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Abstract

This thesis is focused on the study of curvature properties of balanced and SKT metrics.

More in details, as regards balanced metrics, we use gluing techniques to show that the blow-up of
a compact Chern-Ricci flat orbifold at a finite number of smooth points admits constant Chern scalar
curvature balanced metrics, even obtaining a control on the balanced class of the constructed metrics.

In the case of SKT metrics, we proceed in a systematic study of the generalized Ricci flow with
symmetries, adapting the bracket flow technique by Lauret in the context of generalized Geometry. This
allows us to prove long-time existence of the homogeneous generalized Ricci flow on any solvmanifold.
Using then the equivalence between said flow and the pluriclosed flow, we are able to deduce long-time
existence of the pluriclosed flow on any SKT solvmanifold.

Finally, we focus our attention on hyperHermitian Geometry. In this setting, we prove an incompat-
ibility result between strong HKT metrics and balanced hyperHermitian ones, providing an evidence of
the validity of the Fino-Vezzoni conjecture in the hyperHermitian setting.
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Introduction

Motivated by theoretical physics and by the advances in the understanding of the connection between
canonical Kahler metrics and stability conditions, the interest in the study of special non-Kéhler metrics
has grown enormously throughout the last decades.

Since the Kahler condition is a strong condition per se, imposing many restrictions, for instance, on
the topology of the manifold, the rise of special Kéhler metrics happened naturally. The main idea is
to combine the Kéhler condition with some other conditions on the curvature of the metric. Among
the latter, the most famous and well-understood is the Einstein condition, giving rise to Kahler-Einstein
metrics. The existence problem for Kahler-Einstein metrics, starting from the works by Aubin [34]
and Yau [338], was concluded recently in the works by Chen, Donaldson and Sun, see [74] [75] [70],
characterizing the existence of such metrics in the Fano case in terms of K-polystability of the anti-
canonical bundle.

On the other hand, K&hler-Einstein metrics are a particular instance of the so-called extremal Kahler
metrics introduced by Calabi in [67], defined as critical points of the Calabi functional. The latter is
the functional associating to any Kihler metric in a fixed Kéhler class the L?-norm of the scalar curva-
ture. As a matter of fact, extremal Kéahler metrics are those Kéhler metrics whose scalar curvature has
holomorphic (1,0)-part of the gradient. Stemming from this characterization, constant scalar curvature
Kahler metrics, or cscK, attracted the attention of many authors and they are now regarded as canonical,
being minimizers of the Calabi functional. The importance of cscK metrics has then increased due to
the moment map formulation of the scalar curvature by Fujiki and Donaldson, see [137, [@0], and to the
Yau, Tian, Donaldson conjecture, see [91} 316, B39] and [293] for the proof of one implication. Great
effort was put to construct examples of extremal Kéahler metrics throughout the last years, we refer to
[311, [88, 108, [109] BITL B13] [340] for some constructions.

On the other hand, in the last decades, many special geometries, such as Sasakian or Gy Geometry,
turned out to be relevant in the study of string theory and black holes. Focusing our attention on
the complex side, non-Kéahler models were proposed by many theoretical physicists, highlighting and
promoting the need for a better mathematical understanding of non-Kéhler Geometry. A remarkable
example is the Hull-Strominger system, see [190} [308], originally arising in heterotic string theory, which
has nowadays attracted great attention, mainly due to the belief that its solutions may geometrize the
non-Kéhler Calabi-Yau condition. We refer to [143] for an introductory account of the system and to
[15) B201, 211, 66, 183, (102, (103, [104), (106, (107, [[14], (134, (136, 135 (145, (147, 148, 252, 261, 262, 263, 264], [265]
for explicit solutions and properties of the system.

Other interesting non-Kéhler geometries arise from the study of (2,0) and (4, 0)-supersymmetric
sigma models with Wess-Zumino term, see [I50} [I89], giving rise to the so-called Kdhler with torsion and
hyperKahler with torsion geometries. Other physical situations where these geometries appeared can be
found in [101] (162} 176] (180, 181 241].

Besides their physical interest, both the examples are highlighting an important difference, from the
mathematical point of view, between Kéhler and non-Kahler Geometry. This discrepancy is the presence
of multiple connections preserving the Hermitian structure. In particular, the anomaly cancellation
equation in the Hull-Strominger system involves the curvature of the Chern connection associated to the
metric, namely the unique Hermitian connection whose torsion has vanishing (1, 1)-part. On the other
hand, targets of (2,0) and (4, 0)-supersymmetric sigma models with torsion are naturally endowed with

iii



iv INTRODUCTION

a connection preserving the Hermitian structure with totally skew-symmetric torsion, which, nowadays,
is known as the Strominger or Bismut connection, see [52 [308].

Since they have non-vanishing torsion, these two connections identify naturally two types of special
Hermitian metrics by imposing conditions on their torsion. More in details, balanced metrics are those
Hermitian metrics whose Chern connection has traceless torsion. On the other side, Strong Kdahler with
Torsion, or SKT for short, metrics are those Hermitian metrics whose Bismut connection has d-closed
torsion. Remarkably, these two conditions on the torsion can be equivalently written as cohomological
conditions on the fundamental form associated to the Hermitian metric. More precisely, given (M™, J,w)
a Hermitian manifold, the metric w is balanced if and only if

dwn—l =0

while w is SKT if and only if ~
00w = 0.

Furthermore, hyperKéhler with torsion, or HKT for short, metrics sit in the stricter framework of hy-
perHermitian Geometry. More specifically, given (M, 1, J, K, g) a hyperHermitian manifold, i.e. I, J, K
are integrable complex structures such that

K=1J=-JI

and ¢ is Hermitian with respect to I and J, g is called HKT if the Bismut connections associated to
(I,9), (J,g) and (K, g) coincide. Equivalently, this condition can be rephrased as

_wy vV—lwg

oN=0, Q: 5

wy(,) = g(J ), wil(:) = g(K-,"),
where 0 is induced by the splitting of d with respect to I. Moreover, we will say that a HKT metric g is
strong HKT if wy is SKT.

It is now fairly easy to see that both the balanced and the SKT condition are weaker than the Kéahler
one while the HKT condition is straightforwardly generalizing the hyperKahler one, which is equivalent
to d2 = 0. Moreover, as in the Kahler case, both balanced, SKT and HKT metrics define natural
cohomology classes in appropriate cohomology rings. For instance, the balanced class of a balanced
metric w is defined as:

B ker @ Nkerd N An~bn=1p1
 Im@INAr—Ln-1pf

w" e € He " H(M) :

while the HKT class of a HKT metric € is

ker & Nker §; N A*° M
Q e H® (M) := L —
[ ]qBC ch( ) Im 99, N A?’OM

where 9y := J~10J and A?’OM is the set of (2,0)-forms with respect to I.

Besides being the building blocks for some physical models, balanced and SKT metrics have also
attracted great attention due to the so-called Fino-Vezzoni conjecture, see [125, Problem 3]. In [I4],
it was showed that a Hermitian metric cannot be both balanced and SKT, unless Kéhler. The Fino-
Vezzoni conjecture is a natural generalization of the aforementioned result, stating that the co-existence
of balanced and SKT metrics forces the manifold to be Ké&hler.

Conjecture A. Let (M, J) be a compact complex manifold admitting a balanced and a SKT metric.
Then, M is Kahler.

Evidences of the validity of Conjecture [A| can be found in the works of many authors, see [70] [79]
80, 113} 119, [125] [126] 128, 133 167, 234, 266]. A counterexample in the non-compact case was found
by Freibert and Swann in [I28]. Even if Conjecture [A| was proved to hold in many classes of manifolds,
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the proofs of most of the results are investigating structural restrictions on the manifold imposed by
the existence of balanced and SKT metrics, for instance conditions on the structural equations of the
Lie algebra or the existence of specific currents, ultimately obstructing the co-existence of them, in the
non-Kahler case.

The fil rouge of the present thesis is the study of Conjecture [A] from a more curvature-based point
of view, trying to extrapolate information on the manifold from the study of canonical balanced or SKT
metrics.

From a more analytic perspective, the nature itself of the balanced and SKT conditions highlights a
substantial difference in the approaches adapted to study curvature conditions on such metrics. While in
the Kahler case, the elliptic approach, with the study of Monge-Ampére equations and the cscK equation,
and the parabolic one, with the Kdhler-Ricci flow and the Calabi flow, see [67, [77], are intimately related
and proved to be both successful, in the non Kéhler setting, these two approaches turned out to be more
well-suited when used on particular types of Hermitian metrics.

Focusing on the elliptic approach, balanced metrics are the main objects in the so-called balanced
Gauduchon conjecture, see [314] [320], stating that on a compact balanced manifold the first Chern-Ricci
form can always be prescribed within the balanced class of any balanced metric. Later, in [I30], the
conjecture was equivalently reformulated in terms of the so-called Form-Type Calabi- Yau equation, which
is a Monge-Ampere type equation for (n — 1,n — 1)-forms. Moreover, the latter equation has the natural
purpose to produce, on suitable compact manifolds, balanced Chern-Ricci flat metrics within any balanced
class, promoting balanced Chern-Ricci flat metrics as canonical representatives of the balanced class, as
Kahler Ricci-flat metrics are in the Kéahler Calabi-Yau case.

On the other hand, due to a result by Angella, Calamai and Spotti in [24], we cannot impose a
balanced metric to be first Chern-Einstein with non-zero Chern scalar curvature in a non-Kéhler manifold.
Motivated by this and following the Kahler case, one may wonder if balanced constant Chern scalar
curvature metrics might be good candidates to be canonical representatives of a fixed balanced class.

One of the main theorems of this thesis proceeds in this direction. An outstanding result by Arezzo
and Pacard in [31] ensures that the blow-up in a finite number of smooth points of a cscK orbifold with
isolated singularities and no non-trivial holomorphic vector fields admits cscK metrics in Kéhler classes
which make the volume of the exceptional divisors small. The following theorem is a generalization of
the result by Arezzo and Pacard in the balanced Chern-Ricci flat case.

Theorem B. Let (M™,&) be a compact balanced Chern-Ricci flat manifold or orbifold with isolated
singularities. Then, given py,...,pr € M and ay,...,ar > 0, there exists g > 0 such that the blow-up
of M at p1,...,pr admits a balanced negative constant Chern scalar curvature metric

k
w;z—l c ﬂ_*[a)n—l]BC _ g2n-2 Zazzfl[Ei]gal ,
i=1

where [E;]pc is the first Bott-Chern class of the line bundle associated to the exceptional divisor E; of
the blow-up at p; and € € (0, &p).

Regarding the parabolic approach, a flow of balanced metrics was proposed by Bedulli and Vezzoni
in [48], generalizing the Calabi flow. As far as the author knows, very few results are known concerning
this flow. In [48], the authors proved short-time existence and studied the behaviour of the flow on the
Iwasawa manifold. Later, the flow was studied by Fino and Paradiso in [I19] on 6-dimensional almost
abelian solvmanifolds. Analytically speaking, the flow introduced by Bedulli and Vezzoni is of fourth
order which makes it really hard to work with, due to a poor understanding of fourth order elliptic
equations.

On the other hand, the parabolic approach turned out to be successful for SKT metrics. Streets and
Tian in [302] introduced the pluriclosed flow as the following evolution equation:

0
&gffSJrQ, 9(0) = go,
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where S is the second Chern-Ricci tensor while @) is an appropriate quadratic expression in the torsion
of the Chern connection. It was proved in [302] that the pluriclosed flow preserves the SKT condition
and it can be rewritten as an evolution equation of (1,1)-forms as follows:

Qw = —(RicB(w)), w(0) = w,

ot

where Ric®(w) is the Bismut-Ricci form of w, which closely resembles the structure of the Kihler-Ricci
flow. Besides not having the same good analytic properties of the Kéhler-Ricci flow, such as the reduction
to a flow of potentials, many results concerning the pluriclosed flow are known, see [32] [33] 37, [38], 54!
99| (111, (118, 122, 125, [146, 198, 272, 294] 295, 296], 297, 298| 299] 300, 304, [305, 307, 341, B42]. Among
these, one of the most important is the gauge-equivalence of the pluriclosed flow with the generalized
Ricci flow, which is the following coupled system of evolution equations:

29 =—2Ric(g) + $H* ¢(0) = go,
%H:AgH H(O):HOa

where Hy is a closed 3-form, Ric(g) is the classical Ricci tensor and the symmetric (2,0)-tensor H? is
defined by:
H*(X,Y):=g(xH,iyH), X,Y cT(TM).

Besides being a straightforward generalization of the Ricci flow, the generalized Ricci flow arises naturally
in the context of Hitchin’s generalized Geometry, see [84] [82] [144], 149, [177, 208, 2306} 2811, 282], 283], as a
flow of generalized metrics.

Having the equivalence between the pluriclosed flow and the generalized Ricci flow in hand, we focused
our study on the behaviour of the generalized Ricci flow to obtain information on the pluriclosed flow,
especially on solvmanifolds, i.e. quotients of solvable Lie groups by a discrete subgroup.

Our main theorem in this direction is stating that the homogeneous generalized Ricci flow has long-
time existence on any solvmanifold.

Theorem C. Any invariant solution to the generalized Ricci flow on a solvmanifold exists for all positive
times.

More generally, we characterise the maximal existence time for the invariant generalized Ricci flow on
any Lie group G in terms of the blow-up behaviour of the generalized scalar curvature, see Theorem [3.2.33
An invariant solution is simply a solution to the generalized Ricci flow on G/I" that lifts to a left-invariant
solution on G.

As a straightforward corollary of Theorem [C] we obtain the long-time existence of the homogeneous
pluriclosed flow on any solvmanifold endowed with a left-invariant SKT structure.

Corollary D. Any invariant solution to the pluriclosed flow on a solvmanifold endowed with a left-
invariant SKT structure exists for all positive times.

Surprisingly, the elliptic and parabolic approach are both well-suited for the study of canonical HK'T
metrics. Nowadays, a great source of interest towards the HKT world is represented by the quaternionic
Calabi conjecture, firstly formulated by Alesker and Verbitsky in [9]. Mimicking the Calabi conjecture
in Kéahler geometry, the quaternionic Calabi conjecture states that we can always prescribe the complex
volume or, equivalently, the first Chern-Ricci form of the given manifold within the HKT class of a
fixed HKT metric. This conjecture can also be reformulated as the problem of finding solutions to the
so-called quaternionic Monge-Ampére equation. Even though the quaternionic Calabi conjecture is still
open, partial results of the validity of the conjecture were proved in [7, [89, 157, [158] 159]. Furthermore,
a parabolic approach, using the parabolic quaternionic Monge-Ampére equation, was used to prove the
known results regarding the quaternionic Calabi conjecture, see [46], 47, [160]. Although both approaches
are suitable, to prove the existence part of the quaternionic Calabi conjecture, some technical difficulties
are arising in the proof of a priori estimates, mainly due to the geometric situation. A great source of
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complications is the fact that, in general, a hypercomplex manifold might not be locally isomorphic to
open sets of H", thus making it impossible to consider local quaternionic coordinates. Other issues are
arising from the presence of the derivatives of complex structures which might not be vanishing.

Mainly due to these obstacles, we focus our study on more curvature-related aspects of HKT and
other types of special hyperHermitian metrics. Specializing the attention on strong HKT metrics, we
managed to prove the following theorem, providing a strong evidence of the validity of Conjecture [A] in
the hypercomplex setting.

Theorem E. Let (M,H, Q) be a compact strong HKT manifold, then there exists no balanced hyper-
Hermitian metric compatible with H, unless the manifold is hyperKahler.

The main property used in the proof of Theorem [E]is the fact that the J-anti-invariant part of the
first Chern-Ricci form of a strong HKT metric is positive semidefinite, but not identically vanishing,
unless the metric is hyperKéahler, see Proposition [£.5.2]

The present thesis is structured as follows.

Chapter [1] is meant to be an introduction to all the different Geometries we will treat throughout the
thesis. In particular, we recall the basic knowledge in complex Geometry, together with the description
of the main properties of balanced and SKT metrics. Then, we move to the broader framework of
generalized Geometry, rewieving the preliminary definitions, necessary to introduce the generalized Ricci
flow. Finally, we restrict our attention to hypercomplex and hyperHermitian Geometry, discussing the
main concepts in these settings and the definitions of HKT and other types of hyperHermitian metrics.

Chapter [2] is focused on the proof of Theorem [B| which consists in a classical gluing procedure. After
setting up the constant Chern scalar curvature equation and comparing the problem with the one arising
in Kéhler Geometry, we perform a deformation argument which allows us to conclude. Moreover, we
prove a similar result when a suitable (n — 2, n — 2)-form is available and discuss some examples on which
such form exists.

Chapter [3] is divided in two main sections. In Section [3.1] we collect results on the behaviour of the
pluriclosed flow on Oeljeklaus-Toma manifolds, which are particular solvmanifolds endowed with a left-
invariant complex structure, generalizing the Inoue surfaces. In Section [3.2] we study the homogeneous
generalized Ricci flow on Lie groups. In order to prove Theorem [C] and, consequently, Corollary we
perform a systematic study of the generalized Ricci flow with symmetries by using the generalized bracket
flow, a suitable flow in the space of Dorfman brackets on a fixed exact Courant algebroid. We moreover
study the asymptotics of the generalized Ricci flow on nilmanifolds highlighting particular behaviours,
called generalized nilsolitons.

In Chapter [} we give a detailed treatment of the properties of special hyperHermitian metrics,
providing necessary and sufficient conditions for their existence. Then, we focus on the study of curvature
aspects, especially, in the case of strong HKT metrics, ultimately proving Theorem [E] Finally, we define
a relevant notion of hyperHermitian Einstein metric and discuss some examples.
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Chapter 1

Preliminaries

The first chapter of the present thesis serves the purpose of introducing and discussing all the necessary
and basic notions for the next chapters.

The starting point of all the treatment is the study of complex Geometry, in particular of special Her-
mitian structures on a given complex manifold. The presence of a complex structure on the fixed manifold
imposes many restrictions, for instance on the dimension of the manifold itself, but, at the same time, it
produces a wilder scenario from the differential and curvature point of view. The very first evidence of
this is the presence of many canonical connections preserving the complex and metric structure, at least
in the non-Kéhler case. Then, as for the Levi-Civita connection in Riemannian Geometry, it is natural to
study the geometries of such connections. Especially in the case of the Chern and Bismut connection, the
geometries arising highlight preferred types of Hermitian metrics, usually defined through cohomological
conditions. The first section of this chapter has the objective to explain how these connections are defined
and how they define special Hermitian metrics as preferred metrics for their study. We then describe the
main properties of such metrics.

On the other hand, complex Geometry can be regarded as a special instance of a wider subject, called
generalized Geometry, which was introduced with the precise aim of unifying the treatment of complex
and symplectic Geometry. Among the most important facts defined and proved in generalized Geometry,
an analogue of the classical Ricci flow, called generalized Ricci flow, was proposed to study generalized
Geometry. The second section of this chapter discusses the main features in generalized Geometry towards
the definition of such flow, describing its properties and its, both analytic and geometric, structure. As a
direct connection with complex Geometry, the generalized Ricci flow has a strict relation with a geometric
flow of Hermitian metrics, called pluriclosed flow. We will explain how these two flows are related.

Looking from another point of view, one may ask for even stricter geometries than complex one. A
possibility one has is to require the given manifold to admit globally defined endomorphisms behaving
like the quaternionic units. As a matter of fact, this requirement is equivalent to ask for a pair of anti-
commuting complex structures on the manifold we are studying, giving rise to the so-called hypercomplex
Geometry. As for the complex case, the imposition of a stricter geometry has the effect of generating,
especially from the metric point of view, new features. The third section of this chapter serves the aim of
introducing the basics concepts in hypercomplex and hyperHermitian Geometry and that of discussing
the exclusive notions defined in this environment.

Finally, in the fourth and last section of this chapter, we define two types of convergences in the space
of Riemannian manifolds, namely the Gromov-Hausdorff and the Chegeer-Gromov convergence. These
two concepts turned out to be relevant in the study of geometric flows both from the topological and from
the differential point of view, giving quantitative notions of collapsing and smooth convergence modulo
diffeomorphisms.



2 CHAPTER 1. PRELIMINARIES

1.1 Basics in complex Geometry

This first section has the aim of presenting all the basic knowledge in complex and Hermitian Geometry
we will need throughout the thesis. The section is divided in three subsections. In Subsection [1.1.1
we quickly review some basic properties of complex manifolds, as, for instance, the splitting of the
complefixied bundle of differential forms and the definition of first Chern class. Moreover, we present
the classical blow-up procedure. Later, we recall general facts concerning the Hermitian geometry of
a fixed manifold, discussing the definition of Gauduchon connections and of the Ricci 2-forms. In the
last part, we present some definitions and results regarding complex orbifolds. In Subsection we
give the definition of balanced metrics and state their principal properties both from a geometric and
analytical point of view. Finally, in Subsection [[.1.3] we give the definition of SKT metrics, describe the
Fino-Vezzoni conjecture and, lastly, define the pluriclosed flow, ending the section discussing some results
about the aforementioned flow.

1.1.1 Complex and Hermitian structures on manifolds and orbifolds
We start this subsection by recalling the main objects we want to study, i.e. complex manifolds.

Definition 1.1.1. Let M be a Hausdorff topological space. M is said to be a complexr manifold of
complex dimension n if, for any point p € M, there exist a neighbourhood U, of p and a homeomorphism
op: Uy, = ¢(U,) C C" such that, whenever U, N U, # 0, for some p,q € M, the map

¥p © ‘Pgl pq(Up NUg) = p(Up NTy)
is a biholomorphism.

Example 1.1.2. Any open set of C" is a complex manifold. Thus, C"\{0} is a complex manifold.

As in the smooth category, if we have a Lie group G acting holomorphically, i.e. for any g € G, the
map p — g - p is holomorphic, freely and properly on a complex manifold M, then, the orbit space M/G
inherits a unique structure of complex manifold such that the projection onto the quotient

m M — M/G

is holomorphic. This gives rise to many examples. For instance, the complex projective space CP" =
% is a complex manifold, where, of course, the action on C* is defined by \-z = Az, for all A € C*
and z € C"*1\{0}. The complex structure on CP" defined in this way coincides with the usual complex
structure defined using affine open sets.

Before discussing other examples, we want to explore in a better way what a complex manifold
structure allows us to define. Let M™ be a complex manifold. For any p € M, we can find holomorphic
coordinates {z1, ..., 2,} around the point p. On the other hand, we can write z; = x; + /—1y;, for any
i=1,...,n, and infer that

0 1/ 0 — 0 0 1/ 0 — 0
0z; o 5 <8Z‘Z - _18yi> ’ 0z; o 5 (6331 + _18yl> '

Thus, for any point p € M, we can define J, € End(7,M) such that
0 0 0 0

Pox; oy POy 0w

One can easily check that J, does not depend on the choice of the coordinates we did and thus defines
J € End(TM) such that J? = —Id. Moreover, the action of .J can be extended by C-linearity to the
complexified tangent bundle

TM®:=TM ®C.
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Now, since J? = —Id, we obtain two eigenbundles of TM®
TYM = ker(J — vV—11d), T°'M :=ker(J +v/—11d),

such that
TM® =T1"M & T%' M,

which are respectively called holomorphic and anti-holomorphic tangent bundle of M. One can easily
check that
NTYM) ~{X —V-1JX | X e (TM)}, TYOM=T%"M. (1.1)

It is easy to show that, if J is induced by a complex manifold structure on the manifold as above,
[D(TYOM), T(T M) € T(THOM),
i.e. TVOM is a subbundle of TMC. This last condition is, using , equivalent to ask for
Ny (X, V) =[X, Y]+ J([JX, Y]+ [X,JY]) - [JX,JY], X, Y eI(TM)

to be identically vanishing. The tensor N is called Nijenhuis tensor of J. Usually, J € End(TM)
such that J? = —Id is called almost-complex structure on M. While if Ny = 0, J is called integrable
almost-complex structure or just complex structure on M.

By Newlander-Niremberg Theorem, having an integrable almost-complex structure is equivalent to have
a complex manifold structure on M which induces J.

Theorem 1.1.3 ([245]). Let (M?",J) be a smooth manifold endowed with J € End(TM) such that
J? = —1Id. Then, J is induced by a complex manifold structure on M if and only if Ny = 0.

Throughout this thesis, we will be concerned only on integrable almost-complex structures. For this,
we will refer to J as the complex structure.
In view of Theorem we can produce many more examples of complex manifolds.

Example 1.1.4. Let G be a Lie group endowed with an almost-complex structure J which is bi-invariant,
i.e. both left and right-invariant. Then, J is integrable, thus, G is a complex manifold. Moreover,
the multiplication rule and the inversion are holomorphic, giving G a structure of complexr Lie group.
Conversely, any complex Lie group can be endowed with a bi-invariant complex structure.

Let G be a Lie group endowed with a complex structure J which is left-invariant. This guarantees
that (G, J) is a complex manifold. On the other hand, if we assume that I' is a discrete subgroup of G
acting freely and properly discontinuous by left multiplication, then, J descends to the quotient G/T,
providing a complex structure on G/T.

An important example which will be central later is the Iwasawa manifold. We consider the Lie group

1 Z1 zZ9
Heis(3,C) = 0 1 =z 21,29,23 € C
0O 0 1

As one may check easily, the multiplication rule on Heis(3,C) turns out to be holomorphic, giving
Heis(3,C) a complex Lie group structure. This guarantees the existence of a complex structure J which
is bi-invariant. Now, we can consider the subgroup Heis(3, Z[v/—1]) of Heis(3, C) which is a lattice. Then,
by the discussion above, we have a complex structure J on

M = Heis(3, C)/Heis(3, Z[v/—1])

which is called Iwasawa manifold. M is a threefold which is usual discussed as the first example of a
non-Kéhler complex manifold satisfying all the restrictions of Kéhler manifolds on the Betti numbers.
Indeed, M fails to be formal in the sense of Sullivan, see [309], which is a necessary condition to be
Kaéhler, see [80].
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Other examples of complex manifolds are the so-called holomorphic fiber bundles over a given complex
manifold. These manifolds are, locally, biholomorphic to the product of an open set of the base manifold
with another complex manifold, called the fibre.

Definition 1.1.5. Let M be a complex manifold. A holomorphic fiber bundle with typical fibre F' is a
complex manifold F, called total space, endowed with a holomorphic map

mBE—-M
such that, for any p € M, there exist a neighbourhood U of p and a biholomorphism
Y:Ux F— a1 (U)

such that m ot = pr; where pry: U x F — U is the projection onto the first factor. If F' is a complex
vector space of dimension k, then, E is called holomorphic vector bundle of rank k over M. In the special
case in which k£ = 1, F will be called line bundle over M.

Once the concept of line bundle is in hand, we can define the blow-up of a given complex manifold
in a point. This procedure allows us to produce a different complex manifold by, heuristically, replacing
a point of the starting manifold by a complex projective space. We start recalling the definition of the
blow-up of C™ at the origin.

Definition 1.1.6. The blow-up BlyC™ of C™ at the origin 0 € C™ is the total space of the line bundle
O(-1) over CP"~ 1.

The line bundle O(—1) is usually called tautological line bundle and its total space can be described
as follows:
O(=1)={({t,z) eCP"* xC" | z € £}

with the projection map
p: O(=1) - Ccp*!

such that p(¢, z) = ¢, for all (¢,2) € O(—1). The zero section of p will be denoted with E ~ CP"~! and
it will be called exceptional divisor. On the other hand, we can consider the map

m: O(-1) - C"
such that 7(¢, z) = z, for all (¢, z) € O(—1). Of course, 7 is holomorphic and restricts to a biholomorphism
m: BlpC"\E — C"\{0}.

The map 7 is usually called blowdown map.
Then, the blow-up of a given manifold in a certain point consists in a connected sum between the
manifold and BlyC" via the blowdown map .

Definition 1.1.7. Let M"™ be a complex manifold and p € M. We identify a neighbourhood centered at
p with a ball B C C". The blow-up Bl,M of M at p is constructed by replacing B with 7=!(B) using
the biholomorphism

7o Y(B\{0}) — B\{0}.

The blow-up of M at p is then a complex manifold endowed with a map
m: Bl,M — M
which is a biholomorphism when restricted to

7m: BL,M\E — M\{p}
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where £ = 7~ !(p) ~ CP"! is the exceptional divisor. The blow-up construction turned out to be
fundamental, especially in Algebraic Geometry. To give a glimpse of this fact, we remark that, besides
from CP2? and CP' x CP!, all the Fano surfaces, also known as Del Pezzo surfaces, are blow-ups of CP? at
1 < k < 8 points, see [85] or [T29, Theorem 5.16]. Another important theorem stressing the importance
of the blow-up is Theorem that we will state later on in this section.

Let us now turn our attention to a more differential geometric point of view. From now on, let (M, J)
be a complex manifold. The splitting of the complexified tangent bundle gives rise to a splitting of the
complexified bundle of differential form in any degree:

MMeC= @ APIM,  APIM = AP(TOM)* @ AT M)*, keN, (1.2)
p+a=k

where AP9M is called the bundle of (p, q)-forms. Moreover, we will denote with AR” M the bundle of real
(p, p)-forms, i.e. those o € AP’ M such that @ = . Then, for any k € N, we can consider the projection

7P APM @ C — APIM .
The presence of the above projections guarantees the splitting of the exterior differential: for any k € N,
d=0+4+9, onAPIM, 9:=aPtl0d, 9:=aP9Tlod.

It is easy to prove, using that d? = 0, that the following hold:

9?=0, 9=0, 90=-00. (1.3)

Another interesting and useful differential operator on forms is the twisted exterior differential d¢. In
order to define it, we extend the action of J on k-forms as follows:

(Ja)(X1,..., Xp) =a(JX1,...,JX), Xi,...,X, €eT(TM). (1.4)

We remark here that the action of J in (1.4)) might differ by a sign from that used by many authors in
literature.
Then, the twisted exterior differential is defined by

d¢ = J'dJ.

An easy computation shows that d® = /—=1(0 — 8). Using the latter expression and (L.3), we have that
dd® = 2i00.
The relations (|1.3)) give rise to different cohomology rings respectively defined by:

ker & N ker O ker 00

ker 0
H5(M) := =— .
Imo+Imo

" Imo’
The cohomology ring Hj is called Dolbeault cohomology ring and it plays an important role in the study
of Hodge theory in Kéahler Geometry, see [191, Corollary 3.2.12], while Hgc and Ha are respectively
called Bott-Chern and Aeppli cohomology rings. These two are characteristic of non-Kéhler Geometry
and, respectively, they play important roles in the study of balanced and SKT metrics.

Let us now focus on the study of line bundles over a given compact complex manifold M. It can easily
be seen that the set of isomorphism classes of line bundles endowed with the tensor product is a group
which is classically called Picard group and denoted with Pic(M). On the other hand, making use of the
transition maps, one can infer that
Pic(M) ~ H'(M,03%,),

where O3, is the sheaf of nowhere vanishing holomorphic functions on M. Then, we can consider the
exponential exact sequence:

/=T
0 Z On 255 0%, 0.
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This of course will give rise to a long exact sequence in cohomology:
. —— H'(M,Z) —— H"(M,0Op) — Pic(M) —2— H*(M,Z) — ... (1.5)

Definition 1.1.8. The first Chern class ¢1(L) of a line bundle L over M is the image of L via the
boundary map ¢ in (|1.5)).

The splitting of differential forms gives rise to a special line bundle K; = A™°M over M™ which is
called canonical bundle of M. The canonical bundle has a really important role both in Differential and
Algebraic complex Geometry. Indeed, some of the most studied classes of complex manifolds are defined
in terms of properties of the canonical bundle. For instance, Calabi-Yau manifolds are complex manifolds
which have holomorphically trivial canonical bundle, while Fano manifolds are complex manifolds having
— K which is ample. Even though a general complex manifold might be neither Calabi-Yau nor Fano,
classes of complex manifolds can be distinguished in terms of various invariants stemming from the
canonical bundle. The very first one is the first Chern class of the manifold.

Definition 1.1.9. Let M be a complex manifold. The first Chern class ¢1(M) of M is the first Chern
class of —K )y, i.e.
c1(M) == c1(—Ky) € Hig(M,Z) " Hy (M) .

Even though the first Chern class is a holomorphic invariant, many compact complex manifolds can
have the same first Chern class. For instance, for a compact complex manifold, it is sufficient to have
topologically trivial canonical bundle to have vanishing first Chern class. Then, for example, any Lie
group endowed with a left-invariant complex structure has vanishing first Chern class. However, the first
Chern class of M is related to the curvature properties of the manifold itself, as we will see later.

Another invariant one can define using the canonical bundle is the Kodaira dimension.

Definition 1.1.10. Let M be a complex manifold. The Kodaira dimension of M is defined as

log dim HO(M, K3/
k(M) := lim sup og dim A7 (M, Ky/')

k—o00 IOg k ’
where k(M) = —o0 if K?}k has no non-trivial holomorphic sections, for any k € N.
The Kodaira dimension turns out to be a birational invariant. Moreover, x(M") € {—00,0,1,...,n}.

The Kodaira dimension was also found to be a useful tool to partially classify compact complex surfaces.
With all the basic definitions set, we now focus our attention on the metric properties of complex
manifolds.

Definition 1.1.11. Let (M, J) be a complex manifold and g a Riemannian metric on M. The metric g
will be called Hermitian if
g(JX,JY)=9(X,Y), X, Y eD(TM).

A Hermitian metric g on a complex manifold M defines the so-called fundamental form w associated
to g as follows:
wX,Y):=9g(JX)Y), X, YeI'(TM).

As one can check, w € A2M and Jw = w, which, in turns, implies that w € AHIQJM. By definition, w
turns out to be positive definite, i.e.

w(X,JX)>0, XeTM, X +#0.
Moreover, by knowing 2 elements among g, J,w, one can recover the third one. Indeed,

g(X,Y)=w(X,JY), JX =(xw), X,YecI(TM).
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Thanks to this, as it is customary in complex Geometry, we will refer to w as the Hermitian metric. In
what follows, we will be referring equivalently to the triple (M, J,w) or to the pair (M,w) as a Hermitian
manifold, possibly omitting the complex structure when no confusion is made.

Let us fix a Hermitian metric w on M. We know that w is positive definite, hence, w™ € Az M is a
volume form on M. It is easy to check that, up to an appropriate constant, it coincides with the volume

form induced by the Riemannian metric:
n

w
H = VOlg .

As in the Riemannian case, we can consider the Hodge star operator. We recall here its definition.

Definition 1.1.12. Let (M™,w) be a Hermitian manifold. We define the Hodge star operator * as

follows:
n

w
a/\*ﬁzg(a,,@’)—' . a,fe A M,
n!
where the inner product g on k-forms is the naturally induced one by the Hermitian metric.

On the other hand, the Hodge star operator can be C-linearily extended to

AMeC:=FnMec).
keN

The resulting operator satisfies the following:

n

ansf=gla.f) =, afeNMaC, (1.6)

where here g is the Hermitian extension of g to A* M ® C. In what follows, we will denote both the Hodge
star operator and its C-linear extension with the same notation, since no confusion will be possible.
The Hodge star operator satisfies many useful properties collected in the following proposition.

Proposition 1.1.13. Let (M",w) be a Hermitian manifold. Then, then following hold:
1. x: APIM — A" 9PN
2. for any o € A*M and B € A*""FM, we have that

gla, %B) = (—1)FCE =R g(xa, B) ;

3. x is an isometry for g on A*M .

We refer to [I91, Proposition 1.2.20] for the proof of Proposition [1.1.13
An important operator one can define when a non-degenerate 2-form w is in hand is the Lefschetz
operator Ly, : A*M — A*+2)M such that

Loo:=aAw, acAFM.

Starting from the Lefschetz operator, one can define its adjoint operator with respect the inner product
on forms induced by the Hermitian metric.

Definition 1.1.14. Let (M,w) be a Hermitian manifold. The adjoint A, of the Lefschetz operator is
defined by:
9(Awa, B) = gla, LuB), e AFP2M, Be AFM.

It is easy to verify that A, = * 'L x. A form a € P* := ker A, N A*M is called primitive k-form.
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Frequently, when no confusion can be made, we will omit the dependence on the Hermitian metric w
in both L and A.

In general, we do not have a precise expression for A,,. However, one can obtain it in some special
cases. The case we will use more frequently is that of (1,1)-forms. Indeed, one can easily see that, if
a € AV M, then,

n—1
A,a= nw . (1.7)

wn
In the next sections, from time to time, we will refer to A, « as the trace of o with respect to w or, when
no confusion is possible, as the trace of «.

Proposition 1.1.15. Let (M"™,w) be a Hermitian manifold. The following hold:

1. If H: A*M — A*M is defined by Ha := —(n — k)a, then the action of L, A and H determines a
5[(2, C)-representation on A*M, i.e.

[H,L]=2L, [HA=-2), [L,A]=H:;

2. We have the following orthogonal decomposition:

Ak‘M —_ @Li(Pk—Qi) :

i>0

3. For any k >n, Pk =0;

Lk ARM — A*™=FM is bijective, for any k < n;

A

if k <n, P* =ker L" *t1 N AFM;

6. for any o € P*, k <mn,

) k(k+1) il )
*La=(-1)"7 J 'Ja/\w"_J_k.

(n—j—k)

We refer to [I91, Proposition 1.2.26, Proposition 1.2.30, Proposition 1.2.31] for the proof of Proposi-
tion

Let us now consider (M, w) to be a compact Hermitian manifold. On M, we can define a inner product
on the whole algebra of differential forms which is usually known as the L2-inner product.

Definition 1.1.16. Let (M, w) be a compact Hermitian manifold. The L2-inner product is defined by:
<a76>L2 ::/ g(a7ﬁ)w7|:/ aA*/Bv O‘7B€AkM®C-
M n M

The L2-inner product defines a Hilbert space structure on the whole algebra of differential forms.
This allows us to define the formal adjoint operators of d, 9 and 0.

Definition 1.1.17. Let (M,w) be a compact Hermitian manifold. The operators d*, d* and 9* are
defined, respectively, by the following:

<d*a7/B>L2 = <a7dﬂ>L2 ) <a*avﬁ>[z2 = <aaaB>L2 ) <5*aa/8>L2 = <a75/B>L2 .
Moreover, we have that d* = — * d%, 0* = — % 0, 0* = — x 0% and d* = 0* + 0*.

Then, with these operators, we can define various Laplacian operators.
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Definition 1.1.18. Let (M, w) be a compact Hermitian manifold. The Hodge-Riemann Laplacian and
the complex Laplacians are defined, respectively, by:

Ay = [d,d*], Ap:=1[0,0"], Ay:=[0,0"].
Here, we used the graded Lie bracket on the algebra of endomorphisms of A®*M, i.e.
[A, B] := AB — (—1)de4deBpA
where degA is defined as the integer such that
A: AFM — AFFdesApg

Hence, with this in hand, for instance, we recover the classical expression of the Hodge-Riemann Laplacian
as
Ay =[d,d*] =dd* 4+ d*d.
Another Laplacian can be defined on fuctions on a Hermitian manifold and it is called Chern Laplacian.

Definition 1.1.19. Let (M™,w) be a Hermitian manifold. The Chern Laplacian A, is defined by:

Awf — Aw(\/jlaéf) _ n\/j@(i{ﬂ/\ w"—l

, feC™(MR).

The relation between the Chern and the Hodge-Riemannan Laplacian was investigated by Gauduchon
in [152].

Theorem 1.1.20 ([I52], Formula (4)). Let (M™,w) be a compact Hermitian manifold. Then, we have
2Awf: _Adf+g(df79)a f € COO(MaR)7 (18)
where 8 € A'M is the Lee form of w, defined by dw™ ! =0 Aw" 1.

Even though the Lee form is defined implictly, we can recover an explicit expression in terms of J
and d*w. First of all, we note that 6 is well defined thanks to Item [4] of Proposition On the other
hand, using Item [6] of Proposition [[.1.15] one can infer that § = —Jd*w.

Throughout all the thesis, we will be interested in study of Hermitian metrics satisfying some coho-
mological condition. Historically speaking, the first one appeared is the Kéahler one.

Definition 1.1.21. Let (M,w) be a Hermitian manifold. We say that w is Kdhler if dw =0.

The Kahler condition might be thought as the intersection between Riemmanian, complex and sym-
plectic Geometry and it plays an important role in the study of Differential and Algebraic Geometry.
Indeed, for instance, classical examples of K&ahler metrics are the Fubini-Study metric on CP™ and its
pullback to any smooth projective variety.

Example 1.1.22. Another example of Kéhler metric is the Burn-Simanca metric wgs on BlyC™. This
metric was defined in [227] and [285] and it is an asymptotically flat and scalar flat Kéhler metric. The
asymptotic flatness, in a more formal way, is equivalent to require that there exist a compact subset
K C Bl,C", R > 1 and a biholomorphism ¢: C"\B(0, R) — BlyC™\ K such that there exist A > 1 and
7 > 0 so that

A w, < prwps < Aw,,

where w, = /—109|¢|? is the flat Kihler metric on C™\B(0, R), and
QD*WBS :wo‘i’o(‘diT)a ‘d — 00.

Indeed, assuming n > 3 and using the standard coordinates ¢ on BlyC"\ E ~ C"\{0}, wps can be written
as:

wps = V=190(ICI* +(¢l)), (€)= O(I¢*™*"),  [¢] = o0, (1.9)

where F is the exceptional divisor of BlyC™.
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The Kahler condition allows to compute several commutation rules between the differential operators
d, 0 and 0 and their adjoints with the operators L and A.

Theorem 1.1.23. Let (M,w) be a compact Kdihler manifold. Then, the following hold:
1. [L,d] =0 and [A,d*] = 0;
2. [d*, L] = —d° and [A,d] = —(d°)*;
3. AQZAQZ%Ad.

For a proof of these identities, we refer to [I91l Proposition 3.1.12] or to [I55 Proposition 1.14.1].
Moreover, the Kéahler condition is the right condition to impose on a Hermitian metric for the associated
Levi-Civita connection to preserve the complex structure.

Proposition 1.1.24. Let (M, J,w) be a Hermitian manifold. Then, w is Kdhler if and only if
DJ =0,
where D is the Levi-Civita connection associated to w.

On the other hand, since we will be concerned the most on non-Kéhler geometry, we will be focusing
on a special class of connections, called Hermitian.

Definition 1.1.25. Let (M, J,w) be a Hermitian manifold. A connection V is called Hermitian if
Vg=0, VJ=0.

Gauduchon in [I54] identified a line of special Hermitian connections, which are now called canonical
connections or Gauduchon connections.

Theorem 1.1.26 ([I54], Proposition 2(ii), Definition 2). Let (M, J,w) be a Hermitian manifold. Then,
for all t € R, there exists a Hermitian connection V! characterized by the following:

t+1

t—1
9(VY, Z) = g(DxY. Z) + ——~(d°w)(X, Y, Z) + —~(d'w)(X,JY,JZ), X,Y.Z€eT(TM). (1.10)

In the case in which w is K&hler, the Gauduchon connections all coincide with the Levi-Civita one.
On the other hand, if w is not Kéhler, the Gauduchon line is a proper line and the choice of different
connections in the line determines different geometries of the manifold. Among the Gauduchon connec-
tions, we can find two important Hermitian connections previously defined, respectively, by [78] and by
[52] 308].

Definition 1.1.27. Let (M, J,w) be a Hermitian manifold. The Chern connection V is the unique
Hermitian connection such that 7! = 0, where T is the torsion of V, i.e.

T(X,)Y):=VxY -VyX -[X,Y], X,YeI'(TM).
The Bismut connection V® is defined as the unique Hermitian connection such that
H:=g(T?(,"),") e A*M.

Respectively, the Chern and the Bismut connection correspond to the choice of the parameter ¢t = 1
or t = —1 in the Gauduchon line. Then, using (|1.10)), one can infer that

H=dw. (1.11)

The Chern and the Bismut connection play a natural role in the study of some special Hermitian
metrics. Before discussing them, we recall the definition of the Ricci 2-form and the scalar curvature of
the Gauduchon connections.
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Definition 1.1.28. Let (M, J,w) be a Hermitian manifold. For any ¢ € R, we define the Ricci form of
V? as follows:

1
Ric'(w) := —Etr(JRt), (1.12)
where R’ is the curvature tensor associated to V. Moreover, the scalar curvature of V? is defined as:

Ric!(w) Aw™™!

s'(w) := ARic'(w) = (1.13)
In what follows, we will refer to Ric“"(w) := Ric'(w) as the first Chern-Ricci form and to Ric®(w) :=
Ric™!(w) as the Bismut-Ricci form as well as s (w) and sB(w) as, respectively, the Chern scalar curvature
and the Bismut scalar curvature.
We have an explicit expression of the Ricci forms of V¢, for all ¢ € R, in terms of the first Chern-Ricci
form.

Lemma 1.1.29 ([I70], Formula 8). Let (M,w) be a Hermitian manifold. Then, for all t € R, we have

t—1
Ric!(w) = Ric™(w) + ——ddw. (1.14)

Let us focus our study in the particular cases in which ¢ = 1. As we remarked before, choosing the
parameter t = 1 is equivalent to study the Chern connection. Now, computing explicitly the components
of the curvature tensor of the Chern connection in local holomorphic coordinates, we have that

_ 8291@[ _’_gpqagkti 8910[
82102]' 0z; 82j '

Then, tracing as in ([1.12]), it is easy to check that locally
Ric™"(w) = —v/—=10dlogw™" € A]%R’lM7

Rijki =

giving that RicCh(w) is d-closed and, hence, defining a De Rham cohomology class. We claim, that, up
to a factor, this cohomology class coincide with the first Chern class of M.

First of all, we know that any Hermitian metric on M induces a Hermitian metric h on the fibres
of —Kj;. Then, one can consider the Chern connection V associated to h on —Kj; and produce its
curvature Fy := (V)? € I'(M, A" M ® End(—K s, h)). Chern-Weil theory, see for instance [I91, Section
4.4], then ensures that

cl(M) = {\éftro} € Hig(M,R)n Hy' (M).

On the other hand, in this specific case, /—1trFy = RiCCh(w). Then, this allows us to infer that the
Chern-Ricci form is a representative of the first Chern class of M, up to a factor 2. On the other hand,
a different Hermitian metric A’ on — K, can be written as b’ = e/ h, for some f € C°°(M,R). Then, the
trace of the curvature of the Chern connection associated to h’ will satisfy the following:

V-ltrFy,, = V—-1trFy, + vV—100f .

This guarantees that c¢1(M) does not depend on the choice of the metric on M. Moreover, it gives us
that iRicCh(w) defines a class in Héé(M ,R) which does not depend on the choice of the metric on M.

Definition 1.1.30. Let (M,w) be a Hermitian manifold. The first Bott-Chern class ¢C(M) of M is
defined as

1
BC(M) = [RicCh(w)] € Hyo(M,R).
2 BC
More in general, if L is a line bundle over M, we define the first Bott-Chern class of L as follows:
v—1
BC(L) = { tro} € Hy\(M,R),
2 BC

where Fy is the curvature of the Chern connection associated to any Hermitian metric on L.
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Example 1.1.31. Let M™ be a compact complex manifold and p € M. Then,
K,y =m"Ky +(n—-1)E,
where 7 is the blowdown map and FE is the exceptional divisor. This allows us to infer that
PO BL,M) = 7* (M) — (n — 1)[E]pc, (1.15)
where [E]gc is the first Bott-Chern class of the line bundle associated to E in Bl,M.

Remark 1.1.32. Assuming w to be Kahler, we know that the Guaduchon line will collapse to the
Levi-Civita connection. This, in particular, gives us that, for all t € R,

Ric’(w) = Ric(w)

the classical Ricci form of w. Using the d0-Lemma, we can deduce that c;(M) = cB°(M) when M is
Kahler. Moreover, using Theorem [1.1.23] we can recover the classical contracted second Bianchi identity:

d*Ric(w) = —id°s(w) (1.16)

1

where s(w) is the Riemannian scalar curvature, up to a factor 5

On the other hand, on non-Kéhler manifolds, more precisely, on non dd-manifolds, the first Chern
and the first Bott-Chern classes might be different, see for instance [167].

In addiction, using the Chern-Ricci form, one can define a geometric flow of Hermitian metrics, called
Chern-Ricci flow.

Definition 1.1.33 ([323]). Let (M, wy) be a Hermitian manifold. The Chern-Ricci flow is the following
evolution equation:
%w = —Ric®"(w), w(0)=wo.

As one may see directly from the equation, the Chern-Ricci flow is a generalization of the more
classical K&hler-Ricci flow and, as that, it is equivalent to a parabolic complex Monge-Ampere equation
for the potentials, see [164] [323]. The behaviour of the Chern-Ricci flow was studied in [27] [96] 100, 164]
225, [323], 322] B44]. We will study its behaviour on Oeljeklaus-Toma manifolds in Section in more
details.

Related to the scalar curvature of the Chern connection, we can define another invariant of a line
bundle. Before doing that, we recall the definition of a Gauduchon metric.

Definition 1.1.34. Let (M™,w) be a Hermitian manifold. The metric w is called Gauduchon if
V=180 1 =0,
or, equivalently, if d*6 = 0.

Gauduchon in [I52] proved that Gauduchon metrics exist in any conformal class of a given Hermitian
metric on a compact manifold.

Theorem 1.1.35. Let (M",w) be a compact Hermitian manifold. If n > 2, then, there exists a unique
Gauduchon metric with unit volume in the conformal class {w} = {efw | f € C°(M,R)} of w.

We can now define the Gauduchon degree with respect to a given Hermitian metric of a line bundle
over a compact complex manifold as follows.
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Definition 1.1.36. Let (M™,w) be a compact Hermitian manifold and L be a line bundle of M. The
Gauduchon degree of L with respect to w is

n—1
n
I'(L = A
Ldwh) = [ 8o
where 7 is the unique Gauduchon metric in {w} with unit volume while [y] = 27cPC(L). If L = — K,

we will denote with I'({w}) := I'(— K, {w}) and we have that
reh = [ st = [ o Lo (117)
M n! M (n—1)!
I'({w}) will be called Gauduchon degree of the conformal class of w.
Let us conclude this section by discussing the basic concepts in the study of complex orbifolds.

Definition 1.1.37. Let X be a singular complex manifold of dimension n. We say that X is a complex
orbifold if, for all z € X, there exist a neighbourhood U C X of z and a finite subgroup G, C GL(n,C)
such that U is isomorphic to C"/G,. The points in which G, # 1 are called orbifold points and G, is
called orbifold group.

Examples of complex orbifolds can be constructed considering a finite group G acting holomorphically
and faithfully on a complex manifold M. Then, X := M/G is a complex orbifold where orbifold points
are precisely those in which Stab(z) # 1 and Stab(z) is the orbifold group. On the other hand, not all
complex orbifolds arise from finite quotients of complex manifolds, as the following example shows.

Example 1.1.38. Let n > 1 and ag,...,a, € N with no common factors. Then, we can define the
following action of C* on C"™\{0}:

A (20,00, 2n) == (AN20,..., A% 2,), A€C*,  (20,...,2,) € C"T\{0}.

Then, the quotient

n C\{0}
CPG....ap = -
is called weighted complex projective space. We refer to [202, p.135] for the proof that CPy . is a

complex orbifold. On the other hand, CPy
under the action of a finite group.

____ «, cannot be presented as a quotient of a complex manifold

One can give a precise definition of a metric on a orbifold.

Definition 1.1.39. Let X™ be a complex orbifold. A metric g on X is a genuine metric on the regular
part while, in a neighbourhood of a orbifold point x € X with orbifold group G, it can identified with
a Gg-invariant metric near 0 in C". We will say that g is Kéhler if it is Kahler both on the regular part
and near the orbifold points.

Especially in Chapter 2] we will be concerned on crepant resolutions of orbifolds. Crepant resolutions
can be defined generally on complex algebraic varieties.

Definition 1.1.40. Let X be a singular complex algebraic variety. A resolution (X ,m) of X is a pair
consisting in a normal, see [I75], p.177], smooth variety X and a proper birational map 7: X 5 X A
resolution is called crepant if

Kf( ~ T*KX .

We should remark that, given a complex algebraic variety, it always admits a resolution which is
obtained by a finite sequence of blow-ups.
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Theorem 1.1.41 ([I86, [187]). Let X be a compler algebraic variety. Then, there exists a resolution
m: X — X which is the result of a finite number of blow-ups.

On the other hand, not all the resolutions are crepant. First of all, we turn our attention on quotient
singularities. Let G C GL(n,C) be a finite subgroup acting on C". We further assume that G acts freely
on C™\{0} so that 0 is the unique singular point of C"/G. Since we want the canonical bundle of C"/G
to be well-defined and since g € G acts on A™°C" via multiplication by det(g), we need to impose that
G C SL(n,C). Now, any finite subgroup of SL(n, C) is conjugated to a subgroup of SU(n). Then, we will
suppose G C SU(n).

Remark 1.1.42. In view of Definition [1.1.39] for any finite subgroup G C SU(n), the flat K&hler metric
on C" descend to a Ké&her metric on C"/G.

Theorem 1.1.43 ([287, 275]). Let G C SL(n,C) be a finite group and n = 2,3. Then, C"/G admits a
crepant resolution. If n = 2, the crepant resolution is unique.

The scenario in higher dimensions is wilder. Given a finite subgroup G in SL(n,C), we can use a
criterion to check if C"/G has no crepant resolutions, see [204, Theorem 7.3.3] and [244], Theorem 2.3].
Using this, we can actually prove that C*/{4Id} has no crepant resolutions.

Let us now turn our attention to general orbifolds. As we saw before, a necessary condition for an
orbifold to admit crepant resolutions is that all the orbifold groups are cointaned in SL(n, C). Moreover,
near the orbifold point € X, the crepant resolution will be isomorphic to a crepant resolution of C"/G,.
Then, another necessary condition is that C"/G, must have a crepant resolution, for all orbifold points
x € X. Using Theorem [L.1.43] one can prove the following.

Theorem 1.1.44. Let X? be a complex orbifold with orbifold group in SL(3,C). Then, X admits a
crepant resolution.

To conclude this part, we will overview some basic facts about ALE metrics.

Definition 1.1.45. Let (M™, g) be a Riemannian manifold. We say that (M, g) is asymptotically locally
euclidean, or ALE, for short, to R"/G, G C SO(n) acting freely on R™\{0}, if there exist a compact set
K CM,R>0and 7: M\K — R™/G such that

1. 7 is a diffeomorphism of M\K with {x € R"/G | r(x) > R}, where r is the distance induced by
the flat metric g, of x from the origin;

2. for all k£ > 0,
D*(meg —g0) =O(r™""%), on {z eR"/G|r(z)> R},

where D is the Levi-Civita connection of g,.

We further say that a complex manifold (M™, J, g) is Kdhler ALE to C"/G, G C U(n) acting freely on
C™/{0}, if g is Kéhler, Item and Itemhold with respect to the flat Kéhler metric g, and, for all £ > 0,

D¥(myJ — J,) = O(r~2=%) on {z € C"/G | r(z) > R},
where J, is the standard complex structure on C"/G.

With this in mind, we can state the following theorem whose proof can be found in [202] or [203].

Theorem 1.1.46. Let G C SU(n) be a non-trivial finite group acting freely on C™"\{0} and let (X,7) a
crepant resolution of C™/G. Then, any class of a ALE Kahler metric admits a Kdhler Ricci-flat ALE
metric. Moreover, such metric warg satisfies the following: there exist Ry A >0 and v € (1 —2n,2 —2n)
such that

TWWALE = Wo — 243/ —100(r*=*") + O(r"), on {x € C"/G | r(x) > R},

where w, is the flat Kihler metric on C™"/G.

With all this in mind, we can switch our attention to the study of some special cohomological con-
ditions on Hermitian metrics, generalizing the Kahler one. We will be mostly interested in the so-called
balanced and SKT condition. We firstly study balanced metrics.
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1.1.2 Balanced metrics

First of all, we recall the definition of balanced metric on a given complex manifold.

Definition 1.1.47. Let (M",w) be a Hermitian manifold. The Hermitian metric w is called balanced if
dw™ 1 =0.

Historically, the balanced condition was firstly studied by Gauduchon in [I51] 153] under the name
of semi-Kdhler condition. Later, Michelsohn in [240] gave the name balanced to such metrics. A first
remark one can do is the following. The balanced condition is the unique condition among those of
type dwP = 0, for some p = 1,...,n — 1, which does not force the metric to be Kéhler. This can be
easily viewed using Item [4 in Proposition Another easy remark is that, on complex surfaces, the
balanced condition coincides with the Kahler one. So, since we will be concerned in the study of balanced
non-Kéhler manifolds, we shall always assume that n > 3. The balanced condition has many equivalent
conditions. We list all of them in the following proposition.

Proposition 1.1.48. Let (M",w) be a Hermitian manifold. The following are equivalent:
1. w is balanced;
2. d*w = 0;
3. dw € P3;
4. 0=0.

