ, + s [ )7
Ly — L Tk(E)VOlL(B) B b!

Note that if we consider another reference metric Hy and H such that r-Hgy >
H > r=1. Hy with r > 1, then we can choose C depending only on (Ho,r).

Proof. This is standard from the fact 9*0 provides a positive elliptic opera-
tor and our simpleness assumption [Wan05, Section 3|. Here the constant C'
in the statement can be taken as the first positive eigenvalue of the elliptic
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operator. Note that for a varying metric in a bounded family of Met(F),
since the 0-operator doesn’t depend on the metric, we can choose the con-
stant C uniformly. O

Lemma 5.3.3. Assume that E is a simple holomorphic vector bundle. For
k sufficiently large, given any ¢ € Endg(FE) there is a unique n € Endy(FE)
such that

V—1A,d0n — [Rn)° = ¢ (5.10)
Furthermore n is hermitian (with respect to Hy) if and only if the same is
true for (. Finally if r > 2 and o € (0,1) there is a constant ¢, o such that

||”7||CT’°‘ < CT,CMHCHC’PfZ,a.

Proof. We use Fredholm alternative for elliptic equations. Firstly, R is her-
mitian thus, the operator

n — v/ —1A,00n — [Rn]°

is hermitian and elliptic. To show existence of a solution, we need to show
that this operator restricted on Endy(E) has trivial kernel. Let us assume
that

V—=1A,00n — [Rn]° = 0. (5.11)
Let us fix a smooth hermitian metric on £ which gives us a metric on
End(F). Equation (5.11) implies, by Kéhler identities and by taking inner
product with 7, that we have pointwise

(On, on) — ([Rn)°,n) = 0.
Now, this implies
(@n*,0n*) —([Bn)®,n) = |9n*|* — ([Bn)°,m) = 0. (5.12)

Using Cauchy-Schwartz inequality, we have (Rn,n) < ||R||||7]|> < | R]||I7* ]|
and (Tr(Rn)Idg,n) < rk(E)||R||||n||>. By integration, we deduce, using that
|R||co = Ocr(1/k) and Lemma 5.3.2, that [|0n*[|2,(1 — C/k) = 0 from
(5.12). Thus on* = 0 if £ > 0. But, since F is simple, this gives that
n = aldg for a constant «, see [LT95, Section 7.2]. Finally, the kernel of the
operator v/—1A,,d0 - —[R-] on Endg(E) is trivial and we get uniqueness.

Let us show that we get a hermitian solution. From Lemma 5.3.1, one
has that

V=IAL000" = (V=1Au00n — [V =1AwFena(e), i)

where now the adjoint is computed with respect to the almost Hermitian-
Einstein metric Hy on E. Since [Ro,n] = 0 (any term of the form 01dg,,4(p)
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5.3. CONSTRUCTION OF BALANCED METRICS

with # a function is in the centre of the Lie algebra End(E ® L¥)), one can
rewrite this equation as

V1A 0" = (\/—TAwéan ~ IR, n]>*-
After expansion, this is equivalent to
(V=T899 — Ryn* = ((V=TAu00 - R)n)*
since R is hermitian, and this can be rewritten as
(V=TA00m" — (R )") = (V=TAL00n — [Fn]”) .
Now, from the uniqueness we have shown previously, one gets that the so-

lution is hermitian with respect to the metric Hy.

Let us denote Endg(E)™® the Sobolev space of C* hermitian endomor-
phisms of Endo(E). For k > 0, r > 2, we have that /—1A,00 - —[R-]°
is an invertible linear differential operator of order 2 from Endy(E)"® to
Endy(E)"~2%% with uniformly bounded coefficients since we have the uni-
form control R = Ocr(1/k). The eigenvalues of v/—1A,dd- are strictly
positive, while the eigenvalues of the hermitian operator (of order 0) [R-]°
tend to 0 as k becomes larger. Thus this operator is uniformly elliptic, we
can apply Schauder theory of elliptic regularity [LT95, Section 7.3]. Note
that we could also invoke the work of Uhlenbeck and Yau for the operator
V/—1A,00- with a slight generalization. Finally, the inverse of this operator
is bounded and we obtain the existence of a uniform constant ¢ > 0 such
that for any (n, () satisfying (5.10),

In]lcre < ¢||¢]lar-2.a-

Proof of Proposition 5.3.1. Obviously, we have the decomposition
Endy(E) = End)(E) © C§°(B,R)ldg.

First we deal with existence, by looking at the kernel of the operator on
Endg(FE) given by

D(A1) (@1, ¢1) — [RD1]° = 0
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where ®; € End}(E) and ¢; € C$°(B, R). This is equivalent to ask that

rk(E) B
k(B + 1791 —( 013)
5.

(VT (Au800s + A2 (Fu, AVT0061) — AuiAuFin) — ]’ =0
(5.14)

Equation (5.13) gives immediately that ¢ = 0 since the kernel of the Lich-
nerowicz operator consists of just the constant functions (see [Don0O1b])
thanks to the fact that Aut(B,L)/C* is discrete and since [p qbl“g—f = 0.
Now, since @ is trace free, Equation (5.14) reduces to

V—=1A,009, — [R®1]° =0

which admits only the trivial solution, from Lemma 5.3.3 (R # 0 since the
vector bundle FE is not Mumford stable). Thus, by Fredholm alternative, we

rk(E

can solve Equation (5.9). Moreover, we know that the terms ﬁhﬁl

and v—lAi(FHk AV=100¢) — V—=1A,¢1A,Fg, are hermitian. Hence, for
the solution ®; of (5.9), if ¢ is hermitian, one can rewrite this equation as

V—=1A,009; — [R®(]° = ¢

where ¢’ is hermitian with respect to Hj. Then, applying Lemma 5.3.3,
we get that ®; is hermitian. Finally the regularity of the solution is a
consequence of Lemma 5.3.3 and the fact that the Lichnerowicz operator is
a strongly elliptic operator of order 4. O

Returning now to the construction of the almost balanced metrics, using
Proposition 5.3.1, we obtain (®1,¢;) such that the second term of (5.8)
satisfies

Ay — [R®]° = Coldp

or equivalently
5(®1, 1) — [RD1)0 = —Ag — [T1]° + Coldp

where C5 is a topological constant. Note that we have used here the obvious
fact that [ tr(Co — Az) w® = 0.

For the next step of our iterative process, we perturb the metrics Hy,
and wy at the order ¢ = 2 and try to find ®9, ¢o such that the third term of
(5.8) is constant. Now this third term can be written

A3(Hy,w) + 6(®g, ¢o) — [RDo]° + [T3]° + [R1P1]° + by o
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with by 2 obtained from the deformation of As, and thus depends only on
the (Hy, ®1,w, ¢1) computed at the previous step of the iteration. We then
use the same trick as before, introducing the term [R®5]% in order to obtain
a hermitian solution, and see that ®5, ¢2 need to satisfy

5(®2, o) — [RD2)° = Cs1dg — by o — A3(Hy,w) — [R1®4]°

where C3 is a topological constant. Now solutions to this equation are
guaranteed just as before using Proposition 5.3.1.
Repeating this iteration one sees that at each step one is led to solve the
equation
5(®i, ¢i) — [R®]" =
where (; is hermitian with respect to Hp and depends on the computations
of the previous steps, i.e on the data (Hg,w,®q,...,P;—1, 1, ..., ;—1) and

I g tr¢ w® = 0. Clearly then the metric that we construct with this process
is hermitian. Thus we have the following result:

Theorem 5.3.2 ([KelRos12]). Let E be a vector bundle that satisfies as-
sumption (A) on the projective manifold B with dim¢ B = b, (L,hr) a po-
larization on B with w = c1(hr) > 0. Assume that Aut(B, L)/C* is discrete
and w is a cscK metric. Consider an almost Hermitian-FEinstein metric
Hj, € Met(E). Then any fized integers q,r > 0, and k > 0, the metrics
Hy, and hy, can be deformed to new metrics H;, € Met(E) and h, € Met(L)
such that the distorted Bergman endomorphism Bk(H,’C, h';) satisfies

Bi(Hj, ) = k’1dg + €, € End(FE)
where €, = Ocr (kP~9).

Next consider /' the metric induced on Op(py(1) from H; € Met(E).
Then using (5.5) gives the following corollary.

Corollary 5.3.1 ([KelRos12]). Under the same assumptions as in Theorem
5.3.2, for any fized integers q,r > 0, and k > 0 each metric H and w can be
deformed to obtain a smooth hermitian metric H;, € Met(E) and a smooth
and I, € Met(L) such that the induced Bergman function py(h' @ W*hlLk)
on P(E) satisfies

pr(l @ w1, = CkY + ¢, € C°(P(E),R)
where C is a topological constant and &, = Ocr (kb9).

Proof of Theorem 5.1.1. The rest of the proof is the same as [Sey10, The-
orem 1.2] which shows how it is possible to perturb the almost balanced
metrics above to obtain balanced metrics. Observe that all the estimates
in sections 2,3 and 4 of [Sey10] only require E to be simple, which is the
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case since we are assuming it to be Gieseker stable. Note also that P(E) has
no nontrivial holomorphic vector fields ([Sey10, Proposition 7.1]) since E is
simple.

Finally, the existence of a balanced metric on (P(E), Ly) implies the
stability of the Chow point induced by (P(E), L)) [Luo98; Zha96] since
there is no nontrivial automorphism, completing the proof. O

5.4 Computation of the Donaldson-Futaki invari-
ant

We turn now to proving the instability result of Theorem 5.1.2 using the
techniques of [RT06]. What is required is to consider one parameter de-
generations (test configurations) of our manifold P(E) and these can be
constructed rather naturally from subbundles.

Suppose that F'is a subbundle of F such that G := E/F is locally free.
This gives rise to a family of bundles £ — X x C — C with general fibre
FE and central fibre F' & G over 0 € C. Moreover £ admits a C* action that
covers the usual action on the base C, and whose restriction to F'@® G scales
the fibres of F' with weight 1 and acts trivially on G. (One can see this in
a number of ways, for instance if ¢ € H'(F ® G*) represents the extension
determined by E then this action takes £ to zero as A € C* tends to zero.)

Setting X = P(§) — C and £ = Opgy(1) ® 7*L¥ we thus have a flat
family of polarized varieties with C* action whose general fibre is (P(E), L)
(i.e. a test-configuration as introduced in [Don02]).

The goal is to calculate the sign of a certain numerical invariant DF}, the
Donaldson-Futaki invariant defined as in Section 2.5. We use the convention
that if DF} < 0 then P(F) is K-unstable, which is known to imply that it
is asymptotically Chow unstable.

To make the computations more palatable we restrict to the case that
rank(E) = 2 over a smooth polarized base (B, L) of complex dimension
b > 2, and assume that F' and G are locally free (although the computation
is essentially the same without this assumption, see [RT06, Section 5.4]).
We denote by chy the second Chern character, so cho(F) = ¢1(F)?/2 and
ChQ(E) == Cl(E)2/2 - CQ(E).

We work initially over a base of complex dimension b since this adds no
significant difficulties, although the reader may wish to set b = 2 which will
be all that is necessary for our applications. To ease notation set w = ¢;(L)
and if a; € H?¥(B) with dy + ---d, = b we write aj.ag--- 0, = fX a1 A
N

Proposition 5.4.1 ([KelRosl2]). The Donaldson-Futaki invariant of the
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test configuration T = (X, Ly) defined above is’

DF]_ (T) — Cleb—l 4+ 02k2b_2 + O(k26—3)

where
Cr(E, F) =Mj“’b_1)! (W(E) - u(F)),
Cy(E, F) =12b!(°;b_2)!(cl(E) /2 — e1(F))er (B)wb2
+ Sb!(;:b_Q)!(chg(E) /2 = chy(F)).wb2

+ 12(171_1)'2 (261(E).wb_1 — cl(B).wb_l)) (W(E) — u(F)).

Proof of Proposition 5.4.1. Recall m,.L} = S"E ® L% for r > 0, so from the
Riemann-Roch theorem, we get

YL =x(STE © L) = / e ch (ST E)Td(B),

B
bpb, b
=l IZ‘W rank(S"E)

b—17.b—1

+ T(b_kl)'wbl (rank(S’”E)Cl(B) + cl(STE)>
rb=2gb=2 @ . c1(S"E).ci(B)

+ WW —2 <rank(SrE)ToddB + - + Chg(S’E))
+O(k"™),

where Toddg) denotes the second Todd class of B, and we use the convention
that O(k’=3) vanishes if b = 2. Now, using the splitting principle, it is
elementary to check that

rank(S"E) =r+1,
ca(S"E)=r(r+1)ca(£)/2,
chy(S"E) = r3[c1(E)? /12 + chy(E) /6] + r2chya(E) /2 4+ O(r).

Thus for r > 0,

p(r) == hO(P(E), £}) = agr®™ + a1r® + O(r*71),

2This corrects an error in the lower order term of [RT06, Prop. 5.23]
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where

kbub k‘b_lwb_lcl(E) kb—20,0-2 /1 5 1

_ ~ ¢1(E)? 4 ~chy(E
W=t T T o) <1201( )+ geha )>

+O(K"?),

kbwb ]{Zb_lwb_l

p— . B E
@ = o @B Fa®)

+

kb—2,b—2 (ChQ(E) n Cl(E).Cl(B)

(b—2)! 2 4 ) +O(").

Turning to the central fibre P(F @ G), we have a splitting
HOB(F & G), £) = H(B, §™(F & G) & L)

T
=P HE B F oG aLv),
1=0

Moreover this is the eigenspace decomposition for the action, with the :-th
space having weight i. Let w(r) be the sum of the eigenvalues of the action
on this vector space, so

w(r)=> (B, F @ G @ L*).
=0

Now since L, is relatively ample, the higher cohomology groups vanish,
and thus pushing forward to B we have that the higher cohomology groups
of F' ® G™" @ LF" vanish for r > 0. Thus from Riemann-Roch again,
RO(F' ® GT' ® L*") equals

bbb b=1,b-1 -1 /.
: b! + - (b—1)! < 1(2B) +i01(F)+(Ti)Cl(G)>

. fb—2,0-2, b2 <(z‘cl(F)+(7“—i)Cl(G))2 +Td532)>

(b—2)! 2
b—2,b-2,b-2 /. ic r— e
N k - < 1(B)( 1(F)J2F( ) 1(G))> Lo,

Now an elementary calculation gives w(k) = bor®*2 + b1 + O(r?),
where

kbuwb n k1wt le (F) n kP lwb=le (@)

20! 30— 1)! 6(b— 1)!
k020072 [ (F)?  ci(F)ei(G)  e1(G)?

26— 2)! < 1 6 12

by =

+

)+O%“%
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Ebuwb N kb= lwb=1ey (F) n Eb—1wb=1e (B)

2! 2(b—1)! A(b—1)!
kP=2wb2¢1(B) (c1(F) = ¢1(G) k0200~ 2¢) (F)?
26— 2)! < 5 76 >+ 1(H—2)!

by =

+ +O(k"73).
The definition of the Donaldson-Futaki invariant is DF}(T) = bgay — byao,
and putting this all together gives the result as stated. O

Proposition 5.4.2 ([KelRos12]). Suppose B is a surface, and x(F @ L¥) =
X(E ® L¥)/2 for all k. Suppose also that either c1(B) = 0 or w = +c1(B).
Then (P(E), L) is not K-polystable for k sufficiently large.

Proof. The previous computations can be extended to show that for a sur-
face one can write the Donaldson-Futaki invariant as DFy(T) = C1k% +
Cok? + Csk + Cy with Cq, Cy given by Proposition 5.4.1 that vanish and

48C5(E, F) =(8degy F — 4c1(L)c1(B)) (cha(E)/2 — cha(F))
+ 21 ()2 (deg, (F) /2 — deg, F)
+ 2deg (F)ei(E)e1(B) — 2deg (E)ei(B)e (F)
144C4(E, F) =c1(E)? [(c1(E)/2 — ¢1(F)).c1(B) + 6(chy(E) /2 — chy(F))]
—4c1(E).c1(B)(cha(E)/2 — cha(F))
+2(c1(E).c1(B)cha(F) — ¢1(F).c1(B)cha(E))

It is now a computation to check that under our assumptions, the terms Cs
and C4 vanish. This can be seen easily if one rewrites these terms using
Notation 6.0.1 (i.e the terms appearing in the difference of the normalized
Hilbert polynomials of E' and F') and the reformulation given by Proposition
6.0.1. Also observe that the degeneration used above is not a product test
configuration, so (P(E), L) is not K-polystable for k large enough. O

Proof of Theorem 5.1.2. Suppose that F is a rank 2 vector bundle that is
Gieseker stable but not Mumford stable and p(F) = pu(E). From Proposi-
tion 5.4.1, the term C vanishes and the Donaldson-Futaki invariant of the
test configuration associated to F' is
k2 9

DF(T) = 5 (4 (cha(E)/2 = chy(F)?) + e1(B) (e1(E)/2 = e1(F))) + O(k).
Thus by hypothesis, DFy(7T) < 0 for k > 0, proving that (P(E), L) is not
K-semistable for k > 0 as claimed. O
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5.5 Examples of Chow stable but not asymptoti-
cally Chow stable manifolds

We end by constructing examples of polarized surfaces (B, L) and vector
bundles E over B that satisfy the assumptions of Theorems 5.1.1 and 5.1.2.
To do so we start with a base B with trivial automorphism group that has
an abundance of cscK metrics.

Fix a rank 2 Mumford stable bundle V' over a complex projective curve
C of genus g > 2 and define B = P(V). As is well known, using the
Narasimhan-Seshadri Theorem [NS65] one can prove there exists a cscK
metric in each Kahler class of B. Moreover as V is simple and g > 2, there
are no infinitesimal automorphisms of B [Sey10, Proposition 7.1].

We seek a suitable vector bundle E over B which is Gieseker stable and
not Mumford stable. In order to do so, we fix some notations and describe
the ample cone of B. The Néron-Severi group of B can be identified with
7 x 7, with generators the class b of Op(1) and the class f of a fibre over C.
We have b? = deg(V), {2 = 0 and b-f = 1 while the anti-canonical divisor is
given by —Kp = 2b + 2(1 — g)f. To ease the computations we may as well
take deg V' = 0. Then, from [Tak72, Proposition 3.1], or [Fri98, Proposition
15], we know that a class b 4 yf is ample if z > 0 and y > 0.

Following the ideas of [Tak72, Proposition 3.9], consider a rank 2 vector
bundle E; obtained as an extension

0—-0Op —~FE —F —0,

where F} has class —b+(m-+1)f for some large positive m. To ensure that we
can take such an extension that does not split, we need that Ext!(Op, Fy) =
HY(F}) is non trivial. But this follows easily from Riemann-Roch since
X(Fy) = hO(Fy) = b (FY) + h2(FY) = —h'(F*) and

X(F}) =c1(F7)? + MﬁC1(Ff) + Todds(B),

=—2m+1)+(-(m+1)+(1-9)+(1-g),
=—-3m+1)+2(1—-g)<0.

