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Résumé

Dans cette these on s’intéresse a deux types de structures conformes non-dégénérées sur une
variété complexe compacte donnée. La premieére c¢’est une forme holomorphe symplectique
twistée (THS), i.e. une deux-forme holomorphe non-dégénérée a valeurs dans un fibré en droites.
Dans le deuxieme contexte, il s’agit des métriques localement conformément kéhleriennes
(LCK).

Dans la premiere partie, on se place sur un variété de type Kéahler. Les formes THS généralisent
les formes holomorphes symplectiques, dont I'existence équivaut a ce que la variété admet une
structure hyperkéhlerienne, par un théoreme de Beauville. On montre un résultat similaire
dans le cas twisté, plus précisément: une variété compacte de type kahlerien qui admet une
structure THS est un quotient fini cyclique d’une variété hyperkéhlerienne. De plus, on étudie
sous quelles conditions une variété localement hyperkéhlerienne admet une structure THS.

Dans la deuxiéme partie, les variétés sont supposées de type non-kéhlerien. Nous présentons
quelques criteres pour l'existence ou non-existence de métriques LCK spéciales, en terme du
groupe de biholomorphismes de la variété. En outre, on étudie le probleme d’irréductibilité
analytique des variétés LCK, ainsi que 'irréductibilité de la connexion de Weyl associée. Dans
un troisieme temps, nous étudions les variétés LCK toriques, qui peuvent étre définies en
analogie avec les variétés de Kéahler toriques. Nous montrons qu’une variété LCK torique
compacte admet une métrique de Vaisman torique, ce qui meéne a une classification de ces
variétés par le travail de Lerman.

Dans la derniere partie, on s’intéresse aux propriétés cohomologiques des variétés d’Oeljeklaus-
Toma (OT). Plus précisément, nous calculons leur cohomologie de de Rham et celle twistée.
De plus, on démontre qu’il existe au plus une classe de de Rham qui représente la forme de
Lee d’une métrique LCK sur un variété OT. Finalement, on détermine toutes les classes de
cohomologie twistée des métriques LCK sur ces variétés.

Mots-clés

Forme holomorphe symplectique, variété hyperkahlerienne, métrique localement conformément
kahlerienne, métrique de Vaisman, géométrie torique, variété d’Oeljeklaus-Toma, cohomologie
twistée.



Abstract

In this thesis, we are concerned with two types of non-degenerate conformal structures on
a given compact complex manifold. The first structure we are interested in is a twisted
holomorphic symplectic (THS) form, i.e. a holomorphic non-degenerate two-form valued in a
line bundle. In the second context, we study locally conformally Kéhler (LCK) metrics.

In the first part, we deal with manifolds of Kéhler type. THS forms generalise the well-known
holomorphic symplectic forms, the existence of which is equivalent to the manifold admitting
a hyperkéhler structure, by a theorem of Beauville. We show a similar result in the twisted
case, namely: a compact manifold of Kéhler type admitting a THS structure is a finite cyclic
quotient of a hyperkédhler manifold. Moreover, we study under which conditions a locally
hyperkahler manifold admits a THS structure.

In the second part, manifolds are supposed to be of non-Kéhler type. We present a few
criteria for the existence or non-existence for special LCK metrics, in terms of the group of
biholomorphisms of the manifold. Moreover, we investigate the analytic irreducibility issue for
LCK manifolds, as well as the irreducibility of the associated Weyl connection. Thirdly, we
study toric LCK manifolds, which can be defined in analogy with toric Kéhler manifolds. We
show that a compact toric LCK manifold always admits a toric Vaisman metric, which leads
to a classification of such manifolds by the work of Lerman.

In the last part, we study the cohomological properties of Oeljeklaus-Toma (OT) manifolds.
Namely, we compute their de Rham and twisted cohomology. Moreover, we prove that there
exists at most one de Rham class which represents the Lee form of an LCK metric on an OT
manifold. Finally, we determine all the twisted cohomology classes of LCK metrics on these
manifolds.

Keywords

Holomorphic symplectic form, hyperkahler manifold, locally conformally Kéhler metric, Vais-
man metric, toric geometry, Oeljeklaus-Toma manifold, twisted cohomology.
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Introduction

In the present dissertation, we are interested in certain non-degenerate conformal structures
on a given compact complex manifold. The conformal nature can be encoded in a line bundle
over the manifold. As such, given a complex manifold (M, J) and a line bundle L over M, we
want to study non-degenerate two-forms:

weT(N*T*M @ L).

There are two different settings which we investigate. In the first one, we suppose that L is a
holomorphic line bundle and w is an L-valued holomorphic two-form. This kind of structure
will be called twisted holomorphic symplectic (THS). In the second context, we suppose that L
is an oriented real line bundle endowed with a flat connection V, and w is a positive (1, 1)-form

with values in L which is dy-closed. Such a structure will be called a locally conformally
Kdhler form (LCK).

Both these structures are natural generalisations of the well-known non-twisted ones: the first
one coincides with a holomorphic symplectic form when L is holomorphically trivial, while the
second one is simply a Kahler metric when (L, V) = (M x R,d). We wish to understand what
kind of restrictions the existence of such structures imposes on the manifold, and to what
extent the properties of the corresponding non-twisted structures generalise to our setting.

As it turns out, if one assumes that (M, J) is of Kéahler type, then one reduces quite easily to
the non-twisted situation. The first chapter proves and explains this reduction in the context
of THS structures. On the other hand, we make no assumption of Kéhlerness in the second
situation, and although LCK structures are just conformal generalisations of Kéhler structures,
they behave quite differently from the latter. LCK structures are studied throughout chapters
2 to 4. The last chapter presents a certain family of non-Kéhler complex manifolds, called
Oeljeklaus-Toma manifolds, focusing on their topological properties. This part is related to
the rest of the discussion by the fact that some of these manifolds admit LCK forms.

Twisted holomorphic symplectic forms

Let (M, J) be a compact complex manifold of Kéhler type, of complex dimension 2m. It is
well known, by a theorem of Beauville [Bea83b|] based on Yau’s proof of the Calabi conjecture,
that the existence of a holomorphic symplectic form w on M is equivalent to the manifold
admitting a hyperkéhler structure, i.e. a metric compatible with the complex structure, whose
holonomy group of the Levi-Civita connection sits in Sp(m). One might hope to obtain less
rigid structures if one assumes that the symplectic form takes values in a holomorphic line
bundle instead.

vii
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This expectation is quite natural if we take a look at the analogous symmetric situation:
suppose that L is a holomorphic line bundle over (M, J) and that there exists a non-degenerate
holomorphic section g € H°(M, S?*T*M ® L), called a holomorphic conformal structure. Still
under the Kédhlerness assumption, Inoue, Kobayashi and Ochiai [IKOS80] proved that if L is
holomorphically trivial then (M, J) is a finite quotient of a complex torus. On the other hand,
if L is not trivial, then new examples appear, and in fact classifications are known only for
the compact surfaces ([KO82]), and for projective threefolds ([JR0O5]). Let us note that the
standard example of such a manifold is given by the hyperquadric:

n
Qn ={l20: " Zn41]| — 2202n41 + Z 22 =0} CP"
k=1
with the structure g = —2dzodzp 1 + dz1dzy + ... dzpdz, € HY(Q,, S*°T*Q, ® O(2)).

It turns out that things are different in the symplectic setting, as we show that the conformal
case is quite similar to the standard one:

Theorem A (Theorem 1.3.5 [Theorem 1.4.1). Let (M?™,J,L,w), m > 1, be a compact THS
manifold of Kihler type, and let o € H?(M,R) be a Kdhler class. Then L is unitarily flat, and
there exists a unique Kdhler metric g with respect to J representing o so that a finite cyclic
cover of (M, g,J) has holonomy in Sp(m). Moreover, the form w is parallel with respect to
the natural connection induced by g on N> T*M ® L.

The main point of the proof is to show that the line bundle L has torsion first Chern class, as
everything else follows similarly to the non-twisted case, via Yau’s theorem and the Weitzenbock
formula. This is true, because we manage to construct a holomorphic connection in L, naturally
induced by w via the Lefschetz operator

Lef, : Q* - Q2@ L, nenAw.

By the Kéhler assumption, this will imply then that c¢;(L) = 0 € H3(M,R).
Let us note that the hypothesis m > 1 is natural, as any complex surface admits a THS form:
simply take L = A27T'M, and note that Q?\/l ® L is holomorphically trivial.

An equivalent definition for a hyperkahler structure on M is a Riemannian metric g together
with three integrable complex structures I, J, K compatible with g, parallel for the Levi-Civita
connection of g and verifying the quaternionic relations IJ = K = —JI. Moreover, we say
that (M, g) is locally hyperkihler if the universal Riemann cover (M, §) is hyperkéhler, so
that the structures I, J and K are defined only locally on M. Note that the above theorem
gives the existence of a local hyperkéhler structure on M which is particular: it is formed
of a global complex structure J which we have fixed, together with two more local complex
structures. We call such a structure Kdahler locally hyperkihler (KLH).

In the last part of Chapter [T} we investigate under what conditions a KLH manifold admits a
twisted holomorphic symplectic form. The presence of a THS structure forces the fundamental
group of the manifold to have a certain structure, which we describe. This depends mainly on
the (local) de Rham reducibility of the manifold. We first note that, although a product of two
hyperkéhler manifolds is again hyperké&hler, THS manifolds are de Rham irreducible
. At the same time, we show that for locally irreducible manifolds, the existence of a
THS structure is equivalent to the manifold being KLH (Corollary 1.4.3)). For the intermediate
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case of irreducible, locally reducible manifolds, we need to do a discussion depending on the
finiteness of the fundamental group. The results of this part are obtained by an analysis of
the structure of an isometry of certain Riemannian products, and the main tool we use is the
holomorphic Lefschetz fixed-point formula.

Locally conformally Kéihler metrics

A Kahler metric g on a complex manifold (M, J) is a Hermitian metric whose fundamental
form Q := g(J-,-) is closed. There are many well-known obstructions to the existence of such
metrics on a compact manifold, the basic one being that b; needs to be even. One way to
generalize such metrics is to consider metrics that are conformal to them. It can be easily
seen that if Q is Kahler and f € C°°(M,R), then e/ Q will not be Kihler unless f is constant.
More generally, in order to get rid of some of the topological obstructions, one can consider
metrics that are only locally conformal to Kéhler metrics: these are the LCK metrics. More
precisely, € is LCK if every point of M has a neighbourhood U on which there exists a Kéhler
metric 0y which is conformal to €, i.e.

Quy =e/vQy,  fu € C°(U,R). (0.0.1)

In the above equation, although the function fy is local, 8 = dfy is a global real closed
one-form on M, called the Lee form of €2, provided that dim¢c M > 1. This allows us to give
an equivalent definition: g is LCK if € verifies d2 = 8 A 2, with 8 a closed one-form on M.
On the minimal cover M of M on which 6 becomes exact, the local Kahler metric in (0.0.1))
pulls back to a global Kéahler metric Qg , and (M , J, Q) is called the minimal Kdhler cover.

The most basic manifold of non-Kéhler type admits an LCK metric: this is the (standard)
Hopf surface
H = (C2 - {O}/(z1,z2)~(az1,aZQ)v 0<a<l,

with the Boothby metric = |z|~2dd¢|z|?. This is also the first LCK example appearing in
the literature, but although the metric was constructed by Boothby in [Bo54], it was noticed
only after twenty years that it is LCK by Vaisman, who was the one to start a systematic
study of these structures.

Any LCK metric on a manifold of Kéahler type is globally conformal to a Ké&hler metric
([Va80]). For this reason, we will always assume tacitly that our manifolds are not of Kéhler
type, in order to study only strict LCK metrics. In this setting, a first obstruction appears
for manifolds of LCK type, namely: 0 < by < 2h%!, where h%! = dimc H'(M, Oyp). As a
matter of fact, this is the only cohomological obstruction known for a general LCK manifold.
Vaisman had conjectured that such a manifold should always have boy1 odd for some k € N,
however this was disproved by the OT manifolds [OT05].

There are a few special LCK metrics which are better understood. The most important one is a
Vaisman metric (which used to be called generalized Hopf), defined by the condition V96 = 0,
where VY is the Levi-Civita connection determined by g. Their study started with Vaisman
([Va82]) and is still ongoing. Vaisman manifolds admit a transversal Kédhler foliation, which
allows one to study some of their properties by means of the better known ones from Kéhler
geometry. For instance, this was done in order to determine their cohomological properties
by Vaisman [Va82] and Tsukada [T594], and it turns out that the Frolicher spectral sequence
degenerates at the first page for manifolds of Vaisman type (although they don’t admit a
Hodge decomposition, as already noticed).



Moreover, a normalised Vaisman metric (£2,60) on (M™,J) has the form
Q=—dJg+0AJ0, (0.0.2)

(see in Chapter , and the corresponding Kéahler metric on M can be written
as Qx = dd° ¥ where ¢ € COO(M,R) is a function satisfying # = dp on M. Thus Qg
has a positive potential. This was first noted by Verbitsky [Ve04], and as a consequence
Ornea-Verbitsky [OV10] introduced and started the study of the more general notion of a
LCK metric with (positive) potential. These are LCK metrics whose Kéhler metric writes

O = dd°(fe=%), f e C®(M,R). (0.0.3)

This class of metrics has the advantage of being closed under small deformations ([OV10],
[Gol14]), while the Vaisman manifolds are not (see [Bel00]). Even more general than this is the
notion of an exact LCK metric, which is an LCK metric whose Kéhler metric has the form:

Qr =d(e™%n), nec&'(M,R). (0.0.4)
A closed one-form 6 on a manifold M induces a twisted differential operator
dp: EF 5 EM a—nda—0na

which verifies d3 = 0. This defines the twisted cohomology Hy(M) = Kerdy/Im dy, which
plays an important role in LCK geometry. Note that an LCK structure (£2,0) induces a
cohomology a class [2] € H3(M), which is zero precisely for exact LOK metrics. Moreover, by
[LLMPO03], one has Hy (M) = 0 if 0 is the Lee form of a Vaisman metric.

Finally, let us say a few words on an interesting problem in LCK geometry, which we also
tackle in the special case of OT manifolds. It concerns determining the set, or at least the
geometry of the set:

L(M,J) ={a € H'(M,R)| there exists an LCK structure (,6) with 6 € a}

where (M, J) is a compact complex manifold. It was first studied by Tsukada in [Ts94]
in the case of a Vaisman manifold (M, J). He showed that any element of L(M,J) is
the Lee class of a Vaisman metric, and that for a given element a9 € L£(M, J), one has
L(M,J) = {tag +b|t > 0,b € H C H*(M,R)}. Here, H C H'(M,R) is formed by all the de
Rham classes of forms whose (1, 0)-part are holomorphic d-closed one forms. Tsukada showed
that on a Vaisman manifold, H is a hyperplane in H*(M,R). More recently, the set £L(M, J)
was studied by Apostolov and Dloussky [AD16a], [AD16b] and by Otiman [O16] in the case of
compact complex surfaces, and it has been completely determined for a number of cases. By
the above cited articles, together with our result for OT manifolds, it turns out that for all the
known examples of LCK manifolds, £(M, J) is either a point or an open subset of H'(M,R).

Existence of LCK metrics

The first question one probably asks is how often do LCK metrics arise? As noted, simply
connected compact complex manifolds of non-Kéhler type, such as Calabi-Eckmann manifolds
for instance, cannot admit such metrics, so the class is strict. The existence of LCK metrics on
compact complex surfaces is fairly well undestood ([Tr82], [LeB91], [GO98], [Bel00], [FP10],
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[Brull]), and the only ones known to not admit LCK metrics are a certain class of Inoue-
Bombieri surfaces. The surfaces of this class are in fact small deformations of some other
Inoue-Bombieri surfaces which admit LCK metrics, so in particular the category of LCK
manifolds is not closed under small deformations. Moreover, one encounters all the special
LCK metrics defined above, or the lack of such metrics, already in the surface case.

Moving to higher dimension, there are natural ways of constructing Vaisman manifolds:
starting from any ample holomorphic vector bundle over a Kéhler manifold, one has a naturally
associated Vaisman manifold ([Va76], [Va80], [Ts97], [Ts99]). We extend this construction in
Section [2.6.3] to obtain manifolds with LCK metrics with positive potential. Moreover, any
complex submanifold of dimension bigger than 1 of a Vaisman manifold is again Vaisman
([Va82], [Ts97]). However, it is more difficult to construct examples of manifolds of LCK type,
not admitting LCK metrics with potential (or exact, for that matter). In fact, all known
manifolds of higher dimension of this kind are either Oeljeklaus-Toma manifolds, or blow-ups
of LCK manifolds. We should note at this point that indeed, the blow-up of an LCK manifold
along a submanifold of Kéhler type admits an LCK metric ([Tr82], [Vu09], [OVV13]), but
never an exact one.

It should also be noted that the product metric of two LCK manifolds cannot be LCK [Va80],
however it is still unknown whether such a product manifold can admit some other LCK metric.
Some particular cases are known, such as: if M; and M, are of Vaisman type, then their
product admits no LCK metric [Ts99], and if M; is not a curve and verifies the 90-lemma,
then again M; x My admits no LCK metric [OPV14]. We moreover prove:

Theorem B (Theorem 3.6.3| [Proposition 3.6.4)). Suppose that My and My are two compact
complex manifolds. Then My x Ms cannot admit a Vaisman metric. Moreover, if My is of
Vaisman type, then My X My admits no LCK metric at all.

Theorem C (Proposition 3.6.8)). Let My be a compact complex curve, let My be a complex
manifold and suppose that M := My x Ms admits an LCK metric. Then My admits an LCK
metric with positive potential.

A related problem concerns the reducibility of the natural connections associated to an LCK
metric. Madani, Moroianu, and Pilca showed in [MMP16] that the holonomy group of the
Levi-Civita connection of an LCK metric is irreducible and generic, unless the metric is
Vaisman, in which case it equals SO(2n — 1), n being the complex dimension of the manifold.
Another natural connection associated to an LCK metric (€2,0) on (M, J) is the standard
Weyl connection D, defined as being the unique torsion free connection on M which satisfies:

DJ =0, DQ=0cQ.

As this connection coincides with the Levi-Civita (or also the Chern) connection of the local
Kahler metrics, it encodes in some sense more interesting properties. For instance, the Weyl
connection of an LCK metric can have reducible holonomy in a non-trivial way: this is the
case for the Oeljeklaus-Toma manifolds. Kourganoff [Koul5| gave a structure theorem for a
more general class of manifolds with Weyl-reducible connection, which we adapt to the LCK
context, in order to show:

Theorem D (Theorem 3.7.7)). Any exact LCK metric on a compact complex manifold is
Weyl-irreducible, unless it is the standard LCK metric on the standard Hopf manifold.
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The fact that we know very few examples of non-exact LCK metrics parallels with the lack of
criteria for the existence or non-existence of a general LCK metric. Again, things look better if
we turn to the case of metrics with positive potential or of Vaisman metrics. Ornea-Verbitsky
([OV12], [OV1T]) gave an existence criterion for LCK metrics with positive potential, whose
proof we revise:

Theorem E ([OV12], [OV17], [Theorem 3.3.1)). Let (M, J,Q2,0) be a compact LCK manifold

admitting a holomorphic action of S' which, on the minimal cover M, lifts to an effective R-
action. Then there exists an LCK metric with positive potential whose Lee form is cohomologous
to 0.

Kamishima-Ornea [KOO05] gave a criterion for a given LCK conformal class [g] on a compact
complex manifold (M, J) to admit a Vaisman metric, namely they show that this is equivalent
to the automorphism group Aut(M, J, [¢g]) containing a one-dimensional complex Lie group
which does not act isometrically on the corresponding Kéhler metric. We generalise their
criterion in a way that does not involve a given fixed conformal class:

Theorem F (Theorem 3.4.3). A connected compact complex manifold (M, J) of LCK type
admits a Vaisman metric if and only if Aut(M,J) contains a torus T whose Lie algebra t
verifies dime (t N it) > 0.

As a consequence, we obtain a criterion of non-existence of LCK metrics:

Corollary G (Corollary 3.4.5)). Let (M, J) be a compact complex manifold, and suppose that

the group of biholomorphisms Aut(M,J) contains a compact torus whose Lie algebra t verifies
dimc(tNit) > 1. Then (M, J) admits no LCK metric.

An immediate application of this criterion is the classification of manifolds of LCK type among
all the torus principal bundles (Proposition 3.5.1)), in analogy with a theorem of Blanchard
[B154].

Let us recall at this point that an LCK metric (£2,6) induces naturally two vector fields B
and A = JB, called the Lee and Reeb vector fields, via:

a2 =—0, 1gQd=J6.

In the case of a Vaisman metric, these vector fields are part of the Lie algebra aut(M, J, ),
and are the ones to generate a non-real torus as in the above criterion. Moreover, the condition
of B being Killing easily implies that the metric is Vaisman. One could then ask what happens
if we impose B to be holomorphic. This problem is studied in the recent paper [MMOI1T],
where A. Moroianu, S. Moroianu and L. Ornea show that if, moreover, the LCK metric is
Gauduchon, or if B has constant norm, then the metric is Vaisman. At the same time, they
construct an example of a non-Vaisman LCK metric with holomorphic Lee field, showing
that one needs more hypothesis then just the holomorphicity of B. In[Proposition 3.2.2| we
show that if 2 is an LCK metric with constant potential, i.e. of the form , and B is
holomorphic, then again ) is Vaisman. Moreover, we make the remark that the example of

[IMMO17] can be chosen with positive potential (Lemma 3.2.7]), so our hypothesis cannot be
relaxed.
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Toric LCK manifolds

Recall that a symplectic manifold (M?",w) of real dimension 2n is called a toric manifold if
the compact torus T™ acts effectively in a Hamiltonian way on (M,w). If t denotes the Lie
algebra of T™, this means that there exists a T"-invariant map p : M — t*, called the moment
map, verifying that for each vector field X € t C aut(M), letting px =< p, X >€ C>®(M),
one has dux = txw. As is well-known, by the Delzant construction, toric manifolds (M, w, u)
are completely determined by the image of their moment map, which is a Delzant polytope.
Moreover, all their analytic and geometric properties can be read off their moment polytope,
and in particular they admit a compatible complex structure with respect to which w is Kéhler.

If one forgets the complex structure in the LCK context, then one deals with locally conformally
symplectic (LCS) forms, namely non-degenerate forms 2 verifying d2 = 6 A Q for some closed
real one-form 6. For these structures, there exist analogous notions of Hamiltonians and
moment maps, introduced by Vaisman in [Va85]. A vector field X on M is twisted Hamiltonian
with respect to (€2, 0) if there exists a function fx € C>°(M) so that

Lxg = dgfx. <0.0.5)

If we consider the associated minimal symplectic cover (M , Q) as in the LCK context, then
this definition is equivalent to asking for the lift of X to M to be Hamiltonian for Q. If 6 is
not exact and M is compact, then dp is injective on C>°(M), which implies that if a function
as in exists, then it is unique. Finally, let us note that this definition only depends on
the conformal class [(2], and not on Q itself: X is twisted Hamiltonian for € if and only if it is
so for efQ, f € C>°(M,R).

A toric LCS manifold is an LCS manifold (M?",[€)]) together with the effective action of
a compact torus T™ so that every induced vector field X € Lie(T™) C aut(M) is twisted
Hamiltonian. If, moreover, there exists a complex structure on M so that Q is LCK, and the
torus acts by biholomorphisms, then we have a toric LCK manifold. If y is the moment map
of a toric LCS form (£2,0), then the minimal symplectic cover is a toric symplectic manifold
with corresponding moment map i = e~ %u, where 8 = dip.

Although introduced early in the history of LCS/LCK geometry, general twisted Hamiltonian
group actions have not been extensively studied. The reduction procedure from symplectic
geometry has been adapted to this context by Haller and Rybicki in [HRO1] for LCS manifolds,
and by Gini, Ornea and Parton in [GOP05] for LCK manifolds. Moreover, twisted Hamiltonian
actions were studied by Otiman in [O15] for the purpose of constructing LCS bundles.

On the other hand, recently there have been some new advances concerning toric LCK
manifolds. In order to explain them, let us first recall that Vaisman metrics are closely related
to Sasaki structures: their minimal Kéahler covers are Kéhler cones over Sasaki manifolds, cf.
[GOPO06]. Pilca showed in [Pil6] that a compact Vaisman manifold is toric if and only if the
associated Sasaki manifold is toric, and one action naturally induces the other. Moreover,
Madani, Moroianu and Pilca showed in [MMP17] that the first Betti number of a toric Vaisman
manifold is b; = 1, implying that the associated toric Sasaki manifold is compact.

In the same paper, the authors gave a classification of compact toric LCK surfaces, and it
turns out that they all admit toric Vaisman metrics. Hence the question was raised of whether
this is always the case, regardless of dimension. The main result of Chapter [4] is an affirmative
answer to it:

Theorem H (Theorem 4.4.1). Let (M, J,[}]) be a compact toric LCK manifold. Then there
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exists a Vaisman metric S, possibly nonconformal to Q, with respect to which the same action
is still twisted Hamiltonian.

Let us note that compact toric Sasaki manifolds can also be understood via the image of
the moment map, as a result of the paper [Ler03] of Lerman, in which he completes the
classification of toric compact contact manifolds. Indeed, the image of their moment map to
which one adds {0} is a cone over a convex polytope with certain combinatorial properties
which makes it a good cone. Moreover, to each good cone one can associate in a unique way a
compact contact toric manifold (NN, «)). On the symplectic manifold naturally associated to
this contact manifold, there always exists a compatible complex structure, inducing a toric
Sasaki structure on N. Moreover, just like in the compact symplectic case, all such complex
structures can be described only in terms of certain functions defined on the moment cone, as
shown by Martelli, Sparks and Yau [MSY06], see also Abreu [Ab10].

With this in mind, and as a corollary of our result, we can thus describe also toric LCK
manifolds in terms of combinatorial data coming from certain moment cones. However, all
information is not preserved: from the good cones we can recover only some of the toric LCS
structures, namely the ones giving Vaisman metrics.

We end this part by a remark on the differences between the symplectic case and the LCS
case. Recall that a compact toric symplectic manifold admits a compatible integrable complex
structure with respect to which the manifold is toric Kéhler. On the contrary,
shows that on a general toric LCS manifold, there does not always exist a compatible complex
structure, making it into a toric LCK manifold.

Oeljeklaus-Toma manifolds

OT manifolds were introduced by Oeljeklaus and Toma in [OTO05] as higher dimensional
analogues of a class of Inoue-Bombieri surfaces. They are compact complex manifolds of
non-Kihler type, obtained as quotients of H* x C! by discrete groups of affine transformations
arising from a number field K and a particular choice of a subgroup of units U of K. Usually,
such a manifold is said to be of type (s,t), and is denoted by X (K,U).

More specifically, start with a number field K which admits exactly s real embeddings in C,
01,...,0s, and 2t complex conjugate ones 0541 = Gg1441,---,0s+t = Ostat- Lhen there exists
a choice of a subgroup of units U of the ring of integers of K, O, so that the semi-direct
product I' := U x Ok acts freely and properly discontinuously on H* x C!, and the quotient
X = X(K,U) := H* x C!/T is compact. Both groups Ox and U act diagonally on H?* x C!
via the first s + ¢t embeddings: Ok acts by translations, while U acts by dilatations.

OT manifolds of type (s, 1) are known to admit LCK metrics. But as they carry no holomorphic
vector fields, they admit no Vaisman metrics. In fact, along with the blown-ups of LCK
manifolds, these are the only known examples of LCK manifolds in higher dimension which
admit no exact LCK metric, by a result of Otiman |O16]. Thus they are a good testing
ground for conjectures concerning cohomological properties of LCK manifolds. Indeed, when
introduced, they disproved a long standing conjecture of Vaisman, according to which the odd
index Betti numbers of an LCK manifold should be odd.

So far, significant advances have been made in the study of OT manifolds. Many of their
properties are closely related to the arithmetical properties of (K, U), as can be seen particularly
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in the papers of M. Parton and V. Vuletescu [PV12] and of O. Braunling [Bral7]. OT manifolds
were shown to carry the structure of a solvmanifold by H. Kasuya [Kasl3al, and those of type
(s,1) to contain no non-trivial complex submanifolds by L. Ornea and M. Verbitsky [OV11].
A delicate issue seems to be the existence of LCK metrics on OT manifolds which are not
of type (s,1). Some progress in this direction has been made by V. Vuletescu [Vul4] and A.
Dubickas [Dul4], but the question remains open in general.

In the present text, we are interested in the cohomological properties of OT manifolds. Their
first Betti number and the second one for a certain subclass of manifolds, called of simple
type, were computed in [OT05]. More recently, H. Kasuya computed in [KasI3h] the de
Rham cohomology of OT manifolds of type (s, 1), using their solvmanifold structure. We
will compute the de Rham cohomology algebra and the twisted cohomology
(Theorem 5.6.1)) of any OT manifold. This is done in terms of numerical invariants coming
from U C K.