Proof. We have that
1

d*UJ = —*d*(JJ = —m*dwnilv
which gives the equivalence between Item [l|and Item [2| Using Item [5| of Proposition [1.1.15, we conclude
the equivalence between Item || and Item [3| Finally, recalling that @ is defined by dw™ ' = 0 Aw" ™!, we

have the equivalence between Item [T and Item [4] O

Examples of balanced non-Kéhler manifolds were provided by many authors. Abbena and Grassi in
[1] showed that a complex Lie group carries a left-invariant balanced metric if and only if it is unimodular.
This, for instance, guarantees that on SL(2,C) or on Heis(3,C) all left-invariant Hermitian metrics are
balanced. On the other hand, a complex Lie group is Kéhler if and only if it is abelian. Then, SL(2,C) and
Heis(3,C) are balanced non-Kéahler manifolds. In particular, the Iwasawa manifold inherits a balanced
metric, giving us a compact example of non-Kéahler balanced manifold. The result by Abbena and Grassi
combined with the classical result by Wang in [336] ensures that all complex parallelizable manifolds,
i.e. such that TV M is holomorphically trivial, are balanced manifolds. Other examples were found on
compact quotients of Lie groups, see for instance [I8],[19] 43} [70} (73] 113} 118, 119} 120} 128 167, [325], [326].

Regarding invariant examples, an important tool for the study of the existence and non-existence of
balanced metrics is the symmetrization process, introduced firstly by Belgun in [49]. We recall here the
main ideas.

Let G be a simply connected Lie group admitting a co-compact lattice I'. In particular G is unimodular
and admits a bi-invariant volume form v, see e.g. [242] Lemma 6.2], which we may normalize so that on
the compact quotient M = G/T" we have fM v=1.

Definition 1.1.49. The symmetrization map p sends a k-form on M to a left-invariant one by averaging
it against the bi-invariant volume:

pla) (X, ..., Xk) ::/ @ (Xtley s Xila)ve, a€AFM.
M

The symmetrization map has many properties, which are listed in the following proposition.



16 CHAPTER 1. PRELIMINARIES

Proposition 1.1.50. Let M = G/I' be a compact quotient of a Lie group endowed with a left-invariant
complex structure J. Then, the following hold:

1. ifa € A*M, k >0, is left-invariant, then p(a) = a;
2. pla A p(B)) = p(e) A u(B), for all o, B € A*M;

3. [d,pu] = 0;

4. [J,u] = 0.

Using this process, one is led to prove the following.

Proposition 1.1.51. Let M = G/I’ be a compact quotient of a Lie group endowed with a left-invariant
complex structure J. Then, M admits a balanced metric if and only if it admits a left-invariant balanced
metric.

As for non-invariant examples, we should mention the work by Fu, Li and Yau [133] in which the
authors produce compact non-Kéhler balanced manifolds via conifold transitions of smooth Kéhler Calabi-
Yau threefolds. Giusti and Spotti in [I68] proved that crepant resolutions of balanced orbifolds are
balanced. Moreover, Goldstein and Prokushkin in [I69] gave a general procedure to produce, starting form
a given Hermitian manifold satisfying some mild assumptions, a T2-principal bundle over the starting
manifold. If we specify, this construction for Calabi-Yau surfaces, or more generally, for hyperKéahler
manifolds, we can produce Hermitian manifolds which carry balanced metrics. Finally, the twistor space
of a hypercomplex manifold is balanced, see [205] [318].

On the other hand, many general properties of compact balanced manifolds are known, essentially,
stemming from the characterization of the balanced condition by Michelsohn in terms of currents. We
recall it, together with other simple properties, in the next theorem.

Theorem 1.1.52 ([240], Proposition 1.9, Theorem 4.7). Let M and N be two complex manifolds. Then,
1. if M and N are balanced, then M x N is balanced;
2. if M is balanced and f: M — N is a holomorphic submersion, then N is balanced;

3. M admits a balanced metric if and only if there are no non-trivial real, positive and d-closed (1,1)-
currents.

As previously anticipated, stemming from Item [3] of Theorem [1.1.52] Alessandrini and Bassanelli
managed to prove that the class of balanced manifolds is closed under proper holomorphic modifications.

Theorem 1.1.53 ([10, 12, [13]). Let M and N be two complex manifolds. Moreover, let f: M — N be
a proper holomorphic modification, i.e there exists a complex submanifold Y of N such that

frM\fHY) = N\Y
is a biholomorphism. Then, M is balanced if and only if N is balanced.

Theorem guarantees that all Fujiki class C manifolds are balanced, since, by definition, they
are bimeromorphic to a Kihler manifold. Moreover, Theorem highlights a stronger closedness
properties with respect to the Kéhler case. Indeed, Hironaka in [I85], 188] provided an example of a non-
Kéhler compact manifold obtained by a Kéhler (projective) manifold via a finite sequence of blow-ups
with smooth centers, proving the non-closedness of Kéahler manifolds under proper modifications. In view
of Theorem the latter will be balanced.

On the other hand, balanced manifolds are not open under small deformations, unlike the Kéhler ones, see
[210]. Indeed, Alessandrini and Bassanelli in [II] provided a small deformation of the Iwasawa manifold
which does not admit any balanced metric.

Turning our attention on more analytic and curvature aspects, balanced metrics can also be characterized
by the coincidence of the Laplacians, as in the Kéahler case, on smooth functions.
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Theorem 1.1.54 ([I51], Proposition 1). Let (M,w) be a compact Hermitian manifold. Then, w is

balanced if and only if

Ag=Az= %Ad =-A,, onC*®(M,R).

Theorem allows us to work equivalently in the balanced case, as in the Kahler one, with the
Chern Laplacian instead of the Hodge-Riemannan one. This, referring also to Theorem [I[.1.20] guarantees
that A, = A}, i.e. A, is self-adjoint.

From the curvature point of view, balanced metrics are the unique Hermitian metrics whose Ricci

2-forms coincide, using (|1.14)).
Proposition 1.1.55. Let (M,w) be a compact Hermitian manifold. Then, w is balanced if and only if

Ric“"(w) = Ric'(w), teR.
Moreover, w is balanced if and only if
s (w) =s'(w), teR.

We shall also remark that the same condition holds even in the almost-Hermitian case, see [335]
Corollary 3.3].
Every balanced metric is equipped with a Bott-Chern cohomology class which is usually called balanced
class:
"o € Hpg """ (M. R).

With the balanced class in hand, one can easily observe that the Gauduchon degree of the conformal
class of w, defined in 7 is completely depending on the balanced class and the first Bott-Chern class
of M. Indeed,
M) = [ Rie(@) n 2 = 2o (118)
" (n—1)! (n—1n"! Be- '
As it is classically known, the Kéhler class of a Kéhler metric is [w] € H, 3&(1\4 ,R). Thanks to the
00-Lemma, any other form cohomologous to w will be of the form:

w+V—190f, feC™(M,C).
On the other hand, given a balanced metric w, a € [W" !|pc can be written as
a=uw"!+ ﬁ@&o, pE APTZR2)

This fact is crucial when discussing the existence of balanced metrics with certain curvature properties
in a fixed balanced class. Indeed, the great amount of possible deformations of the fixed balanced metric
in its balanced class leads to the choice of ansatz in order to reduce the problem to an easier one. We
will see how this problem arises in analysing the existence of constant Chern scalar curvature balanced
metric on the blow-up of a fixed Chern-Ricci flat manifold, in Chapter

1.1.3 SKT metrics

Let us now turn our attention on the SKT condition.

Definition 1.1.56. Let (M,w) be a Hermitian manifold. The metric w is called Strong Kdahler with
torsion, or SKT, for short, if B
V—=100w = 0.

Equivalently, a Hermitian metric w is SKT if the torsion of the Bismut connection H, see (L.11), is
d-closed.
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From a physical point of view, the SKT condition appeared to be relevant in type II string theory and
2-dimensional supersymmetric o-model, see for instance [I50, 196, B0§]. From the mathematical point
of view, besides being a generalization of the K&hler one, the SKT condition is of particular interest in
generalized Kdhler Geometry. Indeed, as proved by [28,[177], a generalized Kiahler manifold is a quadruple
(M, Js,J_,g) where J1 are complex structures and ¢ is Jr-Hermitian such that:

diwy =—dw_, ddwy =0.

In [52], Bismut proved a local index theory for non-Kéhler manifolds carrying a SKT metric. Using
Theorem [I.1.35 we know that any compact complex surface carries SKT metric in any conformal class of
a given Hermitian metric. Examples of compact quotients of Lie groups admitting a left-invariant SKT
structure were found in [I8, (70} 8T, 08, 116, 117, 118, 119, 120, 121, 124, 127, (174, (178, 238, 251} 253, 291].
As regards non-invariant ones, examples of SKT metrics are provided in [I70] on some principal torus
bundle over Kiihler surfaces, such as on (k — 1)(S? x S4)#k(S? x $3), for any k > 1.

Fino and Tomassini in [123] proved that the SKT condition is preserved for blow-ups along complex
submanifolds. This, in particular, thanks to Hironaka’s Theorem on resolution of singularities, see The-
orem [I.1.47] implies that any complex orbifold endowed with a SKT metric admits a SKT resolution.
Arroyo and Nicolini in [33] gives a procedure to produce SKT nilpotent Lie algebras starting from a fixed
one. Barberis and Fino in [44] gives another procedure to construct strong HKT Lie algebras starting
from a given one via quaternionic representations. We will analyse these procedures in Subsection [4.7.1
and in Subsection in the hypercomplex setting. Via a twisting construction, Swann in [310] pro-
duced new examples of SK'T metrics starting from a compact simply connected SKT manifold satisfying
some mild assumptions. Other examples are constructed in [60, [61] via mapping tori of a product of a
3-dimensional torus or a 3-sphere and a (hyper)Kéahler manifold.

SKT metrics are widely believed to be at the opposite pole with respect to the balanced ones, in the
non-Kahler setting. This is mainly due to the Fino-Vezzoni conjecture.

Conjecture 1.1.57 ([125], Problem 3). Let M be a compact complex manifold. If M admits a balanced
and a SKT metric, then M is Kdhler.

Moreover, as in contrast with the balanced setting, where flow approaches are way more difficult and
not so well investigated, SKT metrics are preserved by a second-order parabolic flow which is called
pluriclosed flow, introduced by Streets and Tian in [302].

Definition 1.1.58. Let (M, go) be a Hermitian manifold. The pluriclosed flow is the following evolution
equation:

B
9= "5+Q, 9(0) = g0, (1.19)

where S;; = gkl_ka is the second Chern-Ricci tensor while Q;; = gklgmn ik Lim

The tensors R and T in Definition are, respectively, the curvature tensor and the torsion tensor
of the Chern connection of the evolving metric.

The pluriclosed flow is part of a larger class of geometric flows, called Hermitian curvature flows, intro-
duced by Streets and Tian in [303], which share many common properties, such as short-time existence,
the preservation of Kéhlerianity along the flow and the stability of Kahler-Einstein metrics. However,
among the Hermitian curvature flows, the pluriclosed flow preserves the SKT condition.

Theorem 1.1.59 ([302], Theorem 3.4). Let (M, go) be a Hermitian manifold endowed with a SKT metric.
Then, (g(t))tefo,) is a solution of the pluriclosed flow starting at go if and only if the family (w(t)):epo, 1)
of the fundamental forms associated to g(t) is a solution of

%w — 90" w + 00%w — Ric™M(w),  w(0) = wo.

Using , we have that
—w=—(Ric® (W), w(0)=wp. (1.20)
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Moreover, the pluriclosed flow preserves the SKT condition.

Equation highlights how the pluriclosed flow resembles the Kéahler-Ricci flow, since it evolves
a given Hermitian metric in the direction of a certain Ricci form. The pluriclosed flow has gained much
importance in the last years, also due to its connection with generalized Kéahler geometry. Moreover, it
is believed that the pluriclosed flow, also in view of the fact that SKT metrics always exist on compact
complex surfaces, recall Theorem [1.1.35] can be used as a tool to complete the classification of non-Kéahler
compact surfaces, see [299] for the precise conjectural picture. In Section we will be concerned in the
study of the generalized Ricci flow which is a geometric flow related to the pluriclosed flow. We refer to
Section [I.2] for the precise relation. On the other hand, we here recall the following proposition due to
Streets and Tian.

Proposition 1.1.60 ([305], Proposition 6.3, 6.4). Let (M, .J,wo) be a SKT manifold and let (w(t)):eo, 1)
be a solution of (1.20). Then,
0 . 1., 1
%g = — RlC(g) + ZH — iﬁgﬁg,
0 1
—H=-(A,H - LysH
gp =3 (Ball = Lo ),
where Ric(g) is the classical Ricci tensor of g, Ay is the Laplace-Beltrami operator of g, H = d°w, 0% is
the Lee vector field and H? is the symmetric 2-tensor defined as follows:

H*(X,Y):=g(uxH,iyH), XY cI(TM). (1.21)

The importance of Proposition [1.1.60|is that it connects, via a gauge transformation generated by the
Lee vector field of the time-varying metric, the pluriclosed flow with the coupled flow

) , 1,
Eg = — Ric(g) + ZH ,
0 1
S H =50 H,

which is closely related to the generalized Ricci flow. This, in particular, shows that the pluriclosed flow
is gauge-equivalent to a gradient flow, see [250].

To conclude this section, let us briefly introduce and discuss pluriclosed solitons, which are particular
solutions of the pluriclosed flow evolving self-similarly. A deep treatment of such topic in the general case
can be found in [224].

Definition 1.1.61. Let (M,w) be a SKT manifold. The metric w is said to be a pluriclosed soliton if
there exist A € R and a holomorphic vector field X such that

RicB (W) = M+ Lxw. (1.22)
Moreover, w will be called ezpanding, steady or shrinking pluriclosed soliton if, respectively, A < 0, A =0
or A > 0.

Definition [1.1.61| can be considered as the “static” definition of pluriclosed solitons, since no flow is
involved in it. On the other hand, Definition [1.1.61] is equivalent to impose a precise behaviour on the
solution of the pluriclosed flow starting from w, as the next lemma shows.

Lemma 1.1.62. Let (M,w) be a SKT manifold. Then, w is a pluriclosed soliton if and only if there
exist c(t) > 0, c(0) = 1 and ¢; € Aut(M,J) such that the solution of the pluriclosed flow (w(t))iepo,r)
starting from w can be written as:

w(t) =ct)pfw, te€][0,T). (1.23)

Proof. Clearly, if (1.23)) holds, then it is sufficient to differentiate with respect to ¢ and compute the result
in ¢ = 0 to obtain ([1.22]). The converse is achieved by following the steps in [319, Proposition 1.2.1]. O
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As highlights, pluriclosed solitons are precisely those SKT metrics that evolve under the pluri-
closed flow just by scalings and by the action of biholomorphisms. Despite having a quite simple evolution
and being straightforward generalizations of static metrics, see [303], the importance of solitons also arises
from the fact that they appear as models of the asymptotic behaviour of general solutions of the flow
considered, as in the celebrated works by Perelman for the Ricci flow, see [258] 259, 260]. This behaviour
was also observed in various works such as in [54] on some compact complex surfaces, in [32] on SKT
nilmanifolds and SKT almost abelian solvmanifolds, and in [I41] on SKT Oeljeklaus-Toma manifolds.

1.2 Basics in generalized Geometry

This section is dedicated to describe the basic notions of generalized Geometry. We mainly follow [149].
In particular, we give the definition of exact Courant algebroids and study their first properties. Then,
we focus our attention on generalized metrics and on the generalized Ricci curvature on the generalized
tangent bundle. Then, finally, we introduce the generalized Ricci flow, discuss its classical formulation
and its gauge-fixed versions, ultimately showing that it is gauge equivalent to the pluriclosed flow, recall
Definition [[LI.58

For additional motivation and details on exact Courant algebroids we refer the reader to [84] [177], [236],
281, [282], 283] and the references therein.

1.2.1 Generalized metrics and generalized Ricci flow

We start this subsection with the definition of the fundamental objects in generalized Geometry, namely
exact Courant algebroids.

Definition 1.2.1. Let M™ be a smooth manifold. An ezact Courant algebroid, ECA, for short, is the
datum of a vector bundle E — M™ of rank 2n endowed with a non-degenerate, symmetric bilinear form
(-,-) of signature (n,n), called the neutral inner product, a bracket [-,-] on T'(E), called the Dorfman
bracket and a bundle map 7 : E — TM, called the anchor map, such that, for all a,b,c € I'(E) and
f e C>(M), the following axioms are satisfied:

L. [a, [b,]] = [[a, b], ] + [b, [a, c]];
2. la,b] = [ra, 7b];

3. [a, fb] = fla,b] + m(a) fb;

4. m(a)(b,c) = ([a,b],c) + (b, [a, c]);
[a,b] + [b,a] = (7* o d){a, b);

o

6. there is an exact sequence of vector bundles
0—T"M 5 E-"5TM — 0. (1.24)

In the last two axioms we have abused notation and considered n* : T*M — E* as a map w* :
T*M — E, after composing with the isomorphism E* ~ E given by (-,-). Notice also that d in Item
is the exterior differential in M, and the bracket in the right-hand-side of Item [2| is the Lie bracket
of vector fields in M. The Dorfman bracket is not necessarily skew-symmetric, but it does satisfy the
Jacobi identity, see [149, Lemma 2.5] for the proof. Although we will not be making use of it, it is worth
mentioning that, in the literature, the skew-symmetrization of the Dorfman bracket is called Courant
bracket and it is defined by:

a.8e = 5 (ot~ [bal), a,beT(E).
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Despite being skew-symmetric, the Courant bracket does not satisfy the Jacobi identity. Indeed, one can
show that the following

[a, [b, c]e]e + [e, [a, bce + [0, [c, a]c]e = %d(([a, ble, €) + ([b, cle, @) + ([e, ale, b))

holds, for all a,b,c € I'(E).

The first example of exact Courant algebroid is the generalized tangent bundle. On this, we can
consider different structures of exact Courant algebroids depending on the choice of a closed 3-form on
M.

Example 1.2.2. The generalized tangent bundle TM & T*M has a natural structure of exact Courant
algebroid, with data given by:

(X+&Y+n) =56E0)+n(X)),  [X+&Y +n =X, V]+Lxn—1ydf,  7(X+§) =X, (1.25)

for X +&Y +neD(TM & T*M).
Moreover, for any closed 3-form H € A3M, we can consider another ECA structure on T & T*,
denoted by
ToT)g:=TMoT"M,{-,-), [, >, 7).

Here, (-, ) and 7 are as in Equation (1.25)), and [-, ]z denotes the H-twisted Dorfman bracket defined
by:
(X +&Y +0lg =X, Y]+ Lxn—tydé + 1ytx H, X+EEY+nel(TM e T M). (1.26)

Before we define the notion of isomorphism between two exact Courant algebroids, we recall the notion
of isomorphism between vector bundles.

Definition 1.2.3. Let E; and E5 be two vector bundles over, respectively, My and Ms. A wvector bundle
isomorphism between E; and Fs is a pair (f, F') consisting in a diffecomorphism f: M; — M; and a map
F: Fy — FE5 such that the following diagram

B, LY B,

o

MlLMQ

commutes and such that F' restricts to a linear isomorphism on each fibre.

Now, we can specialize the notion of vector bundle isomorphism in the context of exact Courant
algebroids.

Definition 1.2.4. Let (E;,(-,-),, [, ], ™) be two exact Courant algebroids over, respectively, M;, i =
1,2. An isomorphism of vector bundles (f, F') is called isomorphism of exact Courant algebroids if, for
any a,b € I'(E1), we have:

1. (Fa, Fb)y = {(a,b);;
2. [Fa, Fbly = Fla, b;.

It follows from the second condition above that df o my = my o F, see for instance [208, Lemma 2.5]
for the detailed proof.
The next proposition guarantees that any exact Courant algebroid is isomorphic to one described in

Example
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Proposition 1.2.5 ([I49], Proposition 2.10 ). Let E be an exact Courant algebroid. Any isotropic
splitting o of (1.24)) induces an isomorphism of exact Courant algebroids

E~, (T®eT )y.
Here H € A>M is the closed 3-form given by
H(X,Y,Z)=2([cX,0Y],07), XY, Z eT(TM). (1.27)
Moreover, given another isotropic splitting &, the corresponding isomorphism satisfies
E~; (T®T" )uyan,
for some b € A2M.

More generally, Severa’s classification of exact Courant algebroids is the content of the following
theorem.

Theorem 1.2.6 ([281]). The isomorphism classes of exact Courant algebroids over M are in one-to-
one correspondence with H3(M,R)/Diff(M) = H3(M,R)/T s, where T'y; = Diff(M)/ Diffo(M) is the
mapping class group of M.

Given the correspondence in Proposition [1.2.5] we can characterise automorphisms of any exact
Courant algebroid. Before stating the result itself, let us introduce two classes of maps which play
an important role in generalized Geometry. Any b € A2M may be viewed as a map b : TM — T*M
and thus it gives rise to an endomorphism of the generalized tangent bundle which in matrix form is
represented by

(2 8) TeT —TaT.

We then set

» (14 0 . )
e ._(b ) EEnd(T@T"),  beA’M.

The latter transformations are classically known as B-field transformations which appear naturally as a
generalization of the electromagnetic field in string theory.

Additionally, fixed f € Diff (M), we can produce a bundle map of the generalized tangent bundle covering
f, as follows:

Fom (Cg (fol)*) TeT >ToT.

Then, the group of automorphism of (T"® T%) g, and then of any ECA, consists of bundle maps which
are composition of maps introduced above.

Theorem 1.2.7 ([149], Proposition 2.21). For any closed 3-form H € A3>M, the group of automorphisms
of the exact Courant algebroid (T ® T*)y is given by:

Aw(T @ T*) ) = {(fe', f) | f € Diff (M), be A*M, f*H=H—db}.
Moreover, the Lie algebra of Aut((T ® T*)g) is
at(TeT)g) ={X +beT(TM) P AN°M | LxH = —db}.

We refer the reader to [278] for a detailed study of the ILH Lie group structure on Aut((T' @& T%) ).
In the context of generalized Geometry, there is a natural generalization of classical Riemannian
metrics.



1.2. BASICS IN GENERALIZED GEOMETRY 23

Definition 1.2.8. A generalized metric on an ECA F is an orthogonal endomorphism G € O(E, (-,-))
such that the bilinear form
(a,b) = (Ga,b),  a,bel(E),

is symmetric and positive definite. We call the pair (E,G) a metric Courant algebroid. A Courant
algebroid isomorphism (F, f): (E1,G1) — (E2,G2) is a metric Courant algebroid isometry (or simply
isometry) if FoGy =Gyo F.

The presence of a generalized metric on E allows us to consider a preferred isotropic splitting. We
quickly recall its construction since it will be useful in what follows. We refer the reader to [149, Section
2.3] for the detailed description. Since G2 = Id, we can consider the eigenbundles E of E associated to
+1. It is not hard to see that w: Fy+ — T'M is an isomorphism of vector bundles. Then, we can define

os = (M) i TM = Ey, 72(X,Y)=(04X,0:Y), X,Y el(TM).

With these ingredients, we can consider the following splitting:
=04+ — —T'Ty.
+ 9 +

It is easy to see that o is isotropic and it does not depend on the choices of o4, see [149, Lemma 2.29]
for the proof. Moreover, we have that

T+(X, X)=(Go:X,0,.X)>0, Xecl(TM),X #0, (1.28)
thus determining a Riemannian metric g on M.

Proposition 1.2.9 ([149], Proposition 2.38). Let E be an ECA with isotropic splitting o. Under the
isomorphism E ~, (T @ T*)y, any generalized metric on E corresponds to a generalized metric on

(T ®T*)g of the form
_ (0 g\
g(gﬂb) =€ <g 0 > € 9

where b € A2M and g is a Riemannian metric on M. Moreover, the bundle map

(™" Idar) = (TOT*),G(9:b) = (T ©T*)mr+an, G(9.0)) (1.29)
18 an isometry.

Remark 1.2.10. The isometry in indicates that a generalized metric G on an ECA E with Severa
class o € H3(M,R) is equivalent to a choice of Riemannian metric g on M and a preferred representative
H € a. This can be also be observed by considering the preferred isotropic splitting induced by G and
the corresponding isomorphism F ~ (T ¢ T*)g under which G corresponds to G(g,0).

Furthermore, the existence of a preferred isotropic splitting induced by a generalized metric G allows
us to characterize generalized isometries on a fixed exact Courant algebroid.

Proposition 1.2.11 ([149], Proposition 2.41). The group of generalized isometries of the metric Courant
algebroid ((T ® T*) i, G(g,0)) is given by:

Once a generalized metric is available, one can hope to define, as in the classical case, a tensor which
is the equivalent version of the Ricci tensor in the context of generalized Geometry. We will just briefly
discuss the explicit expression of the generalized Ricci curvature in the case of ((T'® T%)m,G(g,0))
which will be central in what follows. For a detailed investigation of the general definition, we refer
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to [82, 144, [149] 282] 283]. Before doing that, we recall that if (M, g) is a Riemannian manifold and
H € A®>M, there exist unique connections V*, called Bismut connections, such that

Vg=0, ¢TIt ==+H,

where the tensor T is the torsion of V*. In what follows, we will abuse the notation denoting with
1
. B .
Ric, j = Ric(g) — ZHQ

the symmetric part of the Ricci tensor of the Bismut connections V* associated to g and H. The
symmetric 2-tensor H? is defined as in .

Then, following the notation in [149], the generalized metric G(g,0) determines two eigenbundles as above,
which, in this particular case, takes the following form:

Ei={X+g(X): Xel(TM)}.

Now, using [149] Definition 3.31] and [149], Proposition 3.30], it is easy to see that, for any X € T'(T' M),
C1m- 1 1 . 1.

Ret (X — g(X)) =g 'Ricl y X — 59 'dr HX + Ricy ;X — S0 HX

(1.30)
— — . 1 — * . 1 *
Re™ (X +g(X)) = — g 'Ric}) y X — 59 'd3 HX + Ricy y X + Ao HX .

i _ (97 Ricgy 397" d;Hg—1>
Re(G) =Re™ — Re < —%d;H —Rich,Hg_l .
In [282], Theorem 3], the authors prove the Aut(FE)-equivariance of the generalized Ricci curvature which
will be extensively used in Section [3.2
Now, since a generalized Ricci tensor is available, we can mimick the definition of the classical Ricci
flow to define a flow of generalized metrics which is called generalized Ricci flow.

Definition 1.2.12. A one-parameter family (G(t)).co,r) of generalized metrics on an ECA E is a solution
to the generalized Ricci flow if it satisfies

9*139 = —2R¢(G). (1.31)

If we use the isotropic splitting oo associated to the initial metric G(0) to identify E ~,, (T & T*),,
then G(t) corresponds to G(g(t),b(t)), for some one-parameter families of Riemannian metrics g(t) and
two-forms b(t) on M. Then, Equation (1.31)) is equivalent to the following coupled system:

0

—g=—2RicPp,

%t ! (1.32)
Sb=—dH

ot 9

where H (t) = Ho+db(t). Since Hy is closed, it follows that H(t) evolves accordingly to the classical heat
equation:

0
OtH =AgH.

We should emphasize that Equation firstly appeared in [69] as the renormalization group flow.
We refer to [296] for a detailed explanation of the relation between the renormalization group flow and
generalized Geometry.

Since the generalized Ricci curvature is Aut(E)-equivariant, the PDE system defining the
generalized Ricci flow is only weakly parabolic. A suitable application of the DeTurck trick can be
applied to obtain short-time existence and uniqueness, provided M is compact, see [I49, Theorem 5.6]
for details. The presence of the gauge group Aut(E) allows us to produce different but equivalent flows
starting from the generalized Ricci flow.
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Definition 1.2.13. A one-parameter family (G(t));c[o,7) of generalized metrics on an ECA E solves the
gauge-fized generalized Ricci flow if there exists a one-parameter family (F})ico,r) € Aut(E) so that
FiG(t)F; ! is a solution to the generalized Ricci flow (T.31)).

Using again the isotropic splitting oo induced by G(0) to obtain (E,G(t)) ~, (T & T*)m,,G(9(t),b(t)))
as above, it can be seen that G(t) is a solution of the gauge-fixed generalized Ricci flow if only if there exists
a one-parameter family of generalized vector fields X; + B; € aut((T' @ T™) g, ) such that (g(t), b(t)):e[o,1)
is a solution of the following coupled system:

0 .
579= " 2R10§,H +Lxyg,
; (1.33)
abz —dyH — B+ Lxb.
It follows that H(t) will evolve by:
0
EH =AH+LxH. (1.34)

A first remark we can do is that, using Proposition [I.1.60] up to a time reparametrization, a solution of
the pluriclosed flow is a solution of a gauged fixed generalized Ricci flow where the gauge is generated by
the generalized vector field —0% — df + 1ps Ho + digeb € aut((T © T*) g, ).

Remark 1.2.14. Streets and Tian in [304] Corollary 3.3] proved that, given a SKT Hermitian manifold
(M, J,g), the generalized Ricci flow coupled with an evolution equation for J:

0

5 = AT+ [J, 9" 'Ric(g)] + Q(DJ), (1.35)
where Q(DJ) is an appropriate quadratic term in the covariant derivative of J with respect to the Levi-
Civita connection, see [304, (3.24)] for the precise expression of Q(D.J), preserves the SKT condition,
namely ¢(¢t) is J(¢)-Hermitian and SKT for all times of existence. Then, gauging with the family of
diffeomorphisms generated by (—J (t)d;(t)w(t))ti the generalized Ricci flow coupled with (1.35]) and using

[304], Proposition 3.1], we obtain a solution for the pluriclosed flow, up to a time reparametrization.

The generalized Ricci flow recently has gained much importance and many properties of the flow are
now known. For instance, we have the following.

Theorem 1.2.15 ([I49], Theorem 5.23). Let E be a ECA over M. Assume that the solution of the
generalized Ricci flow starting from a given generalized metric Gy exists on the mazimal time interval
[0,T), T < oo. Then,

limsup sup |Rm|=o0.
t—=T Mx{t}

A better version of the above result was obtained by Streets and Tian in [305, Theorem 1.2] for the
pluriclosed flow. Following Perelman’s path, in [250] it was showed that the generalized Ricci flow is the
gradient flow of

/\l(gvH): f(g’H’f)

= inf
{fllle=Fllp1=1}
where .
‘F(gaHaf) ::/ Rg_7|H|2+|Vf|2 effVolg.
M 12

Other results can be found in [29] [30, 165} 166l 179, 228 229] 233, (254 269} 273, 296, 800}, 30T, 304 B06].
The Bismut flat spaces - which are particular fixed points of the generalized Ricci flow - were classified
by [71] [72] 337]. They are covered by compact Lie groups with bi-invariant metric, and the form H
given by the contraction of the Lie bracket with said metric. The very first and striking difference with
the classical Ricci flow is the presence of non-flat homogeneous fixed point of the generalized Ricci flow.
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Indeed, in view of [3], we know that any homogeneous Ricci flat manifold has to be flat. On the other
hand, examples of non-flat homogeneous Bismut-Ricci flat manifolds were found in [226], 267, 268]. In
[267] the authors construct an example of SO(3)-invariant steady, gradient generalized soliton on R3,
resembling the structure of the classical Bryant soliton for the Ricci flow, see [62].

1.3 Basics in hyperHermitian Geometry

This section is devoted to illustrate the basic features of hyperHermitian manifolds. The section is divided
in two subsections. In Subsection [[.3:1] we define what a hypercomplex structure is and how it affects
the geometry of the manifold. A twisted operator, formally replacing 0, is taken into account allowing us
to produce new cohomology rings in the hypercomplex setting. Then, we define the notion of SL(n,H)-
manifold and study its relation with the holomorphic triviality of the canonical bundles of the given
manifold. In Subsection[1.3.2] we study hyperHermitian metrics and their basic properties. The presence
of such metrics allows to define a preferred (2,0)-form on which is possible to impose cohomological
condition for the metric to be “special”. The HyperKéhler and the HKT conditions are defined together
with other weaker ones, such as the quaternionic Gauduchon and quaternionic balanced condition.

1.3.1 Hypercomplex structures
Let us start recalling the definition of hypercomplex structure on a smooth manifold.

Definition 1.3.1. Let M" be a smooth manifold. A hypercomplex structure (I,J) on M is a pair of
complex structure which anti-commutes, i.e.

1J=—-JI.

We will refer to n as the quaternionic dimension of M. We will then say that the triple (M, I,J) is a
hypercomplex manifold.

As in Section we will always assume that both I and J are integrable.

Example 1.3.2. The very first example of hypercomplex manifold is H" with the left multiplication by
i,j and k, the quaternionic units. Consequently, any open set A C H" is again hypercomplex.

Thanks to a result by Boyer in [56], the unique 4-manifolds admitting hypercomplex structures are the
4-torus, K3 surfaces, i.e. the unique compact simply connected complex surfaces with holomorphically
trivial canonical bundle, and the quaternionic Hopf surfaces. We describe in details the latter.

Let g € H, |g| > 1 and consider the compact quotient

H\ {0}
(@

where (¢) is the group of right multiplications generated by ¢. Clearly, the left multiplication by the
quaternionic units ¢ and j commutes with the right action of ¢g. Thus, it induces a hypercomplex struc-
ture on M. M endowed with the latter hypercomplex structure is called quaternionic Hopf surface.
Equivalently, we can regard M as (C?\ {0})/ ~ where the equivalence relation is given by:

(z,w) ~ (az — bw, bz + aw) ,

where a + bj = ¢q. The standard hypercomplex structure on the universal cover C?\ {0} is given by
Jdz' = —dz? and it descends to M. Clearly, this construction can be generalized in any quaternionic
dimension.

Many other examples can be found in the literature. A hypercomplex structure was defined by Joyce
in [201] on suitable products of a torus and a compact semisimple Lie group, we refer to Subsection
for a precise description of these examples. Other examples and constructions can be found in
[16l [40, 471, 42, (43, [44, (57, (58] 591 021 93], 94, [TT0] 17T, 172], 200} 232] 255 256], 257, 289]
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On a hypercomplex manifold (M, I, J), we can define a new complex structure:
K:=1J
so that (I, J, K) behaves as the quaternionic units, i.e.
P=J"=K*=-Id, IJ=-JI=K.
The triple (I, J, K) induces a whole 2-sphere of complex structures
H:= {al +bJ +cK | (a,b,c) € S?}.

Note that al +bJ 4+ cK and o'l +b'J + ¢ K anti-commute if and only if (a, b, ¢), (a’,¥, ') are orthogonal
vectors in R3. We emphasize that the role of (I,.J) is not preferential and we can replace it with any pair
of anti-commuting complex structures in H. For this, we will often refer to (M, H) as a hypercomplex
manifold, rather than (M, I,J). On the other hand, it will often be useful to think in terms of a fixed
basis (I, J, K) for H.

Obviously, for any complex structure in H, the graded algebra of differential forms on M will split
according to . Thus, in what follows, we will denote with AP’ M the space of (p, ¢)-forms on M with
respect to L € H, emphasizing the complex structure we choose. Since I and J anti-commute, an easy
observation is the following:

JAPIN C AYPM

i.e. J interchanges the bi-degrees with respect to I, where the action of J on A*M is defined as in (1.4)).
Moreover, the presence of multiple complex structures allows us to define a positivity and realness
condition adapted to the hypercomplex setting.

Definition 1.3.3. Let (M, I, J) be a hypercomplex manifold. A differential form v € A?p’ZqM is called
g-real if J5 =~ and g-semipositive (resp. g-positive) if additionally

V21, T 21, Zpy I 2y Zopits I Zopits v Zipgs S Zpig) >0, (vesp. > 0)
for every non-vanishing 71, ..., Zp4q € I‘(TI1 oM ). Equivalently,
X1, JX1s - Xprgs TXpiq) >0, (resp. > 0)
for any non-zero Xy, ..., Xp4q € T(TM).

We should emphasize that the conjugation in the definition of g-realness is the one induced by the
complex structure 1.

Moreover, it will be useful to observe the following well-known fact whose proof is essentially the same
as in [240 Proof of Theorem 4.7] adapted to the hypercomplex case.

Lemma 1.3.4. Let (M™,H) be a hypercomplex manifold. Then, the (n— 1)-th wedge power is a bijective
correspondence between the cone of q-positive (2,0)-forms and the cone of g-positive (2n — 2,0)-forms
with respect to 1.

Furthermore, having available two anti-commuting complex structures allows us to define a twisted
operator, firstly introduced by Verbitsky in [329].

Definition 1.3.5. Let (M, 1,.J) be a hypercomplex manifold and let d = d + 0 be the splitting of the
exterior differential induced by I. We define the twisted operator 0; as follows:

8y = J710J: ADIM — APTHIN
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As in the complex case, we have that
92=0, 0;0=-00y, 00;=—0;0. (1.36)

We refer to [89, Lemma 2.12] for the detailed proof. As a first difference from the complex setting, the
operator 0 raises the same degree as 0. On the other hand, it is the natural analogue of 0 in the
hypercomplex setting, from both a cohomological and analytical point of view. Indeed, for instance, we
can define the quaternionic Bott-Chern and Aeppli cohomology as follows:

_ kerdNkerd;

ker 00
Hapo(M) i= == Haa(M): ’

= ImO+Imd; "~

We will see in Section [£:2] how one can use the quaternionic Bott-Chern cohomology to define, in analogy
with the complex case, the first quaternionic Bott-Chern class of a hypercomplex manifold.

An important tool to study the metric properties of a hypercomplex manifold is the following lemma
describing the correspondence between (1, 1)-forms and (2, 0)-forms with respect to I.

Lemma 1.3.6 ([8]). Let (M,1,J) be a hypercomplex manifold. Then, the map
O APIM — AP M

given by

V-1 (JX,Y) —y(KX,Y)
2 )

is bijective. Furthermore, ®(v) is q-real, respectively q-positive, if and only if v is real, respectively

positive.

B(7)(X,Y) := yeAP'M, X,Y eT(TM) (1.37)

In Chapter {4} it will be useful to look at the J-anti-invariant parts of (1,1)-forms with respect to I.
Thus, let v € Al’lM, then, using (1.37]), we have:

¢ <72ny> (X.Y) = § (VTIUIX,Y) 4+ VI (X,JY) = (KX,Y) (X, KY)) , X.Y € I(TM).

Furthermore, @(772‘”) is g-real if and only if v — Jv is real, i.e. v —7 is J-invariant. When v = /=101,

we actually have ®( %) = 19,9 as it is shown in the next lemma, whose proof can be adapted from
that of [47, Lemma 2.1] (cf. also [292, Remark 4.1]).

Lemma 1.3.7. Let (M,1,J) be a hypercomplex manifold. Then, for any ¢ € A}’OM, we have
1, _ _ _
o5(X,Y) = -5 (OY(JX,Y) + 0p(X,JY) + V-10p(KX,Y) + V=10 (X,KY)) ,

for all X,Y € T'(TM). In particular, Oy is q-real if and only if O + O is J-invariant.

Before going into the discussion of the metric properties of a hypercomplex manifold, we shall recall
here the definition of a current on a hypercomplex manifold, which will be useful in Chapter [4

Definition 1.3.8. Let (M, I,.J) a hypercomplex manifold. The space DY'?(M) of currents of bi-degree
(p, q) with respect to I on M is by definition the topological dual to the space of (2n — p, 2n — ¢)-forms
with respect to I with compact support endowed with the usual family of seminorms, see [87, (2.1) p.
13).

Example 1.3.9. As in the complex case, any

1 -
'(/) = Z ’(/)PdeP A dZQ ) 1pPQ € Llloc ’
|Pl=p.|Ql=q
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where P = (i1,...,ip), Q@ = (j1,...,Jq) With i1 < ... < ip, j1 < ... < jq and dz¥’ 1= dz't A ... A dz'r,
defines a (p, ¢)-current Ty, given by integration:

Ty(v) = /Mdm%

for any compactly supported v € A?TL—p,Qn—qM-

The action of the hypercomplex structure H naturally extends to currents: L € H actson T € DY?(M)
in the following way:

(LT)(y) :==T(L),
for any compactly supported form v € A?”_p’%_qM . Similarly, the differential operators 9,9, : DyY(M) —
D?Jrl’q(M) are extended to (p, ¢)-currents by duality:

OT)(7) = (=DPFIHIT(9y) . (95T)(y) = (=1)P* 1T (0y7)

for any compactly supported v € A?”fp*l’anqM. Finally, if T € DP9(M), we define the conjugate
T € DYP(M) as T(v) :==T(¥), for any vy € A?”fq’znpr with compact support.

Definition 1.3.10. A (2p,2q)-current T is called g-real if JT = T. If further T'(y) > 0, for any g-positive
2n—2p,2n—2q . .
v €A M, we say that T is g-positive.

We conclude this section by discussing the so-called SL(n,H) condition. In order to define it, we need
to introduce the Obata connection, the unique torsion-free connection which preserves the hypercomplex
structure.

Theorem 1.3.11 ([246]). Let (M,H) be a hypercomplex manifold. Then, there exists a unique torsion-
free connection VOV, called Obata connection, such that

VOPL =0, LeH.

As a difference with the Levi-Civita connection, the Obata connection is intrisically related to the
hypercomplex structure rather than to the metric one. The explicit formula for the Obata connection can
be found, even in the non integrable case, in [4]. In the integrable case, the expression can be simplified
resulting in

VY = Z (X, Y]+ I[IX,Y] - J[X,JY]+ K[IX,JY]), X, Y e€D(TM),

N =

we refer to [288] for the proof of the above. The curvature of the Obata connection can be viewed as a
measure of how much the hypercomplex manifold fails to be locally isomorphic to open sets of H™.

Theorem 1.3.12 ([290]). Let (M,H) be a hypercomplex manifold. Then, the Obata connection is flat if
and only if M has affine quaternionic transition maps.

By the Holonomy principle, we immediately have that
Hol(V°P) C GL(n, H).
On the other hand, inside GL(n,H), we can define the quaternionic special linear group as follows.

Definition 1.3.13. The quaternionic special linear group SL(n,H) is defined as the commutator group
of GL(n,H), i.e.
SL(n,H) := [GL(n, H), GL(n, H)].

We should remark that the quaternionic special linear group cannot be defined as the set of matrices
with determinant 1 as in the real case, due to an ambiguity on the definition of determinant in the
quaternionic case.
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Definition 1.3.14. Let (M, H) be a hypercomplex manifold. Then, (M, H) is called SL(n, H)-manifold
if
Hol(V°P) C SL(n, H).

The SL(n,H) assumption is very helpful and often desirable. SL(n,H)-manifolds have been studied
extensively, see [9, 172 197, 230} 23T], 232] 333]. One of the main properties of SL(n,H)-manifolds is
the following. Since we can identify SL(n,H) = GL(n,H) N SL(2n,C), one can see that if (M,H) is a
SL(n, H)-manifold, K 1y is holomorphically trivial, for all L € H, see for instance [331].

Consequently, Verbitsky in [332] conjectures that, in the compact case, the SL(n,H) condition is
equivalent to K (s 1y being holomorphically trivial. Recently, Andrada e Tolcachier in [I7, Example 6.3]
provided a counterexample to the above conjecture, which is a compact solvmanifold M admitting a
hypercomplex structure (1, .J) such that Ky, is holomorphically trivial while K, 5y is not. In view of
this, Andrada e Tolcachier posed the following question.

Question 1.3.15 ([17], Remark 6.4). Let (M,H) a hypercomplex manifold such that K, 1) is holomor-
phically trivial, for all L € H. Then, (M, H) is SL(n, H).

In order to address this question, we will need to consider hyperHermitian metrics, even though the
SL(n,H) condition is not related to those.

1.3.2 HyperHermitian metrics

To start this subsection, we immediately give the definition of hyperHermitian metric.

Definition 1.3.16. Let (M, H) be a hypercomplex manifold. A Riemannian metric g is called hyperHer-
mitian if it is Hermitian with respect to any complex structure in H. Then, the triple (M, H, g) will be
called hyperHermitian manifold.

Example 1.3.17. The flat metric on H” is hyperHermitian with respect to the standard hypercomplex
structure on H™. Moreover, as in the real case, it is invariant under traslations, descending to a hyper-
Hermitian metric on 74",
Let now consider M to be the quaternionic Hopf surface described in Example [[.3:2] The Hermitian
metric induced by

V-1

oE (dz' A dzt + d2? AdZ?) € AT (C?\{0}) (1.38)

wr =

is hyperHermitian with respect to the standard hypercomplex structure on C?\{0} and it is invariant
under the action of (¢), ¢ € H, |g| > 1. Thus, it descends to a hyperHermitian metric on M.
Any K3 surface is known to admit a hyperHermitian metric which is additionally hyperKé&hler, see

Definition [[.3.22]

As in the Hermitian case, for any L € H, we can consider the fundamental form w;, € AlL’lM associated
to the Hermitian structure (g, L). A straightforward equivalent condition for a I-Hermitian metric on a
hypercomplex manifold to be hyperHermitian is the following.

Lemma 1.3.18. Let (M,I,J) be a hypercomplex manifold and let g be a I-Hermitian metric. Then, g
is hyperHermitian if and only if wy is J-anti-invariant, i.e. Jw; = —wy.

Furthermore, the hyperHermitian structure can also be completely described in terms of a distin-
guished (2,0)-form with respect to I. Indeed, one can apply the bijection ® in Lemma to wr to

obtain

wyj++v—1lwg
2 b)

Q] = (D(CU[) = (139)

which is a g-real and g¢-positive (2,0)-form with respect to I. Conversely, any (2,0)-form with respect to
I which is ¢-real and ¢-positive induces a hyperHermitian metric. Rewriting (1.39)) in terms of w;, we
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have, for every X,Y € I'(TM),

QU(X,Y) = V=lwr(JX, Y2) —wi(KX,Y)

As it is customary, in view of this correspondence, we shall often say that Q2 is a hyperHermitian metric,
by a slight abuse of language. Furthermore, for the sake of notation, if no confusion is possible we shall
omit the reference to the complex structure I and simply write €.

A straightforward observation is that the volume form induced by € coincides with the Riemannian
one. Indeed, one can easily check that:

QUAQr w2
@2~ (2n)’ (1.40)

where n is the quaternionic dimension of M. Another observation which is in order is that the n-th
power of §2, since it is non-degenerate, will give rise to a nowhere vanishing section of the canonical
bundle Ky, 1), implying its topological triviality. Then, in particular, any hyperHermitian manifold has
vanishing first Chern class. We will see, however, in Section that there is a natural generalization
of the first Chern and Bott-Chern class in this setting which may distinguish classes of hypercomplex
manifolds behaving differently, in some precise sense.

We can however deduce a more precise expression for the n-th power of  as follows. We fix I-holomorphic
coordinates {z1,..., 22, } we can write

Q= Qy;dz' Nd2?

where the complex matrix (€2;;) is skew-symmetric. The Pfaffian pf(€;;) of (€;;) is defined via the
relation:

QTL
— = pf(Q;)dz' Ao Ad2* (1.41)
n!

From (|1.40) we deduce
pf(2i;)]* = det(grs) , (1.42)

where (gr3) is the Hermitian matrix that describes the hyperHermitian metric in the given coordinates.
We will see how the Pfaffian of €2 is related to the first Chern-Ricci form of wy in Section A similar
theory as that described in Section [1.1] can be conducted in the hyperHermitian setting. The presence
of € makes, however, possible to define and study properties, for instance, of the Lefschetz operator
associated to €.

Definition 1.3.19. Let (M,H,) be a hyperHermitian manifold. We define the Lefschetz operator
associated with €2 as

La: A*M — AFP2M, Loa:=a A, aecA*M.

Then, the dual of Ly with respect to the standard inner product induced by the hyperHermitian metric
on differential forms will be denoted with Ag, namely

g(Aqa, B) = gla, LoB), a€A*M,BeAN>M.
An important property of the Leftschetz operator associated with 2 is the following.
Proposition 1.3.20. Let (M"™,H,Q) be a hyperHermitian manifold. Then, for any p < n,
LEP: APOM — AZP M

is an tsomorphism.
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The full theory of these operators, mimicking the complex case, can be studied, see for instance [156].
We will not be interested in that, so it will be omitted. However, we will frequently make use of the
explicit expression for Ag on (2,0)-forms with respect to I. Let & € A?’OM , an easy computation shows
that

E AQn—1
Thanks to this expression, one can easily observe that, if £ is g-real, then Aq€ is a real-valued function
on M. Furthermore, at any given point, chosen I-holomorphic coordinates (z!,...,22") such that Q =
S dz?T1 A dz? we have
n
0 0
Ao = Zﬁ <8z2i—1’ 8221> . (1.43)
i=1

Recalling (1.7)) and choosing £ = @(%) in (1.43), by straightforward calculations, we have

Ag <¢> (7 _2‘”)) - %Aw'y, (1.44)

where we used that, pointwise in the chosen coordinates, J = %, foralli =1,...,n. In particular,
for a function ¢ € C*(M,R), we recover, from Lemma and (1.44)), the well-known fact that the
operator

AQQD = AQ((?@J(,O) = Aw; (\/ —185@)

is the Chern Laplacian. Again recalling the definition of Hodge x-star operator in Definition [1.1.12] we
can deduce the following identities:

B Qn—l /\Qn Qn—l /\Qn

Q=— = —J AROM
* nl(n—1)" ¥ JY A nl(n—1)"° veh
Moreover, one can easily prove that:
Q2 AQn Qi aAQn 20
=—-J(N ———F + Ao(J()———— AT M . 1.45

Before going into the discussion of special hyperHermitian metrics, we will prove the following general
lemma which will be useful in Section L5

Lemma 1.3.21. Let (M™ H,Q) be a hyperHermitian manifold. Then, for every v,( € A?’OM, we have:

Qn72
(n—2)

Proof. Fixed v, ( € A?’OM, we have that, using (|1.45]),

VACA

= (Aal)Aa(0) — 96,70 - (1.46)

QP AQr Q2 A QP QA Qn
JO)——————= -9V AN(N——-+A N ———
QnZ A Qe QrAQn
Using that wedging with % is an isomorphism, we conclude. O

As in the Hermitian case, we can impose cohomological constraints on the form € to obtain classes
of hyperHermitian metrics which can be considered special. The first one we consider is the hyperKéahler
condition.
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Definition 1.3.22. Let (M, H, 2) be a hyperHermitian manifold. We say that the hyperHermitian metric
is hyperKdhler if
dQ2=0. (1.47)

The hyperKéhler condition can be equivalently expressed by requiring that dwy = 0, for all L € H. A
straightforward consequence of Proposition is that is equivalent to require that the Obata
connection is preserving the hyperHermitian metric and, thus, it coincides with the Levi-Civita connection
of the metric. (1.47)) readily implies that the trivialization Q" of Ky 1) is holomorphic implying that
hyperKéahler manifolds are Kéhler Calabi-Yau manifolds. Moreover, one can show that hyperKéahler
metric are Ricci-flat, even in the non compact case.

Example 1.3.23. The flat metric on 74" is hyperKihler. Moreover, any K3 surface is hyperKéhler.
Furthermore, one can produce hyperKihler metrics on the Hilbert scheme M, n € N when M is either
a 4-torus or a K3 surface, see [45]. Other two exceptional and compact examples were found by O’Grady
in [248, 249).

Non-compact 4-dimensional ALE, recall Definition [I.1.45] examples of hyperKéahler metrics are par-
ticular instances of the so-called gravitational instantons. For instance, the Eguchi-Hanson metric, see
[97], on T*S? is an example of complete, asymptotically flat metric which is hyperK#hler. Calabi in
[68] showed that the cotangent bundle of CP", n € N, admits always a complete hyperKéahler metric.
Examples with S!'-symmetries of the above can be constructed using the Gibbons-Hawking ansatz, see
[161]. Kronheimer in [211], 212] gave the full classification of 4-dimensional ALE hyperKéhler manifolds.

However, the hyperKéhler condition, as we observed above, forces the geometry of the manifold to
satisfy some strict properties. Moreover, many examples of hypercomplex manifolds do not admit any
hyperKahler metric. The very first example is the quaternionic Hopf surface which is, of course, not
HyperKahler since it is not even Kéhler.

Thus, we are led to consider weaker cohomological conditions generalizing the hyperKéahler one. For
sure, the most studied is the hyperK&hler with torsion (HKT, for short) condition, firstly considered in
[189].

Definition 1.3.24. Let (M, I, J, Q) be a hyperHermitian manifold. The metric €2 is called HKT if
oN=0,
where 0 is the operator induced by the splitting of d with respect to I.

Originally, the definition of HKT metrics involved the Bismut connections associated to wy, for all
L e H.

Theorem 1.3.25 ([I74], Proposition 2). Let (M,H,Q) be a hyperHermitian manifold. Then, the follow-
ing are equivalent:

1. Q is HKT;
2. the Bismut connections of wy, coincide, for all L € H;

3.
Idwl = JdCUJ = deK.

Example 1.3.26. For dimensional reasons, any hyperHermitian metric on a quaternionic Hopf surface is
HKT. Thanks to a result by Dotti and Fino in [93], any nilmanifold with abelian hypercomplex structure
admits a left-invariant HKT metric. Barberis, Dotti and Verbitsky, see [43, Theorem 4.6], proved also the
converse, i.e. that the existence of a left-invariant HKT metric forces the hypercomplex structure to be
abelian. Dotti and Fino in [92] classified 8-dimensional 2-step nilpotent Lie algebras admitting an abelian
hypercomplex structure. Other examples were found by Verbitsky in [330] as a by-product of holomorphic
bundles. Joyce’s examples, see [201], admits a HKT metric. Inhomogeneous examples of HKT manifolds
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can be found in [I74]. On the other hand, the existence of HKT metrics on a given hypercomplex manifold
is not always guaranteed. The first example of hypercomplex manifold not admitting HKT metrics was
produced by Fino and Grantcharov in [I10]. Then, obstructions to the existence of such metrics were
proved, see [I72], [289].

Other examples of HKT metrics can be found in [16] [44].

Despite being defined using the Bismut connection, which, as we saw in Section is a non-Kahler
feature, HK'T manifolds are believed to be the analogue of Kahler manifolds in hypercomplex Geometry.
The evidences towards this assertion can be found in the work by many authors. First of all, an analogue
of the Buchdahl-Lamari criterion [63] 215] for complex surfaces was proved by Grantcharov, Lejmi and
Verbistky in [I72] for SL(2, H)-manifolds. Cohomologically speaking, the HKT condition allows to obtain
similar results as in Theorem see for instance [329]. Moreover, Banos and Swann in [35, 270],
proved that, for HKT metrics, local potentials always exist. Other general properties of HKT metrics
can be found in [8, 73} (195, 197, 329, 332]

However, the most important fact that highlights the analogy of HKT manifolds with K&hler ones is
the so-called quaternionic Calabi conjecture. In order to give the precise statement of the conjecture we
need some other preliminaries.

Let (M, I,J,9) be a HKT manifold. The HKT condition and the g-realness of Q allow us to define a
cohomological class

[apc € Hypo (M),

which is also called HKT class. Then, any other g-real (2,0)-form o € [Q]qgc will be of the following
form:
a=0+00;0, ¢ecC*(M,R).

The quaternionic Calabi conjecture was firstly stated by Alesker and Verbitsky in [9] and it mimicks the
statement of the Calabi conjecture in Kéhler Geometry.

Conjecture 1.3.27. Let (M"™,I,J,Q) be a compact HKT manifold. Let © be a q-real, q-positive, (2n,0)-
form. Then, there exists a unique ¢ € C*°(M,R) such that

(Q+00,0)" =0, Q+00;0>0, supp=0.
M

As in the Kéhler case, the validity of Conjecture will give rise, in some special cases, to
canonical hyperHermitian metrics. Indeed, for instance, we know that on SL(n,H)-manifolds we always
have a holomorphic volume form © which is ¢g-real. Then, with this particular choice, Conjecture
will produce a balanced HKT metric on M which, in particular, is Chern-Ricci flat.

As for the Calabi conjecture, Conjecture has a more analytic and equivalent formulation in-
volving the so-called quaternionic Monge-Ampére equation.

Conjecture 1.3.28. Let (M™,I,J,Q) be a compact HKT manifold and F € C>°(M,R). Then, there
exists a unique (p,b) € C°(M,R) x R such that

(Q+00;0)" =efQ" . Q4+ 09;0>0, supp=0. (1.48)
M

Partial results are known for Conjecture to hold. As far as the author knows, the most general
result concerning the validity of the conjecture can be found in [89], where Conjecture is proved
under the assumption of hyperKéahlerianity of the manifold. The proof of the latter result involves the
standard continuity method. Of course, the hardest part is the proof of a priori estimates. Recently,
Sroka in [292] proved the C° estimate for in the general hyperHermitian setting.

As we saw, we can combine the HKT condition with another condition coming from complex Geometry
without forcing the metric to be hyperKéhler. Indeed, we saw that Conjecture [[.3.27] is essentially
formutaled to find balanced HKT metrics on any fixed SL(n,H)-manifold. On the other hand, mainly
motivated by the coincidence of the Bismut connections, one can ask d-closedness of its torsion, resulting
in the so-called strong HKT metrics.