Over B, we take the polarization L,,+; = b+ (m + 1)f and one checks
easily that

p(F1) = p(Er) = 0.

We claim that Fp is in fact Mumford semi-stable. A priori, we need
to check stability with respect to any rank 1 torsion free subsheaf F of
FE1 but since we are working with a rank 2 bundle on a surface, F** is a
reflexive rank 1 sheaf on B and thus a line bundle. So F = O(D) ® T where
O(D) is a line bundle and Z is an ideal sheaf with 0-dimensional support,
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so c1(F) = c1(F*) = c1(O(D)). Since By = Ef*, it is now clear that it is
sufficient to consider stability with respect to subbundles of E. But, for any
rank 1 subbundle O(D) of Ej, either O(D) — O or F; @ O(—D) is effective.
In the first case it is immediate that O(D) does not destabilize F;. In the
second case if we write the first Chern class of O(D) as zpb+ ypf we see by
intersecting with ample line bundles that zp < —1 and yp < m + 1. Hence
u(O(D)) < u(Fy) = p(Eyr) and By is Mumford semi-stable with respect to
Lpy41 as claimed.

In order to construct a Gieseker stable bundle which is not Mumford
stable, we tensor the previous extension by a line bundle F» with first Chern
class ¢1(Fy) = —b + (g — 3 — m)f, resulting in a non-trivial extension

0—I—F—F®F—0.

Observe that p(Fy) = p(F) and so {0} C F» C E is the Jordan-Holder
filtration of the Mumford semistable bundle E.

We claim that E is in fact Gieseker stable. As before, let 7 = O(D)®Z
is a rank 1 torsion free subsheaf of E, and taking the double dual O(D)
is a subbundle of E. Then either O(D) — F, or F} ® Fo» ® O(—D) is
effective. In the first case by writing ¢ (O(D)) = zpb + ypf one checks
that if (zp,yp) # (—1,9 —3 —m) then u(O(D)) < p(Fz) = u(E) while if
(20 yp) = (~1,g — 3 — m) then u(O(D)) = u(E) and

c1(B) [(c1(E)
12 <12

ChZ2(E‘) — ChQ(O(D)) +

- cl((’)(D))> = % > 0.

Thus by Riemann-Roch we conclude 3x(E ® Lr 1) >x(OD)e L} ) for
p> 0 and so O(D) does not Gieseker destabilize. Moreover this inequality
only improves if O(D) is replaced by F since co(F) is the length of the
support of Z and thus is non-negative. In the second case, in which F} ®
F, @ O(—D) is effective, one deduces xp < —2 and yp < g — 2 with at least
one inequality being strict, and so u(O(D)) < pu(F1 ® F3) = u(E). Hence E
is Gieseker stable with respect to Ly,+1 as claimed.

So Theorem 5.1.1 can be applied in this setting and (P(E), L) is Chow
stable for k sufficiently large where £ = Op(g)(1) @ Lk +1- To apply
Theorem 5.1.2, we compute

4(Ch2(E)/2 — ChQ(FQ)) + Cl<B). (Cl(E)/Q — Cl(F2>) =-m—-—g+2<0.

Hence (P(E), L) is not K-semistable, thereby proving Corollary 5.1.1.
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Chapter 6

Extra results about Chow,
Hilbert and K-stability of
ruled manifolds over surfaces

In the case of smooth curves of genus g, it is known through the classical
work of Mumford that the polarized manifold (X, L) is stable (in the sense
of Chow) as long as deg L > 2g, g > 1. However in higher dimensions the
question of stability may depend on the polarization chosen and rather little
is known about the shape of the space of stable polarizations. The purpose
of this chapter is to observe some phenomena that can occur in the special
case of ruled manifolds over surfaces. The main results are Theorems 6.1.1,
6.2.1 and Corollaries 6.3.1, 6.3.2.

So suppose E is a Mumford polystable holomorphic vector bundle over
a base projective manifold B, polarized by an ample line bundle L. Then
by the Hitchin-Kobayashi correspondence E admits a Hermitian-Einstein
metric. Suppose also that L is a line bundle on B and there exists a constant
scalar curvature Kahler metric in the class ¢1(L). In [Hon99; Hon02; Hon08],
Y-J. Hong proved that there exist cscK metrics on PE for the polarizations
that make the fibres sufficiently small as we stressed in the previous chapter.
More precisely Hong proves, among other things, that if E is simple and
there is no non trivial holomorphic vector field on B, then there exists a
cscK metric in the Kéhler class defined by the polarization

ﬁr,m = OPE(T) Qm*L™

when m is very large. Such a result is quite natural, since one can expect for
sufficiently small fibres that the geometry of the projectivization is governed
by the one from the base. From the work of S.K. Donaldson, J. Stoppa,
and T. Mabuchi, one had the algebro-geometric consequence that under
the above assumptions the polarized manifold (PE, L, ,,) is K-stable for
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m >> 0.

Now there are two natural ways that one can change the polarization
Ly . First one may be able to change the polarization L so as to make E
unstable, in which case (PE, £, ,,) will be unstable for m large [RT06]. The
second way is to fix L but consider the case of small m. In this chapter
we shall show that there are examples of triples (B, L, F) that satisfy the
assumptions of Hong’s theorem, but such that for smaller values of m the
polarizations L, ,, are unstable. This is Theorem 6.1.1. Such phenomena
does not happen when the base is a curve. Furthermore, building on the
same techniques, this chapter provides some new examples of asymptotically
Hilbert or Chow semistable polarizations that are not asymptotically Hilbert
or Chow stable, see Section 6.3, and extend some results of the previous
chapter (Theorem 6.2.1).

Let us consider the setup of Section 5.4 of the previous chapter. We have
a described in Section 5.4 a certain type of test configurations 7T .

Notations 6.0.1. Let us assume that the vector bundle E has rank rk(E) =
2 and B is a surface. We set

or = pr(E) — pr(F)

Ch2 (E)
2

1
A= —Ch2(F>+§5KE

so that one can write Pg(k) — Pr(k) = kdr + A.

In the following proposition, we give another formulation of Proposition
5.4.1 for expressing the Donaldson-Futaki invariant for the polarization £, ,,
associated to the test configuration 7.

Proposition 6.0.1 ([Kell4b]). The Donaldson-Futaki invariant of the test
configuration T for a rank 2 vector bundle E over a polarized surface (B, L)
induced by the deformation to the normal cone of PF where F is a subbundle
of E is given by

6 7“4 ?”3

7211151(;*3 + o0 (mér +r4),

DF\(T) = 5= (6x;)?

with

Iy =r(c1(E)? — 4c1(F)?) 4 3¢1 (F" @ L™)? + 4r2 A + 12rmér,
—3rc1(B)e (F" & L™),
Iy =(rei(E) + 2mey(L))? — 2re) (FT @ L™)c (B).

Proof. It was proved in the previous chapter that
_ _ 3,3 4, 2 5 6
es3(T) = DF(T) = Cir°m? 4 Cor*m* + Csr°m + Cyr (6.1)
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where
e 7) = () — ()
Ca(e. F) = 1 () - 20, (F))er(B)
+2 g)z (cha(E) — 2cho(F))
+ 5 @e(B)a(L) — er(B)er (D) (un(B) — pa(F)),
Co(E, F) = — % deg, (E)e(F)® + % deg, (E)chs(E)
+ 45 des(B)er (B)? - 5 degy (Fer (E)?
+azeDa(B) - a(F) - el (B) - ch(B)
+ o ey (Fea(B)er(B) — o deg, (B)er (B)ex (F),
Cu(E, F) 518@1@)2 cr(B)er(E) — ﬁcl(E)Q - er(B)er(F)
+ 4—1801(17)2 cer(E)er(B) — % (c1(B)e1(F) + ¢1(E)er (B)) cha(E)
+ 4—18c1(E)2 (cho(E) — c1(F)?).

By a simple algebraic manipulation one obtains from (6.1) the expected
result. O

Remark 6.0.1. We remark that the Donaldson-Futaki invariant DF; we
are computing does not depend on c(B) (unlike the Chow weight associated
to this test-configuration).

6.1 Examples of unstable projectivizations of sta-
ble bundles

6.1.1 An elementary example over an abelian surface

6.1.1.1 Construction

Let C1,Cy be two elliptic curves. Let P! the principal polarization on Cj,
i = 1,2 of degree 1. We consider B = C; x Cy and P; = w}L for m; the
projection B — Cj. Of course, it is well known that there exists a Ricci-flat
Kéhler metric in any Kéahler class of B. We define L; = P} ®Pé8 ‘fori=1,2
and the vector bundle E of rank 2 by the exact sequence

0—Li—-F—Ly—0
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Then

c1(E) = (a1 + az)c1(Pr) + (B1 + B2)c1(Pe),
c2(EB) = c1(Lr)c1(La) = Brag + a1 fa,
cha(E) = a1 81 + azfs.

The product of elliptic curves is an abelian variety and thus Todd(B) =
1. To see that the extension does not split it is sufficient to check that
Ext'(Og,A) = H' (S, A) is non trivial, where A = L; ® L}. Note that
X(A) = c1(A4)?/2 = 181 + asfa — a1 B2 — Prag = (a1 — a2)(B1 — Ba).
From [Tak72, Lemma 3.8], if oy > a9 and B2 > £ and ged(ag —ag, f2— 1) =
1 then the extension does not split and £ is Mumford stable for a choice of
a good polarization obtained using Bezout’s theorem.

If ; > 0 and B; > 0 for i = 1,2, then F is ample from [Laz04, Proposition
6.1.13]. Therefore the line bundle L, ,, is ample for any r,m > 0.

In our computation of the Donaldson-Futaki invariant, it is important to
pick up a subbundle (and not just a coherent subsheaf of E). We consider
the subbundle /' = L; and the deformation to the normal cone associated
to P(F). We apply Proposition 6.0.1. Since c1(E)? > 0, we see that the sign
of C4(E, F) is determined by the sign of cha(E) — c1(F)? = asfs — a1fh.
Therefore, in order to get a destabilizing test configuration, we are looking
for integers «;, 5; satisfying

ap > ag > 0,

B2 > B1 >0,

ged(ar —az, B2 — 1) =1,
agfly —a1B < 0.

One solution among others is given by a1 = 3,as = 1, 51 = 2, 52 = 5 which
provides a polarization L, ,, for r >> 0 which has negative Donaldson-
Futaki invariant and so is K-unstable, while E is Mumford stable and B is
a Kéhler Ricci-flat manifold. The only issue with this construction is that
B has holomorphic vector fields, and we have not been able to apply Hong’s
results [Hon02, Corollaries A and B]. This drives us to the next step.

6.1.1.2 Blowing up to remove infinitesimal automorphisms

One can obtain examples in which B does not have holomorphic vector
fields by blowing up at a sufficiently large number of well chosen points. To
describe the details suppose we are in the general situation of having a rank
2 bundle E that admits a subbundle F' with C4(E, F) < 0.

Let us call d the dimension of the space of holomorphic vector fields
on B. For a choice of d points p; in a dense open subset of the product
manifold B?, the blow up at pi, ..., pq has a trivial automorphisms group.
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From results of [AP09], we know the existence of an integer dy > d such that
for all d’ > dp, there exists a non empty open subset Uy € B such that
for all (p1,...,pa) € Uy, the blow up B at the points (p1, ..., pq) admits a
family of cscK metrics.

Let us denote o : B — B this blowup map. More precisely, the results
of [AP09] are giving the existence of cscK metrics in all the ample classes

c1(L¢) where

L.:=0"L — (al,e[El] + ...+ ad/7€[Ed/])
with € > 0 small enough. Here F; stand for exceptional divisors of the blow
up at p;. The numbers ;. > 0, which are related together by a condition
of G.I.T stability, can be chosen all rational and one can impose max; o ¢
as small as wished by fixing €, cf. [AP09, Section 1.4].
Now the bundle

E:=0*F

is also Mumford stable with respect to all rational polarizations

oL — (&[El] bt Nld, [Ed/]>

for positive integers N; sufficiently large, see [FM88, Theorem 5.5] and
[Bru90, Theorem 4]. Therefore, up to choosing e smaller enough, one can
get both the vector bundle ¢* F Zg—Mumford stable and a cscK metric in the
class ¢1(L¢) over the smooth surface B that has no nontrivial holomorphic
vector fields.

We need to check how this change of polarization has affected our com-

putation of the Donaldson-Futaki invariant. Observe that as E is ample the
bundle E is nef [Laz04, Proposition 6.2.12] and so

Ly = Op) () ® L

is ample for m > 0, r > 0. Now from Proposition 6.0.1, we can compute
as before the Donaldson-Futaki invariant for (E,0*F, L, ,,,) by noticing that
c1(0*FE) and o*F are trivial along each E; and so

Cy(E,0*F) = C4(E,F) < 0.
Thus, for large enough r we have that (P(E), £,,,) is K-unstable as well.

We sum up our work with the following theorem.

Theorem 6.1.1. There exist a ruled threefold P(E) given as the projectivi-
sation of a Mumford stable bundle E over the blow up of a surface endowed
with a cscK metric such that some Kahler classes of P(E) admit a cscK met-
ric (and are K-stable) and some other classes do not admit a cscK metric
(are are K-unstable).
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6.1.2 An elementary example over CP?

Consider the projective plane B = P? endowed with the Fubini-Study metric
which is a Kéhler-Einstein metric. Let us fix L = —Kp2. From general
results of the classification of Fano threefolds (see [SWO08] and [Ish97, Section
4]) we know the existence of a L-Mumford stable rank 2 vector bundle E on
P? given by the exact sequence

0—0(-1) 0% 5 EQ1)—0

with ¢;1(E) = 0, cha(F) = —2 and c2(E) = 2. The anticanonical bundle of
PE is given by L,—=2m=1, and PE is actually a Fano threefold (note that it
is unknown if it enjoys a Kéhler-Einstein metric).

Non-trivial subsheaves of a rank 2 vector bundle on a manifold are as-
sociated to sections of twists of the bundle in question. Actually, we may
assume that the subsheaf we wish to consider is reflexive so it is associated
to an embedding of an invertible sheaf (or line bundle) £ — E, which by
tensorizing with £~! yields an embedding © — E ® £~!, and hence a holo-
morphic section of F® £~!. From Riemann-Roch, we get h°(E® O(1)) = 4.

Therefore, we can consider F = O(—1) that has deg;(F) = —3 <
deg;(E)/2 = 0. By a direct computation, we obtain for the Donaldson-
Futaki invariant of the polarization £, ,,,

9 33 201 94,9 5 1 4
DF\(T) = gmrt = mr +§mr DM

which is negative for large . Note that however, forr =2,m =1, DF(T) >
0, suggesting that the anticanonical polarization is K-stable.

6.1.3 Kahler cone and K-stability

Consider the Fano surface B = CP! x CP'. We denote H 1, Ho the standard
basis of Pic(B) ~ Z* that satisfy H? = H2 = 0 and H1Hy = 1. Let us
consider the general case of a non split extension

0 — Op(aHy 4+ SHy) = E — O — 0

where o > 0 and 8 < —1. A polarization on PE has the form L, ,, =
Opg(r) @ m* L™ with L an ample line bundle on the base B. One can write
L = Op(xH; + yHs), x > 0, y > 0 and without loss of generality, we can
assume that r = 1, x+y = 1 and z, y, m are both rational positive numbers.
We are interested in describing in the Kéhler cone of PE the polarizations
that are K-stable.

From the extension, we get ¢1(E) = 2a8 = 2chy(FE), deg(E) = ay + Sfz.
We consider the subbundle ' = Op(aH; + SH2) and the induced test-
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configuration 7 to the normal cone P(F). We expect this test configura-
tion 7 is the maximal destabilizing test-configuration for (PE, L, ,,), i.e
DF(T) < DF(T") for any test-configuration 7’. The Donaldson-Futaki
invariant DFi(7T) is a real polynomial of order 3 in the variable z with
leading coefficient %m3(6 —a) < 0. The 3 roots 71,79, 73 of this polyno-
mial expression depend on m, a, 8 and may not be all real. For the choice
a = 2,8 = —2, the computations turn out to be pretty easy and the roots
are r; = WQ_M rgzrg—mQandr = m2+m. If m < 2
DF\(T) <0 and (IP’E El m) cannot be K-stable. If m > 2 then DF(T) is

positive for ro < x < r3. Note that this set contains the set of points for
which F is L-Mumford stable (% < x <1, m >> 0). In the plot below,
we draw the curves of ro(m),r3(m) and their asymptotics. Remark that
for m > 2, x = r3 we have DF(7T) = 0 which suggests the existence of a
wall for K-stability but at an irrational class within the ample cone. Such
phenomena for moduli spaces of vector bundles were discussed in [Sch00].

0,8-

0,6

0,4+

0,24

6.2 Chow weights and Hilbert weights of certain
test configurations

We extend now the result of Proposition 6.0.1.

Proposition 6.2.1 ([Kell4b]). In the same setting as in Proposition 6.0.1
and with Notations 6.0.1, the Chow weight associated to the test configura-
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tion T is given by

_ _ 2
Chow(T) = e4(s) = 6 Ok,
sr?(rs+1)
- Tl‘h&(g
2
LSt ) o moy, +rA)
24
with
A1 = ST‘Fl — All

AQ = SFQ — 47“T0dd2(B).

where we set A} =T'1 +3c1(F" ® L™)% 4 3rey (B)ey (F” ® L™) 4 6Todda(B).
Moreover,
Chows = s°DFy(T) + s*DFy(T) + sDF3(T)

with higher Futaki invariants DF5(T ), DF5(T) given by

DEy(T) = (iDFl(T ) +rDEF5(T )) ;

7"2A,15Kg - l7“3T0dd2(B) (mér +rA),

1 1
DFg(T) = — fT‘4(5K* )2 + — 6

36 B 72
with Toddy(B) the second Todd class of B.

Proof. Writing the weight of the action as w(s) = Y77 bys" '~ and P(s) =
dim HY(PE, L5 ,,,)) = > a;s" ! with n = 3 and s large enough (see Section
2.5), we get

3
eq(s) = Z(boal — aghy)s* ™! — agby.
=1

In the case we are considering, we have

1 1 1 1
ag zirm261(L)2 + 57717’2 deg (E) + 67’3Ch2(E) + Ergcl(E)Q’

TQ m2 rm 7"2
a1 =—rei(B)er(B) + 701@)2 + 5 (ci(L)er(B) + degy (E)) + - cha(E),
g = — 1’;2@1 (E)? + rToddy(B) + gcl(E)Cl(B) + %01@)61(3) + gchz(E%
as :TOddQ(B),
and

r r4 m2r? rd
bo :ﬂcl(E)2 + ECl(F)Q + 1 ci(L)? + T(degL(E) + deg, (F)),
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3 3 3 2

b =—c1(F)? + eu(F)e(B) + e(B)ey(B) + e (L)?
mT’Q
+ T(Cl(L)Cl(B) + 2degL(F))7
r? 2 r? r?
b :ETOddQ(B) + Ecl(F)Q - ﬂcl(E) + ZCl(F)Cl(B)
+ T dog (F) — " deg (B) + i (D)ea(B),

r r T
bg :QTOddg(B) + gcl(F)Cl(B) — Ecl(E)Cl(B),
by =0.