We do this by two different approaches. In order to explain them, let us first note the
differentiable fiber bundle structures appearing in the construction of an OT manifold. X =
H* x C'/Ok has the structure of a trivial principal T"-bundle over R, where n = s+ 2t. This
structure descends to X to a flat T"-fiber bundle structure over T°. Note that T™ acts on
X, but not on X. Our first approach consists in reducing to the study of the cohomology of
T™-invariant differential forms. In the second one, we study the Leray-Serre spectral sequence
associated to the fiber bundle structure of X, which turns out to degenerate at the second
page.

In the rest of the chapter, we present a few applications, focusing on the OT manifolds of
LCK type. First of all, we show:

Theorem I (Proposition 5.2.2)). Let X be an OT manifold of LCK type. Then X admits only
one Lee class.

Next, we identify all the possible classes of LCK forms in the twisted cohomology group
HZ(X,R) on an OT manifold of LCK type (Corollary 5.7.8)). As a consequence of this, we
obtain that an LCK form (€2,0) on an OT manifold induces a non-degenerate Lefschetz map
in cohomology, in the sense that Lefq : H*(X,C) — H**?(X,C) is injective for k < dimc X
and surjective for k > dim¢ X.
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Notation and conventions

M, N will generally denote smooth manifolds.
M will always denote the universal cover of a manifold M.

m1(M) will be the fundamental group of M, and I' will usually denote some normal
subgroup of 71 (M) (or even 71 (M) itself). These groups will be automatically identified
with the deck groups of the associated coverings of M.

We will denote by capital letters the compact Lie groups, such as G, H etc, and by
lowercase Gothic letters their corresponding Lie algebras, i.e. g, b etc.

g will denote a Riemannian metric on a given manifold.

Connections will be denoted by D, V, D, and the curvature corresponding to a Chern
connection, by ©.

1, J, K will denote complex structures on a given manifold. If we fix a complex structure
J on a smooth manifold M, then we will sometimes use the notation M also for the
complex manifold (M, J), when there is no ambiguity.

Ky will denote the canonical bundle of a given complex manifold (M, J). O will
denote the sheaf of holomorphic functions of M.

Ok will denote the sheaf of holomorphic k-forms on a complex manifold (M, J), and
ENY the sheaf of smooth (p, g)-forms.

&%, will denote the sheaf of real-valued smooth k-forms on M, and ¥, ® C the sheaf of
smooth C-valued k-forms.

Given a holomorphic vector bundle E over a complex manifold (M, J), H°(M, E) will
denote the holomorphic sections of E. Its corresponding smooth sections will be denoted
by C®(M, E) or by I'(M, E). Also, by some abuse of notation, we will denote by E¥/®@ E
or by EV(E) the sheaf of (p, q)-forms on M valued in E.

Let (L,h) be a Hermitian line bundle over (M, J), and let © denote the curvature of
the induced Chern connection of L. We use the convention that ¢;(L), the first Chern
class of L, is the de Rham cohomology class of ﬁ@h- We will either view it in H?(M,R)
or in H?(M,Z).

T™ denotes the n-dimensional compact torus, seen as a real Lie group. We will denote
by T a complex compact torus.

For X € I'(T'M) a smooth vector field on a manifold M, tx denotes the contraction
with X, while £x denotes the Lie derivative with respect to X.

In the context of Locally Conformally Kéhler geometry:

e  will denote the LCK form. 6 € £'(M) will denote the Lee form corresponding to €2,

verifying dQ2 = 0 A Q.
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e [Q] will denote the conformal class of 2, that is the set {e/Q|f € C®°(M)}, where M is
the ambient manifold. Similarly, [g] will denote the conformal class of a Riemannian
metric g.

e B will denote the Lee vector field corresponding to €2, defined by (g2 = J6O, and
A the Reeb field A = JB, also defined by 142 = —0. Equivalently, if there exists a
compatible complex structure on the given manifold and g = Q(-, J-) is the corresponding
Riemannian metric, then B and A are the duals of § and J6 with respect to g.

e M will denote the minimal cover of (M,#) on which 6 becomes exact. ¢ will be a
function on M or on M satisfying dy = 6, and Qx will denote the symplectic form on
M or on M corresponding to €, defined by Qx = e™%(.






Chapter 1

Twisted Holomorphic Symplectic
Forms

1.1 Introduction

This chapter is basically the content of [Is16], in which we are concerned with compact complex
manifolds which admit a particular kind of structure: holomorphic non-degenerate 2-forms
valued in a line bundle. Manifolds admitting such a structure will be called twisted holomorphic
symplectic (THS). The problem has different analogues that have been intensively studied. On
the one hand, there is the non-twisted problem concerning holomorphic symplectic forms. On
the other hand, its symmetric avatar consists in the study of holomorphic (conformal) metrics.

In the compact setting, the class of complex manifolds of Kéahler type admitting holomorphic
symplectic forms coincides with the class of hyperkahler manifolds, as shown in [Bea83b].
There is a rich literature concerning this subject, and its study is ongoing. Turning to the
symmetric counterpart, the situation is somewhat different. Although the class of compact
Kéhler manifolds admitting a holomorphic metric is rather small — they are all finitely covered
by complex tori, as shown in [IKOS80|, as soon as one allows the structure to be twisted — thus
studying holomorphic conformal structures — one enters a very rich class of manifolds. A
complete classification of these has been reached only in dimension 2 and 3, in [KO82] and
[JRO5].

Even though one could expect that the class of THS manifolds is also wide, it turns out
that the situation is not much different from the non-twisted case. More precisely, we show
in [Theorem 1.3.5| that compact THS manifolds of Kéhler type are locally hyperkéhler. In
particular, the presence of such a structure ensures the existence of a Ricci-flat Kéhler metric,
and with respect to the connection induced by this metric the form is parallel.

Roughly speaking, the proof goes as follows: we first notice that the THS form induces local
Lefschetz-type operators acting on the sheaves of holomorphic forms *, which then determine
a local splitting of Q3 into Q' and some other summand. This, in turn, allows us to find local
holomorphic 1-forms which behave like connection forms on the line bundle where the twisted
form takes its values. Finally, this means that the bundle admits a holomorphic connection,
thus also a flat one, and that the manifold is Ricci-flat locally holomorphic symplectic, thus
locally hyperkahler.

In the next section, we give a more precise description of THS manifolds. In [Theorem 1.4.1

1
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we show that they are finite cyclic quotients of hyperkédhler manifolds. Then we investigate
under which conditions a locally hyperkéhler manifold admits a THS form. The two classes
do not coincide, and this is essentially because locally hyperkédhler manifolds behave well
on products, while THS manifolds never do, as shown in [Corollary 1.4.2] Still, for locally
irreducible manifolds, the two classes coincide by Finally, for the intermediate
case of irreducible, locally reducible manifolds, a discussion depending on the compactness of
the universal cover is done in the remaining part of Section [1.4. As a consequence, we also
obtain that strict THS manifolds with finite fundamental group are necessarily projective.

1.2 Holomorphic symplectic manifolds

We start by discussing the complex symplectic case. For this, let us first define the objects we
will be interested in:

Definition 1.2.1: A Riemannian manifold (M, g) is called hyperkdhler if it admits three
complex structures I, J and K which:

1. are compatible with the metric, i.e.
2. verify the quaternionic relations:

I1J=—-JI=K

3. are parallel with respect to the Levi-Civita connection given by g.

In particular, a hyperkéhler manifold is Kéhler with respect to its fixed metric and any complex
structure al + bJ + cK, with a,b and ¢ real constants verifying a? 4+ b> 4+ ¢? = 1.

Equivalently, we could say that a 4n-dimensional Riemannian manifold (M, g) is hyperkéhler
iff its holonomy group is a subgroup of Sp(n).

Definition 1.2.2: A holomorphic 2-form on a complex manifold M, w € H(M,Q3,), is
called a holomorphic symplectic form if it is nondegenerate in the following sense:

Lwy =0=v=0, Yz e MVYveT M,

where ¢, is the contraction with v.

We call a manifold admitting such a form a holomorphic symplectic manifold.

In particular, a holomorphic symplectic manifold (M, w) has even complex dimension 2m and
w™ is a nowhere vanishing holomorphic section of the canonical bundle K j;=det Q}W Thus,
Ky is holomorphically trivial and ¢; (M) = 0.

It can be easily seen that, once we fix a complex structure on a hyperkédhler manifold M, say
I, there exists a holomorphic symplectic form w on (M, I) defined by:

w('?') = g(J', ) +ig(K'7 )
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Thus, a hyperkahler manifold is a holomorphic symplectic manifold (but not in a canonical
way). In the compact case, the converse is also true:

Theorem 1.2.3: (Beauville, [Bea83b]) Let (M,I) be a compact complex manifold of Kdhler
type admitting a holomorphic symplectic form. Then, for any Kdhler class o € H*(M,R),

there exists a unique metric g on M which is Kdahler with respect to I, representing o, so that
(M, g) is hyperkdhler.

Moreover, the manifold (M, I) admits a metric with holonomy ezactly Sp(m) if and only if it
is simply connected and admits a unique holomorphic symplectic form up to multiplication by
a scalar.

Remark 1.2.4: The existence and uniqueness of the Kéhler metric representing the given
Kaéhler class comes from Yau’s theorem: it is exactly the unique representative in the class
that has vanishing Ricci curvature. Consequently, the holomorphic symplectic form in the
theorem is parallel with respect to the Levi-Civita connection given by this Ricci-flat metric.

1.3 Twisted holomorphic symplectic manifolds

We will now concentrate on the twisted case, and see that the situation is similar to the
non-twisted one. Specifically, we will show that a Kahler manifold admitting a non-degenerate
twisted holomorphic form admits a locally hyperkahler metric which is moreover Kéhler for
the given complex structure. With respect to the connection induced by this metric, the form
will be parallel.

Definition 1.3.1: A Riemannian manifold (M?*™, g) is called locally hyperkdhler if its
universal cover with the pullback metric is hyperkéhler or, equivalently, if the restricted
holonomy group Hol’(g) is a subgroup of Sp(m). If, moreover, the manifold admits a global
complex structure I which is parallel with respect to the Levi-Civita connection induced by g,
we will call it Kdhler locally hyperkdhler, or KLH for short.

Hence, a locally hyperkédhler manifold is one which admits locally three orthogonal complex
structures parallel for the Levi-Civita connection and verifying the quaternionic relations. It
can be shown that in the case of a KLH manifold (M, g, ), one of these complex structures
can be taken to be I, so that an equivalent definition for KLH is a Kéhler manifold which
admits two local parallel complex structures preserved by g which verify the quaternionic
relations together with 1.

Definition 1.3.2: Let (M, I) be a compact complex manifold, let L be a holomorphic line
bundle over M. A non-degenerate L-valued holomorphic form

we HY (M, Q% @ L)

is called a twisted holomorphic symplectic form, or THS, and also the manifold with the
endowed structure (M, I, L,w) is called a THS manifold.

Remark 1.3.3: Like in the symplectic setting, the existence of a THS form implies that M
is of even complex dimension 2m. Moreover, w™ is a nowhere vanishing holomorphic section
of the line bundle Kj; ® L™. Thus, we have a holomorphic isomorphism L™ = Kj,;. In
particular, any metric on M naturally induces one on L, and we also have

c1 (M) =mey(L).
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Remark 1.3.4: Any complex surface M, of Kédhler type or not, is THS in a tautological
way. Simply take L to be K7}, so that Q?\/[ ® L = Ky ® K}, is holomorphically trivial. Thus,
any non-zero section of this bundle is a twisted-symplectic form, which in local holomorphic
coordinates (z,w) on M is of the form

0 8

Therefore, the class of THS manifolds is interesting only starting from complex dimension 4.

Our main result in this section is the following:

Theorem 1.3.5: Let (M?™ I, L,w), m > 1, be a compact THS manifold of Kihler type, and
let o € H*(M,R) be a Kihler class. Then there exists a unique Kihler metric g with respect
to I representing o so that (M, g, 1) is KLH. Moreover, L is unitary flat and w is parallel with
respect to the natural connection induced by g on L.

Proof. Let {U;}; be a trivializing open cover for the line bundle L and for each i, let o; €
HO%(U;, L) be a holomorphic frame, so that the holomorphic transition functions {g;;}:; are
given by o; = g;;0;. Then, if we write over U;

w=w; ®ag;

we get local holomorphic symplectic forms w; that verify, on U; N Uj;, w; = gjiw;.

The w;’s, being holomorphic, induce the morphisms of sheaves of Op,-modules over U;:
Ly - Qf, — Qi
Lia = w; A a.
Lemma 1.3.6: For m > 1 we have an isomorphism of sheaves of Oy, -modules:
OF = Qp o9y,
where Q%,Ui is the sheaf Ker(Ly' 2 : Q7 — Q&_l) and n = 2m.

Proof. We claim that L™ ! Ql — Q” ! is an isomorphism of sheaves over U;. We inspect
this at the germ level, so we ﬁx z € U Since the correspondlng free O,-modules have the
same rank, it suffices to prove the injectivity of L1, ~ . But this becomes a trivial linear algebra

problem, noting that we can always find a basis over C in TYOM} {e1,...,em, f1,---, fm} 80
that
m
= Z es A fs.
s=1

Next, since L’ln_1 = Lg"”_z o L1 we get that L; is injective and Lg”_Q is surjective. Hence, we
have an exact sequence of sheaves:

0—— Q3 O 0

where T := (L") ™' o LT"2. But T admits as a section L : Q%,Z — 931-’ as T'L; = id. Thus,
the sequence splits and we get the desired isomorphism. This ends the proof of the lemma. m
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Now, we have dw; € Q3,(U;), so we can write:
dw; = w; NO; +&; (1.3.1)

with §; € Q3,(U;) and &; € Qa s (Ui) holomorphic sections uniquely determined by the previous
lemma. Since w; = gj;wj, we get:

dgji ANwj+ gj,-dwj = gjiw; N 0; + &;

whence

1 dgji
g'j'l /\(Uj

wi A0+ & = dwj = w; N0 + —& —
Gji Gji

Thus, applying again the previous lemma, we obtain that the #;’s change by the rule:
t; = 0; + dlog gj;. (1.3.2)
Hence, the differential operator D : C*°(M, L) — C*(M,T*M ® L) given over U; by
D(f ®04) = (df — 0;) ® 03

is a well defined connection on L. On the other hand, given some Hermitian metric h on L,
its Chern connection D" must differ from D by a linear operator:

D'"=D+ A, AcC®T*M ®EndL).

Moreover, since D%! = (D")%! = 97, A must be a global (1,0)-form on M.

Now ©(D") = ©(D) + dA, and since O(D)y, = —db; is of type (2,0) and i©(D") is a real
(1,1)-form, we have that i©(D") = i0A is exact in HY'(M,R). But on a compact Kéhler
manifold H1(M,R) C H3,(M,R), so 2rci (L) = [i©0(D")] =0 € H3x(M,R).

Thus we also get ¢1(M) = meci(L) = 0. So, by Yau’s theorem, there exists a unique Ricci-flat
Kahler metric g whose fundamental form w, represents the given class .

Now, on the sections of 512\20 ® L we have the Weitzenbock formula (see for instance [M]):
20°0 =V*V+R

where V is the naturally induced connection by g on 512\20 ® L and R is a curvature operator
which on decomposable sections is given by:

R(B®s) =ipyB®@s+ & Tr,, (10(L))s

with pg : 5]2\/’[0 — 5]%20 the induced action of the Ricci form on 5]2\/’[0. Now, since g is Ricci-flat,
pg = 0. Also, if we consider the curvatures induced by g, we have:

0= —ip=O(Kj) = 6(L™)

so the induced connection on L is flat and R vanishes.

Hence, applying the Weitzenbock formula to w, we get 0 = V*Vw or also, after integrating
over M, ||[Vw||3, =0. Thus Vw = 0.
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Finally, if we let « : (M, §,I) — (M, g,I) be the universal cover with the pullback metric and
complex structure, we have that 7*L is holomorphically trivial and & = 7*w € HO(M, Q?\Z)
is a holomorphic symplectic form. By the Cheeger-Gromoll theorem, M = C! x M, where
My is compact, simply connected, Kihler, Ricci-flat, and C! has the standard Kéhler metric.
Moreover, by the theorems of de Rham and Berger, the holonomy of Mj is a product of groups
of type Sp(k) and SU(k). We have that @ is a parallel section of

A2T*M = \? priT*Cl @ (priT*Cl @ prsT*My) & A2 pryT™ My

But pr’{T*Cl ® pryT™ My = (T*My)®" has no parallel sections by the holonomy principle, so
& is of the form w, + wo, with we, wy holomorphic symplectic forms on C!, My respectively.
Thus, [ is even, so C! is hyperkéhler, and also, by Theorem 1.3, My is hyperkéhler. It follows
that (M,g,I) is KLH.

This concludes the proof of the theorem. m

Remark 1.3.7: Note that D" is actually a holomorphic connection on L, so this gives
another reason of why L must be unitary flat.

Remark 1.3.8: The flat connection induced by g on L does not depend on the Kéhler class
a. It is uniquely determined by w and is equal to the connection D given in the above proof.
To see this, let DY be the Chern connection on L induced by g and write D%0; = 7; ® 0;. Then
we have:

0=Vw=Vuw,Qo;, +w; @1;  0;.

So, denoting by a : 5]2\/’[0 IT*MeC)® L — (5]?\}0 ® 5]2\51) ® L the antisymmetrization map,
we get:
dw; = a(Vw;) = —w; A T;.

Thus, by (1.3.1)) we deduce that & =0 and 7; = —0;, i.e. DI = D.

Remark 1.3.9: If we only suppose that w is a non degenerate (2,0) twisted form, not
necessarily holomorphic, then w still induces a connection on L in the same manner. This
time, we have the morphisms of sheaves of &y,-modules Ly, : 5&0 — 85?2’0 which induce

isomorphisms Eg;IO(Ui) = Ei;IO(UZ-) @ Eg”’]?/[(Ui). Writing
£30 _
v (Ui) 3 0wi = wi A + &,

we get the (1,0)-forms 0; which define a connection D just as before. It is only at this point
that the holomorphicity of w becomes essential in order to have that D defines a holomorphic
connection on L.

Actually, the complex manifolds which admit a non degenerate (2,0)-form valued in a complex
line bundle are exactly those which have a topological Sp(m)U(1) structure. As expected,
these are not necessarily locally hyperkéhler: a counterexample is given by the quadric
Q6 =SO(7)/U(3) C P'C, which is a Kihler manifold with topological Sp(3)U(1) structure, see
[MPS13], but is not KLH, since it has positive first Chern class.

Remark 1.3.10: Note that the Kdhler hypothesis was heavily used during the proof. So one
could ask two questions in the non-Kéahler setting:
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(1) Does it follow that a compact complex THS manifold has holomorphic torsion canonical
bundle, so that w determines a holomorphic symplectic form on some finite unramified cover
of M?

(2) Which are the compact complex manifolds admitting a holomorphic symplectic form?

For the first question, the problem comes from cohomology. For a general compact complex
manifold one can define many cohomologies (de Rham, Dolbeault, Bott-Chern, Aeppli) which
are not necessarily comparable. In particular, one does not always have a map from H (%’1 (M,C)
to H3,(M,C). Since what we actually show is that ¢1(K)g = 0, we cannot conclude that
this Chern class vanishes in all other cohomologies (except for Aeppli). Moreover, even if it
was the case, this would still not imply that K, is holomorphically torsion, see [Tol5] for a
detailed discussion and for examples showing the nonequivalence of the notions.

For Fujiki’s class C manifolds, the answer is yes though. Since these manifolds satisfy the 90-
lemma, we can conclude that the first Chern class of the manifold vanishes in all cohomologies.
We then use the result of [Tol5] stating that a Fujiki’s class C manifold M with Bott-Chern
class ¢1(M)pc = 0 has holomorphic torsion canonical bundle.

Examples of THS manifolds which do not verify the 9-lemma can be given as follows: let
S be a primary Kodaira surface. It admits a closed holomorphic symplectic form, thus also
S™ does. Moreover, if I' =< v >CAut(S) is a finite cyclic group so that S/r is a secondary
Kodaira surface, then S™/., .~ is THS by in the next section. Note that

this manifold still has holomorphic torsion canonical bundle.

Regarding the second question, what we can say for sure is that the holomorphic symplectic class
strictly contains the hyperké&hler manifolds. Compact non-Kéahler manifolds with holomorphic
symplectic forms were constructed by Guan and Bogomolov (see [Gu94] and [Bo96]). A
non-Kéhler example with non-closed non-degenerate holomorphic form is given as follows:
start with a global complex contact manifold, the Iwasawa 3-fold for instance, that is a complex
manifold M?™ ! admitting a global holomorphic form n € H(M, Q) such that n A dn™ is
nowhere zero. Let T be a 1-dimensional complex torus, and take on X = M x T the form
w = dn+ 0 An, where 0 is a generator of H(T,Q%). Then w is holomorphic symplectic and
verifies 0 # dw = 0 A w. More examples can be constructed as complex mapping tori over M:
let f €Aut(M,n) be a contactomorphism, i.e. f*n=mn. Write T =C/5, A =Z & 7Z, and let
Aact on M by 1. =z and 7.x = f(x). Then w descends to My := M x, C, which is again
holomorphic symplectic. These examples are the holomorphic version of what is usually called
locally conformally symplectic manifolds.

1.4 A characterization

In this section, we want to investigate the converse problem. It is not true that all KLH
manifolds are twisted holomorphic symplectic. Already we will see that a product of strictly
THS manifolds is never THS, but it turns out that being reducible is not the only obstruction.
In what follows, we will give some description of THS manifolds and their fundamental groups.

By a strictly twisted holomorphic symplectic manifold we always mean a THS manifold
(M, I, L,w) such that the line bundle L is not holomorphically trivial.

Theorem 1.4.1: A compact Kahler manifold M of complex dimension > 2 is THS if and
only if there exists a holomorphic symplectic form wy on its universal cover M so that the
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action of T'=m (M) on HO(M,Q?\Z) preserves Cwg. In particular, any THS manifold is a
finite cyclic quotient of a hyperkdhler manifold.

Proof. Suppose first that M admits a twisted-symplectic form

we H' (M, Q% o L).

Then, by [I'heorem 1.3.5, L is unitary flat, and thus given by a unitary representation
p:I'=U(1), ie. if we see m: M — M as a I'-principal bundle over M, we have L = M x, C.

Let s; : Uy — M be local sections of m : M — M over a trivializing cover {U;}. We then
have s; = ~;;s; on U; N Uj, where v;; : U; N U; — I' are the transition functions for M. Then,
0; = [si, 1] are local frames for L, where [-, ] denotes the orbit of an element of M x C under
the left action of I'. The locally constant functions g;; := p(yz-; 1) are the transition functions
for L verifying
— _ -1y —
oi = [viz85,1] = [85, p(7i; )] = gijoj.

Since 7* L is trivial, there exist f; € O}k\;[(ﬂ_lUi) such that 7*g;; = L on 771U, ﬂw_lUj. Also,

J
the sections ”—fl € H%(n='U;, 7*L) all coincide on intersections and are non vanishing, thus
giving a global frame for 7* L which we can suppose equal to 1, so that 7*c; = f;. Thus, if we
write w = w; ® 0; and define wy := 7w, we get:

w0|7r*1Ui = W*wifi
and, for any v € I':
v fi
fi

* * *
Ywolr-1;, = T wiy" fi = wo
Moreover, for any «y, we have on 7~ 'U; N TF_lUj :

fi _fion
fi  fion

< Gij O = gijomory

hence the constant function flfﬂ does not depend on 1.

On the other hand, we have:

vfi _[siomoy, 1] _[siomp(y )] _ 1
fi  [siom1]  [sjom1]  p(%) (1.4.1)

Hence I' preserves the subspace Cwy C H O(M , Q?\Z) and p is determined by the action of I' on
the holomorphic symplectic form wg by:

—— " wo = 7 wo.
p(7)

Conversely, suppose a holomorphic symplectic form wg is an eigenvector for I' acting on
HO(M,Q%,). Define
p:I' = C*
wo

Y*wo
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Let L := M X, C and, with the same data for L as before, define w € HO(M, Q?M ® L) by
wly, = w; ® 0;, where w; = sf% Then w is twisted holomorphic symplectic and, seeing s;m as
an element of T, we have, by (3.1), on 7~ 1(U;) :

. RO 1 fi

st fitt plsim) T (sim)* fs

To prove the last part, suppose M is THS and let, as in|{Theorem 1.3.5, M = C2 x M x...x M,
with M; irreducible hyperkédhler manifolds. The manifold M has a finite unramified cover

M' =T x My x ... x My, where T is a 2l-dimensional compact complex torus, so that
M = M'/T" and T = Z4 x T". The symplectic form wy is preserved under the action of Z*,
so it descends to a holomorphic symplectic form on M’, which we will also denote by wg. The
group I preserves Cuwy.

Let p/ : I" —=U(1) be the representation induced by p. Denote by N’ its kernel, and by
N :=Z* x N'. Then N is normal inside T, so there exists a Galois covering My — M with
71 (My) = N. Moreover, since 71(M’) = Z* is normal in N, also M’ — My is a covering
whose deck transformation group is N/Z4 = N,

We thus have that My = M’/N’" and N’ preserves wy, so wy descends to M. Since My is
compact holomorphic symplectic, it is hyperkéahler.

Finally, p(T') = p/(I"”) is a finite subgroup of U(1), so cyclic, and I'/N = T"/N' = p(T'), so My
is a finite cyclic covering of M.

wo-

This concludes the proof of the theorem. m

Corollary 1.4.2: A compact strictly THS manifold of dimension > 2 is de Rham irreducible.

Proof. Suppose M = M x My is strictly twisted holomorphic symplectic. Let M’ = M/ x M
be a finite unramified cover of M with holomorphic symplectic form wy = w; 4+ ws preserved
up to constants by IV = I} x Ty, where m(M;) = Z% x I, i =1, 2.

Then we should have that p(I”) = p(T}) x p(T') is a non-trivial cyclic group of the same order
as p(I'}), p(T'y), which is impossible. m

Corollary 1.4.3: A compact locally irreducible Kdhler manifold of dimension > 2 is KLH
if and only if it is THS. In this case, the twisted-symplectic form is valued in the canonical

bundle.

Proof. Let M be a locally irreducible KLH manifold and M its universal cover endowed with a
holomorphic symplectic form wg. Since M is irreducible, it is compact and HO(M, Q?\Z) = Cuwy.
Hence I' = 71 (M) preserves Cwy in a trivial way and M is twisted holomorphic symplectic by
the previous theorem.

In particular, this implies that I' is cyclic. Let d be its order. Then d|m+1, where dimM = 2m.
To see this, let v € I be a generator, so that v*wy = £ - wg, with £ a primitive d-root of unity.
Since v has no fixed points, by the holomorphic Lefschetz fixed-point formula we must have
that its Lefschetz number, which by definition is:

L(v) = Z(_l)qtr’Y*‘Hq(M,o)
q

must vanish. On the other hand, we have
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Cluwo]
(with)

H*(M,Op) = H(M,Qy,) =

so L(y) =1+&+...+&™. Thus, L(y) = 0 implies d|m + 1.

Let p: T —U(1) be given by the action of T' on wy and L := M x; C, so that the twisted
holomorphic symplectic form is L-valued. Since the action of I' on K; is given by p™, we
also have that K, = M x,m C. Now, p™1 =1 implies p™ - p =1, or also K}; ® L = C,, i.e.
we have a holomorphic isomorphism L = Kj;. =

Remark 1.4.4: For a THS manifold (M, I, L,w), we always have, by that L
is a root of K},. In the particular case when M is locally irreducible, we obtain, moreover,
that L is precisely (up to isomorphism) Kpy.

It is difficult to give a nice criterion for being THS in the case of de Rham irreducible,
locally reducible KLH manifolds. We can, though, give a somewhat more precise description
of fundamental groups of THS manifolds. For this, we first give some lemmas concerning
isometries of Riemannian products.

Lemma 1.4.5: Let k > 0 and for each 1 <1i < k let (M;, g;) be a complete locally irreducible
Riemannian manifold of dimension bigger than 1. Let My = My X ... x My be endowed with
the product metric. Let v be an isometry of My and let ~; := p;y, where p; : My — M; are
the canonical projections. Then v; is of the form ~v; = ¥ipy(;), where ¥; : My — M; is an
isometry and o a permutation of {1,...,k}.

Proof. We have that §; := ~;g; is a parallel section of S?(T*M;). On the other hand,

SHT*My) =Y SHT*M;) & Y (T*M; @ T*M;).
1<j

Now, T M; @ T*M; admits no parallel section for ¢ < j, while the space of parallel sections of
S2(T*M,) is exactly Rg;. Indeed, by the holonomy principle, this is equivalent to saying that
G; x G; has no fixed points when acting on T M; ® T); M, while the only G;-invariant elements
of S?(TM;) are the multiples of (g;)., where x € M;, y € M; are any points and Gy is the
restricted holonomy group of Mg, s =1, ..., k. The first assertion follows from the dimension
hypothesis and the more general fact that if U is a G-irreducible space and V' a H-irreducible
space, then U ® V is a G x H-irreducible space. The second assertion is equivalent to Schur’s
lemma if we identify S?(T:M;) with the symmetric endomorphisms of T3 M; via g;.