1.3. BASICS IN HYPERHERMITIAN GEOMETRY 35

Definition 1.3.29. Let (M, I, J,Q) be a HKT manifold. € is called strong HKT if the torsion of the
Bismut connection of wy is closed, i.e.
dd‘jw; =0.

As for the all the conditions we will impose on the metric, the strong HKT condition can be rephrased
in the terms of some cohomological condition.

Theorem 1.3.30 ([332], Proposition 5.4). Let (M,I,J,Q) be a HKT manifold. Q) is strong HKT if and

only if -
00;2=0.

Few examples of strong HKT metrics are known. The largest class of such examples are Joyce’s
examples, we refer to Subsection for the construction of such examples. Indeed, in [251], [I74], the
authors proved that a suitable extension of the Cartan-Killing form of the compact semisimple factor
gives rise to a strong HKT left-invariant metric. Barberis and Fino in [44] provided a construction for
producing new examples of left-invariant strong HK'T metrics starting from a fixed one, using quaternionic
representations. Surprisingly, the moduli space of Hermitian-Einstein connections on a given holomorphic
vector bundle over a quaternionic Hopf surface inherits a strong HKT structure, see [243].

On the other hand, other conditions on the hyperHermitian metric were imposed throughout the
past years. As it is customary, they are all conditions on the (2,0)-form Q. We shall recall them in the
following definition.

Definition 1.3.31. Let (M™, H, ) be a hyperHermitian manifold. The metric € is called quaternionic
Gauduchon if
20;Q" 1 =0.

Moreover, the metric Q is called quaternionic strongly Gauduchon if Q"' is 0j-exact. Finally,  is
called quaternionic balanced if
o9t =0.

One can easily see that all the definitions above are mimicking the analogous definitions of, respec-
tively, Gauduchon, recall Definition strongly Gauduchon, see [271], and balanced metrics, see
Definition defined in complex Geometry.

As in the complex case, we have that a HKT metric is, in particular, a quaternionic balanced metric.
Moreover, any quaternionic balanced metric is quaternionic strongly Gauduchon. Finally, any quater-
nionic strongly Gauduchon metric is of course quaternionic Gauduchon. On the other hand, the converses
are not true in general. We shall collect in Section [4.7] examples showing that the inclusions among the
classes of manifolds admitting these metrics might be strict. For instance, as far as the author knows,
Examples [A.7.4]) [£.7.5] and [£.7.6] are the first examples of compact hypercomplex manifolds admitting
quaternionic strongly Gauduchon metrics but no quaternionic balanced metrics.

The quaternionic Gauduchon condition was firstly considered in [I72]. In particular, the authors noticed
that on a compact SL(n, H)-manifold quaternionic Gauduchon metrics really behave as Gauduchon met-
rics. Namely, on a compact SL(n, H)-manifold, we can always find a quaternionic Gauduchon metric in
each conformal class of a given hyperHermitian metric. On the other hand, on non SL(n, H)-manifold,
we cannot expect, in general, the existence of quaternionic Gauduchon metric. An example of such man-
ifolds was firstly provided by Andrada and Tolcachier in [I7]. We will address that example in details in
Example [£.7.9] The main aim of Section [£.3]is that of giving sufficient and necessary conditions for the
existence of such metrics.

As regards the quaternionic balanced condition, it was firstly introduced in [231] and the first example
of a hypercomplex manifold admitting a quaternionic balanced metric but no HKT ones was found in
[I12]. We should also mention that these kinds of metric are also the object of an interesting form-
type Calabi-Yau problem [I3T] 132, 159, [I60]. On the other hand, properties of quaternionic balanced
manifolds are not perfectly known, as in the complex case. We will study some of them in Section [4.4

Finally, quaternionic strongly Gauduchon metrics were firstly defined in [232]. Unfortunately, such
metrics were not studied much in the literature. As we will see in Example this condition, as a
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difference with the quaternionic balanced and quaternionic Gauduchon one, relies on the preferred choice
of the pair of anti-commuting complex structures, ultimately indicating the not well-suited behaviour of
such condition in the hypercomplex setting.

1.4 Gromov-Hausdorff and Cheeger-Gromov convergence

In this short section, we quickly recall the definition of Gromov-Hausdorff and Cheeger-Gromov conver-
gence and their main properties.

Definition 1.4.1 ([64], Definition 7.3.1, Definition 7.3.10). Let (X, d) be a metric space and A4, B C X.
The Hausdorff distance between A and B is defined as:

du(A,B) :==inf{r >0|A C B,(B) and B C B,(A)}

where B, (A) = {z € X |d(z,A) <r}.

Given XY two metric spaces, the Gromov-Hausdorff distance dgu(X,Y) between X and Y is defined
as the infimum of the Hausdorff distances between A’, B’ C Z, where Z is a metric space and A’ and B’
are, respectively, isometric to X and Y.

Finally, let {X,,}nen be a sequence of metric spaces and X be a metric space. We say that X,
converges to X in the Gromov-Hausdorff sense if dgu(X,,X) — 0, as n — oo.

We collect here the main properties of the Gromov-Hausdorff distance and convergence.
Theorem 1.4.2. 1. Let X and Y be two isometric metric spaces, then dgu(X,Y) =0;
2. dgu defines a metric on the space of isometry classes of compact metric spaces;

3. if there exist maps F: X =Y and G: Y — X, not necessary continuous, such that

|dy (F(z1), F(x2)) —dx(z1,22)| <&, dx(z,GF(z))<e, x1,x9,2 € X,
|dX(G(y1)7G(y2))_dy(y1?y2)| <e, dY(vaG(y)) <eg, y17y23y€Y7

then, dgu(X,Y) < %s.

The proof of the first statement is straightforward, the second one is proved in [64], Theorem 7.3.30]
while the proof of the third can be found in [277, Lemma 1.3.3].

Besides being purely topological, Gromov-Hausdorff convergence gives a quantitative picture of col-
lapsing in Differential Geometry. As we will see in Section [3.1} the Gromov-Hausdorff convergence of the
solution of certain geometric flows highlights how the flow transforms the starting manifold, ultimately
collapsing into a lower dimensional manifold.

On the other hand, the collapsing behaviour might be caused by the presence of some gauge group,
especially in the study of geometric flows, acting on our objects and producing degenerating directions.
Moreover, one may be interested not only on the topology but rather on the differential structure of the
limit. To do this, we introduce the notion of Cheeger-Gromov convergence.

Definition 1.4.3 ([221], Definition 6.2). Let {(Mg, gk, pr)}ken be a sequence of pointed Riemannian
manifolds and (M, g, p) be a pointed Riemannian manifold. We say that (My, gx, pr) converges to (M, g,p)
in the Cheeger-Gromov sense if there exist an exhaustion {2 }ren of open sets of M containing p and
i Qi — M, embeddings such that ¢ (p) = pg, for any k € N, and ¢} gr — g smoothly on compact
sets.

We recall here some of the properties of the Cheeger-Gromov convergence.

Theorem 1.4.4. Let {(My, gx,pr)}ken be a sequence of pointed Riemannian manifolds converging to
(M, g,p) in the Cheeger-Gromov sense.



1.4. GROMOV-HAUSDORFF AND CHEEGER-GROMOV CONVERGENCE 37

1. If M is compact, then oi: M — My are diffeomorphisms. In particular, (My,gr) converges
smoothly to (M, g), up to diffeomorphisms;

2. (M,g,p) is unique up to isometries;
3. If (My, gk, pr) is homogeneous, for all k € N, then (M, g,p) is homogeneous;

4. If (Mg, gk, pr) is homogeneous, for all k € N, the choice of the base points py is not influent on the
limit.

In contrast with the first Item of Theorem we can find examples of compact Riemannian
manifolds converging to a non compact one, see [22], 9.2.2]. Moreover, the choice of the base points, in
the general case, is crucial, see [221I]. We will see both in Section and Section the study of the

Cheeger-Gromov convergence of the solutions of pluriclosed and generalized Ricci flow highlights soliton
solutions.
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Chapter 2

Constructing constant Chern scalar
curvature balanced metrics

In the Kahler realm, cscK metrics are nowadays believed to be canonical representatives of a fixed Kahler
class, mainly due to the Yau-Tian-Donaldson conjecture, see [91], B16] [339]. A great source of examples of
cscK metrics was provided by a result by Arezzo and Pacard in [31]. This result ensures the existence of
cscK metrics on the blow-up in a finite number of points of a cscK orbifold with no non-trivial holomorphic
vector field vanishing somewhere. The aim of this chapter is to extend the result by Arezzo and Pacard
to the balanced case, thus proving Theorem

The strategy we follow to prove Theorem [B|is a classical gluing procedure. The chapter is divided as
follows.

In Section [2.1] we discuss the general set up within we wish to perform the deformation argument.

Section [2.2]is fully devoted to the proof of Theorem [B] After comparing our problem with the Kéhler
case, we prove the invertibility of the linearized operator and solve the equation by means of Banach’s
fixed point Theorem.

Section is dedicated to the proof of Theorem which requires the existence of a suitable
(n — 2,n — 2)-form on the starting manifold.

Finally, in Section we discuss some classes of examples in which Theorem [2.3.T] can be applied.

The present chapter is an account of a joint work in progress with Federico Giusti.

2.1 Set up of the problem

In this section, we set up the problem in the general setting. This section will be divided in two sub-
sections. In Subsection we construct the approximate solution and prove some estimates on it
to ensure we can perform the deformation argument in Section In Subsection we set up the
equation we want to solve and compute the linearized operator of it.

2.1.1 The approximate solution

Let (M,&) be a compact Chern-Ricci flat manifold of dimension n > 3 and let M be the blow-up at
a point x € M. For the sake of simplicity, we will focus in the case of the blow-up of a point, but
the argument applies in the same way when blowing up a finite family of points. Following the usual
strategy of gluing constructions (see [31] or [312]), the first step will be to construct an approzimate
solution to the problem on M , which in our case will consist of an approzimately constant Chern scalar
curvature balanced metric. In order to do this, we shall implement the cut-off argument for balanced
metrics introduced in [I68]. With this in hand, we can glue together the background metric @ to the

39
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Burns-Simanca metric wgg on the blow-up of C™ at 0, using a flat region as bridge, making sure that it
also satisfies suitable properties for the following deformation argument.

Let us then start to describe this gluing process by seeing how the balanced property intervenes. This
happens with the following lemma, whose proof can be found in [I6§].

Lemma 2.1.1. Let (Y",®) be a balanced manifold. Then, for every y € Y and p > 0, there exist a
sufficiently small € > 0, coordinates z centered at y and a balanced metric &, such that

. {wo if 2] <eP,
We =

@ if |z > 2eP,
where w, is the flat metric around y, and such that |We — woly,, < ce? on {eP < |z| < 2eP}.

Thus, starting from w, we can obtain the corresponding w,, which is exactly flat in a neighbourhood
of .
On the other hand, we can consider the standard coordinates ¢ on X := BloC"\E ~ C"\{0} =: X \ {0}.
Recalling that wpg admits the expansion ([1.9) away from the exceptional divisor, we can introduce a
cut-off function

1 ify <1,
¥(y) := < non increasing if ;I <y<4i,
0 ify > 3,

which, for all ¢ > 0, can be rescaled to
Ve(y) := (),

making the cut-off happen far away from the exceptional divisor, i.e. in the asymptotically flat part.
This allows us to introduce the family of closed (1,1)-forms:

was,e = V=199(|¢* + ¥ (I¢)v(I¢]) -
From here, it is easily seen that, on the cut-off region {7e77 < [(| < %E*q}, it holds
WBS,e = Wo + O(ldg_m)» (2.1)

where now w, denotes the flat metric on C"\{0} induced by the coordinates ¢. This ensures that for
sufficiently small €, wps ¢ is an asymptotically exactly flat Kéhler metric on X.
If we then consider the biholomorphism

5 = gbta <7

1
—eP <« <2:D
{45 <z| £ a}

with which we can topologically realize M. Moreover, it also allows us to obtain that

we get the identification

1
{7 <<

|2 = 2P+ 7,

telling that on M, the metrics 52(?’*‘1)&1]3375 and w, coincide with the flat metric on the region
1, _ 1
e islil=eTtr =05 s =P (2.2)

This last fact gives us the possibility to glue w. and 52(p+q)w3575 to a global balanced metric w. on M.
In the following, as it will not create any confusion, we will avoid writing explicitly the dependence on ¢,
thus we will always write just w = we.
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Remark 2.1.2. The metric w is a suitable approximate solution. Indeed, it is clear that the metric is
unaltered on {eP < |z| < 2¢P}, on which we still have

|V¢’Zo (W= wo)lw, < Clz‘l_k,

for all £ > 0.

On the other hand, since to obtain w we had to rescale the metric wgg . on X, we have to check how it
has affected the distance from the flat metric. To have clearer estimates, we will express also this one in
terms of the “small”coordinates 2. The main thing to observe, is that on {3e~? < |¢| < 277} it holds

(W = Woy W — Wow, (2) = c—4(p+9) <52(p+q) (WBS.e — Wo), 2(p+a) (WBS.c — Wo))w, (€)
= (WBS e — Wo, WBS,e — Wo)uw, (()
implying that |w — wolw, (2) = |wBs,c — Wolw, (¢). From here, we can recall the expansion and obtain
lw — wWolw, (2) §|WBS,5 — Wolw, (€) < C|C‘272n < ce@n=2a < C‘Z|(2n72)q/pv
which implies, on the whole gluing region, that, for all £ > 0, holds

Ve, (@ = wo)lw, < cl2|™7F,

where m = min{1, (2n — 2)q/p}, showing again that w is indeed a metric on M. Moreover, the closeness
between the metric w and the flat metric w, shows us that w is suitable to perform analysis with, and
hence we can try to search for a constant Chern scalar curvature balanced metric through a deformation
argument.

Remark 2.1.3. As we will see, the deformation argument we will introduce in the following subsection
will allow us to work within the balanced class of w. Hence, in light of [23] Proposition 2.6], we can
predict the sign of the Chern scalar curvature of a genuine solution (which we will obtain in the next
sections) by describing the cohomology class of w. Indeed, we have that

W e = 7 [@" sc + [E2PTVwps]pct
and, since [wps]pc = —[E]pc, we get
[Wn_l}BC = ¥ [‘Dn_l}BC =+ (_1>n—1€(2n—2)(p+q) [E]gal
Now, recalling (1.18)), (1.15) and that [E]3. = (—=1)"71, it follows that

F{w}) = %(W*C?C(M) — (n=1)[Esc) - (7" [@" s + (~1)" eI [ELY

—T({@}) -

. (2.3)

(n—2)!

c(2n=2)(p+q)

2.1.2 Setting up the equation

We now wish to obtain a constant Chern scalar curvature balanced metric starting from the approximate
solution, and as done, for instance, in [31], 51, B12]. We plan to do it through a deformation argument.
Since we wish to work inside the balanced class of w, we will consider the general deformation, considered
firstly in [130] :

wi =W+ V=100p, g€ AR™#" M such that wi™ > 0. (2.4)

Thus, the problem we are interested in solving, following what was done in [312], is the equation

s (wy,) = const. (2.5)
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for p € A£72’"72]\}[ such that wg_l > 0. Now, as showed by (2.3), we can expect the solution to have
the Chern scalar curvature near to the one of @, thus we can rephrase equation (2.5)) as

S(p) 1= 5™ (w,) — s7(@) = (2.6)
for ¢ € Aﬁ_g’"_Q]\Zl and ¢ € R. Moreover, we can get rid of the unknown constant by rewriting the
equation as

~ w™

S(p) = sM(wp) — s7(@) — . flo)r =0, (2.7)

where f: AE{Q’"QM — C*°(M,R) is a suitable operator to be evaluated on ¢ which will be chosen
later to help us to get rid of the kernel of some operator. This will help us in obtaining the invertibility
of the linearization of S, which is a key ingredient to allow us to turn the problem of solving equation
(2.7) into a fixed point problem to be solved with Banach’s fixed-point Theorem in a suitably chosen
neighbourhood of zero. Hence, our next step will be to compute the linearization at 0 of S.

First of all, we observe that, directly from , we have that the linearized operator

L(p) = doS(p) = L(p) — /M dof(@)%l , pe AT

where L£(p) = dps"(p). We thus need to obtain an explicit expression for the operator L(¢) =
%’ tZOSCh(th), where wy, is an arbitrary curve of Hermitian metrics lying in [w" ']gc and such
that wg’;l = w" ! and (wz;l)’ (0) = . Thus, we consider the curve of Hermitian metrics defined

by WZ;l = w" ! 4 /=190y and we observe that

d 1
adl noo__, Aw'™
dt ’t:owt’“’ "t ‘t:Owt’w v (2.8)
d n d n—1 3 .
Tt oo = |,y Wt AW +wAV—=100p.
Then, from ({2.8]), we obtain
d n _
— te=——wAV=100p. 2.9
dtlemotn 1" v (2:9)
For the sake of simplicity, we will denote with
d n wAvV—100¢
() = 7‘ log ! = .
() dtlemo B9t T 1 wn
From this, we easily obtain that
d : .Ch 5
%‘ Ric (w;) = —V/=100F, (¢). (2.10)
t=

Now, differentiating ([1.13)) in the case of the Chern connection and using (2.9) and (2.10)), we obtain that

Ric®"(w) A V=100 _ 4Ch

wn

L(p) = —AuFu(p) +n

(W)Fu(y) - (2.11)

Clearly such an operator will not stand the possibility to have no kernel, as the input space is much
larger then the target space, on top of being extremely complicate to understand. For this reason, in the
next two sections, we will introduce two different ansatz with the objective to turn the operator into one
between two function spaces, allowing us to perform the usual analysis involved in gluing constructions.
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2.2 Balanced deformation

In this section we consider the balanced ansatz for the deformation argument. In particular, we analyse
the equation in (2.4) assuming ¢ = uw"=2, for u € C*°(M, R), as previously done in [I68], from which
we get, as from [I68, Lemma 3.2], that the operator F,, takes the form

1 1
F,(u) = — (Awu + n_1|8w|2u> . (2.12)

We will then choose f(uw” 2) = uldw|?. With these choices, we are able to turn operator S into an
operator taking smooth functions in input defined as

~ _ wn
S(u) = s (wy) — 590 (@) — / o2 (2.13)
N n!
whose linearization is now suitable to be inverted, up to working in the correct functional spaces. Let us
conclude by writing again the linearized operator £ implementing this ansatz:
n

N ) Fy () — /M ulpP2r . (214)

Fu) 1= Eua?) = ~ A B (u) 4 nie @) N V100(u )

wn

Before proving Theorem Bl we want to highlight and discuss the differences and similarities of this
setting with the Kahler one.

2.2.1 Comparison with the Kahler case

As highlighted before, this deformation makes sense on every balanced manifold, hence it is worth ana-
lyzing the linearized operator in a more general setting, aiming to understand something more about it in
the case of constant Chern scalar curvature balanced metrics. As we will see, this linearization will show
up as a perfectly fitting generalization of the Kahler case, as it will reduce to the Lichnerowicz operator
whenever the metric on the base manifold is chosen to be cscK. In order to obtain this, we will first recall
some ingredients from the Kéhler setting, then obtain some significant formulas for the balanced setting,
and finally put all the pieces together.

First of all, we recall that from the case of [31] for cscK metrics on blow-ups, a key role is played by
the Lichnerowicz operator:

D*D: C®(M,C) — C®°(M,C) defined locally by D*Dy := ¥ g*' D, Dy, D; Dy

where here D is the Levi-Civita connection of a given K&hler metric g. More globally, using (1.16)), we
can write, see for instance [312] Definition 4.3],

D*Dip = A2 + g(i00v, Ric(w)) + g(ds(w),8¢), ¢ € C=(M,C),

where Ric(w) is the Ricci form of the metric g while s(w) = tr,Ric(w) is the Riemannian scalar curvature
of g. The kernel of the Lichnerowicz operator is well-known and it consists on those function ¢ such that
(D)1 is a holomorphic vector field.

Now, let w be a balanced manifold. Following the K&hler case, we would like to consider the operator

D :=ViVy: C°(M,R) — T(A™' M @ A M),

where V is the Chern connection of w (which is now different from the Levi-Civita connection), and
compute, given p € C*°(M,C), the Chern-Lichnerowicz operator D*D. As the contracted Bianchi
identity is only satisfied by the Levi-Civita connection, in order to obtain a reasonable expression
for the operator, we are going to develop some formulas for the codifferentials of the Chern-Ricci forms
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of a given balanced metric w. We will then see some interesting applications of them, not only in direct
relation to our problem, but in the wider framework of constant Chern scalar curvature balanced metrics.
To make things clear, let us quickly establish some local coordinates conventions. We will locally
write any Hermitian metric w as
v —1 . .
w= Tgﬁdzl ANdz

where, as usual, g;; = g(%, %) are the components of the Hermitian metric g associated to w. As we
i J

know, the presence of a Riemannian metric determines a natural metric on all the tensor bundles. In
what follows, we will make use of that on differential forms. Encoding directly the complex structure
in the discussion, we will use the following convention: given «, 8 € AP*2M, then, in local holomorphic
coordinates, we have that

1 .= . -
— 11731 ... 40 klll.‘. kgl _ _ _ _
9(a, ) = ——yg gy A ERN RSN 2 N S

plg!
Recalling Definition [[.1.12] and [I.6] we have:

aA*B:g(a,B)%.

With these conventions, we can recall some well-known Riemannian relations we will use later, specified
in the Hermitian case. The first one is the fact that that the interior product and the exterior one are
formal adjoints with respect to the inner product above. More precisely, given Z € TVOM, o € APIM
and 8 € AP~190M we have that

9z, B) = g(a, Z° A ), (2.15)
where ZP(W) = g(Z, W), for all W € T%! M. From this equality, we derive the following:

1z8=x(Z° NxB) and 178 =*(Z° AxB). (2.16)

We then have the following formulas, which can be interpreted as the contracted Bianchi identities
for the Chern connection.

Lemma 2.2.1. Let (M,w) be a balanced manifold. We have,
V-1
2
vl
2

O Ric™M (w) = v=18s" (w) — A%(Ric™(w) A dw),

I*Ric? (w) = v=10s"(w) — A%(Ric® (W) A Bw) — V=TA(ORic (w)) .

As a consequence, we have that
i0*9*Ric™M (w) = Ays™M(w) — g(Ric™ (w), 0" Ow)

_ 1 _
i0*9*Ric (w) = A, s (w) — §A2(\/—188Ric(2)(w)) + 2Re(g(ORic? (W), dw)) — g(Ric® (w), 8" Ow) .

Proof. First of all, using [48, Lemma 2.1], we know that

1

1 e 1 . Ch .
msc} (W)w" ! — ———Ric™M(w) Aw" 2. (2.17)

*Ric"(w) = =)

Now, using the balanced condition, we have that

9 % Ric(w) = 95 (w) A *w — Ric®(w) A dw™ 2.

1
(n—2)!
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Applying ([2.16)), for any Z € T1OM, we can infer that

170" Ric® (W) = * (Z° A 9 * Ric™ (w)) = *(Z° A 952 (w) A *w) — T (Z° A Ric™(w) A 8w 2).

(n—2
On the other hand, applying again Item [6] of Proposition [[.1.15 we obtain

x0s (W) = — (T:/j)!E)SCh(w) AWt = —/=19sM (W) A *w),

which gives us that

#(Z° A 95O (W) A xw) = V11705 (w) .

Now, thanks to the balanced condition, we have that Jw is primitive, recall Item [3| of Proposition [1.1.48
So, using again Item [6] of Proposition [[.1.15] we can easily see that

*Ow = @aw"—z. (2.18)
Then,
mzb ARic(w) A w2 = — /=12° ARic™® (W) A 0w = —V/—1g(Ric™(w), Lzéw)% .
Hence, we obtain that
170" Ric™ (W) = V=11205" (w) + V—=1g(Ric™(w), 1 70w) . (2.19)

In order to achieve the claim, using again the balanced condition, we observe that, for any Z € T1OM,
we have that

L A2 (Ric® (@) A Bw) = %AQ(LZ(RicCh(w) A Ow)) = % 92 (Ric® (@) A Ow), w?)

2
. Ch w2 . Ch 5 (2:20)
= x* (RIC (W) A tz0w A (”2)'> = —g(Ric”"(w), tz0w) ,
where we used that L
*xLz0w = —mLZOw Aw™ 2,

Now, we can conclude by using (2.20)) in (2.19)).

As regards the formula for the second Chern Ricci form, we just need to analyze the term involving
8Ric(2)(w) A w"2. Applying again Item |§| of Proposition 1.1.15L we have that

n—2
«LZY =120 A |
(n—2)!
which implies that
n—2
7" A ORic® (w) A (w 7 V=Ig(Ric® (w), LZ%) = V=T1zA0Ric? (w),
n—2)!

giving the desired formula.
As regards the second part of the statement, we know that

V=10*0*Ric" (w) = /=1 % 09 * Ric™™(w) .



46CHAPTER 2. CONSTRUCTING CONSTANT CHERN SCALAR CURVATURE BALANCED METRICS

Now, recalling (2.17), using the balanced condition and the fact that Ric“"(w) is both & and d-closed,
we have that

V=18*0*Ric" (w) = * ;\/—1868011 W) AW — Ric®M(w) A vV=10w™ 2
Y

1 ) .
= AwSCh(W) — m * (RiCCh(W) AV —16&0”72) .
Hence, using ([2.18)), we obtain
e 2)'RicCh(w) AV=100w" 2 = —Ric™(w) A *90*0w = —g(Ric™(w), a*aw)% ) (2.22)
which used in ([2.21)) gives the claim.
Finally, using that
n—1 n—2
i@ () = sCh d _ Ric® d
*Ric' (w) = 7" (w) A =) Ric* (w) A ek
we obtain
n—1
V=10*9*Ric? (w) = « <\/155$Ch(w) A J:_ o i B V=100(Ric® (w) A wn2))
’ ' (2.23)
1 _
= A, (w) — * (M\/—wa(mc(?) (w) A w"2)> .

Moreover, we have that
V=100(Ric? (w) A w"2) = V/=188Ric'? (w) A w2 + 2Re(v/—19Ric® (W) A " 2)
+ Ric® (w) A vV=100w™ 2.
Now, in the same fashion as in (2.22)), we can conclude that

1

T 2)'Ric@) (W) A V=100w" 2 = —g(Ric® (w), 0" Ow) .
n—2)!

Furthermore, one can check that

V=16Ric® (w) A (i”j;! = —9Ric® (w) A #dw = —g(Ric® (w), dw) .
Then,
—ﬁﬁaé(mc(%w)mﬂ) - —%Az(\/jlaéf{ic(z)(w))+2Re(g(6Ric(2)(w), Ow))—g(Ric® (w), 8" 0w)
which inserted in concludes the proof. O

This result has several very interesting consequences which we shall now discuss (up to obtaining a
nice expression for the Chern-Lichnerowicz operator). The very first formula in Lemma for example,
guarantees a new way of proving a well-known fact, i.e. that balanced first Chern-Ricci Einstein metrics
are either flat or Kéhler-Einstein, see [24].

Corollary 2.2.2. Let (M,w) be a first Chern-Einstein balanced manifold. Then, w is either first Chern-
Ricci flat or Kdhler-FEinstein.
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Proof. The first Chern-Einstein condition together with the balanced condition ensures that
I Ric™M (w) = V=185 (w)..
On the other hand, if Ric®" (w) = Aw, for some A € C°°(M,R), we have that

1
(n—1)!

I*Ric™M(w) = 0" (Mw) = — * (OAA WY = /=10,

Then, we have that
V=10 = V=105 (w) = nv/—10A
which implies that A is constant. So, in the case in which A # 0 we conclude the proof, using that
Ric®(w) is d-closed. O
Another consequence of Lemma is that, on a compact balanced manifold (M,w), the term
g(Ric(w), * 8w) appearing in the expression of v/—19*3*Ric®®(w) is such that

w n

/M g(RicCh(w),a*Bw)—' =0.

n.

The above condition directly implies that if (M, w) is a compact quotient of a Lie group endowed with a
left-invariant balanced metric, then RicCh(w) is Bott-Chern harmonic, i.e.

ORicM(w) =0, OIRic"(w) =0 and v—19*0*Ric™™(w) = 0.

On the other hand, a well know result, stemming from [I.16] states that a Kéhler metric has harmonic
Ricci form if and only if the metric is cscK. Then, one can formulate the following problem:

Question 2.2.3. Let (M,w) be a compact balanced manifold. The first Chern-Ricci form of w is Bott-
Chern harmonic if and only if w has constant Chern scalar curvature.

Remark 2.2.4. In general, we cannot expect the first Chern-Ricci form to be d-harmonic. Indeed, in
[167], the authors constructed balanced compact quotient of Lie groups with vanishing first Chern class
but non-zero Chern-Ricci form. Then, if the Chern-Ricci form was d-harmonic, it would readily imply
that it is zero, which is not possible.

One more consequence of the proof of Lemma is the following identity.
Remark 2.2.5. For w balanced metric, we can easily use (2.18]) and [I68] to infer that

1
(n—2)!

With the same strategy, we can easily re-prove a result from Liu and Yang (see [235] Corollary 5.3])
relating balanced metrics with k-Gauduchon metrics, i.e. metrics such that

V=100w* AW F Tl =0,

AO* 0w = * (V=100w" % Aw) = |0w|? .

for some kK =1,...,n — 1. In particular, we can actually extend the result to the non-compact case and
obtain:

Proposition 2.2.6. Let (M,w) be a Hermitian manifold with w both balanced and k-Gauduchon, for
somek=1,...,n—2. Then, w is Kahler.
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Proof. As in (2.18]), we have that

‘ 1) 4
wOwi+! — \/ILD'_(%"_%], j=0,...,n—3.
(n—2—j)!

Then,

. ] | _ .
0"t = m % v/—100w" 277 j=0,....,n—3. (2.24)

Then, combining (2.24)) for j = n — 2 + k with the k-Gauduchon condition we get

(n—1-k)!

APk grgnT1-k — Kl "k (V100w AW TRy =0

On the other hand, for k > 2, it holds

%\/ 100w A w1k = ;\/ —180w A w™ 2

1 3 n—3
] — (k_Q)!\/—law/\f)w/\w ,

while the balanced condition gives us that
V—100w Aw"™? = (n —2)0w A dw Aw™ ™3 (2.25)

from which follows

(n=1-k)n-1—k)

_ An—1—kaqx n—1-k __
0=A 0" 0w = U=

!
|ow|?,

which gives us the claim.
The 1-Gauduchon case follows directly by combining (2.25)) and ([2.18]). O

Let us now discuss the main consequence of Lemma for our purposes, that is a formula for the
Chern-Lichnerowicz operator.

Lemma 2.2.7. Let (M™,w) be a compact balanced manifold. Then, for any u € C°(M,R), we have
that

D*Du=Au+g (RicCh(w) - %E, iaau) +g (8* (RicCh(w) - ;E) ,i@u) ,
where the (1,1)-form = is defined as
E(X,Y):=Q*JX,Y), X, YeTM,
with Q% = gk[gqukpgi}ﬁi,
Proof. In order to have the explicit expression of D* we observe that, if 3 € A% (M) @ A%(M),
97 gV ViuBi = — tr,(OV* (uf)) + 2tr, (D(wV* B)) + ug' ¢ V3V Bu (2.26)
where (V*B),, = —gP9V ;8pm. Then, using the balanced condition, we can infer that
(Du, B) = / ugijgmvjvz;@uﬁ ,
M n!

obtaining that D*f = gﬁgkl_vjvkﬂi;. This guarantees that

D*Du = ¢/* g1V, V,;V;Vau ,
as in the Kihler case. On the other hand, we have that, for any 8 € AN (M) @ ALO(M),

VVibBrs = ViVpbig + T5,Vsbig - (2.27)
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We can then use (2.27) to infer that
D*Du = g"1g/"V,;V,V; Vau + gP1g7 " T2 V Vi Vu.
Furthermore, we can recall that, for any o € A%(M),

V,Viag = ViVyag + RL az. (2.28)

kpg—t

Hence, by making use of (2.28), we obtain that

D*Du =g'*g"V; ViV, Vau + ¢*g"7V;(RL Vi) + g" 79" T3,V Vi Vau.

Now, recalling that, thanks to the second Bianchi identity, see for instance [327, Proposition 1.6], we have

V,R. =V,R.. +T:RE

kpq kjq J " ksq

we can conclude that

9" g1V (R Viu) = g*g" IV RE Vgu+ g/*gPTRE Y, Veu
= g(Ric® (w), i00u) + gqupRic(Q) (g)ngu + nggqupsz}%Squu,

where Ric® (w) is the third Chern-Ricci form, see, for instance, [235] for its definition. On the other
hand, using [235, Theorem 4.1], we know that, in the balanced case, Ric'® (w) = Ric®®(w). This gives us
that

D*Du = A2 u + g(Ric™ (W), iddu) + g"7V,Ric® (g)tq:Vgu + gj’;gqu;jR%squu + gp‘jgj’_“TjsstV;;un.

Now, we can use (2.28]) to infer that

gpqgjkT;‘vavaqu _ gjkgPQT;‘pR%sqviu — gplfgjkj'vfpvkvquu )

On the other hand, one can easily check that
g 1 o i
g" g T ViV Vau = §gpqgf’“ij(v,;vquu ~V;VViu),

moreover, using that, for any v € AL (M), we have that

Vl%%q - ijrysfc = (éV)Esq’ + T;]}’stv
concluding that
g 1 o T ok 1 -
gpqg]ijpV,;Vquu = igpquijqufEVSVgu = —ig(:, 100u) .

Then, putting all the pieces together we obtain that

1 _ B _
D*Du=A2u+g (RicCh(w) - 55 i@@u) + gPV,Ric® ()t Viu

1

=A2u+g (RicCh(w) - 53, i@@u) + g(*Ric® (w), idu) ,

where the last equality is due to the fact that
I Ric® (W), = =PIV, Ric® (),

see, for instance [I05, Appendix D] for a more general statement. The claim is obtained making use of
[303, Proposition 4.3]. O
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This formula highlights the fundamental differences between the problem in our case and in the
Kahler one. Indeed, formally, the role which in the Kéahler case belongs to the Ricci form now is played
by the first Chern-Ricci form, and the last torsion term appears. As one can see from the proof, the
balanced condition is playing a crucial role both in computing D* and in identifying the third and the
first Chern-Ricci tensors. This last property is really exclusive of the balanced setting, see [235, Theorem
4.1].

If we now go back to the operator £, which in our current setting is given by

n nRicCh(w) A V—=100(uw™~?) _ (Ch

w

L(u) = —A,F,(u) (W) F(u),

we can obtain a clearer alternative expression, which will allow us to compare it to the Kahler case.

Theorem 2.2.8. Let (M™,w) be a compact balanced manifold. Then, for all u € C*(M,R),

1 = 1
L(u) = — —— [ A2u+ g(vV=188u, Ric®™(w)) + —— (A, + s(w)1d)(|0w|?u)
n I 1 n—1 (2.29)
-— (fRe(g(\/flau, V=IA2(Ric® (w) A dw)) — ug(Ric® (w), 3*3w)> .
In particular, if w is cscK,
1
—_— D*D
L(u) — w,
while if w is a constant Chern scalar curvature balanced metric, we have
1 = 1 =

L(u) = S— (D*Du + g(vV=18u, d*Ric" (w)) + m(Aw + s°0(w)Id)(|ow|?u) + ux/—la*a*RicCh(w)> .

Proof. In order to obtain (2.29)), we will compute the L2?-formal adjoint of £ and then deduce the claim.
First of all, recalling (2.12)), we observe that F,, is L?-self-adjoint. This implies that, for any u,p €
C>(M,R),

(0 AuFu(u) 2 = (u, FuAup) 2, (@, s (W) Fu(w)) p2 = (u, Fl(s™ (w))) 12 - (2.30)
On the other hand, it is straightforward to check that

1
Fu(s™(0)g) = 5™ ) Fa(p) + (080 () + MRe(g(D5°(w), 0p))) (2.31)
n—
So, using (2.31)) in the second equation of (2.30), we have that

(p, SCh(w)Fw(u»Lz = (u, sCh(w)chp))Lz + (u, cpAwsCh(w) + 2Re(g(850h(w), op)))rz.  (2.32)

n—1
Moreover, using the fact that RicCh(w) is both 9 and O-closed, we observe that

V=108 (uw™ %) A Ric™"(w) = d((pv/=10(uw™2) + V=10p A uw™2) A Ric®"(w))

_ 2.33
+uv/=19d¢ A Ric™ (w) A w™ 2. (2:33)
Thus, using (2.33)) and Stokes’ Theorem, we infer that
/71 3 n—2 . Ch 1 B
n{ o, 99(uw"") A Ric H(w) =— / uy/=109¢ A Ric™ (w) A w™ 2. (2.34)
L2
On the other hand, using [312, Lemma 4.7], we obtain that
wn—Z

V—=109p A Ric“™(w) A = (s“"(w)Auyp — g(v/=190¢, RiCCh(W)Dwf, )
n!

(n —2)!
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which can be used in (2.34)) to deduce

. <<p V=100(uw™2) A Ric? (w)

wn n—1

> - (u, s°M(w) Ay — g(vV—100¢, Ric®™ (w))) 12 . (2.35)
L2

Now, using ([2.30)), (2.32)) and (2.35]), we have

(90 Lu)1e = — (1, Fulhsp) 12 — (1,5 (@) Fu(9)) 12 — —— (1, 0257 (w)) 12

n—1
] (u, Re(g(v/ =105 (w), vV=19¢))) 12 + — (u, s°M (W) App) 12 (2.36)
- (V=100 Ric (w))) 2 .
Now, recalling again , we obtain
1 = 1 =
<u, FoAup+ ﬁg(\/qa&p, RiCCh(w))> =7 <u, A2 o+ g(v/=100p, RiCCh(w))>L
- L2 - 2
2.37
L |aw2Awsa> .
+ u, .
n—1 n—1 12
Moreover,
u, —s“M (W) F, (@) + 1 sCh W) ALp = 7#@ sC (W) Ow|?@) L2 . (2.38)
’ n—1 L2 (n—1)2""
Finally, using (2.37)) and (2.38) in (2.36)), we conclude that
* 1 2 5 . Ch |Ow|? Ch
£2(0) = — = (A2¢ + 6(vTT000, Ric™ () + 2 (Aup + 5™ (w)e)
1

(gpAwsCh(w) + 2Re(g(v/ =195 (w), \/—71890))) .

n—1

In order to conclude, it sufficient to understand what are the L2-formal adjoint of the operators
9(v/ =199y, Ric®™(w)) and g(ds°"(w), dp). So, we consider u € C(M,R), we have that

(9(85°M(w), 0p), u) 12 = (uds" (w), D) 12 = (8" (uds" (W), @) 12 -
Now, using (L8], one checks that

2Re(0 (uds“®(w))) = — 2Re(g(vV—10u, vV—1085°"(w))) + 2ud*ds°" (w)

= — 2Re(g(V—1du, V=195 (w))) — 2uA,s"(w) . (2.39)

Moreover
(9(vV=100p, Ric™" (w)), u) 12 = (V=100¢, uRic™ ()) 2 = (p, V=18"0" (uRic™" (w))) 2 -
On the other hand, one can easily verify that
V=190 (uRic (w)) = g(v—180u, Ric“ (w)) + 2Re(g(v—10u, d*Ric™®(w))) + uv/—10*§* Ric™" (w) .

(2.40)
Furthermore, from ([2.39)) and (2.40]), using Lemma we have that
—2Re(g(Ou, s (w))) + 2Re(g(v/—10u, *Ric®"(w))) = —Re(g(du, A%(Ric®™ (w) A dw))
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and
—A,sP(w) + V=18**Ric™™ (w) = —g(Ric™(w), 0*0w) .

From these we obtain the first claim. Assume now w to be cscK, then

L) = —— (Aiu + g(v/ =190, RicCh(w))> =_

- D*Du,
n—1

n—1
see [312, Definition 4.3].
Finally, let w be a balanced metric with constant Chern scalar curvature. Using the fact that

2Re(g(vV/—10u, 0*Ric™ (w))) = g(vV—1du, d*Ric™™(w)) + g(8*Ric“" (w), vV—18u)
we can easily infer that
A2y + g(v/=100u, Ric®™ (w)) + 2Re(g(vV—10u, 8*Ric™™(w))) = D*Du + g(v/—10u, d*Ric™ (w)) .
This last relation inserted in gives us the claim. O

Thus, we see that the operator £ arising from the balanced deformation generalizes to the balanced
case, with the choice of the Chern connection, the Lichnerowicz operator, giving further motivation to
widen the understanding of the associated equation, and making it a good candidate to obtain in the
future the result in full generality.

Remark 2.2.9. It is very interesting to notice that, when starting with w a Kéhler metric, despite the
deformation is not corresponding to a deformation in the Kéhler class (indeed the balanced deformation
does not preserve the Kéhler condition in general), it produces an operator whose linearization is again
the Lichnerowicz operator, up to a constant factor. This in particular shows that, along this ansatz,
holomorphic vector fields appear again as an obstruction to successfully deform the pregluing metric to
a genuine constant Chern scalar curvature balanced metric.

2.2.2 Construction of constant Chern scalar curvature balanced metrics

Having now convinced ourselves of the significance of this deformation, we can proceed with the proof of
Theorem [Bl

In order to prove the theorem, we shall now introduce suitable weighted spaces, as done in [51], as
they will turn out to be the right spaces on which we are able to invert (uniformly) the operator L.
Since we can always assume, up to rescaling, that the neighbourhood of = on which the z coordinates are
defined contains the region {|z| < 1}, we define

ghta on |z| < ePte,

non decreasing on ePT? < |z| < 2ePT4,

p=pe(2) =1 |7] on 2ePT1 < |z] < 1/2,
non decreasing on1/2 < |z| <1,
1 onlz| > 1.

We then introduce, for all b € R, the weighted Hélder norm as

k
Hu”Cl’jS(M) . Z sup |Pb+ivéu|w
i=0 M
. VEu(z) — VEu(y)
+  sup min (p?TET(z), pPHFre(y)) == e
de () <ingje ( ) d-(z,y)~ w

)

where inj. is the injectivity radius of the metric w. Consequently, we define the corresponding weighted
Hélder spaces C’ff‘(M) = {u € CK(M) | [ullgr.o gy < oo}, where k > 0, a € (0,1) is the Holder
? b,e
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constant, and ¢ indicates the dependence on the pre-gluing metric w obtained in Subsection [2.1.1} Hence,
we can interpret S as
§: Gty > i o).

As in [I68] Theorem 1], there is an obstacle given by the kernel of the operator F,, (actually its limit -
with respect to € - on M, ) in . Nevertheless, we will see that it is possible to work orthogonally to
this kernel, in order to ensure the invertibility of the operator. Indeed, we can introduce the functional
space

V. = (ker F,)' 12 C Gy (M),

which inherits the Banach structure thanks to the fact that the topology induced by the weighted Holder

norm is finer than the L2-topology, which guarantees that V. is a closed subspace of C’;’f (M). We are
then able to obtain the uniform invertibility of the linearized operator, following the strategy in [51].
Before proving this result, however, we need a preliminary lemma, which will be central later.

Lemma 2.2.10. For all v € ker Fy;, it exists ve € C’f’:(]\;[) such that
ve €Eker Fy,. and v, =v, on {|]z| > 2P}, (2.41)
for all e > 0.

Proof. For all v € ker I, we consider the same cut-off function y. of Lemma and call R, := {ef <
|z| < 2P} the cut-off region, over which we consider the boundary value problem:

F (ue) = _FADE (st) on Rz—: (2 42)
u, =0 on OR,, ’
for u. smooth on R..
In order to solve problem ([2.42)), we consider its weak formulation:
B(@aus) = <5<P,5U5>L§ - ﬁ“ov |aw5‘%5u6>Lg = <507 F&JE (st)>L§ ) pE CSO(RE) (2 43)
u. € Wy 2(R.), '

where L? identifies the L2-product induced by @, and same for the Sobolev space Wolf (R:).
In order to obtain a solution to problem ([2.43)), we notice that the bilinear form B satisfies the Garding
inequality

1 max |0 |2 1 1.2
By, ) > *||<PH%/V€1,2 - (n_fw + B ||90||2L§7 peW,Z. (2.44)

This ensures us that we can apply [2, Theorem 8.5], to obtain that problem has solution if and only
if F;_(xev) is orthogonal to ker F_, where here Fj_ : WOQE2 (R:) = L2(R.), which is clearly self-adjoint.
On the other hand, it is straightforward to notice that this last condition is indeed verified, ensuring us
a solution ..

Now, if we extend u. to the function u., defined on the whole M as identically zero outside of R, it
is clear that @, solves (weakly) on M the problem

Fo, (e) = —F5, (Xev),

ensuring that . is actually smooth on M, and hence also a classical solution of the latter equation.
Finally, it is straightforward to see that . extends smoothly to 4. on M (by setting 4. = 0 on the
exceptional divisor), yielding a classical solution on M of

F,, (u) = -k, (Xev).

Thus, the function
Ve 1= XU + U

is exactly the function we wanted. O
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We are now ready to prove the main theorem of this subsection.

Theorem 2.2.11. For any b € (0,2n — 4), there exists C > 0 such that, for all u € Ve, we have

lllgpoe iy < ClliLull g, o -

Proof. Suppose by contradiction that statement does not hold. Hence, we can find sequences {ej }reny C
R and {uy }ren such that ug € Vi :=V,,, for all k € N, and

€k k—>—+>oo 0, ||uk||cg:gk(M) =1, keN, (2.45)
and 1
|‘£uk||cgﬁ1,ak(M) < T k e N. (2.46)

We will focus firstly on M, := M\{x}. By applying Ascoli-Arzeld’s Theorem, we have that ur — o
uniformly on compact subsets of M, in the sense of C’g "*, with respect to the background metric @. This
implies, in particular, that on any compact subset of M,, thanks to the fact that @ is a Chern-Ricci flat
balanced metric, it holds

Lup = —AzF5(us), ask— oo, (2.47)

i.e. Luy converges uniformly on compact sets to a continuous function on M. If we then fix a point
y € M, in the region where p = 1, condition (2.46)) implies that

Euk(y) — 0,

which, combined with equation (2.47)), implies that the real sequence |[ o uk\8w|2“’n—7 has finite limit.
Hence, by Lebesgue’s Theorem, we get

/ uk\8w|2w—' —>/ uoo|8d)\2w as k — oo. (2.48)
JYe n! M,

nl’

If we now integrate Luy on M,, using equations (2.47) and (2.48) and assuming b < 2n — 4, we obtain

_ o on _ ~ 2(:}” ~ ~ 2&1"
0= Luge@™ = — AgFy (o) — + Vol(M, ) Uoo|00]* — = Vol(M, @) Uo |00|* —,
(2.49)

hence [, uoo|8dj|2% = 0. From this, we can infer that
ApFp(us) =0,
from which follows that us, is such that Fj(us) = ¢ € R. Now, recalling ([2.12)), we again integrate the

equation Fy(ue) = ¢ over the whole M, yielding that, since again b < 2n — 4,

0= / o |03 = eVol (M, w) |
n.

x

which implies that ¢ = 0 and then Fj(us) = 0 on M,.
Now, using that us, € Cli’g (M,) and (2.12) again, we can conclude that

Aguse € Cy2 (M) .

Thanks to this, following the argument in [312] Proposition 8.10], we have that u,, € CE’_');E(ME).
Tterating this process, we can infer that u., € ij;;: (M,) where j € N is the first integer such that
b—2j+1<0. Now, we can extend us to a function in C*+2%(M) such that

Uoo(2) =0, Apuc(x)=0
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so that u € ker F; on the whole M. Now, elliptic regularity allows us to conclude that us, € C*°(M,R)
such that fM uoo|8®|2% = 0. Now, we want to use that up € V) in order to conclude that u., is
L?-orthogonal to ker F;. If we show this, we will have that us, € ker Fz N (ker F@)J- concluding that
Uso = 0.

For all v € ker Fy, we can apply Lemma [2.2.10| and obtain a corresponding v. € C;’Ea (M) Then,
denoting with vy := v, for all k¥ € N, using that u; € Vy, it holds

<uk,vk>w£k_ =0, forall keN.
This implies that, on any compact subset on M,., we have

(Uoo, V) = 0.
Hence, considering an exhaustion of compact subsets of M, and using the fact that u,, and v are actually
functions on M, we obtain
(Uoo, V) =0
on M, which means exactly that
Uso J—L2 ker FJ_,.

This allows to conclude that u., = 0, as explained above.

We thus fix the compact set M, := M \ {|z] < 1/2}, and focus on A := {|z| < 1/2}, on which we wish
to obtain uniform convergence to zero. For convenience, we shall shift to the “large”coordinates (, i.e.
the coordinates on the blow-up X defined outside the exceptional divisor. Recalling then that

(=02 and |2 = o),
we have the identification

~ ~ 1 A
A:A:AE = {C| < 28_(P+(1)} gX7

and the last description will be the one we will use.
First of all, we shall rewrite p with respect to ¢ on A, giving

gpta on|¢| <1,
p = ¢ non decreasing onl < |(| <2,
ePta|(| on2 < |¢| < 1/2e~Pta),

It follows that, going back to {ux}reny and recalling (2.45]), we have, in particular, that on all Ay = flek
it holds
|pPug| < C.

This suggests us to introduce the new sequence
Uy := EZ(p+q)uk7
and using again (2.45)), we obtain

Uy < C on ¢ <1,
|Ug| < C onl <[] <2,
Ux| < Clz|7(¢) on2 < [¢] < 1/2¢, 7T,

and the same for its derivatives up to the fourth order. These estimates for Uy bring us to consider a
new weight function g = py on Ay given by

1 on|¢| <1,
p(¢) = < non decreasing on1 < [{| <2,
s on2 < |¢| < 1/26, P*7,
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which gives that
1P"Uk| < C, (2.50)

and estimates also for V"Uy, for all m = 1,...,4. Hence, again by Ascoli-Arzela’s Theorem, we have
that Uy —> U<>o7 as k — oo, uniformly on compact sets of X (since A, = X, as k — 00) in the sense of
C4 = C *(p), where this last space is the weighted Holder space on X given by the weight p and the
metrlc WBS-

On the other hand, on any compact subset of X, for sufficiently large k, it holds

1
PPt Ly, = ——15“417*@@, (2.51)

where D*D is the Lichnerowicz operator corresponding to wgs. Thus, since holds, taking the limit
in , we obtain that U, is in the kernel of D*D with respect to the Burns-Simanca metric wgs.
Thus, applying [312], Proposition 8.10], we get that U, is necessarily constant, which needs to be zero as
Us decays at infinity (from inequality ) Hence, Uy, — 0 uniformly on compact sets of X in C’g “
In order to conclude, we will show that Uy admits a subsequence uniformly convergent to zero on the
whole X in the sense C’g . This, combined with the scaled Schauder estimates, see for instance [51, formula
(6)], will imply that also Uy — 0 uniformly in C‘g’a. On the other hand, this is equivalent to up — 0
uniformly on {|z] < 1/2} in C’g . Together with the fact that uj converges uniformly to zero on M., it
gives a contradiction with the fact that Huk||c4 apy = 1, for all k € N.

The final step of the proof will be to show that such subsequence necessarily exists. Indeed, if we assume
by contradiction that such subsequence does not exist, then we can find a sequence {xn}neN C X and a
0 > 0 such that

Ry == [C(z)] — +o0 (2.52)

and
PP (i) |Up(zr)| >0, k>0. (2.53)

This last condition can be rewritten (up to choosing sufficiently large k) as
RY\U(xx)| > 6, k>0. (2.54)

If we then define ry := |z(x)|, we have that r, = <€£+QR;€7 for all k£ € N, from which, up to subsequences,
we see that we can only fall into two cases:

o if limy , oo = 7 > 0, then it means that we can assume xy — %o, which combined with the
uniform convergence to zero on compact sets (of M) of the sequence {ug }ren gives

0<d< RZ|Uk(JSk)| = Tzuk(dfk) — 0,
i.e. a contradiction;

e if instead limg_, oo 7% = 0, we take X’ a copy of X, and for all £ > 0 we introduce the holomorphic
maps

o : By = A* := A\ {0},

given by 01,(2') = 2/, where By == {0 < |2/| < r;'/2} C X'. Using these, we can define the
metrics and the forms
O =1} 2orw,

and easily observe that (Bj,0;) — (X',w,), as k — oo, where w, here denotes the flat metric
induced by the coordinates z’. Then, it is natural to consider the functions on each By given by

Wi ==120fup, keEN,
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and the pullback weight function

ehte onl|2| < R,
p' (') = ofp(z') = { non increasing on R;' < |2/| < 2R, ', (2.55)
|| on 2R < |2 < drp

Now, if we pullback using oy, we immediately obtain that the sequence {W} }ren is uniformly
bounded on compact sets in the ng " sense. Thus, by Ascoli-Arzela’s Theorem, we can assume that
Wi — Wy, and, again, from pulling back , we obtain that W, is a C**-function on X’
decaying to infinity. Moreover, analyzing the pieces of the pullback

. V=100 (upw™ 2) A Ric"(w)

wn

o (Luy) = oy, (Awa(uk) — SCh(w)Fw(uk)>

we can see that:

— ;AL (Fuug) = r;(b+4)A9ka(Wk), where Fj, := Fy,;
g (Ricc}‘(w)Aleaé(ukw’”’Q)> _ 7;(b+4) (RicCl‘(Ok)AJ?laé(WkOZ’2)>_
k — 'k ’

n n
w oy

— o1 (s (W) Fu(ur)) = ry TV O (0)) Fu (Wa).

Moreover, it is easy to show that F, — —-A,, and that, of course, s“"(6;) — s (w,) = 0,
as k — oo. Hence, pulling back with o (2.46) and taking the limit in &, we obtain that W
is biharmonic on X’. Pulling back and recalling , we obtain that W, decays at
infinity, implying necessarily that W,, = 0 on X’. On the other hand, if we define the sequence
Y = 0;1(1‘;@) € X', it is straightforward to see that |yz| = 1, for all k¥ € N. Hence, it can be
assumed to be convergent to some y.,, which combined with the limit of pullback via oy of ,
implies W (Yoo) > 0, i.e. a contradicition with the fact that W = 0.

Hence the thesis is proven. O

Remark 2.2.12. We stress how in the proof, the assumption of Chern-Ricci flatness of the metric @
has allowed to make the problem significantly more approachable by erasing the second degree terms
involving the Chern-Ricci tensor and the Chern scalar curvature. We however expect that it is possible
to overcome this technical assumption and obtain the result in the more general constant Chern scalar
curvature balanced case, as a (not straightforward) consequence of the fact that both the above mentioned

terms

are only second order terms.

The above estimate allows us to easily obtain the uniform invertibility.

Lemma 2.2.13. The operator

1S an

L:V. — c,?ﬁhg(M)

isomorphism.

Proof. Thanks to Theorem [2.2.11) we have that L is injective. Moreover, thanks to Remark 2.3.9] it is

clear that £ is elliptic and with the same index of A

claim.

2

2, which is 0. This automatically guarantees the

O

2.2.3 Setting up the fixed point problem

We can now reformulate S (u) = 0 by considering the expansion

s (wa) = sTw) + Lu + Q(u),
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where Q is the quadratic part of s“"(w,,). Then, can be rewritten as:
s (w) + Lu+ Qu) =0,
and hence, using Lemma [2.2.13] we obtain that
N(u) = —L7(s"w) + Qu) = u. (2.56)

So, thanks to Banach’s fixed-point Theorem, in order to find a solution to S(u) = 0, it is sufficient to
show that
N:V. =V,

is a contraction on a suitable open neighbourhood of zero in V..
In order to determine the open set we are looking for, we note that, if ||1j;||c4,20 iy < Ce7, for some

C,7 > 0, then, B
1R% —135(1/)wn_2)||c§;g(1\>1) < Cltllerg iy < Ce™s (2.57)

where the first inequality is due to the fact that ||w”_2||cg,a( xry < €. Up to choosing ¢ sufficiently small,
this guarantees that w:f}_l > 0, hence provides a balanced metric, thanks to [240], as well as, using ([2.57),

oy ™" = " gz iy = IV=100(0w" )l g2.e iy < O™ (2.58)

Moreover, arguing as in [168, Remark 2.8], we can fix a point y € M and consider holomorphic coordinates
so that, in y, w is the identity and wy, is diagonal with eigenvalues \;. On the other hand, w™~! will be
again the “identity ”and wf}fl will have eigenvalues A;. But, thanks to (2.58)), we know that

Ai = 1+O(€T),

1

which implies that A; = (H#i Aj) "1 =1+ O(e7). This last fact readily guarantees that
llwy — "JHCS;;‘(M) < Cem, (2.59)
which, in particular, gives that wy, — w, as e — 0. As in [312] and [IG8], we then consider the open set
Urim (0 Ve | I¥logeq < Cewribmy,
We can readily note that, if ¥ € U, then
||7f’”c§;£(1&1) < 6*(p+q)(b+2)||1/,||C::S(M) < Ce7, (2.60)

where the first inequality is due to the fact that Hw”c’;;g(z\?[) < 5<p+g)(_b+a)Hw“Cff(M)’ for any k > 0,

a < b, thanks to the definition of our weight. This inequality guarantees also that every ¢ € U, is not
only small in the weighted sense, but it is so also in the standard sense, ensuring that our setting for the
problem makes sense in this set.