Note that the computation of the terms a;,b; is done using Hirzebruch-

Riemann-Roch theorem.
O

We dress now some easy consequences of the Propositions 6.0.1 and 6.2.1.
We get the following theorem which strengthens Proposition 5.4.2.

Theorem 6.2.1 ([Kell4b]). Consider E an irreducible rank 2 holomorphic
vector bundle on a polarized surface (B, L) with c1(B) proportional to c1(L).

1. Assume that E is strictly Gieseker semistable and F' is a subbundle of
E with Pr = Pg with respect to L. Then all the tensor powers of the
polarization L, , are not Chow polystable, L, ,, is not asymptotically
Chow polystable and not K-polystable.

2. Assume that E is not Gieseker semistable and F is a destabilizing
subbundle. Then L, , is not K-semistable and thus not asymptotically
Chow semistable for m > 0.

3. If Ly is K-stable (resp. K-polystable, resp. K-semistable) for all
m > 0 then E is Gieseker stable (resp. Gieseker polystable, resp.
strictly Gieseker semistable) with respect to L.

Proof. For (1), we consider the test configuration 7 of the deformation to
the normal cone of PF' described as before. From our assumption of Gieseker
semistability we have d;, = A = 0 while the assumption on the first Chern
class gives dxz = 0 since ¢1(B) = 0 or ¢1(B) = Aci(L). Therefore from
Propositions 5.4.1 and 6.2.1, one has DFj(T) = Chows(7) = 0 while the
test configuration 7 is not a product test configuration. The point (2) can
be treated in a similar way using the proof of Proposition 5.4.1. Actually
the destabilizing subbundle leads to C; = 0 and Cy < 0 or C; < 0 and
thus DF1(7T) < 0. Remark that (2) strengthens a result of [RT06, Theorem
5.12] where it is shown that if E is not Mumford stable then L, ,, is not
K-semistable.

Note that under the assumptions of (1) or (2), there is no Kéhler metric with
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constant scalar curvature in the class ¢; (L, ;) as a consequence of [Mab08b;
Sto09; Don01b].

Now let us assume that L, ,, is K-stable. Then C7; > 0 in the proof of
Proposition 5.4.1 for all subbundles F' of E. If the inequality is strict for
any subbundle then F is Mumford stable. Actually, for a rank 2 bundle
over a surface, it is sufficient to test stability with respect to subbundles.
For any rank 1 torsion free subsheaf F of E, F** is a reflexive rank 1 sheaf
on the surface B and thus a line bundle. Now, if ¢y = 0 for a subbundle
F of E, one has necessarily Co > 0. If Cy > 0 then Pr > Pr. Now given
F rank 1 torsion free subsheaf of F, one has F = F' ® Z where F' is a line
bundle and Z is an ideal sheaf with 0-dimensional support, the inequality
Pr > Pp only improves if F' is replaced by F since ca(F) is the length of the
support of Z and thus is non-negative. Eventually if the inequality Co > 0
holds for all subbundles of E, then we have obtained that E is Gieseker
stable. Consider now that Co = 0. Then we have d;, = dxz = A = 0 and
by Proposition 5.4.1, DF(7T) vanishes. But the test configuration is not
trivial so this leads to a contradiction. Therefore one has necessarily Cy > 0
and we obtain Gieseker stability. The case of K-semistability is obtained by
contraposition of (2).

In the case of K-polystability, the only case for which Co = 0 is when the
rank 2 bundle E splits as a direct sum of two line bundles of same slope so is
necessarily Mumford polystable. Since C3 > 0, one has moreover Gieseker
semistability. O

Remark that the case of K-unstability in (3) cannot be included since
the base manifold B may be K-unstable which would induce a destabilizing
test configuration for the projectivization PE.

Non simple semi-homogeneous rank 2 vector bundles over an abelian
surface are Gieseker semistable and thus provide concrete examples of ap-
plications of our theorem, see [Muk78, Section 6]. We formulate the following
conjecture.

Conjecture 1. Consider E an irreducible rank 2 holomorphic vector bundle
on a K-stable polarized surface (B, L) with ¢;(B) proportional to ¢;(L).
For m > 0, the polarization L, ,, is K-stable (resp. K-polystable, resp.
K-semistable) if and only E is Gieseker stable (resp. Gieseker polystable,
resp. Gieseker semistable).

Our conjecture is wrong if one removes the assumption on the first Chern
class of B: in the previous chapter it is constructed an example of a Gieseker
stable bundle with £ ,, not K-semistable for m > 0. The hard sense of the
conjecture is true under stronger assumption: on a surface with a constant
scalar curvature Kahler metric and no non trivial holomorphic vector field,
a Mumford stable bundle gives rise to a polarization L, ,, that admits a
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constant scalar curvature Kéhler metric and thus is K-stable, see [Hon99;
Hon02; Hon08].

One can now wonder when the Donaldson-Futaki invariant as computed
in Proposition 5.4.1 may vanish. We cannot say much for a fixed couple
(r,m) but at the fiber or base limit we obtain the following result.

Proposition 6.2.2 ([Kell4db]). Let (B, L) be a polarized surface such that
its first Chern class satisfies c1(B) = 0 or c1(B)ci(L) # 0 and E a rank
2 holomorphic vector bundle on B. Then, for the test configuration as in
Proposition 5.4.1,

e the Donaldson-Futaki invariant DFi(T) vanishes for all m > 0 (or
all > 0) if and only if the Chow weight Chows(T) vanishes for all
m >0 and any fized s >0 (or allr >0 and s > 0).

e the Donaldson-Futaki invariant DFy(T) is positive for all m > 0 if
and only if the Chow weight Chow(T) is positive for all m > 0 and
s> 0.

Proof. This comes from the computations of the Donaldson-Futaki invariant
and Chow weight. Imposing C; = Co = C3 = 0 in Proposition 5.4.1 implies
firstly that 7 = 0, then A = %5;(% and finally 5Kg01(L)01(B) = 0. Under
our assumptions one gets in all the cases

51 = O, = A =0, (6.2)

This forces obviously the Chow weight to vanish, see Proposition 6.2.1.

Conversely, if the Chow weight vanishes seen as a polynomial in the variables
m, one gets from Proposition 6.2.1 that A = %2 Ok, and Oz c1(L)e1(B) =
0 and thus (6.2) holds which implies the vanishing of the Donaldson-Futaki
invariant. Computations in the variables r are similar but slightly more

involved. The second part of the result is using the same reasoning. O

Next we compute the Hilbert weight for the test configuration 7 for the
deformation to the normal cone of PF where F' is a subbundle of . We
remark that the Hilbert weight has a similar expression to the Chow weight
and the Donaldson-Futaki invariant.

Proposition 6.2.3 ([Kell4b]). In the same setting as in Proposition 5.4.1
and with Notations 6.0.1, the Hilbert weight associated to the test configu-
ration T is given by

r(rs — 13)6(rkz + 1)51(377“)5%%

+ %(ﬁl(S,T)Bl — Ba(s,1)A1)dkcy,

+ (52(234’ ") g, - TR Qéﬁl(s’ r) Todd2(3)> (méy, +rA)

Hilb, . (T) =
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with B1(s,r) = rks(rs+1)(k—s)(rk+1), Ba(s,r) = rs3(rs+1)%(k—s), and

By =kr?(c1(E)? + 2¢1(F)? + 4A + 6Todds(B))
+ 6krmdegy (E) + 6km?c (L)
+ r(—c1(E)? + 6Toddy(B) + 8A 4 6¢1(F)cy (B) 4 4e1 (F)?)
+ 6mey(L)e1(B)

Proof. The result is obtained by a computation of the weight Hilby (7)) =
w(s, k) using (2.4) and the computations of a;, b; in Proposition 6.2.1. [

Proposition 6.2.2 can also be extended to Hilbert weights. We have also
another obvious consequence.

Proposition 6.2.4 ([Kell4b]). In the same setting as in Proposition 5.4.1,
let us assume that c¢1(B) = 0. Then the Chow weight Chows(T) and the
Hilbert weight Hilbgj, are proportional to the Donaldson-Futaki invariant
DF\(T), and have same sign when one takes k,s > 0 large enough.

Proof. This comes from the fact that when ¢i(B) = 0 one has dxz, = 0 and
both quantities I'y and As do not depend on the bundle F. ]

6.3 Strictly asymptotically semistable threefolds

Inspired from [BD88|, we construct a new example of a threefold which is
Asymptotically Chow semistable and not Asymptotically Chow stable.

Let (B, L) be a polarized surface such that ¢; (L) admits a Kéhler metric
with constant scalar curvature and Aut(B, L)/C* is trivial and assume that
the torus Pic’(B) = HY(B,0)/H'(B,Z) parametrizing line bundles with
trivial first Chern class is not trivial. Consider Fy = G1 & G5 a direct sum
of two line bundles with ¢;(G1) = ¢1(G2) over B. Then Ej is Mumford
polystable. On the polarized ruled manifold

(X0, L)) = (PEy, Opp, (1) ® mg L™)

there exists under our assumptions a Ké&hler metric with constant scalar
curvature for all m > 0. Actually, the Futaki character associated to the
Lie algebra Lie(Aut(Ey)/C*) vanishes thanks to Proposition 5.4.1, and one
can apply [Hon02, Corollary B]. Therefore, (X, Eg’m) is K-polystable for all
m > 0 from the work of Donaldson, Stoppa and Mabuchi [Mab08b; Sto09;
Don01b).

Next, we do a small deformation of the trivial line bundle Ty = C x B in
order to obtain a line bundle T over B such that T2 is non trivial. We can
consider the following induced extension

0-GIRT—-E—=GT" —=0. (6.3)
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Using Riemann-Roch formula we have h%(B,G; ® G3 ® T?) — h'(B,G1 ®
3@T?) +h%(B,G1 ®G5®T?) = Todds(B) since ¢1(G1) = ¢1(G2). Now, if
we assume Todds(B) < 0, the space Ext! (Go @ T*,G1 ® T) = H'(B,G1 ®
5 ®T?) has positive dimension and our extension (6.3) does not split. The
ruled manifold
(X, Lrm) = (PE,Opg(r) @ m*L™)

is not K-polystable for m > 0. Actually for the choice F' = G1 ® T one
checks that the Donaldson-Futaki invariant DF}(7) associated to the test
configuration to the normal cone of PF' vanishes for m > 0. Furthermore
one obtains ¢z, = ks = A = 0. These relationships impose that the Chow
weight Chowg vanishes by Proposition 6.2.1. Therefore, (X, £L,,,) cannot
be asymptotically Chow stable.

On another hand, from the fact that the higher Futaki invariants DF»(7),
DF;3(T) vanish simultaneously we can apply Mabuchi’s result in [Mab05]
(see also [DZ12, Proposition 3.2, Theorem 3.5]). Then, one concludes that
(Xo, E?}m) is asymptotically Chow polystable. By openness of the semista-
bility condition in G.I.T, its small deformations are asymptotically Chow
semistable and consequently (X, £, ,,) is asymptotically Chow semistable.
Finally, in order to construct base manifolds that satisfy the assumptions as
above, it is sufficient to consider for B a ruled surface as the projectiviza-
tion of a rank 2 Mumford stable bundle over a curve of genus > 1, as in the
previous chapter. We have proved the following result.

Corollary 6.3.1 ([Kell4b]). There are some ruled threefolds (projectiviza-
tion of rank 2 bundles over a surface endowed with a constant scalar curva-
ture Kdahler metric) that are asymptotically Chow semistable, but not asymp-
totically Chow stable.

One can also compare Corollary 6.3.1 with [Wan04, Section 5] where
other examples of non asymptotically Chow stable threefolds are discussed.

Since (X, E%m) is asymptotically Chow polystable, for the test config-
urations that have positive Chow weight asymptotically, the main result of
[Mab08a] shows that they have also positive Hilbert weight asymptotically.
Thanks to our assumptions on B, the product test configurations that have
vanishing Chow weight Chowg for s > 0 are associated to the splitting of
FEy and the deformation to the normal cone of PG or PG». Thus one gets in
both case for m > 0 that 6, = A = 5K;§ = 0. Proposition 6.2.3 shows that
the Hilbert weight also vanishes. Consequently, (X, £2ﬁm) is asymptotically
Hilbert polystable and thus its small deformation (X, L, ) is also asymp-
totically Hilbert semistable. On another hand, considering the subbundle
F =G1®T of F, one has for the test configuration associated to the defor-
mation to the normal cone of PF that é;, = 51(% = A =0and so Hilby;, =0
for all s, k. Finally, (X, L, ) for m > 0 cannot be asymptotically Hilbert

127



CHAPTER 6. EXTRA RESULTS ABOUT CHOW, HILBERT AND
K-STABILITY OF RULED MANIFOLDS OVER SURFACES

stable since T is not a product test configuration.

Corollary 6.3.2 ([Kell4b]). There are some ruled threefolds (projectiviza-
tion of rank 2 bundles over a surface endowed with a constant scalar cur-
vature Kdhler metric) that are asymptotically Hilbert semistable, but not
asymptotically Hilbert stable.

We introduce the following conjecture.

Conjecture 2. Consider E a holomorphic vector bundle on a base manifold
B polarized by L with ¢;1(B) =0 or ¢;(B)c1(L) # 0. Then for m > 0, the
following assertions are equivalent:

e the polarization L, ,, on PE is asymptotically Hilbert semistable,
e the polarization L, ,, on PE is asymptotically Chow semistable,
e the polarization L, ,, on PE is K-semistable.

Note that our conjecture is true if the base manifold is a curve of genus
g > 1.
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Chapter 7

Canonical metrics over

projectivization of unstable
bundles

In this chapter we investigate the existence of Kéahler metrics with special
curvature properties on ruled manifolds given as projectivization of bundles
which are not Mumford stable bundles. Contrarily to Chapters 5 and 6
where we were mainly interested in algebro-geometric properties, we wish
now to make appear some canonical metrics on the considered ruled mani-
folds. The problem is up to our knowledge very open in complete generality.
In this chapter, we essentially study the particular case of a ruled surface
given by the projectivization of a Mumford semistable rank 2 bundle (which
is not stable) over a Riemann surface of genus g > 2. Some partial general-
izations are also given for higher dimensional base. The main results of this
chapter are Theorems 7.2.2, 7.3.1, 7.3.4.

7.1 Almost constant scalar curvature metric and
K-semistability

7.1.1 Definition of an almost cscK metric

Let (X, L) be a polarized manifold. Let us denote §; the average of the
scalar curvature in the class ¢;(L), which is a topological invariant. For w
a Kéhler metric in ¢1(L), we denote scal(w) its scalar curvature. From the
main result of [Don05al, we know that if there exists a sequence of metric
we such that

|lscal(we) — 8|2 — O,

then the manifold is K-semistable. The converse is an open question as far
as we know.
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Definition 7.1.1 ([Kell4a]). Given (X, L) a projective manifold, we say
that there exists an almost cscK metric in the class ¢1(L) in C" topology
(r € N) if there is a family of Kahler metrics we € ¢1(L) such |[scal(we) —
Srllcr — 0 when € — 0.

In the case of the anticanonical class, this definition appeared first in
[Ban87] where it is related to the existence of a lower bound for the Mabuchi
K-energy. Obviously, from Donaldson’s result, a manifold (X, L) endowed
with an almost cscK metric is K-semistable.

7.1.2 Construction of almost cscK metric

Let E be an irreducible Mumford semistable vector bundle of rank 2 over
a polarized manifold (B, Lp), given by a non-split exact sequence of line

bundles
0—-L —F — Ly — 0,

with ¢1(L1) = ¢1(L2). Let us assume that hy, he are projectively flat metrics
on Ly, Ly satistying F},, = degy(Li)w = F},, with w a cscK metric in the class
c1(Lp). Consider the holomorphic structure on E that has the following

form B
A 8L1 [0
Or = < 0 aLz)

where « is a smooth section of Q%! (Hom(L1, Ls)), see [Kob87, Chapter I,
Section 6]. Then one has for the curvature of E, and denoting pu(E) the
slope of F,

| Fe — p(E)ldpwllcr <||Fh, — deg(L1)wllcr + [[Fr, — deg(Le2)w/|cr
+ 2”@”207‘ + 2||5*aHZCT.

We can do a gauge change of the form g = <g §Ol> and we obtain

= B éLl f _2a
For any any € > 0 and for any r» > 0, we can find the gauge transformation

& such that B
267%([lal|Er + 10" al2r) < e

This provides a structure hg (depending on the parameters €, ) such that
1FEny — m(E)dpw|cr <e.

Note that fixing the holomorphic structure with variation of the metric,
or fixing the metric with variation of the holomorphic structure is geomet-
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rically equivalent in this setup. Therefore, we have obtained an approxi-
mate Hermitian-Einstein structure in the sense of [Kob87, Chapter IV], from
which we deduce an almost cscK metric on P(FE) using the next lemma.
From now we assume that E is ample, that is Op E)(l) is a positive line
bundle (without loss of generality we can tensorize F by a sufficiently ample
line bundle L¢, use the identification P(E ® L) ~ P(F) and the induced
approximate Hermitian structure).

Lemma 7.1.1. From hg hermitian metric on the bundle E, one can define
a metric hg on Opg)(1) which curvature is denoted wg and is a Kdhler
form. Then at v € P(E), with m(v) =z € C, one has pointwise

(v
WE =T <W<FE,hE(U)vU>hE T WES|P(E),
hg

and Wrs|p(p), 15 the Fubini-Study metric at P(E),.

We refer to [Dem97, Chapter V, §15.C] for a proof. A direct consequence
of the previous lemma and the existence of an approximate Hermitian-
Einstein structure with respect to a cscK metric is the following proposition.

Proposition 7.1.1 ([Kell4a]). Let E — B be an ample Mumford semistable
rank 2 vector bundle induced by a non-split exact sequence of projectively flat
line bundles as above over a cscK polarized manifold (B, L). Then for any
r € N, there is an almost cscK metric on the ruled surface m: P(E) — B in
C" topology.

If the base manifold is a curve of genus ¢ > 1, line bundles are au-
tomatically projectively flat, the exact sequence does not split for L; not
isomorphic to Ly since h'(C, Ly ® L}) = g — 1 > 0 and there exists a cscK
metric on the base manifold. Thus we obtain the next result.

Corollary 7.1.1 ([Kell4al]). Consider E a rank 2 vector bundle on a curve
C of genus > 2. Assume that E is Mumford semistable. Then for any
r € N, there is an almost cscK metric on the ruled surface w: P(E) — C in
C" topology.

Note that if F is not irreducible, then it is actually a direct sum of line
bundles and thus we know the existence of a genuine cscK metric on the
projectivization, see for instance [AT06].