Next, we want to show that for every 4, there is exactly one j = j(i) so that a;; # 0. Thus,
if we let A(i) = {jlai; # 0}, we need to show that A(z) # () for each ¢ and A(z) N A(j) =0
for all i # j. Now, since g; is definite and dv; is surjective, we have that kerg; := {X €
T My|gi(X,-) = 0} = kerdry;. Hence, since ker dvy; # T'M, the first assertion follows.

For the second assertion, first note that ker g; N T'M}. # 0 if and only if a;; = 0, in which
case T My, C ker g;. Therefore, (ker dvy;)* = Y jea@ T'M;. Hence, for i # j, A(i) N A(j) =0 is
equivalent to {0} = (ker dvy;)* N (ker dy;)* = (ker dvy; + ker dv;)*. But we have

ker d; + ker dy; = dy~ ! (ker dp; + ker dp;) = dfy*l(z TM, + ZTMS) =TM.
sF#£i s#£j
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It follows that there exists a permutation o of {1,...,k} so that A(i) = {o(i)} for each i.
Hence, since for any j, >, a;; = 1, we have that a;5;) = 1 and v; = Jipg(;) with 5; : My — M;
an isometry. m

In what follows, we will omit writing the projections and identify ~; with ;.

Lemma 1.4.6: Let k > 0 and for 1 < i < k let M; be an irreducible compact hyperkdhler
manifold. Let My = My X ... x M be endowed with the product metric and a holomorphic
symplectic form wg. Then any isometry of My preserving wg has fixzed points.

Proof. By [Theorem 1.2.3] each manifold M; is simply connected and admits an unique
holomorphic symplectic form w; up to a scalar, so we have:

HO(M(), Q?\/lo) =Cuw @ ... Cuwy.

Hence we can suppose, after rescaling the w;’s, that wg = w1 4+ ...+ wg. Let v be an isometry
of My with v*wg = wy.

Consider first the case where all the manifolds M; are isometric, so that My = MF. Let o be
the permutation determined by v as in the previous lemma and let [ be the order of o. If we
define, for i =1, ..., k:

!

Yi = YiVo () - - - Vol-1(i)

then 7! (21,...,25) = (Vi (21), ...,V (zx)) for any (z1,...,21) € My. If v acts freely, then
also 7! acts freely. Otherwise, suppose v!(y1,...,yx) = (y1,...,yx) for some (y1,...,yr) € My.
Let i1,...,4; € {1,...,k} represent the orbits of the group spanned by o, of corresponding
cardinals [y, ..., l;, and define (z1,...,xx) € My by

Lo = Yig and xgj(ia) = ")/o.j(ia) “oe ’)/Ula—l(ia)(yia)

fora=1,...,tand j=1,...,l, — 1. The fact that

YiaVolia) - - - Vota—1(in) Yia) = Yia

implies that (x1,...,z) is a fixed point for -, which is a contradiction.

Now, v*wy = wo implies (7})*wy = >i(v) w1 = wo, or also (7))*w1 = wy for any i = 1,..., k.
On the other hand, the fact that 4 acts freely implies that some , acts freely on M. By
the holomorphic Lefschetz fixed-point formula, its Lefschetz number must then vanish. But
L(v;,) = m + 1, where dimM; = 2m, contradiction.

In the general situation, write My = (M7)*1 x ... x (M;)*s, with M; irreducible and M; 2 M,
for all i # j. By the previous lemma, v = (71,...,7s), with ; an isometry of (M;)*. Again,
Y*wo = wp implies 7/@; = @;, where the @;’s are the induced symplectic forms on (M;)ki,
i=1,...,s Also, if v acts freely on My, then some 7; acts freely on (M;)* and we already
showed that this is impossible. m

Remark 1.4.7: We can now say slightly more about THS manifolds M with compact universal
cover M. In this case, with the notations of [Theorem 1.3.5|, I' =T, the representation p is
faithful by the previous lemma, so I' = p(I") is cyclic. Thus, if 7 is a generator of I' of order
d and v*wg = &wyp, then & is necessarily a primitive d-root of unity. Moreover, if we write

v = (V1,.--,7) just as in [Lemma 1.4.5] then all +;’s must have the same order d. To see
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this, let d; =ord~y;. Then d;|d =lem(d;);. Since Y*wo = >; viwi = €Y, pfwi, we have, for all i,
7; wi = Ewe(s), hence €% = 1. But ¢ was primitive, so d; = d. We can conclude:

Corollary 1.4.8: If the fundamental group of a compact THS manifold is finite, then it
is cyclic and of the form I' =< v = (y1,...,7%) >, with ~; isometries of the irreducible
components of the universal cover, all of the same order.

Remark 1.4.9: When M is THS but M is not compact, it is not necessarily the case that I
is cyclic, i.e. p' : TV —=U(1) need not be faithful. By the same type of arguments as in
and with the notations of it can be seen that an element of I" is of the
form v = (vr,70), with y7 €Aut(T) and 9 €Aut(Mp). There exist fixed point free complex
symplectomorphisms of T of finite order (for instance translation by a torsion element a € T
). So, if 7 is one such symplectomorphism and ~q is a symplectomorphism of M of the same
order as yr, (yr,70) is an element in the kernel of p'.

Corollary 1.4.10: A compact strictly twisted holomorphic symplectic manifold M of dimen-
ston > 2 with finite fundamental group is projective.

Proof. Let 7 : M — M be the compact universal covering, where, by M =
M x ... x My with M; irreducible hyperkéhler manifolds. Then, by [Lemma 1.4.6] each
M; admits an automorphism which is not symplectic. By a result of A. Beauville [Bea83al,
Proposition 6], such manifolds are necessarily projective, hence so is M. But it is a well known
fact that a compact Kéhler manifold is projective if and only if some finite unramified covering
is, thus the conclusion follows. m

1.5 Examples

Concerning examples of Kéhler type, finding locally irreducible KILH manifolds is equivalent
to finding a fixed point free automorphism  of an irreducible symplectic manifold, so that all
powers of  also act freely.

In complex dimension 2, by all manifolds are twisted holomorphic symplectic.
On the other hand, the only finite cyclic quotients of hyperkéhler surfaces are the Enriques
surfaces and some bielliptic surfaces. The first ones are quotients K/, with K a K3 surface
admitting a fixed point free involution ¢, and they are locally irreducible. The bielliptic
surfaces are quotients of products of two elliptic curves by some groups of order 2, 3, 4 or 6.

This shows that does not hold in complex dimension 2.

Next, one can easily construct locally reducible THS manifolds of any dimension by iterating
the KLH examples from above. For instance, if (K, ¢) is a K3 surface as before, then K™/, >
is THS. In the same way, let T = C/(z4,7) and let P be a 4-torsion point on T. Denote by
(T1,...,Tm,Y1,--.,Ym) the local holomorphic coordinates on T?™ coming from the standard
coordinates on C?™ and define f €Aut(T?™) by:

fz1, - yyml]) == (izn, -y ixm), 1y - oy Ym) + (P ..., P)).

Then f spans a group of order 4 acting freely on T?™ and T?™/_ #> is a THS manifold, with
twisted symplectic form given locally by 377, dz; A dy;. More generally, if M; and M, are
hyperkédhler and v; €Aut(M;), i = 1,2, have the same order, with < 7 > acting freely but
< 72 > possibly not, then (M x M)/<~, 1> is again a smooth THS manifold.
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Finding locally irreducible THS manifolds of higher dimension is more difficult. For the Hilbert
schemes of points on K3 surfaces, see [Bea83b| for the construction, all known automorphisms
of order bigger thatn 2 have fixed points, so we have no hope of constructing examples out of
them. On the other hand, there is hope with the generalized Kummer varieties K, see again
[Bea83b| for the definition. In [BNSI11] and [OSI1I] the authors find fixed point free cyclic
groups of automorphisms I' of order 3 for the manifolds K5 and K35, and of order 4 for Ks.
The corresponding quotients give the desired examples of dimension 4, 10 and 6, respectively.






Chapter 2

Locally Conformally Kahler
Geometry

2.1 Introduction

This chapter puts together the definitions and the basic results in locally conformally Kéahler
(LCK) geometry which are relevant for the thesis. Most of the chapter consists in already
known facts, although sometimes presented in a different way, except perhaps the last part of

example [2.6.3]

We start by giving all the equivalent definitions of an LCK structure in Section 2.2} Although
we do not discuss the locally conformally symplectic (LCS) structures, the obvious adaptation
of all the given definitions are valid in this context as well. Next, in Section we present the
relevant linear connections appearing in the context of LCK geometry, as well as the relation
between all of them.

In Section we move on to introducing particular classes of LCK metrics, namely Vaisman
metrics, LCK metrics with (positive) potential and exact LCK metrics. We discuss the relation
between these classes, as well as their important or elementary properties. This section is
important for the rest of the text, as some of our main results concern special LCK metrics.

Also essential for the discussion that will follow, namely in Chapter [4], is Section concerning
the properties of the automorphism group of an LCK/LCS manifold. In particular, in this
section we give a criterion for lifting the action of a compact Lie group on a compact LCS
manifold to its minimal symplectic cover (Proposition 2.5.4)).

In Section we present the main examples and known methods of constructing LCK
manifolds. We start by giving the metric construction of diagonal Hopf manifolds and non-
diagonal Hopf surfaces. This is well known and follows the ideas of Gauduchon-Ornea [GO98)|
and Belgun [Bel00]. However, we chose to give all the details, in a way that clearly generalizes
to the next example we present, namely LCK manifolds obtained form ample vector bundles
over Kéhler manifolds. This last construction generalizes the one given by Tsukada [Ts97]:
given any linear Hopf manifold or non-diagonal Hopf surface H, one chooses suitable line
bundles over a projective manifold in order to form an LCK manifold fibering in H over the
projective manifold. Lastly, we discuss shortly the LCK metric structure of complex surfaces,
as well as of blown-up manifolds.

15
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2.2 Basic definitions and properties

We start by introducing the equivalent definitions of a locally conformally Kéhler structure.
Let (M, J) be a complex n-dimensional manifold and let Q € 5]1\/’[1(M ) be a non-degenerate
(1,1)-form on M which is positive, meaning that g(-,-) := Q(-, J-) is a J-invariant Riemannian
metric.

Definition 2.2.1: The form € is called locally conformally Kdhler, abbreviated LCK, if
there exists a covering of M with open sets {Up, }aer such that Q restricted to each of them is
conformal to a Kéhler form:

Qly, = e#2Q, with d2y = 0 (2.2.1)

where ¢, € C*°(U,,R) and Q, € Ej;ll(Ua), for any o € I.
Let Q be an LCK form. By differentiating the relation (2.2.1]), we obtain:

dQ =dpa NQ on Uy Va € 1.

Suppose for the moment that n > 1. In this case, the morphism 1, (M) — E3,(M), n — nAQ
is injective as () is non-degenerate, hence the above implies that on the intersections U, N Ug
we have dp, = dpg. Thus the collection {dgq,}acr glues up to give a real closed 1-form 6
globally defined on M which verifies d2 = 6 A Q).

For n = 1, the above argument does not work, and in fact any two (1, 1)-forms, locally or
globally defined on M, are conformal. Nonetheless, for any real 1-form 6 on M (and there
always exist some), the relation dQ2 = 6 A Q) is trivially satisfied, since both terms are 0 because
of their degree.

Conversely, suppose that 6 is a closed 1-form on M satisfying d2 = 8 A Q. By the Poincaré
lemma, M is covered by open sets {U,}aer on which 6 becomes exact: 0 = dpy, po €
C>®(Uq,R). Setting then Q, := e ¥=Q on U,, one verifies easily that this is a closed form on
U, conformal to 2, and so 2 is LCK. Thus we also have:

Definition 2.2.2: The form 2 is called LCK if there exists a real closed 1-form 6 on M,
called the Lee form, satisfying:
dQ =0 ANQ. (2.2.2)

Remark 2.2.3: It’s worth mentioning that, for n > 2, the morphism (M) — E4(M)
given by wedging with € is injective, hence differentiating the relation gives us df =0
automatically.

In order to get to other equivalent definitions, we need to relate the Lee form to a connection
in a real line bundle over M. To do this, let us first note that, by the Universal Coeflicient
Theorem and the fact that H;(M,Z) is the abelianisation of w1 (M), we have the following
group isomorphisms:

H'Y(M,R) = Hom(H; (M, R),R) = Hom(H; (M, Z),R) = Hom(my (M), R).

The isomorphism between the first and the last group is given by taking the de Rham class
of a closed 1-form 7 to the homomorphism v € w1 (M) — [ 7, which of course does not
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depend on the chosen representative 7. Moreover, if we identify 1 (M) with the deck group of
w: M — M acting on the universal cover M, this homomorphism is the same as:

T:m (M) — (ﬂf, +) (2.2.3)
Y=Y — .
where 7*n = dy. Again, this homomorphism depends neither on 7, nor on the chosen primitive
©.
At the same time, the group Hom(7; (M), R) is in one to one correspondence to the set of the
isomorphism classes of oriented real line bundles with flat connection over M, given in the
following way. Let 7 : w1 (M) — (R, +) be a homomorphism and let p = exp 7 : m1 (M) — Rsy.
Then we define the real line bundle over M:

Ly =M x,R=MxR/m (M)

where v € 71 (M) acts on (Z,v) € M x R by (v(Z), p(y)v). As before, let us represent 7 by a
closed form 7, and on M we choose a primitive ¢ € C*°(M,R) for 7*n. Then &(%) := (Z,e#®))
descends to a trivialising section of L; — M, denoted by o, and we define a flat connection V
in L, by setting Vo =7 ® ¢. Adding an exact form to n or a locally constant function to ¢
does not change the isomorphism class of (L, V).

Suppose now (£2,0) is an LCK structure on M, and let us pull back all structures from M to
M and denote them respectively with =. Clearly Q is still an LCK form on (M, .J) verifying
dQ =6 A Q. If we take ¢ € C>°(M,R) such that 0 = dp, then Qg := e~ ¥Q is Kihler on M.
Let us denote, as before, by 7 the morphism ([2.2.3] , ), by p =™ and by (L,, V) the associated
flat line bundle. The group 71 (M) acts on Qg by homotheties:

Yk = p(7) ' Q.

This equivariance tells us that Qf can be identified with a smooth positive section w = Q®@o~!
of 5]1\/’[1 ® L} which is dy-closed. Here, dy is the differential operator acting on £3; ® L} induced
by the flat connection V7, and the positivity of w means that in any positively oriented
trivialisation of L%, w gives a positive (1, 1)-form.

Definition 2.2.4: An LCK structure on (M, J) is given by a Kéhler form Qg on (M, .J) on
which (M) acts by homotheties.

Definition 2.2.5: An LCK structure on (M J) is given by an oriented flat real line bundle
(L, V) over M and a positive section w € 5 (M, L) which is dy-closed.

Remark 2.2.6: If we forget about the complex structure of M, and so also about the
condition of positivity of §2, then the above definitions introduce the notion of a locally
conformally symplectic (LCS) structure. We will not be interested in these structures in the
present text, and for the sake of continuity we will not make any remarks or adaptations
concerning them, but indeed some of the facts that we state for LCK structures apply, more
generally, to LCS structures.

Given an LCK structure (€2, 0), there are two distinguished smooth vector fields on M, B and
A = JB defined by:
gl =J0, 140 =—0. (2.2.4)
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Usually, B is called the Lee vector field, as it is the metric dual of the Lee form, and A is called
the Reeb vector field, and is the metric dual of J#. Moreover, because df = 0, A is always an
infinitesimal symplectomorphism:

LaQ=—d0+1A(0AQ) =OANOAQ=0. (2.2.5)

Remark 2.2.7: Let us note that, because df = 0, the form d.J6 is a real (1,1)-form. Indeed,
let 0 = 010+0%! be the decomposition of § in its (1,0) and (0, 1) parts, where 610 = 2(9+4.J0).
As df = 0, it follows that 0 = (df)%° = 9610, hence d#™0 = 990 € Sjl\f(M). Thus df = 0
implies that dJ6 = %d&l’o € E&I(M ). In fact, as we will see soon, this form plays a special
role in LCK geometry.

If (2, 0) is an LCK structure on M such that the form 6 is exact on M: 6 = dy, ¢ € C*°(M,R),
then Q, := e~¥Q is closed. Hence (2 is globally conformal to a Kéhler metric (also abbreviated
GCK). Conversely, suppose that Q is GCK. If n > 1, then one easily sees that the form 6 is
exact by the same argument as before, but for n = 1, this is clearly false. From the above
discussion, we see that the GCK condition for (2 is equivalent also to the corresponding flat
line bundle (L, V) being isomorphic to (M x R, d) for n > 1.

We will sometimes call an LCK structure which is not GCK strict, but later we will only
consider this type of structure, and so omit the word strict. In fact, an early result in LCK
geometry, due to I. Vaisman [Va80], states that for an LCK structure on a compact complex
manifold which is not a Riemann surface, being strict is equivalent to the manifold being
non-Kéhlerian.

Theorem 2.2.8: (Vaisman, [Va80]) Let (M, J,€2) be a compact complex manifold of complex
dimension n > 1 endowed with an LCK structure. If M wverifies the 00-lemma for real
(1,1)-forms, then Q is GCK.

Proof. The proof consists in two assertions:

Fact 1: If M verifies the 90-lemma for real (1,1)-forms, then there exists an LCK form €’
conformal to € whose corresponding Lee form 0’ verifies d.J§' = 0.

We have dd¢ = 2i09, and the dd-lemma applied to d.J6, which is a real (1,1)-form, gives us
the existence a smooth real function ¢ on M verifying dJ0 = dd®p. Define the LCK form
Q0 := e %0, with corresponding Lee form ¢ = 6 — dp. We then have:

dJO = dJo — ddp = 0

Fact 2: If an LCK metric (€2,0) on a compact manifold verifies dJ§ = 0, then 6 = 0.
Suppose that 6 # 0. Since the form § A J6 is always semi-positive, so is 6 A JO A Q"1 so the
integral [, 0 A JO A Q™! is a strictly positive number. On the other hand, we have:

1
n—1

1

@) = -

0</ 0/\J9/\Q”_1:—/ TOA ( /djemn—lzo (2.2.6)
M M M

where we used Stokes’ formula and the last equality follows by hypothesis, and so we arrive at
a contradiction. m

Let (M, J,Q,0) be a compact LCK manifold, and consider the associated morphism 7 :
w1 (M) — R. Let T'g be its kernel, which is a normal subgroup of 71 (M), hence there exists a
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Galois covering M — M with deck group I' = m (M)/Ty. Note that I' 2 Im7 C R, hence it
is a free abelian group, isomorphic to Z* for some k € N. The rank k is sometimes called the
LCK rank of (Q2,0). By construction, M is the minimal covering space on which 6 becomes
exact, and hence on which 2 becomes GCK. Alternatively, I'g is the maximal subgroup of
71(M) acting trivially on the corresponding Kéhler form Qg , which then descends to M and
that we also denote by Q. We will call (M, Q) the minimal Kéhler cover of (M, ). Note
that, if Q is strict LCK, neither the minimal, nor the universal covering spaces are compact.
Moreover, it is shown in [BM16] that the corresponding Kéhler metric is never complete, and
the metric completion of (M Q) adds exactly one point to M.

Any closed 1-form 6 on M induces an integrable differential operator:

. ck k+1
dg : & (M) =& (M) (2.2.7)
don =dn —60 An.

Indeed, df = 0 implies d% = 0. However one should note that dy does not satisfy Leibniz’
rule, in the sense that dy(a A B) # dga A B+ (—1)%8%a A dyf for o, 3 € E*(M). If Q is an
LCK form with Lee form #, then one has dg{2 = 0. A simple, but very useful fact in LCK
geometry, is the following lemma. We give here the proof of [MMP17], but one can also look
for a slightly different one in [Va85].

Lemma 2.2.9: Let M be a connected differential manifold and 0 a real-valued closed 1-form
on M. Then kerdy C C*°(M) is trivial if and only if 6 is not ezxact.

Proof. Clearly, if 0 = dp, with ¢ € C*°(M), then e? is in the kernel of dy. Conversely, suppose
that there exists f € C*°(M) so that

df = 16 (2.2.8)

on M. If f has some zero at x € M, then as (2.2.8)) is a linear first order differential system,
the initial condition f(z) = 0 determines its unique solution f = 0. Otherwise, f never
vanishes, but in this case (2.2.8) implies § = d1n|f], so we are done. m

Let us note at this point that the notion of LCK structure is a conformal one. More precisely,
it 2 is an LCK form, then clearly also Q := efQ is. Moreover, if 6 is the Lee form of ©,
then 0 := 6 + df is the Lee form of {2¢. In particular, the de Rham class of the Lee form
is invariant under conformal changes of the metric, and so are the minimal and universal
coverings with the Kéhler metrics, as well as the isomorphism class of (L, V) corresponding to
Q. For this reason, we will sometimes call an LCK structure the conformal class of an LCK
form Q, denoted by [Q2], instead of the form itself.

2.3 Connections

On an LCK manifold (M, J, g,2) there are three distinguished affine connections which, unlike
in the Kéhler case, do not coincide: the Levi-Civita connection, the standard Weyl connection
and the Chern connection. Recall that the first one is the unique torsion free affine connection
preserving the metric g, denoted by V9. The second one is the unique torsion free affine
connection preserving the conformal class [g] as well as J, denoted by V19!, Finally, the Chern
connection is the unique C-linear connection on the holomorphic vector bundle TM whose



20 2.3. Connections

(0,1)-part coincides with 0 and which preserve the Hermitian structure h := g — i), and we
will denote it by D.

On the other hand, M is covered by open sets {Uy }acr so that g = eP>g, and g, is Kédhler on
each (Ug, J). This time, the Levi-Civita connection of (U, J, g ), denoted by V¢, coincides
with the Chern connection, as well as with the standard Weyl connection preserving J, both
corresponding to (Ug, J, go). Thus, the relation between the three connections of the LCK
structure will be given by comparing them to the connection V* corresponding to gq.

Recall first that the Levi-Civita connections of two conformal metrics h and h = e/ h relate
via the formula:

VhY = VY + %(df(X)Y +df (V)X — h(X,Y)grad, f).

If we apply this to our context and remark that dy, = 6 is globally defined on M, as well as
grad . = B, we obtain that the connections {V®}aer glue up to a globally defined torsion
free connection D on M which preserves J, given by the relation:

1
DxY =V%Y — E(G(X)Y +0(Y)X —g(X,Y)B). (2.3.1)
Moreover, on any U, we have:
Dg =D(e?*ga) = dpa ® g +e**Dgo=0®g (2.3.2)

meaning that D preserves also the conformal class [g]. Therefore, D is in fact the standard
Weyl connection V19!, Finally, as D preserves J, we obtain the following formula for V9.J:

VT — %(H(X)J —J0® X — (X, J)B — 0(X)J — 0@ JX + g(X,)A)
(2.3.3)
_ %(—J@ ©X —0® JX +g(X,)A+Q(X.)B)

from which it follows that V% .J = 0 and V%.J = 0. Equivalently, this formula writes for {:

V5 =g(X, ) AJO+xQN6.

Let us now compare the standard Weyl and the Chern connections of g. In this case, we think
of TM as a holomorphic vector bundle over M, and up to shrinking them, we can suppose that
the open sets U, trivialise holomorphically T'M. Let h := g — i€ be the induced hermitian
structure on T'M, fix a € I and let also h, = e~%>h be the hermitian structure induced by
go on TU,,. Let 0 = {o1,...,0,} be a holomorphic frame of TM over U,. Recall that if we
denote by H the n x n matrix of functions (h(oj,0%));jk=1n, then the Chern connection of
h with respect to ¢ is given by D, = H 'omH. Thus, if we also denote by H, the matrix
(ha(oj,0%))jk=1n, We have:

Dy = (e %) H,, ' d(e?H,)
=0 ®id +V2.
In particular, the difference D, — V& does not depend on the trivialisation, and so we have:

D =0""®idry +D. (2.3.4)
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Finally, let us recall that for an LCK manifold (M, J,,0) we have a naturally associated
line bundle with flat connection (L, V) corresponding to 6 € £3,(M), so that Q is L*-valued.
Now take the complex line bundle L¢ = L ® C with the connection V, extended by C-linearity,
and define the differential operator dy, : C*°(M, L¢) — é’]?/’[l(M , L) acting on smooth sections
of L€ by:
O =V =9+ 6% A

Note that, as df = 0, also 0% = 0, hence J;, o 9;, = 0, which implies that 97, induces a
holomorphic structure on L¢. We will denote by £ the associated holomorphic line bundle.
Next, we also have a natural hermitian product i on £. Indeed, recall that o, defined on M
by o(z) = (z,e?®)), where dp = 6, is a smooth trivializing section of L. Thus, we can define
h so that o is orthonormal, i.e. for a smooth section s = fo of £, with f € C*(M,C), we put
h(s,s) := | f|?>. The Chern curvature of the associated Chern connection of (£,h) can easily
be computed. Before giving its formula, let us recall the definition of the (1, 1)-Bott-Chern
cohomology groups of (M, J):

_H{ae &y (M,C)|da = 0} o€ & (M,R)|da = 0}

11 . 1,1 .
HioM.C) = e, 0)) e R = a0 tc=(a1, ®))

and we have Hp,(M,C) = Hy,H(M,R) @ C.

Lemma 2.3.1: The Chern connection Dy corresponding to (L, h) is given by Dy = Vc—26%0,
and its Chern curvature is ©(Dy) = —idJO. In particular, if (M, J, Q) is strict LCK, then the
Bott-Chern class c1(L)pc = [5=dJ0),55 of L does not vanish.

Proof. Recall that, with respect to a local holomorphic frame s of £, D, is given by D,s =
a® s, with @ = dInh(s,s), and the Chern curvature by ©(D;) = da = da, which is well-
defined globally on M. Now the local section s = e %o verifies 15 = 0, and we have thus
a = —20p = —2019. On the other hand, s is parallel with respect to Vr.:

Vies=—e Pdp®@oc+e Y00 =0
so Dy = Ve — 2010, Also, we have:
O(D) = —2d0"° = —d(0 +iJ0) = —idJ6. (2.3.5)
Finally, we obtain .
e(L)pe = [5-Oias € Hpe(M,R)

and the proof of implies that the vanishing of this class is equivalent to €2 being
GCK. m

Remark 2.3.2: Note that there exists a natural map F' : Hllg’é,(M, R) — HY(M,R), where

7 _ {a € &F (M, R)|da = 0}
HY(M,R) := d]{[COO(M, ®)) .

|Theorem 2.2.8| implies that 0 # c¢i(£)pc € ker F. On the other hand, we have a natural

injection HY(M,R) — HY(M, ) and ker F = %, cf. [Ga76]. Thus, for a compact

complex manifold of (strict) LCK type, we have a strict inequality

by < 2h%1
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where h%! := dimc H'(M, O), which is also equivalent to the fact that the Picard variety

HY(M,0)

Pic’(M) := ker(cy : H'(M,0%) — H*(M,Z)) = H(M,7Z)

is non-compact. For more details on this discussion, see [Ga76] and [Ga84].

Remark 2.3.3: The above lemma shows that we have a natural morphism
G: HY(M,R) = Hp5(M,R), [0]q— [dJ6);55

which is the composition of [0] = Ljg) = 2me1(Lig)) po- If [0] is the Lee form of an LCK metric,

G([0]) # 0.

2.4 Special LCK metrics

Not much is known about general LCK manifolds, or about constraints on the existence of
such metrics. Moreover, this class is not necessarily well behaved under natural operations,
such us deforming the complex structure. However, there are some special classes of LCK
metrics which are quite well understood, which we present in this section.

First of all, in any conformal class, there exists a special representative which is sometimes
very useful to work with. Let us fix a Hermitian manifold (M, J, g,€) of complex dimension
n > 1, where g = Q(-, J-). The metric g induces a L? inner product on £*(M). We denote by
d* the adjoint of d with respect to this inner product, and by A := dd* 4+ d*d the corresponding
Laplacian. We recall that on a complex manifold we have the formula: d* = — % dx, where
is the Hodge star operator with respect to g.

On the other hand, © induces a Lefschetz map Lefqg := Q A - acting on £°(M), so that
Lefq : E1(M) — £3(M) is injective, as n > 1, and we have an isomorphism L& ' : E1(M) —
EX~Y(M). Define

0=

— 1(Lefg—1)—1d(m—1).

This means that we have a decomposition:
dQ=0ANQ+¢
with € A Q"2 =0,

Remark 2.4.1: If we extend the action of J to 1-forms by (Ja)(X) := —a(JX), and then to
k-forms as a 0-degree derivation via the rule: Ja A 5 :=Ja A B+ a A JB, then 0 can also be

defined directly by the formula:
1

Hzn—l

Jd* Q. (2.4.1)

Indeed, we have:

1
AV =—%d*xQ=—xd ol
(n—1)!

= “ * (O AQVH.
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Now, by working in a local orthogonal frame of T* M ® C diagonalising {2, one can easily prove
the identity:
*OAQE = (n—1)1J0

from which (2.4.1) follows.

Definition 2.4.2: The Hermitian metric g is called a Gauduchon metric if 8 is d*-closed.
For an LCK metric (g, (2, 0), this is equivalent to saying that 6 is A-harmonic.