We are thus left with the estimates to obtain that A preserves U, and it is a contraction on it.

2.2.4 Weighted estimates

We first show that A contracts distances on U, which thanks to (2.56) and Theorem [2.2.13| reduces to
showing that @ contracts distances. Thus, fixed @1, ps € U, the Mean value Theorem guarantees that
there exists ¢ € [0, 1] such that, defined x := tp; + (1 — t)pq € U, , we have

Q1) — Qp2) = d\ Qw1 — p2) = (Ly — L) (1 — ¥2) -
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We now need to compute £, := dyS. As done in Subsection we consider the curve of Hermitian
metrics in [w" e = [wQ‘l]Bc defined by wy, ,(s)" ! := wy T+ 5v/—109(vw™~?), then,

_ 4
_dS s=0

Ly (v) s (wyo(5)) -

But, differentiating again (|1.13)), we obtain that

Ly (v)wy = n% SZORiCCh(Wx,v(S)) A w;’*l + nRicCh(wX) A % Szow;bfl(s) — (<>’Ch((,ux)dif9 Szowx,v(s)"
As done in (2.8)), we conclude that
d n n 5 e d . 5
Tol ()" = = 1\/—188(vw HAwy, e SZORICCh(wX,U(s)) = —V/—19dF,(v),  (2.61)

where Fy := F,, . Then, we have that

Ric™" (wy) A V=19 (vw"2)

n
wX

Ly(v) = _waFx(U) +n - SCh(wx)Fx(U) .

Before going through the estimates, we need to explore the relation between the differential operators we
are working with. First of all, we define the function

n

g(x) = R (2.62)
X
Then, for any v € C2(M), we have
\/—165 Awn™1 /=160 /—160 n—2
Ay v = p YRS ag(x) (va +n 99v 1 99w )) ) (2.63)
wy wn
which gives us that
—100v A /=100 (xw" 2
Ao = = (g0) = Do+ ng0) (¥ —h )
For the sake of simplicity, we will denote
V—=100v A /=190 (xw" 2
E(v) == ng(x) ( o b ™) (2.64)
so that (2.63)) can be rewritten as
Ay v =g(xX)Auv + E(v). (2.65)

Moreover, we define
_ n\/7135(wn*2) A Ric (wy) . V=189(vw"2) A Ric" (w)

n n
LUX w

V100w ) A (Q(X)RiCCh(wx) — Ric“™(w) = 727 (900) s (wy)wy — SCh(W)w))

G(v): + 5 (W) F () = M (wy) Py (v)

Then, using and these new notations, we have
(L = L)(v) = = (9(X)AuFy(v) = AuF(u)) + E(Fy(v)) + G(v)
= —9(00AL(Fy = F)(v) = (9(x) = DALF(v) + E(Fy(v)) + G(v).

We will then breakdown the estimates in a series of smaller lemmas which will be used to conclude. The
first one gives estimates on the function g defined in (2.62)).

(2.66)
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Lemma 2.2.14. Let x € U., then
lg(x) — 1”(;3:5(1{4) <Cem, ||9(X)||c§;§(M) <1+Cem. (2.67)

Proof. Obviously, it is sufficient to prove the first inequality, since the second one can be recovered by that
one using the triangle inequality and the fact that ||1]| c2en) = 1. In order to prove the first inequality

in (2.67)), we observe that

w" —wy =w" T A (W= wy) + V=100 (xw" ) A (w — wy) — w A V=109 (xw" ™ ?).
Now, from this, we have

[w™ — W;||c§;g(M) < C([|lw — Wchg;g(M) + v _185(9600”_2)”03:5(1\}1)”“ - Wchg;g(M)

+ IV=1000w™ )l ¢ i) -

Thus, using ([2.57)), (2.58) and (2.59), we have

lw" = wllgze iy < Ce™ (2.68)

Now, (2.68) readily implies that
w" =wy+0(7),

giving us the claim. 0

2,«

The next lemma shows the continuity of E: C;C (M) — Cl?fz,a (M) and that its operator norm is
bounded by €7, and it follows immediately from (2.57) and (2.67)).

Lemma 2.2.15. For ¢ sufficiently small, we have that, for any v € C’i’f(M),
1B@ ez, iy < O ooz

Before showing the next lemma, we notice that, for any v € C2(M), it holds

n (g(x) (ﬁaaww"—% A (i ~ w)

n—1 wn

(Fx = F)(v) =

)+ (600 - DF() (2.69)

Again, the next lemma shows that Fy — F: Cyo® (M) — C’gf‘z (M) is a continuous operator with operator
norm bounded by €7.

Lemma 2.2.16. For ¢ sufficiently small, for any v € C’g”g(]\%), we have that
I(B = F)0lleze, iy < O Il gty -
Proof. Thanks to (2.69)) and Lemma [2.2.14) we can obtain that

I(Fx = Pl iy <€ (1 + €M) oy = wlloz i IVT08w")llzie_ipy + €7 IF @) gz i)

b+2,e

<C ((1 + el = wllezeinllvllgpe i + 5THF(U)HC§;;(M)) -

N

Now, we can use (2.59)), (2.67) and the continuity of F': C’ff(M) — C’ffZE(M) to obtain that
[(Fy — F)(”)Hcff;’g(z\z) <Co((1+ ET)ET)HU”c;‘;:(M) + 57”””0;}:;(1\2)) < CSTHU”C;*:;*(M) )

concluding the proof. O



2.2. BALANCED DEFORMATION 61

It remains to analize the operator G. In order to do so, we need two more estimates.

Lemma 2.2.17. For ¢ sufficiently small, we have:
lgCORiC™ (wy) = Ric™ @)l gg.o iy < O™, lg00)s™ (wi)wy = P @)wll oy < CeT
Proof. We have that
g(0)Ric™" (wy) — Ric™" (w) = g(x) (Ric™" (wy) — Ric™ (w)) + (g(x) — 1)Ric™" (w)
=g(0)V~1001og g(x) + (9(x) — )Ric™" (w)
On the other hand, we have
||RiCCh(W)||cg;g(M) <, ||SCh(w)||cg;g(M) <C. (2.70)
Indeed, we know that w = w, + O(|z|™), implying that w™ = w? + O(|z|™). This allows us to infer that
Ric™(w) = O(|2|"7?),  sP(w) = O(|2"?).

Trivially, this gives that
PRI (W) = O(|2™),  p2s(w) = O(J2™),

obtaining the claim. Now, using (2.67) and (2.70)), we have that

lgO0Ric™ (wy) = Ric™ (@)l c.e iy < C(1+€M)og g(x) | 2.0 5y + Ce - (2.71)

But if we now recall again inequalities (2.67]), we can use the Taylor expansion and obtain from (2.71]
the first claim. As for the second one, we observe that

9005 M wy)wy — s (W)w = g(x) (57 (wy) = s (W))wy + g()s7 (W) (wy —w) + (9(x) = s (w)w.

Moreover, using (2.59)), (2.67) and (2.70]), we have that

lg00)s M (wiJwy = s (@)l gy < CA+ NI (wy) = s (W)wnlleg o iry + CA+T)e™ +CeT

SO+ (145 (wy) — s w )|\c§;g(M)|\wx||03;;*(M)~

(2.72)
Now, yields
loxlon iny < lollonginy + N —@llgpginy < CA+eT),
which put into gives that
lg00)s ™ (wi)wy = s (@)ool goe gy < Ce™ + CL+ 2[5 (wy) = s (@)lleoo airy (2.73)

On the other hand, we have

RiCCh(wx) AwnL N nRiCCh(wX) A V=100 (xw"?) LY
wy wy

Ch(

s (wy) — (W) =n w)

Ric™" (wy) A vV=19d(xw"?)

wn

= (9(x) = 1)s"(w) + g(x)Au log(g(x) + 9(x)
Then, using again and ( -,
157 wy) - s0h<w>||cg;g<m <O+ O(1L+eT)e™ + O(1+£7) [Ric® (wy) A V100(x™ ) ot
< O + O(1L+ M) IRic® @)oo o ity IV 1000l i -
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But, we have
||RiCCh(Wx)Hcg:§(M) < ||RiCCh(W)||c§:§(M) + [lv *18510g9(X)”cg::(M) SC(+e7),
v —155(Xw”_2)\\cg;;(1\71) < ||XW"_2HCE’;E(M) < Clixllerg oy < Ce™,

where the last inequality is due to (2.60). Putting (2.74]) into (2.73]), we have the claim. O
Thus, using Lemma we can conclude that

(2.74)

Ch(wx)‘*”x ~ SCh(W)w

. . g\x)s
”G(D)HC&—CZ,E(M) S CHU“C;’S(M) Hg(X)RICCh(wX) _ RlCCh(UJ) o ( )

n-1 SED
< CETHv”cg:g(M) .
(2.75)
We are finally ready to prove that A is a contraction operator on U, .

Proposition 2.2.18. For ¢ sufficiently small and b < 2n — 4, the operator N is a contraction and
N(U,) CU..

Proof. Consider v = @1 — @2 as above,

IN(p1) = N(@2)ll e iy < ClEx = L)) coe

b+4,e

Using (2.66), (2.67), Lemma [2.2.16, Lemma [2.2.15| and (2.75)) and the continuity of A,,: Cli’g(M) —

C2e (M )andthatofF C’f_f?s( ) — Cl?fjls(A) we have

b+2
I(Lx = L)leo, iy < O vl oy

(M) -

which, after choosing ¢ sufficiently small, guarantees that N is a contraction. Now fix ¢ € U,, we have
that

IN@ ety < INO) gy + IV (@) = NO)llgae iy < INO)llge iy + O™l i
<IN (Ol ge () + O PHOCHD < |71 (O W) | g () + O PFOCHD)

Ch 2T+(p+q)(b+2)
<Ol Wlloo, iy +Ce

On the other hand,
< Cep(m+b+2)

s (@)l oo

b, < (M)

from which it follows

[V ( )”04 oy < CeP(m+b+2) 4 O 27+(p+a)(b+2) < ogmin{mpm—q(b+2)=7} 7+ (p+q)(b+2)

It is then sufficient to notice that 7 can be chosen such that pm—q(b+2) > 7 > 0, giving us the claim. O

Hence, Theorem |B|is proven.

The construction done to prove Theorem |B|can also be used in the case in which the chosen points are
not smooth, provided the resolutions of the singularity model at such points satisfy some extra conditions.
More precisely, we need to impose the following:

1. for any x € M, let G, C SU(n) acting freely on C™\{0} so that a suitable neighbourhood of p is
biholomorphic to a neighbourhood of C"*/G,. C"/G, has a ALE resolution (X, warg), where warg
is a scalar flat ALE Kahler metric on X such that, away from the exceptional divisors, takes the
following form:

WALE = Wo + V _185'77 V= O(T4_2n> (276)
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Once is satisfied, we can repeat all the step substituting the Burns-Simanca metric with wapg and
conclude.

It is also clear that this setting can be considered in the case of an orbifold admitting crepant resolu-
tions, since, as we recalled in Theorem [I.1.46] the singularity resolution model carries Kéahler Ricci-flat
ALE metrics with fast decay. In particular, one can easily adapt the proof of Theorem [B| (where the
key fact in repeating the proof is Lemma to prove Theorem which can be considered an
extension of [I68, Theorem 1] to the general case of balanced Chern-Ricci flat orbifolds admitting crepant
resolutions.

Theorem 2.2.19. Let (M™,0) be a compact Chern-Ricci flat balanced orbifold with isolated singularities.
Furthermore, assume that M admits a crepant resolution M. Then, M carries a Chern-Ricci flat balanced
metric w. such that

n

~n—1 *[~N 2n2 nl nl
Tt emt o Ea iBG

where [E;|pc is the first Bott-Chern class of the line bundle associated to the exceptional divisor E; of
exceptional set of the resolution and e € (0,&p).

2.3 Non-positive trace deformation

The second ansatz we will be considering is based on assuming the existence of a suitable (n—2, n—2)-form
to restrict the deformation argument to an easier subspace of the cohomology class. More specifically, we
will assume that M is endowed with © € A2~>" *M and such that

OAQ>0 and AZTN(V/=199Q) <0
With this assumption, our main objective is to prove the following theorem.

Theorem 2.3.1. Let (M",&) be a compact balanced Chern-Ricci flat manifold or orbifold with isolated
singularities endowed with Q) € AH%*Q’T%QM such that

IAQ>0 and ALTH(V=1009) <0. (2.77)

Then, given p1,...,px € M and ay,...,ar > 0 there exists g > 0 such that the blow-up of M atpy,...,px
admits a balanced negative constant Chern scalar curvature metric

n— nl 2n2 nl
Wit e @ Ea Bc»

where [E;pc is the first Bott-Chern class of the line bundle associated to the exceptional divisor E; of
the blow-up at p; and € € (0,¢ep).

First of all, we can consider € > 0 sufficiently small and a small neighbourhood of x, which will be
identified with B(0,1) C C”, with holomorphic coordinates z on M. As before, we can consider the
cut-off function x: [0,1] — [0, 1] from Lemma and consider

e = (1= Xe(2PNQ+ xe(l2)ws > € Az 72M
where again w, is the flat metric induced by z on B(0,1). As for &, €. coincides with the (n — 2)-th

power of the flat metric in a small neighbourhood of z, hence we can repeat the strategy to construct w,
and glue together €, with 52("_2)(p+Q)wg§i on the flat region (2.2)), obtaining 2 € Aﬁfz’"ﬂM.
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Remark 2.3.2. It is easy to check that w A Q2 > 0. Indeed, it is straightforward from the construction
that the only region in which we have to check this is the cut-off region {e? < |z| < 2¢P}, in which we
have

WAQ = (wo+O0(2)) A ((1 = x)Q + xw2) = (1 — Y)wo A+ xw" 1 +0(]z]),

which is positive, for sufficiently small . Indeed, up to the decaying term, it is a pointwise convex
combination of posmve forms. This, thanks to the work of Michelsohn ([240]), also implies that w A Q =
(w')"~1, where w’ is an Hermitian metric on M.

On the other hand, the condition A@(ﬁaéﬂ) < 0 might not be preserved, but, as we will see, we
will just need it on the base manifold.

Thanks to this construction, we can thus choose ¢ = uf) with u € C(M,R) such that w?~! :=
qu > 0, and along with assuming f(uf)) = u, we are able to turn again the operator S into an operator
taking smooth functions in input defined as

S(u) = s (wy) — s (@) — / u“i (2.78)

Let us start by writing again the linearized operator £ implementing this new ansatz:

. . Ric™ (w) A /=189 (uf)

L(u) == L(uN) = —A,F,o(u)+n o — sY(W)F, a(u), (2.79)

)

where

n o wAV—100(uQ)
n—1 wn '
Now, the proof of Theorem [2.3.1] is considerably simpler than that of Theorem This is mainly
due to the fact that there is no need to restrict our attention on suitably chosen subspaces. Indeed, the
following lemma asserts that the operator F,, o has trivial kernel, when restricted to zero-mean value
functions, on compact manifolds.

Lemma 2.3.3. Let (M™,&) be a compact balanced manifold and let Qe A§_2’"_2M satisfying (2.77]).
If

Foo(u) = F,(uQ) = (2.80)

n @ AV=100(uQ)

n—1 wn

F,q: C®(M,R) = C*(M,R), F,g5(u):=

)

then, there are no non-trivial functions u € C*°(M,R) such that

a}n

F au)=c, ceR and/u—:O.
: vl

Then, the restriction of F & to smooth functions with zero w-mean value is injective.

Proof. Expanding the definition of F; o, we have

+ 2Re

“ n—1

wn

n [ V=100uAQAG V=1ouNIQ A @ V—109Q A &
Fyau) = = tut— )

On the other hand, we know that Q A @ is a positive (n — 1,n — 1)-form. Then, thanks to a result in
[240], there exists a Hermitian metric & such that @~! = Q A @. This implies that

V=100u A QA& V=10du A1 Gn
n =n = —Agu.

w’l’L

wn won
Moreover,

V—100Q N Nw G(v/=1085, &™) =

wn B n!(nf 1)!

—— _ATN(/Z1009) .

n'(n -1
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Then, we can conclude that

AT (V=1009), (2.81)

n—1w" n—1

1 om 2n V—10u AN A D U
F,. ~ = 7A~/
w,sz(“) = &U+ Re ( on ) + (n—1)((n—1))2

which is a second order elliptic operator with non-positive zero order coefficient. Now, if u € C*°(M,R)\{0}
with fM u®r = 0, then maxp v > 0. On the other hand, thanks to the maximum principle, being a
solution of

Foau)=c¢ ¢>0,

s

allows us to conclude that w is constant. Using again the condition || o u% = 0, we conclude v = 0. The
case in which ¢ < 0 can be deduced by the above, applying the same argument to v = —u satisfying

F‘:}Q(’U):fc>0,

)

obtaining the claim. O

Theorem 2.3.4. For any b € (0,2n — 4), there exists C > 0 such that, for all u € C;’g(M), we have
Hu||c4cx <C’||£u||00a (1) -

Then,

is a isomorphism.

Proof. The proof of the first part follows the ideas of the proof of Lemma [2.:2.13] In this case, we have
that ue € C’ *(M,) is such that

F,oux) =c, ceR, / Uoo— = 0.
? M, n!

Now, using , we can use a bootstrap argument to infer that u, € ker F; ¢ on M, then, in particular,
it is smooth. Now we can conclude that us, = 0, using Lemma @ As regards the second part, one
may notice that the index of £ is equal to that of A, o A/, where ' is the Hermitian metric such that
QAw = (w)"', as in Remark [2.3.2) - which is 0. On the other hand, the first part of the statement is
telling that £ is injective and thus, since of index 0, surjective. O

Now, the rest of the proof of Theorem goes as the one of Theorem [B] Indeed, We can now
reformulate S(u) = 0 as the following fixed point problem:

N(u) = —L7 (s (W) + Qu) =

where
N:Cpf(M) = Cp(M).

Proposition 2.3.5. For ¢ sufficiently small and b < 2n — 4, the operator N is a contraction and
N(U;) C U,, where

U= {$ € Gl (M) | [$llgpepy < CePTOCH2m)

Proof. First of all, we notice that
1Rl e iy < C-
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Indeed, we recall that

52(n—2)(p+q)wg§§ 2] <eP, 52(p+Q)wBS,5 2] < eP,
Q= el < |z] < 2P, w=]uw. el < |z] < 2eP,
Q |z| > 2eP, @ |z| > 2¢eP.

Of course, |[V*Q|, < C, if |2| > 2¢P and 0 < |z| < &P, for all k = 0,...,4. On the other hand, both €/
and w. depend on ¢ just for their domain of definition and so we can infer that |[V¥Q|,, < C on the whole
M, giving the claim. Once, we have this, the proof is analogue to that of Proposition using an
easily adapted version of the estimates found in Subsection [2.2:4] O

Hence Theorem is proven.
In the same fashion as discussed in the last part of section [2:2] we can prove the same result even

for singular points provided Condition [I] is satisfied. In particular, again one can repeat the proof of

Theorem (where the key fact in repeating the proof is Theorem [2.3.4)) to prove the Theorem, which
can be considered as a variation of [I68, Theorem 1] and Theorem [2.2.19 with this new ansatz.

Theorem 2.3.6. Let (M™,&) be a compact Chem Ricci flat balanced orbifold with isolated singularities
endowed with Q € AR~ ZN20 and satzsfymg on the smooth part. Furthermore, assume that M

admits a crepant resolution M. Then, M carries a C’hem Ricci flat balanced metric w. such that

~An—1 *[ 2n 2 n— 1
Wt ent o g a; et

where [E;|pc is the first Bott-Chern class of the line bundle associated to the exceptional divisor E; of
exceptional set of the resolution and e € (0,¢&p).

In Section we will discuss some examples in which Theorems and Theorem [2.2.19| can be
applied.

2.4 Examples

In this section, we will describe families of compact balanced manifolds satisfying the hypothesis of
Theorem In [I68, Theorem 1], the authors require the base manifold to satisfy the following

ker F,, = {0} (2.82)

Condition (2.82)) arises naturally, as we saw in Section in the study of invertibility of the linearized
operator with the balanced ansatz. Motivated by this, we study examples in which (2.82)) is verified.

2.4.1 Non-positive trace examples

A very special case in which we can apply Theorem is when /=100 = 0. This setting can arise in
multiple scenarios, one of which is given by the case in which the balanced manifold (M,®) carries also
astheno-Kahler metrics, introduced by Jost and Yau in [199], i.e. Hermitian metrics with fundamental

form 7 such that ~
V—=100n""2 =0,

whose coexistence with the balanced structure was shown [I13] and in [2I6]) not to force the existence
of a Kéhler metric. In this case, the (n — 2)-th power of 7 is trivially satisfying conditions (2.77), thus
they are very natural to be considered.

Once compact balanced manifolds admitting also an astheno-Kéahler structure are found, it is not
hard to find they carry Chern-Ricci flat balanced metrics, as we can see in the following remark.
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Remark 2.4.1. The existence of Chern-Ricci flat balanced metrics in a given balanced class when the
manifold carries astheno-Kéhler metrics depends only on the first Bott-Chern class. Indeed, in [314],
generalizing the same result on Kéhler manifolds in [324], the authors proved, as a direct consequence
of the solvability of suitable complex Monge-Ampeére equations, that on a compact balanced manifold
(M,w) admitting an astheno-Kihler metric with ¢P€(M) = 0, we can always find a Chern-Ricci flat
balanced metric in [w"!]pc.

A first explicit example in complex dimension 4 for this setting is the following.

Example 2.4.2 ([I13], Example 4.1). Consider the T2-principal bundle 7 : M — T, where T° has the
standard complex structure with holomorphic coordinates (z1, 22, 23), and with characteristic classes

a1 :=dz1 NdzZ1 +dzog NdZy — 2dz3 ANdzZs and  as := dzo AdZy — dz3 N\ dzZs.
We then consider the Kahler metrics
m :=dz1 ANdzy +dza ANdZo +dzs ANdzZs and 13 :=dz AdZ; + dzo A dZy + 5dzs N dZs
on T, the connection 1-forms 67, j = 1,2, such that d¢? = 7*a;, and define
wj=Tn 0NN j=1,2,

which correspond respectively to a balanced and an astheno-Kéhler metric on M. Moreover, denoting
with zo the holomorphic coordinate on T2, it is straightforward to notice that

O :=dzg Ndzy Ndzo A dzs,

defines a global holomorphic volume form, from which we also see that w; (and actually also ws) is
Chern-Ricci flat, hence satisfying all the hypothesis are into place to apply Theorem [2.3.1

A further family of examples was given in any complex dimension n > 4 as follows.

Example 2.4.3 (J216], Theorem 2.4, Remark 2.6). For n > 4, consider the nilpotent Lie group and the
left-invariant complex structure identified by a (1, 0)-coframe satisfying the following structure equations:

n—1 -
dw*'=0, i1=1,...,n—1, dw”:E a;w",
i=1

where ay,...,a,_1 € R such that a; 20, foralli=1,...,n—1, and Z?:_ll a; = 0. Choosing a; € Q, for
all ¢ = 1,...,n guarantees the existence of a co-compact lattice, giving a compact nilmanifold. On top
of this, we know that nilmanifolds have vanishing first Bott-Chern class, as any left-invariant metric is
Chern-Ricci flat (see [225, Proposition 2.1]). Thus we are in condition to apply Theorem
Moreover, in the same paper the authors produced another suitable family of 4-dimensional nilmanifolds
depending on three parameters in Q(7), where one can find Chern-Ricci flat balanced and astheno-Kéahler
metrics, identified by the following structure equation:

dw! = dw? = dw® =0, dw* = Aw'? + Bw!® + Cw? + W+ w?? — 2w33, A, B,C € Q(i).

To cover also the case of complex dimension 3, we need to follow a different path. Indeed, in complex
dimension 3, the astheno-Kéahler condition coincide with the SKT one, recall Definition Then,
we cannot hope for the co-existence of balanced and astheno-Kéhler metrics on threefolds, due to Con-
jecture Not having astheno-Kahler metrics is not, however, a big problem, mainly because the
positivity of the form € for the ansatz is not a necessary condition, as we only need its positivity when
wedged with the metric on the base. With this in mind, we are able to identify an interesting class of
examples in dimension n > 3, still satisfying the condition /=199 = 0, without necessarily having €2 to
be the (n — 2)-th power of an astheno-Kéhler metric. This class is given by compact balanced manifolds
admitting a holomorphic submersion with 1-dimensional fibres.
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Proposition 2.4.4. Let 7: M™ — X"~ be a holomorphic submersion and assume (M,w) is a compact
balanced manifold. Then, there exists Q € A§_2’”_2M satisfying (2.77).

Proof. Thanks to [240, Proposition 1.9], we know that X admits balanced metrics. Let us fix wx a

balanced metric on X. So, we can consider 2 = w*w?{Q. Thus, we have

d1=0.

Then, we just need to check if w A€ > 0. We then fix a point p € M and choose holomorphic coordinates
{#z1,...,2n} on a neighbourhood of p such that {z1,...,2,-1} are holomorphic coordinates on a neigh-
bourhood of 7(p) in X and z, is the holomorphic coordinate of the fibre over p, see for instance [321]
Lemma 5.6], such that

o 0

wpn =1, wrwx =vV— Zdz“ aundw((%laz]C

)z)\iéik, Lwk=1,...,n—1.

From this, we immediately have that

n—1

0= ’/T*w?( 2 _ (\/jl)n72(n N 2)' Z dzli...ﬁ...nflﬁ'

i=1

Then, denoting with A = Z;:ll i, it is easy to see that

n—1 N R o . .
WAQ = (\/jl)n—l(n _ 2)! (Adzn“'% + Z dzﬂ...ii...wm +wi7_ldzli..4ii...fzﬁ _ wnzdzll...ii...jj.“nn> )

i=1

Thus, w A Q is represented in p by the matrix
B= n—1 (wm- A )

n—1

det(B) T Z — |win|?) > 0.

i=1

which is positive definite if and only if

On the other hand, using that w is a metric, we have that \; — |w;z|> > 0, for all i = 1,...,n — 1,
concluding the proof. O

This proposition is thus very interesting, as in most explicit examples gives us an explicit choice of
Q, since we frequently have an explicit balanced metric on the base.

One explicit example in the homogeneous case in which we can follow this approach is given by the
Iwasawa manifold, which we shall discuss in detail in Subsection Another very interesting one is
given by the construction by Goldstein and Prokushkin, see [169], which Fu and Yau in [I36] showed to
be highly relevant in the study of the Hull-Strominger system.

Example 2.4.5 ([169]). Let M be the total space of a T? bundle on a Calabi-Yau surface (S,ws) with
holomorphic volume © € A*0S. Choose S such that it admits closed 2-forms wp and wg such that
wp +V—1wg € A0S, and [wp/27], [wq/27] € H?(S,Z). Then we can find a (1,0) form § on M such
that df = wp + v/—lwg and /=16 A 6 > 0. Now, # A © defines a holomorphic volume form on M, along
with m*wg 4+ v/—160 A 6, which corresponds to a Chern-Ricci flat balanced metric. Finally, choosing wp
and wg such that either one identifies a non-zero cohomology class guarantees that M does not carry
Kahler metrics. Hence, m*wg satisfies conditions 7 and thus is a natural choice of € in order to
apply Theorem [2.3.1
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Finally, we can also recover an example on threefolds in a case where /=199 # 0

Example 2.4.6. Consider the six-dimensional nilmanifolds (corresponding to the case [26] Example
(N1)]) identified by the structure equations

ngl _ d@Q _ 07 dSD?) _ p@12 + @li + )\QOlQ =+ DSD2Q,

for {¢!, ¥%, »3} a coframe of invariant (1,0)-forms, p € {0,1}, A € R>q and D € C such that Im(D) > 0.
When the corresponding Lie algebra is ba, b3, b4 or b5 (in the notation of [279] B25] [326]), these mani-
folds carry both a balanced metric w (which is automatically Chern-Ricci flat thanks to the nilmanifold
structure) and a plurinegative metric o', i.e. /—190w’ < 0, making Q = w’ a natural choice to apply

Theorem 2.3.11

Let us conclude by focusing on two specific locally homogeneous examples whose explicit structure
will allow us to construct examples suitable to apply Theorems 2.2.19| which satisfy (2.82).

2.4.2 The Iwasawa manifold

Recall that the Iwasawa manifold M = Heis(3, C)/Heis(3, Z[v/—1]) is the unique complex parallelizable
nilmanifold of complex dimension 3, recall Example [[.1.4]

Example 2.4.7. The center of Heis(3,C) is given by C, whose natural action descends to a T? action
on M, which gives rise to (see for a more general assertion [276]) a holomorphic principal T2-bundle
structure

w: M — T (2.83)

Moreover, the nilmanifold structure once again guarantees that any left-invariant Hermitian metric is
balanced and Chern-Ricci flat. Thus, we are in the position to apply Proposition[2.4.4]to find (2 satisfying
(2.77) and then apply Theorem We also have an explicit choice of 2, as we have the flat torus
metric wps that naturally yields the choice Q = 7*wqpa.

Let us now recall the standard coframe of invariant (with respect to the Heisenberg group operation)

1-forms:

ohi=dzt,  pri=d2?, o3 i=d2? - 2Pde,

which satisfy the following structure equations:
de' =dp? =0, do® =o' A2,

Using [326, Lemma 2.5], we are led to infer that, with such a frame, any left-invariant balanced metric
on Heis(3, C) is biholomorphically isometric to

v—1 - -
wi= TP AP H PP AGT T AGY), #2120,

which descends to a Chern-Ricci flat balanced metric on the Iwasawa manifold M, for every ¢ # 0. We can
thus just focus on the family w;, making use of the invariance of (2.82)) under biholomorphic isometries.

Example 2.4.8. For the metrics w;, the kernel of the operator F,, (see (2.12))) is described by the
equation
1
Ay, u+ 5\3wt|itu =0. (2.84)

3 —_
Now, an easy computation shows that dw; = \/—lggal A 2 A3, implying |8wt|it % =+v—10w; \NOw; =
3
tQ%, from which we get |8Wt|it = t2. Hence, equation (2.84]) becomes

2

t
A, u+ Su= 0. (2.85)
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We claim that u = 0 is the unique solution of ([2.85)), for any ¢ > 0 outside a countable set. Indeed, first
of all we notice that the bundle map

7 (M, w) = (T, wpa), wpa = T(gol A@+ % A G?)

corresponding to the projection on the first two coordinates, is a Riemannian submersion, for any ¢ > 0.
Moreover, we observe that the fibres are minimal, as the mean curvature vector of the fibres has to be
left-invariant. Then, the claim is equivalent to prove that Z(Heis(3,C)) is minimal in Heis(3,C). This
is trivially true since the Levi-Civita connection computed on central vector fields is identically zero, see
also [95, Example 3.4]. Now, we can integrate equation along the fibres of 7, and obtain

P

Ay i+ Su= 0, (2.86)
where 4(z) := fT wwrz ¢ is the average of u along the fibres, wy2, is the metric obtained by rescaling
the flat metric on T2 by a factor t2, which coincides with the metric induced on the fibres by wy).

Here, equation (2.86]) gives us two possibilities: either % ¢ Spec(T*, wr4) or % € Spec(T*, wrpa). Choosing
then t in order to land in the first case, puts us in the position to conclude that & = 0. Indeed, this
allows us to apply [55, Corollary 1.7], telling us that, in our setting, the k-th eigenvalue corresponding
to eigenfunctions with vanishing average along the fibres is bounded from below by the k-th eigenvalue
of Ay, ,, which is equal to 47%t2k? > 2 /2. Hence, for these values of t, u is necessarily vanishing, and
thus equation (2.85)) has only the trivial solution. Hence, condition (2.82)) is satisfied.

Remark 2.4.9. The case in which % € Spec(T*, wr4) does not satisfy condition (2.82)), since u = f o,

with f: 7% — R an eigenfunction of A, , with eigenvalue % is clearly contained in ker F,, .

Remark 2.4.10. Since the metrics w; considered in Example 2.4.8] all descend to Chern-Ricci flat bal-
anced metrics on the orbifold in [168 Example 2.6], constructed in [284]. Hence, for the same values of ¢,
F,,, has vanishing kernel also as an operator on weighted Holder spaces on the orbifold. Indeed, through
a bootstrap argument, the kernel reduces to the kernel on the smooth cover, i.e. the Iwasawa manifold,
giving also an example in which [I68, Theorem 1] can be applied to construct Chern-Ricci flat balanced
metrics on the crepant resolution.

Example 2.4.11. The orbifold quotient constructed by Sferruzza and Tomassini considered in the pre-
vious remark provides also an example on which we can apply Theorem 2.2.19] Indeed, the action the
authors consider preserves the flat torus metric wrs on the base, making 71'*0.)%4 a suitable choice for )
also on the orbifold quotient and hence produces again Chern-Ricci flat balanced metrics on the crepant

resolution.

Remark 2.4.12. The fact that for the same metric (and corresponding cohomology class) we are able
to achieve our constructions with both ansatz, suggests the expected fact that Chern-Ricci flat balanced
metrics, as well as constant Chern scalar balanced metrics, might have very large moduli space inside
the balanced class. Hence, in order to be able to geometrize such classes, we forsee the need to introduce
additional constraint, possibly on the torsion.

2.4.3 Nakamura manifolds

The final example we want to discuss is the one of Nakamura manifolds, as constructed by Cattaneo and
Tomassini in [73].

To briefly recall the construction of Nakamura manifolds, fix M € SL(n,Z) to be diagonalizable and
let P € GL(n,R) such that P~'M P = diag(e™,...,e*), where \; € R are such that

zn: A =0. (2.87)
=1
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From here, we can consider the group action p : C — GL(n,C) given by
p(w) := diag (e%l(“”“j’), o e%(“’“ﬁ)) ;
which allows to consider the semidirect product Gps := C x, C". Then, we consider the lattices
I :=Z®V—17-7Z and T :=Z"®/—1P 7",

where 7 € R\ {0}. After noticing that I'p, := I'. x, I, < Gy, we define Nakamura manifolds as the
quotients
N = Nu,pr =Gy /Tp7.

These (n + 1)-dimensional compact manifolds inherit the left-invariant coframe

. Aj _
p i=dw, ¢’ ::eT(w+w)dzj, i=1,...,n,

of (1,0)-forms from Gps (as they are invariant under I'p.’s action) satisfying the following structure
equations:

4 s ,
dp® =0, dp! ==+ )N, j=1...n.
It can then be easily checked that

V=1 LI 4
wp = Y 2ON+D P AGF | and =@ AL AP
j=1
define respectively a family of balanced metrics and a holomorphic volume form of constant (on N)
w-norm, making w; also Chern-Ricci flat, and NV a Calabi-Yau manifold.

Example 2.4.13. Following the discussion in [73, Section 5], any Nakamura manifold inherits a holo-
morphic T2"-bundle over a 2 dimensional torus. A fundamental difference with the previous example is
that now the metrics induced by w; on the fibres are not equal, but they vary depending on the base
parameter w. Nevertheless, it is straightforward to notice (by fixing a fiber, rescaling the coordinates
and using (2.87))) that the Laplacians induced on each fibre all share the same eigenvalues, which are also
the ones of the flat metric on 7%". Hence, we can repeat the argument used in Example to obtain
once again that the operator F,, has vanishing kernel up to a countable set of values for ¢, giving thus
another family of examples on which is satisfied.

On the other hand, Theorem [2.3.1] cannot be applied to this manifolds, as we explain in the following
remark.

Remark 2.4.14. Using Proposition we can reduce ourselves to work with invariant forms. We
will prove the claim in complex dimension 3. In this case, the structure equations are:

de® =0, do' = _%(¢0+¢0)A¢1, de' = %(w°+<ﬁ°) Ao, AER.
Using these, one can easily prove that
V=100(o' ANFT) =0, i<j, (2.88)
while
V=100(°" A@%) =0, V=190(p' A@") = V=INP" A" N AG', i=1,2. (2.89)

Then, given a general left-invariant Q € AllR’lN , we can write it as:

2
Q=v-1 Z aﬁgoi/\@j.

4,J=0
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Then, using and , we have that
V=1000 = (V=1)22%(a11¢” A @ A @t NG+ ans® NG NP AP
Now,
A2, (ﬁaéﬂ)%? =2v/—100Q A w; .
On the other hand, we easily see that

3
= w.
V=100 Awy = (V=1)’A*(a11 + a23) e’ A@° A" A@ A p® A @* = N (ay1 + azz>3—f :

Then, we conclude that A2 (v/—100) = A*(a;1+as3). Then, A2 (v/=180Q) < 0if and only if a;7+az; <
0. But, computing w A © and imposing its positivity, we need to have a;7 + ay5 > 0 which is absurd,
giving the claim.

Remark 2.4.15. What was shown in Remark 2.4.14) and Example [2.4.8] suggests that the existence
of metrics satisfying condition (2.82) might be strictly weaker then the assumption of having a form

satisfying (2.77)), fueling the interest towards the study of operator ([2.12)).



Chapter 3

The Pluriclosed flow on
solvmanifolds

After the proof of Thurston’s geometrization conjecture by Perelman using the Ricci flow, the study of
geometric flows has gained much importance and these are frequently defined ad hoc to address many
problems in Geometry. A large class of manifolds on which the behaviour of the Ricci flow is largely
understood even in higher dimensions is the class of homogeneous spaces. Analogues of the Ricci flow
in the complex setting were defined by many authors. For sure, as we saw in Subsection and
Section (1.2} among all of them, the pluriclosed flow is one of the most studied. In addiction, it is the
object of many open conjectures, for instance involving the classification of compact complex surfaces,
see [299 [305]. This chapter is focused on the study of the behaviour of the pluriclosed in the locally
homogeneous setting, i.e. on compact quotients of Lie groups. This study is conducted in two different
ways.

In Section[3.1] we study the pluriclosed flow on Oeljeklaus-Toma manifolds, an explicit class of compact
complex manifolds. These manifolds are, in particular, compact quotients of a solvable Lie group, endowed
with a left-invariant complex structure, by a discrete subgroup. The complete behaviour of the left-
invariant pluriclosed flow on such manifolds is deducted by the study of the Bismut-Ricci form of a
general left-invariant SK'T metric. This first section is an account of a joint work with Luigi Vezzoni, see
[141].

In Section we make use of the equivalence between the pluriclosed flow and the generalized Ricci
flow saw in Subsection In view of this equivalence, we study the behaviour of the homogeneous
generalized Ricci flow by introducing a flow of Dorfman brackets which allows us to understand the
behaviour the generalized Ricci flow. The second section is a collection of the results of a joint work with
Ramiro A. Lafuente and James Stanfield, see [140].

3.1 Pluriclosed flow on Oeljeklaus-Toma manifolds

In this section, we collect the results regarding the behaviour of the pluriclosed flow on Oeljeklaus-Toma
manifolds. The section is divided as follows. Subsection [3.1.T]is dedicated to the description of Oeljeklaus-
Toma manifolds and their structure of solvmanifold. Moreover, we prove a general result concerning the
Gromov-Hausdorff convergence of Hermitian metrics on Oeljeklaus-Toma manifolds.

In Subsection we study the left-invariant Chern-Ricci flow and discuss its long-time behaviour
on Oeljeklaus-Toma manifolds.

The statement and the proof of the main result of this section can be found in Subsection
The long-time behaviour of the pluriclosed flow will be obtained through an explicit characterization of
left-invariant SKT metrics and the direct computation of their Bismut-Ricci form.

Finally, in Subsection [3.1.4] part of the main results will be generalized to a wider class of Lie algebras.

73
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3.1.1 Gromov-Hausdorff convergence on Oeljeklaus-Toma manifolds

Oeljeklaus-Toma manifolds were defined firstly in [247] using algebraic number theory. Such manifolds
are compact complex manifolds generalizing the classical Inoue surfaces, see [194]. We briefly present
their construction in details.

Let Q C K be an algebraic number field with [K: Q] = r +2s and r,s > 1. Let 01,...,0,: K= R
be the real embeddings of K and o,41,...,0.42s: K = C be the complex embeddings of K satisfying
Ortsti = Oprti, for every ¢ =1,...,s. We denote by Ok the ring of algebraic integers of K i.e.

Ok :={acK | 3f € Z[z], f(a) = 0},
and by Oy the group of units of Og. Let
Ot ={ucO; | oiu)>0, i=1,...,r}
be the group of totally positive units of Ox. The groups Ok and OHZ’+ act on H” x C* as:
a- (21, 0y 2p, W1, .. ws) = (21 +01(Q), ..., 2 + 0r(a), w1 + 0pg1(a), ..., ws + 0r1s(a)), a€ Ok
and
W (21, ey Zry W1, .oy ws) = (01(W)21, ooy 0p (W) 20, pgr (W w1, .oy oy s(W)ws), uw € OE;’JF ,

where H = {z € C|Im(z) > 0} is the upper-half plane in C.
There always exists a free subgroup U of rank r of (’)H’g+ such that prp- o [(U) is a lattice of rank r in
R", see [247], where [: O™ — R™** is the logarithmic representation of units

() = (log oy (1), . .., log o (w), 210glry 1 (w)], . . ., 2 log|er 4, (u)])

and prg.: R"T$ — R" is the projection on the first 7 coordinates. The action of U x Og on H" x C* is free,
properly discontinuous and co-compact. An Oeljeklaus-Toma manifold is then defined as the quotient

_ H"xC®
T UKOK

and it is a compact complex manifold having complex dimension r + s. Directly from their construction,
we derive a structure of torus bundle for Oeljeklaus-Toma manifolds. This structure can be seen as
follows: we have
H" x C*
Ok

and that the action of U on H" x C® induces an action on R’} x T7+2% such that, for every = € R’ and
u € U, the induced map

— Rr x Tr+25
+

w: (x, T"7) = (o1 (w1, ..., on(u)z,, T"T29)

is a diffeomorphism. Hence
+2:
R% x TT+2s
U

inherits the structure of a 7772%-bundle over 7. We denote by 7 and F the projections

M ~

mH xC°—>M, F:M-—>T".

Finally, we observe that the Poincaré metric wgr = =13, _, f(zl‘;fzdj‘g on H" can be pulled back to
H" x C*, obtaining a degenerate (1, 1)-form ws. One can easily see that ws, is invariant under the action
of U x Ok. Thus, it descends to a (1,1)-form on M, which will be denoted again with wee.

From the viewpoint of Lie groups, the universal covering of an Oeljeklaus-Toma manifold M has

a natural structure of solvable Lie group G and the complex structure on M lifts to a left-invariant
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complex structure, see [206] for the detailed proof of this fact. Therefore, Oeljeklaus-Toma manifolds
can be seen as compact solvmanifolds with a left-invariant complex structure. The solvable structure on
the universal covering of M can be described in terms of the existence of a left-invariant (1, 0)-coframe
{wh . W™yt .., %) such that

dwkZJ?ka@k k=1,...,r, (31)
d7i222:1>\kiwk/\7i_22:1 ARi@® A i=1...s, .
where a1
—1 1
Api = 1 bki_§ck:i

and by, cx; € R depend on the embeddings o; as

esal) = <H<ok<u>>b§i) YT enlor i, (5:2)

k=1

foranyue U, k=1,...,randi=1,...,s. Since U C Ok, it is easy to see that

r+s
MU)g;{xeﬂ@+s ‘ §:$i20}.
i=1
This fact together with (3.2) implies that, for every u € U,
T S
Zlogai(u) (1 + Z bik> =0,
i=1 k=1
which, since prg. o I(U) is a lattice of rank r in R", is equivalent to
D bp=-1, i=1,..r. (3.3)
k=1
The dual frame {Z1,...,Z,,Wi,...,Ws} to {wh, ... ,w", %, ..., 7*} satisfies the following structure

equations:
v-1

(Zk, Zy) = (Zk+2Z1), 2k Wil = =XeWi, [ Z, Wi] = AW,
for k=1,...,r,i =1,...,s. Consequently, the Lie algebra g of the universal covering of M splits as
vector space as
g=ha7J
where J is an abelian ideal and b is a subalgebra isomorphic to §& --- & f, where § is the filiform Lie
—_——
r-times

algebra f = (eq,ea), [e1,e2] = —%el. The complex structure J induced on g preserves both h and J and

its restriction Jy on b satisfies
Jp :JfEB"'@Jf,
—_————
r-times
where J; is the complex structure on f defined by Jj(e1) = e2. Moreover

[61,0,30,1] g 30,1 )

Now that the construction and the geometric structure of Oeljeklaus-Toma manifolds is well-understood,
we turn our focus on the study of Gromov-Hausdorff convergence of such manifolds.

Let {wt}+e[0,00) De a smooth curve of Hermitian metrics on an Oeljeklaus-Toma manifold M and let
d; be the induced distance on M. For a smooth curve v on M, let L;(~y) be the length of v with respect
to wy. We further denote by H the foliation induced by h on M.
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Proposition 3.1.1. Let M be an Oeljeklaus-Toma manifold and {w;}icjo,00) be a smooth curve of Her-
mitian metrics on M such that wy — weo pointwise, as t — co. Assume that there exist T € (0,00) and
C > 0 such that

1. Li(y) < CLo(7y), for every smooth curve v in M;
2. Li(y) < (C/Vt)Lo(y), for every smooth curve v in M such that 4 € ker woo .

3. for every e, € > 0, there exists T > 0 such that |Li(y) — Lo (7)] < &, for every t > T and every
curve y in M tangent to H and such that Loo(7y) < .

Then, (M,d;) converges to (T",d) in the Gromov-Hausdorff sense, where d is the distance induced by weo
onto T".

Proof. To prove the claim, we will construct F: M — T" and G: T" — M satisfying the properties in
Item of Theorem In order to do this, we follow the approach in [322] Section 5] and in [344] Proof
of Theorem 1.1].

We consider the structure of M as T"+2?*-bundle over a 7" and let F': M — T" be the projection
onto the base and let G: T" — M be an arbitrary map such that F'o G = Idp-. We show that, for every
€ > 0, there exists T' > 0 such that

|di(p,q) — d(F(p), F(q))| < ¢, (3.4)
|d(a,b) — di(G(a), G(b)| <&, (3.5)
di(p, G(F(p))) < e, (3.6)
d(a, F(G(a))) <, (3.7)

for every t > T, p,g € M, a,b € T" which implies the statement.
First of all, we note that (3.7) is trivial since

d(a, F(G(a))) =0,

for every a € T".

Then, we show that is satisfied. Let p,q € M be two points in the same fiber over T". Assume
p = m(z,w). We denote with L. .,y the leaf of the foliation ker w., on the universal covering of M passing
through (z,w). We easily see that, for all (z,w) € H" x C*, L, .,y = {2} x C°. In view of [334, Section
2], for every z € H", m({z} x C?) is the leaf of the foliation kerw., on M passing through p and it is
dense in the fiber F~(F(p)). Let Bg be the standard ball in C* around the origin having radius R.
We can choose R so that every point in F~1(F(p)) has distance with respect to dy less than £/2C to
7({z} x Bg). On the other hand, given two points in 7({z} x Bg), they can be joined with a curve v in
F~Y(F(p)) which is tangent to ker wo,. Hence, for any such curve, Item [2| implies

Cf/
Lt (’Y) < %7
for a uniform constant C’ depending only on R. Let py = m(z,0), 71 be a curve in F~1(F(p)) connecting
p with pg tangent to ker wo, and 72 be a curve connecting pg with ¢ having minimal length with respect
to do. Hence, by using Item [I| for ¢ sufficiently large, we have
/ ’

C C’' e
4+ CLo(1s) < ==+ = <,
\/i 0(72)— €

di(p. @) < Le(n) + L) < NEEE

from which (3.6)) follows.
Next we show (3.4]) and (3.5). First of all, we denote with g the riemannian metric on 7" induced by
Weo, Tor an explicit expression of g see [344, Section 2], and we observe that

Ly(F(7)) < Leo(7) (3.8)
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for every curve v in M, and the equality holds if and only if

ﬁey:spanC{Q\/ljl(Zi—Zi) ’ i:l,...,r}.

Let p,q € M. We can find a curve v in M connecting p with a point § in the T"T25-fiber containing
g which is tangent to ) and such that F'(v) is a minimal geodesic on (T, g), see for instance [322, Proof
of Theorem 5.1] or [344] Proof of Theorem 1.1]. By applying Item 3| we have

di(p,q) < di(p,q)+di(q,q) < di(p,§)+e < Li(y)+e < Loo(7)+26 = Ly(F (7)) +2e = d(F(p), F(q))+2¢,

for ¢t big enough, i.e.
di(p,q) — d(F(p), F(q)) < 2e, (3.9)

for t sufficiently large.
Next, using again (3.8]), we obtain, for p,q € M,

d(F(p), F(q)) < Ly(F (7)) < Leo(7) < Li(y) + & = di(p,q) + ¢,

for ¢ big enough, where 7 is curve which realizes the distance d;(p, q). Hence we obtain
d(F(p), F(q)) — di(p,q) <. (3.10)
By substituting p = G(a) and ¢ = G(b) in (3.9) and (3.10) we infer

—e < dy(G(a), G(b)) — d(a,b) < 2¢

and (3.4]) and (3.5|) follow. O

3.1.2 The left-invariant Chern-Ricci flow on Oeljeklaus-Toma manifolds

Before moving to prove the main results about the left-invariant pluriclosed flow on Oeljeklaus-Toma
manifolds, we study the behaviour of the Chern-Ricci flow, recall Definition [1.1.33] on such manifolds.
In this section we will prove the following theorem.

Proposition 3.1.2. Let w be a left-invariant Hermitian metric on an Oeljeklaus-Toma manifold M.
Then, w lifts to an expanding algebraic soliton for the Chern-Ricci flow on the universal covering of M if
and only if it takes the following expression with respect to the coframe {w',... w" ', ..., v°} satisfying

B.1):
w=V=T[AY WA+ g A (3.11)

i=1 ij=1

Wt

Moreover, the Chern-Ricci flow starting from w has a long-time solution {w;} such that (M, m) converges
as t — oo in the Gromov-Hausdor(f sense to (T",d), where d is the distance induced by ws onto T".
Finally, (H" x C®, 185 ) converges in the Cheeger-Gromov sense to (H" x C*, &oo) where W is an algebraic
soliton.

Proof. Let M be an Oeljeklaus-Toma manifold. Since the Chern-Ricci form does not depend on the choice
of the left-invariant Hermitian metric, see, for instance, [225], 335], it is enough to compute RicCh(w) for
the following metric:

w=V-1|Y WA+ ¥ Aq . (3.12)
i=1 j=1
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We recall that the Chern-Ricci form of a left-invariant Hermitian metric w = v/=1Y ., a® A @® on
a Lie group G2" with a left-invariant complex structure takes the following algebraic expression:

Ric™ (w)(X,Y) = = > (w(([X, Y]*", X, Xo) + w([X, Y], Xa], Xa)) (3.13)

a=1

for every left-invariant vector fields X,Y on G, where {a'} is a left-invariant unitary (1,0)-coframe with
dual frame {X,} (see e.g. [335]). By applying (3.13)) to the metric (3.12)), we have

Ric (@)(X,Y) = — S {w([[X, Y10, Z], Za) + w([[X, Y], Zu], Za)}
a=1

- Z{w([[Xv Y]O’la Wb]> Wb) + w([[Xa Y]l’oa Wb]v Wb)} .
b=1

Clearly, B B
Ric™(w)(Zi,Z;) =0, i#j, Ric™™wW)(W,W;)=0, i,j=1,...,s.

Moreover, since J is an abelian ideal and w makes J and h orthogonal, we have:

w([[Zu Zz]o’la Za}y Za) = T§ia P W([[Zz; Zz]l’oy a]a Za) = T(Sia
and )
w(l[Z6, Z)™ W, W) = S X, w({[Zi, Zi0, W), W) = =5 A

which imply

Consequently,
Ric™"(w) = —woo

where w., is the degenerate metric induced on M by the Poincaré metric on H", namely,

Now, consider P as the endomoprhism associated to the Chern-Ricci form, i.e. Ric™(w)(-,-) = w(P-, ).
In general, we have that

: =Yg ifiedl,...
Pl = (Ric @) = { 197 e o),
0 otherwise .

Then, using [225] Part (iii) Proposition 4.2], we can infer that any left-invariant Hermitian metrics of
the form lifts to an expanding algebraic soliton on the universal covering of M with cosmological
constant ¢ = ﬁ. Conversely, let w be an algebraic soliton for the Chern-Ricci flow. Then, thanks to
[225], Part (ii) Proposition 4.2], we have that

P —cI € Der(g) .
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On the other hand, we can easily see that, if D € Der(g), then h C ker D, see proof of Corollary for
the details. This readily implies that

1 - 1 -, .

_Zg”:_z.g]]:cv 7’7]:17'~~vrv ngoa iE{l,...7T}7j§£i,

from which the claim follows.

Moreover the Chern-Ricci flow evolves an arbitrary left- invariant Hermitian metric w as w; = w+tweo
and 15 = Hausdorff convergence, we
show that 1“’+ft satisfies Items I to (3| of Prop051t10n Here we denote by |- |; the norm induced by w;.
On the other hand, Item 2| I Proposition is tr1v1ally satisfied since wy|3gpy = wo, for every ¢ > 0,

and

for every curve v in M tangent to ker weo.
On the other hand, for a vector v € b, we have

=l < Ol

—|v vlo,

Jite e

for a constant C' > 0 independent on v. This, together with Item [2] guarantees Item
In order to prove Item [3] let ,¢ > 0 and T' > 0 be such that

|v]¢ £
- [e%s} < R
JTr Ve =7

for every v € h and t > T. Let v be a curve in M tangent to H which is parametrized by arclength with
respect to weo and such that Lo () < £. Then

b
IMWNJ@WH_/

e\\m

since b < /.

For the last statement, we identify w; with its pull-back onto H” x C* and we fix as base point the
identity element of H” x C*. Firstly, we observe that the endomorphism D represented with respect to
the frame {Z1,...,Z,,W1,...,Ws} by the following matrix:

0 0
0 Iy
is a derivation of g. Moreover, we can construct

I 0
exp(s(t)D) = (6’ Cs(t)I']) € Aut(g,J), t>0,

where s(t) = log(v/1 + t) and define the 1-parameter family {¢;} C Aut(H" x C?%,J) such that
doy = exp(s(t)D), t=0.

Trivially, we see that

Wt = 1 t -1
s Y g 7Y e A—— (g + 26 ) = Y26, = o0,
Py i) 1+t<9”+4 J) 1 %9 o0

es(t)
Wt -
t Zi, Wj) = -0, t— o0,
@q+; ) =V g m
2s(t)
Yt 1+ t(WZ’ W ) \/jlmgﬂrim - \/jgrﬂm, t— 00.

These facts guarantee that
*

S
hence, the assertion follows. O

= Weo + w303, t— 00,
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3.1.3 Behaviour of the pluriclosed flow on Oeljeklaus-Toma manifolds

In this section, we prove long-time existence and convergence in both Gromov-Haudorff and Cheeger-
Gromov sense of a solution of the pluriclosed flow on a given Oeljeklaus-Toma manifold starting from a
left-invariant SKT metric. The result will be proved in steps. The first one consists in characterizing all the
SKT metrics on a Oeljeklaus-Toma manifold. Then, we will compute the (1, 1)-part of the Bismut-Ricci
form and, from that, we will deduce long-time existence and the characterization of algebraic solitons.
Finally, we will conclude the proof applying Proposition and obtain Cheeger-Gromov convergence
as in the proof of Proposition [3.1.2

The existence of SKT metrics on Oeljeklaus-Toma manifolds was studied in [25], [115] and [253].

Theorem 3.1.3 ([25], Corollary 3 ). An Oeljeklaus-Toma manifold of type (r,s) admits a SKT metric
if and only if r = s and
oi(worjW))*=1, j=1,...,s, uelU. (3.14)

Condition ((3.14)) in the previous theorem can be rewritten in terms of the structure constants appearing
in . Indeed, ([3.1)) together with forces by; € {0,—1} and by;by; = 0, for every i, k, 1 =1,...,s
with k& # [. In particular, using , for every fixed index k € {1,...,s}, there exists a unique iy €
{1,..., s} such that

bri, = =1, br; =0,

for all + # 44 and, if k # [, then 45 # 4;. Hence, up to a reorder of the v;’s, we may and do assume,

without loss of generality, i, = k, for every k € {1,...,s}, i.e.
1 op .
—5Chi ifi £k,
ki = 2 — 3.15
» {%ckk41 fi=k. ( )

The next proposition gives a full characterization of left-invariant SKT metric on a Oeljeklaus-Toma
manifold in terms of the standard (1, 0)-coframe.