7.1.3 Computation of the Donaldson-Futaki invariant

Proposition 7.1.2 ([Kell4a]). Consider E an ample irreducible Mumford
semistable vector bundle which is not stable over a curve of genus g >
L. Then (P(E), Op(g)(1)) is not K-polystable and not asymptotically Chow
polystable.
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Proof. This is a consequence of [RT06, Theorem 5.13], where it is done a
computation of the Donaldson-Futaki invariant for the test configuration in-
duced by a deformation to the normal cone of P(F") where F'is any subbundle
of E. This computation shows that the Donaldson-Futaki invariant for such
a test-configuration is a multiple of the differences of slopes p(E) — u(F).
Remark that with [DZ12, Proposition 4.1, Theorem 4.5], it is also proved
that Op(g)(1) is not asymptotically Chow polystable. O

Proposition 7.1.3 ([Kell4a]). Assume that E — B an ample Mumford
semistable rank 2 vector bundle induced by a mnon-split exact sequence of
projectively flat line bundles over a cscK polarized manifold (B, L), as con-
structed in Section 7.1.2. Then (P(E), Opg)(1)) is not K-polystable and not
asymptotically Chow polystable.

Proof. Let us denote b = dim¢ B. We compute the Donaldson-Futaki invari-
ant DF} for the test configuration induced by a deformation to the normal
cone of P(Ly). Note that pu(L1) = u(E). As explained in [RT06] (see also
[KelRos12]), DF} = a1by — agb; where one has defined

p(r) = h°(P(E), Op(r)(r)) = aor’ +ar + .
w(r) = Z@hO(B’LZI ® Lgfz) _ boTb+2 + blTb+1 T
i=0

Now, under our assumptions, using the fact that ¢, (E) = 2¢1(L1), the poly-
nomials p and w are proportionals. This shows that DF} vanishes and a
similar reasoning can be done to get that the Chow weight associated to
this test configuration also vanishes. O

Corollary 7.1.2 ([Kell4al). There exist examples (X, L) of polarized man-
ifolds such that L is K-semistable and not K-polystable. In particular, there
are examples of non convergent sequence of almost cscK metrics. For any
irreducible Mumford semistable bundle E (not Mumford stable) of rank 2
over a curve of genus g > 2, there are integral classes on the ruled surface
X =P(F) that are K-semistable and not K-polystable.

Proof. We fix a bundle as in the statement and apply Corollary 7.1.1 to
produce a sequence of an almost cscK metric. The existence of such metric
implies in turn that (P(E), Opg)(1))) is K-semistable from [Don05a]. On
another hand, the automorphism group Aut(P(FE)) is actually trivial, see
[Sey10]. Therefore if the sequence of almost cscK metric was convergent,
it would converge towards a cscK metric and (X, L) would be K-stable by
[Don01b; Sto09]. This would contradict Proposition 7.1.2. O

Corollary 7.1.2 gives a positive answer to a conjecture of J. Stoppa
[Sto08]. Our construction can be easily modified to produce examples of
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K-semistable not K-stable manifolds in any dimension using vector bundles
of higher rank over a curve (using an induction argument on their Harder-
Narasimhan filtration, see [KelO5a]) or using Proposition 7.1.3. Note that
Fano examples of K-semistable but not K-polystable threefolds have been
found by G. Tian by considering small deformations of the Mukai-Umemura
threefold.

7.2 Almost balanced metric and Asymptotic Chow
semistability

7.2.1 Definition of almost balanced metric

Let us recall (cf Section 2.4) that one can define for X a submanifold of PV
the center of mass of X as

Az Vol(X) ,
w(X) = /X ]z\QdMFS ~ N1 Id € V—1Lie(SU(N + 1))

considering PV as a co-adjoint orbit in the Lie algebra of SU(N + 1). The
Chow weight of X with respect to A, hermitian matrix, is

2* Az Vol(X)
22 M T N 1

FCh(A, X) = tr(u(X) - A) = / tr(A)

X
and the definition can be extended to any algebraic cycles. It is a classical
fact, based on Kempf-Ness theory, that FCh(A, et - X) is an increasing
function of ¢ and we refer [Don05a, Proposition 5] for details. In particular
for X the limiting Chow cycle of €' . X as t — —oo, we get

FCh(A,X) > FCh(A, X).
This provides the inequality
(V)2 |All2 > —FCh(A, X) (7.1)

where one has defined the norm ||T|3 = Y |\|? for \; eigenvalues of the
hermitian matrix 7', taking into account their multiplicities. This is the
finite dimensional analogue of the main theorem of [Don05a] that we used
previously. Let us now introduce a notion of almost-balanced metrics.

Definition 7.2.1 ([Kell4a]). Given (X, L) a projective manifold, we say
that there exists a sequence of almost balanced metrics if for all k¥ >> 0 and
all € > 0, there exists a hermitian metric Ay on L* such that the Bergman
function satisfies

ot - 2t

CO
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Note that
Ny +1

plhee) = 3 Isilf, . € CF(X,Ry)
i=1

for N, + 1 = h%(LF) and {si}i=1,.,N,+1 an orthonormal basis of HO(LF)
with respect to the L%-inner product induced by hi.e. The existence of an
almost balanced metric for (X, L) implies, using (7.1) and Hilbert-Mumford
criterion, that (X, L) is asymptotically Chow stable since the Chow weight of
the limiting Chow cycle along a test-configuration cannot be strictly negative
(this appears also clearly in [Don05a, Equation (16)] where the lower order
terms are the higher Chow weights associated to the one-parameter subgroup
action).

7.2.2 Construction of almost balanced metric

Let us consider h, a hermitian metric on Op(g)(1) with the same notations

as in the previous section. Then the Bergman function for (Op(g)(k), h¥)
has an asymptotic expansion

. 1w,
p(RFY = k7 + k;r—lsca;“’) + K 20y + .+ K g (7.2)

where r is the rank of the bundle E — C and we = ¢1(hc). The writing of
(7.2) means the following inequality holds in C°-topology (it will be sufficient

to work in that topology in the sequel)

N 1(we _ _ N o
o = (b0t syt ) | < e

2
(7.3)
The terms a; involve at most the (2i — 2)-th first covariant derivatives of the
curvature we.

Lemma 7.2.1. If the metric w, is bounded from below and bounded in C?2
norm by a constant § with some reference metric, then the constant Cy(he)
in Equation (7.3) depends actually only on q and the constant §.

This is well known, see for instance [Don01b, Proposition 6].

We are now coming back to the setup of Section 7.1.2 and shall construct
a sequence of almost-balanced metric. Since we work in the smooth category,
it is not difficult to adapt the reasoning in order to obtain an approximate
Hermitian-Einstein structure h2° in the following sense

[ FEpee — p(E)ldp w||ce < e (7.4)

Furthermore we can assume that hg is real analytic. If hg is not real analytic
we may use a slight generalization of Tian’s result [Tia90] of approximation
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of a positive hermitian metric by a sequence of Bergman type metrics in
smooth topology (for a discussion on the smooth convergence see [Rua98]).
Actually, we can pull-back the canonical metric on the universal bundle Uy)
over the Grassmannian Gr(2, H(B, E ® L*)) for s >> 1, which provides
a sequence of real analytic metrics. This sequence is convergent towards
the metric A in smooth topology thanks to the asymptotic result for the
Bergman kernel of F ® L* that can be found in [Wan05].

On X = P(E), the curvature w™ of the associated real analytic metric h2
on Op(g)(1) is bounded in C* norm and is positive. This can be seen by

expressing the curvature of iLSO in terms of the curvature terms of hZ°, see
Lemma 7.1.1. We can apply Lemma 7.2.1 and for 0 < € < ¢y we get a
uniform expansion of the Bergman function of il?o with constant depending
only on the maximum order of the expansion and ¢y, and hence we denote
the constant in Equation (7.3) by Cy(€o).

Lemma 7.2.2. In the above setting, there is a constant Co, > 0 depending
only on €y such that Cy(eo) < C&. In other words, the growth of the error
constant in (7.3) when taking higher order expansion is at most exponential.

Proof. This is a consequence of the techniques used in the proof of [LL11,
Theorem 1.3] (see also Theorem 1.2 of the associated announcement paper).
We shall use the notations of the quoted paper. The Bergman function is
given by the sum of an orthonormal basis of sections that can be taken as
the union of a peaked section and vanishing sections at x that have been
orthonormalized. In order to orthonomalize these sections, it is necessary
to inverse a matrix formed of the inner products (S,S);2 and (S,T)2 as
it is done in [LL11, Section 5]. Since we deal with analytic metrics, we can
do the Taylor expansion of the involved metrics (on the line bundle and the
volume form) and we get an expansion of the L2 norm (S, S) 2 of the peak
section S of the form

(S,8) 2 = kin(l +) Bk,

i>1

By convergence of this Taylor expansion, one has for a certain uniform con-
stant C' > 0 that depends on the metric, |8;| < C* for i > 1. In [LL11,
Theorem 4.1 (3)], it is proved a uniform bound on the L2-inner product
(S, T)r2 between a holomorphic section S peaked at the point z and sec-
tions T that vanish at order p’ > 0 at x. Together these two uniform controls
provide the expected growth on the error term C; of the expansion of the
Bergman function. In particular we have shown that in (7.3), one has the
control
o
|ai| < b

for a uniform constant v > 0. O
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Furthermore, the terms a; enjoy the property of being polynomial ex-
pressions in the curvature and its covariant derivatives. For any integer ¢,
we can find a metric Ay such that the term

_ 1 scal(we —_ —
<I<:7"+k:’" 12()+k: 2a9+ ...+ k qaq>,

which satisfies a similar property, is also constant up to an error term of the
form €/2 in C° norm while we are are still under the assumptions of Lemma
7.2.1. This is a consequence of the uniform control in C* topology of the
curvature of w> using (7.4).

Furthermore, using Lemma 7.2.2 and taking k > C, we can impose

r—q—1 r—1 Céo !
k Cq(EO) < k 7 < 6/2

in Equation (7.3) by choosing ¢ large enough. Hence, for k& >> 0, we have
obtained a metric lAzk,E = (ﬁ?ﬂ’z)k which is almost balanced in the sense of
Definition 7.2.1.

Eventually, with the examples considered in Section 7.1.2 and Proposition
7.1.2, we have proved the following result.

Theorem 7.2.2 ([Kellda]). There exist examples (X, L) of smooth polar-
ized manifolds such that L is asymptotically Chow semistable and not K-
polystable. For instance, for any irreducible Mumford semistable bundle E
(not Mumford stable) of rank 2 over a curve of genus g > 2, any Kdhler inte-
gral class on the ruled surface X = P(E) is asymptotically Chow semistable,
not asymptotically Chow polystable and not K-polystable.

Note that Chow semistability implies K-semistability, see [Tho06]. There-
fore Theorem 7.2.2 implies straightforward Corollary 7.1.2. We chose to
present both results in order to stress how one could expect to find ex-
amples of K-semistable but non Chow semistable manifolds. Actually, one
could try to find a sequence of almost cscK metrics in C° norm such that
some high order covariant derivatives of the Riemann curvature tensor are
unbounded.

7.3 Parabolic structures and conic Kahler metrics

7.3.1 Construction of stable parabolic structure

Given a vector bundle E over a curve, we provide an elementary construction
that allows to construct a stable parabolic structure on E.
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7.3.1.1 From an unstable to a semistable parabolic structure

We suppose that E is a holomorphic vector bundle that has rank 2 and is
not semistable. Then we have an exact sequence

0—F —F—F,—0

such that
(i) F; are line bundles,
(i) deg(Fy) > p(B) = S8TAB2) 5 deg(Fy).

We set
A = deg(F1) — p(E) = p(E) — deg(F2) > 0. (7.5)

We take a large integer N such that 2A/N < 1 and fix some distinct points
pi € X fori =1,...,N. We take subspaces V; of E}, (i = 1,...,N) of
dimension 1 such that V; & Fy,,,.

We define the parabolic filtration F;(p;) at p; by

f0:E|piD]:1:Vi3f2={0}

with weight 0 for Fy and 2A/N for F;. The, the degree of the parabolic
bundle E, is

N
par deg(FE,) = deg(E) + Z 2A/N = deg(F) + 2A.
i=1

Hence, paru(Ey) = p(E) + A. The degree of the induced parabolic bundle
Fl* is
par deg(F1,) = deg(F1) = pu(E) + A = parp(E.).

If F C FE is a subsheaf of rank one such that F' ¢ Fp, then there exists
a non-trivial morphism F — F,. Hence, we have deg(F') < deg(F>) and
thus, using (7.5),

per deg(F.)
deg(F) +2A
w(E)+ A
parp(Ey).

parp(F)

IN A

Hence, we have proved that E, is parabolic semistable.

7.3.1.2 From a semistable to a stable parabolic structure

Let E, be semistable (not stable) parabolic bundle of rank 2 over (X, D),
where D is a finite subset of X. We wish to modify the parabolic structure
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so that the new parabolic bundle is stable. One of the following holds:
1. B, ~ Fy, ® C?,
2. E* ZFI*@FQ*v

3. there exists a non-split exact sequence
0— Fio — E, — F5, — 0,

where F;, are parabolic bundles of rank one.

We choose p,ph,p5 € X \ D and subspaces V; C By of dimension 1
with the following property: if Fy, C F, with pardeg(F,) = paru(Ey), then
F|p; = V; may happen for at most one i.

Let us choose a real number 1 > € > 0. We consider the parabolic filtration

Fi(p;) at p by
]:(/):E‘p;D]:{:ViD]:é:{O}

with weight 0 for 7, and weight e for 77. We also consider the same parabolic
structure at the points of D. We obtain a parabolic bundle Eie). We have

par,u(Eﬁe)) = parp(Ey) + 3¢/2.
For F, C E, such that pardeg(F) = paru(Fy) = paru(FEy), we have
par deg(F;(E)) < pardeg(Fy) + € < paw(Eie)).
If € is sufficiently small, then
parys(F17) < paru(EL)

for any Fi such that paru(Fy) < parp(Ey). Finally, with the new induced

parabolic structure, Eie) is parabolic stable over the rank 2 bundle E. We
explain now how to deal with higher rank bundles.

7.3.1.3 Higher rank and corollaries

By induction on the rank of the bundle, we have a generalization of our
reasoning on any vector bundle over a curve. Let r > 2 be the rank of F.
Since the degrees of the subbundles of E are bounded from above, let choose
F5 the maximal destabilizing subbundle of E. Then F} = E/F» is a vector
bundle and we have the exact sequence

0—-F — FEF— F—0.

Let F a subbundle of E. If F' C F}, then by induction, we can find a stable
parabolic stable structure on F that we denote (Fi )., and thus paru(F,, ) <
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parp((Fy)s, ). Let us assume that A = paru((Fi)s ) — paru(Ey,) is non
negative. It remains to show that one can refine the considered parabolic
structure *; so that parp(Fl,) < paru((F1)s,) < parp(E,,) with respect to
a new structure *9. This is done as in the previous subsection by choosing
an adapted filtration so that

pardeg(E,,) = pardeg(E,,) + rA,

par deg((F1)«,) = par deg((F1)«),
par deg((F2)«,) < pardeg((Fh)., ) + rA.

If F ¢ Fy, then there is a non trivial morphism F' — F5 and eventually
parp(Fy,) < paru(Es,). We get the parabolic semistability of (E,,). We
apply the same reasoning as in the previous subsection to derive the following
result.

Theorem 7.3.1. Given E a holomorphic vector bundle over a curve, one
can find sufficiently many points p; and sufficiently small weights 8 > 0 such
that the associated parabolic structure E, is Mumford parabolic stable. If E
is Mumford semistable and has rank 2, it is sufficient to consider 3 points.

Theorem 7.3.1 restricted to rational weights and the main result of
[Rol13] provide a new proof of an old result of C. Lebrun and M. Singer
[LS93, Theorem 3.11]. Note that the assumption on the genus is made to
kill the non trivial holomorphic vector fields.

Corollary 7.3.1. Consider a ruled surface S over a curve C of genus g > 2.
The blow up of S at sufficiently many points admits a cscK metric.

Of course, a different proof can be given using the work of C. Arezzo- F.
Pacard. The ruled surface is birationnally equivalent to the product C x P,
which means that a blow-up of S is also a blow-up of C' x P!, on which there
exists a cscK metric. Then it is sufficient to apply the main result of [AP06].
Our construction has the advantage to be more constructive.

7.3.2 Construction of constant scalar curvature Kahler met-
ric with conic singularities

Let’s start with E a rank 2 semistable bundle over a curve C'. From the pre-
vious section (Theorem 7.3.1), we have obtained a stable parabolic structure
E, along the points P = {p1, ..., pmp}, With mp > 3 and weight less than
Bo > 0. We shall see that there is an Hermitian-Yang-Mills metric with
respect to a Kahler-Einstein metric with conic singularity along the associ-
ated points to the parabolic structure F,. Firstly, let us recall the notion of
Kahler metric with conical singularity, focusing on the complex dimensional
one case.
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Definition 7.3.2. Let C be a complex curve. Let P = {p;j}j=1,. mp C C
be a finite set of points. Let 8 = (B1, .., Bm,) With 0 < ; < 1 be the cone
angles. Given a point p; € P, label a local chart (V),,21) centered at p; as
local cone chart. A Ké&hler metric with conical singularity and cone angle
27B3; along p; (in short a conical K&hler metric) is a closed positive (1,1)
current and a smooth Kéhler metric on C'\ P such that in a local cone chart
Vp,; its Kéhler form is quasi-isometric to the cone flat metric

V-1

Weone = T6i2|21|2(5i71)d21 ANdzy. (76)

Over a complex curve, the notions of Kahler class and a pointwise con-
formal class are equivalent. We can apply the work of M. Troyanov [Tro91]
and therefore fixing at any myp points, with at least mp > 3, a curve C
admits a conical Kahler-Einstein metric wg along these fixed points for any
angle between 0 and 1. Let us consider a model cone metric of the form

VLB s s
Qg = - ;aaw +w

where w is a smooth Kéahler form on C, f < fy, the sections o; vanish
exactly at p; and cg > 0 is large enough so that wg is positive over the
curve. A direct computation shows that actually wg satisfies the previous
definition. Now, the behavior of conical Kahler-Einstein metrics are pretty
well understood and it has been derived some Laplacian estimates for it.
From [Brel3, Theorem 1] (see also [CGP13, Theorem A], [GP13, Section
5.2] and [Yaol3, Theorems 1 and 2]), we know that the conical Kahler-
FEinstein metric is uniformly equivalent to the model cone metric for small
enough angle, i.e there exists a certain constant § > 0 such that

1
SLD’B <wg < 5@5. (7.7)

We shall explain now how to apply Simpson’s theory [Sim88| in our con-
text. Firstly, it is well known that a conical Kahler metric has finite volume.
Moreover there is an exhaustion function ¢ of C' such that A, ¢ is bounded,
and Sobolev inequality holds with respect to wg. Both facts are checked in
[Li00, Proposition 4.1] where the arguments use only the local expression of
the metric (7.6) and thus are still valid for wg. Moreover, in dimension one,
analytic stability and parabolic stability coincide. In [Li00, Section 3], it is
constructed a metric Ky on E, such that its curvature satisfies |A‘7J/3 Frolk,
is bounded on C for small enough angle 8 > 0. Therefore |A,, Fk, | K, is still
bounded using (7.7). By stability of the parabolic structure E,, Simpson’s
theorem [Sim88, Theorem 1] imply the existence of a Hermitian-Yang-Mills
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metric Hg on E satisfying the Hermitian-Einstein equation

trFH
Hp = rk(EE) Idg wp = parp(E)Idg wg (7.8)

over C'\ P.