The Gauduchon condition for the metric also translates into an equation for the corresponding
fundamental form, namely d*6 = 0 is equivalent to

dd Q™! = 0. (2.4.2)

Indeed, this follows by (2.4.1). As J commutes with x and x? is a constant multiple of the
identity, we have the following equivalences:

d'0 =0 dx (Jd'Q) =0
& dJdxQ =0
& dJd 1 = 0.

Finally, on any complex manifold, one has the commutation relation [J, d] = d¢, which implies
that dJd = dd¢ and the conclusion follows.

By a result of P. Gauduchon [Ga77], on a compact complex connected manifold, in any
conformal class of a Hermitian metric there exists a Gauduchon metric, and it is unique up to
multiplication by a positive constant provided that the complex dimension of the manifold
is greater than 1. Hence, this class of metrics is to be viewed as a useful tool in non-Kéhler
geometry.

In the LCK context, there are some other special metrics, whose existence imposes restrictions
on the manifold:

Definition 2.4.3: Let (M, J,g,Q) be an LCK manifold and let V := VY denote the Levi-
Civita connection of (M, g). If we have VO = 0, then g (or sometimes () is called a Vaisman
structure or metric. Equivalently, denoting by B the Lee vector field, then ¢ is Vaisman if
VB =0.

Vaisman manifolds are closely related to Sasaki manifolds: the universal cover of a Vaisman
manifold with its Kéhler metric is isometric to the Kéhler cone over a Sasaki manifold. We
recall that a Sasaki manifold (S, gg,.J) is a Riemannian manifold (S, gg) together with a
complex structure J on the Riemann cone (C(S) = S x R, gx := e~ *(gg + dt?)) so that g is
Kahler.

Remark 2.4.4: A Vaisman metric is Gauduchon. Indeed, writing d* as d* = — Z?Zl te; Ve,
for a local orthonormal real basis of T'M, we see that V8 = 0 implies d*6 = 0. In particular,
two conformal Vaisman metrics must also differ by a multiplicative constant.

For Vaisman metrics, the Lee vector field is particularily important. First of all, let us note
that VB = 0 implies that B is of constant norm, and that B has no zeroes. In particular,

the Euler characteristic of M is 0. Moreover, we have the following well known properties, cf.
[Va82]:

Proposition 2.4.5: Let (M, J,g,9,0) be an LCK manifold with corresponding Lee and Reeb
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vector fields B and A. If g is Vaisman, then A and B are real-holomorphic vector fields
preserving both g and Q). Conversely, if B is Killing, then g is Vaisman.

Proof. Let us first see that B is holomorphic, which will then imply that also A = JB is.
Using the fact that VpJ = 0 and VB = 0, we obtain, for any X € I'(T'M) :

(L)X = [B,JX] — J[B,X] =VpJX — JVpX = (VgJ)X = 0.

In particular, as A always preserves the form by it follows that A is Killing. Now let
us see that B is Killing. For this, take any two vector fields X,Y € T'(TM) and write:

(Lpg)(X,Y) = B(g(X,Y)) —g([B, X],Y) — (X, [B,Y])

Thus, as B preserves J and g, it also preserves ().

Conversely, if B is Killing then V@ is antisymmetric. But df is the antisymmetrisation of V@,
hence 0 = df = 2V, i.e. g is Vaisman. m

In particular, on a Vaisman manifold one has that [A, B] = 0, hence A and B span an
integrable distribution giving rise to a complex analytic foliation F, called the canonical
foliation. This foliation has many interesting properties, such as being Riemannian (and in
fact transversally Kédhlerian). Its leaves are parallelizable one-dimensional complex analytic
manifolds, embedded as totally geodesic submanifolds of (M, J,2). For the details of this, see
[Va82]. Moreover, we have the following important result:

Theorem 2.4.6: ([Va82, Thm 5.1], [Ts97, Thm 3.2/, [Ve04), Prop 6.5]) Let (M, J,g) be a
compact Vaisman manifold and j : (N,J') — (M, J) be an immersed complex submanifold.
Then N is foliated, in the sense that for any x € N, the leaf of F passing through j(x) is
contained in j(N). In particular, if N is compact and verifies dime¢ N > 2, then j*g is a
Vaisman metric on (N, J').

Remark 2.4.7: The above result implies that any complex curve C of a compact complex
manifold of Vaisman type (M, J) is foliated with respect to F, thus complex paralellizable.
In particular, if C' is compact, then C' is an elliptic curve. As a consequence, (M, J) cannot
contain rational curves, and so cannot be the blow-up of some other manifold.

As another consequence of [Proposition 2.4.5] we obtain that for a Vaisman metric, {2 has a
very special form, completely determined by the Lee form:

Corollary 2.4.8: If (2,6) is a Vaisman structure on the complex manifold (M, J) normalised
so that ||0||> = 1, then one has:
Q=—-dJo+06ANJ0. (2.4.3)

Equivalently, on the minimal Kahler cover (M, Qk), if 0 = dp, then:
Qi = dde™%. (2.4.4)

Proof. Clearly the two formulas are equivalent, and ([2.4.3)) is equivalent to L52 = 0. Indeed,
by the Cartan formula:

LY =dJO+ 10 AQ) =dJo+|0]>°Q—0 A J6. (2.4.5)
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However, formula ([2.4.3) does not characterize Vaisman structures. In fact, we have a name
for structures having this form, which were introduced by L. Ornea and M. Verbitsky [OV10]:

Definition 2.4.9: An LCK structure (£2,60) on (M, J) is called an LCK metric with potential
if there exists f € C°°(M,R) so that
Q = dpdyf.

This is equivalent to saying that there exists a I'-equivariant smooth function f on the minimal
cover m: M — M so that Qx = dd°f.

Moreover, the LCK structure is called with positive potential if f can be chosen strictly
positive.

Remark 2.4.10: The I'-equivariant potential in the above definition is given by the formula:

A

f=e¥f
where 70 = d.

Remark 2.4.11: The above definitions are conformally invariant. Indeed, if €2 = dgdj f and
h € C>*(M), then:
Q= e"Q = dg,dj, (e"f), 0p =0+ dh.

In particular, if Q = dpd§ f is an LCK form with positive potential, then there exists Q' € [Q]

verifying (2.4.3):
Q = f71Q = dyd§1.

Finally, even this notion of an LCK metric can be generalized:

Definition 2.4.12: An LCK structure (£2,6) is called ezxact if Q is dy exact, i.e. Q = dyn,
for some form n € £},(M). In this case, for any other LCK form in the same conformal class
Q¢ = e/Q with Lee form 0 = 0 + df we have Qf = dp, (e/n). Hence we call an LCK manifold
(M, J,[Q2]) LCK ezxact if some, and hence any representative {2 is exact.

Remark 2.4.13: We should note that no two notions of LCK structures defined above
coincide. As we will see in the examples that will follow, the class of manifolds admitting
LCK structures with positive potential is strictly larger than the one admitting Vaisman
structures, and moreover, not all LCK manifolds admit exact LCK structures. Also, given an
LCK metric with positive potential, in some cases one can add to the potential a convenient
pluriharmonic function to obtain an LCK metric with non-positive potential, as pointed out
in the introduction of [OV17]. Finally, Goto showed in [Gol4] that there exist exact LCK
metrics on the standard Hopf manifolds (see [2.6.1]) which do not admit any potential.

2.5 Infinitesimal automorphisms of LCK manifolds

In this section we will take a closer look at the Lie algebra of infinitesimal automorphisms
of LCK manifolds, and will distinguish a special subalgebra that will play a particular role.
From now on, even if not specified, we only work with LCK structures on complex manifolds
of complex dimension greater that 1.
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For an LCK manifold (M, J,[€2]), the automorphism group Aut(M, J,[Q?]) is formed by all
the conformal biholomorphisms ® : M — M, ®*Q € [©2]. Denote by aut(M, J,[?]) the
corresponding Lie algebra of infinitesimal automorphisms. We have the first well-known
property of this Lie group:

Proposition 2.5.1: Let (M, J,[Q]) be a compact LCK manifold, and let Qy € [Q] be a
Gauduchon metric. Then Aut(M, J,[Q)]) = Aut(M, J, Qo). In particular, the automorphism
group of a compact LCK manifold is compact.

Proof. Let ® € Aut(M, J,[Q]). As Qq is Gauduchon, we have dd°Q}~' = 0, an as ® is a
biholomorphism, ®* commutes with d and with d¢. Hence we also have ddC@*Qg_l =0, i.e.
®*Q) is also a Gauduchon metric. But we have ®*Qy € [Q], so by the uniqueness up to
scalars of such metrics in a given conformal class, we must have ®*Qg = AQy with A € R+.
Finally, as M is compact and ® is bijective, we have [,, Q" = [, ®*Q" = A" [,, Q" > 0,
implying that A = 1.

Thus, the group Aut(M, J, [Qp]) is a closed subgroup of the compact Lie group of isometries
Aut(M,Q(-,J)), hence also compact Lie group. m

Similarly, given an LCS manifold (M, [€?]), the group of automorphisms Aut(M, [©2]) is formed
by all the conformal diffeomorphisms ® : M — M, &*Q € [Q]. Next, we want to investigate
the algebraic structure of the corresponding Lie algebra aut(M, [Q]). First of all, note that
X € aut(M, [Q2]) means LxQ = fxQ. This implies (fx —0(X))Q = dg(tx?). Hence dg((fx —
0(X))2) =0, or also (dfx —d(6(X))) A Q2 = 0 and since we are working under the supposition
that dime M > 1, it follows that 8(X) — fx = ¢x € R. By straightforward computations it
can be seen that the constants cx are conformally invariant. Hence we have a linear map:

[:aut(M,[Q]) — R

X = cx = 0(X) — fx. (25.1)

One can check that [ is in fact a Lie algebra morphism, or can consult [Va85] for the details.
I. Vaisman studied the restriction of [ to aut(M,2) and the LCS manifolds for which this
restriction is not identically zero, which he named LCS manifolds of the first kind. As noted
in [Va85|, being of the first kind is not a conformally invariant notion. However, we have the
following result in the conformal setting;:

Lemma 2.5.2: The map [ is surjective if and only if (M, [QY]) is LCS ezact.

Proof. First of all fix Q € [©2] an LCS form. Suppose [ is not identically zero and choose
C € aut(M, [Q]) such that I(C) = 1. Then we have:

O(C)L— Q= LD = dicQ + 0(C)Q2 — 0 A 10

hence:

Q=dg(—1cQ).
Conversely, suppose 2 = dn — 0 An. Define C € I'(TM) by: 1cQ2 = —n. We compute:
Lo =dic) + Lc(a VAN Q)

= —dp+0(C)Q+0An
=(6(C) — 1)Q.
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Hence C' € aut(M,[Q?]) and I(C) =1. m

Consider the kernel of [, which is also conformally invariant:
aut' (M, [Q]) := {X e I(TM)|LxQ = 0(X)Q}. (2.5.2)

We will call elements of this subalgebra horizontal or special conformal vector fields.

Let now 7 : M — M be the minimal cover corresponding to [Q], with deck group I' and
corresponding symplectic form denoted by Q5. For a Lie algebra a of vector fields on M fixed
by the action of ', we denote by al the corresponding subalgebra of I'-invariant elements of a.

Lemma 2.5.3: We have a natural isomorphism between aut(M, [Q]) and aut(M, [Q2 ]) given
by 7. In particular, under this isomorphism, aut' (M, [Q]) is in bijection with aut(M Q)
the Lie algebra of I'-invariant infinitesimal symplectomorphisms of Q.

Proof. In general, for X € I'(T'M) and X:=71X ¢ F(TM) its lift to M, we have the following
formula:

LoQx = e ?n(LxQ — 0(X)Q) (2.5.3)

where 76 = d. In particular, if X € aut(M, [Q]) then £ ¢Qr = —I(X)Qk. Conversely, if
X = "X € aut(M, [Qx])F, then X is in fact a homothety:

LxQxg = fOQr =0= d(ﬁxﬁ[{) =df NQg = df =0.
Moreover, by (2.5.3), LxQx = fQx implies then
LxQ=(f+0(X))Q

so X € aut(M, [Q]).
Finally, for X € aut(M, [Q]) and X = 7*X we have:

Xeat(M[Q) & U(X)=0s LiQx =0< X € aut(M,Qx)".

In LCS and LCK geometry, often one needs to switch between the compact LCS manifold M
and the non-compact symplectic covering M. We would like to know what happens to Lie
group actions in the process. In general, an action of a group G on M descends to an action of
G on M if and only if G commutes with I', where I' is the deck group of M — M. Conversely,
if one has an action of a Lie group G on M, then one can always lift it to an action of G on
M, G being the universal cover of G. The question is then when does the lifted action of G
factors through an action of @ itself on M. Next we give an answer to this in the case G is a
compact torus, which is an analogue of [MMP17, Proposition 4.4] for abelian groups in the
LCS setting. The above result can be shown to hold for any compact Lie group, following the
arguments of [MMP17] and using the structure theorem of compact Lie groups.

Proposition 2.5.4: Let (M,[Q],[0lar) be an LCS manifold and T be a compact torus acting
on M by conformal automorphisms. Then the action of T lifts to the minimal cover M if and

only if Lie(T) =t C aut' (M, [Q]).
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Proof. We can suppose that T = S', for otherwise we make use of the same argument for each
generator of the T-action. Fix an LCS form 2. Denote by X the generator of the infinitesimal
action of S! on M, by X its lift to M and by ®; and d, their corresponding flows, so that
®y = &1 = idys. Then the action of T lifts to an action of T on M if and only if é)t is periodic
in t.

Suppose first that t C aut' (M, [Q2]). Equation implies then that X € aut(M , QK ), hence
{Cﬁt}t are symplectomorphisms. On the other hand, d; is an element of I since it covers
the identity of M. Thus &; € Kerr = {id} by the definition of the minimal cover, where
7 : '~ R is the homomorphism corresponding to [6]45.

Conversely, suppose o, is periodic in t. As we have already seen, X acts by homotheties on
Q g, hence the exists a periodic C*> function ¢ : R — R such that ®;Qx = ¢(t)Qx. Moreover,
we have, for any t1,t2 € R:

c(ts + t2)Q = O (9], Qk) = ] (c(t2)) D] Qi = c(ta)e(tr) e

Hence, for any t € R:

e C(t4h)—c(t)
e

On the other hand, since ¢ is periodic, it must have some critical point, implying that ¢(0) = 0.
Therefore £ Qi = ¢(0)Qx = 0, or also, by (2.5.3)), X € aut'(M, [Q2]). =

Remark 2.5.5: In the LCK setting, we can reformulate the above criterion. Suppose that S!
acts holomorphically on a complex manifold (M, J) of LCK type. Take any LCK structure on
M and average it over S in order to get an S'-invariant structure (€2, ). In particular, if X is
a generator of the S'-action, §(X) is constant. By the above, the action lifts to an S'-action
on the minimal cover M corresponding to [f]4z if and only if 6(X) # 0.

2.6 Examples

2.6.1 Diagonal Hopf manifolds

The standard Hopf manifold is the most basic example of a compact complex manifold not
admittig a Kéhler metric, and it is also the first example of an LCK manifold appearing in
the literature (I. Vaisman, [Va76]).

By definition, a Hopf manifold is an n-dimensional compact complex manifold whose universal
cover is biholomorphic to W := C" — {0}, and whose fundamental group is infinite cyclic,
generated by a contraction ¢ € Aut(C") fixing 0 € C". We recall that c is called a contraction
if the eigenvalues of dgc are all of module smaller than 1. If ¢ is diagonal, meaning that it is of
the form c(z1,...,2n) = (A121, ..., Apzy) for some A1,..., A, € C*, then Hy := W/ < ¢ > is
called a diagonal or linear Hopf manifold. Moreover, when A\; = ... = \,,, H) is usually called
the standard Hopf manifold.

All diagonal Hopf manifolds are known to admit LCK metrics. On the standard ones, these

are easy to construct and were given by I. Vaisman. More generally, consider a diagonal Hopf
manifold Hy given by A = (Ar,...,A,) with [A;] = ... = |A,|. In this case, one defines on
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W =C" — {0}:
f)=12P=) |’ ¢e=—Inf, Qg =dd°f, 0=de, (2.6.1)
k=1

where we denote by z = (z1,...,2,) the holomorphic coordinates on W. Then Qg is the
standard Kéhler metric on W induced from C", and so Q := f~'Qf descends to an LCK
metric on H), with corresponding Lee form 6.

P. Gauduchon and L. Ornea constructed in [GO98] LCK metrics on any diagonal Hopf
surface, and then the same metrics were constructed by a different approach by F. Belgun in
[Bel00]. These metrics are Vaisman, but the potential is given only implicitly, by a geometrical
construction, which we shall next describe, following [GO98]. Their construction has a
straightforward generalization to any n-dimensional diagonal Hopf manifold, and we will
directly describe this case.
Let A= (A1,..., ) € (CH" with 0 < |A\1] < ... < M| < 1, and let ¢(2) = (M 21, .+, Anzn)-
After choosing arguments for all Ay so that A\, = aze™*, k € {1,...,n}, we can always extend
the action of I' :=< ¢ > on W to a holomorphic action of R on W by:

Bl (2) = (Mz1,. ., AL z,) = (ale™lzy, ... ale™ntz,), teR (2.6.2)

r'n

so that ®} = ¢. Denote the real holomorphic vector field generating this action by Cj, i.e.

n 0
Cy = 2Re((Inay + tug) 2 —).
\ kz=:1 ((Inay + tuy) kazk)

Consider the sphere S = S?"~1 embedded in W as S = ¢~ 1(0), where ¢ was defined in .
Each orbit of ® intersects S exactly once since, for any z € W, the function h : R — R,
t — (P} (2)) verifies limy_,_oo h(t) = —o0, limy_o h(t) = 0o and h is strictly increasing.
Indeed, we have:

2 n
B (t) = d‘P(CA)ég(z) = _W kz In ay|agze|* > 0. (2.6.3)
=1

Hence, the map

Dy :S xR W
(y, 1) = ®5(y)

is a diffeomorphism. Let Uy : W — S x R be its inverse, and let ) := pr o ¥, where
pr : S X R — R is the canonical projection, so that

U(2) = (@, (2), pr(2)).

Since ®) is equivariant with respect to the R-action, where R acts trivially on S and by
translations on R, it follows that ¢*¢py = ¢y + 1. In particular, dy) is R-invariant, and as for
any y € S and t € R we have ) (®4(y)) = ¢, it follows that dpy(Cy) = 1. Moreover, if we let:

H=e? Q= fldd°fr, 0\ = dpy
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we have c¢*fy = e~ ! fy and so the form 2 descends to an (1,1)-form on H) verifying dQ, =
0x N Q. In order to see that 2 is an LCK form, we are left with showing that it is strictly
positive. This was done in [GO98| by direct computations, but we will deduce it by more
geometrical arguments.

Note that the tangent bundle of S, as a subbundle of TW, identifies with ker dp|g = ker 0|g. At
the same time, we have ¢ (2) = 0 < 2z € S, hence S is also given by ¢, '(0) and T'S = ker 6, |s.
Thus, there exists a function [ € C*°(S,R) so that 6)|s = (f]s. Since:

1 =0\(Cy\) =10(Cy)
and 6(C),) is everywhere positive by (12.6.3)), it follows that { > 0 on S.

Let us now consider the sub-bundle of T'S:
H = ker|s Nker JO|g = ker0)|s Nker JO\|s =TSNJTS
which is stable under J, the complex structure of W. On H we have:

Q)\’H = (—dJ@)\ WA JQ)\)|H = JQA([,])’H
— LTO([ st = U=dTO+ 6 A JO)| i = 19

In particular, as €2 is positive, it follows that €2 is also positive when restricted to H.

Consider next the sub-bundle of TW given by H := ker 6, N ker JOy, which is again stable
under J by definition. As both 6, and J#) are ®§—invariant, we have H, = dy<I>f\Hy for any
y €S, t€R and z = ®(y). Therefore, it follows that Q) is also positive when restricted to
H.:

Wla. = Dlgyotm, = (23) Alm, > 0.
Let us define the J-invariant sub-bundle of TW: & := H2 = H1 -0 Note that, as N

is non-degenerate, we have a C* splitting TW = H & £. Moreover, in the diagonal case, £ is
holomorphic, spanned by the Lee and Reeb vector fields, which we now exhibit.

To do this, let us note that ®} given by (2.6.2) is the composite of a real dilatation D' and a
rotation R! given by:
DU (2) = (alz1,...,aL2,), RY(z) = (e"z,...,e"nly), 2cW, tcR.

For any t € R, S is invariant under R’ while ®, commutes with R’, hence ¢, and (2, are also
Ri-invariant. Thus, if we denote by B the real holomorphic vector field generating {D!};cR,
given by:

n
0
B = 2Re(l —
kZ::l e(lnagzy 82k)
it follows that 6)(B) = 1. Also, we have:

0(JB) = kz::(de?k +dezk)(—2lm(lnakzk(;zk)) =0.

1
Thus, as ker 0|g = ker0,|s, 6x(JB) = 0 on S, and so on the whole of W. Additionally, since
0y is Dl-invariant, we have:
tgdJOy = LJOy —digJdy =0
LypdJOy = LyjgJ0y — diyjpJo
= Jdvygbly = 0.
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In particular, B,JB € C*(£) and so & C ker(—dJ#)). Thus, for any X = Xy + X¢ €
C>®(H) & C>*(E), we have:

ONX, JX) = =dJOy\( X3y, JX3y) + O\ N JON(Xe, J Xg)
= —dJO\(Xp, JX#) + (0x(Xe))? + (00(J Xe))? > 0.

This quantity vanishes if and only if X2y = 0 and Xg € ker JO) Nker JO\ = H, i.e. if X =0,
so (2, is strictly positive.

Finally, we have tpQ) = J#), i.e. B is the Lee vector field of 2. As it is holomorphic and €2
is an LCK metric with potential equal to 1, by [Proposition 3.2.2] €, is Vaisman.

2.6.2 Non-diagonal Hopf surfaces

In general, two n-dimensional Hopf manifolds H. = W/..~ and Hy = W/_ .~ are biholomor-
phic if and only if there exists an automorphism A € Aut(W) with AcA~! = ¢/. Unfortunately,
there does not exist a classification of all the conjugacy classes of contractions fixing 0, and so
a general classification of Hopf manifolds is lacking. However, Hopf surfaces were classified by
K. Kodaira [Kod66] and Ma. Kato [Ka89], and their fundamental group is generated by:

c(z1,22) := (Bz1, aza + pzi")

with a, B, p € C,0 < |a|,|B] < 1,m € N* and p(a— ™) = 0. In the realm of complex surfaces,
these are usually called primary Hopf surfaces, while their smooth finite quotients are called
secondary Hopf surfaces. In fact these are all the compact complex surfaces which are covered
by C? — {0}. All of them admit LCK metrics, and we only need to see this on the primary
ones, as they will then descend to the secondary ones.

Note that if u = 0, then ¢ is diagonal, a case we already presented. In the other case we
have o = 3™, and we will denote the corresponding non-diagonal Hopf surface by Hg , ;-
Moreover, for any ju1, 2 € C*, Hg,y, yyy is biholomorphic to Hg 0, via the morphism induced
by A: W — W, (z1,22) — (21, %22).

LCK metrics on non-diagonal Hopf surfaces have been constructed less explicitely. This has
been done by two different approaches in the literature, one by deformation, cf. [GO98], and
the other one similar to the above construction, by F. Belgun in [Bel00]. We present the
second one.

Let us fix in the sequel g € C with |3] < 1 and m € N*. After writing § in polar coordinates
B = be', for any u € C, we can extend the action of I' :=< ¢ > to a holomorphic action of R
on W by:

), (2) = (821, 8™ 22 + tup™ ).

Let C, denote the real vector field generating this action. As before, consider ¢ and 0 as
defined in (2.6.1), let S = S? = ¢=1(0) C W and consider the continuous function:

L:CxS—R
(1) = (o ®4) (1) = 0(Cy)

By (2.6.3)), the function Lo = L(0, -) is strictly positive, so by continuity and by the compactness
of S, for ;1 # 0 of module small enough, L, = 0(C,,) also is positive. Let us fix a p € C*
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verifying this. Hence, the orbits of <I>Z are transverse to S and intersect S exactly once, inducing
thus an R-equivariant diffeomorphism S x R — W. Defining, as before, the corresponding
function ¢, and the form 6, = dy,,, we obtain the I'-invariant (1,1) form on W:

Q, =ePrdde " = —dJO,+0, N JO,.

We still have a splitting T'X = H @ £, except that this time £ is not contained in ker —dJ6,.
As H C ker JO,,, ENker J§, is a real one dimensional oriented vector bundle over W, so we can

choose Z a positively oriented frame for it which is ®,-invariant - for instance, the projection
of C,.

Consider the ®,-invariant function 4J9,(2,7Z)

MCALARE It is bounded on S, and so on the whole of W,

therefore there exists some positive constant K > 0 so that K6,(Z)? > dJ0,(Z,JZ). Then
the metric
Qi = efPrddte™ % = —KdJO, + K20, A J6,

defines an LCK metric with potential on Hg,, , with Lee form 6, x = K6,,. Indeed, for any
X =Xy+ Xeg€C®(H)®C®(E), where Xg = fZ + gJZ with f,g € C>°(W,R), we have:

Qi (X, JX) = —KdJOu5( X2, JXy) — KdJ0,(Xe, JXe) + K005 A J0n 5(Xe, JXe)
= —KdJ0np5(Xp, JX#) + K(f* + ¢*)(=dJ0,(Z,TZ) + K0,(Z)*) > 0

with equality if and only if X3 =0 and f =g =0, ie. if X =0, so Q, g is strictly positive.
This time, the metric is not Vaisman, and in fact for u # 0, Hg,, , does not admit any
Vaisman metric, cf. [Bel00]. We will show this later on (Example 3.4.6) as an application of a

criterion for the existence of Vaisman metrics.

2.6.3 LCK manifolds obtained from ample vector bundles

The following construction is well-known, see for instance [Va76], [Va80] or [Ts99], and can

be seen as a generalisation of the Hopf manifolds. Let N be a compact complex manifold

admitting a negative holomorphic line bundle L — N, in the sense that ¢;(L) < 0. This

means that there exists a Kéhler metric wy on N so that —wy represents ¢ (L). At the same

time, if we take a Hermitian structure h on L, consider the corresponding Chern connection
1

Dy, on L and denote by ©j its curvature, then 5-0), also represents c1(L). After an eventual

conformal change of h, we can suppose that wy = —5-0j > 0.

Consider j : P = L — Oy — N, which is a C*-principal bundle over N. The line bundle
7*L — P becomes holomorphically trivial over P, as it admits a global holomorphic frame
op : P — j"L induced by the inclusion ¢ : P — L. Consequently, if we denote by f : P — R the
positive function defined by f(s) = [|s||}_, 0 # s € L, then the corresponding connection form
associated to the frame op is defined globally on P by @ = 01In f and the curvature form of the
induced Chern connection becomes exact on P: j*0©), = 0+, = do = da. If welet @ = —dln f,
which is a closed real one-form on P, we have: a = $(dIn f +id°In f) = —1(0 + iJ6) and
Anj*wy = —2ida = —dJ. Define the (1,1)-form on P:

Q=—dJO+0AJO=ePdde™®, o(s):=—In|s|3.

Letting H :=kera =ker@ Nker JO C TP and TF C TP be the tangent bundle of the fiber
of P — N defined by ker j,., we have a C* splitting TP = H & TF which is Q-orthogonal.
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Moreover, we have Q|y = 4nj*wn > 0 and Q|rp = 0 A JO > 0. Thus Q is a strictly positive
(1,1) form on P, and so an LCK metric with potential, with Lee form 6.

Now consider A € C* with |A] < 1 and let I"y C C* be the cyclic group generated by A.
The group I'y acts on P fiber-wise, freely and properly discontinuously, so that the quotient
M := P/T'y is a compact complex manifold and we have a commutative diagram:

P

C*
l AFANTQ

N

As Q) is C*-invariant, it is also I"y-invariant, so descends to an LCK form with potential £ on
M. Also, note that if £ denotes the holomorphic vector field on P induced by the action of
C*, then as any u € C* acts on ¢ by —21In |u| + ¢, we have §(§) = —1. Therefore it follows
that, for B = —Re¢, we have §(B) =1, JO(B) =0 and tpj*wy = 0, so B is the Lee vector
field of 2. Since it is real-holomorphic, €2 is then Vaisman by [Proposition 3.2.2|

Let us note that P is the minimal Kéhler cover of (X, ), with corresponding Kéhler form
Qx = dd°f~%, and M — N is a T? = C*/I'y-principal bundle. By a result of [Va80], all
Vaisman manifolds whose canonical foliation F is strongly regular are obtained in this way.
Finally, remark that if one takes N = P" and L = O(—1), one obtains the standard Hopf
manifold.