Proposition 3.1.4. A left-invariant metric w on an Oeljeklaus-Toma manifold admitting SKT metrics
is SKT if and only if it takes the following expression with respect to a coframe {w',... w*,v1, ... v*}

satisfying (B-1) and (B15):

s k
w=V=1) Aw' A&+ By AF +V=1Y_ (CrwP AF" + CpyP" A&P) (3.16)

i=1 r=1

for some Aq,...,As,B1,...,Bs € Ry, Cy,...,Cy € C, where {p1,...,pr} C{1,...,s} are such that

)‘jpi:()? j?épzﬁ i=1,...,k.

Proof. We assume s > 1 since the case s = 1 is trivial. Let

S
w= V=1 Apw® A@? + Bpgy’ AF? + Cpgw? A7! + Cpgy? AP
P,q=1
be an arbitrary real left-invariant (1, 1)-form on M, with A,;, Bys € R, for every p=1,...,s, Ay3, Bpg €

C, for all p,g=1,...,s with p # ¢, and Cpg € C, for every p,g=1,...,s.
From the structure equations (3.1]), it easily follows

00(wP A@7) € (WP Awd A@P A @),
AO(wP A7) € (Wi Awd At AF™), (3.17)
AO(yP AFT) € (Wi Al Ay AF™Y,
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and that w is SKT if and only if the following three conditions are satisfied

D Apd0(w Aw) =0; (3.18)
P,q=1

Y Bydd(y* A7) = 0; (3.19)
p,q=1

> Cpadd(w? AFT) =0. (3.20)
p,q=1

The first relation in (3.17) yields that (3.18) is satisfied if and only if

Apg =0, p#q.
Next we focus on (3.19). We have

90(v* N7?) =0 (— D Ap@® AP AT = AP AD Xg@® A 7")

6=1 =1

and

S

DO(v? A7) = Z(?\éq — Xsp) (O@° AP AFT —@° ANOYP AL+ @° AP AOFY)

6=1
which implies
A/ p 4 s \/jl _ 5 s . Y s B y s . , .
88(7 /\’Y ): T(A(Sq_)\ép)w A w /\’Y /\’}/ —Z(Aéq—)\ép)w A Z)\apw /\,Y /\,Y
5=1 et p
+) (Nsg = Asp)@® AP A <— Z Aagw® A fyq>
o=1 a=1
S _1 B B )
B \/;—O\aq - A&p)wé A (D‘5 A ,yp A ﬁ/q + Z(/\ap _ )\aq)()\éq _ >\5p)wa A @5 A ,yp A 7yq ]

6=1

d,a

Finally, we get

_ S._ v—1 _
00(v* A7) =Y (Asg — Asp) (2 + Asp — Aéq) W A2 AP AT
6=1

+ ) ap — Aag)(Asg — Asp)w™ A& AP AFT
6#£a

and that condition (3.19)) is equivalent to

s 1 B _ B
By [ D (Asg — Asp) (”2 + Asp — A5q> WA@Y (Aap = Aag)(Asg = Asp)w® A&’ | =0,
6=1 5+#a

for every p,q=1,...,s.
By using our conditions on the by;’s, it is easy to show that the quantity

S B /—_1 _ B 3
Z(qu — Asp) (2 + Xsp — qu) WA+ Z(Aa,, = Xag)Nsg — Asp)w® A @°
5=1 d#a
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is vanishing for p = ¢ and, consequently, there are no restrictions on the Bys’s. Now we observe that the

real part of
_ =1 _
()‘pq - )‘pp) (2 + )‘pp - )‘pq

is different from 0, for every p,q with p # ¢, which forces By = 0, for p # ¢. Indeed, we have

_ 1 v—1
Asg — Asp = 5(0512 — Csq) — T(bép + bsq) ,
V-1 - 1 V-1 (1+b5p+b5q>

TJF/\ép*)‘éq:*i(&p*Céq)Jr B B)

which implies

< VA - — 2 1
Re ((Aéq — Asp) (2 + Agq — A5p>) _ _(ew — o) | 1 (W) (1 + W) . (3.21)

Since p # q, we have

and so (3.21) computed for § = ¢ gives
< v—1 - 1 1
Re ((qu — App) (2 +Apg = App) | | = 1 —(epp — pg)? — 1 #0,

as required. Therefore equation (3.19)) is satisfied if and only if

By =0, p#gq.
Next we focus on (3.20). We have

DO(WP A71) =0 ( v ;1prJﬂ’Aﬁq — WP A <ZA5q@5A'_yq>>

6=1
and
- —1( -1 .
DO(w? Ny) =5~ <2wp AwP AP AFL+wP A@P A (Zkng‘s /\"yq>>
6=1
S S S
v—1- _ -
+ 5 Asaw? A W AD AT+ Nsgw? A A (Z Aaqw® A 74> :
=1 =1 a=1
Hence, we get
S S
_ v—1_ ans
00(w? AFT) =D 5 Asgw? AP Aw® AT+ 5 Asg? Aw® A A7
o=1 o=1
0F#p 0F#p
+ ) Xsghagw® A@® Aw® AT
J,a
a#p
and
B s /1 _ ) s s ) .
0O(wP AFT) = Z 5 AsqwP? AP Aw® AFT+ Z Apgragw? AP Aw® A1
6=1 =1
o7 a#p
S
v=1_ -
+Z 5 quw”/\w‘s/\@‘s/\’7‘1+Z)\5q)\aqu/\@5/\wa/\'7‘1.
o=1 J,a
0#p 5#p

a#p
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Therefore

B s 1 B s 1 _
0w AYT) = Asg (2 + /\pq) WP AP AW AYT+ Y Asg <2 - /\5q> WP Awd A’ AT
i=1 6=1

5%p 6#p
+ D Asghagw? Aw® Aw® AF
d#a

o#p
a#p

and (3.20) is equivalent to

s 1 B s 1 B o
Cog | D Aag (2 + /\pq> @ AW+ s <”2 - A(;q) W AD 4 Nsghag@® Aw® | =0,
)

=1 i=1 d#a
o#p 0#p 5#p
a#p
for every p,g=1,...,s. Since
v—1
)‘pq#i 2 ) paq:17"'787

the quantity

s 1 B 5 1 B o
Epg = Asq <” + )\pq> @ AW+ Asg (V -~ /\5(1) W AD ) Asghag@®® Aw®

2 2
o=1 o=1 5+a
0#p 0#p 5#p
a#p
is vanishing if and only if
Asg =0, 6#p.
Since Agq # 0, it follows
Epq#0, p#4q
and
E,; =0if and only if ¢5, =0, 6 #p.
Hence the claim follows. O
Proposition 3.1.5. Let
s k
w=+—1 Z AW NG+ Biy AT 4+ V=1 Z (CrwPr AFPT + CoyPr A @PT) (3.22)
i=1 r=1

be a left-invariant SKT Hermitian metric on an Oeljeklaus-Toma manifold, where the components are

with respect to a coframe {w?, ... ,w® L, ... ¥*} satisfying (3.1) and (3.15) and {p1,...,px} C {1,...,s}

are such that
)\jpi:O, j#pl, ’L:1,7I€
Then, the (1,1)-part of the Bismut-Ricci form of w takes the following expression:

k
. 3 C,|? _ 3 .
(Rch(w))1’1 =—y/—-1 E 1 (1 + 1B —c2 Bl ‘_ c 2) WPt NP —v/—1 E Zoﬂ AD"
r=1 Pr=Pr ‘ 7'| i@{p1,...pn}

k 2
Z 3 c V—=le B C
-v-l —o Prbr Pr T Dr A ~Dr . tes .

\/77":1 ( 16 4 4 Ap, By, — |Cr|2w T+ conjugates
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Proof. We recall that the Bismut-Ricci form of a left-invariant Hermitian metric w = v/—1g,;a® A @® on
a Lie group G2" with a left-invariant complex structure takes the following algebraic expression:

Ric®(w)(X,Y) = —gw([[X,Y]", Xa], X,) + g™ w([[X, Y]"!, X, Xp) + V=1g"w([X, Y], J[Xa, X)),
(3.23)
for every left-invariant vector fields X,Y on G, where {a'} is a left-invariant (1,0)-coframe with dual
frame {X,} and (¢g*?) is the inverse matrix to (g”) (see e.g. [335]). We apply (3.23) to a left-invariant
SKT metric on an Oeljeklaus-Toma manifold of the form (3.22)).
We have

gfs+i _ 0 if ¢ g {pla"'apk}a gii _ B; ngﬁLi _ Al
AL ]C. otherwise, A;B; — |Ci 2 A.B; — |C;2

and taking into account that the ideal J is abelian, we have

Ric®(w)(X,Y) = — Z RicP(w)(X,Y),

where
Ric} (w Zg‘w XYIOZ]ZG)—\/TIW([XY]Z — Za) +w([[X, Y], Za], Za))
Ric} (w Zgéﬂsﬂ [X, Y50, Wal, Wa) + w([[X, Y], Wa], Wa))
Ricy (w Zg”r”pr (X YT 2, ), W) = w((X, Y, (2, W, ]))
+ ig””*”rw([w V" 2, Wy, )
Ric} (w Zg”’”” (XYW, ], Zp,) + w((X, Y], Wy, Zp,]))

+ Zgg-‘rprpr X Y]O ! Wpr]7 Zpr) N

Next we focus on the computation of Ric®(w)(Z;, Z;). Thanks to (3.1)), we easily obtain that
Ric®(w)(Zi,Z;) =0, i,j=1,...,8, i#j.

On the other hand,
, V V-1 _ N B A | A;B;
RicP(w)(Zi, Zi) = — —g (w(ZiJrZi,Za Za)> =Y g4, = (AiBz- 3 |Ci|2)'

Moreover, we have

Ric} (w)(Zi, Z;) = — */le > g T (2, Wal, Wa) + w([Zi, Wa), Wa)

a=1

_ \/TIZQS+GH7QRGW([Zi7 Wa]7 Wa) .
a=1
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Using (3.1)), we have B
w([Zia Wa]a Wa) =~V _]-)\iaBa 5
Babia Ba

Rew([Zi,Wa],V_Va) = 1 = —T(Sia.

Then

gsﬂmBi B \/jl A;B;

RICE(CU)(Z“ Zl) =V 71 4 = 4 AB — |C|2 .

Next we observe that - -
Ric} (w)(Zs, Z;) + Rick (w)(Zi, Zi) = 0

which implies

C, . . .
RicB(w)(Zi, Zi) _ {—\/—12 (1 + Ali‘\cp) 1? tl.qere exists r =1,..., k such that ¢ = p,.,
V=13 ifi & {p1,...,pr}.
(3.24)
We have
_ oo _ _ Y/ L L
Rick (w)(Zi, Zi) =Y g"* P w([Zi, Zi), [ Zy,, Wi, )) = -5 > gPPIN, p w(Zi + Zi, W)
j=1 j=1
— 0 o lfzg{plaapk}7
199N C; otherwise .
We compute the three addends in the expression of Ricy (w) separately:
- - 1 - 0 ifig{p1,...,pr} ori#np,
ZiZil’O 1, Z,.) = — =Xip. .= _ ’ ’ 70
(JJ([[ ’ } ’ W;DJL ZDJ) 9 Pj ij {_1)\”0 otherwise :
- - 1 0 ifi & {p1,...,px} or i#pj,
w(lZi, 2, (W, 2, )) :i/\pjpj%ﬁpj N {é)\ .C; otherwise ;
_oq - 1- 0 if i £ p,
Zi, Z)" W, 1. Z)) =5 Xip, G5tmp, = 3 1x ’
(Il } vil Zp;) 2" PIIetPip; XiC otherwise .

It follows B B
Ric?(w)(Zi, Z;) = Ricf(w)(Zi, Z)=0, i&{p1, .-, Pk},

and, for i € {p1,...,pr},
_ _ 1 — - I -
RiC? (W)(Zi, Zi) + Ricf’(w)(Zi, Z;) = 5 <_gzs+l)\iici — 9" NG 4+ " NG + gs+”)\iici) =0
Now, we focus on the calculation of Ric®(w)(Z;, W;). We have

RicP(w)(Z,. W) Zg% (—F ( j,za—za>+w<[wj,za1,za>)

0 otherwise ,

_ {V_lguci)\ii (% - Xiz‘) ifi=je{p1,....on},

and, since J is abelian, -
Rict (w)(Zi, W;) =
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Furthermore
Ricg (w)(Z:, W) ngj&ﬂ’fw W WGP 2,1, W, fzgpgsﬂy j‘ijj‘mmgﬁjﬁm
_ _ﬁ)\ingSﬂBj ifi:je{ph-.-,pk},

0 otherwise

and

k k _
RiC4 Z,,W ng+p1p,w Wj]’ [ij7ZPj]) = \/jlzgs-i_pjpj)\ij/\pjpj s+is+p;

Jj=1 =t

ngJrJJ/\“)\NB ifi=j¢{p1,...,pr}
otherwise .

It follows that Ric w)(Z;, W ) #0if and only if i = j € {p1,...,px}. In such a case, we have

) _ i _ L -1 _
Ric®(w)(Z;, W;) = —v—1 (9 B (1N = A35) + 97 Oy, ( —Ajij | ] -

2
Since B.C B.C
s+jj _ ] Jicr. ]
9B = — and ¢C; = ,
T A4B -G T AB; - |Gy
we infer
. - < v=1 < - B,;C;
Ric® (w)(Z;,W;) = —V~-1 (/\jj (2 =i ) = (gs* =A%) W—TCP
el J
Taking into account that A;; = —@ — CJTJ, we obtain
_ 3¢ Vley, B;C;
Ric®(w)(Z;,W;) = —v/—1 | —— — 2L — 2 i
I 16 4 4 A;B; —|C;]?
and the claim follows. O

The next result gives the classification of algebraic solitons for the pluriclosed flow.

Corollary 3.1.6. Let w be a left-invariant SKT Hermitian metric on an Oeljeklaus- Toma manifold M .
Then w lifts to an algebraic expanding soliton of the pluriclosed flow on the universal covering of M if
and only if it takes the following diagonal expression with respect to a coframe {w', ... w* L, ..., v°}

satisfying (3.1) and (3.15):

w=V-1) Aw' A&+ By AT, (3.25)

Proof. Let w be a SKT left-invariant metric on an Oeljeklaus-Toma manifold M. In view of [223] Section
7], w lifts to an algebraic expanding soliton of the pluriclosed flow on the universal covering of M if and
only if
1
(RiCB(W))Ll(W ) = CW(', ) + ) (W(D'7 ) + W('» D)) )

for some ¢ € R_ and D € Der(g) Ngl(g, J).
Assume that w takes the expression in formula (3.25). Proposition implies that Ric®(w) is
represented with respect to the basis {Z1,...,Zs, Wi,..., W} by the matrix

3 (I, 0
T44\0 0/
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3 (0 0
1A\0 I

induces a symmetric derivation on g, w lifts to an algebraic expanding soliton of the pluriclosed flow on
the universal covering of M and the first part of the claim follows.

Since

In order to prove the second part of the statement, we need some preliminary observations on deriva-
tions D of g that commute with J, i.e. such that

D(g"?) C¢"?, D(g™') Cg™'.

We can write

DZ; =) kiZj+miW; and DZ=Y UIiZ;+rW;.

j=1 j=1
Since D is a derivation, we have, for alli =1,...,s,
D[Z;, Z;) = [DZ;i, Z;) + [Z;, DZ;] . (3.26)
On the other hand
- v-=1
D[Z;, Zi] = — Y— ZI#Z +UZj+miWs +riwy |
2 =
- v-=1
[DZ;, Z;] = — Tk@ (Zi + Zy) Zm i W,
_ v —1 i _ it
2, DZi) = — “—1j(Zi+ Zi) + erx,»jwj .

Jj=1

Then, (3.26]) rewrites as:
vV~ vV~ v—1 (V-1 < _
0=-Y— Z/az +11Z;+ kZZ —l—Zm <23—>Wj_r%<+Aij>Wj,

2 J 2
J#i

which forces DZ;, DZ; = 0, for all i = 1,...,s. It follows that D|, = 0. Moreover, for all I,I’ € J, we
have

0=DI[I,I'|=[DI,I'|+[I,DI'],
which implies
[DI,I' = —[I,DI"].
Assume ) .
DW,; = Z k;-‘riZj + m;+in and DWi = Z l‘;—HZ] + 7‘;+in R

Jj=1 j=1

then ‘
[DW;, Wi] = > kst (Z;, Wil € 3% and  [W;, DW;] Z 1YW, Z,]
j=1

This implies
DW, = stﬂw DW,; = ZW’W
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i.e. D(J) € J. Moreover, for all i = 1,...,s, we have that

j=1
while [DZ;, W;] = 0 and
[Zl', DWl] = — Z m;+7)\,]WJ .
j=1
Using again the fact that D is a derivation, we have
DWZ = Z ijj
Jj€Ji
where
With analogous computations, we infer
DW, = 3 v,
J€J;
Clearly, i € J;. On the other hand, for all i = 1,...,s, we know that Im(\;;) # 0, while, for all i # j,
Aij € R. This guarantees that, for all i =1,...,s,

Ji ={i}.
This allows us to write
DWZ = meﬂWi s DWZ = Tf+ZWi .
From the relations above, we obtain that

Der(g)*? = {E € End(g)"* | b Cker(E), E(W;)) C (W,), i=1,...,s}.

First of all, we suppose that w is a SKT Hermitian metric which takes the following diagonal expression
with respect to a coframe {w!,... ,w* v, ..., v} satisfying (3.1)) and (3.15):

w= \/fleiwi A&t + BA AT

i=1

such that there exist 4,5 € {1,..., s} such that A; # A, and we suppose that w is an algebraic soliton.
Thanks to the facts regarding derivations proved before, we have that

—ﬁ% = Ric®(w)(Zi, Zi) = cw(Z;, Z;) + = (w(DZ;, Z;) + w(Z;, DZ;)) = V—1c4;,

; ) _
—V=17 =Ric®(w)(Z;, Z;) = cw(Z;, Z;) +

1 (w(DZj, Z;) + w(Z;,DZ;)) = V—1c4; ,

o= N =

which is impossible, since A; # A;.

_ Now suppose that w is a SKT metric on M which is not diagonal. So, we suppose that there exists
J=1,...,s such that C; # 0. Then, assume that there exist a constant ¢ € R and D € Der(g) N gl(g, J)
such that

(RIc®(@)) () = awl:, ) + 5 (@D~ ) + (-, D)
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On the other hand

. = = 1 - - V-1 = =
0 = Ric® (w) (W;, Wy) = cw (W5, W5) + 5 (w(DW;, W5) + w(W5, DW;)) = V=LeB; + = (r7 + mi ) B;
. = = 1 - - V-1 .3
Rch(w)(Zj7Wj) :cw(Zj,Wj) + B (w(DZj, Wj) +w(ZE,DW5)) =V~1cC; + ?7«34-]05 ,
: . . 1 . . e S
Ric® ()(Z5, W3) =cw(Z;,Wy) + 5 (w(DZ;,Wy) + w(Z;, DWy)) = —V=1eC; = Y =mi¥C;

which implies that

I s+]
C__i(rﬁ +m; ).

On the other hand,

where )
K:<3+033+v—1033> B
16 4 4 A;B; — |C5|2
Then,
IR S 1 stj
K — C+ 27’7 - 5 'j
and )
7 - §+3 _ _ - §+3
K=c+ 35 2rj

From this, we obtain that
c=K+ K =2Re(K) > 0.

On the other hand, we have

(oK

3
V=t (1 LGP
4 A;B; — |52

which implies that ¢ must be negative. From this the claim follows.

89

)

) = RiCB(w)(Zj, Za) = Cw(Zj, Z})—i-% (w(DZ;, Z;) + w(Z;,DZ;)) = \/—710145 ,

O

Using Proposition [3.1.5] we deduce the long-time existence of the pluriclosed flow starting from any

left-invariant SKT metric.

Corollary 3.1.7. Let w be a SKT Hermitian metric on an Oeljeklaus-Toma manifold which takes the
form (3.16). Then the pluriclosed flow starting from w is equivalent to the following system of ODEs:

3 CT2
A;r:Z(l_‘_W) forallr=1,... k,
B;,:() forallj=1,...,s,

2
r_ 3 Cpror | YV =1Cprpy By, Cr _
Cr — (E + p4p + 4p P ) A, B:r—\Crlz fO’I" all r = 17...7143-

Moreover, |Cy| is bounded, for all r = 1,...,k, the solution exists for all t € [0,400) and A; ~ =
t — 4o0, foralli=1,...,s.
In particular,
vt 3w
[

as t — oo.

(3.27)

Zt, as

J )
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Proof. Observe that, for every r € {1,...,k},

2 2
<|0r2>’<3+%pr> e EE s

872 ) A, B, G "
which guarantees that |C,|? is bounded. On the other hand, denote, for all r =1,...,k,
up = Ap, By, — |Cr|%.
We have that

3 9 B, |C,|?
I A/ B, — . 2y B < PrDr Pri~T >0.
Uy Pr - Pr (‘C | ) 4 Pr + (8 + 2 > AperT _ |Cr|2 - 0

3 1C, |2 3 K
A =1+ —F1 )< (14—
Pro 4 ( T4, B, —6P) =i\ Tw)

where K > 0 such that |C,.|? < K, for all t+ > 0. This implies the long-time existence. As regards the
last part of the statement, it is sufficient to prove that

This guarantees

C 2
lim ol =0.

t—=+00 Uy
But,

3
U;‘ 2 ZBPT .
So,
3
Up > 1 o b+ up(0) = +o00, t— +00.

Then,

lim w,(t) = 400,

t——+oo

and, since |C,|? is bounded, the assertion follows. O

We are now ready to state and prove the main theorem of this section.

Theorem 3.1.8. Let w be a left-invariant SKT Hermitian metric on an Oeljeklaus-Toma manifold M.
Then, the pluriclosed flow starting from w has a long-time solution w; such that (M, 1“%) converges
to (T°,d) in the Gromov-Hausdorff sense. Moreover, w lifts to an expanding algebraic soliton on the
universal covering of M if and only if it is of the form . Finally, (H® x C?®, 1“—#) converges to
(H® x C?,0s) in the Cheeger-Gromov sense, where Qs is an algebraic soliton.

Proof. Let w be a left-invariant SKT metric on an Oeljeklaus-Toma manifold. Corollary implies
that pluriclosed flow starting from w has a long-time solution w; such that

23 t—
w as 0.
1+t >
We show that 1% satisfies Items [If to |3 in Proposition Here we denote by |- |; the norm induced

by w;. First of all, taking into account that

Wt|fi€9fi = Wo‘jeaj ,

Item [2] follows. Now, thanks to the fact that Item [2 holds,

S
wt\h@b = ZAi(t)wi A&
=1
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with 4@ _, 3

1o 4 as t — oo and there exist C,T > 0 such that, for every vector v € b,

~_jole < Clo
v Vo,
Viet
for every t > T .giving that Item [T]is satisfied.

In order to prove Item [3] let £, > 0 and let v be a curve in M tangent to H which is parametrized
by arclength with respect to 3we, and such that Lo () < €. Let v =4 and T > 0 such that

‘Az(t) 3‘ < 382

1+t 4]~ 4
for t > T. Then,
1 2 2 ® Al(t) 3 2 62
_ 2 < =
FRTL LD Dl Eew B [
and
L) L<></b L~ il da < < e
- [e'e) = - [e%e] ax~ —-0> )
t'Y PY 0 \/m’yt ,‘Y E
since b < /.

Now we show the last part of the statement, using the same argument as in Proposition [3.1.2] and
we prove that (H® x C®, {7;) converges in the Cheeger-Gromov sense to (H® x C*,0s) where Goo is
an algebraic soliton. Again, here we are identifying w; with its pull-back onto H® x C° and we are
fixing as base point the identity element of H® x C®. It is enough to construct a 1-parameter family of

biholomorphisms {¢;} of H* x C* such that

« Wt N
— 2 W -
Tt
As we already observed, since J is abelian the endomorphism represented by the matrix
0 0
p=(o 1)
is a derivation of g that commutes with the complex structure J. Then, we can consider
1 0
dpy = exp(s(t)D) = (Oh es(t)lg) € Aut(g, J)
where s(t) = log(v/1 +t). Using dep;, we can define
or € Aut(H® x C°,J).

Fori=1,...,s we have
L( *wi)(Zi, Z;) = L (Z; Z»)—>§\/ 1 St —
1+t@twt [z z_1+twt 19 L1 4 ’ as o,
1 - 1 _
— (i) (Z;, W;) = wi(Z;,W;) =0, ast— o0,
1 . - _
m(%wt)(Wu Wi) =w(Wi, W;) = v—1B;(0)
Then,
1
mgatwt%woo, ast — oo,
where

Doo = 3Woo + w397 -
In view of Proposition @oo is an algebraic soliton. O
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3.1.4 A generalization to semidirect product of Lie algebras

From the viewpoint of Lie groups, the algebraic structure of Oeljeklaus-Toma manifolds is quite rigid and
some of the results in the previous sections can be generalized to semidirect product of Lie algebras.

In this subsection, we consider a Lie algebra g which is a semidirect product of Lie algebras
g=bxxT,
where A: h — Der(J) is a representation. We further assume that g has a complex structure of the form
J=Jy® J3
where Jy and Jy are complex structures on h and J, respectively.

The following assumptions are all satisfied in the case of an Oeljeklaus-Toma manifold:

i. b has (1,0)-frame such that {Zy,..., Z,.} such that [Zy, Z;] = f@(Zk +Z;), forallk=1,...,r
and the other brackets vanish;

ii. Jis a 2s-dimensional abelian Lie algebra and J5 is a complex structure on J;

iii. A(h1) C End(3)10;

iv. J has a (1,0)-frame {Wy,...W,} such that A(Z) - W,. = \.(Z)W,, for every r = 1,...,s, where

1,
A € ALO(B);

v. Y% Im(A\,(Z;)) is constant on i.

a=1

vi. J has a (1,0)-frame {W7y,... W} such that A(Z) - W, = A.(Z)W,, for every r = 1,...,s, where
A€ AM0(h) and >0, Im(N,(Z;)) is constant on i.

Note that condition i. is equivalent to require that h =& - - - @ f equipped with the complex structure
—_——

r-times
Jy = J; @ --- ® J;, while in condition iv. the existence of {W,.} and A, is equivalent to require that
—_——

r-times
MNZ)oXNZ')=NZ") o NZ),
for every Z,7' € p1-0.
The computations in Section [3.1.3] can be used to study solutions to the flow

0
—w = —(Ric®(w)"! (3.28)
ot

in semidirect products of Lie algebras (this flow coincides to the pluriclosed flow only when the initial

metric is pluriclosed). We have the following

Proposition 3.1.9. Let g = h x\ T be a semidirect product of Lie algebras equipped with a splitting
complex structure J = Jy @ J5 and let w be a Hermitian metric on g making b and J orthogonal. Then
the Bismut Ricci-form of w satisfies (Ric®(w))"! |pes = (Ric®(w)) 505 = 0.

If i —iv hold and wlyey is diagonal with respect to the frame {Z;} then the (1,1)-component of the
Bismut-Ricci form of w does not depend on w and the solution to the flow starting from w takes
the following expression:

wr = w — t(Ric® (W)t

Ifi—1iv and vi hold and w|yey is a multiple of the canonical metric with respect to the frame {Z;},
then w is a soliton for flow (3.28) with cosmological constant ¢ = %+ >, Im(\,(Z;)).
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The previous proposition does not cover the case when properties i-iv are satisfied and the restriction
to b @ b of the initial Hermitian inner product

T S
w=+v-1 Z G AN +v/—1 Z gr+am'ya/\'7b

a,b=1 a,b=1

is not diagonal with respect to {Z;}. In this case flow (3.28) evolves only the components g;; of w along
w' A@" via the ODE

d I aa 1 < mdrie _ -
g == Re gia — - rhdrte Lo((Zi, W], W, Zi, We|, W,
dtg“ 4;g €g B ‘;lg {W([ > ]7 d)+w([ ) ]’ d)} ’
where g;; depends on ¢. Note that the quantities —3 37 ;| gridre {w([Zi, W], Wa) + w([Z;, We], Wy) }

appearing in the evolution of g;; are independent on ¢.
The same computations as in Section |3.1.2]imply the following

Proposition 3.1.10. Let g = h x, J be a semidirect product of Lie algebras equipped with a splitting
complex structure J = Jy & J5. Assume that properties i,ii,iii are satisfied and let w be a left-invariant
Hermitian metric on g. Then

RiCCh(w)‘j@j = RicCh(w)|h@;g = 07

while Ric®™(w)|yey is diagonal with respect to {Z1, ..., Z}.
If further also iv. holds, then

Ric™™(w)(Zi, Z;) = —/—1 <; - ilm(xa(zi))> L oi=1,...,r.

If, in addition, v. holds, then w is a soliton for the Chern-Ricci flow with cosmological constant
c=4%—>u_1Im(A(Z;)) if and only if w|pey is a multiple of the canonical metric on b with respect to
the frame {Z;} and w|yey = 0.

3.2 Homogeneous generalized Ricci flow

The present section is devoted to the study of the long time behaviour of the generalized Ricci flow in
the homogeneous setting, especially in the Lie group case. The section will be divided as follows.

Subsection is dedicated to the discussion of a scaling process on ECAs, which lead to a new
definition of solitons for the generalized Ricci flow allowing for non classical and non steady solitons.
Moreover, we will discuss a class of examples of expanding generalized Ricci solitons.

In Subsections and we focus our attention to the homogeneous case highlighting how one
can present the space of left-invariant generalized metrics as a homogeneous space.

Subsection [3:2.4] is devoted to show the equivalence of the classical moving generalized metrics ap-
proach and the moving Dorfman brackets one. Motivated by this, in Subsection we prove that a
suitably modified version of the generalized Ricci curvature tensor is related to the moment map of the
action of a Lie group on the space of left-invariant Dorfman brackets.

In Subsection we define a flow in the space of left-invariant Dorfman brackets which is gauge-
equivalent to the generalized Ricci flow. We then use this equivalence in Subsection [3:2.7] to prove a
blow-up result which lead us to show the long time existence of the homogeneous generalized Ricci flow
on any solvable Lie group.

Subsection [3.2.8]is focused on the definition and the study of the generalized nilsolitons. These objects
appear naturally as models for the asymptotic behaviour of the homogeneous generalized Ricci flow on
nilpotent Lie groups, as we will show in Subsection [3:2.9

Finally, in Subsection we deduce results on the long time behaviour of the pluriclosed flow on
solvable and nilpotent Lie groups, while in Subsection we obtain a full classification of generalized
nilsolitons up to dimension 4.
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3.2.1 Scaled ECAs and solitons of the generalized Ricci flow

To start this section, we observe that there is a natural way of scaling exact Courant algebroids. This
will play a key role in the next sections.

Lemma 3.2.1. Let (E,(-,-),[,"],m) be an exact Courant algebroid and let ¢ € R\{0}. Then, the data
(c{-,"),[,7],m) defines a new exact Courant algebroid structure on E.

Proof. Trivially, ¢(-,-) is a non-degenerate symmetric bilinear form of signature (n,n), regardless of the
sign of ¢. Moreover, all the axioms except for Item [5] in Definition [[.2.1] in the definition of ECA clearly
remain true after scaling (-,-). As regards Item [5|in Definition we can notice that the 7* in the
right-hand-side involves a composition with the isomorphism ¢. .y : E* ~ E induced by the neutral
inner product. For ¢(-,-), this isomorphism is simply

Pe(-) =€ (3.29)

which gives the claim. O

Definition 3.2.2. Let (E,(-,-),[,],7) be an exact Courant algebroid and ¢ € R\{0}. We define the
scaled exact Courant algebroid ¢ - E to be the one associated with the data (E,c(-,),[,], 7).

We now study the effect of scaling on the 3-form H after choosing an isotropic splitting:

Lemma 3.2.3. Let E be an ECA with isotropic splitting o. Then, the isomorphism E ~, (T & T*) g,
H € A3M closed, induces an isomorphism

c-E~e (TOT)en.
Proof. This follows immediately from Proposition and (|1.27). O

Let us now examine the effect of scaling on generalized metrics.

Lemma 3.2.4. Let (E,G) ~, (T ®T*)u,G(g,b)) be a metric ECA and ¢ > 0. Then, G is a generalized
metric on +c- E and the isomorphism tc- E ~, (T & T*) 1.y gives an isometry

(c- B, £G) ~, (T & T*)+cm, G(cg, £cb)).

Proof. The first claim is clear, since the bilinear form +c¢(£G-,-) = ¢(G-,+) is symmetric and positive
definite. As regards the second one, we note that the scaling on the Riemannian metric follows directly
from . On the other hand, considering o1 to be the preferred isotropic splitting induced by G, then
(01 — 0)(X) € kerm = Im(7*), for any X € T'(TM). Hence, we can write

b= (n*)"Yoy—0): TM - T*M, (3.30)

where the fact that b is a 2-form is straightforward to check, using that both o7 and o are isotropic.
Then, the scaling on b follows from (3.29). O

Remark 3.2.5. The isometry in the second claim in Lemma [3.2.4] can be also explicitly constructed.
Assuming ¢ > 0, we can use the isotropic splitting o to obtain the isometry (£c- E,G) ~, (Zc-
(T®T*)m,G(g,b)). Then, one can easily see that

(I(()i i21d> £ (TOT )1, G(g.b)) = (T ®T")xemr, Glcg, £cb))

is an isometry. Hence, composing the two isometries above, we obtain the claim.

Motivated by Definition and by the effect of scaling on the 3-form H described in Lemma [3.2.4
we give the following new definition of solitons for the generalized Ricci flow.
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Definition 3.2.6. A solution (£,G(t)).c[o,r) to the generalized Ricci flow (1.31)) is called a generalized
Ricci soliton if there exists a one-parameter family of scalings ¢(¢) > 0, ¢(0) = 1, and a one-parameter
family of generalized isometries

Fi: (c(t) - B,6(0)) — (E,G(1)).

Differentiating the family F; at t = 0 gives rise to a pair (X, D) € T'(TM) x End(FE) satisfying the
following properties:

1. D € Der([,]), i.e. D[a,b] = [Da,b] + [a, DY), for any a,b € T'(E);
2. X(-,-) = ((D+Ad)-,-) + (-, (D + Ad)-), where ¢/(0) = —2);
3. [Re(G(0)) + D,G(0)] = 0.

As one can easily see, the dependence of on the scalings is only through ¢/(0). This motivates the
following definition.

Definition 3.2.7. Let E be a ECA and A € R. We say that (X, D) € I'(TM) x End(E) is a A-derivation
if Ttem [1] and Item [2| are satisfied. We denote by Dery([-,]) the set of all A-derivations.

It can easily be observed that O-derivations are precisely the derivations of the Dorfman bracket
introduced in [I77]. Then, A-derivations has to be interpreted as the generalization of derivations when
a scaling process is taken into account.

We can give a characterization of both the set of isomorphisms between ¢- (T @ T*)gy and (T & T*)y
and the set of A-derivations which will be useful in the next sections.

Lemma 3.2.8. Let H € A3M be closed and c € R\{0}. Then,

Aut(c- (T®T )y, (T ST )g) = {f.e’|bc A’M, feDiff(M), f*H=c(H-db)},
= (df 0
fc - (0 c(fl)*) .

Dery([-,]) = {X +beT(TM) ® A’M | LxH = —db— 2\H} .

where

Moreover, if A € R,

Proof. Let (F, f) € Aut(c- (T & T*)g, (T @ T*)g). Since F preserves the Dorfman bracket, we have that
mo F = df on. This naturally gives us that if

af 0

_ B b

F=e <O h*) e

then B = 0. On the other hand, the condition (F-,F-) = ¢(-,-) forces b € A2M and dh = cdf~*.
Moreover, we have that, for any X +&,Y +ne (T @ T*),

Fe[(fT X +6), (f) T (Y + )] =[X, Y]+ Lxn — oy d€ + coyex (f71)H.
Composing this with the usual action of €’, we have that if F' € Aut(c- (T ® T*)g, (T ® T*)y) then
F=fe",  f*H=c(H—db).

The viceversa is trivial, concluding the proof of the first claim.

Let us consider a one parameter family of scalings ¢(t) > 0 such that ¢(0) =1 and ¢/(0) = -2 and a
one parameter family (Fy, f;) € Aut(c(t) - (T @& T*) g, (T ® T*)g). Differentiating (Fy, f;) at t = 0 gives
X +beT(TM) & A>M such that

LxH = —db—2\H.
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Viceversa, given X +b € I'(TM) & A>M such that LxH = —db — 2\H, we can consider f; the one
parameter family of diffeomorphisms generated by X and a family of scaling ¢(¢) > 0 such that ¢(0) =1
and ¢/(0) = —2\. Hence, we can define

t
by — / () bads
0

where b, € A?M such that Lx H = —db, + (;/((;))H. Then, we have that

dby = —/Otc(i)f; (—CC/((;))H—FEKH) ds:—/ot;; (C(ls)f:H> ds:—%f;HJrH.

Then, F = f; (e € Aut(c(t) - (T ® T*) g, (T & T*) ), as we wanted. 0

Definition |3.2.6]is the dynamical definition of solitons for the generalized Ricci flow. As in the classical
case, we can deduce from that an equivalent and static definition in terms of classical data, as the next
proposition shows.

Proposition 3.2.9. Let (E,G(t)) be a generalized Ricci soliton, and consider the time-independent isom-
etry (E,G(t)) ~6o (T ®T*)m,, G(g(t),b(t))) induced by the isotropic splitting oo associated to G(0).
Then, go := g(0) and Hy satisfy

RngBg,Ho =Xgo + 3 Lxgo, (3.31)
Ay Ho = —2X\Hy — Lx Ho,

where A = —%c/(0) and c(t) > 0 are the scalings from Definition|3.2.6. Conversely, if (T & T*)u,, G(go,0))
satisfies (3.31]), then there exists a soliton solution G(g(t),b(t)) to (1.31)) on (T' @& T*) g, with G(g(0),b(0)) =

G(90,0).

Proof. By Lemma [3.:2.4] the isomorphism associated to oo also induces time-independent isometries
(c(t) - E,G(0) gy (TS T)e(tymy» G(c(t)g0,0)) .

It follows that c(t)go and c¢(t)Hp must solve the gauged-fixed equations (1.33)) and (|1.34)).
Thus,

dgo= —21:{10913075,O + cLxgo,
C,HQ = AgOHO + C[,X{‘Io.

Evaluating at ¢t = 0 and using ¢(0) = 1, ¢/(0) = —2A, (3.31) follows. O

Remark 3.2.10. When H, = 0, Proposition [3.2.9] implies that Definition [3.2.0] is equivalent to the
classical definition of Ricci soliton for the Ricci flow.

On the other hand, if ¢(t) = 1 is constant, we recover the definition of soliton solution given in [149]
§4.4], which only allows for steady solitons (i.e. A = 0). Recently, in [269] Definition 2.1], a definition of
generalized Ricci soliton, equivalent to Definition was given.

Moreover, in the non-steady case, the second equation in , together with dHy = 0 and the Car-
tan’s formula, forces [Ho] = 0. In particular, if M is compact, this implies that a non-steady generalized
Ricci soliton with harmonic torsion is a classical Ricci soliton.

To conclude this section, we give a family of explicit examples of expanding generalized Ricci solitons.



3.2. HOMOGENEOUS GENERALIZED RICCI FLOW 97

Example 3.2.11. Let us consider My = Hs := Heis(3,R) the 3-dimensional Heisenberg group. It is well
known that on My we can choose coordinates {x,y, z} so that

A Y R
Tor P oy 9z T 0z

are left-invariant vector fields, forming a frame of the Lie algebra of My, subjected to the following
structure equation:

[e1,ea] = e3.
We will denote with {e!,e?,e3} the dual coframe of {ey, e2, e3} which is, in particular, given by:

el =dr, e?=dy, e=dz—uxdy.

We next consider the following one parameter family of diffeomorphisms of Mj:
pi(r,y,2) = (L+4t) e, (L + 40y, (14 40)22),  (z,y,2) € My, ¢>0.

It is easy to see that ¢; is actually an automorphism of M, viewed as a Lie group. Another easy
computation allows us to state that

doy = (1+4t)ie' + (1 +4t)ie® + (1 +4t)2e®, t>0.

Now we consider the closed left invariant 3-form H = dx A dy A dz and observe that H is harmonic with
respect to any metric on My. Then, one can easily see that

oiH=(1+4t)H, t>0.

Then, denoting ¢(t) = 1+ 4t > 0 and comparing with Lemma we are in the position to promote ¢
to
Fy =@y € Aut(ct) - (TOT )g,(TST)g), t>0. (3.32)

Moreover, we easily compute the vector field generated by ¢;:

d

SD €T z xre (& z x e
l ¢ t 91’ yéy 1 y 2 y 3

0z
which, in particular, satisfies the following bracket relations:
[X, 61] = —€1, [X, 62] = —€g, [X, 63] = —263.

Finally, X € Der_s([-,"]) satisfies
LxH=4H

which is precisely the second equation in (3.31) with —2X = ¢/(0) = 4, since H is harmonic with respect
to any Riemannian metric on My. Now, we consider the following Riemannian metric:

g=celoel+eloe+el ol =drode+(1+23)dyody +dz ®dz — 2xdy © dz,

which is the standard left-invariant Riemannian metric on My with respect to the frame {e1,eq,e3}. It
is easy to see that

RicE,H =—(toe'+e?0e?) and Lxg=2(' Oel +e?2 @e? +2e* @ e?).

Then,
. 1
Rlch’H =29+ iﬁXg
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giving precisely the first equation in (3.31]). Now, we can use Proposition to infer that (T ® T*)u, G(g,0))
is an expanding soliton for the generalized Ricci flow. Moreover, we can also specify what actually is the
one parameter family of generalized isometries in Definition Indeed, considering F; as in (3.32)), we
have

FG(g,0)F" = G((1+4t)(¢; 1)"9,0)

but
gt) = 1 +4t) (o7 Vg =1 +4t)2e' e + (1+4t)2e> 0+ @

is precisely the solution of the generalized Ricci flow starting from g, see [254], Section 6].

In the same fashion and with a bit more effort, we can construct examples of expanding solitons for the
generalized Ricci flow on M), := Hz x R*, for any k > 1. On M, we consider the following left-invariant
frame {ej, eq,e3,€q,...,ex13} of the Lie algebra of Hs X R¥ where ey, €2, e3 are the same defined above
while ez ; = %ﬂ_ where 34 ; is the standard coordinate on the j-th copy of R in the abelian factor R,

Then, it is sufficient to consider ¢(t) = 1 4 4t as scaling,

ou(@, Y, 2,24, wagn) = (L+ 40Tz, (14 40Ty, (1+48)7 2, (1 +48) 2 2a, .., (1 +48) F34p) |

for all (x,y, 2,24, ...,231%) € Mg, as the one parameter family of diffeomorphisms of My, , H = e! Ae?Ae3
and finally the standard left-invariant metric

k+3
i=1
with respect to the coframe {e',...,e3*} dual with respect to {ej,...,ex13} and obtain an expanding

soliton of the generalized Ricci flow on M.

3.2.2 Homogeneous generalized Geometry

In this subsection we specialize our study to the case where the underlying manifold M = G is a simply-
connected Lie group. We will denote by e the identity of G and g = TG its Lie algebra. We also ask the
ECA to be compatible with the algebraic structure in the following sense:

Definition 3.2.12. We say that a metric ECA (E — G, G) is left-invariant if the action of G on itself
by left-translations lifts to an action on (E,G) by isometries (as defined in Definition [1.2.8]).

The action of G on E in Definition is a particular instance of a wider class of Lie group actions
on ECAs called lifted or extended actions, see [36, Definition 2.4] and [65] Definition 2.6].
The action of G on a left-invariant metric ECA allows to consider G-equivariant isotropic splittings. The
choice of such isotropic splittings, using Proposition [1.2.9] gives rise to left-invariant classical data as the
following proposition highlights.

Proposition 3.2.13. Let (E — G, G) be a left-invariant metric ECA. Then, any G-equivariant isotropic
splitting o: TG — E of (1.24) induces a G-equivariant isometry

(Ev g) o ((T D T*)Hv g(g’ b)))

where the tensors g, H, b on M are left-invariant and H depends only on o and not on G.

Proof. If o is the isotropic splitting given by G, firstly, we note that, by Proposition [[.2.9] (E,G) is
isometric to ((T'® T*) i, G(g,0)), for some closed 3-form H and Riemannian metric g. Using this iso-
morphism, we can define an action of G on (T'® T*) g, and by definition this action will be by isometries
of G(g,0). By Proposition H and g must be left-invariant. It remains to prove the invariance of
b. Asin , the 2-form b can be expressed as

b= ()" (o1~ 0),
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where o7 is the isotropic splitting induced by G, which is G-equivariant. Then, the claim follows directly
from the fact that, for any (F, f) € Aut(E), we have that F o 7* = 7* o (f~1)* and from the expression
of b above. O

Remark 3.2.14. As said, the preferred isotropic splitting induced by G is G-equivariant. Thus, any
homogeneous metric ECA is isometric to (T @ T*)m,G(g,0)) for a left-invariant Riemannian metric g,
and a closed left-invariant 3-form H € (A3G)°.

Notice that as a vector bundle any left-invariant ECA is trivial, since after choosing an isotropic
splitting we get an isomorphism with (7°® T™*) g, where

TGHT*G~ (g g*) x G (3.33)

because Lie groups are parallelizable by using left-invariant vector fields. By abuse of notation, we will
simply denote
(009 )g =TT )u,

where H € (A3G)® ~ A3g* is a closed, left-invariant 3-form on G.

3.2.3 The space of left-invariant generalized metrics as a homogeneous space

Let £ — G be a left-invariant ECA, and let us fix a background left-invariant generalized metric GonE.
The preferred isotropic splitting ¢ : TG — E induced by G yields an isometry

(E - G7§) =z ((g@g*)ﬁ7g(g70))v

for some left-invariant metric g and closed 3-form H on G. By abuse of notation we write G = G(g,0).
Let us set

MC :={G |G is a left-invariant generalized metric on (g @ g*) 7}
~ {G(g,b) | g left-invariant metric on G,b € (A*G)®}

where the last identification is due to Proposition [3.2.13] Next, we consider the following Lie subgroup
OfO(g@g*,<,>)

L= {eb- (g (hol)*> ‘h €GL(g), be AQg*}, el = (121 121) . (3.34)

As an abstract Lie group, L is isomorphic to the semi-direct product A?g* x GL(g). Moreover, its Lie

algebra is
L A 0 9 %
['_{<a _A*>’Aeg[(g),a€Ag}.

The standard representation of O(g @ g*, (-,-)) on g & g* gives rise to a representation of L on g ® g*,
and this extends in a standard way to an action of L on all tensor powers of g @ g*. In particular, L acts
on generalized metrics and Dorfman brackets via the following formulas:

0-G:=loGol™! -] =Lt 0t
Recall that we also have the ‘change of basis’ actions of GL(g) on the spaces of brackets and 3-forms:
h:“'(a) - hy‘(hil'vhil'), h'w('a’a') :w(hil'ahil'ahil')v h e GL(g)a

for p € A%2g* ® g and w € A3g*.
The next proposition allows to present the space of left-invariant metric on F as a homogeneous space.

Proposition 3.2.15. The action of L on the space of left-invariant generalized metrics M is transitive.
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Proof. For any ¢ ~ (b, h) € L, its action on the background metric is given by
= h 0 0 g\ /rt o0 0 g!
F_ b g b __ b g —b
G LY | RO B VI

g=(h""ght =h-g(,).

Since GL(g) acts transitively on left-invariant metrics, the claim now follows from Proposition|3.2.13] [

where

3.2.4 Moving generalized metrics is equivalent to moving Dorfman brackets

In this subsection, we will define and study the main properties of the space of left-invariant Dorfman
brackets. A similar treatment of them can also be found in [254]. Then, we will focus on describing the
effect of the L-action and its infinitesimal version on Dorfman brackets.

From the Item [5] of Definition the Dorfman bracket associated with a left-invariant ECA is
skew-symmetric. Thus, we consider the vector space A%(g® g*)* ® (g @ g*) of all skew-symmetric bilinear
maps

pi(geg’) x(geg’) > (g@g").

Using Proposition [1.2.5] we know that choosing an isotropic splitting o gives rise to an isomorphism
E ~, (g ® g*)g. Then, from left-invariance and ([1.26)), it follows that the Dorfman bracket of E gets
identified with [-,-]z € A%(g @ g*)* ® (g ® g*) given by

(X +&Y +nln = [X,V]g —noady(X) +{oadg(Y) + tyex H, (3.35)

where adg(X) = [X, ], : g — g and H € A3g* is closed. It is not hard to see that ([-,-]x,-) is totally
skew-symmetric. This motivates the following.

Definition 3.2.16. The space of Dorfman brackets is the algebraic subset of A?(g®g*)* ® (g g*) given
by

Di={pe(gog) @@®g")| (ul,),) €N (@®g)", nlg"g") =0, J(k) =0}
Here, J(p)(a,b,c) := p(p(a,b),c) + pu(p(b, c),a) + p(p(c,a),b) = 0 is the Jacobi identity.

We can show that all elements in D can be written as in (3.35]) for suitable choices of the 3-form H
and the Lie bracket on g.

Lemma 3.2.17. We have that p € D if and only if there exist a Lie bracket p on g and a closed 3-form
H € A3g* such that, for any X +£,Y +n € g @ g*,

P(X+EY +n) =pwX,Y) —noux +&§opuy +iyixH, px = (X, ). (3.36)
Proof. Sufficiency was observed above. Regarding necessity, for each X,Y, Z € g, we set
WX.Y) =mop(X,Y), H(X,Y,Z):=2(uX,Y),2).
The linear conditions on p imply that, for every £ € g*, we have pu(£,Y) € g*. Thus,
p(&Y)(X) = 2(u(&,Y), X) = 2(u(Y, X), &) = Eu(Y, X) = o puy(X).

By skew-symmetry, pu(X,n) = —no ux, and from this (3.36) follows. A simple computation shows that
the Jacobi identity for p implies the Jacobi identity for v and that d,H = 0. O
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Moreover, one can notice that the following conditions hold for brackets in D:

n(g,g) Cagdg”, n(g,g%) C g%, p(g*,g") =0. (3.37)

That is, (g ® g*, u) is a Lie algebra which is a central extension of (g, ). We thus have that the space of
Dorfman brackets is contained in the linear subspace:

Vp:={peA(g@g")" ®(g&g")|p satisfies (3:37) and (u(-,-),) € A*(g@g*)*}. (3.38)
We then have two projections (-)g : D — A%g* @ g and (-)xs : D — A’g*,
ppg=peANg ®g, e pys = He Agh (3.39)

where here p is simply the Lie bracket of g. Furthermore, we notice that, by (3.36]), these projections
completely determine a Dorfman bracket p € D.
Let us first study how the action of L relates to the projections in (3.39):

Lemma 3.2.18. Let p € D with p:= pg, H := pps. Then, for any £ = he“ €L, we have
(C-pmg=h-p,  (€-p)rs=h-(H—dya). (3.40)
Proof. First, we compute for X +&,Y +n e g®g*:
(e (X +&{Y +n) =e'nX +{—ixa, Y +n—iya)
=" (WX +&Y +n) +aY, u(X, ) — a(X, u(Y,)))
=p(X +&Y +n) —ivix(da).

Similarly,

h 0 _(h 0 1 1
— (h-W)(X,Y) = no(h-p)x +Eo (h-p) +ivix(h- H).
The result follows from composing the two actions. O

Given the actions of L on Dorfman brackets on g @ g*, and of GL(g) on brackets and 3-forms on g, we
denote the corresponding Lie algebra representations (or ‘infinitesimal actions’) by

O: 1= End(A’(go¢") ®(g®g"),  0:9l(g) = End(A’g* @g),  p:gl(g) = End(A’g").
More precisely, they are given by
OAH(, ) = Ap(, ) — (A )~ p( A),  Acglla®g),
p(A)w(7 K ) = _W(A'v Y ) - w('vA'v ) - OJ(', 'vA')v A€ g[(g)
From Lemma |3.2.18 we immediately deduce:
Corollary 3.2.19. For any L ~ (a, A) € [ ~ A?g* x gl(g), we have
(OL))g =6, (OL)p)ss = p(A)H — dya

Since we will be moving the Dorfman and Lie brackets on g & g* and g respectively, it is convenient
to introduce the following notation: given pu a Dorfman bracket as in (3.36[), we denote by

(009 ) =(0@g" (- ), 1)

the left-invariant ECA structure given by the data ({-,-), u,7), where (-,-) and 7 are defined in (L.25).
Notice that in order for Item [2| of Definition to be satisfied, we must necessarily have that the Lie
bracket on g is p 1= pg.
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Proposition 3.2.20. Let £ = he® € L, for h € GL(g) and o € A%g*. Then, the bundle map

&h): ((e@g)m. () G) = (@8 )ew9)
is an isometry. Here pg = [-,-]q is the original Lie bracket of g and pps = H.

Proof. We first prove the claim for £ = h covering h € GL(g). By definition of the action, the map
h:(g,[]g) = (g,h-[,]g) is a Lie algebra isomorphism. Set p := h - [-,]4, let G, G, be respectively
the simply-connected Lie groups with Lie algebras (g, [-,-]g) and (g, ). Then, there exists a Lie group
isomorphism ¢ : G — G, for which d.¢ = h, where e € G is the identity. The corresponding bundle map
@:TGeT*G = TG, ®T*G, covering ¢ clearly maps left-invariant sections to left-invariant sections, and
since the trivialization is done via left-invariant sections, it follows that ¢ may be represented by an
element of GL(g@g*). The latter is precisely h, and the pair (h, ) is the infinitesimal data corresponding
to the ECA isomorphism

P (009 ) = (0D )hp

Indeed, h preserves the Dorfman bracket by definition of the action, and it preserves the neutral inner
product because h € O(g & g*,(-,-)). Finally,

thus we have an isometry.
The proof for £ = e* covering Id € GL(g) is similar (in this case, G = G,,). O

Let us now consider the effect of scaling when Dorfman brackets are moving. Recall that, by
Lemma a choice of isotropic splitting ¢ induces an isometry (c¢- E,G) ~, ((§® ¢*)cn, G(cg, cb)), for
any ¢ > 0.

Proposition 3.2.21. Let ¢ > 0 and let pu be the Dorfman bracket determined by pg = [-,-]g and pps = H.
Then, the following bundle map is an isometry:

(ﬁ:cl/z Id, +cl/? Id) (9@ 0%)err, Glcg, b)) — (8B 0%)po-1/2,0, G(g,b)).

Proof. First, we see that it is an ECA isomorphism. Indeed, we have that +c'/21d € O(g @ g*, (-,-)),
and

+c/21d [(icl/Q 1)t (£c/21d)"! ] — e M2,

cH

can be easily verified using (3.35)) and (3.36) (with ¢ = [-,-]3). Regarding the isometry claim, we directly
compute:

— —=\ 1 ?1d 0 w (0 g\ _. [(c21d 0
(cl/QId) G(cg, cb) (cl/QId) = < 0 c_1/21d) et (cg 0 ) e < 0 c1/2Id)

3.2.5 The moment map

In this subsection, we define a moment map for the action of L on Dorfman brackets, in the sense of
real GIT (see [274, (183, 53]). In Proposition |3.2.24] we show that this moment map encodes the most
complicated part of the generalized Ricci curvature of left-invariant generalized metrics.
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As before, we fix a background generalized metric G on a left-invariant ECA, yielding an isomorphism
with ((g @ g*)5,G(7,0)). The metric g gives rise to an inner product on A%(g @ g*)* ® (g ® g*), also
denoted by g. To define it, we fix a g-orthonormal basis {e;} of g with dual basis {e’} and set

g(“v V) =2 Z <§/J,(€“ ej)a V(ei7 ej)> +4 Z <au(eivej)7 V(eivej)> +2 Z <§H’(ei7 6j)7 V(eiv ej)> .
i, i,j iJ
The overall factor of 2 is due to the % factor in the definition of (-,-). Since we are only interested in

Dorfman brackets and their infinitesimal variations, we will mostly work with brackets in Vp (see (3.38)).
Then, the only non-vanishing structure coefficients are:

k

H(ei7ej) = Nf}ek + p’ijkek7 IJ’(e’h ej) = _p’gke = _p’(ej7ei)u

using Einstein’s summation convention (summing over all i, 7, k and not just ¢ < j). The fact that the
coefficient of e* in p(e;, e’) is related to that of e; in p(e;, ex) follows from (u(-,-),-) € A3(g ® g*)*. We
then have .

g(pv) =Y Bubvli + pirvige) =39(v) +g(H, H),  p,v € Vp, (3.41)

i3,k
where 1 = pg,v = vy, H = pps, H = vps. Here we have used the extension of § to a positive-definite
inner product on A%2g* ® g, and on A¥g*, given respectively by
g(.u’a V) = Z.U’ijzkja v EAQQ* ®g, :U’f] = g(u(eivej)vek)'
i3,k

and

g(a, 5) = Z ail.“l‘kﬁil.“ik, Oé,ﬁ S Ak *, ail'“ik = a(eil, ey eik).
%

Tyeenyll

The metric g also determines a maximal compact subgroup O(g,g) < L. We fix on [ the Ad(O(g, g))-
invariant, positive-definite inner product g; given by

g[((a A*)a(ﬁ B*)> =2tr AB +6trﬁ Oé—ZZAijBij‘FgZOéijﬁij, (342)
2Y) i,

where A;; := g(Ae;, e;), ai; = ale;, e;), ete, for a g-orthonormal basis {e;}. While the 1/6-factor looks
arbitrary, it will play a key role in the forthcoming computations.