Let us now consider the ruled manifold X = PE and w : X — C the
projection on the base manifold. We denote Dp C P(FE) the induced divisor
from the preimage of P. The metric Hg on E induce a metric Hgon O x(1).
Actually for any point p € C, a,b € E),, and v € EF;, one can define locally
the metric Hg by Hg(4, 0) = 3wy

I,

The curvature of Hg on X is denoted &. Since its restriction to the fibre is
the Fubini-Study, it is non degenerate on PE), for p € C'\'P. From Equation
(7.8), it satisfies

Wg = parp(E)m*ws,
see [Fuj92, Section 1]. Let us introduce a generalization of Definition 7.3.2.

Definition 7.3.3. Let X be a compact Kahler manifold of dimension n.
Let D = "2 «;V; be a normal crossing effective R-divisor, in which the V;
are irreducible hypersurfaces on X. Set 5; =1 — ay, for 1 <i < mp. Given
a point p € D, label a local chart (Up, z;) centered at p as local cone chart
where z1, ..., z;, are the local defining functions of the hypersurfaces where p
locates. A Kéhler cone metric w of cone angle 2743; along V; (1 < i < mp)
is a smooth Kahler metric on X \ D whose Kéhler form is quasi-isometric
to the cone metric

k n

v—1 _ _ _

Weone = ? Z BE|Z¢’2(61 1)dz,- ANdz; + Z dz; Ndz; |,
=1 i=k+1

in the cone chart U, of the point p € ﬂfZIVi \ Uiy 1 Vi Furthermore, it

is said to have constant scalar curvature if the function scal(w) is pointwise

constant outside D.

For any m large enough and from the properties of wg, the metric wg +
mn*wg satifies Definition 7.3.3, i.e is a closed positive current, a Kahler
metric with conical singularities along Dp and has constant scalar curvature
on X \ Dp.

Theorem 7.3.4 ([Kell4a]). Given E a rank 2 vector bundle over a curve
C, there ezists a smooth divisor Dp C P(E) and a constant scalar curvature
Kdéhler on P(E) with conical singularity along Dp. If E is semistable, Dp
can be given by the preimage of 3 points of C.

We address now some remarks. By changing m, this theorem provides in
particular examples of cscK cone metric in the class of [Wg + m7*wg] which
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are not Kahler-Einstein. In [RS05], it is explained in details how to obtain
scalar-flat Kéhler metrics with orbifold singularities when one restricts to
the particular case of a ruled surface and the parabolic structure has rational
weights, using Mehta-Seshadri theorem. Also, remark that from the point
of view of extremal Kéhler metrics, some conical metrics are constructed in
[Li12] using the formalism developed by Apostolov et al in [Apo+08b], while
G. Székelyhidi studied the geometric splitting of a ruled surface given by a
non stable manifold under the Calabi flow in [Szé09]. From the point of view
of stability, we expect that Theorem 7.3.4 provides examples of log-K-stable
manifolds in the sense of [Donl12].

142



Part 1V

Applications: some
numerical approximations of
canonical metrics
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Chapter 8

Numerical metrics on moduli
spaces of Calabi-Yau
manifolds

Research on differential geometry of complex manifolds has reached some
impressive results on the existence of solutions to difficult non-linear PDE’s.
Yau’s proof of Calabi’s conjecture and Donaldson-Uhlenbeck-Yau’s proof
of the existence of Hermite-Einstein metrics on stable holomorphic vector
bundles, are main examples of such theorems. Although only very rarely
does one expect to find explicit formulae for the solutions, one can explore
the geometry of the solutions using numerical methods. During the last
years, several techniques that approximate K&hler-Einstein and Hermite-
Einstein metrics have appeared in the literature, mainly due to [Don09].

In this chapter we begin numerical work to study Weil-Petersson met-
rics on moduli spaces of such solutions. The main focus is on moduli spaces
of complex structures on polarized Calabi-Yau manifolds. We recall that
a Calabi-Yau manifold is a compact Kéahler manifold with trivial canonical
bundle. By Yau’s theorem, they can be equipped with Kahler Ricci-flat met-
ric. First, we develop a fast algorithm that computes the metric by building
on the theoretical work by Tian [Tia87] and Todorov [Tod89]. Secondly,
by using Donaldson’s quantization link between infinite and finite G.I.T
quotients, we introduce a sequence of natural Kahler metrics. Finally, we
introduce an algorithm that computes such metrics and discuss an example.
We hope this work illuminates the techniques and difficulties that appear
when approximating Weil-Petersson metrics on more general moduli spaces.

Motivation for this work can be found in different sources. For instance,
we find specially motivating the program by Douglas et. al. [Dou+08],
building on the work by Donaldson [Don09], to numerically compute Kéhler
metrics that appear in Calabi-Yau compactifications of string theory. Other
source of motivation comes from the study of global Weil-Petersson geometry
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on moduli spaces of Calabi-Yau manifolds, [DL06]. In this case, one of
the algorithms introduced in this chapter should allow to estimate Weil-
Petersson volumes of moduli spaces in a sensible amount of time and with
reasonable precision.

8.1 Motivation

Many approaches to unify particle physics attempt to describe known physics
by considering a simple field theory defined on a higher dimensional space,
and taking four-dimensional limits. The idea, today known as compactifi-
cation of a field theory, has inspired much work in the interface between
geometry and physics. Determining the action functional for fields, in four-
dimensional limits, and for a large family of compactifications, is the main
mathematical motivation for this work.

Remark 8.1.1. For the purpose of this introduction, by a field theory we
mean a functional space © of geometric data on a manifold Y (such as
Riemannian metrics, connections on a principal bundle on Y, sections of
vector bundles, ...), with an action functional S: ©® — R defined on it.

A compactification is then a field theory on a D-dimensional space-
time which is the product of the 4-dimensional space-time R* with a m-
dimensional manifold X, the compactification manifold, carrying a Rieman-
nian metric and other geometric structure corresponding to other fields in
the theory. These must solve the Euler-Lagrange equations associated to S,
and preserve four dimensional Poincaré invariance. The most general metric
ansatz for a Poincaré invariant compactification is

o [ O
gu_( .

where the tangent space indices are 0 < I <4+ m =D, 0 < pu < 4, and
1 < 4,57 < m. Here n,, is the Minkowski metric, g;; is a metric on X,
and f is a real valued function on X. As the simplest example, consider
the D-dimensional Hilbert-Einstein action for general relativity. In this
case, Einstein’s equations reduce to Ricci flatness of gr; . Given our metric
ansatz, this requires f to be constant, and the metric g;; on X to be Ricci
flat.

Typically, if a manifold admits a Ricci-flat metric, it will not be unique;
rather there will be a moduli space of such metrics. Physically, one then
expects to find solutions in which the choice of Ricci-flat metric on X is
slowly varying in four dimensional space-time. General arguments imply
that such variations must be described by variations of 4-dimensional fields,
governed by an EFT. For simplicity, by this Effective Field Theory (EFT)
we mean a four dimensional field theory that emerges in the small radius
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limit of X, when the geometric data on R* x X restricted to X satisfies the
Euler Lagrange equations. Thus, the action functional of the EF'T is defined
on a functional space of geometric data on R?.

Given an explicit parametrization of the family of metrics, say g¢;;(tq)
for some parameters t,, the EFT could be computed explicitly by promot-
ing the parameters {t,} to 4-dimensional fields {t,(z)}, substituting this
parametrization into the D-dimensional action, and expanding in powers of
the 4-dimensional derivatives. For the Hilbert-Einstein action, we find the
four-dimensional effective action functional

SSPET - /]1{4 X d(lo)VOI(X) scal(gr.)
X
:/ d*zd™y+/det g(t)scal(gi;)+
R4x X

[ e gOg g 0T B [ atadyt(@0r ()
X 81;(1 atb R4

+... (8.1)

where y* denotes a local coordinate chart on X, z* a local coordinate chart
on R%, and scal(g) is the scalar curvature associated to the D dimensional
metric. In general, a direct computation of (8.1) is impossible. This be-
comes especially clear when one learns that the Ricci-flat metrics g;; are not
explicitly known for the examples of interest.

An interesting class of compactifications come from the field theory limit
of string theories, where the space-time dimension is D = 10. Requiring
N = 1 supersymmetry on the four dimensional EFT and the vanishing
of torsion elements, fixes X to be a Calabi-Yau threefold. In this case,
computing the four dimensional action functional for the {t,(x)} fields (8.1)
involves to know the Weil-Petersson metric on the moduli space of Kéhler
Ricci-flat metrics on X.

These theories contain other objects besides the space-time metric. For
instance, in a heterotic string theory , the geometric content also involves a
principal Eg x Fg-bundle endowed with a gauge connection A; Eg denotes
the Cartan’s exceptional simple Lie group of dimension 248. In a Poincaré
invariant compactification, one defines the theory on a principal Fg X FEg-
bundle P — R* x X. For every point  on X, the restriction of the principal
bundle P to R* x x is trivial, i.e. P|giy,  pixy is equivalent to Eg x R%.

In the small radius limit of X one obtains an effective gauge theory on
R* with gauge group H, by expanding the Yang-Mills functional around
a background reducible connection Ag on P — R* x X. For simplicity,
one considers a subgroup G of Eg and takes Ag to be a connection on a
principal G-subbundle of P — R* x X. The gauge group H of the effective
theory on R?* is the commutant of G < Eg. In many applications G is the
special unitary group SU(r), with 2 < r < 6. The Euler-Lagrange equations
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associated to the Yang-Mills functional require Ay to be a Hermite Yang-
Mills unitary connection.

As in the case of the Kéahler Ricci-flat metric, if the bundle admits a
Hermite Yang-Mills connection, it will not be unique; rather there will be a
moduli space of Eg connections on P with G-holonomy. Although a general
description of such moduli spaces is not explicitly known for examples of
interest, it is interesting enough to work with the space of local deformations
around a particular Ag. Such space is in one to one correspondence with the
null space of the Dirac operator on X, coupled to Ay, that acts on spinors
which are sections of an associated vector bundle to P, adjoint representation
of Eg.

Thus, in order to find the action functional that governs the dynamics of
such particles on R?, one has to expand the 10-dimensional action functional
in the small radius limit of X, for small perturbations of Ay that preserve
the linearized Yang-Mills equations on P — X, and Poincaré invariance on
R4,

More precisely, given a local coordinate chart {z%, 27 }f” j=10onX, {zV }ﬁzl
on R%, and a trivialization of P one can expand the gauge connection A
around Ay as

OA;
ot,

A(z,x) = Agdz" + Agd7 + A, (z)dzt + t;(x)aa‘:l]dzj +tp(x) dzt + ...

P
Here, A,dz" is the 4-dimensional H-gauge connection and {¢,} is a local
coordinate chart on the space of infinitesimal deformations of the connection
Ap that preserve the linearized Yang-Mills equations. By the ellipsis, we
denote higher order corrections in ¢ and, also, corrections by terms which
do not preserve the linearized Yang-Mills equations; one can assume that
both corrections are irrelevant in low energy physics. If we expand the pure
Yang-Mills action in 10 dimensions assuming our Poincaré invariant ansatz,
we find

SyM. = /R ) Xd(lo)Vol(X) Tr (Fr F17)
X

A\
= / d©Vol(X) Tr (8‘4’8_9> g7 x / dAz Dt 0t + ... (8.2)
X 8tp Btp ]Rzl q

Here, we are using the usual Einstein’s conventions for summation.

Hence, an understanding of the effective action for the ¢ fields, known as
charged matter and eventually related to particles such as electrons, quarks,
etc. , requires to compute generalized Weil-Petersson metrics (as in (8.2)) on
the moduli space of Fg connections on P with G-holonomy. The numerical
tools that we introduce in this chapter, should be useful in the case when
G = SU(r) and the principal SU(r)-subbundle underlies a family of stable
holomorphic vector bundles E — X (with ¢;(E) = 0, rank (E) = r). In
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this case one can use balanced embeddings to approximate the Hermite
Yang-Mills connections, identify the space of infinitesimal deformations of
the background connection with sheaf cohomology groups, and approximate
the Weil-Petersson metrics using the ideas of this chapter.

Outline of the chapter

In Section 8.2 we review some general results on moduli spaces of polarized
Calabi-Yau manifolds, and define their corresponding Weil-Petersson met-
rics. We explain a first method to numerically compute the Weil-Petersson
metric in Section 8.3. By combining formulae of local deformations of the
holomorphic top form under diffeomorphisms, and Monte Carlo integration
techniques, we evaluate the Weil-Petersson metric in a particular example
(the Calabi-Yau quintic threefold in P4). In Section 8.4, we review basic
concepts on moduli spaces of polarized varieties from the point of view of
Geometric Invariant Theory. After defining a natural sequence of Kéahler
metrics, we provide another algorithm to compute the Weil-Petersson on
the moduli space of constant scalar curvature Kéhler metrics. We prove
numerically on the quintic threefold that it actually converges to the Weil-
Petersson metric on the moduli space of Kéhler Ricci-flat metrics.

8.2 Weil-Petersson metrics on moduli of polarized
manifolds

In the sequel, X will denote a smooth projective Calabi-Yau manifold
of complex dimension n. Let v, with span(v) = H°(X, Kx), be the corre-
sponding holomorphic n-form, and £ the defining polarization. We denote
by w the Kéhler form, with [w] = ¢i1(£). By gi; we mean the compatible
Riemannian metric on X, and by h the compatible Hermitian metric on £
whose curvature is ¢;(h) = w.

A holomorphic family of compact polarized Kahler manifolds (X, g;)
parametrized by ¢t € T is a complex manifold X together with a proper
holomorphic map n: X — 7T which is of maximal rank. This means that
the differential of 7 is surjective everywhere, and that m—!(¢) is compact for
any t € T.

Given a base point 0 € T we say that 771(t) = X; is a deformation of
Xo. Locally, X is a trivial fiber product X[y ~ U x X;. If T4T denotes
the holomorphic tangent space to T at ¢, we can define the infinitesimal
deformation or Kodaira-Spencer map:

Pt T;}T — Hl(Xt, TXt)
where H'(X;, TX;) can be identified with the harmonic representatives of
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(0,1) forms with values in the holomorphic tangent bundle TX; = T19Xy;
in other words H'(X;, TXy) ~ Hy' (T'X;). We know that the Kéhler metric

g induces a metric on A®*(T'X;). Thus, for vi,vs € T;T, we can define a
Kahler metric at t € T,

G(v1,02) = /X (pe(01), pr(02)) VO (gy). (8.3)

Note that G is possibly degenerate. If p; is injective and g; satisfy an Einstein
type condition, one says that G is a Weil-Petersson metric on the Kuranishi
space.

8.2.1 Weil-Petersson metric for Calabi-Yau’s manifolds

Suppose now that X — 7T is a family of polarized Calabi-Yau manifolds
(X, £), naturally equipped with a unique Ricci-flat Kéhler metric in a
given Kahler class. We can identify the tangent space at t € T, T;7 with
Hg’l(TXt). This allows us to define the Weil-Petersson metric on 7, the
local moduli space of (X, £), as follows.

Definition 8.2.1. Let vy, vy € ;T ~ Hy' (T'X;), then
(v1, V2)w.p = /X vl vl 79" dVoly
t
with g = g;.

In this particular case Tian and Todorov proved the following

Theorem 8.2.2. (Tian-Todorov, [Tia87; Tod89]) Let m: X — T > 0,
771(0) = Xo, be the Kuranishi family of Xo, then T is a non-singular
complex analytic space such that

dlm(CT = dimHl(Xt, TXt) — dimHl(Xt, Q}?l),

where T X, denotes the sheaf of holomorphic vector fields on X;, and Q}:l
the sheaf of holomorphic (n — 1) forms.

There is a correspondence between Hg’l(TXt) and H'(Xq, Q};l) given
by the interior product and the global holomorphic n-form on X;. Then,
one can evaluate the Weil-Petersson metric in terms of the standard cup
product on H"~11(X;). Indeed, if we denote by 14 the global holomorphic
three-form on X, then

U(t,7) = (—1)" 5" 2log < /X Ve A yt> (8.4)
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is the local Kahler potential for the Weil-Petersson metric. This is an im-
portant formula; for instance, if we fix the differential structure on X and
consider variations of the complex structure in the holomorphic top form

v, one can evaluate 90V by computing differentials gTan with % a basis

for T,7 = H*(X, Q}:l) This idea will play an important role in the next
section, where we will perform a direct calculation of 00W. Also, one could
compute 9OV using the standard cup product to be able to express | PRZINZ
as a function of ¢, as we show in the following example.

8.2.2 Example: the quintic in P*

In this section we will study different constructions on the quintic hyper-
surface X = Q in P, with o' = 1 and dim H'(Q, QF) = h*' = 101.
Many geometrical properties of this Calabi-Yau threefold are known in the
literature. For instance, one can describe its moduli very explicitly. If we
define

W = { P| P a homogeneous quintic polynomial of Zy, Z1, Za, Z3, Z4},

one can verify that dimW = 126. Hence, for any t € PW = P'?° t is
represented by a hypersurface in P*. As two hypersurfaces that differ by
an element in Aut(P*) are equivalent, and there exists a divisor D in P!
characterizing the singular hypersurfaces in P*, the moduli space of quintics
Q is given by

Mg = (P*°\D) /Aut(P?).
The dimension of the moduli space is 101, as expected.

For simplicity, we study a one dimensional subspace of complex defor-
mations defined by

P(Z)=Z5+ 7} + Z3 + Z5 + Z3 — 5tZgZ1 Z2 7374,

and parametrized by t. As t and texp(2y/—17l/5), for any | € Z, represent
the same variety, the fundamental region on the ¢-plane is defined as {¢ |0 <
arg(t) < 2m/5 and t # 1}. For t a fifth root of unity, i.e. t = exp(2y/—1ml/5)
for any [ € Z, the quintic develops double point singularities.

Evaluating the Weil-Petersson metric on the family of quintics.
Candelas, de la Ossa, Green and Parkes [Can+91] evaluated the volume
S « Yt A\ ¢ as function of ¢, for the family of quintic threefolds

P(Z)=Z3 + Z} + Z5 + Z3 + Z3 — 5t 2021 Z2 7374, (8.5)
by evaluating cup products. More specifically, they constructed explicitly a
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symplectic basis of 3-cycles (A%, By) for H3(Q, Z), such that
AN By =68, A*NA*=0, B,NB,=0.