A generalisation of this construction starting from an anti-ample rank r holomorphic vector
bundle £ — N was given in [Ts97], as follows. Consider p : PE — N, where PE is the bundle
of lines in E, i.e. for x € N, (PE), = PE, = {d C E, complex line}. Let Ly C p*E be the
tautological sub-bundle of rank one of p*E, so that for d € PE, (Lg)q = d. Then FE is called
anti-ample, or equivalently E* is called ample, if L}, is an ample line bundle over PE. One
can now repeat the above construction for P = Ly — Opg and M = P/T'), where \ € C*
is of module smaller than 1. Let us note that we have a C*-equivariant biholomorphism
L}, —0pp = Lg—Opg = E—0n, hence we can also view M as M = E—0x/I'y. Thus, M — N
is a fiber bundle over N with fiber the r-dimensional standard Hopf manifold Hy := H(y .\

fitting in the diagram:
T{ ‘

PE P N
We can push this generalisation even further and construct fiber-bundles of fiber any diagonal
Hopf manifold. As a general Hopf manifold H(y, . ,) does not fiber in tori, neither will our
fiber bundle factor through PE. So let N be a compact Kéhler manifold admitting r (possibly
isomorphic) holomorphic line bundles Ly, ..., L,, so that E:= L1 & ...® L, is an anti-ample
vector bundle of rank r over N. Let Ai,... A\, € C* be of module smaller than one, and
consider the action of I' = Z on E — Oy by: 1.(s1,...,8,) = (MS1,...,AS;), where z € N
and s; € (L;), for i = 1,r. Again, T" acts freely and properly and the quotient X = E — Oy /T’
is a compact complex manifold. By the method used above, we can construct a Vaisman
metric ) = e¥dde™% on E — Oy, but it will not be I'-invariant. However, we can repeat the
method of Subsection [2.6.1]in order to construct a new I'-invariant Vaisman metric on £ — Q.
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Indeed, after choosing log-determinations of Ai,..., ., we can again extend the action of
I" to a holomorphic action of R on E — Oy by ®(z,s1,...,8,) = (x,A{s1,...,Als,). Then,
defining Sy := ¢~ 1(0) C E — O, which is compact as diffeomorphic to an S* ~!-bundle over
N, we obtain a diffeomorphism ® : Sy x R — E — 0, (z,t) — ®!(z). Thus we can define
@y = pr o @71, where pg : Sy x R — R is the natural projection. Then, in the same way as
before, it can be shown that 2 := e®*dde™ %> defines a Vaisman metric on X with Lee form
0 = dpy. Note that the manifold X is a fiber bundle over N, with fiber Hy, .

o

Finally, in the same way we can also construct LCK manifolds with positive potential
which are not Vaisman. Let N be a compact Kéhler manifold, let L = L; be a negative
holomorphic line bundle over N, let Ly := L7* and let E' := L; & Lo, where m € N*. Consider
P =F —0p, let 8 € C* be of module smaller than 1, and u € C*. Let Z act on P fiberwise
by 1.(s1,s2) = (Bs1, B™s2 + usi"), where (s1,s2) € E; — Oy, x € N. Again we can extend this
action to a holomorphic action of R on P given by <I>L. If h denotes the Hermitian structure on
L whose Chern curvature is negative, it induces naturally a Hermitian structure on F which
we also denote by h, and we take S := {s € E — Oy|h(s,s) = 1} and choose p close enough
to 0 so that the map ® : S xR — E — 0y, (s,t) — @/ (s) defines a diffeomorphism. Finally,
we define ¢, = pgr o ®~! and as in Subsection there exists a positive constant K > 0
so that Q,, x = efeuddee=R?u is a positive (1,1)-form. Consequently, it descends to an LCK
metric with positive potential on the compact manifold M := P/Z. Note that this time M

fibers over N with fiber the non-diagonal Hopf manifold Hg p, ,. We will see in
that these manifolds cannot admit Vaisman metrics.

2.6.4 LCK metrics on blow-ups

The category of manifolds of LCK type is closed under certain blow-ups. Indeed, it was
first shown by Tricerri [Tr82] and Vuletescu [Vu09] that a compact complex manifold admits
an LCK metric if and only if its blow-up at a point admits one. Regarding blow-ups along
manifolds of positive dimension, the following facts have been settled by Ornea, Verbitsky and
Vuletescu. In what follows, (M, J) is a compact complex manifold, Z is a complex submanifold
of M, j1: BlzM — M denotes the blow-up of M along Z and E = u~!(Z) C BlzM denotes
the exceptional divisor.

Theorem 2.6.1: ([OVV13]) If M admits some LCK metric and Z is of Kdhler type, then
BlzM admits an LCK metric as well.

Theorem 2.6.2: ([OVV13]) Suppose Blz M admits some LCK metric. Then both E and Z
are of Kdhler type.

However, in general it is unknown whether the existence of an LCK metric on Blz M implies
the existence of an LCK metric on M. Note that this is not true for Kéhler manifolds.
Moreover, it was also shown in [OVV13] that if BlzM admits an LCK metric and dim¢ Z > 0,
then M cannot admit Vaisman metrics. Also we have the following simple remark, showing
that in the end there are not so many cases left where one can perform blow-up on an LCK
manifold:

Lemma 2.6.3: Let (M,J) be a compact complex manifold and Z be a smooth compact
complex submanifold of Kihler type. If dimc Z > 1 or Z = P!, then M admits no exact LCK
metrics.
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Proof. Suppose 2 = dgn is LCK on M. Then it induces an LCK metric j*Q) = d;«4j*n on
j:Z — M. By hypotheses and by we have j*0 = df, with f € C*°(Z,R). The
form ' := e~ *Q is still LCK on Z, and at the same time is exact: Q' = d(e~j*n). As Z is
compact, this is impossible. m

Note that this remark also shows that there do not exist exact LCK metrics (in particular
Vaisman or with potential) on Blz M for any Z, as Blz M contains at least one smooth rational
curve.

2.6.5 Complex surfaces

It is well known that a compact complex surface is not of Kéhler type if and only if its first
Betti number is odd. At the same time, most of these surfaces admit an LCK metric. As we
have seen in a surface admits an LCK metric if and only if some blow-up of it in a point
admits one. Also, a blow-up never admits Vaisman, nor exact LCK metrics. Thus, we only
need to look at minimal surfaces.

F. Belgun in [Bel00] classified all LCK surfaces of zero Euler characteristic. In particular, he
obtained the list of all the surfaces of Vaisman type:

1. Diagonal Hopf surfaces and their finite quotients;

2. Kodaira surfaces, which are principal elliptic fiber bundles over an elliptic curve, and
their finite quotients, the secondary Kodaira surfaces;

3. Minimal properly elliptic surfaces, which are surfaces M of Kodaira dimension kod(M) =
1 admitting a proper holomorphic map to a smooth complex curve p : M — S, such
that a generic fiber of p is a (smooth) elliptic curve, and no fiber of p contains a smooth
rational curve with auto-intersection number —1.

Note that the above list contains all the minimal surfaces of class VI, i.e. with odd b; and
Dy := dimc H Y9(M, Kjs) > 0. The remaining non-Kéhler minimal surfaces form the class V I,
defined by the conditions b; = 1 and kod(M) = —oo, and this class is much more complicated.
We invite the reader to check the expository paper [Pol4] and the references therein concerning
the LCK metric structure of class VIIj-surfaces.

A class VIly-surface with by = 0 is either Hopf or Inoue-Bombieri. The latter were introduced
in [In74] and [Bm73], and are obtained as quotients of H x C by discrete groups of affine
biholomorphisms. They all have the strucure of a solvmanifold, and are separated in three
classes: S°, S;"(t € C) and S~. LCK metrics were constructed on all of them by F. Tricerri
[Tr82], except for the surfaces S;” with t € C — R. Later, F. Belgun showed that in fact the
ones that were left out do not admit LCK metrics. Moreover, he used this class of surfaces
to show that the category of LCK manifolds is not closed under small deformations. The
class S° has a higher-dimensional analogue given by the OT manifolds, which we present in a
separated chapter. Concerning the special LCK metrics on these surfaces, as we have seen,
Hopf manifolds admit metrics with positive potential, while Inoue-Bombieri surfaces do not
admit exact LCK metrics, as shown in [O16].

As for the class VI surfaces with by > 0, all known examples are Kato surfaces, i.e. surfaces
which admit a global spherical shell (GSS). A GSS in M is a neighbourhood of the sphere S?
in C? which is embedded holomorphically in M in such a way that M — V is connected. It is
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conjectured that all class V11 surfaces with by > 0 are Kato surfaces. LCK metrics on certain
classes of these were constructed by LeBrun [LeB91] - on certain parabolic Inoue surfaces, and
later by Fujiki-Pontecorvo [EP10] - on hyperbolic and half Inoue surfaces - using a twistor
construction. Shortly after, Brunella in [Brul0] and [Brull] showed that all Kato surfaces
admit LCK metrics. As was noted in [FP16, Remark 3.2], Kato surfaces cannot admit LCK
metrics with potential, because their universal covers contain compact complex curves. In
fact, by this argument it follows that they do not admit exact LCK metrics.



Chapter 3

Existence Criteria for LCK Metrics

3.1 Introduction

In the present chapter, we investigate the relation between the group of biholomorphisms of a
compact complex manifold of LCK type and the existence of certain special LCK metrics. We
find conditions on this group that imply or are equivalent to the existence of a particular type
of metric. In particular, we also find obstructions to the existence of any kind of LCK metric.

A particular role in this discussion is played by the Lee vector field, which we study in
Section Recently, in [MMO17] there were given sufficient conditions for an LCK metric
with holomorphic Lee vector field to be Vaisman. We add one more such condition in
[Proposition 3.2.2] which should be particularly useful when constructing examples, as it is
easy to check. Moreover, in [MMO17] the authors constructed an example of a non-Vaisman
LCK metric with holomorphic Lee vector field. We remark that in this construction, one can
even find a positive potential for the metric, showing that the condition in |[Proposition 3.2.2|
cannot be sharpened.

In Section we review the proof of Ornea-Verbitsky [OV12] concerning the existence of an
LCK metic with potential, given the presence of a holomorphic action of S' which lifts to an
effective R-action on the minimal cover. We show that in their proof, one can find an explicit
positive potential, by means of an ODE, without the need of invoking the more recent paper
[OV1T].

The next section generalizes a criterion of Kamishima-Ornea [KO05] for the existence of a
Vaisman metric. We show that a compact manifold of LCK type admits a Vaisman metric
if and only if its group of biholomorphisms contains a torus which is not purely real. As
a corollary, we obtain that a compact complex manifold whose group of biholomorphisms
contains a compact torus whose Lie algebra t verifies dimc tN it > 1 does not admit any LCK
metric. An application of this is the characterisation of all manifolds of LCK type among the
torus principal bundles, given in Section analogous to a theorem of Blanchard [BI54] in
the Kéhler context.

On the other hand, we discuss the issue of irreducibility in LCK geometry. From early time
[Va80], it was known that if one takes two compact LCK manifolds (M;,€;), i = 1,2, the
product metric is not LCK on M; x My. However, whether there might exist some other LCK
metric on M7 X Ms has remained an open question, and in Section we extend the known
cases ([Ts99], [OPV14]) in which this fails.

37
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A related question concerns the irreducibility of the natural connections determined by an
LCK metric. It turns out that the Levi-Civita connection is as irreducible as it can be: it was
shown in [MMP16] that any strict LCK metric on a compact manifold of complex dimension
n has irreducible holonomy SO(n) of the Levi-Civita connection, unless the metric is Vaisman,
in which case the holonomy is SO(2n — 1). Thus we turn to the Weyl connection, which is also
the Levi-Civita connection of the local Kéhler metrics, and appears to have more interesting
properties. We first adapt a result of Kourganoff [Koul5] to the LCK context regarding the
structure of Weyl-reducible compact manifolds , from which we then derive
[Theorem 3.7.7), implying in particular that an exact LCK metric is Weyl-irreducible. Note
that Weyl-reducible LCK metrics do exist on the OT manifolds of type (s,1).

3.2 The Lee vector field

Recall that a Vaisman metric (€2,6) of volume 1 verifies the formula
Q=—-dJO+0NJO (3.2.1)

and its Lee vector field, defined by (52 = J@, is holomorphic, Killing, symplectic and of
constant norm 1, cf. [Proposition 2.4.5] Also, any metric which is conformal to one verifying
(3.2.1)) is called LCK with positive potential.

A natural question one could ask is what kind of conditions should one impose on an LCK
metric with positive potential to ensure that it is a Vaisman one. Bellow we give a list of the
equivalent conditions, many of them already classical. The less direct implications are based
on a result of A. Moroianu and S. Moroianu:

Theorem 3.2.1: ([MM17]) Let (M, J,Q) be a compact LCK manifold so that the symmetric
endomorphism VB € End(TM) anticommutes with J. Then § is Vaisman.

Proposition 3.2.2: Let (€2, 6) be an LCK structure on a compact complex manifold (M, J)
with potential equal to 1, i.e. Q= —dJO+ 0 N JO. Let B denote the corresponding Lee vector
field. Then the following are equivalent:

(i) Q is Vaisman;

(i) B is real-holomorphic;
(iii) B is of constant norm a € Ry ;

(iv) B is of constant norm 1;

(v) B is an infinitesimal symplectomorphism;
(vi) B is Killing
(vii) Q is Gauduchon.

Proof. Let us start by noting that (iv) is equivalent to (v) via formula (2.4.5). We have seen
that if © is Vaisman, then the facts from (i7) to (vii) hold. Moreover, we have seen that (vi)
always implies (7). It will be enough then to show that (iii) = (iv), (i) = (i), (vii) = (iv)

and (v) implies that VB anticommutes with J, and so implies (i) by [Theorem 3.2.1
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The implication (¢i7) = (iv): note more generally that a metric of the form Q = —dJO0+6 A J6

verifies [}, || B 2% = [y %, from which then (iv) follows. Indeed:

Qn Qn—l (—dJG)”_l Qn
/MH H n! M NTON (n—l)! M NJTON (n—l)! v n!

The implication (i7) = (i): if B is real-holomorphic, then also A = JB is. The Cartan formula
and L£460 = 0 imply:

0=L4J0 = diaJO+ 14dJ0 =
= —d(0(JA)) + 140 A JO— Q) =
=d(|BII*) - 6/|B||* + 6 =
=dp (|| B||* - 1).

Now [Lemma 2.2.9| implies that ||B|> = 1, thus (2.4.5) gives L2 = 0. Finally, since B is

holomorphic and preserves the symplectic form, it is also Killing, hence €2 is Vaisman.
The implication (vii) = (iv): the metric Q is Gauduchon if and only if dd°Q"~1 = 0. As
[J,d] = d°, we have dd° = dJd, so:

dd°Q" ' = dJ((n—1)8 A Q")
=(n—1(dJOANQ" L —JOANOAQ" (0 —1)).

Hence dd°Q"~! = 0 is equivalent to —dJO A Q™1 =0 A JOA Q"L or also, using the formula
of Q, to Q" =nbh A JO A Q™ = | B||2Q", so dd°Q™ = 0 is equivalent to || B|? = 1.

The implication (v) = (i): let us denote by K := LpJ. We have 0 = Lp(J?) = JK + K J.
The hypothesis L2 = 0 writes:

0= [ng(J'a ) = (‘CBQ)(JW ) + g(K', )
& Lpg=g(KJ,).

At the same time we also have, for any X, Y € I'(T'M): Lpg(X,Y) =g9(VxB,Y)+g(X,VyB).
But df = 0 implies that V6 is symmetric, hence also VB is, which thus gives Lpg = 2¢(V.B, -).
With the above, we obtain:

2VB = K J.

In particular, JVB = %JKJ = %K = —V.B, and so we can apply [Theorem 3.2.1| =

Note that for the last implication we did not use the hypothesis that {2 is a metric with
potential, so in fact we have, via

Proposition 3.2.3: Let (M, J,Q) be a compact LCK manifold with Lee vector field B. Then
Q is Vaisman if and only if L) = 0.

As will be seen in the last chapter, OT manifolds provide examples of LCK
metrics which are Gauduchon and whose Lee vector field is of constant norm, showing that
in [Proposition 3.2.2] condition (vi) together with (vii) alone do not imply that the metric is
Vaisman. On the other hand, one could ask whether the holomorphicity of the Lee vector field
implies that the metric is Vaisman. In the recent paper [MMO17], it is shown:

Theorem 3.2.4: ([MMO17]) Let (M,Q,J) be a compact LCK manifold with holomorphic
Lee vector field B. If B is of constant norm, or if Q is Gauduchon, then Q is Vaisman.
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In the same paper, the authors also construct an example of an LCK metric which is not
Vaisman, but which has holomorphic Lee vector field, thus showing that also condition (i7)
in [Proposition 3.2.2| alone is not enough to imply the Vaisman condition. We now present
this example, with the remark that in the construction of [MMO17], the metric can in fact be
chosen with positive potential, i.e. conformal (but not homothetic) to a metric of the form
m This shows that, regarding condition (77), the hypotheses in |[Proposition 3.2.2 cannot be
relaxed.

Example 3.2.5: ([MMO17]) Let (M, J,,0) be a compact Vaisman manifold with ||§]|? = 1,
and let B be its Lee vector field. Suppose there exists a non-constant smooth function
f € C®(M,R) verifying f > —1 everywhere on M and such that df is colinear with 6. After
taking the interior product with B, this last condition is more precisely df = B(f)f. Such
functions exist any time B generates an S'-action on M, for instance on the standard Hopf
manifold.

Consider next the form:
QA =Q+fONJTO = d(1+f)9(—dJ9).

As f > —1, Q is a strictly positive real (1,1)-form on M, and verifies dQ¥ = (1 + f)0 A Y.
Thus Q' is the fundamental form of an LCK metric with Lee form ' = (14 f)6.

Lemma 3.2.6: The Lee vector field of Q' is B, and so also holomorphic. The metric € is
not conformal to any Vaisman metric.

Proof. As 1pQ' = (14 f)JO = J@', B is also the Lee vector field of €'. Now suppose that
there exists a Vaisman metric 2’ on M so that Q" = e"Q2’. By a theorem of K. Tsukada [T597],
the Lee vector field of a Vaisman metric is unique on the manifold M up to multiplication by
a constant. Thus, we can suppose right from the beginning that the Lee vector field of Q" is
also B. Now this reads:

IO =eligY = 150" = JO + d°h

that is: dh +6'(1 —e?) = 0, or also, after multiplying by —e™": dg(e™” — 1) = 0. As #’ has no
zero, it is non-exact, so [Lemma 2.2.9|implies that e™” = 1, i.e. h =0 and Q' is Vaisman. But
this last fact is impossible, as the norm of B is non-constant: (B, JB)=60'(B)=1+f. m

Suppose now that the flow of B on M is periodic: (I>2B7r = ids, and that we have a diffeomor-
phism M = N x S', where N is a compact Sasaki manifold. Any non-constant function on S*,
bounded bellow by —1, induces a function f on M verifying the desired properties.

Lemma 3.2.7: Under the above hypothesis, the metric Q' admits a positive potential.

Proof. We think of f as a function on R which is 27-periodic, and we are looking for another
positive function g : R — R, also 27-periodic, verifying, when seen as a function on M:

Q/ = dgldg/g. (322)

The function g we are looking for verifies that both dg and dLgg are colinear with 6, which
implies the following relations:

dg=Lpg-0, dg=Lpg-J0, dd°g=L%g-0ANJO+ Lpg-dJb.
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With this in mind, (3.2.2) writes:

—dJO+ (14 f)-0AJO=(Lpg — g(1+ f))dJO+
H(LEg - Lpf-g—2(1+ f)Lrg+g(1+ /)20 A J6.

Now, the two forms —dJ6 and 6 A JO are linearly independent, which implies that in the above
equation, the corresponding coefficients preceding them must be equal. We denote by ¢ the
variable on R, and identify B with the vector field % on R. Seeing f and g as functions on R,

(3.2.2) now becomes equivalent to:

;ltg gL+ f)+1=0 (3.2.3)
2
G0 =204 ) g~ g+ g+ 17— (14 ) =0, (3:2.0)

By differentiating the first equation, one obtains the second one, while the first ODE has a
solution of the form:

t
g(t):(c_/ e T ds)el' ™, with F(t) —a+/ s)+1)ds, a,c€R.
0

Thus a solution g of the above system exists, and now it is left for us to show that we can
choose the constants a and ¢ such that g is moreover strictly positive and 27-periodic.

Let us note that, because f is 2w-periodic, we have, for any ¢t € R:
21
F(t+2r)=F(t)+b, whereb= / (f(s)+1)ds > 0.
0

Thus we obtain:

2 2w+t
g(t+2m) = (c— / —F)gs — / e ) dg)el"®eb
2

s

(c— K — / _bdu) F(t) b
= g(t) + "I ((c = K)e" — ¢)

where K = [ 2T e F(s) > and, for the second equality, we made the change of variable

s = u + 2m. Thus, in order for g to be 2m-periodic, we take ¢ := we need to

see that g is in fact positive, which is also equivalent to saying that v(t ) =c— f e T ds is
positive. Note that %v(t) = —e F(1) <0, so v can change sign at most once, and the same is
then true for the function g. On the other hand, g is periodic and g(0) = ce® > 0, thus g is
indeed everywhere positive. m

Note that, although the above example shows that there can exist non-Vaisman metrics with
holomorphic Lee vector field, it is however constructed out of a Vaisman metric. So a question
remains open:

Question 3.2.8: Let (M, J,Q) be a compact LCK manifold with holomorphic Lee vector field.
Does there exist an LCK metric on M, not necessarily conformal to §2, which is Vaisman?

This question is reminiscent to the criterion for the existence of LCK metrics with positive
potential presented in the next section. However, this time we do not ask for B, the Lee vector
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field, to have closed orbits. Moreover, if the answer to the above question is yes, it would be
interesting to know if one can recover the Vaisman metric (for example like in the proofs of
[Theorem 3.3.1| or of [Theorem 4.4.1)). Finally, recall that the Lee vector field of any Vaisman
metric is uniquely determined up to multiplication by a positive constant, by [TS97]. A related
question is then:

Question 3.2.9: Suppose that the Lee vector field of an LCK metric on a manifold of
Vaisman type is holomorphic. Is it then the Lee vector field of a Vaisman metric?

3.3 Existence of LCK metrics with potential

We present in this section a different proof of a result of L.Ornea and M.Verbitsky, [OV12].
It is a criterion for the existence of an LCK metric with positive potential in terms of the
existence of a holomorphic vector field with a particular property. We note though that in the
original proof, the positivity of the constructed potential is not clear, and only by invoking
a recent, more difficult result from [OV17] does the proof become complete. However, the
original proof can be made complete and self contained by a more careful analysis, which we
will do next.

Theorem 3.3.1: ([OV12] and [OV17]) Let (M, J,$2,8) be a compact LCK manifold admitting
a holomorhic action of S' which, on the minimal cover M, lifts to a faithful R-action. Then
there exists an LCK metric with positive potential whose Lee form is cohomologous to 6.

Proof. Let us denote by D the real holomorphic vector field on M (and on M ) generating the
S! action. By a standard averaging argument which does not change the de Rham class of 6,

we can suppose that both € and # are preserved by D. In particular, £Lp# = 0 implies that
6(D) is constant, and as D generates an R-action on M, #(D) = a # 0 by [Remark 2.5.5, Let
C be the vector field on M defined by C' := %D.

Let 6 = dy on M, and let us denote by w := exp(—¢)€2 the corresponding Kéhler form. Then
we have:

Low=—-0(C)w=—w. (3.3.1)

Let us denote by 7 the real one-form on M defined by tcw = 1. Then 1) together with
Cartan’s formula imply:
w=—(dic + tcd)w = —dn. (3.3.2)

At the same time, using the fact that n(JC) = w(C, JC) = ||C||? := f, we have:
Ljen = dugen + vyedn = df — Jn,
from which it follows:
Lyew = —d(df — Jn) = dJn
L30w=dJLyen =dd°f +dn = dd°f — w.

If we let ®; denote the one-parameter group generated by JC and denote by w; := ®;w and
by fi = ®} f, the last equation reads:

d2

gt = T + dd° fr. (3.3.3)
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Let now g be the real-valued functions on M defined by the second order linear differential
equation:

2

d
ot te="rf 90=0 %h:ogt =0. (3.3.4)

We want to show that w; = costw + sintdJn + ddg;. For this, consider the forms g; :=
wr — (costw +sintdJn + ddg:), t € R. Using (3.3.3]) and the definition (3.3.4]) of the functions
gi, we have:

d? d? d?

@ﬁt = @wt + costw + sintdJn — dd (@gt)
= —w; + dd° f; + costw + sintdJn — dd° f; + ddg:
S

Thus, the forms g; verify the following homogeneous second order linear differential equation
with initial conditions:

d? d
Wﬁt +6:=0, Bo=0, %|t:05t = 0.

By the uniqueness of the solution, we have then that for all ¢ € R, S; vanishes identically, and
so:

wp = costw + sintdJn + dd°g,, t € R. (3.3.5)

Define now, using (3.3.5)), a new form & by:

1 2T 1 27
V= — ®Fwdt = dd®— dt
W 21 Jo t¥ 21 Jo gt

and let us denote by g the function 1/27 f027r grdt. As {®;}4cr is a subgroup of biholomorphism
of M, & is a Kéhler form on M. We wish to show that g is a strictly positive function on M.

Note first that, as (C') = 1, C has no zeroes so the function f is everywhere positive. Moreover,
as JC' is real holomorphic, we have [C, JC| = 0, so ®; preserves both C and JC'. This gives,
for any z € M:

[i(@) = wo,(2) (C, JO) = Wa, (2) (de ®1) T, (de @1) JC) = (P1w)(C, JC)

thus also the function f; is strictly positive for any t € R.
Fix # € M and define the functions f,, g, : R = R by f.(t) = fi(x) and g,(t) = g:(x). By
(3.3.4)), they satisfy:

9o+ Ge = for 92(0) =0, g¢,(0)=0. (3.3.6)

Then we have:

2 2 2 2
g9z (t)dt = nwﬁ—/ g (t)dt = | fo(t)dt — g, (2m). (3.3.7)
0 0 0
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On the other hand, integrating by parts and using (3.3.6) we compute:

, , 27
g.(2m) = g, () cost|

2 2
= [ g"(t)costdt + [ gL (t)(—sint)dt
0 0

27'(' 2 27-(-
_ / g (t) costdt — (gx(t) sint’o - / 92 (t) costdt)
0 0
21
= fa(t) costdt.
0

Thus, it follows from ({3.3.7)):

27 2
gz (t)dt = fz(t)(1 —cost)dt >0
0 0

implying that the function g is indeed everywhere positive.

Hence we can define 6 := dln g. Note that by the uniqueness of the solution of 1} the
functions g; have the same I'-equivariance as the functions f;, or also as the function f. Here,
I’ denotes the deck group of the cover M — M. Also we should note that, as C' and JC' are
[-invariant, being lifts of vector fields from M, then the I'-equivariance of f = w(C, JC) is
exactly the equivariance of w. Thus it follows that 6 has the same I'-equivariance as 6, and so
the two one-forms are cohomologous. Hence the form

Q=g lddg (3.3.8)

descends to M to an LCK metric with positive potential with Lee form 9, and the proof is
finished. m

Remark 3.3.2: Let us note that the above construction of an LCK metric with potential is
natural and only depends on 2 and on C. In particular, if  is already JC-invariant, which
will imply that the metric is Vaisman, then we have f; = f and the solution of is then
gt = (1 — cost)f, so in particular the potential ¢ = f remains unchanged.

Remark 3.3.3: On the other hand, for a metric 2 which is not JC-invariant, the above
construction gives us a countable set of metrics with potential associated to the de Rham
class of §. Indeed, we considered the potential gj; := g, but for any n € N*, the potential

g = 1/2n7 fOQ"W gidt works as well.

3.4 Existence of Vaisman metrics

In this section we are interested in giving a criterion for the existence of Vaisman metrics on a
complex manifold of LCK type only in terms of its group of holomorphic automorphisms. In
particular, we will find that the existence of an LCK metric imposes restrictions on this group,
and so our result can also be used as a criterion of non-existence of LCK metrics. This has
interest in itself, as no obstructions coming from the existence of LCK metrics are known so
far other than the inequality b < 2h%! (Theorem 2.2.8] [Remark 2.3.2)).

A criterion for deciding whether a given LCK conformal class is Vaisman or not was obtained
by Y. Kamishima and L. Ornea in [KOO05|, but of course it involves already knowing the
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Vaisman class. Its proof is quite involved, but it can also be obtained as a corollary of
0.4,

Theorem 3.4.1: ([KO0)]) Let (M, J,g) be a compact connected strict LCK manifold. Then
g is conformal to a Vaisman metric if and only if Aut(M, J,[g]) contains a one-dimensional
complex Lie group which does not act isometrically on the corresponding Kdhler metric.

We start by giving the main proposition, which will directly imply the general criterion. We
will call a torus T C Auto(M, J) with Lie algebra t purely real if tNit =tN Jt = {0}.

Let (M, J,£,60) be a Vaisman manifold with corresponding fundamental vector fields B and
A = JB. Then A,B € aut(M, J,2) generate a holomorphic R x R action on M, and we
will denote by G the image of R x R in Autg(M, J,Q2). Since the Lie group Autg(M, J, Q) is
compact, we can take the closure of G in it, obtaining thus a compact torus T C Auto(M, J, ).
The torus T is not purely real, since both A and B are in it Nt. In fact, we have:

Proposition 3.4.2: Let (M, J,[Q], [0]ar) be a strict LCK manifold and T C Autg(M, J, [])
be a compact torus. If T is not purely real, then [Q] is Vaisman and tNit = R{A, B}, where
B = —JA is the Lee vector field of some Vaisman metric in [Q].