Definition 3.2.22. The moment map for the action of L on (A?(g @ g*)* ® (g © g*), g) is the map
M:A(g@g) ®@(geg) =L e My,

implicitly defined by
gO©L)p,pn),  Lel

| =

gI(MIJnL) =

g, 9)-equivariant. Moreover, for each p € A%(g ® g*)* ®

—~

Proposition 3.2.23. The moment map is O
(g @ g*) and L €1, it satisfies

_ 1 d 2
g(My, L) = 5 % t:0|exp(tL) ~u|g.

Proof. Let K € O(g, g), for every L € I, we have that

G0N 1) = (K O)(E o), w) = 290K LR)p. ) = M, K LK) = gy (KM K1)

yielding the first claim. The second one is trivial computing the derivative on the right hand side. O
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We now define Rec,, € End(g & g*) to be the generalized Ricci curvature of ((g @ g*),,G) (at the
identity). We also denote by Ric, € End(g) the (1,1)-Ricci tensor of (g, u,g), and by M,, € End(g) the
moment map for the action of GL(g) on A%g* ® g:

1 *
gO(A)p, ), Acgl(s), perg g

G, 4) = 10

The factor i makes this consistent with the standard notation in the homogeneous Riemannian setting,
see for instance [214]. In this notation, for u € D with pg = p, pps = H, we have

Ric, ;  357'(d;H)g 1) 1
Re, = ( u*7H 29 , RicB ;; := Ric, — -~ g 'HZ2. 3.43
o —%d“H (R' [L H) i ! 4 ( )

Proposition 3.2.24. The generalized Ricci curvature and the moment map for the action of L on Dorf-
man brackets are related by
Rey =M, +Ric, — M, + A4,

for some A, cso(g®g*,G)Nso(g®g*, (-,-)).

Proof. Let us set

0, BT
A, = ( . 29 . (3.44)
o sdiH 0
It is not hard to see that indeed A,, € so(g® g*,G) Nso(g® g*, (-,-)). We are thus left with
Ric? 0
Rep — A :< wH . *>€I.
s s —dyH —(RICE)H)

Furthermore, one can easily see that ([3.44)) defines the unique element in so(g @ g*,G) Nso(g® g*, {-,-))
such that Rc, — A, € 1.
Moreover, for any L ~ (B, 3) € [, we compute using the definition of gi:

1 1
g1 (Rey — A, L) = 2tr(Ric, B) — 3 tr(H?B) — 6g(d;H,ﬁ).

s

Furthermore, we notice that

g(p(B)Hv H) = Z(p(B>H>(ei7ejaek)H(ehejvek = 732H B€776J7€k)H(6i76j76k)
1,5,k N

=3 glte,H, e, H) = —3g(H?e;, Be;) = —3tr(HB),

from which we get

_ [ 1_
Gi(Rey —Au, L) =g (Rlcw L) + 5 g(p(B)H —d,p,H).

On the other hand, by Corollary [3.2.19|and (3.41]) the moment map satisfies:

90 (M, ) = £ gL )i, 1) = 5 90(B)ys ) + 5 9(p(B)H — dy, H)
= 25(M,, B) + < 9(p(B)H — d, 5, H) (3.45)
= 5t (M, D) + < g(p(B)H — du, ),

and the proposition follows. O
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Corollary 3.2.25. If the Lie algebra (g, 1) is nilpotent, then
Rey — Ay =My, A, €so(g® g, G)Nso(gd g, (-,-)).

Proof. Lauret’s formula for the Ricci curvature of left-invariant metrics in terms of the moment map on
the variety of Lie algebras [219] yields
1 1
RiCH = MM —5 BM — §(adu U + (adu U)t),

where §(B,,-,-) is the Killing form of (g, 1), and U € g denotes the mean curvature vector of the metric
Lie algebra (g, t,g), which vanishes if and only if (g, ) is unimodular. In particular, for nilpotent Lie
algebras —for which it is known that the Killing form vanishes— this gives Ric, = M, and the stated
formula follows from Proposition O

3.2.6 A flow of Dorfman brackets

The fact that the Lie group L (see 3.34: ) acts transitively on the space of generalized left-invariant metrics
MEC on (g @ g*)y (Proposition [3.2.15) and the equivalence between acting on generalized metrics and
acting on Dorfman brackets (Proposition lead us to consider what would be a natural counterpart
to the generalized Ricci flow of left-invariant metrics, on the space of Dorfman brackets D C A?(g @
g°) @ (gog").

As in previous subsections, we fix a left-invariant ECA (g @ g*)7z and a background left-invariant
generalized metric G = G(g,0) on it.

Definition 3.2.26. The generalized bracket flow with background ((g @g*)H,g) is the initial value
problem for a curve of brackets u(t) in A%(g @ g*)* @ (g ® g*):

d
= "OReu—Aup,  p(0) = po, (3.46)

where Rc,, and A,, are respectively defined in (3.43) and (3.44)).

Since a Dorfman bracket p € D (see Definition [3.2.16) is determined by its two projections pig, tas,
it is natural to expect the generalized bracket flow to be equivalent to a coupled flow of Lie brackets on
g and of closed 3-forms. Indeed:

Proposition 3.2.27. The generalized bracket flow (3.46) with initial condition a Dorfman bracket pog € D
is equivalent to the following coupled flow of brackets u(t) and 3-forms H(t):

%M = _0(RiCE,H)N7 /L(O) = Mo = (“0)97 (3.47)
4 H = A, H — p(Ric;, ;) H, H(0) = Hy := (110)as-

Proof. Let (pu¢, Hy)¢ejo, 1y be a solution of (3.47). Then, we define
(X + &Y +n) = (X)) —no(m)x + &0 (m)y +wexHy, XY eg, Eneg, te0,T)

Using Lemma [3.2.17] we have that p; € D, for all t € [0,T). Now, using (3.47)) and Corollary [3.2.19} we
have that d

@Nt = —O(Rep, — Ap)pe,  p(0) = po.

Then, since they solve the same ODE with the same initial datum, (g;):e[0,1) coincides with the solution
of the generalized bracket flow starting from .

Viceversa, let (p¢)¢cjo,77) be a solution of the generalized bracket flow starting from po. For the sake
of simplicity, we will denote fi, := (p:)q and H, := (p¢)as. By definition, p; belongs to the L-orbit of
wo. Using the fact that the L-action does not change m and Corollary we obtain that

d . d : N
R == —mO(Rey — Ap)p = 79(RICE7FI)M. (3.48)
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Moreover, using again the fact that the L-action acts trivially on (-,-), we have, for all X|Y,Z € g,

d d
%H(X, Y, Z) :2£<H(X7Y), Z)y = —2(0(Rey, — A“)u(:X, Y),Z) ~ (3.49)
= = (O(Rep = Ap)u)as(X,Y, Z2) = (AgH = p(Ricp ) H)(X, Y, Z).

where the last equality is due again to Corollary [3.2.19) Equation (3.49) and Equation (3.48) readily
guarantees that (s, Hy)¢e[o,7v) coincides with the solution of (3.47)), concluding the proof. O

Before going deeply into the discussion on how the generalized bracket flow is connected to the
generalized Ricci flow, we state the following lemma which will be useful in what follows.

Lemma 3.2.28. Let (9D ¢%) ), _C’;)te[()’T) be a solution of the generalized bracket flow starting from p.
Then,

d, _ . . . _ : y
T H = 2(g(p(Ricy; yp)dy,H, &, H) — 2g(p(Ric,; ) H, dydy H) — A, H[?)
In particular, if d;(O)H(O) =0, then d;H =0, for any t € [0,T).
Proof. First of all, we easily see that, for all A € gl(g) and brackets p, one has
djay, = [dy,, p(AN)]. (3.50)
Then, we can use (3.50)) to infer that

i H = [p(Ric}, ), diJH — dp(Ric;, ) H + Audi,H = p(Ric), y)diH — 2d;,p(Ricy, ) H + A,ud H .

Then, we easily obtain that
d * — . * * — . *
ﬁldlﬂl2 =2(g(p(Ric,; g)dy H, dH) — 2g(p(Ric,, ;) H, d,dy H) — [AH?)
as claimed. The second part follows trivially from the first one. O

Remark 3.2.29. A similar approach was firstly introduced by Paradiso in [254]. As a main difference
from our setting, the author considered the action of GL(g) C L on D. This choice yields a coupled flow
as follows:

i = —0(Ric, ), 1(0) = po == (H0) g,

4= _p(RiCE,H)Hv H(0) = Ho := (po)as ,

which, in view of Lemma|3.2.28] is equivalent to (3.47)) only in the particular case in which Hy is harmonic.

The following is the main result of this subsection. It shows that from a left-invariant solution of the
generalized Ricci flow one can construct a generalized bracket flow solution whose generalized geometry
is gauge-equivalent to the original solution, and that the converse is also true. This in particular implies
that the maximal existence times for both flows coincide, and that any generalized geometry question
can be studied by means of the generalized bracket flow.

Theorem 3.2.30. Let (9 8")u,: Gt)iepo,r) be a left-invariant solution to the generalized Ricci flow
equation and let (p(t))iepo,r7) be the solution to the generalized bracket flow with back-
ground ((g® 9*)mH,,Go) and initial condition p(0) defined by u(0)g = [,-|g, p(0)as = Hoy, with both
solutions defined on a mazimal interval of time. Then, T =T’ and there exists a one-parameter family
of generalized isometries

Fy: (80 0")H,,Gt) — (8@ 6%)ur)s %0) 5 te[0,7).
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Proof. First, given any metric ECA ((g ® g*)u,G) , we define the endomorphism
Ap.g = Skewg(d? (H + dyb)) € o(g© g%, (G ),

where = pg, H := pps, and g € Symi(g),b € A%g* satisfy

—1
G=e¢b (2 gO )e‘b.

One readily checks that the map (u,G) — A, g is L-equivariant: Ap., p.g = F - A, g. Then, since the
generalized Ricci curvature is similarly L-equivariant, it follows from Equation (3.44) that

'RC(;L,Q) - Au,g € [a

where Re(p, G) is the generalized Ricci curvature of ((g@® g*)u,G).
Now, given a solution to the generalized bracket flow (p(t))j0,77) (3.46), we define the family of
left-invariant endomorphisms (G,,«4)):eo,77) as follows:

Guw) (x) = Ly (z) - Gole), z€G, (3.51)

where L, () is the lift on g @ g* of the left-translation in G, by x while Go(e) and G, (x) are,
respectively, the endomorphisms on the fibers in e and . We easily see that G, ;) are left-invariant
generalized metric on g @ g*. Let us then consider

d
%Ft = Ft(RCp,(t) - Au(t)) , FO = Id,
where A, € so(g @ g*,Go) Nso(g ® g*,(-,-)) is defined as in (3.44). By a standard result in ODE
theory, the family F; is defined on [0,7”) and (F})ejo,7) € L. We then define A(t) := F; ' - u(0) yielding
that
d _
A =6 "EDX = —O(Repmy — Apw)X - (3.52)
Thus, A(t) and pu(t) satisfy the same ODE with equal initial datum concluding that p(t) = F; - u(0).
From this, we can deduce that

Fi: (0@ 0 )uw) Guw) = (808 ) Hy, Fr - Gu)) »

is an isometry. So, denoting G, :=F,- Gpu(t) we obtain that, in e,

~ .d = _ _ _ ~
G ' =G = FiGul (Reu) = Auw)Guiy By ' = Fi(Repqy = Auw)Fy ' = —2Re(Gr)

where the last equality follows from Re(G)G = —GRc(G) and from [A,,4), Gu] = 0. This allows us to

conclude that G; = g}, since they solve the same ODE with the same initial condition.
Conversely, we define

a
dt
where A(G:) := A,g,. As before, we consider G; := F; - Gy and easily note that

F = (Rc(gt) - A(gt))Ft, F(O) = Id,
G 06, = 6, (Re(G) — AG)Ge — (Re(G) — AG).

On the other hand,

gt_l%gt = —2Rc(Gr) = G; '(Re(Gr) — A(Gr))Ge — (Re(Ge) — A(Gr),
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since, again, Rc(G:)Gr = —GiRe(Ge) and [A(Gy), Gi) = 0. So, in particular, we have that

d

d - -
@gt = [Rc(gt) - A(gt), gt} , %gt = [Rc(gt) - A(gt)ygt} )

Then, G, and G, satisfy the same ODE with the same initial condition yielding that G; = F}-Gy. Therefore,
if we let A(t) = Fi ' - u(0),

Fi: (8@ 0")xa),92) = (8D 8" )0, G¢)
is an isometry. In particular, this implies that
FRexFy ' =Re(Gr) . FeAaoFy ' = AG),

using the Aut(FE)-equivariance of the generalized Ricci curvature and the uniqueness of A(G) € so(g ®
g%,G) Nso(g®g*,(-,-)) such that Re(G) — A(G) € I. Then we have that

d
aFt = Ft(RC)\(t) - AA(t)) , Fo=1d

and repeating the computations in (3.52)), we infer that p(t) = A(t), concluding the proof. O

Remark 3.2.31. We do not necessarily need to use Gy as background metric, but this simplifies the
formulas.

3.2.7 Global existence on solvmanifolds

As a first application of Theorem [3.2.:30, we prove in this section the long-time existence of invariant
solutions on any solvmanifold. Recall from [I49] that the generalized scalar curvature of a metric Courant
algebroid ((T'® T™)m,G(g,0)) is given by

Sg.n =Ry —5|H?, (3.53)

where R, denotes the Riemannian scalar curvature of the metric g. Let us remark that this is not the
trace of the generalized Ricci curvature (which is in fact traceless), but it is obtained instead by studying
Lichnerowicz formulae for certain Dirac operators [149, §3.9]. Within the moving Dorfman bracket
framework, a direct consequence of [220, Lemma 4.2] allows us to infer that on a nilpotent Lie group

1
Sp = =15 Blul* + [H*) = =L Il (3.54)

1
12
Before stating the main theorem of this section, we will need a preliminary lemma.

Lemma 3.2.32. Let (u(t))ie(_,) be a solution of the generalized bracket flow defined on its mazimal
time interval. Then, there exists a uniform constant C' > 0 such that:

1. ifex < 00, then

)] > ———, te0,e4);

2. ife_ > —o0, then
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Proof. For the ease of notation, we will always denote with C' a uniform and positive constant which may
change from line to line. First of all, we observe that, as in [2I3| Lemma 3.1], we have |Ric,|? < C|ul|*.
Moreover, one can easily show that [H?[* < C|H|*. Finally, we obtain that |d}, H|* < C|u*|H]> < C|p|*,
using that #, is an isometry and that |d,a|* < C|u|?|a/?, for any form « and any Lie bracket p. Then,
one can deduce

. 1,
|Rep — Aul® = 2|Ric;) ;| + g\d#HF < Clul*. (3.55)

Now, we fix tg € [0,64) and we can use (3.55)) and the linearity of the infinitesimal L-action © to infer
that

d 7 d
—lnl* =29 (u, dtu) <Clpl*, tetoer).
This implies, by comparison, that
1
—C(t—to) + m(to)| 2"

On the other hand, (3.56) readily guarantees that e, > to + &|p(to)| 72, giving us the first claim. The
second claim can be obtained by reversing the time variable. O

p|* <

te fto,es). (3.56)

We can now state the following blow-up result:

Theorem 3.2.33. Let (E,Gt)ie(-_ . be a left-invariant solution of the generalized Ricci flow over a
simply-connected Lie group G defined in its mazimal time interval. Then,

1. ife; < o0, then Sy — 00, ast — ey ;
2. ife_ > —o0, then S — —o0, ast —e_ .

Proof. Fixing the preferred isotropic splitting o associate with Gy, we have the time-varying isometry
(E,Gt)te(c_er) ~o (8 ® 8°)m,,9(9t,0))te(e_,ey)- By [BOI, Proposition 1.1], if p: G x (e_,e4) = R
satisfies

0
(at - AQt) Yt = %|Ht 52;,,; te (6—56-"-)7 (357)
then,

0 . "
(81? - Agt) (Sg,,,H,, + 2Agt§0t - |vgt¢t|2) = 2|R1CgB,,,Hf, +v_¢2]t90t7%(dgth+LVgttpt,Ht)|2; te (5—’5-!-)'

In this case, we set ¢y = fg %|HS\2ds, which is constant in space and hence satisfies Equation 1D
Thus, by left-invariance, we have
d
dt
The remainder of the proof follows [213] for the classical Ricci flow. By Theorem|3.2.30L ((§©9%) o, Gt)te(e_e4)
is isometric to ((g S 9) (), 9(90, 0))te(8776+), where p satisfies Equation lb Let S,y = Sy, denote

the generalized scalar curvature of this latter metric ECA and note that by Equation (3.58) it satisfies
48,.t) = |Reuw|?. Also observe that

Sgom1, = 2[Ricy, p, — 3di Hy|* = [Re(Gy))?. (3.58)

%|l‘|2 =—2(0(Rep — Ap)p, p) < C|Rey — AMH/”’P)

for some constant C' > 0. Hence, observing that |Rc,, — Au|? < 2|Rey|?, we have, for t € (e, e4),
t ¢ ¢
log |pe(t)|* — log | (0)|? = / % log |p(s)|ds < C’/ IReps) — Aps)lds < C'/ [Reps)lds
0 0 0

t
= C/ Lt [Reus) = Au(s)|*ds = C (t+ S = Su()) -
0
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On the other hand, by Lemma [3.2.32) we have that |u(t)|*> — oo, as t — e, forcing Su) — 00, as
t — €. A similar argument shows the statement for ¢t — e_. O

Recall that left-invariant metrics on solvable Lie groups have non-positive scalar curvature, and zero
scalar curvature if and only if they are flat [50]. Hence, we yield the immediate corollary:

Corollary 3.2.34. Any left-invariant solution of the generalized Ricci flow on a solvable Lie group exists
for all positive times.

In the case of a left-invariant solution on a nilpotent group, we are able to say much more thanks
to Corollary [3.2.25] In particular, we can describe the precise asymptotic behaviour of the generalized
scalar curvature:

Theorem 3.2.35. For any left-invariant solution (g:, Ht) of the generalized Ricci flow on a nilpotent Lie
group G, the generalized scalar curvature satisfies Sg, m, ~ —%, as t — oo.

Proof. Let (g¢, H;) be a solution of the generalized Ricci flow on G and p(t) the corresponding generalized

bracket flow. Then by Equation (3.46]), Corollary [3.2.25| and Definition |3.2.22] we obtain
d _
%W(t)\z = —2(O(Mp)p(t), p(t)) = =67 (Mury, Mur)) = —6[ M)l
We now claim that | M, |2 > c|u|*, for some small constant ¢ > 0. To see this, first note that the map

SA*(g@g") @ (a®g*) > pr— | My %

is never zero on the unit sphere. Indeed M, = 0 implies that 0 = tr(M,) = —%|u|?> = —%, which is a
contradiction. The claim therefore follows from compactness of the unit sphere. Thus,

~Clu()l* < S1n(t)P < ~clu()],

so |u(t)]* ~ + by ODE comparison. The result now follows from Equation (3.54).

3.2.8 Generalized nilsolitons

In this subsection, following the approach by Lauret in [222] and [2I7], we give the definition of algebraic
generalized solitons, proving their main properties in the nilpotent case. First of all, we introduce the
normalized generalized bracket flow.

Definition 3.2.36. The ¢-normalized generalized bracket flow with background data ((g ® g*)g,G) is
the initial value problem for a curve of brackets u(t) and ¢ = £(t):

d _

att =

The multiplication of g in (3.59) by the factor £ has to be interpreted using Lemma and Propo-
sition [3.2.21} On the other hand, given a function ¢, one can obtain a solution of the ¢-normalized

generalized bracket flow from a solution of the generalized bracket flow (3.46|) via a time reparametriza-
tion and a scaling.

—O(Rep — A+, p(0) = o (3.59)

Lemma 3.2.37. Let ((g®g")m,G) be a left-invariant metric ECA over a Lie group G. Let p*(t) and u(t),
respectively, be the solution of the £-normalized generalized bracket flow and the solution of the generalized
bracket flow starting from pgo. Then, there exist a family of scaling c¢(t) > 0 such that ¢(0) =1 and a
time reparametrization T = 7(t) so that
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Proof. Following [222], we choose
d=tle, ¢0)=1 and 7 =c*, 7(0)=0.
Then, we have

L)) = ~*O(Repe) — Auir))(r) + Lop(7).

Using that Reey — Aep = ¢2(Rey, — Ap), we obtain the claim. O
The case in which we will be interested the most is when we choose ¢ = ﬁ Applying Lemma [3.2.37
we have that o := ﬁ is a solution of the /-normalized generalized bracket flow with
9ORey — Ay, p)
Eﬂ = L L = GQ(RC[L — Aﬁa Mﬂ) .

et

With this choice of the normalization, we will refer to the corresponding normalized generalized bracket
flow as scalar-normalized generalized bracket flow. In this case, the norm of the solution of the scalar-
normalized generalized bracket flow will remain constantly 1, provided the initial datum has unit norm.
Indeed,

d _
S 11 = 29(0(Rep — A, w) (=1 + [ul?),

then |p|? = 1, since [puo|? = 1. Recalling (3.54)), this also implies that S, = S,, = —15 along the
scalar-normalized generalized bracket flow.
With this in mind, we can give the definition of generalized algebraic soliton.

Definition 3.2.38. Let p € D. We say that p is an algebraic soliton for the generalized Ricci flow if it
is a fixed point of the scalar-normalized generalized bracket flow, i.e. the following is satisfied

O(Rey —Ap)p = Lpup. (3.60)
We say that p is expanding, steady or shrinking if, respectively, £, > 0, £,, = 0 or £,, < 0.

Building from this definition, we can derive equivalent conditions for a Dorfman bracket to be an
algebraic soliton for the generalized Ricci flow.

Proposition 3.2.39. Let u € D. Then, the following are equivalent:
1. p is an algebraic soliton;
2. the generalized bracket flow starting at p evolves only by scaling;
3. Rey — Ay = Mld + D with D € Dery(p) and X € R;
4. there exist D € Der(p) and A € R such that

(3.61)

Ric}, y = Ald+ D,
Ay H = XH + p(Ric,, ;) H .

Proof. The equivalence between Item and Item is trivial using (3.60) and Lemma|3.2.37| On the other
hand, if p is an algebraic soliton, the fact that ©(Id)u = —p, for all p € D, implies Rey, — Ay = Ald+ D
with D € Der(p). Moreover, Re,, — Ay, € 50(g @ g*, (-, -)), then, D has to satisfy

2>‘<'7'>+<D"'>+<'7D'>:07

which gives Item Viceversa, it is easy to show that if Item holds, then (3.60) is satisfied with £, = —A.
Furthermore, Corollary |3.2.19| guarantees the equivalence between (3.60|) and

O(Ricy, y + £, Id)u =0,
p(Ricy, y)H — A H = (,H

which is equivalent to (3.61)) with A\ = —¢,,, concluding the proof. O
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Item [3] and Item [4] in Proposition [3.2.39| can be considered as the static definition, in terms of both
generalized and classical objects, of algebraic solitons and so Proposition has to be regarded as the
analogue of Proposition [3.2.9]in the varying Dorfman bracket framework.

Moreover, Proposition [3.2.39| allows us to construct from algebraic solitons for the generalized Ricci
flow generalized metrics which are generalized Ricci solitons as in Definition [3.2.6!

Lemma 3.2.40. Let p be an algebraic soliton for the generalized Ricci flow. Then, G, defined as in
(13.51), is a generalized Ricci soliton.

Proof. The first equation in (3.61)) can be equivalently written, in terms of symmetric (0, 2)-tensors, as

. 1 1
RlCgB“,H = )‘gu + i(gu(D'v ) + gu('a D) = /\gu - §‘CXD9M7

where Xp = |, _ ¢ with ¢; € Aut(G,) such that degy = e'P. Moreover, plugging the first equation of
(3.61)) into the second one, we have

Ay H = \H + p(\Id + D)H = —2\H + p(D)H = —2\H + Lx, H .
The claim follows using Proposition [3.2.9} O

Before going into the discussion of algebraic solitons in the nilpotent case, we will need the following
preliminary lemma about A-derivations, which is nothing but an adaptation of Lemma to the
invariant case.

Lemma 3.2.41. Let (g @ g*), be a left-invariant ECA over a Lie group G. Then, we have that, for any
c € R\{0} and X\ € R,

Aut(c- (0 %) (06 0)) = {Aec? | bE A2g", A€ Aut(n), A~\-H = c(H —db))
and
D 0
Dery(p) = {( _o\Id — D*) ’ D € Der(p), p(D)H —dya—2XH = 0} .

(67

Proof. The first assertion follows directly from the discussion in the non-invariant case. Definition [3.2.7]
guarantees that a A-derivation has to be of the form

D 0
b= (a —2)\Id—D*> ’

where D € Der(p) and p(D)H — da— 2 H = 0. O

The moment map formulation in the nilpotent case allows us to derive many other properties con-
cerning algebraic solitons, which, in this particular case, will be called generalized nilsolitons, mimicking
the classical nomenclature, see [217].

Proposition 3.2.42. Let p € D be a generalized nilsoliton. Then, it is expanding. Moreover, the
derivation D satisfies the following property:

tr ((D + iH2> D’) = —Atr(D'),

for all D" € Der(u) defining D" = (D', a) € Dery (p), for some X' € R. Finally, g(txH,dH) = 0, for
al X € g.
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Proof. We have that
ly =6g(Rey — Ap, My) = 6/Rey, — Au? >0,

where the last equality follows from Corollary [3.2.25] On the other hand, |Rc, — A4, |> = 0 would, in
particular, imply that

1
Ric, = 1H2 >0,

which cannot happen in the nilpotent case, see [220, Lemma 4.2, (iii)], giving us the first claim.
As regards the second, fixed D’ = (D', «) € Dery (), we have that

g(A\ld + D,N1d + D') =

=

N 1
HOO T ) =~ =X (2R GlHE) . (362)
On the other hand, we can use Proposition [3.2.39| to deduce that D = (D, —d;,H) and then obtain

gi(Ald + D, N'1d + D') = 2tr(\ld + D)(N'1d + D')) — ~g(d’,H, a).

1

6
The fact that D" € Dery/(p) implies, thanks to Lemma [3.2.41} that d,a = p(D’)H — 2\ H. This can be
used to infer that

1
gi(\Id + D, N'1d + D') =2X'tr(Ric;; ;) + 2Atr(D') 4 2tr(DD’) — gg(a, dy H)
1 1 1
=2\ (RH — 4|H2) + 2Xtr(D') + 2tr(DD’) + 5mr(H2D’) + §X|H|2 (3.63)
=\ (QR# — (13|H2> + 2Xtr(D’) + 2tr(DD’) + %tr(HzD’) )

Now, it is sufficient to use (3.63)) in (3.62) to obtain the claim. Finally, recall that for metric nilpotent Lie
algebras, any symmetric derivation D satisfies tr(adx D) = 0, for all X € g. Then, the soliton equation
in p implies

(el

1 1 1 1
0 =tr(adx H?) = —gg(P(adX)Ha H) = —gg(EXHa H) = —gg(duLXHa H) = —gg(LXH d,H),
as claimed. O

Motivated by the wide range of results concerning classical nilsolitons proved throughout the years,
see for instance [217], many questions about generalized nilsolitons can be raised. First of all, as usual, let
(E,G) be a left-invariant metric ECA over a nilpotent Lie group G and assume that G is a generalized nil-
soliton. Using the preferred isotropic splitting induced by G, we can identify (F,G) ~ ((§®¢*)u, G(g,0)),
for some closed H € A%g*. So, in this setting, one can wonder if G is unique, up to scaling and up
to the action of Aut([-,-]), among left-invariant generalized metrics defining a preferred representative
H' € [H] € H3(g,R).

Remark 3.2.43. Considering [H] € H?(G,R), the uniqueness is not true in general. Indeed, on n3 =
Lie(Heis(3,R)), the following

pler,ea) =es, H=e*, N=-2, D=diag(l,1,2)

defines a generalized nilsoliton, see Proposition for the proof, with [H] = 0 € H?(Heis(3,R),R).
One can easily observe that the above generalized nilsoliton defines exactly the expanding soliton for the
generalized Ricci flow described in Example On the other hand, pu(e1, ez) = es defines also the
classical nilsoliton, see [2I8 Theorem 4.2], i.e. H = 0.



114 CHAPTER 3. THE PLURICLOSED FLOW ON SOLVMANIFOLDS

In order to address the uniqueness question, we need to understand better the geometric properties
of the space of left-invariant generalized metrics.

As we saw in Proposition fixed E a left-invariant ECA over a Lie group G, not necessarily
nilpotent, the space of left-invariant generalized metric M® can be presented as a homogeneous space
where L is acting transitively by conjugation.

Of course, Proposition gives also that the action of SO((,-)) is transitive on M®. This allows
us to present M® as a homogeneous space in a different manner. Clearly, the isotropy of SO((-,-)) in
GeMCis

ESO((~,»)) = {F S SO(<, >) ‘ F?Fil = ?} =: ISOIIl(G7 SO) .
On the other hand, we observe that

is an automorphism of SO((-,-)) which is clearly involutive, and the set of fixed points of § precisely
coincides with Isom(G, SO). Thus, we obtain that (SO((-,)),Isom(G,S0)) is a Riemannian symmetric
pair, as defined in [I84] TV 3.4]. As a consequence, we obtain a reductive decomposition of so((-,-)) = hdm
such that [m,m] C b, where, using (E,G) ~ ((g ® ¢*)u,G(7,0)),

O .
h := Lie(Isom(G, SO)) = so(g ® g*,G) = {(fé 9 _C;lg* ) ‘ Ae€so(n), ac AQQ*}

and
1

P
m := ker(df + Id) = {(;1 g_/clv*g > ’ AeSym(n), ac€ AQg*} .
As usual, we will be identifying m with TCMG. Now, using again the identification (FE,
9%)m,G(g,0)), we can define a non degenerate bilinear form g on so((-, - )) such that, for all (A,
m and (B, ), (B, 8) € b,

g) ~ (s @
a), (A,a) €

9((A, @), (A", d)) = 2tr(AA") + 2g(e, ), 9((B, B), (B, ) = —Z(tr(BB’) +3(8,8))-

It is not hard to see that g is an Ad(Isom(G,SO))-invariant bilinear form which, when restricted to I,
coincides with the inner product g; defined in . Moreover, using [209, Theorem 3.5], the SO({(:,-))-
invariant Riemannian metric induced by it on M® will be naturally reductive. This readily guarantees
that all the geodesics emanating from G are of the form exp(tX) - G, for some X € m, see [209, Theorem
3.3]. Finally, [209, Theorem 3.5] guarantees that (M, g) has all non-positive sectional curvatures.
Keeping in mind this and building from [I82], we can define the generalized scalar functional

S: M® =R,

which associates to a given left-invariant generalized metric its generalized scalar curvature as in (3.53)).
We will study some analytic properties of this functional.

Proposition 3.2.44. Let E be a left-invariant ECA over a nilpotent Lie group G. Then, we have:
1. the gradient of S at any G € M® is given by

- Ric®, Llgld:rHg !
Vs = @) - (Mg, #0009

—1d:H  —(Ricg )"
after using (E.G) ~; ((8® ¢")1.G(9,0));
2. S is concave along geodesics, i.e. if v is a geodesic emanating from G € MS, then (S o*y)”(()) <0;

3. (So%)"(0) =0 if and only if v(t) = exp(tX) -G where X € Derg([-,-]) Nm. In this case, S o~ is
constant.
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Proof. We fix G € M® and, as usual, we identify (E,G) ~, ((g® ¢*)x,G(g,0)). We will make use of the
moving Dorfman brackets approach. First of all, we observe that, if & € A%2g* and u € D, we have that

_ 0 _—7104—71 .
2 <Q@ (O g 0 g ) N(eiaej)a.u(ei,ej)> = —Mijk i Qs
while ) )
_ (0 -5 lag™ ) . )
4 <g@ (0 g Oag > H(eiv ej)v /J’(eia 6'7)> = _2”gsuiksajk

which gives us that

_ 0 —g lag™! ~

9 <® (0 I 0 g ) Nyﬂ) = 3pijrpi sk = —g(dua, H) . (3.64)
Then, combining (3.64) with (3.45]), we obtain that, for X = (4, «a) € m,

=1 =1
§(®(X)u,u)§(® (‘;‘ _‘iﬁ) u7u>+§(@ (8 g o )u,u)12tr<RicE,HA>Zg<dua,H>.
On the other hand, considering

Y (RicE,H 7 it )
o \—-gdiH  —(Ric, )"

we then obtain that

- . 1_ " _ 1d
g(My, X) = 2tr(Ric), 4 A) — gg(a, d, H) = —-g(O(X)p, p) =

_ . 2

S| =

We now compute the gradient of S at E; If u € D is the given Dorfman bracket on E, we know that,
for any ¢, the generalized metric exp(tX) - G is isometric t0 Gexp(—¢x).pu- S0, given X € m, we have that

1d
12 dt lt=0

d5S(X) = 2| S(exp(tX)-G) = exp(—t) - pf? = <g(O(X)ps, ) = §(N,., X) = g(¥(G), X),

| =

giving us the first claim. B B
Let now 7(t) = exp(tX) - G, for some X € m, be a geodesic emanating from G, we have

1 d?

35 52| _ (=)l = — £ (G(O()O(X ). ) + [O(X)mP) = ~3O(X)nf? <0,

(3.65)

(S07)"(0) =

giving us the second claim.
Finally, clearly, if X € Derg(p) Nm, exp(tX) € Aut(p) which guarantees that S o+ is constant for all
t, the viceversa holds too thanks to (3.65|). O

Remark 3.2.45. The element M,, € m can also be viewed as the moment map of the SO((-, - ))-action
on the space of Dorfman brackets D. Indeed, it precisely satisfies the relation:

9, X) = 29O ), X em.

Unfortunately, M w coincides with the generalized Ricci curvature only on the subspace of Dorfman bracket
with harmonic torsion.

Proposition [3.2.44] can be considered as the analogue, in the generalized setting, of [I82] Lemma 3.3]
specialized in the nilpotent case. So, following the steps in [217, Theorem 3.5], we can give a partial
answer to the uniqueness question, proving that generalized nilsolitons with harmonic torsion are unique.
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Theorem 3.2.46. Let E be a left-invariant ECA over a nilpotent Lie group G and let gbe a generalized
nilsoliton with harmonic torsion. Then, up to scaling and up to the action of Aut(E), G is unique.

Proof. Let us now consider the following closed Lie subgroup of SO({-,-)):
K==+ [[ ¢ ?Aut(c- B, E).
ceR+

First of all, we need some clarifications about K. The action of an element in K on G € M is defined as
1 €
follows: an element ¢~ 2 F € K acts on G as the following composition:

¢ IF: (B, (-,-),¢ 7w, G) > (c- E,G) = (E,F-G) (3.66)

where the first arrow is defined, using the isometry induced by the preferred isotropic splitting of G, by
the transformation

¢ 31d: ((g @ g%) 4,9(3,0)) = ((8© 8")err, G(cg, 0))

c 2
which is an isometry of ECA’s thanks to Proposition[3:2.21] Furthermore, we can use the explicit isometry
in Remark to identify
(9@ 9%)enG(cg,0)) ~ (c- E,G).
In conclusion, the first arrow in is the composition of the above isometries and it is then induced
by the transformation ¢~2Id. Finally, the last arrow in is just the usual action of the element
F € Aut(c- E, E). Moreover, by Lemma any element ¢~ 2 F can be represented with

3 A 0
(c2A)™Y*D ((czA)71)*

Nl

c” IdoAceb< > = c 24’ € SO((-,-)),
where b € A2g*, and A € Aut(p) such that A~'- H = ¢(H — db). Finally, —czF is given by the
composition of

—Id: ((g@g")
with the previously defined action. Now, we can prove that K is actually a Lie subgroup of SO({-,-)).
Clearly, it is sufficient to prove that, if c3iF € c_%Aut(c - E,F) and 7_%G € 7_%Aut('y - E,F), then
¢ 2F(y 2G)"! € K. It is not hard to see that

1
7c7§p,’ l‘,

Bye¥)t = (;) (AB=N)ee?, B:=7B-(b-1V).

1

A2

[N

o
Then, we observe that B- H = %H + B - db'. This implies that
BA™Y . H=c(B-H—B-db) = ~(H—dp),
Y

giving us the claim. Moreover, K is closed in SO((-,-)). Thanks to the structure of the subgroup K, the
claim is equivalent to prove that if

¢ P Aut(c; - E,E) 3 ¢, 2 F; — Fae € S0((+,-)), i — 00,
then F,, € K. Following [I82, Remark 3.7], let us fix a generalized metric G € M, then
c:%Fzé—mC’; EMG.

But, as a consequence of (3.53)), the effect of scaling on the scalar curvature and on |H|?, recalling that
F; preserves the Dorfman bracket, for all i, we have that,

S F-G) = aiS(Fy - G) = aiS(G) = S(G), i— o0,
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If S(G) 7& 0, then ¢; — ¢, as i — oo. This, in particular, implies that F; — F € SO({-,-)) and
so Foo = ¢~ 2F We just need to prove that F e Aut(c- E,E). This is guaranteed by the fact that
F; = (Aj),,e" € Aut(c; - E, E) if and only if

A;7YH = ¢;(H — db;) and A; € Aut(p)

and passing to the limit in the last equality gives us the claim. Finally, if S(G) = 0, then, automatically,
the Dorfman bracket on FE is abelian, i.e. H = 0 and p is abelian. In this case,

Aut(c- E,E) = {A.e"| A€ GL(g), beA’g*}.

Then, K = Aut(FE), which is clearly closed.
Easily, we see that

T5(K-G) = @D (Ad + (Dery(p) Nm)).

AER
Moreover, we note that, using again Lemma |3.2.41

Ald + (Dery(p) Nm) = {(Md;— b —)\Ido— D*) ‘ D € Der(p) N Sym(n), p(D)H —2M\H = O} .

Now, suppose that G and El are two generalized nilsolitons with harmonic torsion which do not belong
to the same K-orbit. Since © = K-G and @' = K - ?’ consist in generalized nilsolitons, we can assume
that d(G, ?l) = d(0, ") and that the unique geodesic v: [0,1] — M® such that v(0) = G and (1) = 4
meets O and O orthogonally. Thanks to Remark we know M(G) = Re(G) = Mld+ D, D ¢
Dery (@) N m and using Proposition (1), we have that 0 — 9(7/(0),VgS) = g(+/(0), Rc(g)) and
0=g('(1),VgS) = g(’y’(l),Rc(gl)) which gives us that

(§09)(0) = (So7)(1) =0.

On the other hand, using Proposition [3.2.44] (2), S is concave along the geodesics, so S o is constant,
which, thanks to Proposition [3.2.44| (3), happens if and only if v = exp(¢X) - G where X € Derg(p) N'm,
giving us a contradiction. O

A first consequence of Theorem is the uniqueness among generalized nilsolitons within 0 €
H3(g,R) of the classical nilsoliton, if it exists.

Unfortunately, the proof of Theorem [3.2.46] is exclusive of the harmonic torsion case. In view of this
and of Theorem itself, we can weaken the uniqueness question as follows.

Question 3.2.47. Let (E,G) a left-invariant metric ECA over a nilpotent Lie group G and assume Gis
a generalized nilsoliton. Using (E,G) ~ ((g ® ¢*)m,G(g,0)), is it H g-harmonic?

With last objective of addressing Question we can find a equivalent condition for it to be true.

Proposition 3.2.48. Let p € D be an algebraic soliton. Then, d;,H = 0 if and only z'ftr((d;"tH)zRiciH) <
0.

Proof. Using the fact that (3.39)) completely determines pu € D and (3.60]), we have that p can be viewed
as a pair (u, H) solving

0(Ricy, ;) = =M,
p(Ricy, ) H + d,d;,H = —\H,

for some A € R. Applying d* to the second equation yields, using (3.50)),

0=\, H + dp(Ric, ) H + d',d,d;,H = p(Ricy, )d;H + d;,d,d}H, (3.67)
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where in the last equality we used Q(RicE’H)u = —Au. Now, just as in the proof of Proposition [3.2.24
we have that g(p(A)a,a) = —2tr(a?A4), for all 2-forms o € A%g* and A € gl(g). Now taking an inner

product of with d, H gives
0= g(p(Ricy g)d H,d\H) + |d,d, H|* = —2tr((d},H)*Ric), ;) + |d,d}H|.
Since — tr((dZH)2RicE’,H) > 0, then, we yield d, H = 0 as required. O
Besides Question one can also pose a finiteness question on generalized nilsolitons, namely:

Question 3.2.49. Let G be a nilpotent Lie group. Is the set of generalized nilsolitons on G finite?

In Section [3.2.11 we will provide, within the full classification of generalized nilsolitons up to dimension
4, a counterexample to Question [3.2.49

Finally, it is well known, see for instance [217], that there exist nilpotent Lie algebras which do not
admit any classical nilsoliton. So, one may hope to produce generalized nilsolitons even on such Lie
algebras. This cannot be done in general. Indeed, on characteristically nilpotent Lie algebras, i.e. such
that the Lie algebra of derivations is nilpotent, we cannot find neither classical nor generalized nilsolitons,
due to the fact that any derivation is nilpotent, see [317, Theorem 5].

3.2.9 Long-time behaviour on nilmanifolds

In this section, we will recall a definition of Cheeger-Gromov convergence for exact Courant algebroids

introduced in [I49]. Then, we will discuss the long-time behaviour of the generalized Ricci flow on

nilpotent Lie groups in the particular case in which the starting ECA has harmonic torsion, showing

that, in this case, the asympotics are precisely the generalized nilsolitons defined in Subsection [3.2.8
Given a subset V' C M of a manifold, we will denote by iy : V — M the inclusion map.

Definition 3.2.50 (&1% Definition 5.25]). A sequence of pointed metric ECAs (E; — M;,G;,pi)i>1
converges to (E — M,G,p) in the generalized Cheeger—Gromouv topology if there exists a sequence
{U;}i>1 of neighbourhoods of p exhausting M and Courant algebroid isomorphisms

(Fi, fi): (ip, E = U;) — (Fi(ip, E) — fi(Uy)) € (E; — M),
satisfying:
L. f7 N (pi) — B, as i — oo;
2. F7'oGioF; — Gin O (E),asi — o0 .

As usual, fixing isotropic splittings of any ECA of the sequence, we can rewrite this definition as
follows.

Lemma 3.2.51. The sequence (TM; ®T*M;)n,,G(gi, bi), pi)iz1 converges to (TM&T*M )y, G(g,b), D)
in the generalized Cheeger—Gromou topology if and only if there exists an exhaustion {U;}i>1 of M con-
sisting in neighbourhoods of p, diffeomorphisms f;: U; — f;(U;) C M;, and 2-forms a; € A*(U;) such
that

1. z;}lﬁ = fiH; + da;, for alli>1;

2. {7 (pi) =B, asi — oo;

3. ffgi — g in Cﬁ,OC(M), as 1 — 0o;

4. fibi—a; = bin C2(M), as i — oc.

loc
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Proof. For the first direction, we see that in these isotropic splittings, the isomorphisms in Defini-
tion |3.2.50| are given by

(Fia f’L) = (ﬁo eai7.fi)7
for some 2-forms a; € A%(U;) satisfying
In this case
F7 10 Gi(gi bi) o Fy = G(f gi, [7bi — i),
so F; 0 Gi(gi, b;) o Fi_1 — G(g,b) if and only if Item [3{ and Item [4| hold. The converse is easily seen. [
Moreover, we can specify Lemma [3.2.51| when the preferred isotropic splitting of G; are chosen.

Corollary 3.2.52. The sequence ((TM; ®T*M;)n,,G(g:,0),pi) converges to (TM &T*M )z, G(g,0),p)
in the generalized Cheeger—Gromou topology if and only if there is an exhaustion {U; > B} of M, diffeo-
morphisms fi: U; — fi(U;) C M;, and 2-forms a; € A*>(U;) such that

1. iy H = fr Hi +day, for all i >1;
2. f7 ' (pi) = P, as i — oo;
3. ffgi =g in C2(M), as i — oo;
4. a; — 0 in C2(M), as i — oo.
In particular, f{H; — H in c. (M), as i — oc.

We now describe how such convergence is achieved at the level of Lie brackets. Fix a vector space
g and a generalized metric G = G(g,0) on g ® g*. For a Dorfman bracket p on g @ g*, denote by
(9@ 9)u>Gpyr Gu) the corresponding metric ECA.
Theorem 3.2.53. Let (p;);>1 be a sequence of nilpotent Dorfman brackets converging to @t on g @
g*. Then, ((g @g*)m,G(“i)g,gm,e)Dl converges to ((g &9 )m, Gz, Y, e) in the generalized Cheeger—
Gromov topology. -

Proof. As usual, we consider G(g,0) as a background generalized metric, hence
((g @ g*>l-‘i7 G(Mz‘)g ’ gll-z‘ ’ e) = ((g D g*)Hi ) Guz‘ ’ g(gui ’ O)a 6) ’

where H; = pps and p; = pg. We also set @ = g and H = fiys. Then by nilpotence, the exponential
maps of G,, and Gy are diffeomorphisms. We consider

. -1,
Ji=exp,, oexp, Gg — G,

which is a diffeomorphism with f;(e) = e. Recall (see for instance [221]) that for X € g, the exponential
map exp,: g = G, of the Lie bracket p € A%g* ® g satisfies

Id —e—2du X

(dexp,)x = (dLexp, (x))e © ad, X '

where
Id —e2du X B
ad, X B

—1)*
(l(c +)1)! (ad, X)*.

M8

=
I

0

Hence, df; depends continuously on p;, and an argument analogous to [22T, Corollary 6.10] shows that
figu, = gp and fH; — H smoothly and uniformly on compact subsets. Then, we define

a; = ua(H — f{H;),
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where Id € T'(TR"™) is the identity vector field on R™. By Cartan’s formula,
dai = £1d(ﬁ — fz*Hz) = ﬁ — fz*f’fz
Hence, H = f# H;+da; with a; — 0 smoothly and uniformly on compact subsets. Thus, the result follows

by Corollary [3.2.52 O

With the technical details established, we now turn to studying the long-time behaviour of the gen-
eralized Ricci flow on nilpotent Lie groups when the initial metric ECA has harmonic torsion.

Proposition 3.2.54. Let (p(t)):e[0,00) be a solution to the generalized bracket flow (3.46) such that p(0)g
m(t)
()]

is a nilpotent Lie bracket and pu(0)ps is harmonic. Then, the rescaled brackets
to an algebraic soliton bracket po, # 0.

converge as t — 00

the rescaled brackets @(t) = “‘j 8‘ solve (3.59) with ¢ = /g, defined in Subsection [3.2.8l That is, the

scalar-normalized bracket flow. Since the brackets are nilpotent, Corollary implies that
d_
att =

On the other hand, using the same strategy as in [53] Lemma 7.2], Lemma and similar computations

as in the proof of Proposition one can easily see that this is, up to scaling, the negative gradient
flow of the real-analytic functional

Proof. Long-time existence follows immediately from Corollary [3.:2.34 Up to a time-reparametrization,
8

—O(Mg + 6|Mz*1d)@.

My ?
e[

By compactness and Lojasiewicz’s Theorem on real-analytic gradient flows [237], the w-limit consists of
a unique fixed point p, to the scalar-normalized bracket flow, and hence it is an algebraic soliton. [

eR.

Ngog) ®(@og’)dp—

Let us remark some important facts. First of all, we should observe that the group L is not reduc-
tive. This does not allow us, in general, to use directly [53], Lemma 7.2] to deduce the fact that the
scalar-normalized bracket flow is a gradient flow. Moreover, it is easy to be shown that, removing the
harmonicity of the initial torsion, the scalar-normalized bracket flow is not the negative gradient flow the
above functional. Finally, this gives an alternative and dynamical proof of the uniqueness of generalized
nilsolitons with harmonic torsion.

Let us now prove the main convergence results on nilpotent Lie groups.

Theorem 3.2.55. Let (E — G,G;) be a left-invariant solution of the generalized Ricci flow on a
left-invariant ECA over a simply-connected, nilpotent, non-abelian Lie group G. Assume that the pre-
ferred representative of the Severa class of E determined by Go is harmonic. Then, the scaled ECA’s
(=S8(G) - E,Gy) converge in the generalized Cheeger—Gromov sense to a left-invariant, nilpotent, non-
abelian, generalized Ricci soliton.

Proof. After choosing an isotropic splitting, the left-invariant solution is equivalent to the bracket flow
(3.46) by Theorem [3.2.30, Denoting this solution by (g(t))scjo,00), We have by (3.54) and Proposi-

tion |3.2.54| that the rescaled brackets % converge to a nilpotent, non-abelian algebraic soliton
bracket. These rescaled brackets correspond to the rescaled ECA’s (—S(G:) - F, G:) by Proposition [3.2.21
and Lemma Finally, by Theorem [3.2.53] we obtain convergence of (—S(G;) - E, G;) to an algebraic

soliton. O

From a more classical perspective, we obtain the following slightly weaker statement:

Corollary 3.2.56. Let (G, Hy, g¢) be a left-invariant solution of the generalized Ricci flow on a simply-
connected, non-abelian, nilpotent Lie group G and assume that Hy is go-harmonic. Then, the rescaled
family (G, —S(Hy, g¢)Hy, —S(Hy, g¢)gt) converges to a nilpotent, generalized soliton (G, H,g) in the follow-
ing sense: for every sequence of times, there is a subsequence t;, — oo, and diffeomorphisms fi,: G — G
fizing the identity, such that (f{Hy,, figt.) — (H,9), as k — oo, in C°(G).

loc
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3.2.10 Connections to the pluriclosed flow

In this subsection, we show how all the machinery developed in the previous subsections applies to the
special case of pluriclosed flow.

First of all, as a direct consequence of Proposition Remark and Corollary we
have the following.

Corollary 3.2.57. Let (G, J,g) be a solvable Lie group endowed with a left-invariant SKT structure.
Then, the solution of the pluriclosed flow starting from g is immortal.

Corollary recovers many known results in the literature such as those in [64] on compact
complex surfaces, in [99] on SKT nilmanifolds, in [32] on almost-abelian SKT solvmanifolds and on
Oeljeklaus-Toma manifolds, as saw in Section [3.1

The gauge-equivalence between pluriclosed and generalized Ricci flow allows us also to give an equiv-
alent condition for a generalized Ricci soliton to be a pluriclosed soliton.

Theorem 3.2.58. Let (M, J) be a complex manifold endowed with a SKT Hermitian metric g. Then, a
soliton (g, H, X) for the generalized Ricci flow is a pluriclosed soliton if and only if H = d°w and X + 0"
is holomorphic.

Proof. We recall that (w, X) is a pluriclosed soliton if and only if
1
(RicB(w))b! = dw + §£Xw’ X holomorphic, X eR.

By means of the holomorphicity of X, we have that [Lx,J] = 0 on any form on M, yielding that
d°Lxw = Lxd°w. Then, using [305, Proposition 6.4] and defining H = d°w, we obtain

1 1 1
38gH = 5 Lo H = —d°(Ric®(w)P! = —\H — SLxH
which gives us

AgH=-2\H —-Lx _¢:H.
On the other hand, we have that

Rich’H + %Eeug = (RicB(w))l’l(-7 J)=Ag+ %Exg.
This guarantees that
Rin:H =g+ %£X70ﬁ97
giving us the first claim. The converse can be proved following the same steps backwards. O

In view of Proposition|l.1.60]and Remark|1.2.14] we readily obtain the gauge-equivalence between the
generalized bracket flow and the bracket flow for the pluriclosed flow introduced in [32] and [99]. First of
all, we recall the definition of the latter.

Definition 3.2.59. Let (G, o) be a Lie group endowed with left-invariant complex structure J and a
left-invariant SKT metric w. The bracket flow is the following evolution equation:

G = S0P, (0) = o (3.68)

where P € gl(g,J) defined by w(P-,-) = (Ric®(w))>1(-,").

Combining Theorem [3.2.30, Proposition [1.1.60, Remark [1.2.14] and [99], Theorem 4.2], we have the
following.
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Corollary 3.2.60. Up to a time reparametrization by 2, the bracket flow (3.68) is gauge equivalent to
the generalized bracket flow (3.46]).

Finally, Theorem [3.2.58| can be specialized in the case of algebraic solitons, as defined in Defini-
tion [3.2.38 and in [32], Definition 2.7]. For the sake of clarity, we quickly recall the definition of algebraic
solitons for the pluriclosed flow.

Definition 3.2.61 ([32], Definition 2.7). A Lie group G endowed with a left-invariant SKT structure
(J,g) is called algebraic pluriclosed soliton if there exists D € Der(g) Ngl(g, J) and A € R such that

1
P =d+ (D +D").

Corollary 3.2.62. Let G be a Lie group endowed with a left-invariant SKT structure (J,g). Then, an
algebraic soliton (g, H, D) for the generalized Ricci flow is an algebraic pluriclosed soliton if and only if
D — ady: € Der(g) Ngl(g, J) and H = d°w.

Proof. By Lemma [3.2.40] (g, H, D) is an algebraic soliton for the generalized Ricci flow if and only if
(9, H,—Xp) is a soliton for the generalized Ricci flow where Xp is the vector field defined by

Xp o with ¢ € Aut(G) such that d.p; = et

_ i‘

© dtli=o
On the other hand, by Theorem [3.2.58 (g, H,—Xp) is a pluriclosed soliton if and only if H = d°w and
—Xp + 6% is holomorphic. But, —Xp + 6% is holomorphic if and only if D — ady: € gl(g, J), giving the
claim. O

3.2.11 Classification of solitons up to dimension 4

In this subsection, we will provide a classification of generalized nilsolitons on nilpotent Lie algebras of
dimension up to 4. As it is clear from the discussion in Subsection we can only hope to classify
generalized nilsolitons up to scaling and up to generalized automorphisms of the ECA we are considering.
Classical nilsolitons were classified in [218]. So, we will focus on classifying the non-classical ones.

As it is well known, besides the abelian ones, nilpotent Lie algebras of dimension up to 4 are 3: ng,
the Lie algebra associated to the Heisenberg group Heis(3,R), which is the only non-abelian nilpotent
Lie algebra of dimension 3, ng @ R and ny, the only indecomposable non-abelian nilpotent Lie algebra of
dimension 4.

We will go through the classification case by case using (3.61]).

In dimension 3, there is only one generalized soliton which is non-classic. This is mainly due to the
fact that H3(n3,R) = R.

Proposition 3.2.63. On ng, the unique non-classic generalized nilsoliton is given by:
/1,(61762) = €3, H:el237 )‘:_23 D:dlag(l,]-vZ)

Proof. Given a left-invariant metric on Heis(3,R), thanks to [242, pag 305, (4.2)], we can always find an
orthonormal basis {e1, e2, eg} of n3 such that

uler,ex) =aes, a € R\{0}.
Moreover, thanks to [242] Theorem 4.3], we know that
1
Ric,, = iazdiag(—l, —~1,1).

Now, every 0 # H € A3n}, it will be of the form H = be'?3 with b # 0 and it will be trivially closed and
harmonic. On the other hand, we have that

H? = 2v’1d
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which implies that

Ric® ,; = édiag(—(aQ +B2), —(a® + %), a2 — 7).
Moreover, every D € Der(ns, ) has to satisfy

D3 =Di+D3.
This guarantees that
Ric,, ; — Ald € Der(ng, )
if and only if
A= —%(3@2 +0?).

On the other hand, by straightforward computations we have that

0 =p(Ric] ) H — AyH + AH = —(a® — b*)H
which is satisfied if and only if a? = b2, giving us the claim, using Proposition O

Now, we will focus on the 4-dimensional case. A first difference between the 3-dimensional one is a
larger third cohomology group which allows a wider possibility for a generalized metric to be a generalized
nilsoliton.

We will, first of all, analyse the case of ng ® R. An important remark to be done is that this Lie
algebra is the only one among the 4-dimensional ones which admits left-invariant complex structures,
see for instance [238] or [279]. The complex structure on nz @ R is unique up to biholomorphisms and
quotients by co-compact lattices give rise to the so-called primary Kodaira surfaces, the only compact
complex surfaces with zero Kodaira dimension and first Betti number equal to 3. Clearly, every left-
invariant Hermitian metric on nz & R is SKT. So, using Corollary we will be able to detected
which generalized nilsoliton on n3 @ R is an algebraic pluriclosed soliton.

Proposition 3.2.64. On n3 & R, the only non-classic generalized nilsolitons are the following:

1. pler,en) =es, H=¢, XN=-2, D=diag(1,1,2,2).