Also, they considered the dual basis (a4, 4°) in cohomology so that

/abzéz, /ﬁ"zéﬁ,
Aa Bg

with the other integrals vanishing. Then it follows that

/%Aﬁb_a,’;, /aa/\ab—/ﬂa/\ﬁb—O.
Q Q Q

Thus, the holomorphic three-form v; can be expanded using this basis as
v =20 — Gy’
and therefore the volume can be written as
/ v Ny = Zaga — Zaaa.
Q
Using this, the Weil-Petersson metric is

gy = —i0ydilog (2°Ga — 2°Ga) - (8.6)

Hence, in order to obtain the Weil-Petersson metric, it is sufficient to eval-
uate the periods z* = [ Qo Vs Gp = I} B,V For that, let us consider the vector
space V; generated by the vectors

22" (1)
252Gy (t)

for 0 < k < j. For generic values t of the Kuranishi deformation, the
dimension of V; must be constant and in our case, this dimension cannot be
larger than 4. Thus, expressing one element of V5 from the others, we obtain
a non-trivial ordinary differential equation relating the periods. This is the
so-called Picard-Fuchs equation, and we refer to [Mor92] for a mathematical
approach to this topic. Note that the form of these equations depends
on the local coordinates over the space of deformations and the choice of
the holomorphic form v(t). The solution of the Picard-Fuchs equations
may be singular but the types of singularities that can occur have been
well studied. In [Can+91], those equations have generalized hypergeometric
type and can be solved by expressing the integrands of the periods in power
series of . Each coefficient of the power series leads to an integral that can
be evaluated by residue formulae. The obtained periods are extended by
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Figure 8.1: Weil-Petersson metric (vertical axis) on the ¢-plane (horizontal
plane) of 1-dimensional moduli of Calabi-Yau quintic 3-folds, Z§+ Z7 + Z5 +
78+ 73 — 5tZ0 71 ZaZ3 7.
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analytic continuation over fundamental domains (|t| < 1 with 0 < arg(t) <
%” and [t| > 1 with 0 < arg(t) < %”) Although the behavior of the periods
can be described at the singular points (in our case t = 1, 00), it is difficult to
obtain simple formulas to express exactly the periods if one is not considering
hypersurfaces, as far as we know. That is why we consider this method as not
satisfactory. We have written a simple program in Mathematica and Maple,
for the case of the family of quintics (8.5), and computed numerically the
power series that define the periods. Fig. 8.1 shows our evaluation of (8.6)

for 0 < |t| < 3 and 0 < arg(t) < 27/5.

8.3 Numerical evaluation of the W-P metrics via
deformations of the holomorphic n-form

8.3.1 Description of the method

In this section we describe how to approximate Weil-Petersson metrics by
considering variations of the holomorphic n-form. First, we make the follow-
ing important distinction: by X we denote a Calabi-Yau differentiable man-
ifold with no complex structure defined on it. X; denotes the same differen-
tiable manifold endowed with an integrable complex structure parametrized
by t. We denote by U C X an open subset of the differentiable manifold X,
such that U C X is independent of any complex structure one defines on X.

Every element in v € T}, T yields an infinitesimal deformation of the
complex structure on Xy,. By going to a local coordinate patch on U C X
we can relate the holomorphic coordinates on X;, with the holomorphic ones
on Xy, 4 by defining a proper infinitesimal diffeomorphism. Let {w? A
be a local holomorphic coordinate system for X;, on U C X, and {yi}?zl
be a local holomorphic coordinate system for Xy, 4, on the same subset U.
Therefore, on U, we can relate the w-coordinates and the y-coordinates as:

y' = w' + v (w, @) + O(v?), (8.7)

with ¢ a vector field, non-holomorphic section of TLOXtO, and 8%1 is a basis
for T;, T .

Hence, we can write the holomorphic top form vy 44 on Xi i, us-
ing the w-coordinate system, as a non-holomorphic n-form in Q™%(X;,) @®
Qn=b1(X;). More precisely,

Vig+tv = Vig + 0 0g, 110 + O(0?), (8.8)

where the O(v?) terms are irrelevant for our purpose. The term 9y, 14, is com-
puted as pull-back of the infinitesimal diffeomorphism defined by 9% (w, w).
Thus, given a basis of deformations 9,14, € Q9(Xy,) & Q" 11(Xy,) and
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vectors vy, vg € T3, T, we can write the Weil-Petersson inner product as

b b -
_’U%’UZ fX 8ta7/to VAN 8tht0 U%UZ fX atthO VAN Vi fX Vi VAN 3tb1/t0
5 —\2
fXUtO/\Vto (le/tO/\l/tO)

(v1, Vo) w-p =

)

(8.9)
where we have expanded the Kéahler potential (8.4) for n-forms as (8.8).
Therefore, a direct calculation of the Weil-Petersson metric involves:

e A choice of ¥, (w, @), which is not unique and depends on the particular
geometry of the Calabi-Yau manifold.

e To perform several integrals on X.

If X;, is a complete intersection and a Calabi Yau manifold, there is a
natural choice for 9% (w,w). Let {Pn(2)}1-" = {Pa(Z,t0)}1-]" be a ba-
sis of homogeneous polynomials in P™ whose common zero loci define Xy,.
Let us suppose that given two independent deformations of the complex
structure, vy, vo € Ty, T =~ Hg’l(TXtO), we can find two sets of polynomials,
{01P(Z)} =" and {02Pn(Z)}5 (", that parametrize isomorphic deforma-
tions of the complex structure. We set a coordinate atlas on X C P™ by
choosing inhomogeneous local coordinates {w; = Z;/Zy}™, on P™, n coor-
dinates as local coordinates on U C X, and the remaining n—m coordinates
as dependent of the n coordinates on U C X C P™. In other words, for any
point € X, by making a unitary change of coordinates on P we can always
set {w;}!'_; to be a local coordinate system on an open subset of Xy, that
contains x, while the remaining coordinates {w; = w;(w1,...,z,)}%, | on
Xy C P™ can be expressed as a function of {w;}? ;. We write the defining
polynomials in inhomogeneous coordinates, as

Py (Z,t
Pa(w) = palw,t) =220,
ZO
P.(Z, t)
Ot,Pa(w) =0, (degpa) )

where deg P € N is the degree of the homogeneous polynomial P. If ¥ (w, w)
are vector fields on Xy, C P™ corresponding to the deformations {0, ps(w)},
and {y; }I"; is a holomorphic local coordinate system on X, 4¢,00 C P, the
following equation holds for an infinitesimal variation ¢, on the moduli,

Opa(w)
8wi

192(10, W) + tq0, pa(w) + O(’UQ),

(8.10)
where the repeated index a is not summed this time, and y* obeys (8.7).

Pa(y) + a0k, pa(y) = 0 = pa(w) + 4
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Proposition 8.3.1 ([KelLuk12]). Let G5 be a Fubini-Study metric on P™.
Let H,5 be the elements

Hap = 6wz 8@—

Then, a natural choice for ¥ (w,w) is

9 (w, ) = — (H™ )MGUaau() )ata Py (w). (8.11)

The proof is straightforward by substituting 9% (w,w) into the equation
(8.10), and observing that po(w) = 0, as w lies on X;, C P™.

We can calculate the deformation of v; under the infinitesimal diffeo-
morphism defined by (8.7), by combining (8.11) and (8.8). More precisely,
if

Vtg+ta = Niy.in (W)dy™ A ... Ady™, (8.12)
is the holomorphic n-form on Xy, 44,40 C P™, y* = w' + v (w, w) + O(v?),
and

09 (w, W)

D) o7
o dw? +0(w?),  (8.13)

dw? + v®

: : 2 OV (w, W
d 7 — d 1 a
Y w +v 78wﬂ

we can expand (8.12) as in (8.8), and determine the term gT”;(to) that we

need to evaluate the Weil-Petersson metric (8.9).

Although one could compute (8.8) in the general case, for simplicity we
just consider the case m —n = 1, i.e. Xy, is a hypersurface defined as the
zero locus of a polynomial p(w). By the adjunction formula we know that
Vig+t, is pull-back of a meromorphic n-form on P™*! that obeys the simple

formula
n+1

de = +ta8ta ( ))/\Vt0+ta- (814)

Using vy 44, = Vi + taOs, Vi, + O(v?) and the transformation of dy® (8.13),
n (8.14), one can compute Oy, vy, as

1 o 819’ (w,w)
DuaVto == —5— | D o Hdw (8.15)
aw”‘H i=1
197/ _n+1 197/ 7 — _
— Z 09 (w, ) + aw: 0Va(w, D) dw'..dw'..dw"dw’
owJ owJ Hwontl!
i,5=1 8w"+1

+ ...
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Here, the differentials dw’ obey the Grassmann algebra of forms, dwi denotes
the omission of dw’, and the final ellipsis denotes further terms which do
not contribute to the equation (8.9). Now, equipped with a local formula
for the integrands of equation (8.9), we need a numerical way to evaluate
the integrals that appear therein.

8.3.2 Monte-Carlo integration on varieties
8.3.2.1 The standard Monte-Carlo method

One of the problems that we need to solve, in order to compute the Weil-
Petersson metric via local deformations of the holomorphic top-form, con-
sists in evaluating integrals of the type

/va/\V- (8.16)

We can numerically approximate such integrals by introducing an auxil-
iary measure dy, and generating random points {¢; € X }i<i<n on X

points

uniformly distributed under dy. Hence, by defining the mass function

m(z) =v Av/dp(z),

we can estimate (8.16), a la Monte Carlo, as

B VO] poznts _1/2
X fl/ "y = pomts Z f QZ ql +0 ( poznts) ’

where Nppints € N is the number of points used and O( poiﬁs

dard error for large Npoints using the central limit theorem.

) is the stan-

In the particular case of a polarized manifold with a very ample line
bundle £, we generate the point set and the auxiliary measure du, by taking
projective embeddings ¢: X < PH?(X, £)*. We endow such projective
space with a Fubini-Study metric wpg and consider random sections o in
PHY(X, £) with respect to the volume form associated to the Fubini-Study
metric. The zero locus of such random sections ¢ are divisors with associated
zero currents Z,. One can show [SZ99] that the expected zero current is:

E(Z,) = t"wps.

Therefore, the expected zero loci of n independent random sections in the
projective space PH(X, £)* are [ ¢1(£)™ points on X uniformly distributed
under

(*wpg)™

E(Zol..-an) = nl
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Figure 8.2: Distribution of random points on the Weierstrass cubic Z22Zo =
473 — 60G4(i)Z1Z3, under the Fubini-Study metric defined by the Kéhler
potential log(1 + |Z1/Zo|? + | Z2/Zo|?).

Thus, we take du = (*wjg/n! as the auxiliary measure and generate the
points, uniformly distributed under du, by taking the common zero loci of
n independent random sections. The mass function is
VAV
m(x) =nl—(x). 8.17
(@) =t @ (5.17)

Example. Let us consider the elliptic curve F in CP? defined as the zero
locus of the Weierstrass cubic polynomial

7370 = 4AZ3 — 60G4(i) 21 73,

where G4(7), the Eisenstein series of index 4 evaluated at the complex param-
eter i = /—1,is G4(i) = —3.151212. ... This elliptic curve can be seen as the
square torus C/Z? embedded in CP?. The Calabi-Yau area form corresponds
to the flat area form inherited from the complex plane C, in the quotient
C/Z?. Intersections of three random sections in CP? = PH?(E, O(3pts)) are
equivalent to intersections of the cubic F — CP? with random projective
lines CP! — CP2?. The Fubini-Study area form yields a particular distri-
bution of points as shown in Fig. 8.2. We can still perform integrals with
respect to v A 7, because we have a precise formula for v A 7/(t*wpg)™.
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8.3.2.2 Refinements of the Monte Carlo method

When the ratio of the maximum over the minimum of the mass function
(8.17), is very large, one expects a bad behavior of the Monte Carlo method
just described. In this case, one can increase the number of points to try to
approximate the integrals with more accuracy and precision. Also, one can
use an optimal combination of several Fubini-Study metrics and subsets on
X, to generate an Improved Points Set.

Remark 8.3.1. By an Improved Points Set, we mean a distribution of
points on X whose associated mass formula mypg(z) obeys

max(mrps(x))  max(m(x))

min(mypg(x)) min(m(z)) ‘

For most applications, the most efficient strategy consists in working
with a unique optimal Fubini-Study metric, and a point set generated by
the intersection of independent random sections under the associated mea-
sure. The optimal Fubini-Study metric could be the 2-balanced metric (see
Definition 3.0.8), which is an accurate approximation to the Kéhler Ricci-
flat metric. The number of points should be adjusted to obtain the required
accuracy and precision.

However, if we integrate functions whose evaluation maps are extremely
slow from a numerical point of view, we won’t be able to use a high number
of points to reduce the error. In this case, we should improve the distribution
of the point set, while using a constant number of points. The most obvious
strategy consists in choosing several Fubini-Study metrics {w][g]s g’;‘im, and
use the mass function

mrps(x) =H!L[q]y(m) for 1 < ¢ < gmaz
(Fwpg)™
such that n!l//[\q]y(x)—l' = min n!Lmy(x)—l (8.18)
(L*wFS)n 1<i<qmax (L*wFS)n

Here, we work with normalized volumes, n! [ v AT = [ X(L*w%q}s)”. The
mass function (8.18), implies that we can decompose X as a disjoint union
of open subsets X = Hg’:’“{” U, with non-zero volume. In other words, each

Fubini-Study metric WJ[!;A]S € {wggg ZZ‘iz, defines a subset U, C X:

VAU

x €U, if mrps(x) = n!T
(Fwpg)™

Therefore, in this second strategy, sets of n independent random sections

n
with respect to the Fubini-Study volume form (w%k) yield random points
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Figure 8.3: Distribution of 20,000 random points on the Weierstrass cubic,
for 1, 2, 3, 5, 11, and 19 Fubini-Study metrics & subsets, optimally chosen.

on X; however, only those points that lie on U, C X are accepted. If a
point y ¢ U, is generated as common zero locus of n independent random
sections under the ¢**-measure, is rejected from the point set. This means
that there exists another subset U, and metric w[FT]S, with y € Uy, such that
n-tuples of random sections under the r*’-measure, generate points on U,
more closely distributed under v A 7.

There is not a unique answer to the question of how to generate optimal
sets of Fubini-Study metrics and subsets on X when ¢4 > 1. We propose

a method that is useful in numerical applications. First we need a definition.

Definition 8.3.1 ([KelLuk12]). Given a point z € X, there exists a -
mass one Fubini-Study metric wrg(A;) on PH?(X, £)* associated to the
hermitian matrix A, € Met(H%(X, £)), that satisfies
VAV
VY = 1.
s

Actually, the construction of wrg(A,) goes as follows. Let us consider
an orthonormal basis {s, }2 1! for HO(X, £) with respect to the v-balanced
Fubini-Study metric. Now, in this basis, we introduce the matrix A,

1

Ap=—(1 P),
1—|—e(d+6 )
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Figure 8.4: Distribution of masses for points on the Calabi-Yau quintic
Zo+Z+ 23+ Z3+ Z3 —0.246 x ZyZ1 ZoZ3 2y, using 1 Fubini-Study metric
(left) and 19 Fubini-Study metrics & subsets, optimally chosen (right).

with Id the identity matrix, P, = P? the projector on the ray generated by
z+— PHY(X, £)*, and

€= (m”A”)n(m)); ~1€eR.

rwpg(Id

It is then easy to show that if log <Zaﬁ (A;l)’g

tial for wpg(A;), then at the point z,

“ Sa§3> is the Kahler poten-

VAU

nm(:c) =1.

We can generate optimal sets of Fubini-Study metrics by combining iter-
atively the refined mass formula (8.18), and the x-mass one metrics. Given

dmazx

a set of Fubini-Study metrics {wj[gg ] with gmqee > 0, we can add two met-
rics to the set by searching for the absolute maximum ., and minimum

dmaz

Zmin of the mass function mypg(z, {wg—ﬂs e

wrs(Az,,..) to the set:

), and adding wrs(A,,;,) and

{wik}imst? such that Wi ™ = wrs(Aapa)s @FE " = wpsOa,,,)-

Figures 8.3 and 8.4 show a few examples of Improved Points Sets on the
Weierstrass cubic defined above, and on a quintic threefold. Note that this
refined algorithm for finding improved points set has independent interest.

8.3.3 Complexity of the algorithm

Note that to compute the Improved Point Sets over our Calabi-Yau manifold
of dimension n, we need roughly to compute the determinant of a Bergman
type metrics, so expressions of the form det(y/—18dlog 307, |s4]?). If we
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are working let’s say with sections of Ox(r) to embed our manifold, N, =
hY(Ox(r)), we need to evaluate over Npyints points N, =~ 7™ sections of
degree r, or degree r — 2 (derivatives with respect to 99 and of degree r — 1
in n variables (derivatives with respect to @ and d). Thus the complexity of
this algorithm is bounded from above by a multiple of n!gyqz Npoints Nr-(rn+
2(r — 1)n + (r — 2)n) which is approximately
4! qmaq Npointsrn+1 .

Since we are working in practice with small values of (n,r) it means that
the complexity of this algorithm is essentially depending on the product of
the number ¢y,q, of Improved Points Sets and the number of points Npoints
on the manifold.

8.3.4 Example: the family of quintics

Equipped with equations (8.9), (8.15) and the Monte Carlo integration tech-
nique just described, one can estimate Weil-Petersson metrics for a large
class of families via deformations of n-holomorphic forms. For instance, one
can compute the metric on the modulus of quintic threefolds introduced
above,

P(Z)=Z3 + 73 + Z3 + Z5 + Z] — 5tZ0Z1 Z2Z3 74,

and studied independently by [Can+91]. By generating 2,000,000 points we
evaluated the Weil-Petersson metric at the Fermat point ¢ = 0:

a¥"P(0) = 0.19205 + 0.00104, (8.19)

with 0.00104 the standard error. Equation (8.19) should be compared with
the exact value (0.1922---), obtained by computing the volume of the quin-
tic, as function of ¢, via integration of its 3-cycles, (8.6). In Fig. 8.5 we
computed the Weil-Petersson metric in the same region of the t-plane stud-
ied in Fig. 8.1.

Another algorithm that allows to estimate the Weil-Petersson metric con-
sists in evaluating the logarithm of numerical volumes for several threefolds
near the manifold that we want to study, fitting a quadratic function for the
values therein, and computing its Hessian. This method is highly inefficient
despite is much simpler to implement. As an example, if we evaluate the
function

Vo (t,T) = —log </ ” /\1/t> , (8.20)

for 300 random values of ¢ near ¢t = 0 with 100,000 points on each quintic
threefold Q¢, and fit a quadratic function around the Fermat point, we find
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B

Figure 8.5: Approximation of the Weil-Petersson metric (vertical axis) on
the ¢t-plane (horizontal plane) of 1-dimensional moduli space of Calabi-Yau
quintic threefolds, Zg + Zir’ + Z25 + Zg’ + ZE — btZyZ1ZsZ3 2y, using local
deformations of the holomorphic form and Monte Carlo integration.

that the Hessian at ¢t = 0 is
9P (0) = 0.209693 + 0.03.

In other words, by using 15 times more points than in (8.19), we evaluate
gzy'P(O) with an error 30 times bigger. In Fig. 8.6 we represent the graph
of the fitted function (8.20), for 300 points on the ¢-plane.