Proof. Choose a T-invariant LCK structure (2, 6) in the conformal class [€], so that for any
X et d0(X))=Lx0=0. Let 0# C € t with D := JC € t. Then both §(C) and §(D) are
constant. However, we cannot have §(C) = §(D) = 0. Indeed, if it was the case, then:

0 :L[C,D]Q = ,CCLDQ - Lpﬁcg =
=diotp§ + todip) =
=d(=|[C|*) + broep = do(—|IC|)
implying, by [Lemma 2.2.9} that ||C||?> = 0, contradiction. Hence, if §(C) = a and 6(D) = b,

then X := aD —bC # 0 still verifies X € tand JX € t and, moreover, §(X) = 0, so (JX) # 0.
Therefore, we can suppose from the beginning that #(C') =1 and 6(D) = 0.

Let f :=||C||3, which is an everywhere positive function since C' cannot have any zeros. Take
Q= %Q, with corresponding Lee form 6’ = 6 — dln f. Then, since f is preserved by both C
and D, we still have §/(C') =1 and 6'(D) =0, and C, D € aut(M, J, ).

Let 1 := 1cf. Then we have:

dn = LcQ —1cdQ = -0 (C)Q +6 An

or also ' = dg/(—n). Since D preserves both C and €V, it also preserves 7. Moreover, we have
1 =|C||3 = n(D). Hence we get:

0=Lpn=dipn+tpdn=1p(—Q +6 An) =
=—Jn+60(D)n—0nD)=—-Jn-40.
Finally, this implies that n = J¢’, so that C' is actually the Lee vector field B of . Since C
is holomorphic and preserves (2, it is also Killing, so V&' = df’ = 0, that is, ' is Vaisman.
Finally, since a Vaisman metric is unique in its conformal class up to multiplication by

constants, it follows that tNit = R{C,D} = R{A,B}. m

Theorem 3.4.3: A connected compact complex manifold (M, J) of LCK type admits a Vaisman
metric if and only if Autg(M,J) contains a torus which is not purely real.
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Proof. As we already noted at the beginning of the section, if M admits a Vaisman metric
then the corresponding holomorphic vector fields B and A = JB sit in the Lie algebra of a
torus in Auty(M, J).

Conversely, suppose T C Autg(M,J) is not purely real. Take any LCK metric (£2,60) and
average it over T, in order to get a T-invariant LCK metric. Hence we have T C Auty(M, J,Q2),
and we can apply [Proposition 3.4.2|in order to get the conclusion. m

A direct consequence of [Proposition 3.4.2]is:

Corollary 3.4.4: Let (M, J,[Q]) be an LCK manifold and T C Auto(M, J,[2]) be a mazimal
torus. Then dimc tNit < 1, with equality if and only if [Q] is Vaisman.

As a consequence of this, we also obtain:

Corollary 3.4.5: Let (M, J) be a complex manifold so that Aut(M,J) contains a compact
torus T whose Lie algebra t verifies dimc tNit > 1. Then (M, J) admits no LCK metric.

Let us illustrate this criterion in some examples. Of course, the examples that follow have
already been settled ([Bel00]), but the arguments based on [Theorem 3.4.3| are simpler.

Example 3.4.6: Consider the non-diagonal Hopf surface Hpgp, x defined in Section [2.6.1]
We want to show that it admits no Vaisman metric, so we need to prove that there is no
real-holomorphic vector field X so that both X and JX have closed orbits. Indeed, cf. [Bel00]
and [MMP17], the complex Lie algebra of holomorphic vector fields on Hg , \ identifies with
the Lie algebra of I'-invariant vector fields on W: g = C{Z; = 21% + m@%, Zy = 21”6%2},
which is commutative. The complex flow of W = aZ; + bZs is

DY (21, 22) = (™21, " (22 + buzl")),u € C.

So in order for Re W to have closed orbits, we must have either ®};, = v or ®{;, = id. The
first condition gives a = log 8 and b = /%m and the second one gives a = 27 and b = 0.
We obtain thus that a maximal torus acting holomorphically on Hg,, \ is generated by
t = C{& = Re(logpZy + E%Zg),fg = Re(27miZ1)}. But clearly tN Jt = 0, so applying

it follows that Hg, » admits no Vaisman metric.

Example 3.4.7: Consider the example we constructed at the end of Subsection2.6.3} the
holomorphic fiber bundle p : M — N, where N is a compact Kéhler manifold, M has an LCK
metric with positive potential which restricts to the fibers of p, ' = Hg,, ,, to the LCK metric
constructed in[2.6.2] Then M cannot admit any Vaisman metric. Indeed, if it did, then this
metric would induce, by a Vaisman metric on the submanifold F, = p~!(z),
x € N. But we saw just now that the non-diagonal Hopf surfaces do not admit Vaisman
metrics.

Example 3.4.8: The Inoue surfaces S° and S~ have no holomorphic vector field, so clearly they
cannot admit Vaisman metrics. As for S*, by [[n74] we have aut(S+, J) = aut(Hx C)I'" = CZ,
where Z = % with corresponding complex flow ®}(w, z) = (w, z+ \). Hence the only solution
A e Cto @}\Z el is \g = %, in which case (I)}\OZ = o03. Hence there exists only one torus
St ¢ Aut®(S*,.J) which is one-dimensional, generated by & = A\gZ. So, again, St cannot
admit any Vaisman metrics. As already stated, by [016], Inoue surfaces admit no exact LCK
metrics, but the proof uses the solvmanifold structure of the surfaces.
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3.5 Torus principal bundles

Let T = t/A be a compact complex torus of dimension n, let N be a compact complex
manifold and let 7 : M — N be a holomorphic T-principal bundle over N. Its Chern class is
an element:

cZ(m) € H(N,A) = H*(N,Z) ® A.

The inclusion A C t induces a natural map H?(N,A) — H?(N,t) = H*(N,C) ® t, and we will
denote by c¢(7) the image of ¢Z(7) under this map. The class ¢(7) has a well defined rank. If
we choose C-bases for both t and H?(N, C), then c(7) can be represented by a 2n x ba(N)
matrix over C, and then the rank of ¢(m) is the rank of this matrix.

Note that if the rank of ¢(m) is 1, then there exists a minimal element a € A, unique modulo
sign, such that the non-torsion part of ¢Z(7) writes ¢Z(7)g = c%(7) ® a with ¢ () € H?(N,Z).
If ¢y () is the image of ¢} (m) under H?(N,Z) — H?(N,C), then we will have c¢(7) = ¢1(7) ®a,
and again ¢ () is uniquely defined modulo sign. So it makes sense to ask weather ¢;(7) is a
positive or negative class, i.e. weather c¢;(7) or —c;(m) can be represented by a Kéhler form
on N. In the affirmative case, we will call the class c(m) definite.

By a theorem of Blanchard [BI54], when N is of Kéahler type, M carries a Kahler metric if
and only if the rank of ¢(r) is 0. On the other hand, a theorem of Vuletescu [Vul(] states
that if n = 1 and the rank of ¢(m) is 2, then M cannot admit LCK metrics.

As a direct application of our existence criterion for Vaisman metrics and of [Corollary 3.4.5),
we obtain a characterisation of manifolds of LC' K-type among all the compact torus principal
bundles over compact complex manifolds.

Proposition 3.5.1: Let T be a complex compact n-dimensional torus and @ : M — N be
a T-principal bundle over a compact complex manifold N. Then M admits a (strict) LCK
metric if and only if n =1 and the Chern class of w is of rank 1 and definite. In this case, M
is of Vaisman type.

Proof. Suppose that M admits a strict LCK metric. The complex torus T acts holomorphically
and effectively on M, so, by M admits a Vaisman metric (€2, 6). Let B be the
Lee vector field with 6(B) =1 and A := JB. By |[Proposition 3.4.2) n =1 and t = Lie(T) is
spanned by A and B. Here, we identify t with its isomorphic image as a subalgebra of T'(T'M).

Since the T-invariant 1-forms 61 = J6 and 6y = 6 verify 6;(X;) = d;;, for 4,5 = 1,2, where
X1 = A and X9 = B, there will exist some linear combination of them giving a connection
form a € C>*°(T*M ®t) in m. More precisely, if we denote by &, & the fundamental vector
fields of the action, and let G = (g;;) be the matrix of {X1, X2} in the basis {£1, &} of t, then
the connection form will be given by:

a:= (g116h + g2102) ® &1 + (91201 + g2202) @ &o.

Indeed, it is T-invariant and we have «(§;) = &; for ¢ = 1,2. Moreover, since df = 0, its
curvature is:

O :=da =dbf ® g11&1 + db1 @ g1262 = dJI ® A.

It is a basic form, so given by © = 7*n ® A, with n € Q?(N), and n ® A represents the
Chern class c¢(rr) € H%(N,t). Then clearly c(m) is of rank 1, and moreover, it is definite
since the form —n is a Kéhler form on N. The last assertion comes from the fact that, as
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Q) is Vaisman, we have —dJ = Q — 6 A J6, so the (1,1)-form —dJ@ is strictly positive on
Q :=kerfnNker JO C TM. But Q is exactly the horizontal distribution given by the connection
a, and so identifies with TN via 7.

The converse statement is a well known result, see[2.6.3 =

3.6 Analytic irreducibility of complex manifolds of LCK type

It is not very difficult to see that a product metric cannot be LCK ([Va80]), but whether an
LCK manifold must be analytically irreducible is still an open question. Under additional
hypotheses, the answer is known to be positive ([Ts99], [OPV14]). In this section we wish to
enlarge the list of hypotheses implying the analytic irreducibility of the manifold.

One of the results in this direction is due to Tsukada [Ts99], which we can also obtain as a

direct consequence of [Theorem 3.4.3

Proposition 3.6.1: ([T599]) Let M; and Ms be two compact complex manifolds of Vaisman
type. Then M := My x My admits no LCK metric.

Proof. By [Theorem 3.4.3] the groups of biholomorphisms Aut(}/;) contain tori T; which are
not purely real, for ¢ = 1,2. Then the Lie algebra t of the torus T := Ty x Ty C Aut(M)

verifies dime t Nit = 2. Hence, by [Corollary 3.4.5] M cannot admit an LCK metric. m

Tsukada obtained [Proposition 3.6.1] as a corollary to the following result:

Theorem 3.6.2: ([7599]) Let (M,) be a compact Vaisman manifold and let F be the
canonical foliation on M generated by the Lee and the Reeb vector fields. Then F has a
compact leaf.

We can further exploit this and obtain the following, more general, result:

Theorem 3.6.3: Let My, My be two compact complex manifolds and suppose that My is of
Vaisman type. Then M := My x My admits no LCK metric.

Proof. Suppose M admits some LCK metric. Then, for any x € Mj, this metric restricted to
{z} x My = M, gives an LCK metric on Mo.

Since M; is of Vaisman type, there exists T; C Aut(M;) whose Lie algebra t; verifies
dimc t; Nty = 1. The induced torus T = Ty x {idys, } € Aut(M) is still not purely real, so by

Theorem 3.4.3) M is of Vaisman type and t := Lie(T) contains the corresponding Lee vector
field B.

Let € be a Vaisman metric on M which, possibly after averaging, is T-invariant. Then for
any y € My, Q restricted to M; x {y} = M; must be Vaisman. Indeed, by construction,
the Lee vector field B is tangent to M, and [Va82, Theorem 5.1] states that any complex
submanifold of a Vaisman manifold that is tangent to the Lee vector field is again Vaisman
with the induced metric. Let now E C M; be a closed leaf of the canonical foliation on the
Vaisman manifold M;, as in the above theorem. Clearly, after choosing O € E, E has the
structure of an elliptic curve whose tangent bundle is generated by B and JB restricted to
E. Hence, the submanifold i : Y = E x My — M together with ") is Vaisman. At the same
time, Y — My is a trivial E-principal bundle, so we arrive at a contradiction via
B511
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Also, using the result which states that a compact complex submanifold of a Vaisman manifold
must contain the leaves of the canonical foliation, one has:

Proposition 3.6.4: A compact complex manifold of Vaisman type is holomorphically irre-
ducible.

Proof. Let M = M; x My be the compact complex manifold with the product complex
structure, and suppose it admits a Vaisman metric €2 with corresponding canonical foliation
F generated by B, JB. Then, by for any (z1,22) € M, both the submanifolds
My x {z2} and {z1} x My of M contain the leaves of F, which is impossible.

[

On the other extreme, we have the following result, also obtained in [OPV14] in a different
manner:

Theorem 3.6.5: Let My, My be two connected complex manifolds, and suppose that M is
compact and verifies the 00-lemma. Moreover, if dime My = 1, then suppose its genus g is 1
and My is compact, or that g =0. Then M := My x My admits no (strict) LCK metric.

Proof. Suppose M admits an LCK form 2 with corresponding Lee form 6. Denote by
pi + M — M;, i = 1,2 the canonical projections. We have, by the Kiinneth formula, an
isomorphism p} @ p3 : H'(Mp,R) @ H'(M3,R) — H'(M,R), meaning that there exist two
closed forms 0; € C>°(T*M;), i = 1,2, such that 6 is cohomologous to pj0; + p5fa. After a
conformal change of ), we can suppose that 8 = pj6; + p50s.

Since an LCK metric on M induces one on Mj, by [Theorem 2.2.8 the induced metric is
globally conformal to a Kéhler metric. Suppose moreover that n := dimc M1 > 1. Then this
implies that 6, is exact on M;. Again, by a global conformal change of {2, we can suppose
that 6; = 0. Then the conclusion follows from bellow.

If dim¢ M; = 1, then the induced LCK form on M; is automatically Kéhler, so we know
nothing about #;. However, if g = 1, then M — M5 is a trivial principal elliptic bundle, so
by [Proposition 3.5.1, M cannot admit any strict LCK metric. If ¢ = 0 then M; is simply

connected, so we can again apply |[Lemma 3.6.6| =

Lemma 3.6.6: Let My and Ms be two connected complex manifolds, with My compact.
Suppose that (Q,0) is an LCK form on the manifold M = M; x My such that i*[0] = 0 in
HY(My,R), where i : My — M is the inclusion x — (x,y) for some y € My. Then M (and
thus also both My and Ms) are of Kihler type.

Proof. As before, after an eventual conformal change of €2, we have 6 = pj6; + p50> with
0; € C*(T*M;),i = 1,2. By hypotheses, 6, = df, with f € C>°(M;), so again, by replacing 2
with e P1/Q), we can suppose that § = p36s.

The algebra of differential forms on M, C*°(AT*M), has two compatible gradings: one
given by the degree of the forms, and the second one induced by the splitting T*M =
piT* My @ p5T*M,. With respect to this second splitting, write the differential d = d; + da,
and write Q = Q1 + Q9 + Qs € C"O(/\2 T*M), where:

N*T*M = N piT* M @ piT* My © psT* My & \* p3T* Mo.
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Then the equation d) = p562 A Q2 gives, in the homogeneous parts N2 piT*M; ® AL psT* Mo
and A? piT* M;:

dofh + di1h2 = p3ba Ay

3.6.1
di11 = 0. ( )

Let n be the complex dimension of M;. If we take the wedge of the first equation in ([3.6.1))
with Q?_l, we obtain:

1 - X n
EdQ(Q?) + dq (ng A Q? 1) = p292 VAN Ql . (362)

On the other hand, the compactness of M; implies that ps is a proper submersion, so it induces
a push forward map on forms given by fiberwise integration:

(p2)s : CO (NP piT* My @ N* p3T*My) — C(AF T* M)

((p2)«r)y ::/ a, y € M.
Mix{y}

Applying this map to (3.6.2)) and using Stokes’ theorem, we obtain the following relation on
Mgt

dg = nbag, where g:= (p2).Q] € C™(My).

This relation also reads dpg,g = 0, with g # 0 since it is in fact everywhere positive. By
we obtain that nfs is exact, so also 6 is and 2 is globally conformal to a Kéhler
metric. m

Remark 3.6.7: In [OPV14], the authors claim a proof of also for the case
when M is a Riemann surface of genus > 2, but we believe that their argument does not hold.
However, we are only able to find restrictions on the manifold Ms under the hypothesis that
My x My admits an LCK metric:

Proposition 3.6.8: Let M be a compact complex curve, let My be a complex manifold and
suppose that M := M; x My admits an LCK metric. Then My admits an LCK metric with
positive potential.

Proof. We keep the same notations as before. If (€2, 6) is the LCK form on M, we can suppose
that 6 = 01 + A2 with each 6; being the pullback of a closed one form from M;, 1 = 1,2.
Moreover, up to a conformal change of ), as M; is Kédhlerian, we can choose 61 to be the real
part of a holomorphic one form, so that dJ#; = 0, where J is the product complex structure
on M.

As before, on the A2 T*M; @ A T* Mo-part, dQ = 0 A Q gives:
d1Q10 + dafdy = 09 A Q1 + 61 A Q4. (3.6.3)

Extend J as a derivation acting on forms, and let d® = i(d — d). Then, on M we have the
commutation relation:

[J,d] = d°. (3.6.4)
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The formula JdQ = J(0 A Q), together with JQ = 0 and (3.6.4)) gives, on the A T*M; ®
N2 T* My-part:
d;le + dng = JOL A Qg + JOs A Q9. (3.6.5)

Now we apply the push forward map (p2)s« to equation (3.6.3) and Stoke’s theorem in order to
obtain:

(p2)«d221 = (p2)«(02 A Q1 + 61 A Q12).
If we denote by g the strictly positive function on My given by (p2).£21, this also reads:
dg,g = (p2)«(01 N Q12). (3.6.6)
We apply d€ to this identity and use equation together with to get:

d°dg,g = —(p2)+(01 N d5€h2)
= —(p2)«(01 A JO1 A Q2) + JO2 A dg,g + (p2)s (61 A d592).

Since we chose 6; so that dJ6; = 0, equation (3.6.4]) implies that d{6; = 0, hence the above
simply gives:
dcd92g — JOs A d92g = *(pg)*(QQ ANCAWAN J91)

Note that o := Q9 A 61 A J6; is a semipositive (2,2)-form on M which is strictly positive on a
non-empty open subset of M of the form U x My, where U C M; is the open set where 6,
does not vanish. Then 7 := (p2).« is a strictly positive (1, 1)-form on My verifying:

n = dg,dg,g. (3.6.7)

Finally, this implies that n = —dJw + w A Jw, where w := 03 — dIng, so (n,w) is an LCK
metric with positive potential on M>. m

3.7 Weyl reducible manifolds

In this section, we are interested in LCK metrics whose corresponding Weyl connection is
reducible, or equivalently, the Levi-Civita connection of the K&hler metric on the minimal cover
is reducible. The starting point of our discussion is a topological and metric description of the
more general class of compact conformal manifolds with a reducible closed Weyl connection,
given by M. Kourganoff in [Koul5|. From it, we will easily infer also the complex-analytic
description of Weyl-reducible LCK manifolds.

Let us first recall that on a conformal manifold (M, c), a Weyl connection is a torsion free
linear connection preserving the conformal structure. If the Weyl connection is locally the
Levi-Civita connection of a local metric in the conformal class ¢, then the connection is
called closed. This is equivalent to the existence of a global Riemannian metric § on the
universal cover M in the conformal class given by the pull-back of ¢, on which m1(M) acts by
homotheties. Although defined on M, § is called a similarity structure on M.

Theorem 3.7.1: (M. Kourganoff [Koull]) Let (M,c, D) be a compact conformal manifold
endowed with a closed Weyl connection, and let § be the corresponding similarity structure.
Then we are in one of the three cases:
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1. (M,§) is flat;
2. D has irreducible holonomy and dim M > 1;

3. (M,§) is isometric to (R?,go) x (N, gn), where gy is the flat metric on RY, and the
holonomy of the Levi-Clivita connection corresponding to gn is irreducible.

Let us now suppose that (M, J, g) is a compact LCK manifold. There exists a unique Weyl
connection preserving the conformal class of g and the complex structure J. Moreover, as g is
LCK, the connection is closed. We are thus in the setting of the above theorem. If we are
in the first case, a theorem of Vaisman [Va82| states that (M, J, g) is a Hopf manifold with
the standard metric. Let us suppose that we are in the third case. We wish to show that the
Riemannian manifolds appearing in the decomposition are in fact naturally Kéhler, and the
isometry is biholomorphic. The arguments for this are standard.

We will denote also by D the pull back connection to M, and note that D is the Levi-Civita
connection of §. Let us denote by T9 and T respectively the pullback of TR? and TN to M
by the natural projections. Fix a point x € M, and recall that the holonomy group of D in z,
G := Hol(z), is identified with a subgroup of Aut(7, M), given by the parallel transport of
vectors in T, M along loops in 2. We have the G-invariant decomposition T, M = T o T},
and G acts trivially on T2. At the same time, as the pull-back complex structure .J on M
is D-parallel, the elements of G’ commute with J, € Aut(7,M). Thus, for any v € T and
any g € G we have: gJ,v = Jygv = Jyv. But the elements of 70 are characterized by the
fact that G acts trivially on them, so J,v € T?, implying thus that JTO = 7. At the same
time, T is the orthogonal of T in T, M with respect to Gz, which is J,-invariant, so also
JT} = T}. Finally, as T° and T are obtained by the parallel transport of TV and T, and as
J is D-parallel, it follows that JT° = T? and JT' = T". In particular, J splits as J = Jo + Ji,
where for i = 0,1, J; € Aut(T") is defined by J; := J|+ and is an almost complex structure.
Moreover, since J is integrable, its Nijenhuis tensor N7 : A2TM — TM vanishes. But for
i =0, 1, the Nijenhuis tensor corresponding to J; is just the restriction of N’ to A2T"%, and
so also vanishes, thus Jy and J; are integrable and the isometry in (3) is holomorphic. Now
clearly wg := go(Jo-, ) and wy := gn(Ji-, -) are Kéhler forms on the corresponding factors.

Theorem 3.7.2: (LCK version) Let (M, J,g) be a compact LCK manifold, and let (M,.J, )
be its universal cover with the corresponding Kdhler metric. Then we are in one of the three
cases:

1. (M,g) is biholomorphic and isometric to a flat Hopf manifold with the standard metric;
2. The Levi-Civita connection of § has irreducible holonomy;

3. (M, J,§) is biholomorphic and isometric to (C', go) x (N, Jn,gn), where go is the flat
metric on C', and (N, Jn,gn) s a Kihler manifold with irreducible holonomy.

Let us note that the OT manifolds of type (s,1) with the LCK metric defined in verify
the third case of the above theorem, but we do not know if these are all the Weyl-reducible
LCK manifolds. However, we can generalize a metric property showed by A. Otiman in
[016] for OT manifolds to the (supposedly larger) class of Weyl-reducible LCK manifolds. It
concerns the non-existence of exact LCK metrics on such manifolds. For this, in addition to
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the above theorem, we will also need a few preliminary results from [Koul5] concerning the
structure of some groups of automorphisms appearing in the description of the manifold.

We introduce first the notations. From now on, we fix a Weyl-reducible compact LCK
manifold (M, J, g) so that its universal cover with the Kéhler metric (M, J,§) is (R%, Jo, go) X
(N, Jn,gn). For a Hermitian structure (g, J), denote by

Isom(g, J) C Sim(g,J) C Conf(g, J)

respectively the groups of biholomorphic isometries, homotheties, and conformal automor-
phisms of the given structure. They are all closed subgroups of the respective groups

Isom(g) C Sim(g) C Conf(g).

The group w1 (M) acts diagonally by holomorphic homotheties on M, so it is a subgroup
of Sim(go, Jo) X Sim(gn, Jn). Denote by T’y the image of w1 (M) in Sim(go, Jy), and by 'y
the image of the same group in Sim(gn, Jn). Let G be the closure of I'y in Sim(gy, Jy),
and G its connected component. Finally, let IV := 7y (M) N (Sim(go) x G). Recall that
Sim(go, Jo) = Rsg - U(t) x C!. Note that the definition of the groups I'g, I'y, G, G° and 'V is
in fact independent of the complex structures. We have the following facts concerning them,
proven in [Koul)]:

Fact 3.7.3: [Koulb, Lemma 4.8] The group G is a Lie group acting properly on N.
Fact 3.7.4: [Koul5, Lemma 4.1] The group G is abelian.
Fact 3.7.5: [Koull, Lemma 4.12] The group G° sits in Isom(gy).

Fact 3.7.6: [Koull, Lemma 4.16] The group T° is a lattice in Ct x G°.

These facts give a somewhat more particular description of the structure of a Weyl-reducible
compact LCK manifold. Note first that the group L := C! x G° is normal in Sim(gg) x G,
since C? is normal in Sim(gp) and G° is normal in G, being its connected component. This
implies that T'° is a normal subgroup of m1(M). Indeed, let v € w1 (M) C Sim(gg) x G and
7 €TI%C L. Then u := vy~ ! € L. But I'? is a lattice in L, by so if u ¢ T
then span< 'Y, u >C (M) is not discrete in L. In particular, 71 (M) cannot act properly
discontinuously on M, which is a contradiction. So u € I'°, meaning that I'° is a normal
subgroup of w1 (M). Denote by M = M JTO. Tt is a Galois cover of M, of deck group

=11 (M)/T°. By |Fact 3.7. 5|, ' C Isom(g), so § descends to M to a Kihler metric. Note
also that, by [Fact 3.7.4{ and [Fact 3.7.6] T':= L/T? is a compact abelian Lie group, acting by
biholomorphisms on M.

Theorem 3.7.7: A non-flat Weyl-reducible compact LCK manifold M does not admit any
exact LCK metric.

Proof. As we are in the third case of we will keep the same notation as before.
So we can identify M with C* x N, where ¢t > 1 and N is some Kihler manifold.

Suppose we have an exact LCK metric Q = dn— 60 Anon M, and let o : C! x N — R be a
Coo—function so that § = dy on M. Denote by p : m; (M) — R the morphism v — v*¢ — ¢. By
I'% C Isom(g), but at the same time T'° C Isom(g), as I'% is a subgroup of m (M).
Hence the function ¢ is I'’-invariant and descends to M to a function denoted also by ¢.
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Now let 4 be a constant volume form on T" with [, u = 1, and define the T-invariant function
on M:

@ = /T W op(h).

The function ¢’ has the same U-equivariance as ¢, which can be seen as follows. As L was
normal in Sim(gg) x G, U acts on T by conjugation. Fory € U and h € T, let h, := vy 'hy € T.
Then, for any v € U, we have:

Ve = /T(h'v)*w(h) = /T(’th)*w(h) = /Thi(w +P(Mhy) = ¢+ (7).

In particular, 6 := dy’ has the same de Rham cohomology class as 6, and is also T-invariant.
Let f be a C*°-function on M verifying 6’ = 6 + df, and consider the LCK form Qj := ef Q.
Note that, if we let ny := efn, then Qf =dny — 0" Any, so Qy is also an exact LCK metric.

Define now the T-invariant form on M:
= / R ngu(h).
T

Just as before, as ny was U-invariant, also 7 is, and so descends to a well defined one-form on
M. Moreover, using the T-invariance of ', we have on M:

don =d/ Rnpu(h) —G’A/ h*n' u(h)
T T
= [ W dng — 0 nng)e)
:/ W Qpu(h) = Q.
T

Thus, ' = dygn’ is an exact LCK metric on M, which is additionally T-invariant.

Now let us go back to M. If we denote, as before, by T° and T the pull-back of TC* and
TN to M by the natural projections, we have:

T*M = (T @ (T')" NT*M = \(T°) @ (T°) © (T") & AX(T")".

With respect to these splittings, let us write d = dy + d; and ' = 1y + n;. Note that,
as ¢ is T-invariant, it is in particular constant in the Cl'-variables. This implies that
0 = dy' € C®°(M,(T")*). Moreover, as 1 is T-invariant, we also have dong = 0 = don;.
Therefore, we obtain that

Q =dino+dim — 0 Ano— 60 Am

has no /\2(T U)*_component, so it cannot be non-degenerate. This contradicts the fact that '
was an LCK form and concludes the proof. m

As a corollary, we obtain a claim made in [MOQ09|:

Corollary 3.7.8: Let (M, J,Q) be a compact Vaisman manifold, or more generally, an
LCK manifold with potential, which is not a flat Hopf manifold. Then its Weyl connection is
irreducible.



Chapter 4

Toric LCK Manifolds

4.1 Introduction

In the present chapter, which is part of [I[sl7], we are interested in the incarnation of toric
geometry for locally conformally Kéahler (LCK), or more generally, for locally conformally
symplectic (LCS) manifolds. The beginnings of this study can be traced down to the article
of I. Vaisman [Va85], where he argues that LCS manifolds are the natural phase spaces for
Hamiltonian mechanics and is the first to give a good notion of Hamiltonians in this context.