234 134 2 2 3 : A3 AP 3
2. pler,e2) =e3, H =X e+ e, AN +A=1, /\:—5, D = diag 1—?,1—7,5,1 .
In particular, the first one is the unique algebraic pluriclosed soliton on ng ® R.

Proof. Thanks to [328, Theorem 3.1], every inner product on ng & R is isometric to an inner product
such that an orthonormal basis {ej,...,e4} satisfies the following

pler, e2) = aez, a#0.

We know that D € Der(ng ® R, ) N Sym(ng ® R) if and only if

ay as 0 as
- asz a2 0 Qg ] .
D=0 G e 0| @ER. i=1..6,
as Qg 0 Qa4
with respect to the frame {ej, ..., es}. Moreover, using [220, Lemma 4.2], it is easy to see that

1
Ric,, = §a2diag(—1, ~1,1,0).
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It is straightforward to check that a generic closed H € A3(n3 @ R)* is of the form:

H = e 4+ xge!® 4 X0e®H 4 0e®t, N, eR, i=1,...,4.

Consequently, we have that A, H = —a?Xzet?* and
A2+ A3+ )2 A2\ —A3\ AaAp
A2 A A2+ 22 4 N2 Ao — A4
2 _ 2A1 1 1 3 2A3 4A2
=2 —A3A\1 A3Ao M43+ A AgA3 (3.69)
Mg —A4)2 A4z A2+ A3+ N2

This readily implies that we need to impose that A3 = 0 or \y = Ao = A; = 0 in order to hope for
Ricy, y — AId € Der(nz @ R, ).

First of all, we suppose A3 = 0. In this case, RiclliH — AMd € Der(nz ® R, ) if and only if

1
A= —§(A3 + 3a?).
The condition
p(Ric; ;y)H — A, H + AH =0

is equivalent to

(=20 + 373 + 207 + 3X%) =0,

Ao(—=3a? +3X3 + 207 + 3A3) =0,

A(=3a? + 373 + 277 +37\}) =0.

(3.70)

However, the first equation implies that a® = J (3A3 + 2A3 +3A%) or Ay = 0. On the other hand, if
a? = 1(3)\3 + 2A3 + 3A}), we have that

—3a® +3)\3 +2\] + 37\ = —a® #£0.

From this, we obtain that Ay = Ao = 0, giving us Item

Now let Ay = A3 = 0. In this case, the second equation in implies that Ay = 0 or A% = \? + \2.
If the last condition holds, then, the third equation is satisfied too, giving us Item[2} It remains to analyse
when Ay = A3 = Ay = 0. In this case, the third equation in gives us that a? = \?, since \; # 0 if we
want non-classical generalized nilsoliton. Thus, we recover a particular generalized nilsoliton belonging
to Item 2

It remains to analyse when A3 # 0 and A\y = Ay = A; = 0. In this case, RicE’H —Ald € Der(n3 ® R, p)
if and only if A = —1(3a® 4+ 2A3). On the other hand, the condition

p(Ricy ;)H — A, H+XH =0

is equivalent to A3(a? + A3) = 0 which cannot happen unless A3 = 0, concluding the classification.
To address the last part of the statement, we define Je; = es, Jey = e3 and consider

1 1
1 1 2 2 4 / 3
w = —(e +v—-1le , wi=-—4—(e + —1le

obtaining that

which, in particular, gives us the integrability of J. The fundamental form of the metric is then w =
V—T1(w' + w??), which is SKT, while the torsion of the Bismut connection is given by

H:=dw=v=1(0w — 0w) = ———=a(w'? —w'?) = qe'?.

Sl
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On the other hand, we have that

v—1 - -
dw — a(w'? + w12) = gel?4

V2

Then, it is easy to see that Lee form associated to w has the following form:

0= i(w2 +w?) = ae*.

V2

This gives easily that adlﬁti = 0. Moreover, given a diagonal derivation D, it will commute with J if and
only if it is of the form
D =bdiag(1,1,2,2), beR.

But, the derivation in Item [1|is of the above form. Then, applying Theorem [3.2.58] we obtain the claim,
concluding the proof. O

Item [2| in Proposition [3.2.64] in particular provides the first example of nilpotent Lie group admitting
a infinite family of generalized nilsolitons, answering negatively to Question Now, we focus on the
study of generalized nilsolitons in the case of ny.

Proposition 3.2.65. On ny, the unique non-classic generalized nilsolitons are the following:

V3 V3 3 (2 .53
1. /“L(elaeQ):eL’M /1,(61763):764, H:761347 A:_iv D:dlag (3»17472)»

3 11 1
2. p(er,e2) =es, pler,es) =eq, H =%, )\:—5, D:diag<2,2,1,2>.

Proof. Thanks to [328, Theorem 3.2], up to isometries, given any inner product on ny, we can always find
an orthonormal frame {eq,...,e4} of ng such that

pler,e2) = aez +bey, pler,e3) =ces, a,c>0.
In this framework, a symmetric derivation D is of the form
D = diag(a, ,a+ 8,20+ 8), B,acR,

see for instance [315], Lemma 1]. Moreover, the Ricci endomorphism, using again [220], takes the following
form:

—(a®>+b*+c?) 0 0 0
. 0 —(a®>+b%)  —bc 0
Ric, = 2 0 —be a?— ¢ ab (3.71)
0 0 ab e

Again, a generic closed H € A®n} will be of the following form:
H=Xe' + Aze' + hoe'™ 0, N, eR, i=1,....4.
Consequently, it is easy to see that
AL H = (=Ag(c® 4+ b*) + Azab)e®® + (=Aza® + A\gab)e'?*

and the endomorphism H? will have the same form as in (3.69). Combining (8.71)) and (3.69), we can
see that, in order for Riclli i — Ald to be a derivation, we need to impose that

)\2)\1 = )\3)\1 = )\4)\1 = )\4)\2 = 0, )\4)\3 = ab, )\2)\3 = —bC,
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which gives us that b = 0 and just one among A;’s can be non-zero.
First of all, we consider A\; # 0. In this particular case, we have that RicE’H — Ad € Der(ns @ R, )
if and only if
3
A= —§a2 and ¢ =d’.

On the other hand,
0 = p(Ric, y)H — A H + \H = g/\l (A} —a?) e**

which is satisfied if and only if A\? = a2, giving us Item
Now, we assume Ag # 0. In this case, we have that RicEﬂ — Ald € Der(ny, p) if and only if

3
A= —§a2 and  3c® + A3 =3a”. (3.72)

On the other hand,
p(Rich ;)H — A H +MH =0

is equivalent to

A

?2(3 +3X2—3a%) =0
which gives that 3a? = ¢? + 3)\3. Combining this last equality with the second relation in (3.72)), we
obtain that ¢ = A\? = 242, giving us Item [1] Now, we consider the case in which A3 # 0. Then, we have
that Ric), ; — AId € Der(ny, p) if and only if

1 2
A= —5(2)@ +3a?) and E=a®+ g)\g.
Moreover, the condition
p(Ric;, y)H — A, H + AH =0
is equivalent to
1
5)\3 (0/2 + )\%) = 0

which is impossible since we are assuming that Ag # 0.
The left case to analyse is that in which A4 # 0. In this hypothesis, we have that Ricl]i g — Ald €
Der(ng @ R, p) if and only if

1 1
A= —5(3a2 +23) and o= 5()“21 +3c?). (3.73)
Moreover,
p(Ric;, y)H — Ay H + AH =0

is equivalent to
M(—a? +2c2+23) =0

which is satisfied if and only if 2¢ + A2 = a?. On the other hand, combining this with the second relation
in (3.73) gives that ¢* = —%)\Z which is not possible, concluding the proof.
O



Chapter 4

Special metrics in hypercomplex
Geometry

As mentioned in the previous chapters, the study of special Hermitian metrics has gained great importance
throughout the last decades. This is the case also in the hypercomplex setting. As we saw in Subsection
[[:32] a great amount of conditions on a hyperHermitian metric can be imposed in order for it to be
considered special. This chapter has the purpose of giving a detailed treatment of many of the notions
arising in the hypercomplex scenario. The present chapter is divided as follows.

Section [4.1]is devoted to the introduction and study of two canonical forms arising in hyperHermitian
Geometry which have a close relation with the Lee form.

In Section we define an analogue of the first Bott-Chern class in the hypercomplex setting,
highlighting the main consequences of the vanishing of this invariant.

Sections [d4and are dedicated, respectively, to the study of the main properties of quaternionic
Gauduchon, quaternionic balanced and strong HKT metrics. Among them, we prove sufficient conditions
for a quaternionic Gauduchon metric to exist in a fixed conformal class, see Theorem [£.3.9] Moreover,
we obtain an incompatibility result between strong HKT metrics and balanced hyperhermitian metrics,
see Theorem [4.5.3] ultimately proving Theorem [E]

In Section[4.6] a relevant Einstein condition in the hypercomplex setting is defined and discussed. This
condition coupled with the HKT one is the object of a conjecture mimicking the analogous conjecture
concerning Fano Kahler-Einstein metrics.

Finally, in Section [I.7] we collect several examples of compact hypercomplex manifolds admitting
a type of special metrics but not stronger ones. We study, moreover, a construction by Arroyo and
Nicolini and another by Barberis and Fino, and we prove that Joyce’s examples admit Chern-Einstein
hyperHermitian metrics.

The following chapter is a collection of results proved in a joint work with Giovanni Gentili, see [139].

4.1 Canonical forms in hyperHermitian geometry

In this section, we recover some results found in the literature and prove new ones about hyperHermitian
metrics making use of two new 1-forms: « and (5. The section will be divided in four subsections.
Subsection [4.1.1] will be dedicated to the definition of the forms a and § and to their basic properties.
Among all, we will rewrite the Lee form and the Bismut and Chern-Ricci forms in terms of a and .
Subsection will be concerned in the study of the Obata connection using the form «. Then, in
Subsection we will study Chern and Bismut scalar curvature, showing that they do not depend on
the preferred choice of the pair of anti-commuting complex structure we consider. Finally, in the last
subsection, we will write in terms of hyperHermitian data the classical definition of special metric coming
from complex Geometry.

127
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4.1.1 The forms « and j

Let us immediately start this subsection with the definition of the forms « and S.

Definition 4.1.1. Let (M™,H,Q) be a hyperHermitian manifold. We define the forms agq, Bq € A}’OM
via the relations: - -
oN" =ag ANQ", o0t =oAL

To lighten the notation, whenever there is no confusion about the hyperHermitian metric in use, we
shall write a and S in place of aq and Sq. Let us explain why such forms are well-defined. Regarding «,
it is well-known that « + & is the connection 1-form 7; of the Obata connection on the canonical bundle
Kar,1), see, for instance, [331]. Since for any L € H the volume induced by €2, is the same, we see that

QPAQY o (QEAQEN QrAQp QA QY
L vy N ) I A ) N )

Therefore the connection 1-form 7; = a + @ actually does not depend on I. This fact will be very
important in what follows and for this reason we shall drop the reference to the complex structure and
simply denote it 7.

On the other hand, using Proposition we see that 3 is well-defined.

Lemma 4.1.2. Let (M™,H,Q) be a hyperHermitian manifold. Then, « is 0-closed and Jya is g-real.

Proof. The proof can be found in [329 Section 10.1]. It boils down to expanding the identities 920" = 0
and (8&; + aJa)Q" =0. ]

Remark 4.1.3. Observe that 8 does not satisfy the same properties as «, in general. The same argument
above with 277! in place of Q" only shows that tro(98) = 0 and trq(9;3) = tra(dJp).

The next lemma gives an alternative definition of « and § providing explicit expressions for them in
terms of A, defined in Definition [1.3.19

Lemma 4.1.4. Let (M™,H,Q) be a hyperHermitian manifold. Then
a=A09Q), B=A00).
Proof. First of all, we fix Z € I'(T}"° M). Then, we have

- o - aQnt
1z A(08) = g(1209, Q) = * (LZaQ " n'(n—l)'>

= Lzﬁn/\Qn71 Lzﬂn/\Qn

Then, o = A(9€). In a similar fashion, we have

Qn_l A Qn Qn—2 A Qn
1zA(09) = 9(1209, Q) = (LZE’Q A n'(n—l)') =+ (39 AezQN nl(n_2)1>

QI AQn Lz A QP
S G ) R (e 7 ) R

concluding the proof. O

The interest of the forms v and (3, as it turns out, is that they are strictly related to other well-known
quantities.

Proposition 4.1.5. Let (M™,H,Q) be a hyperHermitian manifold. Then, the following hold:
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(a) the Lee forms of wy, for L € H, all coincide and they are equal to
O == a+a+ B+ fB;

(b) the first Chern-Ricci form of wr is
Ric™(wy) = dI(a + a) = dIn;
(¢) the Bismut-Ricci form of wr is
Ric®(wr) = —dI(B + B);
(d) the Ricci tensor of the Obata connection is
Ric®® = d(a+a) = dn,
in particular the Obata scalar curvature always vanishes.

Proof. To prove @ let 8, = —Ld*wy, be the Lee form of wy;,. We first observe that

d*Q*@(M) *((Oz+ﬂ)/\m) =J@a+p).

Hence _ _
J0y = &y = d@+0) = J(@+F+a+p)
and similarly B -
KOk =d'wg = —vV-1d"(Q-Q) =K(a+ 8+ a+ ),
therefore ;5 = 0. The same argument replacing J and K with K and I respectively, shows that 5 = 0;.
Thus we have 0; = 0; = 0 =: 0 and actually, for any L =al +bJ +cK € H
0, = —Ld*wy, = —Ld*(awy + bwy + cwg) = L(al " +bJ ' + cK )0 = 0,

using the fact that al ' +bJ ' +cK~' = L1,
To show (]ED, we fix local I-holomorphic coordinates and, for simplicity, set P := pf(£;;) and G :=
det(grs). From (1.41)), it follows that 0P = Pa. Then, from (1.42)), we get

OG = POP + POP = Ga + POP.
Hence
Ric™(wr) = —v/~10 (G7'0G) = —V~1 (da + 9(G~* POP))
V=1 (-0a+ G~?0G A (POP) — G~ '0(POP))
V=1 (-0a+ G 'Pa NP+ G 'OP ANOP — G~'OP NOP + G~ PIOP)
V=1(-0a + G 'Pa ANOP + G"'PI(Pa)) = V-1 (da — da) .

Now follows from @ and (]ED together with the well-known identity
Ric“" (wy) — RicP(w;) = dIfg .

It remains to prove @ Let VOP and VOP be the Obata connections on TM and K, (M, 1) respectively.
Here the Obata-Ricci tensor is Ric®®(X,Y) = tr(Z — RVOb(Z7 X)Y), where

va
RV (Z,X)Y = (VzVx —VxVz - Vizx)Y, X,Y,ZeT(TM).
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We know that n = a + @ is the connection 1-form of VOP therefore the curvature endomorphism can be
expressed as

RV =dn+nAn=dn.
On the other hand, for every X,Y € I'(T'M), we have

RV (X,Y) = S (RV"(X,Y)) = f%trR(RVOb (X,Y))
= % (RicOb(X, Y) - RicOb(Y,X)) :

where the last identity follows from the Bianchi identity, which holds because VOP is torsion-free. To
conclude, we only need to observe that the Ricci tensor of the Obata connection is skew-symmetric, see
[6, Theorem 5.6]. O

Remark 4.1.6. Some of the descriptions obtained in Proposition were previously known only in
the special case when the hyperHermitian metric is HKT. In detail, the fact that the Lee forms coincide
was due to Ivanov and Papadopoulos [196], and their relation with the Obata connection 1-form was
shown in [47, Lemma 2.2]; finally, the formula for the Obata-Ricci tensor was obtained by Alekseevsky
and Marchiafava [B, Proposition 15] in the general case and rediscovered by Ivanov and Petkov [197]
Proposition 4.1] in the HKT case.

Remark 4.1.7. Again, the role of I is not preferential: the formulae for the Ricci forms in Proposition
[41:5 hold more generally for any complex structure L € H, in other words

Ric™(wy) = dLn, Ric®(wr) = —dL(Ba, + Ba,),
where complex conjugation is now intended with respect to L.

For convenience, we write here down some formulae for conformal changes. For the ease of notation,
we write af = aerq, Bf = Berqs 0f = Oorg and wy = efwr, where f € C>(M,R). It is easy to check that

af =a+ndf, By =p+(n—-1)0f. (4.1)
From these, it follows that
Gf = 09 —+ (2n — ].)df,
Ric®"(ws) = Ric™(w;) — 2nv/—100f , (4.2)
Ric®(wy) = Ric®(wr) + 2(n — 1)vV/—190f .

4.1.2 Holonomy of the Obata connection

We now derive some interesting consequences stemming from the formulae we have found. To begin, we
recall the following general lemma:

Lemma 4.1.8. A connection on a trivial line bundle is flat if and only if the connection 1-form is closed.
Furthermore, the bundle admits a global parallel section if and only if the connection 1-form is exact.

Recall that the canonical bundle of a hypercomplex manifold (M, H) is always topologically trivial as
a trivialization is given by the top wedge power of the (2,0)-form € corresponding to any hyperHermitian
metric.

Proposition 4.1.9. Let (M™,H) be a hypercomplex manifold. Then, the following are equivalent:
1. the restricted holonomy group of the Obata connection is contained in SL(n,H) ;

2. the Obata-Ricci tensor vanishes, for any hyperHermitian metric Q on (M,H) ;
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3. the Obata-connection 1-form on Ky 1) is closed, for all L € H, i.e. dn = 0.

Proof. The restricted holonomy group of the Obata connection is contained in SL(n, H) if and only if the
Obata connection on the canonical bundle K,/ 1)y = A?"’OM is flat (see e.g. [331]) and by Lemma
this happens if and only if the Obata-Ricci tensor computed with respect to any hyperHermitian metric
vanishes: Ric®® = dn = 0. O

The equivalence of and in Proposition is well-known and goes back to Alekseevsky and
Marchiafava [6, Theorem 5.6]. We now prove the global counterpart of Proposition which can be
seen as a generalization of [197, Theorem 2.2].

Proposition 4.1.10. Let (M™,H) be a hypercomplex manifold. Then, the following are equivalent:
1. the holonomy group of the Obata connection is contained in SL(n,H);
2. the (1,0)-form agq is 0-exact, for any hyperHermitian metric Q on (M, H);

3. in any hyperHermitian conformal class there exists a unique (up to scaling) metric Q on (M,H)
such that ag = 0.

Proof. The holonomy group of the Obata connection V©P is contained in SL(n,H) if and only if there
exists a global VOP-parallel section and by Lemma this is equivalent to . Obviously implies
; to see the converse suppose ag = df for some f € C*°(M,R), then the conformally rescaled metric

Qp = e~ % Q) satisfies agq, = 0, thanks to (4.1)). The uniqueness of such a metric is clear. O

4.1.3 Scalar curvatures

In this subsection, we will focus on scalar curvatures of hyperHermitian metrics. From (|1.44) and Lemma
[L3.7 we infer that

_ 1 - 1 1
Aq(d5a) = A, (vV—10a) = éAwI(\/—lé)a —V/—10a) = 5Aw,RiCCh(wI) = §sCh(wI) :
where we also used Proposition (]ED In the same way one shows that the Bismut scalar curvature
satisfies

sB(wr) = —20q(0;0) .

Proposition 4.1.11. Let (M™ H,Q) be a hyperHermitian manifold. The Chern scalar curvatures of any
L € H coincide. The same property holds for the Bismut scalar curvatures.

Proof. We prove the proposition for Chern scalar curvatures, for Bismut scalar curvatures the argument
is analogous. Observe that it is enough to identify s (wp) with s®P(wy) for all L € H that anti-commute
with P and by symmetry we may assume P = I. To see this, recall that each complex structure in H
corresponds to a point on the sphere S? and, supposing P corresponds to the north pole of S?, then the
L’s correspond to points on the equator. Assume we are able to prove that the relative Chern scalar
curvatures are equal, then the same argument repeated replacing P with all L’s allows to cover the entire
sphere, thus identifying all Chern scalar curvatures.
Let then L = aJ + bK € H be the generic complex structure that anti-commutes with I. Note that

wr = awy +bwg = a(Q+ Q) —V=1b(Q - Q) = (a — V—-1b)Q + (a + V—1b)Q (4.4)

and set w = a — v/—1b for simplicity. Keeping in mind that |w| = 1, we compute

2n —1 - 2n — 1 -
Wit = (71 @A+ (7 wQm A QL
L n n

2 _
Wi = < ”)Q”AQ".
n
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Thus for any 2-form & we have

A g _ nw§2,0 A Qn—l A Qn nwa,Q AQ™A Qn—l
e QA Qr Qn A Qr

= 0 Aa(£%°) +wAg(€2?).

Now, to conclude the proof we only need to compute the (2,0) and (0, 2) parts of RicCh(wL). We observe,
by expanding the Chern-Ricci forms of w; and wg, that:

RiCCh(wJ) = JRicCh(wJ) =JdJn =00+ 0;a+ 0o+ 0, (4.5)
Ric™(wk) = IJ7'dJI(a +a) = V=1 (-8ya — 8;a + dya+ dsa) .
Then, since Ric®"(wr) = dLn = aRic“ (wy) + bRic™ (wx), we get
(Ric“"(wp))?° = wdya, (Ric™(w))*? = wdsa. (4.7)

Finally, we conclude
s (wr) = Au, Ric™ (wr) = w0 Aa (Rie™ (@2))20) +w Ag ((Rie™ (w1))"?) = s (wr).

O

In view of Proposition we will omit the reference to the (1, 1)-form with respect to which we are
considering scalar curvatures and simply denote them by s“® and s®. To avoid ambiguity, if we need
to specify the hyperHermitian metric € with respect to which scalar curvatures are considered, we shall
write them as s°"(Q) and sB(9).

4.1.4 Special metrics

We shall now study equivalent conditions, in terms of the hyperHermitian data, for a hyperHermitian met-
ric to satisfy the Gauduchon condition, see Definition [[.1.34] and the balanced one, see Definition

The following lemma identifies conditions on the canonical (2,0)-form  in order for wy, to be Gaudu-
chon.

Lemma 4.1.12. Let (M™,H,Q) be a hyperHermitian manifold. Then, the following are equivalent:
1. wr is Gauduchon ;
2. wr 1is Gauduchon for any L € H;
3. s —sB _2la+p2=0;
4. 07050 =0
5. 00;(Q" "t AQm) = 0.

Proof. By definition, if wr is Gauduchon then d*6,, = 0. Hence, the equivalence of and follows
from Proposition (a). Next, we compute

n—1 On
& (a+ B) = =d (J(a ) A m> — trg(0(a + B)) — |a + A
Ch B ,
:7*7*|a+5\ .

where we used g-realness of d;a and Remark Therefore

d*0g = 2Re(d* (a + B)) = s — 5B —2|a + B|?,
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giving the equivalence between and . On the other hand, we also have
D050 = — %99, (W) =% (J(a+/3) A m) =d*(a+f),

concluding the proof. O
The following is an adaptation of Lemma to the balanced case. The proof is analogous.
Lemma 4.1.13. Let (M™,H,Q) be a hyperHermitian manifold. The following are equivalent

1. wy is balanced;

2. wy, is balanced for any L € H;

3. a+p8=0;

4. 0°Q =0

5. 0(Q "t AQm) = 0.

The following lemma will be useful later.

Lemma 4.1.14. Let (M™,H,Q) be a compact hyperHermitian manifold with non-negative Bismut scalar
curvature. Then £ cannot have negative Chern scalar curvature, furthermore € is balanced if and only if
it is Chern scalar flat.

Proof. Let Qg = e/ Q be the Gauduchon metric in the conformal class of . Then
0=5"(Qc) — s"(Q0) — 2|ang + Balbe
e (s9M(Q) — (@) — 2ag + fo + (20 — DOFI — 220 — 1)Aaf)
Since 2 has non-negative Bismut scalar curvature we deduce
2(2n — 1)Aqf < sMQ) — 2laq + Ba + (2n — 1)If|3,. (4.8)

If we had s°"(2) < 0 the maximum principle would imply that f is constant yielding the inequality
sCM(Q) > 2|ag + Bal3 which contradicts the negativity of s“®(Q). Furthermore, it is clear from (4.8))
that if s°"(Q) = 0 then g = ag + Bo = 0. Conversely, if  is balanced, s°"(Q2) = sB(Q) > 0. On the

other hand, we have that
Qr A QP Qn 1 A Qn
/S (9)7*2/ 8]0&9/\ =0,
M -

integrating by parts and using Lemma [4.1.13] but thus is possible only if s“®(Q) = 0, giving the claim. [

By using Definition and Proposition in [T10, Proof of Theorem 3.1], the authors show
that if M is equipped with an invariant hypercomplex structure H and a compatible HKT metric, then
it is also equipped with a compatible invariant HKT metric. The same holds for all the other kind of
special metrics we are interested in.

Theorem 4.1.15. Let (M™ := G/T',H) be a compact quotient of a Lie group by a lattice equipped with
a left-invariant hypercomplex structure. If (M,H) admits a metric which is weak HKT (resp. strong
HKT, quaternionic balanced, quaternionic strongly Gauduchon, quaternionic Gauduchon) then it admits
an invariant one.

Proof. Let Q be a hyperHermitian metric on (M, H). Since p commutes with I, J and d it also commutes
with @ and 8;. Moreover, if (") is a g-positive (2n — 2,0)-form, then by Lemma there exists
an invariant hyperHermitian metric Q such that Q" ! = ,u(Q” D). From this point the conclusion is
straightforward. O
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4.2 The first quaternionic Bott-Chern class

In this section, we will introduce and study an invariant of the hypercomplex structure which we call first
quaternionic Bott-Chern class. It will play an important role in what follows.

Let E be a I-holomorphic line bundle over a hypercomplex manifold (M™, H). The curvature R of any
I-Hermitian metric h on E is a closed real (1,1)-form on M and we shall consider the ¢-real, (2,0)-form
corresponding to the J-anti-invariant part of R:

o (R;JR> B i (V=IR(JX,Y) + V=IR(X,JY) = R(KX,Y) = R(X,KY)) .

It is well-known that R is locally d0-exact. This guarantees that ®( R’QJR) is locally 00-exact. We then
are led to give the following definition.

Definition 4.2.1. Let (M™ H) be a hypercomplex manifold and (F,h) be a I-Hermitian line bundle
over (M™, H) with curvature R. The first quaternionic Bott-Chern class of E with respect to J is the

Bott-Chern cohomology class of @(R_QJR) in the quaternionic sense:

R—JR
ABC(E,J) = {@( 5 ﬂ o € Hise(M).
q

This class does not depend on the choice of h. Indeed, any other I-Hermitian metric on E has
curvature R’ = R+ /—190f, for some f € C°°(M,R), hence the corresponding (2,0)-forms are related
by ®(HEY) = ¢(BIRY 4 199, f, thanks to Lemma

If E = —K(yy,p is the anticanonical bundle of (M, I) we call C?BC(—K(M,I), J) the first quaternionic
Bott-Chern class of M with respect to (I, J) and denote it c‘ch(M ,I,J). Note that for any hyperHermi-
tian metric Q2 on (M, H) with corresponding (1, 1)-form wr, we can choose a Hermitian metric on —K s, 1

so that R = Ric™(wr). As a matter of fact, we can show that 8« is a representative of ccllBC (M, 1,J).

Lemma 4.2.2. Let (M,H,Q) be a hyperHermitian manifold. Then, under the bijection of Lemma
the J-anti-invariant part of the Chern-Ricci form Ric®! (wr) corresponds to 0ja.

Proof. From Item [b] of Proposition [I.1.5] we obtain the identity

. Ch _ - .Ch — N B B B
Ric” " (wr) QJRIC wr) _ v . L (9o — 06 — JBa + J0a) = VI (9o — Jda) |

where we used that 0o — JOa = —9a& + JOa which follows from Lemma and the fact that 0« is
g-real. Therefore using again Lemma [I.3.7) and applying the bijection of Lemma we obtain precisely
8]&. ]

We may actually give an equivalent definition of the first quaternionic Bott-Chern class as follows.
Let © € A?"’OM be any g¢-positive section of the canonical bundle, then there exists ag € A}’OM such
that

00 = ag N\ O.

Similarly as before, the quaternionic Bott-Chern cohomology class of 0;ag does not depend on the choice
of ©. Indeed, if © is another g-positive (2n,0)-form, there exists a function f € C°°(M,R) such that
o0 = f@ Therefore, 8Ja@/ = 8JO[@ - 86Jf, which shows that [a]oz@/}Bc = [aJOL@]Bc.

In particular, we observe that c(fBC(M ,I,J) = 0 if and only if there exists a metric in each hyper-
Hermitian conformal class such that dya = 0, equivalently by Lemma the Chern-Ricci form of wy
is J-invariant. Clearly, the definition of the first quaternionic Bott-Chern class depends on the choice of
a basis (I, J) for the hypercomplex structure. However, it turns out that the vanishing of such class is
independent from it. For this reason, when this occurs, we will unambiguously write c‘fBC (M,H) =0.
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Proposition 4.2.3. Let (M, H) be a hypercomplex manifold. Ifc‘fBC (M, I,J) =0 then also c‘fBC (M,L,P) =
0, for any other pair of anti-commuting complex structures L, P € H.

Proof. First of all, note that by the same symmetry argument at the beginning of the proof of Proposition
it is enough to show the claim for P = I and L = aJ + bK € H. Then, for any hyperHermitian
metric €2, keeping in mind the identities (4.7)), we have

Ric™"(wr) — TRic®" (wp)

5 = (Ric®"(wr))?? + (Ric™(wp))?? = (a — V=1b)dya + (a +V/—1b)dsa. (4.9)

Observe that, since c‘fBC (M, I,J) =0, we can choose 2 so that ;o = 0, which allows us to conclude
that 2¢(M, L, 1) = 0. O

We now observe that C?BC is additive with respect to the tensor product of line bundles. Indeed, for

any pair of I-holomorphic line bundles E and F' over a hypercomplex manifold (M, H) equipped with
connections V¥ and V¥ respectively, the induced connection V on E® F has curvature RY = RY"4+RV".

Then clearly
SBCEQFJ)=SBCE, )+ SBCF, D).

The first consequence of the vanishing of the first quaternionic Bott-Chern class that we prove is the
following.

Proposition 4.2.4. Let (M,H) be a compact hypercomplex manifold. If C?BC (M,H) =0, then k(M,L) <
0 for all L € H, where k(M,L) denotes the Kodaira dimension of (M,L), recall Definition |1.1.10
Moreover, k(M, L) = 0 if and only if K1) s holomorphically torsion.

Proof. Without loss of generality we prove the statement for L = I. Let €2 be any hyperHermitian metric
on (M, H). Since C?BC(K(MJ), J) = —C?BC(M, I,J) =0, there exists an I-Hermitian metric h on K, )
such that @(w) = 0. Now, for any k > 1 and any section v € H°(M, Kg’\}j)[))7 a straightforward
computation gives

By lof2 = [V = Ko, () = (V02 = 2600 (@ (T2 ) ) = 90 > 0,

where | - |* and V are the pointwise squared norm and the Chern connection with respect to the metric

h* induced on the power K S\Z I respectively. The strong maximum principle now implies that |¢|? is
constant, whence Vi) = 0. Consequently, for any k > 0 we have dim H°(M, K %’; 1)) < 1 from which it
follows x (M, I) < 0. Indeed, any non-trivial ¢,y € H(M, K S\Z I)) are parallel and nowhere vanishing.
Thus, fixed any point € M, there exists ¢ € C\ {0} such that ¥1(x) = cipa2(x). Now, the section
11 — ¢y is parallel and vanishes at x implying {1 = c)s.

Finally, we have «(M,I) = 0 if and only if there is at least a power k > 1 such that

dim H°(M, ngl)) =1,

i.e. there exists a global holomorphic section of K (%\f[ I which is then parallel and nowhere vanishing. [J

Be aware that, in general, for two different complex structures in H the corresponding Kodaira dimensions
need not be equal (see Subsection |4.7.9)).

Lemma 4.2.5. Let (M,H,Q) be a compact hyperHermitian manifold with C?BC(M, H) = 0. Then the
following are equivalent:

1. s =0;

2. s is constant;
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3. 0o =0.
Proof. The assumption C?BC(M, H) = 0 implies 9y = 99, f, for some f € C°°(M,R). But then
s =200 (050) = 20 (00, f) = 2Aqf .
By the maximum principle, if s°P is constant then so is f, implying d;a = 0 and s“* = 0. O

Remark 4.2.6. Let (M™, H) be a hypercomplex manifold. In [331) Claim 1.2], Verbitsky observed that
being SL(n, H) implies that K, 1) is holomorphically trivial, for any L € H. This can also be deduced
from Proposition Of course, the holomorphic triviality if K (s, ) implies that it is holomorphically
torsion. Finally, in [320, Proposition 1.1], it is shown that the assumption that K,/ ) is holomorphically
torsion implies ¢2¢(M,I) = 0. We now show that the vanishing of the first Bott-Chern class forces the
quaternionic Bott-Chern class to vanish as well. For simplicity we show it for L = I. If ¢P¢(M,I) =0,
for any hyperHermitian metric Q on (M,H), we have Ric®"(w;) = /=100f, for some f € C=(M,R).
The hyperHermitian metric 2y = 3 Q) is Chern-Ricci flat, thanks to , then clearly c(fBC(M ,H) =0.
In general, all the implications above cannot be reversed, counterexamples can be found in [I7, Example
6.3] for the first and second implications, in [320, Examples 3.1, 3.2] for the third, and we refer to
Example [£.7.9] for the last one. However, as we shall see in the next section, there is a quite broad class
of hypercomplex manifolds for which these conditions are actually equivalent.

4.3 Quaternionic Gauduchon metrics

In this section we will study in detail quaternionic Gauduchon metrics, recall Definition on a
compact hypercomplex manifold, providing equivalent and sufficient conditions for the existence of such
metrics.

Firstly, we characterize the quaternionic Gauduchon condition in terms of the (1, 0)-form g.

Lemma 4.3.1. Let (M™,H,Q) be a hyperHermitian manifold. Then, Q is quaternionic Gauduchon if
and only if s2 + 2|p)? = 0.

Proof. Since
00,0" ! = (=0,B+ BATTIB) AT = % (;SB + |ﬁ|“‘) Q"

we clearly have the lemma. O

Note that, by Proposition (@ and the fact that the Obata connection 1-form 1 = a+a is independent
from the choice of the complex structure in H, the same is true for 8 + 3. In particular, thanks to
Proposition we see that the quaternionic Gauduchon condition holds on §; if and only if it holds
replacing I,J with any other pair of anti-commuting complex structures in H. We shall observe in
Example that this is no longer true for the quaternionic strongly Gauduchon condition.

As a first difference with the compact complex case, where Gauduchon metrics exist in any conformal
class, see Theorem [I.1.35] we emphasize that there are examples of compact hypercomplex manifolds
which do not admit any quaternionic Gauduchon metric, see Example [£.7.9]

We can use Lemma to give an alternative proof of the following result by Grantcharov, Lejmi and
Verbitsky, which determines a sufficient condition to the existence of quaternionic Gauduchon metrics.

Lemma 4.3.2 ([I72 Proposition 16]). Let (M™ H) be a compact SL(n,H)-manifold. Then, there exist
a unique, up to scaling, quaternionic Gauduchon metric in any hyperHermitian conformal class.

Proof. Let Qg be a Gauduchon hyperHermitian metric which then, by Lemma4.1.12] satisfies s"(Qg) —
s2(Qa) — 2|lage + Baclh, = 0. Since (M, H) is SL(n, H), applying Proposition {4.1.10, we have aq, =
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(n — 1)0f, for some f € C*(M,R) and thus s*(Qg) = —2(n — 1)Aq, f. Therefore, the conformally
rescaled metric = ef Q¢ satisfies

sB(Q) 4+ 2|Balgy = (sB(QG) +2(n — DAq. f +2|fae + (n — 1)8f|?2G)
=/ (SB(Qg) — SCh(Qg) + 2|BQG + OéQG|?zG> =0,

i.e. it is quaternionic Gauduchon. O
In the invariant setting we can make the above stronger.

Lemma 4.3.3. Let (M := G/T',H) be a SL(n,H) compact quotient of a Lie group by a lattice equipped
with a left-invariant hypercomplex structure. Then, every invariant hyperHermitian metric is Gauduchon
and quaternionic Gauduchon.

Proof. Let Q) be an invariant hyperHermitian metric on M. We know that €2 is conformal to a Gauduchon

metric g and, applying Definition and Proposition we see that p(Qdg) is an invariant
Gauduchon metric which is a constant multiple of 2. Therefore, ) itself is Gauduchon. Now, the
SL(n,H) condition implies that ag = 9f, for some f € C*(M,R), but by invariance we must have
ag = 0. In conclusion, the quaternionic Gauduchon condition s2(Q2) + 2|Bq |34 = 0 is equivalent to the
Gauduchon one. O

Observe that quaternionic Gauduchon metrics exist on hypercomplex manifolds that are not SL(n,H),
indeed there even exist HKT non-SL(n, H) manifolds such as the ones constructed by Joyce (see Subsection

4.7.3) or Swann [310].

We now study some interesting consequences of the existence of a quaternionic Gauduchon metric.

Proposition 4.3.4. Let (M™,H,Q) be a compact hyperHermitian manifold admitting a compatible quater-
nionic Gauduchon metric. Then, the following are equivalent:

1. a=0;
2. Ric™(wr) =0, for all L € H;
3. aja =0.

Proof. From Proposition (]ED, we know that a = 0 always implies Chern-Ricci flatness and this in
turn implies d;a = 0 by Lemma[£.2.2] Therefore, we only need to show that d;a = 0 implies & = 0. Let
Q be a quaternionic Gauduchon metric on (M, H). We compute

90,Q" = (=0;a+a AT ra) AQ". (4.10)
Assuming dya = 0 and wedging with m7 we get
Q1A 00,00 ol QnaQn
nlln—1) 72 (n)2

and integrating by parts yields

0_/ anfznlAQ”_/ Qr 1 A 90,0" / of2 anAQn
Sy nln=1! Sy al(n—1)! (nh2 7

showing that we must have a = 0. O

From Proposition we obtain the following corollary.

Corollary 4.3.5. A compact hypercomplex manifold (M™ H) is SL(n,H) if and only if it admits a
compatible quaternionic Gauduchon metric and ci‘BC(M7 H) =0.
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Proof. We already know that the SL(n,H) condition implies c‘fBC(M ,H) = 0 and the existence of a
quaternionic Gauduchon metric. Let us show the converse. The assumption c‘fBC(M ,H) = 0 implies

that any hyperHermitian conformal class contains a hyperHermitian metric such that dya = 0, therefore
a = 0 thanks to Proposition and then (M, H) is SL(n,H), by Lemma [4.1.10 O

Thus, on a compact quaternionic Gauduchon manifold (M, H, ) all the implications in Remark can
be reversed.

It is clear that the 00;-Lemma implies C?BC(M, H) = 0 and if (M,H) admits a HKT metric then
the 00 -Lemma is implied by the SL(n,H) condition (see [I72] Theorem 6]). Therefore the following
corollary follows from Corollary

Corollary 4.3.6. Let (M™ H) be a compact hypercomplex manifold admitting a compatible HK'T metric.
Then, the SL(n,H) condition and the 00s-Lemma are equivalent.

Note that the HKT assumption cannot be weakened, as there are examples of quaternionic balanced
SL(n, H)-manifolds without HKT metrics on which the 99;-Lemma does not hold (see Example [£.7.1]).
We observe here an important difference with the complex setting. In general, the 99-Lemma does not
force neither the Chern nor the Bott-Chern class to vanish. Of course, examples of this are Fano or
anti-Fano manifolds.

Lemma 4.3.7. Let (M™ H) be a compact hypercomplex manifold satisfying the 00;-Lemma. Then, the
following are equivalent:

1. (M,H) is a SL(n, H)-manifold;
2. There exists a quaternionic Gauduchon metric on (M,H);

3. There exists a quaternionic strongly Gauduchon metric on (M, H).

Proof. The fact that implies follows from Lemma and the converse is a consequence of
Corollary We only need to prove that implies . Let Q be a quaternionic Gauduchon metric,
in other words 00;Q™ ! = 0. This means that 9;Q" ! is O-closed and 9 -exact. Thanks to the 99 ;-
Lemma, it is therefore 00 -exact so that ) is quaternionic strongly Gauduchon. O

By conjunction of Lemma Corollary and [232], Theorem 10.1] we infer

Corollary 4.3.8. Let (M? ,H) be a compact hypercomplex manifold. Then, any two of the following
conditions implies the third:

1. (M,H) is SL(2,H);
2. There exists a HKT metric on (M,H);
3. The 007-Lemma holds on (M, H).

We should mention that the combination of [I72, Theorem 25] and [I72] Theorem 1] already gives that,
assuming , and are equivalent.

In view of these results, it becomes particularly relevant to provide characterizations to the existence
of quaternionic Gauduchon metrics on compact hypercomplex manifolds. Our next result fulfils this
purpose for what regards conformal classes. Before we state the theorem, we want to highlight some easy
necessary conditions for a quaternionic Gauduchon metric to exist. So, first of all, let €2 be a quaternionic
Gauduchon metric and let g be the Gauduchon metric with unit volume in the conformal class of ).
Now, we have that

0 / 00;Q" L A QR :/ Q"1 A 00,08
v nln—=1)! v nln—=1)!
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But, keeping in mind (4.10]), we obtain

Q"= AQE Qn A Qp
_ _ —1- G _ _ 2 G
0= /M(aJaQG age AN JTagg) A e / (Aa(8s00s) — loag|d) CE

On the other hand, since Q¢ and 2 are conformal, we can find f € C*°(M,R) such that 2 = G%Q(;.

Then Q a
n /\ n

/ el (sM(Qq) — 2lang |3,) C(;T)?G =0. (4.11)
M :

Identity (4.11)) tells us that if a quaternionic Gauduchon metric exists in the conformal class of € then

Q2 A QF
A= {f € C*(M,R) ‘ / ef (s7(Qa) — 2|ang [by) —Sr e = 0} #0.
M (n!)
One can easily show that the above condition is equivalent to the following
sM(Qa) - 2laqg |?2G either vanishes identically or it changes sign . (4.12)

Notice that on a compact quotient of a Lie group, either locally homogeneous or homogeneous, we can
only hope for a quaternionic Gauduchon metric in the conformal class of an invariant Gauduchon metric
when
Ch 2
s (Qa) = 2|aqg g, -

This, in particular, forces the Gauduchon degree of the conformal class of 2¢ to be non-negative. On the
other hand, when the latter is zero, automatically, we obtain o, = 0 which in particular implies that
the manifold is SL(n, H).

Since we will be searching for a quaternionic Gauduchon metric in the conformal class of a given
hyperHermitian metric, we can always consider the latter as the unique Gauduchon metric {2g in there.

Using Lemma if Qf = et Q¢ is quaternionic Gauduchon, for some f € C°°(M,R), we have

Aq, (05Ba,) — |Basld, =0,

which is readily seen to be equivalent to
1
Age f + |Bag +8f|2+§sB(QG) =0. (4.13)

Integrating (4.13)) with respect to the volume induced by Qg gives

rB({0)) = /N sBmG)W <0, (4.14)

namely the Gauduchon-Bismut degree of the conformal class of Qg, introduced in [39], has to be non-
positive. Conditions (4.12]) and (4.14) are thus necessary in order for a quaternionic Gauduchon metric
to exist in the conformal class of g. We are now in the position to prove that they are also sufficient.

Theorem 4.3.9. Let (M™,H,Q¢) be a compact hyper Hermitian manifold and Qg be a Gauduchon metric.
Suppose (4.12) and (4.14) are satisfied, then, there exists a unique quaternionic Gauduchon metric of
unit volume in the conformal class of Qq.

i
Proof. First of all, we show the uniqueness part. Assume  and Q; := e==1) are both quaternionic
Gauduchon metrics with unit volume, then

¢ 7T (sB(Q) + 280 f + 2|8 + OFI2)
26~ wiT (Aqf + 2Re(g(Ba, 0f)) + 0f13) -

0= sB(Qf) + 2|ﬁQf|?2f
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Since we have Aqf + 2Re(g(Bqa,df)) = —|0f|3 < 0, we can regard f as a supersolution of the linear
equation
Aoy + 2Re(g(fa, d¢)) = 0.

Applying the minimum principle, we obtain that f must be constant. On the other hand, the fact that
both 2y and €2 have unit volume guarantees that f = 0.

We now prove the existence part of the theorem. Let 2¢ be a Gauduchon metric of unit volume and
fix h € A. Up to addition of a constant, we may and do assume that h has zero mean with respect to

Qa. We consider ), = et Q)¢ and, as done above, we have that
(1 1
e T (25B(Qh) + |5m|?zh> = §SB(QG) + Aqch + [Bag + O[3, - (4.15)

Now, the equation to be solved is (4.13). We perform the classical method of continuity. We consider the
following family of equations for ¢ € [0, 1]

1 h 1
Do + B + 01, + 35%(00) = (1= 0 (120 + a3, ) (1.16

We will search for solutions in A with zero mean with respect to Qg. For ¢ = 0, we easily observe
that h is a solution. Now, consider ¢ € [0,1] such that the corresponding equation admits a solution
f € C?>%(M,R) and define the operator Fy: Ag’a — R such that

1 _h 1
Fi(p) = Dagp + [Bag + 0¢lh, + 55°() = (1 — e (25B(Qh) + |59h|?zh> v
for any t € [0, 1], where

o o QA QR
Loy {% C2%(M, R) ‘ /Mew (°(926) — 2o ) 57 =0} .

Here C5®(M,R) denotes the functions in C>*(M,R) with zero mean with respect to Q. It is easy to
show that Ag’o‘ is a Banach manifold. Moreover, we can infer that, for any f € Ag’a,

Qe A QR
143 = {oe 0L | [ vel () - 2andfh) 4G ~o}.

Then, the linearization of F; at f is
d;Fy(v) = Aggv + 2Re(g(Bag + 0f, 0v)), v e TrAD,

which is a second order linear elliptic operator whose kernel, thanks to the maximum principle, is zero
when imposing the zero mean condition on v. On the other hand, its index is equal to that of the
Laplacian, implying that it is invertible. Applying the Implicit Function Theorem, we can conclude
openness of the set of ¢ € [0, 1] for which is solvable.

Now, in order to show closedness and conclude the proof, we need some a priori estimates. First of

all, we prove an L?-gradient estimate. Integrating (4.16)) and using (4.15)) we get:

t
1Bac + 0fl172(00) = —51“}3({9@}) + (1= 1)1Bag + 9h||72q) < C,
thanks to the fact that h is a datum. Here and in what follows C' will be a positive constant that

does not depend on f and ¢, which may change value from line to line. We may and do assume that
H8f||2L2(QG) > HﬂQGH%z(QG), otherwise we are done. Consequently

10£11Z206) = 1Baalliz(ag) = |10F17200) = 1806 1 Z2(00) | < 10F + Bag 200 < C
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which gives the desired estimate
HafHQLQ(QG) <C. (4.17)

Using the Poincaré inequality we then get an estimate on the L?-norm of the solution f. Now, setting

]. _h 1
0= = (55°(0) + Bl +1071B ) + (1= 0t (355(@) + a3,
and rearranging equation (4.16[), we can consider f as a solution of the linear equation

Aqg e +2Re(g9(Bag, 00)) = 1.

This allows us to use the Calderén-Zygmund inequality [163] Theorem 9.11] to deduce

1 llw2206) < C (I1flz2(00) + 19l 22(00)) < C,

thanks to (4.17). We can obtain higher-order estimates by bootstrapping. Using the Sobolev embeddings
gives us the estimates we were looking for, concluding the existence part of the theorem. O

Remark 4.3.10. If (M™,H) is a compact SL(n, H)-manifold we can recover Lemma as a corollary
of Theorem Indeed, the SL(n,H) condition implies that aq, = df, for some f € C*°(M,R), where
Q¢ is any Gauduchon hyperHermitian metric on (M, H). The metric Qg then satisfies

sB(Qc) = s™(Qa) — 2lans + Baslas = —28a6f — 210f + Baclde

which, integrated gives (4.14). Observe that for this argument is actually enough to impose c‘ch (M,H) =
0. Also, suppose s°"(Qq) — 2|age |52)G =—20Aq.f — 2|('9f|%2G has a sign, then the same is true for

ef (|8f|522G + AQGf) = AQG (ef) .
By the maximum principle s“"(Qg) — 2|aqe |, must vanish identically, so that (4.12) is satisfied.

Remark 4.3.11. In the previous remark we observed that the vanishing of the first quaternionic Bott-
Chern class implies (4.14)). Therefore, invoking Theorem we can rephrase Corollaryby stating
that the SL(n,H) condition is equivalent to c‘fBC (M,H) = 0 together with the fact that holds in
some conformal class.

One can observe that the search for a quaternionic Gauduchon metric within a conformal class can
be considered as a particular instance of the problem of prescribing the Bismut scalar curvature on a
compact complex manifold. As far as the author is aware, this problem was taken into account only in
the constant case, i.e. the Bismut-Yamabe problem, in [39]. On the other hand, many results about the
related problem of prescribing the Chern scalar curvature can be found in the literature, see for instance
[23] (138, 343] and the references therein.

We now give another characterization of the existence of a quaternionic Gauduchon metric in terms
of currents.

Proposition 4.3.12. Let (M™,H) be a compact hypercomplex manifold with n > 2. Then, M admits
no quaternionic Gauduchon metric if and only if there exists a non-zero, 00 j-exact, q-real and q-positive
(2,2n)-current.

Proof. We consider the following spaces:
Wy={pe€ A?"_ZOM | Jg = ¢, ¢ g-positive}, Wy ={y € A?”_Q’OM | 0059 = 0}.

On the other hand, every ¢ € Wj can be written as ¢ = Q" ! for some hyperHermitian metric Q.
Then, it easy to see that the non existence of quaternionic Gauduchon metrics on M is equivalent to
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W1 N Wy = (. Thus, thanks to the Hahn-Banach Theorem, see for instance [I72, Theorem 31}, we can
find a current T € D7*"* (M) such that

T|W1 >0, T|W2:0.

The fact that T is positive on W7 guarantees that T is both g-real and g-positive. On the other hand,
we have that, for any v € Ain_?”OM,
T (y) =T(0v) =0,

since 9y € Wy and T|w, = 0. Then, 0T = 0 and analogously 9;T = 0. Hence, T defines a cohomology
class .
/ T eDy" (M) | 0T = 0,T =0}
Tlqsc € H 22" (M, R) := { L .
[Tqsc aBC ( ) 88JD(I)’2N(M)

Now, the claim is equivalent to prove that [T]gc = 0. In order to do this, we identify T € A?*"M ®
DO(M), where D°(M) are the distributions on M. This identification is compatible with 9 and d; and

H]/_fg"(M ,R) ~ Héé"(M ,R), the quaternionic Bott-Chern cohomology. Moreover, we have that

() HEZR(M) x HE2O0M) 5 R ([plgsos [Plaa) = /Mww

is well-defined and non-degenerate, To see the non-degeneracy, fix a hyperHermitian metric g on M, so
that

H;A*(M, R) o~ Hqa := ker Aga, H;l’;c(M, R) ~ Hypc = ker Agac,

where Aga and Aypc are, respectively, the so-called quaternionic Aeppli and Bott-Chern Laplacian. Aga
and Aqpc are fourth-order elliptic operators and their explicit expression can be found in [I72]. Moreover,
we have that, on compact hypercomplex manifolds,

Hqa = ker 0" Nker 07 Nkerd0;, Hqpc = ker d Nker 0y Nker 0*07 .

In view of this, it is easy to check that if ¢ € Hqpc, then x@ € Hqa. Consequently, for every [¢lqsc €
Hil’fg(M), we have

([Plasos [relan) = /Mw s = ]2

giving the non-degeneracy of the pairing (-,-). Now, since ([T]qsc, [¢]qa) = 0, for any 09;-closed (2n —
2,0)-form 1, then [T]qgc = 0, proving the claim. O

As highlighted by Theorem and Example it is not always possible to find quaternionic
Gauduchon metrics on a given compact hypercomplex manifold. This can also be understood from
Proposition Indeed, comparing with the complex case, the characterization of the hypothetical
non-existence of Gauduchon metrics on a compact complex manifold would be equivalent to the existence
of a non-zero, positive d0-exact (1,1)-current. Of course, such a current does not exist due to the fact
that, on compact complex manifolds, any plurisubharmonic function is constant. On the other hand,
this phenomenon might not happen in the hypercomplex setting. Indeed, chosen © € A?”’OM to be a
g-positive volume form on M, any 900 -exact, ¢-real and g-positive (2,2n)-current can be written as

T =00;(f0) = 90,f NO+0f N3;0 —0,f AIO + 09,0, feD'(M,C), (4.18)

which, in general, does not allow us to use the theory of quaternionic plurisubharmonic functions. On
the other hand, when M is SL(n, H), we can always choose © to be holomorphic. This, together with the
fact that quaternionic plurisubharmonic functions on a compact hypercomplex manifold are constant,
gives another proof of Lemma Although we are choosing © to be g-positive, the distribution f

might be complex valued. However, if we further impose 90,0 = 0, then f can be chosen, up to additive
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constants, to admit only real values. Indeed, imposing g-realness of 7' in these hypothesis, we obtain
that, defined h = —Y2(f — f),

88JhA(:)+8h/\8J(:)—8Jh/\8(:):O.

Then, h € D°(M,R) satisfies a second order elliptic equation without zero order terms. So, applying
standard elliptic regularity, h € C°°(M,R), then, by the maximum principle, h is constant. On the other
hand, we can observe that, if ¢ is a constant, then, of course, 99;(c©) = 0. Thanks to this, we can add
a suitable constant to f in order for it to be real-valued, as claimed.

Stemming from this discussion, we can give a weaker sufficient condition for the existence of quaternionic
Gauduchon metrics.

Proposition 4.3.13. Let (M™,H) be a compact hypercomplex manifold. If there exists a q-positive
volume form © € A?"’OM such that 0050 = 0, then, there exists a quaternionic Gauduchon metric.

Proof. Thanks to Proposition [4.3.12] the existence of a quaternionic Gauduchon metric is equivalent to
the fact that any 00-exact, g-real and g-positive (2,2n)-current is zero. Now, as above, any such current
T can be written as in (4.18). Suppose 09,0 = 0 and consider the following closed convex cone

C={feD'(M,R) | 09,(f0)>0}. (4.19)

It is not so hard to prove that C' N C°°(M,R) is dense in C in the weak sense of distributions. So, fixed
f €, wecan find {f,}, € CNC>®(M,R) such that f,, — f in the weak sense of distributions. On the
other hand, f,, satisfies

005 fn NO +0fy NOsO — 05 fn NOO >0

and so we can apply the maximum principle obtaining that f,, is constant. This implies that f is constant,
giving the claim. O

We conclude this section remarking that the hypothesis of g-positivity of © cannot be removed. Indeed,
we can consider a non-SL(n, H)-manifold (M, H) with K 1) holomorphically trivial. Then, we can find
an holomorphic volume form © which is, in particular, 99 ;-closed but not g-positive, since the manifold
is not SL(n,H). On the other hand, Proposition will guarantee the existence of a quaternionic
Gauduchon metric. Then, applying Corollary Will obtain that (M, H) is SL(n,H), reaching a
contradiction. An example of a non-SL(n, H)-manifold with holomorphically trivial canonical bundle can

be found in Example

4.4 Quaternionic balanced metrics

Let (M™,H,Q) be a hyperHermitian manifold. The quaternionic balanced condition 992"~ = 0 does not
imply that the metric is HKT or even that M admits any HKT metric, see Examples and
On the contrary, for any 1 < k < n — 1, requiring Q% = 0 would imply that the metric is HKT
thanks to Proposition [[.3.20f Moreover, the form fq is d-exact if and only if there exists a quaternionic
balanced metric in the conformal class of 2 which is unique, up to scaling. Note that, as it happens for
quaternionic Gauduchon metrics, the quaternionic balanced conditions do not depend on the choice of
the complex structure in H.

On SL(n,H)-manifolds, the existence of quaternionic balanced metrics turns out to be equivalent to
the existence of balanced metrics.

Lemma 4.4.1. Let (M™,H) be a SL(n, H)-manifold. Then, there exists a quaternionic balanced metric if
and only if there exists a balanced hyperHermitian metric and the two metrics are conformal. Moreover,
if M is a compact quotient of a Lie group by a lattice and the hypercomplex structure H is left-invariant,
then an invariant hyperHermitian metric is quaternionic balanced if and only if it is balanced.
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Proof. In order to prove the first assertion, we simply note that, by Lemma a hyperHermitian
metric is balanced if and only if a4+ 5 = 0 and, by the SL(n,H) condition, this implies that 3 is J-exact.
Conversely, if § is 0-exact we can find a hyperHermitian balanced metric performing a conformal change.