8.4 Numerical evaluation of the W-P metrics via
Donaldson’s quantization approach

8.4.1 Quantized Weil-Petersson metric for constant scalar
curvature Kahler metrics

As we explained in details in Section 2.4, there is a quasi-projective scheme
Hilb(N, x), the Hilbert scheme of subschemes of PV with fixed Hilbert poly-
nomial y. From the natural action of SL(N 4+ 1,C) over PV, the group
SL(N + 1,C) will act equivariantly on Hilb(N,x) and the universal fam-
ily Univy,y. In this section, we restrict our attention to the smooth orbits
of the moduli space My, = Hilb(N,x)?*//SL(N + 1). In the case of
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Figure 8.6: Quadratic fit of the function Vg for 300 random Calabi-Yau
quintic threefolds on the ¢ plane near ¢t = 0.

polarized Calabi-Yau manifolds, the dimension of this quotient is given by
dim HY(X,TX)y, i.e elements of H'(X,TX), that keeps the polarization
L invariant. Thus, My, is strictly included in the Kuranishi space of de-
formations of the manifold, leaving some non-algebraic deformations. But,
on the other hand, let us consider My the moduli space of isomorphisms
classes of polarized Hodge manifolds (X, Lx) with (X,c1(Lx)) diffeomor-
phic to (Xo, a) with a € H?(Xg,R). Then, in the particular case of Calabi-
Yau’s, the moduli space My carries a structure of orbifold complex space
and My, C My is open and closed in My [FS90, Section 5 and 11].

On My, we shall see that there exists a quantized Weil-Petersson
metric obtained from (2.1) by restriction. If X carries a cscK metric in the
class of L, then we know that there exists a convergent sequence of balanced
metrics in ¢1(L), where each element of the sequence corresponds to a point
in My . For our purpose, we consider local algebraic deformations of the
complex structure on X, which correspond to tangent vectors in My .
An integrable complex structure J € J;,; on X can be deformed by any
element v € Q1710 X ;. We can be more precise by fixing the differentiable
structure on X and the complex line bundle L*, and considering integrable
complex structures on X with corresponding Dolbeault operators on LF. If
L” is a fixed complex line bundle on X and J is a complex structure on X, we
say that £ is the associated holomorphic line bundle on X ; endowed with a
Dolbeault operator 0 = 0. The deformation of the complex structure J +v
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on X induces a deformation of the Dolbeault operator d = 9;: QP9(L¥F) —
QPatL(LF) as B B

Dy = 0 +v0 + O(v?).
With h a Hermitian metric on L, we obtain a L? metric on Q(L(X LFY: we
denote by L?(X, L¥) its L? completion. If the dimension dimker 9y = N +1,

is constant as the integrable complex structure J varies on J;n¢, there is a
natural embedding of Jn::

7 Jimt — Gr(N + 1, L2(X, L¥)), (8.21)
J i kerdy C L*(X,LF)

with Gr(N + 1, L?(X,L*)) the Grassmannian of N + 1 planes in L?(X, L*).
If (sq) is an orthonormal basis of sections for the finite dimensional vector
space ker 07, the infinitesimal deformation v is pushforwarded to a tangent
vector on the Grassmannian Gr(N +1, L2(X, L*)) under (8.21). The induced
vector can be computed as the infinitesimal deformation of the basis of
sections {s,}. Thus, if {s + 654} is a basis for ker 9., then

(07 + 00+ O(v?)) (84 + 65a) =0

and 0s, = —5;1 (v1034), neglecting O(v?) corrections. One has to define
the inverse 5;1 properly on the orthogonal complement ker 5§ C L?(X,LF).
As 05, also denotes a tangent vector to Gr(N +1, L?(X, L*)) in homogeneous
coordinates, the (N + 1)-plane spanned by the 5;1 (v10s4) in L2(X,LF), is
orthogonal to ker ;. Therefore, one can alternatively define (2.2) as follows.

Definition 8.4.1 (Quantized Weil-Petersson metric [KelLuk12]).

For H; € Met(H%(X;, L¥)) the balanced metric at level k in the sense of Def-
inition 2.4.1, and for vy, vy € Qo1 (1,0) x representatives of v; € Ty, Jint ~
Hg’l(TXt) under the Kodaira-Spencer map, we define the quantized Kéhler
form VP in QLL(T) as!,

N _ _ Te1(FS(H))"
VP (vy,v9) = k" H ’B/X <6*1(vu88a),8’1(v2J835)>FS(Ht)(k 1 n,( 2)
t (8.22)

for {s,} an orthonormal basis with respect to H;. The definition is inde-
pendent of the choice of the basis {s,} and of the scaling of the balanced
metric.

Inspired from Donaldson’s results, we expect that as k tends to infinity,
the sequence of Kéhler forms QXV'P converges to the Weil-Petersson metric

'Remark that in the formula below the @ operator corresponds to the (1,0) part of
the connection on L so depends on the balanced fibrewise metric. Thus, the terms
v11084,v21055 can be also written as v1.V ps(H,)Sa; V20V Fs(H,) 58
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defined in Equation (8.3), locally uniformly, over the smooth points of the
moduli space My .

8.4.2 Quantized Weil-Petersson metric for projective Calabi-
Yau manifolds

Of course Kahler Ricci-flat metrics can be seen as constant scalar curvature
Kahler metrics. Nevertheless, if we consider a holomorphic family of projec-
tive Calabi-Yau manifolds, we can slightly modify the notion of quantized
Weil-Petersson metric of Definition 8.4.1, by substituting the Fubini-Study
volume form by 2 = v A 7. This modification has important advantages
in numerical applications. We refer to Definition 3.0.8 for the definition of
)-balanced metric.

Definition 8.4.2 ([KelLuk12]). With the notations of Section 8.2.1, let us
consider H; € Met(H"(X;, L*)) to be the -balanced metric at level k for
k sufficiently large with

Qt =Vt VAN Vt.

For vy, v € QO’IT(LO)Xt, one has a Kéhler form on 7 defined as

OV (v, 09) = k"Hf‘ﬁ/ <5_1(v1_:83a),6_1(v2_1685))F5(Ht)1/t Ay (8.23)
Xt

for {sq} an orthonormal basis with respect to H;. Making an abuse of
notation, we also call QZV'P the quantized Weil-Petersson metric at level k,
as in Equations (8.22).

As wi,; = v A iy, with wey € c1(L), is the Calabi-Yau metric, we
know from the construction of the balanced metrics (more precisely from
the asymptotic of the Bergman kernel [MMO7, Remark 5.1.5]) that

1
lwrsm,) — Woo,tllae = O <k:2> )

In particular, U — 110 (L) and theref t using [Don09:
n particular, — 25 = 1+ (7z) » and therefore, we expect using [Don09;

Kel09] that )V converges to the Weil-Petersson metric of Definition 8.2.1.

8.4.3 Algorithm for numerical computation of the W-P met-
rics using Quantization

In [Don09], Donaldson showed how to numerically compute balanced metrics
and ()-balanced metrics, in order to approximate cscK metrics on varieties
and Kahler Ricci-flat metrics on Calabi-Yau manifolds. Such metrics can be
constructed explicitly if one has analytic control on the projective embed-
dings and knows how to evaluate integrals. The same technical difficulties
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arise if we want to evaluate quantized Weil-Petersson metrics on moduli
spaces (8.23).

One can find the balanced metric on X, — P by introducing any initial
definite positive Hermitian matrix H(0) on H°(X,, £F), and iterating the
map, To, k: Met(HO(LF)) — Met(H(LF))

H(q+1)0p = Ta, k(H(9)) o (8.24)
_ N + 1 Sagﬁ
Vol (Xy,) /X (H(q)fl)fy&sdg:ygtoa (8.25)

up to reaching convergence with the limit point Hy, = H(+00).
Let us denote as before t, an infinitesimal deformation on the moduli space
and v € T3, 7. In order to find the infinitesimal deformation of the balanced
embedding for the manifold X 4¢,p0 = Xt 44 into PV and be able to eval-
uate (8.23), it is convenient to work with a family of line bundles on X. If
7: X — T denotes a family of complex structures on X, with 771(t) = X,
there exists a holomorphic line bundle £¥ — X such that £F|, = £F — X.
In other words, the restriction of £* to the fibers of 7: X — T is identical
to the holomorphic polarization .C,’f on X;. The natural Hermitian structure
on L¥ — X; whose curvature is the corresponding Kihler Ricci-flat metric,
lifts to a hermitian structure on £F — X. When we approximate the Kahler
Ricci-flat metrics on X; by balanced metrics, £k — X also admits a com-
patible hermitian structure. More precisely, if {sq (¢, ) = 14 (t, t_)ét}évjll is a
basis of holomorphic sections for H°(X;, £¥), é; is the holomorphic frame in
a local trivialization, the parameters ¢ denote the moduli dependence, and
Hy = H; p is the associated balanced matrix, we endow L£F — X with the
hermitian metric

€ ® éf
(H; ') 70s(t)55(0)5
Therefore, given the diffeomorphism between Xy, and Xy,44,, defined in
local holomorphic coordinate charts (8.7), as

hy = (8.26)

Yt = w' 4+ v (w, w) + O(v?),

one can compute the infinitesimal deformation of the embedding Xy,44, —
PV, as the covariant derivative of s,(t)

5 Mo 10
Vonaés = v° ér +v*h; T ——naés,
vTa €t ot, t + n atana t
where %% = gzj‘; V% (w,w). In other words, if é(y) is a holomorphic frame

for L |4, = Xtg+t, we can write the basis of holomorphic sections as
sa(y) = 10 (1)e() = na(w)é(w) + Vura(w, ©)é(w) + O(v?).
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The proof is straightforward. Thus, V,7,é are smooth sections in L?(X,,, £¥)
that represent components of vector fields along 70| XtO}P’N . The sections
Vonaé € L? (Xt,, Ek), can be expressed as the sum of a holomorphic section
plus a non-holomorphic section, because of the decomposition

L2(Xy,, £F) = HO(X,,, £F) & HO(X,,, £F)*

under the L?-metric induced by the H ilbo,, map. As we need the normal
components of V,1,é to H° (Xt,, Ek), we have to project out the holomor-
phic part, P, Vyn.é € H°(X4,, L¥). The holomorphic part of V,7,é is com-
puted using the Bergman kernel projector Py, : L?(Xy,, £F) — HO(X,,, £F).

In an orthonormal basis {sg}gill one can express Py, as

N +1
Pto( ) VOIL Xto g / I/t0 Nz Vg - (827)

Therefore, the term (Id — P;,)V,nq€ denotes the projection of V,7,é onto
the orthogonal complement in I’ (TLO] xPN ) of the subspace defined by the
infinitesimal action of GL(N + 1,C), which is isomorphic to H%(Xy,, £¥).
Hence, the quantized Weil-Petersson metric (8.23) can be written as:

3 Id - P,)V Id — P, )Vw,n) 3
QXV_P(UM v3) = (thl)ﬁa/ (( to) vﬂi)la_(g _ to) w??)gyto AT
X (Hto )’Y "7677:7/
(8.28)
Here, the basis of sections {s, = naé}Nfll is not necessarily orthonormal,

although due to the simplicity of P, when expressed in an orthonormal basis
(8.27), it is convenient to work with {s, }2 1! orthonormal (where Hy, = Id).

Thus, evaluating (8.28) involves the following algorithm [KelLuk12]:

1. Building an explicit basis of holomorphic sections {s, = naé}gill
for HO(XtO, Ek), with £ = 1,. .., kmaz, and ke Some maximum

value of k that one can handle numerically.

2. Developing a numerical algorithm to evaluate integrals on X,
under the measure vy, A Vy,, as we did in Section 8.3.2.

3. Computing the balanced metric H by iterating the Tg,, k map.

4. Choosing a basis of infinitesimal diffeomorphisms 9% (w, w) on X3,
isomorphic to the basis 8%1 for Ty, T =~ H(Xy,, 2" 1)
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5. Solve the linearized balanced equations for 0y, H of bt =to:

8Ha5 Vana€ss 5a53 oy
— —— 2 AT 15— A \V
ot, 0 /X (HTyidsss, o /N Vo 0 /X (H 1)i0s55 Oty 1

o oy _ Sa53 _
A Vto X /){ (‘H_il/to A\ Vtoy

Vol (Xy,) Jx 0ta —1)¥0s555
(8.29)
where ¢y = #*Xlto) We obtain these relations by differentiating

the condition on H to be a fixed point of the Tq,, » map and the
fact that the Bergman function associated to the balanced metric
is constant. The system (8.29) is a non-trivial system of linear
equations, as 8taHaB is contained in the V,7n, term. One can
solve (8.29) by using Gauss’ elimination method, or one can solve
it iteratively by setting 0, H,5(¢ = 0) = 0 as initial value and
interpreting (8.29) as a linearized Tq,  ; map.

a —
6. Computing vanaa given g{fzﬁ
using (8.27).

, and its projection (Id — P;,)Va7a

7. Finally: Evaluating the inner products (8.28).

8.4.4 Complexity of the algorithm

Let us denote N ~ k™ as above the number of sections in H°(X;,, L*) where
n is the dimension of the manifold.
Firstly, we have already computed the complexity of Step 2 in Subsection
8.3.3.
Moreover, we notice that we need to fix Nppints points on the manifold with
Npoints > (N +1)(N + 2)/2 since we are need to compute balanced metrics
and thus we need to solve (N + 1)(N + 2)/2 equations at least. In practice,
we believe that

Npoints = an

is a reasonable choice. To compute the balanced metrics (Step 3), we need
to inverse a matrix of size NV x N in order to get a basis of orthonormal
sections. This requires approximately N2log(N) ~ nk?"log(k) operations.
We also need to compute the Bergman function Zfil |s;|? for the Npoints
points, and this can be seen as to evaluate N polynomials of degree k in n
variables.

Thus each iteration of the TQtO,k map has complexity

C(To,, ) = nk*" log(k) + k*"k" (kn) ~ nk>"*?,
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since we need to do k products to evaluate the different powers for each of
the n variables. From [Don09], we know that we have exponential speed
of convergence of the iterates of the Tgto’k map. This means that if we
expect an error of size € for the convergence of these iterates, one needs
approximately klog (%) iterations of the T,k map. Since, the balanced
metric is close to the Ricci-flat metric with an error of size O(1/k?) (this can
be proved from the Bergman asymptotic expansion), it is relevant to assume
that ¢ ~ 1/k?. In that case, the complexity of Step 3 is approximately
equivalent to
C(Step 3) o log(k)k*"n,

For Step 5, we need to compute the term

[ 7Ny Ot A 3
Co/ % Vanoé3; + g /\Zto _ Jx ot, /\ Vto 5053 | vio ATty
x (H71)79s555 Uty N\ Uy, Vol (X3,)

we remark that we need to evaluate the Bergman function over the Npoints
points (so as above, k*"k™n operations are required) and few extra terms of
the same order of complexity like V n,€. The terms involving the volume
form have complexity n!Npyints S0 are negligible. To take into account that
this step requires more operations than for the integrand in the Tg,, k map
(this extra depends on the dimension of the manifold and not k), we estimate
that its complexity is similar to n2k®". Furthermore the resolution of this
system of N x N equations will require approximately nk?" log(k) operations
at least. In practice, we used in the examples (see Section 8.4.5) an iterative
process that has exponential speed of convergence (note that we have not
studied formally the rate of convergence). Thus, Step 5 has approximately
for complexity

C(Step 5) o log(k)k3"1n2,

For similar reasons, the complexity of Step 6 and 7 are bounded from above
by k3"*tln and don’t contribute much in the total complexity of the algo-
rithm.

For instance, since the quantized Weil-Petersson metric approximates the
Weil-Petersson metric with an error of size O(1/k), for a relative precision
of order 10% on a manifold of dimension 3 we need ~ 3 x 10'!" operations.
It is reasonable for a recent computer. In dimension 2, it is also reasonable
to ask a precision of 1%. The size of memory required to run the algorithm
is not an issue in dimension 2 for £ < 100. In complex dimension 3, it is
necessary to use the symmetries to reduce the number of parameters.
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8.4.5 Example: the family of quintics

The results of this section have to be compared with Section 8.3.4. We
implemented the algorithm that we have just described, for the family of
quintic threefolds @; in P* defined by the polynomial family

P(Z) =73 + 7} + Z3 + Z5 + Z§ — 5t 2071 Z2Z3 7.

We studied the region of the ¢-plane given by 0 < |t| < 3 and 0 < arg(t) <
27 /5, as we did in the examples of sections 2 and 3. We divided the region in
a lattice of more than 300 points, and computed the corresponding balanced
metrics for embeddings in linear spaces of sections, up to degree k = 6. We
chose monomials of degree k defined on P*, modulo the ideal generated
by P(Z), as the basis of sections. We evaluated the integrals that appear
in the Tq, r map (8.25) by using the Monte Carlo method described in

Section 3. In order to compute the variation of the sections 635—?, we used
the infinitesimal diffeomorphism defined by (8.11), with

ana 87704 ow; 87704 _
Z Oow; Ot Z awl (8.30)

For this family of quintics, Proposition 8.3.1 that defines a choice of vector
field ¥ (w,w) provides

i7 0p(w)
G o,

mn Op(w) Op(w)
G géﬁ 8pu()m

I (w, w) = (—=Swiwawsws),

with G¥ the inverse of the Fubini-Study metric in P4, and w; = Z;/Zq local
coordinates on Q; C P*. Given the Hermitian metric h; from Equation
(8.26) we can compute the covariant derivative Vy1n,¢é as

0 o _
Vinaé —Z 8’;7[}
8

—1\~ 5 naé
e ((Ht 1)7577(75)577(%) (H;Y90n(t)sii(D)5

which we computed by using (8.30), and solving the linearized balanced
equations (8.29) for 0 afg. The method that we implemented to solve the
linearized balanced equations, consisted in iterating the linearized Tgtwk
map; such iterating scheme reached good estimates of the solutions within

5 or 6 iterations.

In Fig. 8.7 we plot the sequence of metrics )V, defined in (8.28), for
k=1,2,...,6. We present all the plots computed at the previous steps in
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Figure 8.7: Quantized Weil-Petersson metrics (vertical axis) on the t-plane
(horizontal plane), of Calabi-Yau quintic 3-folds Z§ + Z7 + Z5 + Z3 + Z3 —
StLoZ1Z9732,, for k=1, 2, 3, 4, 5. Below, a zoom on the result for £ = 6.
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order to show the convergence and the presence of the singularities that ap-
pear clearly for k = 6. The time that took to compute each value Q}CN'P(t, t)
per point in the t-plane, was approximately equal to 4 times the time needed
to compute the balanced metric. One can observe that for |¢| large, the rate
of convergence of the sequence is higher than in other regions of the ¢-plane.
In points near the Fermat quintic, ¢ = 0, and for £ = 6, the quantized Kéhler
metric is approximately (0.07 - - ) vs the exact value (0.19---). One expects
deviations smaller than 0.01 in this region of the ¢t-plane, when k& > 12. The
worst rate of convergence is located near the points t = exp(2v/—17Z/5),
where the quintic develops double point singularities. In such region of
the family, the approximation of the corresponding Ricci-flat metric by €2-
balanced metrics, is also much less accurate. One should develop further
techniques using weighted projective spaces to approximate accurately the
metric near singular points of the moduli space.