General Hamiltonian group actions and the corresponding reduction procedure in the LCS and
LCK context have been considered by S. Haller and T. Rybicki in [HRO1], or by R. Gini, L.
Ornea and M. Parton in [GOP05]. But only recently were Hamiltonian actions of maximal tori
on LCK manifolds studied towards a classification, by M. Pilca in [Pil6] and by F. Madani,
A. Moroianu and M. Pilca in [MMP17]. The program is as follows: there exists a class of
LCK manifolds, called Vaisman manifolds, which is better understood via its many geometric
properties. In particular, the universal cover of a Vaisman manifold is a K&hler cone over a
Sasaki manifold. In [Pil6], toric Vaisman manifolds are studied and it is shown that for every
known existing equivalence of categories between them and some other class of manifolds, the
Hamiltonian toric action also is equivalent to a natural Hamiltonian toric action in the given
category. Then, in [MMP17], it is shown that the toric Sasaki manifold corresponding to a
toric Vaisman manifold is actually compact. But Sasaki manifolds are in particular contact,
and compact toric contact manifolds have been classified by E. Lerman in [Ler(3].

On the other hand, in [MMP17] toric LCK manifolds of complex dimension 2 have been given
a classification, and it turns out that they all admit toric Vaisman metrics. Hence the question
was raised of whether this is always the case, regardless of dimension. The main result of the
chapter, is an affirmative answer to it, and so, together with the above cited
papers, amounts to a classification of toric LCK manifolds as complex manifolds with a torus
action.

Remark that the universal cover of a LCK manifold is a non-compact Kéhler manifold, so
one might want to use the theory of toric symplectic manifolds in order to prove the result.
However, in the non-compact world the theorems of convexity and connectedness for moment
maps of Atiyah and Guillemin-Sternberg fail, and one no longer has a characterisation of the
symplectic manifold in terms of the image of the moment map. As proven by E. Lerman and
S. Tolman in [KL15], classification results still are possible, but in terms of more complicated
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56 4.2. Twisted Hamiltonian Vector Fields

objects. Hence we chose to give a direct proof, not relying on the known facts from toric
symplectic geometry.

The proof occupies Section and roughly goes as follows. First we remark that the
holomorphic action of the compact torus T on the manifold M naturally extends to a
holomorphic action of the complexified torus T¢. In particular, on the minimal K&hler cover
M of M, T€ has a dense connected open orbit, since the T-action is Hamiltonian. This allows
us to view the deck group I' of M as a subgroup of T¢, and to extend it to a one-parameter
subgroup of T¢. However, there is no reason for this group to act conformally on the LCK
form, so at this point we have to construct, by averaging, a new LCK form, still compatible
with the T-action. Finally, we are able to explicitly write down a toric Vaisman metric in the
conformal class of the averaged metric.

The rest of the chapter is organised as follows: in Section we introduce Hamiltonian group
actions in the LCS context, and we base our discussion on Section Section puts
together the results we use for our proof. In particular, we show that for a compact toric LCS
manifold, the action of the torus lifts to a Hamiltonian action on the minimal symplectic cover.
In Section we discuss a few examples of toric LCK manifolds. In particular, we exhibit an
example showing that the class of compact toric LCS manifolds strictly contains the compact
toric LCK manifolds, unlike in the symplectic context.

4.2 Twisted Hamiltonian Vector Fields

In this section we study the corresponding notions of Hamiltonian vector field and Hamiltonian
group action to the LCS context. The definitions, as presented, were introduced by I.Vaisman
in [Va85], where one can also see a number of reasons for why these are the natural analogues
to the ones from the symplectic world. Let us fix in this section an LCS manifold (MM, (2, 6).

Definition 4.2.1: A vector field X € I'(T'M) is called twisted Hamiltonian if there exits a
function f € C*°(M) such that txQ = dyf.

Remark 4.2.2: Although it is not apparent from the definition, the above notion is
actually conformally invariant. Indeed, if X = X is a twisted Hamiltonian vector field for
Q with corresponding function f € C*°(M) and Q' := €“Q2 is another conformal form with
corresponding Lee form ¢ = 6 + du, then we have:

ux QY = e(df — 0f) =d” (fev). (4.2.1)

As in the symplectic setting, an LCS form € defines on C* (M) a Poisson bracket:
{f,9}:=UXy, Xy) Vf,9€C(M)

and by straightforward calculations it can be seen that X s, = [Xy, X,]. Hence the set of
twisted Hamiltonian vector fields

ham(M, [Q)]) == {X € D(TM)|3f € C°(M) 1xQ = dof}

forms a Lie subalgebra of I'(T'M). Actually, ham(M, [Q]) C aut'(M, [?]), where we recall that
the latter algebra, defined in (2.5.2)), is formed by the vector fields X verifying £xQ = 0(X)<Q.
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Indeed, for X = X € ham(M, [Q2]) we have:

[,XfQ = LdeQ —I—dLXfQ = LXf(¢9 AQ)+d(df —0f) = O(Xf)Q. (4.2.2)

Remark 4.2.3: If 7: M — M is the minimal cover of deck group I' and symplectic form
Qk, the pull-back morphism 7* establishes an isomorphism between ham(M, [2]) and the Lie
algebra of I'-invariant Hamiltonian vector fields of the symplectic form on the minimal cover
ham(M, Qx). Indeed, if X € aut'(M,[Q]) and X = 7*X is the pull-back vector field to M,
by writing Qg = e~ ¥ we have, on M:

QO =dpf & 1% = e ?(df — fdp) = d(e 9 f).

Definition 4.2.4: Let (M, [Q]) be an LCS manifold. We say that an action of a Lie group
G on M is twisted Hamiltonian if g := Lie(G) C ham(M, []).

Remark 4.2.5: If the Lie group G is compact and acts conformally on [§2], then we can find
an LCS form in the given conformal class that is G-invariant. Indeed, take any LCS form
Q € [Q2]. Then, for any g in G, we have g*Q2 = e/sQ, with f; € C°°(M). Let dv be a normalised
Haar measure on G, and take h := [, fydv(g), so that Q¢ := [ ¢g*Qdv(g) = €"Q. Then
Q¢ € [Q)] is, by definition, a G-invariant LCS form with corresponding Lee form 0% = dh + 6.
For Q € [Q)], define the map A? : C®(M) — ham(M, [Q]) by sending a function f to its
corresponding Hamiltonian vector field X; with respect to €. If we consider on C>°(M) the
Lie algebra structure given by Q, A® is a Lie algebra morphism. On the other hand, if § is
strict LCS, then dp : C*°(M) — Q3 is injective by Thus also A? is injective,
hence A% is actually an isomorphism of Lie algebras. Note that under a conformal change of
Q, by this map changes by the rule AeuQ(f) = Aﬂ(e“f).
Suppose that a compact Lie group G has a twisted Hamiltonian action on the LCS manifold
(M, [2]). As soon as we choose an LCS form 2 € [Q)], there automatically exists a Lie algebra
morphism p : g — C>(M) which is a section of A, Indeed, as A is an isomorphism of Lie
algebras, we simply have p* = (A®)~1|,. In particular, we have a moment map p‘* : M — g*
given by

< 1 (x), X >=pHX)(z), zeM,Xeg.

Remark 4.2.6: If (M, [Q)]) is an exact LCS manifold, and G is a compact Lie group that
acts conformally on it such that g = £ie(G) C aut’(M, [Q]), then this action is automatically
twisted Hamiltonian. Indeed, as before, we can choose from the beginning, in the given
conformal class, Q = dgn and 6 G-invariant. Now define n% := Je g¥ndv(g). Then, since 6 is
G-invariant, we have:

don® ::/g*(dn)dv 9/\/9 ndv(g /g (dn—0 An)du(g /de
G

Hence, there exists a momentum map given by the G-invariant form —n“. More precisely, we
have, for any X € g:

xQ = 1xdn® + 00 (X) = Lxn® — d(n® (X)) + 0n°(X) = dg(—n“(X)).
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Remark 4.2.7: Let us note that, like in the symplectic case, the moment map xf is G-
equivariant if and only if € is G-invariant, which can be seen directly by computations,
following the same proof as in the symplectic case.

4.3 Torus actions on LCS manifolds

In this section we assemble mostly already known results concerning tori actions that we will
need in the sequel. In particular we will make use of the following well-known general result
about the orbits of smooth actions of compact Lie groups, which is a consequence of the slice
theorem. We refer the reader to [Bre] or to [DK] for a proof of the result and for a detailed
presentation of the subject.

Theorem 4.3.1: Let N be a connected smooth manifold and G be a compact Lie group which
acts effectively by diffeomorphisms on N. For any x € N, denote by G, := {g € Glg.x = =}
the stabiliser of x in G, and let r = inf,cy dim G,. Then N, := {x € N|dim G, =}, called
the set of principal G-orbits, is a dense connected open submanifold of N, and N — N, is a
union of submanifolds of codimension > 2. Moreover, if G is abelian and acts effectively on
N, then r = 0.

Remark 4.3.2: In general, if G = T is the compact torus and acts effectively on N as in the
above theorem, the stabilisers G, need not be connected. However, if in addition we have
a symplectic form on N which is preserved by G and such that the orbits of the action are
isotropic, then indeed all the stabilisers are connected tori. As we will see soon, cf.
this hypothesis will be verified in our context. For a proof of the connectedness of
the stabilizers, see for instance [Ben02, Lemma 6.7], but we will also give a self-contained
argument of this in our context when the time comes. In particular, in this case, the set Ny is
acted upon freely.

Recall that, by |Proposition 2.5.4} if (M, [2]) is an LCS manifold and a compact torus T acts
conformally it so that Lie(T) = t C aut’(M, [2]), then the action of T lifts to the minimal
cover M. Thus we have:

Corollary 4.3.3: Any twisted Hamiltonian action of a compact torus T on an LCS manifold
(M, [Q)) lifts to a Hamiltonian action of T to the minimal symplectic cover (M, Q).

Proof. Indeed, by (4.2.2), t sits in aut'(M, [©2]), so the T-action lifts to M. Moreover, the lifted
action is still Hamiltonian, since it admits the moment map ji : M — t*, (&) = 9@ 12 (7(2)).
Remark that we chose a form Q € [?] in order to define fi, but actually i is conformally

invariant. m

For a symplectic manifold, the maximal dimension of a torus acting symplectically and
effectively on it is bounded from above only by the dimension of the manifold and, moreover,
in many cases the orbits are not isotropic. The next proposition shows that things are different
in the LCS setting. A variant of this result can again be found as Proposition 3.9 in [MMP17].

Proposition 4.3.4: Suppose that a real torus T acts conformally end effectively on an LCS
manifold (M?",[Q)]). Then m < n + 1 and, moreover, if t = £ie(T™) C aut'(M,[Q)]), then
m < n and the orbilts are isotropic with respect to any representative in [§2].



Chapter 4. Toric LCK Manifolds 59

Proof. Denote by T C TM the distribution generated by T™ on M, and by 7 the one on
M. Suppose first that t C aut’ (M, [Q]). By (2.5.3) it follows that I'(7) C aut(M, Q). Hence,
using the formula:

Ux,y) = Lxty —yLx (4.3.1)
we have, for any X and Y in I'(7):

0= [’[X',Y}QK = ﬁxb};—QK = dLXLyﬂK + LXdLYQK‘

But we also have:
dLY/QK = Eyﬂ[( =0

implying that d(Qx(X,Y)) = 0, or also that Qx(X,Y) = ¢ € R. It follows that efc =
™ (Q(X,Y)), and since e? is not I-invariant, ¢ = 0. Therefore, for any & € M, T; is isotropic
with respect to (Qx )z, so T and also 7 have maximal rank at most n.

On the other hand, let My C M be the dense open set composed by all the m-dimensional
orbits, as in [Theorem 4.3.1} Then My x t injects into 7 |z, as a vector subbundle in a natural

way, hence m < n.

In the general case, if t ¢ aut’ (M, [€2]), then by (2.5.1)) there exists C' € t — aut’(M, [)]) such
that [(C) = 1. Then we have a splitting t = RC' @ t' with ¢ C aut’(M, [Q2]) and by the above,
t’ has dimension at most n, hence the conclusion follows.m

Definition 4.3.5: An LCS manifold (M?",[Q)]) is called toric LCS if the maximal compact
torus T" acts effectively in a twisted Hamiltonian way on it. An LCK manifold (M?", J, [)]) is
called toric LCK if (M?",[€]) is toric LCS with respect to an action of T™ which is moreover
holomorphic.

4.4 Proof of the Main Theorem

We are now ready to give the proof of the main result of the chapter:

Theorem 4.4.1: Let (M, J,[S2]) be a compact toric LCK manifold. Then there exists an LCK
form Q' (possibly nonconformal to ) with respect to which the same action is still twisted
Hamiltonian, and such that the corresponding metric g’ is Vaisman.

Proof. Denote by T the n-dimensional compact torus that acts on the LCK manifold as
in the hypotheses of the theorem. Then the holomorphic action of T naturally extends to
a holomorphic action of the complexified torus T¢ = (C*)™ on M. Indeed, on one hand
the induced inclusion homomorphism 7 : t — aut(M, J) extends to a Lie algebra morphism
7¢: Lie(T¢) =t ® C — aut(M, J) by:

(&1 +i&a) = 761 + JTéy = Xy + J X,

On the other hand, we have the Cartan decomposition T¢ = T x (Rso)™ and it C t¢ is
isomorphic to (Rs¢)™ under the exponential map. Hence, if i, ...,&, form a basis of the
Lie algebra t, then JX¢ ,...,JX¢, € aut(M,J), being complete vector fields, generate the
holomorphic action of (Rsg)"™ on M.

Let us note that although the action of T¢ might not be effective on M, the morphism 7¢
is injective. Indeed, this is equivalent to saying that 7(t) N J7(t) = {0} C aut(M,J). But
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this last assertion follows from the fact that the action of T is Hamiltonian with respect to
(2], and by choosing €2 € [2] T-invariant, also the corresponding moment map p: M — t* is
T-invariant. Therefore, for X € 7(t) so that JX € 7(t), we have:

0<QUX,JX)=1yx(dux —Oux)=Lixpx =0

which implies that X = 0.

Let (M, J, Q) be the minimal Kéhler cover of (M, .J,[€]) of deck group I'. The action of T¢
evidently lifts to M, and T also acts in a Hamiltonian way with respect to Qx. Denote by
i M — R™ the moment map of this action, and let Ny C M be the corresponding connected
dense open set of principal T-orbits, as in . The group T acts freely on M.
Indeed, let g € T and = € Mo with g.x = . Then d.g is a C-linear automorphism of T, M.
On the other hand, if we denote by t, C T; .M the image of the evaluation map ev, : t — T, M ,
& — (7€), then, because ev, is injective, we have the decomposition T, M = t, @ Jt,. As g is
a biholomorphism of M, d,g preserves this decomposition. Moreover, since g € T, it follows
that d,gl,, = id, and so d,g = id on the whole of T,M. Finally, as ¢ is an isometry of the
Kéhler metric, it follows that g is the trivial element in T.

Fact 1: T¢ preserves My and acts freely on it.

By the above, T¢ = T x (Rs()™ preserves My iff Vu € (R=o)™, V& € My, vt € T — {1},
tu.Z # u.Z. But this is obvious since ¢ and » commute.

To show that the action of T¢ is free on Mg, let g € T¢ and Z € M, with g.2 = . With the
above remarks on T¢ we have g = tu with ¢t € T and u = exp(if), £ € t. By letting § := t.z,
it follows that u.g = # € T4 = T§. Let ¢ : R — M be the curve c(s) = exp(is€).g. Since fi¢ is
constant on the orbits of T, it follows that:

AE(e(0)) = i5(5) = (@) = i (e(1)). (4.4.1)

On the other hand, the vector field 7(i§) = JX¢ is, by definition, the gradient of the
Hamiltonian fi. So, if € # 0, then fi¢ would be strictly increasing along ¢, but this contradicts
(4.4.1). Thus £ = 0 and we have t.& = &, implying again that ¢ is the trivial element in T,
hence g is the trivial element in T¢.

Fact 2: T acts transitively on M.

For any z € My, the map T¢ — Mo, g — ¢.2 is a holomorphic open embedding. Therefore,
the connected open set My is a union of disjoint open orbits of T¢ hence it must contain (and
be equal to) a sole orbit.

In conclusion, for any choice of a point Zy € Ny we have a T¢-equivariant biholomorphism
F;y : (C)" — My, g — g.20, where (C*)™ acts on itself by (left) multiplication. On the other
hand, I" preserves My, hence we can view I as a subgroup of biholomorphisms of (C*)™ acting
freely.

Fact 3: T' C T“.

Let § = F;,(g), with g € T¢, be any element of My and let v € T'. Denote by g € T the
element verifying v(Z9) = Fj,(gy). Since the action of T¢ on M is the lift of the action of T¢
on M, I' commutes with T¢. We thus have:

(@) = v(9-T0) = 97(%0) = 9.94-T0 = 947

implying that v = g, € T“.
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Remark that, if g% € C* are the components of g,, then for at least one 1 < j <n, \gﬁy| £ 1.
Otherwise we would have I' C T and so T would not act effectively on M.

Let now v € T’ = ZF be a nontrivial primitive element and denote by I the subgroup generated
by 7. With the same notations as before, we can extend the action of I" on My = (C*)" to a
holomorphic action of R on M. Indeed, if v expresses, as an automorphism of (C*)", as:

’Y(Zla s ZTL) = (alzla s 7anzn>7
with a; = pjewj in polar coordinates, then define the one-parameter group:

R >t & € Aut((C*)")

By(21,...,20) = (phe™®izy, ..., ptenz,).

Remark that R = {®, },cg is a subgroup of T¢ € Aut((C*)"), hence its action on My actually
extends to the whole of M. Moreover, this also implies that I' commutes with R, so the
action of R descends on M to an effective action of R/T” & S1. Let C' € I'(T'M) be the real
holomorphic vector field generating this action.

Lemma 4.4.2: There exists on M an LCK form Q€ compatible with the complex structure J,
with corresponding Lee form 6€, so that C preserves both QC and 6€. Moreover, the given
action of T is still Hamiltonian with respect to this new form.

Proof. For any t € R let f; :== ®f¢ — ¢ € C®°(M) and define h := fol fedt € C(M). Note
that the functions { f;}:cr are I'-invariant:

0 fr =200 — 6o =D (p+p(0) — (p+p(0)) = fi, V€T (4.4.2)

hence so is h and they all descend to M. Moreover, since t C ker 8, ¢ is T-invariant. As T
commutes with {®;};cg, it follows that also the function A is T-invariant.

Let the new Lee form be:

1
0 = [ ®rodt—d / O pdt = d(p + h) = 0 + dh. (4.4.3)
R/I” 0

By definition, it is C-invariant, but also T-invariant since t commutes with C.
Let now €, := e"Q € Q?(M) and define the new LCK form as:

¢ = Oy, dt.
R/T’

Since d€;, = 8¢ A Qy, by (4.4.3), we see that the Lee form of Q€ is indeed 0°:
dnc = O (dQy,)dt = Or0° A OFQydt =
R/T’ R/T’

=0 A drQudt = 09 A QC.
R/T'

Again, the C-invariance of QC follows from its definition. Moreover, since h is T-invariant and
T commutes with R/T", also Q¢ is T-invariant.
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Finally, Lc6¢ = 0 implies that §°(C) is constant. On the other hand ¢ (C) = Lcp, and
since ¢ is not even I'-invariant, it follows that #°(C) = X # 0. Hence, by the
form n = —%LcQC € 0}, verifies Q¢ = d(’cn. Moreover, 7 is automatically T-invariant, since
both C' and Q¢ are. Therefore, cf. we have a moment map for the action of T
on (M, J,Q°) given by u¢(X) = —n(X), implying that the action is still Hamiltonian. m

Lemma 4.4.3: The minimal cover corresponding to the form Q€ is M.

Proof. Let pc : NM¢ — M be the minimal Kéahler cover corresponding to Q¢ with deck group
I'c, and denote by p : M — M the projection corresponding to 2. We have p®; = &.p for
any t € R, by making no distinction of notation between objects on M and on M. We see, by
(I4.4.3|) in |Lemma 4.4.2|, that p*0° = dpC is exact, where o€ = ¢ + p*h. So M is a covering
of M¢ and I'¢ is a subgroup of I'. On the other hand, by the same lemma, h is I'-invariant,
so for any 6 € TV we have §*¢® = p(8) + ¢“. Thus no element of I preserves ©*, therefore
MC = M . n

We also give here a lemma since it follows directly from the above considerations, but we will
not make use of it in the sequel.

Lemma 4.4.4: The rank of I is 1.

Proof. With the same notations as before, suppose there existed some 7' € I' independent
(over Z) of 4. Then, in the same way, v/ would generate another real holomorphic vector
field C' € T(T' M), independent of C. Indeed, if this was not the case, then suppose we have
C = aC’ with a € R. Then the corresponding flows would verify &%, = &! , = &%, In
particular, for any m € Z we would have that &7 = ®&" € I'. From the independence of
and ~' it follows that a € Q, so the additive subgroup A generated by 1 and a in (R, +) is not
discrete. Now, if we fix some & € M, the map F': R — M, t— <I>tc, (Z) is continuous, so also
F(A) C M is not discrete. But F(A) is contained in the fiber of the covering map through &
which must be discrete, hence we have a contradiction.

Now let €’ be the LCK form obtained by averaging Q¢ with respect to C’, as in
We would thus have an effective holomorphic action of T"*2 on M generated by t & RC & RC’,
which is moreover conformal with respect to ©'. But by [Proposition 4.3.4] this is impossible. m

From now on, to simplify notation, denote by € and by 6 the forms Q¢ and ¢ obtained in
Let 7 : t© — it and ¢ : t© — t be the natural projections, and consider the
vector field B’ := m(C) € it. Since t C ker 6, we have (B') = 6(C) = A, so let B = —1 B’ € it.
Moreover, since Jm; = mJ, we also have JB = —%m(JC’) € t. Since B is a difference of
vector fields preserving €2, it also preserves {2 and so does JB, being in t.

Consider, on the minimal cover M, the Kihler form Qg = e % with corresponding metric
go, where dp = 6. We have:

LpQg = —0(B)Qx = Qi and L0k = 0.
Let no := tpQx and fy := HB||§0 = no(JB). It follows, by the above:
dno = LQx = Qk.
Since JB commutes with B and preserves (, it also preserves 7n9. Hence we have:

0= Lypno = deyno + typdno = dfo + Jno
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implying:
No = de() and QK = dno = ddcf(). (4.4.4)

Now, since both B and JB are I'-invariant, we have, for any v € I":
Y fo=(Qk)(B, JB) = e "7 fy

hence fj is a I'-equivariant function, which is moreover strictly positive. Therefore,

p_ L
fo

is an LCK form on M, in the same conformal class as {2, with corresponding Lee form

¢ = —dln f().

Finally, we have, by (4.4.4]):

Q dd- f, (4.4.5)

1 1
LBV = —Jng = ——dfy =10’
0

I fo

which implies that —B is the fundamental vector field (§')#. In particular, since B is both
holomorphic and an infinitesimal automorphism of €', it is also Killing, so:

VO =do' =0 (4.4.6)

implying that (€/,6’) is the Vaisman structure that we have been looking for. This ends the
proof of the theorem. m

Now, as a consequence of the main result, of [MMP17, Proposition 5.4] and of [Da78, Theo-
rem 9.1] we have:

Corollary 4.4.5: Let (M, J, []) be a toric LCK manifold, strict or not. If (M, J) is Kaihlerian,
then M is simply connected, and in particular by(M), the first Betti number of M, is 0. If it
is not strict, then by(M) = 1.

Remark 4.4.6: can also be seen, a posteriori, as a consequence of a result of
[IMMP17, Proposition 5.4], where it is shown that a compact toric Vaisman manifold has first
Betti number 1.

4.5 Examples

As we have seen, all examples of toric LCK manifolds are of Vaisman type. In complex
dimension 2, by [MMP17, Theorem 7.2], any toric LCK manifold is a diagonal Hopf surface.
More generally, any diagonal Hopf manifold is a toric manifold:

Example 4.5.1: Let n > 2 and let Aq,..., A\, € C be of module smaller than 1. Recall from
Section [2.6.1] that a diagonal Hopf manifold is Hy := C" — {0}/(z1, ..., 2n) ~ (M121, ..., Anzn).
We have an R-action on C" — {0} given by ®'(z) = (M 21,...,A,z,), well-defined after
writing each A; in polar coordinates, which allows us to define a real-valued function ¢
on C" — {0}. For each z € C" — {0}, ¢(z) is the unique solution s € R to the equation
®=%(z) € S := {2z € C" — {0}||2|> = 1}. With this, one constructs a Vaisman metric on the
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Hopf manifold given by 2 = e¥dd‘e™% of Lee form 6 = dp. On the other hand, T™ acts in a
Hamiltonian way on the Kahler manifold (C™ — {0}, Qx = dd% %) by:

t.z = (eitlzl7 .. ,eitnzn), t=(t1,...,tn) € T".

The fundamental vector fields of this action are given by X; = izja%j — ifj%j, and the moment
map is fix; := e ¥d°p(X;), 1 < j < n. Note that, as ®' commutes with the T™-action, the
function ¢ is constant on the orbits of the torus, and the torus action descends to an effective
action of T" on Hy. Moreover, the action is Hamiltonian, with moment map px; := J 0(X;).

Example 4.5.2: The following is an example from [MMOIT7], see also [Example 3.2.5, and
gives a toric LCK manifold (M, 2, T) which is not conformal to a Vaisman metric, showing that

the formulation of [Theorem 4.4.1]is sharp. Let A € C with |A| # 0,1 and let (H),Q,T) be the
toric diagonal Hopf manifold with the Vaisman metric 2 = —dJ6 + 6 A JO constructed in the
above example. Consider the I'y-invariant function on C" — {0} given by f(z) = 1 sin(2n %E K‘I ).
As 0 = —2d1n |z|, f verifies df A @ = 0. Moreover, as f > —1 everywhere, one can easily check
that ' = Q + fO A J6 is a strictly positive form, and so defines an LCK metric on H) with
Lee form 0" = (1+ f)6#. Moreover, as f is T-invariant, the new LCK form €' is also T-invariant
and we have t C ker §’. Thus, by (Hy, Y, T) is a toric LCK manifold. On the

other hand, by ) is not conformal to any Vaisman metric.
Let us note that in this example, the two LCK metrics have the same moment map: p = p' =
JO)¢, because we have Q = dy(—J0) and Q' = dg/(—J6). On the minimal cover, with respect
to the basis X; ... X, of t defined in the first example, we will then have that the moment
map of the Kédhler metric corresponding to the Vaisman case is given by:

la(cn_{o}_)an :[)'(z) :—2(‘2’1’2,,‘2’71‘2)
On the other hand, as 6/ = dy’, with

2

1
/ _ 2 - 0 n __ —
O(z)=—In|z|" + - cos(cln|z]) € C*°(C" — {0}, R), ¢ TN

we have the second Kéhler moment map corresponding to {2:
. N cos(cln |z
7O — {0} S R, §(2) = —2exp <(C”)> (21 2.

In particular, although /i # [/, we have
Impg=Impg ={(z1,...,2,) € R" —{(0,...,0)}z1 <0,...,7, <0}

This shows two things: the moment image (and even the moment map itself) of the LCK
metric does not determine the LCS form. Moreover, neither does the moment image of the
corresponding Kéahler metric determine the LCS form.

Example 4.5.3: Following [Pil6, Theorem 5.1], given a compact toric Hodge manifold
with moment map (N,wy, T" !, ux) of complex dimension n — 1 and a complex number A
with |A| # 0,1, one can uniquely associate to it an n-dimensional toric Vaisman manifold
(M,Q, T", u). The manifold M is given as in Example namely if (L, h) is the positive
Hermitian line bundle over N associated with wy, then M = L* — 0x /Ty where I'y =2 Z is
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the group generated by the dilatation by A along the fiber of L* — 0ny — N. The Reeb vector
field A of this metric is a twisted Hamiltonian vector field with closed orbits, so generates
an S'-action on M. Consider the Chern connection on (L*, hz+), and endow the C*-principal
bundle 7 : P := L* — Oy — N with the induced connection. For any infinitesimal generator
X of the T" l-action on N, we can consider its horizontal lift X to P. The vector field
X =X -7 ~N(X)A is T'y-invariant, twisted Hamiltonian and has closed orbits. Moreover,
A commutes with all vector fields X’ constructed in this way. Hence, all these vector fields
together with A generate a Hamiltonian action of T™ on M. The corresponding moment map
M — Lie(T™) is given as follows: u(X') = p*un(X) for X € Lie(T™) and pu(A) = 1, where
p: M — N is the natural map. In particular, the image of the moment map p(Lie(T"))
sits in the affine hyperplane H := {a € Lie(T")*|a(A) = 1} and is a Delzant polytope in
H = gie(T 1>

Remark 4.5.4: In the symplectic setting it follows, by using the Delzant classification, that
every compact toric symplectic manifold is in fact a toric Kéhler manifold, i.e. there exists
an integrable complex structure, preserved by the torus action, compatible with the given
symplectic form. It turns out that this does not happen in the LCS setting, i.e. a toric LCS
manifold is not necessarily toric LCK. We illustrate this by the following simple example.