Now, suppose M is a compact quotient of a Lie group by a lattice and let 2 be an invariant hyper-
Hermitian metric. As shown in Lemma[4.3.3] the invariance of Q and the SL(n,H) condition allow to use
the symmetrization and deduce ov = 0. Consequently, the Lee form is o = 3 + 3, thus Q is quaternionic
balanced if and only if it is balanced. O

Lemma can be considered as a generalization of [43, Proposition 4.11] and [I56] Theorem 5.1].

Furthermore, Theorem can be specialized in the quaternionic balanced case to give the following
characterization.

Corollary 4.4.2. Let (M,H,Qg) be a compact hyperHermitian manifold, where Q¢ is a Gauduchon
metric. Then, there exists a unique quaternionic balanced metric of unit volume in the conformal class

of Qq if and only if ([A12) holds and TB({Qc}) = 0.

Proof. Firstly, suppose that there exists a quaternionic balanced metric of unit volume in the conformal
class of Qg. Then, it is, in particular, quaternionic Gauduchon and thus holds. On the other hand,
quaternionic balanced metrics are Bismut-Ricci flat. Hence, using , we see that the Bismut-Ricci
form of Qg with respect to I is d0-exact giving I'B({Qg}) = 0. Conversely, using Theorem we
can find a solution f € C°°(M,R) to . On the other hand, integrating again and using that
I'B({Q¢}) = 0 we obtain that Bg, = —0f. This gives us the claim. O

Next, we give a characterization of the existence of quaternionic balanced metrics in terms of currents
which can be considered as the analogue of [240, Proposition 4.5] for balanced metrics.

Proposition 4.4.3. Let (M™,H) be a compact hypercomplex manifold with n > 2. Then, M admits
no quaternionic balanced metrics if and only if there exists a mon-zero, 0-exact, q-real and q-positive
(2,2n)-current.

Proof. The strategy of the proof follows that of Proposition 4.3.12] Indeed, it is sufficient to choose
Wi ={pe A" *°M | Jp =, ¢ gpositive}, Wy = {¢p € A7 >°M | 9y = 0}

and use the non-degenerate pairing
() 00 x B 2000 5 R, (el ) = [ onu

to conclude. O]
We shall use Proposition[4.4.3]to provide examples of compact quaternionic strongly Gauduchon manifolds
not admitting quaternionic balanced metrics, see Examples [4.7.4] [£.7.5] and [£.7.6]

Combining Lemma [4.1.14) with Proposition and Proposition we get the following equiv-
alences, generalizing [47, Lemma 2.2].

Corollary 4.4.4. Let (M™ H,Q) be a compact quaternionic balanced manifold. Then Q cannot have
negative Chern scalar curvature. Furthermore, the following are equivalent:

1. s =0;
2. Q is balanced;
3. a=0;

4. RicCh(wL) =0, for all L € H;
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5. BJa =0.
The quaternionic balanced condition also restricts the possibilities for the Kodaira dimension.

Proposition 4.4.5. Let (M, H) be a compact hypercomplex manifold admitting a compatible quaternionic
balanced metric Q. Then, k(M, L) < 0, for all L € H. Moreover, if the Gauduchon metric in the conformal
class of Q0 is not balanced then k(M,L) = —oo for all L € H.

Proof. 1t follows from the fact that the quaternionic balanced condition implies Bismut-Ricci flatness and
[14, Proposition 3.1]. O

Corollary 4.4.6. Let (M™,H) be a compact hypercomplex manifold admitting a compatible quaternionic
balanced metric. Then, c‘fBC(M7 H) = 0 if and only if K(M,L) =0 for all L € H, and C?BC(M, H) #£0 if
and only if k(M,L) = —oo, for all L € H.

Proof. We know from Corollary that ccllBC (M,H) = 0 is equivalent to K, 1) being holomorphically
torsion for all L € H and, by Proposition this implies (M, L) = 0, for all L € H. On the other
hand, if ccllBC(M ,H) # 0 the Gauduchon metric Q¢ in the conformal class of any quaternionic balanced
metric cannot be balanced, otherwise the manifold would be SL(n,H). Indeed, the form Sq. must be
O-exact, but then, if Qg was balanced, ag would also be d-exact, implying the SL(n, H) condition. O

By very well-know results, recall Theorem and Theorem the class of compact balanced
manifolds is closed under products, proper holomorphic submersions and proper holomorphic modifica-
tions. In what follows, we will study some of the same closedness properties for the class of compact
quaternionic balanced manifolds. First of all, we will recall the definition of hyperHermitian submersion,
see for instance [6l 192, [193].

Definition 4.4.7. Let (M,H, g) and (M’,H’, ¢’) be two hypercomplex manifolds. A map f: M — M’ is
called hypercomplex if, for any L € H, there exists L' € H' such that f: (M, L) — (M’, L") is holomorphic.
If f is also a Riemannian submersion, then f will be called a hyperHermitian submersion.

Examples of hyperHermitian submersions between compact manifolds can be produced standardly
looking, for instance, at finite coverings of compact hyperHermitian manifolds. Moreover, the projection
onto the quotient of a Lie group by a lattice, endowed with a left-invariant hypercomplex structure, gives
an example of hypercomplex map between a compact and a hypercomplex manifold, not necessarily com-
pact. This can also be seen as a hyperHermitian submersion for a suitable choice of the hyperHermitian
metrics, for instance a left-invariant hyperHermitian metric on the quotient and its pullback on the group.
Another example can be found in [I92, Section 4].

Proposition 4.4.8. Let (M,H) and (M',H’) be two quaternionic balanced manifolds and (M" ,H") be
a hypercomplex manifold. Then, (M x M’',H @ H’) is quaternionic balanced. Moreover, if f: (M,H) —
(M",H") is a proper hyperHermitian submersion, then (M" H") is quaternionic balanced.

Proof. The first claim is trivial. Indeed, if Q,; and Q- are quaternionic balanced metrics on (M, H) and
(M’ H’) respectively, then Q = Qs + Qp is quaternionic balanced on (M x M',H @ H).

Let us now prove the second assertion. Let n and m be the quaternionic dimensions of M and M”
respectively. We fix 2)s to be a quaternionic balanced metric on M. For the sake of simplicity, we will
also fix basis (I, J) and (I”,J") for the hypercomplex structures H and H”, respectively, such that f is
both (I,1"”) and (J, J”)-holomorphic. Then, since f is proper we can consider

n—1
Y= f*QM ,

which is the (2m — 2)-form given by integration of Q"M_l along the fibers of f. Now, since f is (I,1"”)-
holomorphic and 89’;{1 = 0, then v € A?TﬁQ"OM" and 0y = 0. Thus, it is sufficient to prove that ~
is g-real and g¢-positive. Indeed, if this is true, we know that there will exist a hyperHermitian metric
Qp such that v = Q}Cﬁl, giving the claim. First of all, we note that g-realness is trivial because f is
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(J, J")-holomorphic and then J”f. = f.J. Fixed a point x € M and any (1,0)-frame {Z1,..., Z2,} of
T, M such that JZ5;_1 = Zs;, we can write at x

QU = a U AC AL AC AL ACG AL ANCT,

where {¢?} is the dual coframe with respect to {Z;} and (a;;) is a skew-symmetric matrix which is positive
in the sense that a;;¢* A (7 is g-positive. Now, fix p € M” and choose {Z1,..., Zom} a (1,0)-frame with
respect to I of T, M" such that J" Zoi_1 = Zo;, for alli = 1,...,m. We then consider x € F := ftp)
and, using that f is hypercomplex, we can lift {Zl, .. .,Z~2m} to {Z1,...,Zam} C Ti,’?M such that
JZ9i_ 1 = Zo;, for all i = 1,...,m and complete it to a (1,0)-frame {Z,..., Zo,} of T, M such that
JZsj—1 = Zy;, for all j =m+1,...,n. We can moreover assume that volp = (™LA (™F2 AL AP s
a volume form when restricted to F. Now, we easily see that

’}/Zdijgl/\cu/\...éi/\.../\Ej/\.../\gzm, aij Z/ aijvolF
F
which is again skew-symmetric and positive, concluding the proof. O

A direct consequence of the second statement is that if f: M — M" is a finite covering, then M is
quaternionic balanced if and only if M" is quaternionic balanced.

As regards the closedness under modifications, we leave the question open. Before going into the
problem, it is necessary to understand whether a smooth proper modification, compatible with the hy-
percomplex structures, of a HKT manifold stays HKT or not. The analogue of this problem in the
Kébhler setting was settled by Hironaka in [I85] where a smooth proper modification of a Ké&hler manifold
which is non-Kihler is provided. This example is nothing but a blow-up of CP? along a singular curve.
However, it is not even clear how one can blow-up a hypercomplex manifold obtaining another one or
which operation can substitute the blow-up.

4.5 Strong HKT metrics

In this section, we will study properties of compact strong HKT manifolds, recall Definition
establishing Theorem [E] namely, that on a compact hypercomplex manifold a strong HKT metric and a
balanced hyperHermitian one cannot coexist without forcing the manifold to be hyperKahler.

First of all, we prove two preliminary formulae which hold in the hyperHermitian setting. One of
these can be considered as the quaternionic analogue of [I4, Formula (2.13)].

Proposition 4.5.1. Let (M™,H,Q) be a hyperHermitian manifold with n > 2. Then, for any Z €
I‘(TII’OM), we have

Lyzlz (anQ) AQrl

0y Z,JZ) = [120Q1* + 1,209 —n G

(4.20)

Moreover,
%sCh(Q) +9(80;Q,Q1 Q) — 109 =0. (4.21)
Proof. We have that

20;0" =ndd QA" 4 n(n —1)0QAIQANQV 2.
Now, we fix Z € T(T;°M) and compute

Lyzlz (8Q A\ (%Q A\ 9"_2) = (Lz(?Q) N (szajﬁ) AQPT2 — (szaﬁ) A\ (LZ&JQ) AQP2.
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Using (|1.46)) and Lemma we infer that

_ _ _ 1 _ _ _ _
Lyztz (OQNOQAQT?) = a1 (| Z)]? + |a(JZ)|? = |09 — [1;200]7) Q"
1 -1 7 O) O On
This, together with (4.10]), gives (4.20]).
Finally, choosing I-holomorphic coordinates (z!,...,22") at a point where Q takes the expression
Q=>",dz*"1 Ndz?* we may choose Z = % in (4.20) and sum over i to deduce (4.21]). O

The next theorem we want to present goes in the direction of the so-called Fino-Vezzoni conjecture,

see Conjecture
It is clear from Definition [I.3:29| that a HKT metric  is strong if and only if wy, are all simultaneously

SKT, for L € H, recall Definition [[.1.56] Hence, the question of whether strong HKT and balanced
hyperHermitian metrics can coexist on a non-hyperKéahler manifold or not can be viewed as a particular
instance of the Fino-Vezzoni conjecture.

Before we prove the announced Theorem [E] we need the following preliminary incompatibility result.

Proposition 4.5.2. Let (M™ H) be a hypercomplex manifold with n > 2. If Q is a strong HKT metric
compatible with H which is not hyperKdhler, then 0yjaq > 0 and Ojaq # 0. In particular, chC(M 1,J)
admits a g-semipositive representative and, if M is compact, it is non zero.

Proof. From ({4.20) using that 99;Q = 0, we see that
0100(Z,JZ) = 1200 + 1,200 >0, Z e (T} M)

and since (2 is not hyperKahler there exists at least one Z € T}’OM such that dyaq(Z, JZ) > 0, proving
the first statement.
Furthermore, suppose M is compact and c(fBC (M,H) = 0, then there would be a function f € C*°(M,R)
such that

0<0jaq =00;f.

The above equation, in particular, implies that f is a quaternionic plurisubharmonic function. By this,
since we are working on a compact manifold, f must be constant, forcing 0;aq = 0 which is impossible,
thanks to the first part of the proof. O

The existence of a balanced HKT metric forces a compact hypercomplex manifold (M™, H) to be SL(n, H)
and thus c‘fBC (M,H) = 0. Hence, a fortiori, a non-hyperKéhler strong HKT manifold admits no balanced
HKT metrics. We are now ready to prove Theorem [E]

Theorem 4.5.3. Let (M", H,Q) be a compact non-hyperKdhler strong HKT manifold. Then, there is
no balanced hyperHermitian metric on (M, H).

Proof. If n =1 balanced metrics coincide with Ké&hler metrics, thus the result is obvious.
Suppose n > 2 and assume by contradiction that there is a balanced hyperHermitian metric 2 on M
compatible with H, then

QA Qr Q=LA Qn QLA Qn
97_2 =2 - )=
/M () /aﬂm/\ ”—1) /MaQAaJ<n!(n_1)!> 0

which implies that there exists f € C°(M,R) such that s“"(Q) = Aqf. On the other hand, we know
that 0;aq = 0500 + 005, for some p € C°°(M,R). Tracing this last relation with respect to Q yields

1 1
tro(drag) = 530}1(9) +Aap = §Aﬂ(f +2¢p) .
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But then Propositionmgives Aq(f+2¢) > 0 and from the maximum principle we get tro(9sag) = 0.
We claim that this entails d;a5 = 0 contradicting Proposition To see this, take I-holomorphic

local coordinates (z1,...,2%") at a point where

n n
Q=) dz*Adz?, Djag =) Ndz ' Ad”,
=1 =1

where \; > 0 by g-semipositivity of dyag. Then 0 = tro(dyjaq) = > ) A; as claimed, concluding the
proof. O

From Corollary [£.4.6] we also deduce the following fact about the Kodaira dimension.

Corollary 4.5.4. Let (M,H) be a hypercomplex manifold admitting a compatible strong HKT metric.
Then, k(M,L) = —oco, for all L € H.

4.6 Chern-Einstein hyperHermitian metrics

Let (M, J,w) be a Hermitian manifold. The metric is called first Chern-Finstein if the (1,1)-form w
satisfies
Ric™M(w) = dw, A€ C®(M,R).

The function A is called the Einstein factor. On compact complex manifolds the problem of finding a
Hermitian metric such that the Chern-Ricci form is a multiple of the metric itself is essentially understood
[24]. First Chern-Einstein metrics with non-identically-zero Einstein factor exist if and only if they are
conformal to a Kéahler metric in +¢;(M). Furthermore, such a metric is unique, up to scaling, in its
conformal class. On the other hand, assuming the necessary condition ¢P€(M, J) = 0, a Chern-Ricci flat
metric always exists in any conformal class, and it is unique up to scaling.

Let us show how, in the hypercomplex setting, a natural Einstein condition arises by looking at a
suitable geometric flow.

Definition 4.6.1. Let (M, H, Q) be a hyperHermitian manifold. The hyperHermitian Chern-Ricci flow
is the following evolution equation:
90 —
o'l = ~0saq, (4.22)
Q(0) =Qp.

Such a flow is strictly related to the quaternionic Monge-Ampere equation and it was already con-
sidered in [47]. Indeed, [47, Equation (5)] is equivalent to (4.22) by means of Lemma [4.2.2] This new
formulation of the flow makes evident that the HKT condition is preserved along it.

Definition 4.6.2. Let (M, H) be a hypercomplex manifold. A hyperHermitian metric €2 is Chern-Einstein
if it is a static point of (4.22), namely if it is satisfied the following:

djan = A\ (4.23)
for some A € C°(M,R). If moreover  is HKT we say that it is HKT-Finstein.
We observe that, tracing 7 A is proportional to the Chern scalar curvature:
sOh =2\,
With the next lemma we rephrase the definition in terms of the forms wy, for L € H.
Lemma 4.6.3. Let (M,H,Q) be a hyperHermitian manifold. Then, the following are equivalent:

1. Q is Chern-Einstein with Finstein factor \;
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2. wr satisfies
Ric“" (wy) — JRic™ (wy)

2 e
3. For any pair of anti-commuting complex structures L, P € H,
RicCh _ PRicCh
ic”™(wp,) ic”™(wr,) — s,

2

Proof. We already observed that the equivalence of (1f) and (2)) follows from Lemma The fact that
is equivalent to can be obtained using the symmetry argument as in the proof of Proposition
thanks to which it is sufficient to assume P = I and L = aJ + bK € H. On the other hand, this

case follows from (4.4)) and (4.9). O

Remark 4.6.4. It has been pointed out to us by M. Lejmi that a hyperHermitian metric 2 is Chern-
Einstein if and only if

2,0
(RicCh(wJ) + \/—lRicCh(wK)>( ) 0
5 =\Q.

This follows directly from (4.5)) and (4.6]).

4.6.1 The 1-dimensional case

We start with compact hyperHermitian manifolds of quaternionic dimension 1. These are always HKT
for dimensional reasons and they have been classified by Boyer in [56]. Up to conformal equivalence, the
complete list is the following:

e Tori with the flat metric;
e K3 surfaces with a hyperKahler metric;

e Quaternionic Hopf surfaces, recall Example with the standard locally conformally flat metric,

see (L.38).

The first two classes are hyperKahler while Hopf surfaces are HKT non-Kahler, therefore they are the
right candidate to check the HKT-Einstein condition. Kato [207] has described all complex Hopf surfaces
admitting a hypercomplex structure.

We may endow the Hopf surface with the hyperHermitian metric 2 corresponding to wy as in .
It is easy to check that wy is SKT. We claim that it is also HKT-Einstein. We have

2y/—1
|2]*

Ric™™(wyr) = 2w; — (Z'dzt + 22d2%) A (21dE + 22dE?)
concluding
Ric?™(wy) — JRic“ (wy)
2

Then, w; is HKT-Einstein with Einstein factor identically equal to 1.

From this perspective the classification result of Boyer can be regarded as a hypercomplex version
of the classical uniformization Theorem. The fact that there is no representative with negative Einstein
constant is not an accident. As a matter of fact we will see that this peculiar fact happens in any
dimension for compact HKT-Einstein manifolds.

= Wwy.
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4.6.2 The case A 0

Let (M™, H) be a hypercomplex manifold. If c(fBC (M, I,J) has a sign, it admits a representative +£) where
Q is a hyperHermitian metric which is necessarily HK'T. Notice that this implies that C?BC(M , P, L) has
the same sign as C?BC(M ,I,J) for any pair of anti-commuting P, L € H. For this reason we will write
SBC(M,H) = 0. Now, by definition [0;aq]qpc = [£9Q]qc, thus there exists f € C°° (M, R) such that

Ojaq = 0 + 881f .

It is then easy to show that 2 is conformal to a hyperHermitian Einstein metric. Indeed, Q; = er Q)
satisfies ,
aJOéQf =0jaq —00;f =0 = :teizﬂf.

We shall however observe that the condition C?BC(M ,H) < 0 can never occur in the compact setting.
Indeed, this would give the contradiction

0 / QA Q} / 5 /\Q”*l/\Q’f’ / /\Q"*l/\c‘)JQ?
> — —_— = a0 _— e = [e%¢} e
YRGSt AN OT)E o (n!)?

1 o QP AQY
=5 oo

It is however important to observe that this behaviour is exclusive of the compact case. Indeed, in
Subsection [4.7.4) we will provide examples of HKT-Einstein metrics with negative Einstein factor on
suitable solvable Lie groups.

Let us now consider the case c(fBC (M,H) > 0 and the conformal rescaling Qg = e Q where Qg is the
Gauduchon metric with unit volume. Then,

Dy = Oyag — 00sh = Q+80,(f —h) = e~ #Qq + 90, (f — h).

Tracing and integrating against the Gauduchon volume, it implies that

Qr A QR n QR A QR
._ Ch _ —b
r{a}) = /M 57" (Qc) ((}n!)2 € =2 /M e n!?n — 1(;’! >0.

Now, we shall show that quaternionic Gauduchon metrics conformal to hyperHermitian Einstein ones
with non-identically zero Einstein factor are actually HKT.

Proposition 4.6.5. Let (M",H,Q) be a compact hyperHermitian manifold with n > 2 and admitting a
quaternionic Gauduchon metric Q0 conformal to Q. If

dja = XQ)
for some A € C°(M,R), X # 0, then Q is HKT. Moreover, in this case, C?BC(M, H) > 0.
Proof. Let f € C*°(M,R) be such that Q=elq. Applying 97 to the Einstein equation, we obtain that
drxe™HAQ+reF0,0=0. (4.24)

Let us now set 1) = (Ae™ /)"~ 1. Then, ([@.24) implies 91 A Q"' + 3,971 = 0. Applying 9 to this
identity, we get R ~ ~ R
00,0 A1 — 850 A OO 4 i A D, 4 609, = 0.

Using the quaternionic Gauduchon condition and the definition of 3, we obtain
Agth + g(di, By + Bg) = 0.

Consequently, by the maximum principle, 1 must be constant. Now also Xe~7 is a non-zero constant and
(4.24) reveals that Q is HKT. O
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4.6.3 The HKT case

Now we move on to study the HKT case. Let (M™,H,) be compact HKT-Einstein of quaternionic
dimension n > 2. Let A be the Einstein factor. Since o and € are d-closed we have

0=00;aa=0ANQ
therefore, for n > 2

1
0=0AAIAAQ"! = E|8)\|QQ”

showing that A is constant. Moreover, since c‘fBC (M, H) cannot be negative, then A > 0. Furthermore,
we can deduce an explicit formula for it. To see this, we simply integrate by parts

) 1 /)\Q”/\Q" /8@/\Qn LAQr 1 / o PQ”/\Q”
= o 7n = o " J = " o
Ju Q(nA')sg Mo ()2 Ju Q(nA')S3 (n!)? n for “ nA!Q

This is a striking difference with the usual behaviour of the Einstein factor in other settings. We sum-
marize this as follows.

Proposition 4.6.6. Let (M, H) be a compact hypercomplex manifold. Then, a Chern-Einstein hyperHer-
matian metric with non-identically zero Einstein factor has constant Chern scalar curvature if and only
if it is HKT. When this is the case, the Chern scalar curvature is necessarily non-negative.

It is fairly easy to come up with examples of compact hyperHermitian Einstein manifolds with A = 0
but not admitting compatible HKT metrics. For instance, any hypercomplex nilmanifold M with a
non-abelian hypercomplex structure H, by [43] Theorem 4.6], does not have any compatible HKT metric.
However, since hypercomplex nilmanifolds are SL(n, H), as in the proof of Lemma any left-invariant
hyperHermitian metric €2 satisfies « = 0. In Subsection we will provide examples of HKT-Einstein
metrics with strictly positive Einstein factor.

Within our framework, the quaternionic Calabi conjecture formulated by Alesker and Verbitsky in [0
Conjecture 1.5] can be phrased as follows: on a compact HKT manifold (M, H, ), for any representative
v e c‘fBC (M, H) it should always be possible to find another HKT metric 2, := Q + 005, for some
© € C(M,R), such that d;aq, = ¥. If this turns out to be true, when c‘fBC(M, H) = 0 we would be
able to find HKT-Einstein metrics with vanishing Einstein factor (cf. [332]), i.e. that are balanced and
Chern-Ricci flat.

In a similar fashion, one is led to speculate on the existence of HKT-Einstein metrics on compact HKT
manifolds with positive first quaternionic Bott-Chern class. More precisely, we wonder:

Question 4.6.7. Let (M™ H, Q) be a compact HKT manifold such that c(fBC (M,H) > 0. Does it always
exist ¢ € C*°(M,R) such that Q, is a HKT-Einstein metric?

Proceeding similarly to the Kéahler case, the question turns out to be equivalent to the solvability of the
following quaternionic Monge-Ampere equation:

(Q+00;0)" =e!=2Q", Q4000 >0,

where ¢ € C*°(M,R) is the unknown and f € C*°(M,R) is the datum. Unfortunately, this case is the
quaternionic analogue of the Fano case in the Kéahler setting, hence, when approaching the problem with
the classical method of continuity, the same difficulties arise. Furthermore, it is natural to expect that
certain obstructions may emerge in our context, similar to those found by Futaki [I142] and Matsushima
[239]. It is extremely likely that more sophisticated tools are necessary to approach this problem.

As a final remark, since in the compact HKT case the Einstein factor is non-negative, the quaternionic
Monge-Ampere equation corresponding to negative Chern scalar curvature can never be solved.
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4.7 Examples and constructions

In this section, we collect several examples and two interesting constructions, one inspired by Arroyo and
Nicolini [33] Section 5], the other due to Barberis and Fino [44]. The purpose of the first part of this
section is to exhibit examples admitting one type of metrics listed in Definition but none of the one
immediately stronger. We shall provide several explicit examples with different dimensions, because these
will serve the purpose of “building blocks” in Subsection [f.7.1] to provide examples in any quaternionic
dimension for which it is possible. In Subsection we study the examples constructed by Joyce [201]
and Spindel, Sevrin, Troost, Van Proeyen [291] showing that they are HKT-Einstein with positive Einstein
constant. Finally, Subsection [£.7.4]is devoted to present some non-compact HKT-Einstein manifolds, two
of which have negative Einstein factor.

In what follows, we will work on Lie algebras endowed with a hypercomplex structure. So, we will

always fix a coframe {e!,...,e*"} for the Lie algebra and, unless otherwise stated, use the following
hypercomplex structure: for all k =1,...,n,
Jeth—3 _ _p4k=2  pak—1 _ _ 4k g4k—3 _ _ 4k—1  jdk-2 _ 4k

) b 9 )

In view of this, the (1,0)-coframe {¢!,...,(?"} with respect to I will be ¢/ = e~ + /—1e%, for all
j=1,...,2n, and J will act on it as J(*~ 1 = —(%, foralli=1,...,n.

We start our inspection from manifolds which admit quaternionic balanced metrics but not HKT
ones. An example of such manifold can be found, for instance, in [T12]. Here we present three other such
examples. Note that in quaternionic dimension 2 the quaternionic balanced condition coincides with the
HKT condition, hence we need to work in dimension at least 3. The examples we provide are, 3,4 and
5-dimensional respectively.

Example 4.7.1. We consider the nilpotent Lie algebra in [232] Example 3] with structure constants:
det =0, i=1,...,8,
de® = et NP, detl =el Aeb, detl =el Ae”, de'? =el Aed.

The (1,0)-basis (¢, ..., (%) with respect to I satisfies:
. 1 - 1 -
dCl:Oa ’i:l,...,4, dC5:§(<1A<3+<1/\<3)7 d<6:§(C1A<4+<1/\C4)

Since the hypercomplex structure is not abelian, by [43, Theorem 4.6] the nilmanifold N does not admit
any HKT metric. However, we shall show that N admits an invariant quaternionic balanced metric.
Indeed, the invariant hyperHermitian metric on N that makes the coframe unitary, which corresponds
to the g-real, g-positive (2,0) form

Q= AC+HENTHEACE,

satisfies 922 = 0 meaning that it is quaternionic balanced.
Observe that this example does not satisfy the 99 -Lemma because of [230, Theorem 5] and the obser-
vation of Lejmi and Weber [232, Example 3] that it is not C'*°-pure nor C'*°-full.

Example 4.7.2. Consider the nilpotent Lie algebra with structure equations:
det =0, i=1,...,12,

de® =et NP+ et né, de® =et ne” +el Aett

de'* = e Neb + et Ael? del® = el ned + et nel?.
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It is easy to show that the hypercomplex structure is non-abelian. The (1,0)-basis (¢},...,¢®) with
respect to I satisfies:

1 - _
A" =5 (AC+HTACHENTHTNCEC),

1 _ _
Mgzi(GA§*+GA¢*+GA§V+GA<%.
Again, the metric that makes the coframe unitary is quaternionic balanced.

Example 4.7.3. Consider the nilpotent Lie algebra with structure equations:

det =0, i=1,...,16,

de'" =e' NeP e ne'?, de'® =e' Ne" + e nelt,
de'® = el Neb 4 e? nelt, de®® = el NeB 4+ e? Nelf,
Again, the hypercomplex structure is non-abelian. The (1,0)-basis (¢!, ..., (%) with respect to I satisfies:
d¢t=0, i=1,...,8,
d@z%@w@+éA@+éAﬁ+?A5%
d<1o:%(ClAC4+€1/\<4+<5A<8+§5/\<8) _
Also in this case, the hyperHermitian metric with respect to which the given frame is unitary satisfies

the quaternionic balanced condition.

We now exhibit examples of compact quaternionic strongly Gauduchon nilmanifolds on which no
quaternionic balanced metric exists. Notice that the minimum quaternionic dimension for which it is
possible to provide such an example as a nilmanifold is 3, indeed all hypercomplex nilmanifolds are
SL(n,H), see [43, Corollary 3.3]. Therefore, in real dimension 8, they admit a quaternionic strongly
Gauduchon metric if and only if they admit a HKT metric by [232, Theorem 10.1].

Example 4.7.4. Consider the nilpotent Lie algebra with structure equations:
de! =0, i=1,...,8,
de® =et ned, del® =el Net +eTAed, del'=ePne”, del?=—e3Net +eP e,
The structure equations can be rewritten in terms of the (1,0)-coframe (¢!, ..., (%) as follows:

¢t =0, i=1,...,4,

AP = S ACHEAC ALY, = L(CACHEACHCAD),
In particular, we have that:
o¢t = 0¢ = a* = a¢* =, 0 = 3¢ A ¢, 20 = 3¢ A ¢,
i ==, =0, =0, =LA, = A

The invariant hyperHermitian metric €2 that renders the coframe unitary is quaternionic strongly Gaudu-
chon as

O =205(CANCANCANCE = ANCAEENACE.
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Since the structure constants are rational, the Lie algebra admits a lattice and the metric above descends
to the compact quotient N. On the other hand, we claim that there are no quaternionic balanced metrics
on the nilmanifold N. Indeed, the form ¢! A (? = 20¢® induces a g-positive, J-exact, (2,2n)-current T
given by integration

T(v)::/ClAC2A7A@, veATTPON,
N

where O is any holomorphic volume form in A?n’ON . We conclude applying Proposition m

Example 4.7.5. Consider the nilpotent Lie algebra with structure equations:

det =0, i=1,...,12,

de'® =et ne?, de?® = e’ Ne” +e® Nell,
de'* = et Net +e" Aed el nel?, del® = —e3 net+ e ned +e” nel?.

The complex structure equations are:

dc7=%(ClAC2+§1A<2—44A<’4—<6A56%
d@=%@A&+?A&+&A&+?A@+@A?%

The invariant hyperHermitian metric that makes such coframe unitary is quaternionic strongly Gaudu-
chon. On the other hand, as in the previous example, it is easy to see that there are no quaternionic
balanced metrics.

Example 4.7.6. Consider the nilpotent Lie algebra with structure equations:

de =0, i=1,...,16,

de'"=e' NP+ P Ae del® =el Net+eSned +ell Ael? +el® nelf
de'® =e? Nell + el Ael?, de?® = —e* Net —eT NeP + e Nel? L el Aell.

The structure equations can be rewritten in terms of a (1, 0)-coframe with respect to I as follows:

d@=%wA@+€A8+@A&+?A&—&A?—@A?%
aw=5&A&+&A&+€A&+5Aé+@A?+@A?%

The invariant hyperHermitian metric that makes the (1,0)-coframe unitary is quaternionic strongly
Gauduchon and the same argument of Example [£.7.4] shows that there exists no quaternionic balanced
metric.

Remark 4.7.7. Both the quaternionic balanced condition and the strongly Gauduchon condition are not
preserved under small deformations of the hypercomplex structure. Indeed, in [I10], the authors provide
an example of an 8-dimensional nilmanifold on which the existence of HKT metrics is not preserved
along a deformation of the hypercomplex structure. However, HKT metrics in quaternionic dimension
2 coincide with quaternionic balanced ones while, as remarked above, on hypercomplex nilmanifolds of
real dimension 8 the existence of HKT metrics is equivalent to the existence of quaternionic strongly
Gauduchon metrics.

It would be interesting to know if the same phenomenon occurs for the quaternionic Gauduchon condition.
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We now focus on manifolds admitting quaternionic Gauduhcon metric but no strongly quaternionic
Gauduchon ones.

We already mentioned that any 8-dimensional hypercomplex nilmanifold with non-abelian hyper-
complex structure admits no quaternionic strongly Gauduchon metric. On the other hand it admits a
quaternionic Gauduchon metric by Lemma Notice that, as a consequence of Lemma [4.3.7} no
example in this class can satisfy the 09 -Lemma.

Here we present an example in each dimension.

Example 4.7.8. For n > 2, consider the 4n-dimensional nilpotent Lie algebra with structure equations:

de =0, i=1,...,4n—3,

n—1
4n 2 __ § : 4k— 3/\64k 2 4n 1 _ E 4lc 3 /\64k 1 d€4n — E 64]@73 /\64]6'
k=1

The (1,0)-basis (¢',...,¢?") with respect to I satisfies:

¢t =0, i=1,....2n—2,

n—1 n—1
_ 1 1, 2k n 1 _ ok
dC2n 1:7524'2]() 1/\4-219 1’ d<-2 :§Z(<2k 1/\€2k+<2k 1/\4'2]6).
k=1 k=1

We shall check that the generic invariant hyperHermitian metric
Q=A,;C NG, AyecC,
is not quaternionic strongly Gauduchon. We compute
00" =9 (Ay¢ AT
:(n—1)!a(pf(A(i,j))<1A-~-AéiA~-A§jA-~-A<2")
—(n=1! > pf(AGE)C A AT A AT A NG N

1<i<j<2n—1
__-1 <pr 2k—1,2k))> Ca-onet,

where the hat symbols means that the term is missing and A(i,j) denotes the matrix obtained from the
skew-symmetric matrix A = (A,,) removing the i*" and j** rows and columns. Then 92"~ is non-zero,
because by ¢-positivity of € we must have pf(A(2k —1,2k)) > 0, for all k =1,...,n. Moreover, it is not

Odj-exact since
n—1

0,¢'=0, i#m—1, 9,71 = ZCQ’“AC%

On the other hand, these are all nilpotent Lie algebras with rational structure constants, therefore
the corresponding nilmanifolds are SL(n,H) and the existence of a quaternionic Gauduchon metric is
guaranteed by Lemma [4.3.2]

Finally, we discuss an example of hypercomplex manifold which do not admit any quaternionic Gaudu-
chon metrics.

Example 4.7.9. The example we describe appeared in [I7, Example 6.3] to provide a negative answer to
a question posed by Verbitsky. It is constructed as a compact quotient S = G/I" of a solvable Lie group
by a lattice I equipped with an invariant hypercomplex structure H. Andrada and Tolcachier show that
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the canonical bundle of (S, ) is holomorphically trivial but that of (S,.J) is not, indeed, they even show
that ¢PC(S, J) # 0. On the other hand, the holomorphic triviality of K (g ;) implies ¢}>C(S,H) = 0 (cf.
Remark . We then conclude that a compatible quaternionic Gauduchon metric cannot exists from
Corollary

For the sake of completeness we also show this in another way. Thanks to the symmetrization process, it
is enough to show that (S,H) does not admit invariant quaternionic Gauduchon metrics. We may easily
conclude by means of Theorem Indeed, (S,H) cannot satisfy condition in any conformal
class (although it does satisfy condition ) For any invariant Gauduchon hyperHermitian metric
Qa, we must have sP(Qg) = 0 by the triviality of K s,y and so if were to hold, it would imply
aq. = 0 which contradicts the fact that (S, H) is not SL(n, H).

Remark 4.7.10. This example, together with Proposition also shows that x(S,I) = 0 while
k(S, J) = —00, 80, in general, it may happen that different complex structures in the same hypercomplex
structure yield different Kodaira dimensions.

From this, it also follows that the complex deformation

Iy = cos(mt)I + sin(wt)J, te€[0,1/2],

does not preserve the Kodaira dimension, a fact that is in contrast with the projective case as shown by
Siu [286]. We are grateful to G. Grantcharov for this observation.

We conclude this section showing that the quaternionic strongly Gauduchon condition depends on
the choice of the pair of anti-commuting complex structures in the same hypercomplex structure

Example 4.7.11. We consider Example Let us show that with respect to the pair (J,I) there
are no quaternionic strongly Gauduchon metrics. Consider the (1,0)-coframe with respect to J given by
w1 = =3 4 /Tt 1 and w?* = e** 2 — \/=1e** for k =1,2,3, and let d = 9 + 9 be the splitting
of the exterior differential with respect to J. Then

; 1

ow' =0, i=1,...,5, awﬁzz§@/—1w1AuP+-w3Auﬁy
. = 1

I 0Iw' =0, i#5, I_18]w5:5(\/—1w1Aw2—w3/\w4).

It is now easy to check that the generic invariant hyperHermitian metric {2 cannot be quaternionic strongly
Gauduchon, since 922 is proportional to w! A w? A w? A w* A w® which is never I~10I-exact.

4.7.1 Arroyo-Nicolini’s construction

In [33] Section 5], Arroyo and Nicolini give a procedure to construct nilpotent SKT Lie algebras starting
from previous ones. Here we adapt their argument to build new hyperHermitian nilpotent Lie algebras.

Let (g1,[]1,H1) and (g2, [, ]2, H2) be two nilpotent Lie algebras equipped with a hypercomplex
structure generated by (I1,J1) and (I3, J2) respectively. Provided we have dimlg;, g;] < dim Z(g;), we
can choose e; € Z(g;) \ [9:, 9:], where Z(g;) is the center of g;. Then, we can define the new Lie algebra
g=01Dg2® (X,Y, Z, W) with Lie bracket

['7 }

and hypercomplex structure H determined by:

g9iXgi T ['7 ']i7 [X> Y] = _[Z, W] =e1 + e

Ilg, =1, IX=Y, IZ=W,
Ilg: = Jis JX =7, JY = —W.

Observe that the nilpotency step of g is the maximum of the nilpotency steps of g; and g-.
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Theorem 4.7.12. The hypercomplex Lie algebra (g,H) admits HKT (resp. quaternionic balanced, quater-
nionic strongly Gauduchon) metrics if and only if (g1,H1) and (g2, H2) do.

Proof. Clearly, H is abelian if and only if both H; and Hs are, therefore, thanks to [43] Theorem 4.6], the
theorem is true for HKT metrics. We can be more precise: €2; is a HKT metric on g; for i = 1,2 if and
only if

Q=0 +Q+ A (4.25)

is HKT, where (¢!, ¢?) is the (1,0) coframe with respect to I dual to (X —+/—1Y, Z — /=1W). This is
because (¢! A ¢?) = 0 and the only modification that occurs in the structure constants of g; is that now
de’ = 2¢/=1(—C¢* A ¢ + ¢% A ¢?), which before was zero. In particular, de’ = 0 is unaltered.

The same phenomenon occurs for the other kinds of special metrics. Let €2; be a hyperHermitian metric
on g; and define ) on g as in . Let n; be the quaternionic dimension of g; and let n =ny +no + 1
be that of g. Since

ol = (:)Q? A Q2 +n2<:>9?1 AQETUACYAC 4y <:>Q§“—1 A2 ACYACE,
1 1 2

we see that

n

o1 = n2( )Q;“ NI P ACTACE 4y (:)aﬂ’fl‘l AQR2ACEACE.
2

Ua|
Therefore, ) is quaternionic balanced or quaternionic strongly Gauduchon if and only if €; and €5
are. O

Assume that (g;, H;) are equipped with metrics g; that makes them indecomposable, that amounts to
say that they cannot be written as a g;-orthogonal sum of H;-invariant ideals for ¢ = 1,2. If we choose
e; € Z(g;) N [gi, @]9, the resulting hypercomplex Lie algebra (g, H) is then also indecomposable, a fact
that can be seen with the same argument of Arroyo and Nicolini [33] Subsection 5.1]. Furthermore, it is
not hard to check that dim[g, g] < dim Z(g) so this Lie algebra can be used again in the process to obtain
higher-dimensional indecomposable examples.

Note that, if g1 and go have rational structure constants the same is true for g, therefore we can find
lattices. This discussion, together with the observation that the examples produced in Examples [£.7.1]
[E72 {73 [E74 75 [E7.6] [£.7.8 are indecomposable nilpotent Lie algebras with rational structure
constants, shows that we can use them as building blocks to construct compact nilmanifolds carrying
a certain type of special metric but no metrics of the class immediately stronger among those we have
studied. This can be achieved in any quaternionic dimension except for those low dimensions for which
we explained that this cannot happen.

4.7.2 Barberis-Fino’s construction

In this subsection, we study the behaviour of the metric conditions under a construction due to Barberis
and Fino [44]. The idea is to take a hypercomplex Lie algebra and build a new one via a quaternionic
representation.

Let g be a 4n-dimensional Lie algebra and p: g — gl(k,H) a Lie algebra homomorphism. Define on
Tog:=gX, HF the Lie bracket

[(Xa U)7 (K V)] = ([Xa Y]v PX(V) - pY(U))
for every X,Y € g and U,V € HF. If g is endowed with a hypercomplex structure H
L(X,U) = (LX,IU),

defines a hypercomplex structure H on T,9, where if L = al +bJ 4+ cK € H then | = ai + bj + ck,
being i, j, k the quaternion units in H. Finally, if g is a hyperHermitian metric on (g, H), the metric g
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induced by ¢ and the natural metric on HF in such a way that g is orthogonal to H* is hyperHermitian on

(T, g,H). We will denote objects on (T, g, |:|) with a tilde, so, for instance,  and Q will be the respective
(2,0)-forms with respect to I and I.

Theorem 4.7.13 ([44]). Let (g,H,g) and (T, g,H,§) be as above and denote p: T, g — g the orthogonal
projection. Then,

1. VOPG =0 if and only if VOPg =0 and p: g — sp(k).
2. Q is HKT if and only if Q is HKT and p: g — sp(k);

3. if p: g — sp(k) then TL = TL o p and dTE = dTF o p, where TE and T are the torsions of the
Bismut connections of (g, L) and (g, L) respectively, for L € H;

4. if p: g — sp(k) then g = g o p.

In particular, when p: g — sp(k), (T, g, H,Q) is strong HKT (resp. weak HKT, hyperKdhler, balanced)
if and only if (g,H, Q) is.

We can refine this result by proving the following result.

Theorem 4.7.14. Let (g,H,Q) and (T, g, H, Q) be as above, denote p: T, g — g the orthogonal projection
and assume p: g — sp(k). Then, ag = agop, By = Ba op, Ric™ (w;) = Ric™(wr) op and Ric®(w;) =
Ric®(wr) o p. In particular, (T, 9, H,Q) is quaternionic balanced (resp. quaternionic Gauduchon) if and
only if (g, H, Q) is.

Proof. Let €' be the standard metric on H*. Then

QUX,U), (Y, V) = QUX,Y)+ QU V).

It follows that

dQ((X,U), (Y, V), (Z,W)) =dQUX,Y, Z) = Q' ((px + pX)V. W) = Q' ((py + p3 )W, U)
—Q((pz +p7)U, V).

Therefore, since we assumed p: g — sp(k) we get dQ = dQop. Therefore, taking (3,0)-parts and applying
A yields

Ba(X,U) = (Aa00)(X,U) = (A00Q)(X) = fa(X) . (4.26)
Now, using Proposition @, Theorem [4.7.13 and (4.26]), we deduce the claim for ag. This, in
turn, implies RicCh(wE) = Ric“®(wy) o p. Similarly, we also have RicP (w;) = Ric®(wy) o p. O

As a consequence of the above, we notice that
Ojag =0jaqop.
Hence, if Q is Einstein
ds00(X,Y) = 005((X, U), (Y, V)) = M(X,U), (Y, V) = XX, Y) + AV (U, V),

for all X,Y € g and U,V € H*, which is possible if and only if A = 0.



4.7. EXAMPLES AND CONSTRUCTIONS 159

4.7.3 Joyce’s examples

In this subsection, we shall prove the following theorem.

Theorem 4.7.15. Let G be a compact semisimple Lie group and k > 0 an integer such that the product
T* x G admits an invariant hypercomplex structure H as defined in [201)]. Then, (T* x G,H) admits an
wmvariant strong HKT-Finstein metric with positive Finstein constant.

To do so, it will be useful to briefly overview the construction of Joyce [201I]. Let G be a compact
semisimple Lie group of rank r and fix a maximal torus H in G. Within this framework, structure theory
can be performed, which allows to obtain a decomposition of g = Lie(G) of the following form:

m

g—b@@a @@fg,

where b is abelian of dimension r —m, d; C g are subalgebras isomorphic to su(2), and f; C g are
subspaces satisfying the following properties:

J1

(J1) [0;,6] =0, for any j =1,...,m, andb::Lie(H)gb@@;”:laj;
(J2) [0;,9;] =0, for j # i
(J3) [0j,f] =0, for j < ¢;
(J4)

J4) [05,f;] € §;, for any j = 1,...,m, and this Lie bracket action is isomorphic to the direct sum of a
finite amount of copies of the su(2)-action on C? by left matrix multiplication.

Such a decomposition will be called a Joyce decomposition of the Lie algebra g.
Now, denote T?m~" =2 U(1)?™~" the (2m — r)-dimensional torus, so that the Lie algebra of T?"~" x G
decomposes as

@2m—rul) &g =R s Do e P,
j=1 i=1

We define a hypercomplex structure I, J, K € End((2m — r)u(1) ® g) in the following manner. For every
j=1,...,m, denote (e], €}, e}, e}) abasis of R, such that (e}, e?,...,e) is the standard basis of R™
and e}, e}, e} satisfy the commutation relations:

[eg, eg] = 261 , [ei, eg} = 26% , [eé, ei] = Qeg . (4.27)
We can regard R @ 9; as a copy of the space of quaternions.

(a) Forany j=1,...,m,let I,J, K act on R®?; as:

We obviously further require I? = J? =

(b) Forany j=1,...,m,let I,J, K act on f; as:

If=leh f], Jf=Ieh.fl, Kf=I[e 1]
for each f € f;.

It is clear that I, J, K induce a hypercomplex structure H on R™ ¢ @;nzl 0;, the fact that it is also
a hypercomplex structure on @;nzl f; follows from . At this point Joyce uses an argument due to
Samelson [280] to prove that I and J must be integrable.
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Since the group G is semisimple, the opposite of the Cartan-Killing form —B is a positive-definite
inner product on the Lie algebra g. We now follow the argumentation of Grantcharov and Poon [I74]
in order to show that —B can be extended to a HKT metric on G. This observation is originally due
to Opfermann and Papadopoulos [251], who also generalized the construction to certain homogeneous
spaces.

It can be seen that the Joyce decomposition is orthogonal with respect to B, see [174, Lemma 2]. Let
then H;, X;,Y; be an orthogonal basis for 9; such that H; € h and

B(H;, H;) = B(X;, X;) = B(Y},Y;) = =3,
for some A; € R. Since (2m — r)u(l) @ b = R™, we can extend B to R™ simply by setting B(e;, e;) =

—5ij)\?, where (e1,...,e,) is the canonical basis of R™. An easy inspection shows that this extension

is a hyperHermitian metric on (2m — r)u(1) ® g. Let ¢’ be the metric induced on T?™~" x G by such
hyperHermitian inner product. Consider the left-invariant connection V on T2™~" x G such that all left-
invariant vector fields are parallel. Since the metric ¢’ and the hypercomplex structure H on 72" x G
are left-invariant, they are preserved by V. The torsion tensor is TV (X,Y) = —[X, Y], therefore

TV(X,Y,Z) = ¢ (TV(X,Y),Z) = B([X,Y],Z) € A3(T*""" x G). (4.28)

It follows that the Bismut connections of I and J coincide with V. Therefore, the metric ¢’ is HKT and
it is easy to see that it is also strong.

We shall now show that such a metric can be appropriately rescaled at each level of the Joyce
decomposition in order to obtain an HKT-Einstein metric.

Theorem 4.7.16. Let G be a compact semisimple Lie group of rank r and H an invariant hypercomplex
structure defined on T?™~" x G as above. Then, (T*™~" x G, H) admits an invariant strong HK T-Einstein
metric.

Proof. Here we can work at the algebra level. Let

s=bvoPooPi
j=1 j=1

be a Joyce decomposition of the Lie algebra g and let B be the Cartan-Killing form on g. Denote
d; = dimy(f,;) and set p; = \/ﬁ, for any j = 1,...,m. Then, we claim that

m
g=— ZN?BW@%@L-

J=1
is an HKT-Einstein metric on (2m — r)u(1) @ g satisfying
dya =, (4.29)

where ) denotes the corresponding (2, 0) form with respect to I.

First of all, it is clear that g is a hyperHermitian metric with respect to H. Second, the same discussion
as above shows that the metric induced by g on T2™" x G is strong HKT. Since on both sides of
we have g-real (2,0)-forms, it is enough to show the identity along the diagonal, i.e.

(X, JX) = AUX,JX), Xe@m—-ru(l)@g. (4.30)

Let 6 = 6 be the Lee form of ). Then, we have

dya = 0,00 = ifl(d —V/—1d$)(JO — V—-1K0),
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whence
405a(X,JX) = JO([JX, X]) — JO(K X, IX]) — V-1K0([JX, X]) + V-1KO([K X, IX]).

On a HKT manifold the Lee form satisfies
1 4n 1 4n 1 4n
0(X) = -3 ;TV(IX, i, Ie;) = -3 ; TV(JX, e, Je;) = -3 ; TV(KX,e;,Ke;),

where (eq,...,€4,) is an orthonormal basis of the tangent bundle (see [I96]). In this setting, the torsion
3-form is defined as in (4.28)) with respect to g, therefore, we obtain

4an

80,a(X,JX) =Y (TY([JX, X], e, Je;) — TV ([KX,IX], ¢;, Je;)
i=1
—V-ITY([JX, X], e, Ke;) + V—1TV (KX, 1X],e;, Ke;)) .
But, since
TV(X,Y],Z,W) =T ([Z,W],X,Y),
we get
4n
80,a(X,JX) =Y (= g(lles, Jei], JX], X) + g([[es, Jei], KX], IX) (431)
i=1 .
+V—-1g([[e;, Kei], JX], X) — V—1g([[e;, Ke;], KX], IX)) .
At this point, we choose the orthonormal basis (e1,. .., e4,) to be the following: for any j =1,...,m, let
(e],...,€}) be an orthonormal basis of R @ 9, with only non-zero commutators:
[832.7 eé} = 2:ujei ) [ei’ 6%] = 2:“]"% ) [ega 6271] = 2Mje; :

. : J J J _ ) J _ J J
On ,fJ’ we fix any orthonormal basis {fl.’ . .,f4d_j} such that fi, o = If]. s, fle1 = Jfie_s: flr =
Kf]._sfor k=1,...,d;. Notice that (ef,...,e}) is, in general, different from the basis chosen in ([4.27)
and, with this new orthonormal basis, the definition of H on §; is:

1, 1. 1.
If:7€Jf7 szie]f7 Kfzie]mf'
uj[ 2, f] uj[ 35 /] M[ 10 /]
Thus, we have 4 . ‘ ' . ‘ ' ' 4
[6]1’ Jejl] + [6%, Je%] + [6%7 Jeé] + [6317 Jeﬁ = 4,Uj€§,
[e1, Ke3] + [e3, Ke3] + [e}, Kej] + [e], Kel] = dpef.
On the other hand, we claim that, for any j =1,...,m,

UL TF) = dd;jpged . (4.32)
i=1

Indeed, we observe that

3

> Femrs I i) = 2 (s Firc] = e £) -

r=0
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By definition of (I, J, K) on §; and using Jacobi’s identity, we have

. . . . 1 . . . 1 . . .
[fik—Qvfik] = [fik—Qvaik—3] = ;Hfik—?ezl]?fik—?)] + ;[Bi, [fik—gvfik—s]]
J 7

. . 1 . .
= —[K fi_os fir_s] + ;[eiv [fik—os Fii_s]]

‘ . 1. ,
= [fih_3> [l 1] + Ij[ei’ [fie—2s fi_sll s

hence
;o , 9o b ,
Z[ z‘ja Jfﬂ = Z[eia [fikfm fik73” :
i=1 Hi =
To prove the claim, we fix k € {1,...,d;} and consider the components of [fik—Z’ fik_?)] with respect to

the Joyce decomposition:
m 4d
[fliezs Fisl = D | Dl + Dieh + Diel + Diel + Y Frfy
p=1 g=1

Then, we have that [ei,D‘fe’f] =0,forp=1,...,m and [ei,Dgeg] =0, for p # j and ¢ € {2,3,4}, by
properties (J1f) and . Moreover, since the chosen basis is orthonormal, we have

Dy = g([fiy—2: flesls €2) = 9(fih_a: [fin_sz- €3]) = —139(fip_os 1fd4s) = 15,
while, proceeding similarly,

Dg = *ﬂjg(fik—wfz{k—ﬂ =0 and Di = *Njg(fz{k—zvfik) =0.

Furthermore, for p < j and ¢ € {1,...,4d,}, we have

) . 1 . .
Ff = —9([fik—27fik—3]712f5) = _;jg([fik_wfik_sL [6’2’,1,7‘5’})

G Flool B IS7)
Mg
1 . . . .
= _Mijg([[fik727 e8], fle—sl + [fir—z: [fiy_s €3]l 1f)) =0,

where in the last equality we used . For p = j, as above, we have that

Fy = =g e Pl + (oo (o 159)

Hj
= g([lfi.kf% fikfs] + [fikfw Ifik73]’ Ifg)
= 9(~[Fli_sr Floes) + [hp_o0 He o) 1)) = 0.

Finally, [ei,Fg’fg] =0, forp>jand g€ {1,...,4d,}, by . Then, putting everything together we
infer

o ) o 5 i
€% [fik—wfikfg]] = —pjle, e3] = _2:%'@%
and summing up over k we obtain (4.32), as claimed. In the same way, one can verify that

4d;

UL K = ddjpge .

i=1
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Therefore . .
Z[6i7 Je,] = 42(1 + dj),uje% 5 Z[€i7 Kei] = 42(1 + dj)ujei
i=1 j=1 i=1 j=1
and (4.31]) becomes
1w :
(X, JX) 52 (1+dj)pi( = g(le}, JX], X) + g([e}, KX],IX)

+V=1g(le}, JX], X) = V=1g([e}, KX], X)) .

We have that, for any X in the chosen basis, Q(X, JX) = % So, we aim to show that d;a(X, JX) = %
which will conclude the proof. We will prove it case by case. Suppose, firstly, that X = e¥, for some
k=1,...,m. Then

1 1
Oya(X,JX) = 5(1+ di) g ([e5, €] e5) = (L +di)pi = 3
Moreover, if X = €5, for some k = 1,...,m, then
1 1
0y0(X, JX) = 5 (1+ di)urg([e5, el], e3) = 5

Furthermore, if X = €%, for some k = 1,...,m, then

1 .
8JQ(X7 JX) = 75(1 +dk)ukg([6§76§]’ei) =35

If X = ¢, for some k= 1,...,m, then
1 ; 1
050X, TX) = —5 (1 + dilung([eh, ], ) = 5.
Finally, if X € fi, for some k = 1,...,m, the terms in the sum for j # k vanish because
1
g(le}, IX), X) = ——g([e3, [e5, KX]], X)
Hj
1 1
= ——g([[e}, e8], KX], X) = —g([e}, [e}, KX]], X)
Hj Hj
1 .
= g(les, KX, [¢5, X]) = g([e}, KX],1X),
J

where in the second to last equality we used (J2)). In the same way one can obtain that g(lel, JX], X) =
([64, KX],IX). Therefore we only need to consider the terms for k = j, which yields

050(X, 7X) = L (1 di)yid (— 9(J°X, X) + (KX, IX)

+VIIG(KIX, X) — VTg(K2X, IX)) = +

and the proof is concluded. O

4.7.4 Some non-compact HKT-Einstein manifolds

We conclude this section providing other examples of invariant HKT-Einstein manifolds. This time the
examples are non-compact and they are simply-connected solvable Lie groups. We shall consider all
4-dimensional solvable Lie algebras, which are classified in [40]. By dimensional reasons they all are HKT
and we show here that they actually are HKT-Einstein. Except for the abelian Lie algebra we have three
cases to consider. Again, we adopt the convention explained at the beginning of the section regarding
the coframe and the hypercomplex structure.
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Example 4.7.17. Here we take into account the Lie algebra aff(C) of the affine motion group of C. The
structure equations are

de' = —etnet +ePned, de? =0, ded =elne?—enet, det =0,
which translate to the complex coframe to

V-1

=5

V-1

1 —
d¢ =3

("AC = A, d¢? (A=A

The diagonal metric Q = ¢! A (2 satisfies « = —/—1¢? and thus dya = 0, so that the metric  is
HKT-Einstein with vanishing Einstein constant.

Example 4.7.18. Consider the 4-dimensional solvable Lie algebra with structure equations
de' =0, de? =—e'Ne?, ded =—e'ned, det = —e' net.

In terms of the complex (1,0)-coframe we have
1 - 1 _
d¢' =S¢ NG, de? = =S¢ A H TG,

The diagonal metric Q = ¢! A ¢? satisfies « = —(¢! and so dja = —%Q, showing that 2 induces on
the corresponding simply-connected solvable Lie group an invariant HKT-Einstein metric with negative
Einstein constant.

Example 4.7.19. We conclude with the solvable Lie algebra with structure equations

1 1
de! =0, de? =—e' Ne®+2e® net, de3:—§el/\e3, de4:—§el/\e4,

equivalently,
dc=%0A5—8A?,d@=—56A@+5A@%

The diagonal metric Q = (! A ¢? satisfies o = —%Cl and so Jya = —13—69, which shows that 2 is
HKT-Einstein with negative Einstein constant.
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