One can explain intuitively why this scheme cannot be accurate near
singular points. In Kéhler geometric quantization, the limit k¥ — +o00 of the
quantum systems, associated to the Planck’s constant i = Vol (X)Y/" /k,
corresponds to the semiclassical system (X, w). Due to quantum uncertainty
in regions of volume smaller than A", one expects that accurate approxima-
tions of geometric features in X occur when the size of such features are
located is actually bigger than VO],‘:n(X). Therefore, as a singularity is a geo-
metric object of zero volume, these numerical constructions should fail near
singularities.

8.4.6 Extra remarks

Another — more difficult and slower — way to approximate Weil-Petersson
metrics involves to evaluate the Weil-Petersson formula itself on a family of
balanced metrics; instead of a family of Kéhler-Einstein metrics on varieties
or Hermite-Einstein metrics on bundles. In other words, instead of using
(8.28) to approximate Weil-Petersson metrics one could evaluate

_ ab iji _1 Ohy 1 _10hy : _
Tk(vl’ UQ) a Vol(Xt) /)( Ul U2gt awj <ht ata 5@[ ht atb Vt/\l/ta
(8.31

with h the family of balanced metrics defined in (8.26). As the formula
(8.31) would become the Weil-Petersson metric if hy was Hermite-Einstein,
as in [ST92], one expects that if h; is balanced, (8.31) should converge to
the Weil-Petersson metric in the & — oo limit.

We have implemented an algorithm to compute this metric on the family of
quintics that we have studied in this chapter. As one can see in Equation
(8.31), it is slightly more difficult to implement this formula numerically
due to the higher number of derivatives. Also, the numerical calculation
itself is much slower in comparison with a numerical evaluation of (8.28).
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For instance, to compute the metric (8.31) for & = 3 took as much time
as computing (8.28) for k = 6. Due to problems with the speed of the
numerical calculation, we decided not to resume a detailed analysis of a
numerical method based on Equation (8.31).

Figure 8.8: Approximation of the Weil-Petersson metric of quintic 3-folds,
L+ 77+ Z5+ Z3 + Z3 — 5t ZoZ1 Za Z3 Zy, using (8.31) and a family of k = 1
balanced metrics.

174



Part V

Perspectives

175






Chapter 9

Perspectives

In the future, we would like to address the following issues.

9.1 About balancing flows

1. There is certainly a natural interpretation of the existence of J-balanced
metrics in terms of G.I.T. We give now an attempt of a possible
definition in terms of test configurations. For a test configuration
T = (M, Ly) of (M, L) as in Section 2.5, we have the weight wi (k)
of the induced C* action. Set Pj(k) = dim H°(M, LY) and Py(k) =
dim HO(M, L%). Take now D a sufficiently general element in the linear
system |L% |. We have also a weight wy (k') since the test configuration
T induces a test configuration for D. We form the normalized weight

n+1
Wr, L, = wa(s)kPi(k) —wi(k)sPa(s) = Z eiLl’L2(s)ki.

i=0
We expect for s large that the positivity of eﬁ}r’f %(s) is equivalent to
the existence of J-balanced metrics on Li thanks to Kempf-Ness the-
ory.
The leading term of the polynomial expression eﬁ}r’lh (s) has been in-
terpreted in [LS13] as the analog of the Donaldson-Futaki invariant in
this context.
Another possible ingredient in this frame is coming from the charac-
terization of J-balanced metrics in terms of Deligne pairings and the
action of a 1-parameter subgroup in SL(NN + 1). Using the notations
of [PS10, Section 6], the deformation of the pairing

(Lo, Ly, ..., L1)
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under the metric change h +— he™® € Met(L;) is given by the func-
tional

n—1
S(W,Qb) = Z/ dx N (w + \/jlaégb)z A1
i=0 /M

where w is the curvature of h. This functional is related to the J-flow.
Actually the derivative % along a path in the space of Kéhler po-
tentials is given, up to a constant factor, by the functional %(e*@),
see (4.8), which provides another expression for the functional J,.
Therefore, with respect to 1-parameter subgroups in SL(N +1) (which
correspond also to test configurations, see [PS10, Section 6.1.7]), the
deformation of the considered pairing is controlled by I h - It remains
to identify this Deligne pairing as a positive line bundle over a certain
projective variety in view of a complete G.I.T construction, cf. [Zha96,
Theorem 3.6].

. In the case of a manifold with negative first Chern class, we expect that
the work of Y. Odaka and X. Wang can be useful to derive K-stability
for the polarizations in a neighborhood of the canonical bundle. Let
us give some hints of the techniques in the case of a surface X, with
Kx > 0. The cone Cy studied by Donaldson, Chen, Weinkove and
Song is formed of the polarizations L such that

(L.Kx)L > —(L*)Kx.

1
2
Define C{, C Cp the cone formed by the polarizations L such that
39
(L.KX)L > E(L )Kx.

We aim to show the positivity of DF(B, L — E) for L € Cj, in view of
Theorem 2.5.6. Using the formalism of Section 2.5.2, one can do the
following decomposition

DF(B,L — E) = DF, + DFy + DFj3,
where

DFy = (L — E)*(=2(L.Kx)L + (L*)Kx),
DF; = (£ — E)*(2(L.Kx)E + 2(L*)Kx),
DFs = (L — E)*(3(L*)Kp/xxp1)-

We refer to [OS12, Lemma 4.2],[Der13, Lemma 3.7] for next lemma.

Lemma 9.1.1. Let 7 : B — X x P! be the blow-up map. Then
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(L — E)2R <0 for any R = n*(p*R), where R is nef.

A direct consequence of the previous lemma is that DF; > 0 for any
L € Cy since the pull-back of ample is nef. Now, let’s show that DF5
is positive. Define

s = dim(Supp(0/1)),
in the blow up process.

Lemma 9.1.2 ([Odal2, Lemma 2.8], [OS12, Lemma 4.7]). The fol-
lowing inequalities hold:

(-E)* <0, ifs=0
E?L<0, ifs=1ors=2,
E*(L-F)<o.

We will also need the next lemma, see [Odal3b, Lemma 3.5 (i)] that
shows that E.£2 =0 and E.L.Kx = 0 since geometrically, there is no
intersection of the supports of the divisors.

Lemma 9.1.3. For any Cartier divisors D1, ...,D; on X x P!, and

any Cartier divisors EY, .., E; ., with dim(ﬂ(ﬁ?jllquupp(Eg))) < q,

the intersection (1*D1..7*Dy. By .. Ey, ) vanishes.
Case s = 0.
Then E3 > 0 by Lemma 9.1.2. But then

(L—E)%2(1/2E+ L) = —(3/2)L*.E + (1/2)E® = (1/2)E?
thanks to Lemma 9.1.3. So
(L—E((L.Kx)E+ (L*)Kx) > (L — E)*(=2(L.Kx)L + (L*)Kx)

But the right hand side of the previous inequality is non-negative by
Lemma 9.1.1. Eventually, DFs > 0 for any L € Cy.
Case s # 0.

We remark that Kx.£2 = 0 = £3 because £ and Kx are pull-back
of ample divisors from X that has dimension 2. Thus, we have with
Lemma 9.1.3,

DF, + DFy = — E*.(6(L.Kx)L — 3(L*)Kx — 2(L.Kx)E)
= —2(L.Kx)E*.(L - E) — E*>.(4(L.Kx)L — 3(L*)Kx)

Thanks to Lemma 9.1.2, we get that the first term is non-negative
and that the second term is positive if L belongs to C,. Thus, we get
DFy + DF, > 0 as expected.
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To conclude, we remark that we only need to control the term D F3.
But this term is non negative as soon as X has only log-canonical sin-
gularities (this is the discrepancy term, see [Odal2, Proof of Theorem
2.6]). Here we use the fact that the restriction of £ — E to the central
fibre is semi ample and so (£ — E)2.E; > 0 where E = Y, ¢;E; and
also (L — E)2.E > 0, see [0S12, Lemma 4.7].

Eventually, we have proved the following proposition.

Proposition 9.1.1. Assume X is a complex projective surface with
Kx ample. Let L an ample line bundle on X such that

(L.Kx)L > %(LZ)KX.

Then (X, L) is K-polystable.

This has to be compared with the result of Panov-Ross [PR09, Ex-
ample 5.8] (and [RT06, Theorem 5.5]) where it is proved the slope
stability of the polarization in the cone Cy. At the moment we don’t
know if Proposition 9.1.1 can be extended from the set C; to the set
Co.

Moreover, we expect that a generalization to higher dimension holds
involving the condition introduced by M. Lejmi and G. Székelyhidi
[LS13], namely that the polarization L belongs to the cone

C1 = {Lst. (nyL? —pLP ' . Kx)N[V] > 0,¥YV C M,dim(V) = p}.

In the case of dimension 2, C; = Cy. Of course, it is natural to wonder
if the classes in Cy admit a cscK metric (it is known that Mabuchi’s
K-energy is proper on Cp).

. Another direction of investigation is to consider the analogue of the
Q-Kahler flow for Fano manifolds. In that case, we would like to
develop the tools to derive the equivalent of Perelman’s estimates for
the evolving potentials. Since the flow we will consider will have a
geometric interpretation in terms of moment maps, we believe these
estimates could actually turn out to be simpler. In a similar vein, we
have been studing the equivalent of the 2-Kéahler flow for higher rank
bundles using the notion of balanced metrics in the sense of Wang
[Wan02; Wan05]. In that case, we proved with R. Seyyedali that at
the quantization limit, it converges towards the flow

h(t)*lm = — (V_IAF(E,h(t)) + %Scal(w)IdE

dt
1 1 w
_/ tl"(\/—lAF(EJl(t)) + Qscal(w)IdE) > ,
X

r n!
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9.2

where h(t) is a family of metrics over the bundle E. Up to a confor-
mal change, this flow is Donaldson’s heat flow for hermitian endomor-
phisms (which is equivalent by a change of the holomorphic structure
to the classical Yang-Mills flow for connections). Eventually, it remains
to study the flows investigated in [FLM11] using a finite dimensional
approach.

. We explained in [CaoKell2] that most of the techniques of Chapter 3

can be extended to singular positive forms. With a slight modification
of Proposition 3.1.1, one can show that the asymptotic expansion of
the Bergman function holds when one considers a positive volume form
) that can be written as

Q= fow"

with fo > 0 on M and fo € LL(M,R) and w a smooth Kihler form.
The asymptotic result for the operator @ (Theorem 3.1.3) is valid
when applied to the space of functions f € L¥,(M,R) with p > 1. This
comes from the techniques of [LMO07] that can be extended from L? to
LP? topology, p > 1. To be more precise, the regularity of the function f
is only needed in [LM07, Equation (27)] and the Cauchy-Schwartz in-
equality in [LMO7, Equation (28)] can still be applied in the LP spaces.
This implies that we get a more general version of Theorem 3.1.1 for
Q) € LP(M) positive volume form (p > 1) but with a weaker under-
lying convergence (the error terms are only controlled in LP norms
instead of C* norm for the sequence wy(t) and awa’“t(t) ). Finally, when
one considers non smooth forms Q = fouw™ with fo € LL (M), fq > 0
with p > 1, the limit of the balancing flows is still the Q-Ké&hler flow
(3.3). Note that we don’t expect the potential of the involved metric
in (3.3) to be smooth and we shall speak instead of weak Q-Kéhler
flow. We also remark that the balancing flow will converge towards
a balanced metric again. Actually a notion of balanced metric for LP
volume forms (and even more general) has been studied in details in
the recent work [Ber+13, Section 7]. Furthermore the technical results
of Section 3.3 still hold. Eventually, all these remarks show that the
study of balancing flows in finite dimension leads naturally to define
flows in Kahler geometry but among non smooth potentials. This is
very natural in view of the recent results for the K&hler-Ricci flow
involving degenerate metrics, see for instance [EGZ09].

About projective bundles

. It was proved by Y. Rollin-M. Singer [RS09] that if E is a holomor-

phic vector bundle of rank 2 endowed with a parabolic structure over a
curve B, such a structure encodes an iterated blow-up Y of X = P(E).
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Furthermore, if F is parabolically polystable, then it was shown re-
cently by Rollin that ¥ carries an extremal Kéhler metric, see [RS13].
A natural objective is to obtain a higher-dimensional analog of Rollin-
Singer’s result when the bundle has higher rank and the base is still a
curve. The existence part is not clear anymore in this case. Moreover,
given a parabolic bundle over a base which is a curve or a surface, sup-
pose that Y carries an extremal Kédhler metric (in a suitable Kéhler
class). Does this imply that the bundle is parabolically polystable for
a certain polarization? Does it imply a certain stability for a Kahler
class on the underlying base? A first step is to extend the result of
Section 5.4 to define a notion of “relative slope stability” (a weaker
version of the relative K-stability introduced by G. Székelyhidi) and
compute the relative Donaldson-Futaki invariants DET¢ of the test
configurations induced by deformations to the normal cone of a sub-
bundle of . As a by-product, this should also provide new criteria
on the structure of F to detect non-existence of extremal Kéhler met-
rics on the projectivization X. We have done some computations of
DFTe in that direction (using equivariant Riemann-Roch formula on
H*(P(E))g14s1 and the computation of ch3(S*E) in full generality)
that recover the results of [Szé07, Section 4]. We expect that it will
help to prove the main conjecture of [Apo+11].

. We wish to study stable parabolic structures over higher-dimensional
bases and their natural relationship with extremal Kéhler metrics with
conical singularities, using the formalism developed by O. Biquard, C.
Simpson and T. Mochizuki. To have good analytic estimates about the
curvature tensors, we would need to require the base to be endowed
with a conical Kahler-Einstein metric with small angle. We expect to
generalize the results of Chapter 7 with Kai Zheng.

. We would like to describe a general test configuration of a projective
bundle in terms of a test configuration induced by a subsheaf (cf Sec-
tion 5.4.1) and a test configuration for the base manifold. We expect
that it is possible in the case the base manifold has dimension 1 or 2
thanks to the work of B. Crauder about degenerations of ruled mani-
folds. In practice, this would help us to compute the Donaldson-Futaki
invariant for any test configuration of such manifolds. We hope to de-
duce from this result a classification of Fano threefolds in terms of
K-stability and a study of the Kéhler cone for certain examples (see
Sections 6.1.2, 6.1.3). This is also related to the study of Donaldson’s
J-flow, see our discussion at the beginning of Section 4.2.

. We would also like to investigate a stabilization process for ruled man-
ifolds. The general topic here is to construct extremal metrics (or bal-
anced type metrics, or to check K-stability) on the blow-up at a very
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9.3. ABOUT NUMERICAL APPROXIMATIONS OF CANONICAL
METRICS

9.3

large number of points of the projectivization of an unstable bundle.
In the Chapter 7, we have seen an elementary method to obtain sta-
ble parabolic structures from unstable Mumford bundle is introduced.
Another direction is given by some results concerning stabilization of
bundles over algebraic surfaces due to R. Brussee and R. Friedman-J.
Morgan (cf Section 6.1.1), which were applied by N.P. Buchdahl in
order to construct moduli space of bundles. Here we have in mind the
following general problem. It is natural to ask whether a manifold X
blown up sufficiently many times can be equipped with an extremal
Kéahler metric. For instance, one could imagine an analog of a fa-
mous result of C.H. Taubes in the case of self-dual metrics: given a
4-dimensional oriented manifold M, then M#nP? admits a self-dual
metric for n sufficiently large. Intuitively, almost every point of X is to
be blown up and the metric is almost everywhere replaced by a model
metric which is extremal. A rather difficult perturbation theory has to
be developed. We believe that the particular case of ruled manifolds
should be investigated first.

About numerical approximations of canonical
metrics

. Let us consider as in Chapter 8 a family of Kahler-Einstein manifolds of

general type or a family of polarized Calabi-Yau manifolds. In [Sun12],
X. Sun used the Kuranishi-divergence gauge and the expansion of the
Kaéhler forms of Kéhler-Einstein metrics to give a new proof of the full
curvature formula of the L? metric on the direct image sheaves of the
relative pluricanonical bundles (previous proofs were established by
G. Schumacher and B. Berndtsson). His quite simple formula is true
for Kahler-Einstein metrics on general type manifolds and Calabi-Yau
manifolds. We would like to investigate if similar techniques could hold
for constant scalar curvature Kahler metrics and extremal metrics.

Furthermore, the normalized Ricci curvatures of the L? metrics on
the direct image ROK?\} /- converge to the Weil-Petersson metric when
m — +oo. Its expression involves the Laplacian operator. Thus,
it is actually possible to approximate these Ricci curvature if one is
able to quantize the Laplacian operator. This means that we should
be able to provide another sequence of metrics obtained by algebraic
methods that converges towards the Weil-Petersson metric. We intend
to compare this approach with the one in Chapter 8. As we said, it is
then crucial to be able to quantize the Laplacian operator for a Kéhler
metric within an integral class. But this is related to the techniques
developed in Chapter 3 as shall see in details now.
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CHAPTER 9. PERSPECTIVES

Given A a hermitian endomorphism of CV*! and ¢4 the associated
vector field on PV we define Py : Lie(U(N + 1)) — F(TIP)N|L(M)) such
that Py(A) = (4, where ¢ is an holomorphic embedding of the manifold
M in PV, Using the Fubini-Study on TP () and the volume form
Q on M, one gets a L? inner product on F(TIP’N|L(M)). This allows
to define the adjoint map P; : D(TPN, ) — Lie(U(N + 1)) using
the Killing form. We are interested in the asymptotic behavior of the
operator P Py that satisfies

tr(AP; P,B) = /M(CA, ()2

for any A, B € Lie(U(N +1)). For f € C*°(M,R), let us consider the
hermitian operator

Qai(fag = /M f(5055)0

where {s;} is an orthonormal basis of H°(L*) with respect to L? inner
product Hilbg(h¥). Tt is the derivative at ¢t = 0 of Hilbo(h¥) along
the path of metrics hy = e'/h. Assume the curvature w of h satisfies
w"/n! = Q. For d = 0+ O the exterior differentiation, we denote
A, = 2A5 = 20*9 the usual Laplacian on (0,0) forms on M. Then
we claim that the following result holds.

Theorem 9.3.1. Let f € C®°(M,R). The gradient of the moment
map pq satisfies as k — +oo

tr (QuulNPPQusD) = 7 [ FALN %+ 07,

and this estimate is uniform in f and the metric h € Met(L) if they

vary in a compact set in C> topology. This implies that for any f,g €
C>(M,R),

tr (QualNFPQaso) = 17 [ FAule) 5 +0G2)

Building on these techniques and the results of [Sun12|, we would like
to estimate numerically the Weil-Petersson volume of the moduli space
over the family of quintics, which is a rational number. A major issue is
here to understand how we can approximate the Weil-Petersson metric
close to a singular point. Another possible direction is to investigate
the case of moduli space of stable vector bundles in some special cases.
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