Example 4.5.5: Consider on the compact manifold M = (S%)? the action of T = T? given
by:
(eit17eit2).(ei91 ’ ei927ei937 e’i94) — (e’i(t1+91),ei(t2+92)76i93’ ei94)

where 61,...,604 and t1,t9 are the polar coordinates on M, respectively T, given by the
exponential map exp : R — S0 — e, Let v be the volume form on S' such that
exp*v = db, let p; : M — S1 be the canonical projection on the j-th factor of M and let
vj = pjv, where j € {1,2,3,4}. Define the T-invariant 1-forms on M:

0 := v4 and 71 := sin O3v1 + cos O3vs.
Then we have:
dn = cosfsvs Avy —sinfsvg Avs and dnp An=v3 Avy A
implying that 1 induces a contact form on p;S! x p3S* x p5S!, hence Q) = d'n € O2(M) is
a T-invariant LCS form on M. Moreover, clearly £ie(T) C ker6, so Lie(T) C aut' (M, [Q)]).
Thus, by the T-invariant form —n gives a moment map for the T-action, hence

(M, [Q]) is a toric LCS manifold. On the other hand, b (M) = 4 ¢ {0,1}, so by
M cannot admit a toric LCK structure (strict or not).

4.6 Final remarks and questions

During the proof of we have constructed explicitly a projection corresponding
to a complex manifold (M™, J, T™) which is toric LCK for some LCK structure:

P : {toric LCK structure ([Q], [0]4r)} — {T" — invariant toric Vaisman structure (€', 60")}.

Recall that the extension of Hy(M,Z) ¢ R € Aut(M,.J) on M induces an effective holomorphic
action of S' on M which commutes with T™ but is not part of the torus. As the Lee vector
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field of any Vaisman metric belongs to £ie(T™ x S!), but not to £ie(T"), any T"-invariant
Vaisman metric is also S'-invariant, so P is indeed a projection.

Question 4.6.1: How big is the pre-image of a point of P? Can one express all toric LCK
metrics in terms of toric Vaisman metrics?

Concerning the image of the moment map of a toric LCK metric, we can say the following.
Fix a toric Vaisman metric (M, J,Q, 0, T™) which is T"-invariant, with moment map p. Let
fi = e ¢u be the moment map of the Kéhler metric on M, where 6 = dp. Then S := 0~ 10)
is a compact toric Sasaki manifold, and letting ®; denote the R-action on M which extends
the deck group action, we have an R-equivariant diffeomorphism S x R — M, (y,t) — ®4(y),
descending to a diffeomorphism S x St = M.

Now p is ®4-invariant by the above discussion, while p(t) := ®7p—p € R gives a diffeomorphism
of R. Thus we have, for any (y,t) € S x R:

iy, t) = e ?W=P0 (@4 (y)) = e "D p(y)

so P := ji(S) = u(S) = u(M). But, by [Ler03], P is a convex polytope and C := (M) U {0}
is a good cone over P. Thus, if A denotes the Reeb vector field of 2, u(P) is a convex polytope
with non-empty interior in the hyperplane Hy := {l € t*|l[(A) = 1} C t*. It is a Delzant
polytope in H 4 if the foliation generated by A and B is strongly regular, i.e. if M fibers
holomorphically over a smooth Kéhler manifold in elliptic curves.

As explained in the introduction, by the results of [Ler03] and [MSYO06], any compact toric
Vaisman manifold can be recovered from the image of the moment map of the corresponding
Kéhler metric. It follows then that it can also be recovered from the image of the LCK moment
map. However, as we have seen in the same cannot be said about an arbitrary
LCK metric.

Question 4.6.2: Given a toric LCK metric on M, what happens to the image of the moment
map of the LCK/ Kéhler metric when we apply P? Are these necessarily moment images
corresponding to Vaisman metrics?

Finally, let us note that of a toric LCS manifold admitting no compatible toric
LCK structure is pathological: the torus action we consider is free, which cannot be the case
for a toric LCK manifold, and the manifold we consider admits symplectic and even Kéhler
structures, although not toric. We could then ask:

Question 4.6.3: Is there a simple characterisation of toric LCS manifolds which admit
compatible toric LCK structures?

At least for the LCS manifolds of the first kind (cf. [Va85]), this question should not be too
difficult, via Lerman’s classification of toric contact manifolds.



Chapter 5

Cohomological properties of OT
manifolds

5.1 Introduction

This chapter presents the results of the paper [IO17], which is in collaboration with Alexandra
Otiman. It is concerned with the cohomological properties of Oeljeklaus-Toma manifolds.
These manifolds were introduced by K. Oeljeklaus and M. Toma in [OTO05], and are quotients
of H* x C! by discrete groups of affine transformations arising from a number field K and
a particular choice of a subgroup of units U of K. They are commonly referred to as OT
manifolds of type (s,t), and denoted by M (K,U). They have been of particular interest for
LCK geometry. When they were introduced, OT manifolds of type (s, 1) were shown to carry
LCK metrics and they constituted the first examples of manifolds to disprove a conjecture of
Vaisman, according to which the odd index Betti numbers of an LCK manifold should be odd.

We start by presenting the construction of OT manifolds and some of their metric properties,
in Section Moreover, in this section we determine the set of all the possible Lee classes of
LCK metrics on OT manifolds (Proposition 5.2.2)).

Next, after some technical preliminaries, we turn to the computation of the de Rham co-
homology algebra (Theorem 5.4.1)) and of the twisted cohomology (Theorem 5.6.1)) of any
OT manifold. This is done by two different approaches, one by reducing to the invariant
cohomology with respect to a certain compact Lie group, in Section and the other one
using the Leray-Serre spectral sequence, in Section [5.5] This last approach is also used to

prove in Section [5.6]

The result we obtain is given in terms of numerical invariants coming from U C K. We
specialise it, in the last section, to OT manifolds of LCK type (Proposition 5.7.4] [Propositionl
5.7.9), and for some OT manifolds associated to a certain family of polynomials @
5.7.3). Additionally, we determine all the possible twisted classes of LCK forms on OT
manifolds , generalizing a result of [O16] showing that this class cannot vanish.
They all turn out to induce a non-degenerate Lefschetz map in cohomology. A final application
(Proposition 5.7.10)) concerns the vanishing of certain real Chern classes of vector bundles on
OT manifolds.

67



68 5.2.  QOeljeklaus-Toma manifolds

5.2 Oeljeklaus-Toma manifolds

5.2.1 The construction

We start by recalling the construction of Oeljeklaus-Toma manifolds, following [OT05], and
some of their properties that we will need.

Given two positive numbers s,¢ > 0, an OT manifold X of type (s,t) is a compact quotient
of X := H* x C! by a discrete group I' of rank 2(s + t) arising from a number field. More
specifically, let m = s +¢ and n = 2t + s and let K be a number field with n embeddings in
C, s of them real and 2t complex conjugate. We shall denote these embeddings by o1, ..., 0n,
with the convention that the first s are real and 04441; = G514, for any 1 < i < ¢. The ring
of integers of K, O, which as a Z-module is free of rank n, acts on H® x C! via the first
m embeddings. If (w,z) = (wi,...,ws,21,...,2) denote the holomorphic coordinates on
H* x C!, the action is given by translations:

To(w, z) = (w1 +o1(a),...,ws + 0s(a), z1 + 0s41(a), ...zt + 0s44(a)), a € Ok.
It is a free and proper action, and as a smooth manifold, the quotient is given by:

X :=H* x C!/Ok = (Rsg)® x T".

Next, one defines inside the group of units O}, the subgroup of positive units O}}’Jr as:

O3 ={uc Oy | oi(u) > 0,1 <i<s}.
This group acts on H® x C! by dilatations as:
Ru(w, 2) = (o (w)wy, . .., 05(w)ws, o511 (w)21, . . ., 054t (w)ze), u€ O

This action is free, but not properly discontinuous. However, as shown in [OT05|, one can
choose a rank s subgroup U in O}’Jr which embeds as a lattice in (Rsq)® via:

J:U = (Rxo)?
urr (o1(u),...,o5(u)).

We will denote by Uy = U the lattice j(U). In particular, U acts properly discontinuously on
H* x C'. Clearly, U also acts on Ok, so that one gets a free, properly discontinuous action of
the semi-direct product I' := U x Ok on H* x Ct. The quotient of this action X := H* x C!/T,
denoted by X (K, U), is the Oeljeklaus-Toma manifold of type (s,t) associated to K and U.
Since the action of I on X is holomorphic, X is a complex manifold. Moreover, it is compact,
because it has in fact the structure of a torus fiber bundle over another torus:

™ — X(K,U) = T. (5.2.1)

Indeed, this last assertion can be seen as follows: the natural projection

#: X = (Rsg)® x T" = (Rsp)®
is a trivial T"-fiber bundle over (Rsg)®. The group U acts on X, but also on (Rsg)® by
translations via j, and 7 is equivariant for this action. As X = X /U and T® = (R>¢)*/U, #
descends to the T"-fiber bundle ([5.2.1)).
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For later use, it is important to note that 7 is a flat fiber bundle, meaning that it has locally
constant transition functions. This is equivalent to saying that it is given by a representation
R : m(T%) = Ug — Diff(T"), u — ®,,. We can make R explicit, after identifying Uy with U.
Recalling that T = R® x C!/Ok and denoting by r = (71, ...,7s) the real coordinates on R?,
for any u € U, @, is given by:

®,((r,2) mod Og) = (o1(uw)r1,...,05(u)rs,0541(w)21,...,0m(u)z:)) mod O (5.2.2)

which is clearly well defined, since UOg C Okg.

The tangent bundle of X splits smoothly as TX = E® V, where E is the pullback of T(R-o)®
and V is the pullback of TT" on X by the natural projections. These bundles are trivial,
and for later use we will need to fix a global frame of V* ® C over X. If z1,...,2 denote
the holomorphic coordinates on C* and wy = 7 + iv1,...,ws = rs + ivs are holomorphic

coordinates on H?, also viewed as local coordinates on X, we choose as a basis of C>® (X ,V*®C)
over C*(X,C):

ej =dr; for 1 <j <s,es; =dzj and es1445 = dz; for 1 < j <t.
In particular, for any 0 <1 < n, a frame for A' V* @ C is given by:
{6]:6i1/\.../\eil‘12(0<i1<...<il§n)}. (523)

For any multi-index I = (0 < i3 < ... < 4 < n), let us denote by o7 : U — C* the
representation:
or(u) = o, (u) - - 04, (u). (5.2.4)

Then an element v € U acts on ey by u*e; = oy(u)ey.

5.2.2 Metric properties

It was shown in [OT05] that OT manifolds of type (s, 1) admit an LCK metric:
Q :vl---vs(%dzAd2+ddc(v1--~vs)_1) (5.2.5)
with Lee form 6§ = }";_; dIlnvi. Note that this metric can also be written as
Q= wo + dg(—J0)

with wg = 2vy - - - vsidz A dZ. In this way, it can be easily seen that the corresponding Lee
vector field, defined by g2 = J0, is given by B = H% Py vk%. In particular, it is of

constant norm 7. At the same time, € is Gauduchon, which is equivalent to dde(Qm1) = 0.

Indeed, on the one hand we always have
dde(QQ™ 1 = (m — 1)(dJO + (m — 1) A JO) A Q™ L.
Let us denote by wy := dp(—J0). Then we have

Q" = =wi Fswi T AWy wip = (=dJ0) T+ (s — 1) (—dJO)* 2 A A TE.
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Moreover, we compute:
(—=dJO)* = s!(vy---vs) 2dry Advy A ... Ndrg Advs = (—dJ0)*10 A J6.
Thus we find:

1
Sdd°(Q"Y) = (A0 Awi ! + 56 A TO Awi) Awo
= (—(—=dJB)® — (s = 1)(=dJO)* P ANOANJO+ s(—dJO* L AO N JTO) AL
= (—(—=dJB)® + (—=dJO)* T AO A JO) Awy = 0.

Thus we have found:

Lemma 5.2.1: The LCK metric given in on an OT manifold of type (s,1) is Gaudu-
chon, and its Lee vector field has constant norm.

On the other hand, by [OT05, Proposition 2.5, OT manifolds admit no holomorphic vector
fields. In particular, they cannnot admit Vaisman metrics. In fact, in [O16] it was shown that
they do not even admit exact LCK metrics.

In general, the existence of an LCK metric on an OT manifold X (K,U) of type (s,t) is
equivalent to a condition on (K, U), namely:

r(w)? = |osr1(w)? = ... = |oee(w))? = (01 () - - - 05(u) 7, uel (5.2.6)

as shown in [OT05] and in [Dul4]. It is still unknown whether examples exist with ¢ > 1, but
many of the pairs (s,t) have been eliminated from the discussion in [Vul4] and [Duld].

Next we address the problem of determining the set of Lee classes on any OT manifold. This
generalizes the result in [O16], where it is proven that the set of possible Lee classes of LCK
metrics on Inoue surfaces of type S°, i.e. OT manifolds of type (1,1), has only one element.

Proposition 5.2.2: Let X = X(K,U) be an OT manifold of type (s,t). There exists at most
one Lee class of an LCK metric on X, namely the one represented by the U x O -invariant
form on H* x C!, 6 = 1dIn(T;—; vk)-

Proof. First note that, as H'(X,R) = Hom(7m(X),R), we can identify a de Rham class
Mar with a group morphism 7 : m1(X) — R. The corresponding morphism 7 is precisely
the automorphy representation: if n = dy on the universal cover X, then 7 is given by
T(y) = v"¢ — ¢, for any v € m1(X).

Moreover, if X admits some LCK metric (€,7) with = dp on X, and if Qf := e~ #Q is the
corresponding Kéhler form on X, then 7 = T, is also determined by: v*Qp = e "MQg for
any v € m1(X). Hence, it suffices to show that for any Kahler metric Qx on X inducing an
LCK metric on X, the automorphy representation determined by 2y is precisely the one
corresponding to #, namely:

T9(a) =0 for a € O

1 S
To(u) = n Z In oy (u) for u € U.
k=1

Let now Qx be a Kihler metric on X on which 7 (X) acts by homotheties, and denote by 7
the corresponding representation described before. We recall that under the abelianisation
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morphism U X Ox — Hi(X,7Z), Og maps to a finite group. This implies that Ox will act by
isometries on Q. Hence, the form Qx descends to the manifold X :=H* x Ct /Ok. But the
torus T := R?*5 /O acts holomorphically by translations on X, so we can average Qg over
T to get a new T-invariant Kéahler form on X:

b ::/a*QK,u(a)
T

where p is the constant volume form on T with [ ¢ = 1. The automorphy of ) is also 7, as
for any u € U we have:

w e = [ (a0 (@) = [ (ueu(@) (@) = [ if@)(eT O puleula) = .
Now write Q% = Qo + Qo1 + 1 with respect to the splitting

Nz = A& B(Age @ Ats) & A (5.2.7)

and also split d = dgy + dy, with dy being the differentiation with respect to the Ct-variables
and dj, the H5-variables. The C’-invariance of 2} implies that doQ) = 0. The condition
dY = 0 then gives, on the /\<20t ® /\Ilﬁls—component, d1§2o = 0. So Qo = >_;; fijdzi A dzj, with
fij € Cforany 1 <i,j <t.

Now, if u € U, u*Q = e (W Q). implies that:

fijOsti(U)osqj(u) = fz-je_T(“) for any 1 <1i,j <t.

In particular, since fi; # 0 for any 1 < i < ¢, we have: 7(u) = —Injos1(u)]®> = ... =
—In|osi¢(u)]?. But we also have [[_; o H;’fiiﬂ loj|* = 1. This implies that 7 = 79, and the
conclusion follows. m

This result has an immediate corollary concerning the stability of LCK metrics on OT manifolds,
as studied by R. Goto in [Gol4].

Corollary 5.2.3: On an OT manifold of LCK type, the LCK structure is not stable under
small deformations of flat line bundles. More specifically, if (0, L,V) is an LCK structure on
an OT manifold X, € > 0 and {L,} is a non-trivial analytic deformation of flat line bundles
for |v| < |e| with Lo = L, then for any 0 < |v| < €, there are no L,-valued LCK structures.

5.3 Technical Preliminaries

5.3.1 Leray-Serre spectral sequence of a locally trivial fibration

In this section, we review the general properties of the Leray-Serre spectral sequence associated
to a fiber bundle. For a thorough presentation of spectral sequences and the Leray-Serre
sequence we refer to [GH] and [BT]. Let F — X > B be a locally trivial fibration. For a
trivializing open set U C B for 7, we denote by ¢y the isomorphism ¢y : 7= H(U) — U x F,
and for two trivialising open sets U,V , we denote by gyy = ¢y o (p‘_,l the corresponding
transition function. Let us also denote by X the sheaf of vertical vector fields on X, i.e. the
vector fields tangent to the fiber F'.

If £ is the sheaf of C-valued smooth k-forms on X, we have the de Rham complex of X:
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K*: L ek (x) el x) 4

which is endowed with the following descending filtration:
FPEPT = {w € EPYYX) | ix - --txyw =0,V X1, ..., Xgp1 € XY(X)} (5.3.1)

By the theory of spectral sequences, this filtration determines a sequence of double complexes
(E2*,d,.)r>0 with d, : EP? — EPTLa=r+1 of bidegree (r, —r + 1), which computes the co-
homology of the complex (K*®,d). More precisely, if we denote by EP:4 := lim,_,, EP'?, we
have:

H*(X,C) := HF(K*) = ®py =i BRI 0 < k < dimg X.

The complex FE,;1, called the (r 4+ 1)-th page of E, is defined recurrently as the cohomology
of (E,,d,). We now make explicit the definition of each page of the spectral sequence. The
pages Fy and E; are simply given by:

P K P+q
P,q FPK

_ . Pa p,g+1
0 7 prtlgpta’ do: By — Ey

do(fip,q) = dnp g1
Ker df?

Ef’q — dy : EPY — prtha
q—1> 1 1
Im dh*
P, 1,
di([Alg,") = [dnlg, -
The second page is again:
Ker d?? 2.9—1
Byl = ——L_  dy: B} — EFT
Im &1

In order to write down da, one needs now to make sense of the objects of Ey. If [f)]i! € Ker dp*?,

then there exists é € E§+1’q_1 such that C/Z’I\7 = dog = ElZ, hence dn/—\dé’ = 0, meaning that
dn — d¢ € FPH2 P+l Then:

do([[Alag)a) = [[dn — d€]aola - (5.3.2)

In general, by induction, one can show that d, : EP? — EPtr4="+1 ig given by:

o[- [y - Ja, ) = [+ [l — d0]ag)ay - a, (5.3.3)

where § = & + ...+ &_1, and the elements & € FPHIKPTe ¢, € FPH—1KPH are
chosen via diagram chasing such that dn — dé € FPtmKpTatl,

When the fiber bundle 7 is flat, one has a C* splitting of T X = T @ T, where, locally, Tz
is the tangent space of B and T, of the fiber. The differential d also splits as dg + dp with
d% = 0 and d% = 0, where dp is the derivation in the direction of the basis and dp is the
derivation along the fiber. In this case, the spectral sequence becomes more explicit. We have
an induced splitting of the vector bundle of k-forms:

NT*X = @yt AP T © N1 T
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and then E5? = C®(X, NPT}, ® N1 T}) for any 0 < p,q < k. Moreover, one has:
do = dp, di([0]ap) = [dB]a-

For a € Ker d? represented by € Ker dp C EPY, there exists £ € EFT7! so that
dpn = dr&. One then has:

dn — dé = dpn + dpn — dpé — dpé = —dpé € kerdp C EVT2771
so that, by (5.3.2)), d2 is given by:
da([[nlaplap) = —[ldBlaplas-

In general, for a given element [...[[n]a,]dp - - -Jd,_, € EP, (5.3.3) tells us that:

de([- - AMaplap - - Jd, 1) = =L - [[dB&—1lag] - - Ja,_,
for some &,_1 € Eg”fl’q*rﬂ such that there exist & € Egﬂ’q*l, N SN = Eg“fz’q*”z
that satisfy dny — d&; — ... d&_y € BT obtained by chasing diagrams.

5.3.2 Twisted cohomology

Let M be a compact differentiable manifold, let 6 be a complex valued closed one-form on M
and let dy be the differential operator dg =d — 6 A -. Since dg = 0, we have a complex:

0—— &9 (M) -2 el (M) L .

whose cohomology Hpy (M) := Ifg;: is called the twisted cohomology associated to [0]4g.
Indeed, it depends only on the de Rham cohomology class of 8. If M is orientable, there is a
version of Poincaré duality that holds for Hy (M), see for instance [Di, Corollary 3.3.12], and
that is: Hy(M)* = H %"(M ), where N = dimg M. Moreover, we have the following result:

Lemma 5.3.1: Let 7 € H'(M,C) be a de Rham class. Then the following are equivalent:

1. HY(M) # 0;

2. 7€ HY(M,2miZ) C HY(M,C);

3. For any k € Z, H¥(M,C) = H%,(M,C).
Proof. Clearly, if (3) holds then H2(M,C) = H°(M,C) # 0, so we have (1).
Now suppose (1) holds, meaning that if we choose a representative § € 7, there exists a
smooth function h = M — C so that hf = dh, with h not identically zero. Then we also have
hf = dh, which implies d|h|? = |h|?2Re#. This is a linear first order differential system, so if

|h|? has some zero, then h would vanish everywhere on M. Thus, we have 2Ref = dIn |h|?
and without any loss of generality, we can now suppose that Ref = 0.

On the universal cover M, there exists f € C*°(M,C) so that § = df. Then we find:

die™'h) = e (=dfh+dh) =0
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thus h = cef, with ¢ € C a constant. On the other hand, by the universal coefficient
theorem and Hurewicz theorem we have H'(M, C) = Hom(m (M), C), and the homomorphism
7 :m (M) — C corresponding to 6 is precisely given by 7(v) =~v*f — f, v € m1(M). Thus, as
ef = ¢ 'h is defined on M, it is 71 (M)-invariant as a function on M, so that we have

vl =efe™™ = ef | vy e m(M).

Therefore 7 takes values in 27iZ, from which assertion (2) follows.

Similarly, if (2) holds and we choose 6 a representative of 7 and write § = df on M, then
as 7(y) = v*f — f € 2miZ for any v € 7 (M), the function h = e/ is 7 (M)-invariant and
descends to a well-defined function h : M — C* satisfying dh = hf. Finally, let us note that in
this case dg(-) = hd(h~!.), which establishes an isomorphism between the twisted cohomology
H?(M) and H*(M,C). m

Remark 5.3.2: A result of [LLMPO03] states that if § € £},(M,R) is a non-zero closed
form, and there exists a Riemannian metric on M so that 6 is parallel for the corresponding
Levi-Civita connection, then we have Hj (M) = 0. Note that this is not true if 6 is complex
valued.

The twisted cohomology can also be seen as the cohomology of certain flat line bundles. In
general, these are parametrised by elements p € Hom(m; (M), C*) as follows: we let L, be the
induced complex line bundle over M, that is the quotient of M x C by the action of m (M)
given by:

(@, A) = (v(@), p(V)A), v EmM(M), (x,))€ M x C.

Moreover, we endow L, with the unique flat connection V whose corresponding parallel
sections are exactly the locally constant sections of L,. Denote by dV the differential operator
acting on £3; ® L, which is induced by V by the Leibniz rule. Then the cohomology of (L,, V)
is the cohomology denoted by H®(M, L,) of the complex:

0—— &Y (M, L,) L &1, (M, L) ...

Equivalently, if we let £, be the sheaf of parallel sections of (L,, V), then we also have a
natural isomorphism H*(M, L,) = H*(M, L,), where the latter is the sheaf cohomology. L,
is called a local system, and determines and is completely determined by (L,, V).

On the other hand, the exponential induces an exact sequence:

0 —— HY(M,2miZ) — H'(M,C) —25 H'(M,C*) -~ H2(M, Z) (5.3.4)
and all elements p € kerc; C H'(M,C*) = Hom(m (M), C*) are of the form exp 7, with
7 € Hom(m (M), C). For the corresponding flat line bundle (L,, V), the connection has an
explicit form. We choose 6 € T a representative, write § = dy on M, so that s = ¥ determines
a global trivialising section of L,. Then V is given by Vs = 0 ® s, and it can be easily seen
that this construction does not depend on the chosen 7 € exp~!(p), nor on # € 7. Moreover,
we have a natural isomorphism:

Hy(M) = H*(M, L}).

Also note that if H?(M,Z), or also Hi(M,Z), has no torsion, then the map c; in (5.3.4) is
zero, and then all flat line bundles on M are of this form.
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In particular, by we have the following result:

Lemma 5.3.3: H*(S',C) =0 if and only if 7 ¢ H'(S', 27iZ).

Proof. The only if part is assured by [Lemma 5.3.1, On the other hand, if 7 ¢ H'(S!,2miZ),

then also —7 ¢ H'(S!,2miZ), thus [Lemma 5.3.1| implies H2(S') = H®_(S!) = 0. Finally, by
Poincaré duality we find H1(S') = H® _(S!)* = 0, which concludes the proof. m

-7

This allows us to prove the following, which we will use a number of times in the sequel:

Lemma 5.3.4: Let T® be the compact s-dimensional torus, let p : m(T*) — C* be any
representation of w1 (T*) on C and let (L,, V) — T° be the associated flat complex line bundle.
Then H*(T*, L,) = 0 if and only if p is not trivial.

Proof. Let p € Hom(m (M), C*) be a non-trivial element. As H?(T* Z) is a free abelian group,
there exists 0 # 7 € H(T?%, C) so that p = exp7. We write then L, = L.

Let us identify T* with (S')*, and let p;, : T® — S! the the projection on the k-th component,
for k € {1,...,s}. If we denote by v a generator of H'(S',Z), then 7 writes 7 = 37 _; arp}v,
with a1,...,as € C, not all 2wiZ-valued. In particular, it follows that

L =ZpiLeyy ®...0piLg.,.
Now, by the Kiinneth formula for local systems (see [Di, Corollary 2.3.31]) it follows that:
H*(T*,L,) 2 H*(S", Ly,,) ® -+ ® H*(S", La,y).

Since there exists at least one k € {1,...,s} with a; ¢ 2miZ, [Lemma 5.3.3| implies that

H*(S!, Lq,,) vanishes, and the conclusion follows. m

Notation

In all that follows, we will denote by X a complex manifold (which will usually be an OT
manifold). Only in this chapter, the sheaf of complex valued smooth I-forms on X will be
denoted by Séf or simply by &£, if there is no ambiguity about the manifold X, and its global
sections will be denoted by 4 (X) or by £/(X). Also, for a given OT manifold X of type (s, t)
corresponding to (K,U), we will sometimes denote by I' := U x O its fundamental group
and by X :=H*x Ct /O . Concerning the compact tori that will appear in our discussion,
we will use the notation T* for the k-dimensional torus viewed as a smooth manifold (without
any additional structure), and T for the n-dimensional abelian compact Lie group which, in
our case, acts on X, where n = 2t + 5. As already mentioned, U acts on T by conjugation,
and for any u € U, we will denote by ¢, € Aut(T) the automorphism c,(a) = v~ au. For
any ¢ € N* we will denote by Z, the set of multi-indexes I = (0 <41 < ... < iy < n) and for
I € 7, we will denote by |I| the length of I which is ¢q. Finally, for a given representation
p: m(T?) = Ug — C*, we denote by L, the induced flat complex line bundle over T*, and for
a closed one-form 6 on X, we denote by p’ € Hom(U, C*) = Hom(I', C*) the representation it
induces.
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5.4 The de Rham cohomology

In the next two sections, we will prove in two different ways the following result:

Theorem 5.4.1: Let X = X(K,U) be an OT manifold of type (s,t) of complex dimension
m. For anyl € {0,...,2m} we have:

o'(X,C)= @ A C{dinImuwy,...,dInImw,}e;.
pt+aq=l

[I|=q
or=1

In particular, the Betti numbers of X are given by:

-2

pra=t \P

where pq is the cardinal of the set {I | |I| =q,o7 =1}.

In this section, we compute the de Rham cohomology of an OT manifold X by identifying
it with the cohomology of invariant forms on X with respect to a certain compact torus
action. In order to be precise, let us fix an OT manifold X = X (K,U) of type (s,t) and of
complex dimension m = s + t. Recall that T = T™ acts holomorphically by translations on
X =Hs x Ct /Ok, but not on X. However, by identifying smooth forms on X with smooth
U-invariant forms on X , it makes then sense to speak of T-invariant forms on X: these will
be exactly the U x T-invariant forms on X. Let us denote by A® the graded sheaf of such
invariant forms, which is a subsheaf of £5. The differential d acting on £% fixes A®, so (A4°,d)
is a subcomplex of the de Rham complex of X. As in the usual setting of a manifold endowed
with a compact group action, we have the following:

Lemma 5.4.2: There exists a projection graded morphism m : £ — A® commuting with the
differential d.

Proof. The projection morphism will be given by averaging over the torus action. Let us fix
0 <1 < 2m, and consider a (local) smooth I-form 7 on X, identified with a U-invariant form
on X. Let u be the T-invariant n-form on T with [, = 1, and let:

n ::/Ta*n,u(a).

Clearly, mn is a T-invariant form on X. In order to see that it descends to a form on X, we
have to show that 77 is U-invariant. Indeed, for any u € U, if ¢, € Aut(T) is the conjugation
a — u 'au as before, then we have:

ut(on) = [ (awynu(@) = [ (weu(@) nu(a) =
= [estaymue) = [ a'nutey' @) =
=/Ta*nu(a) = 7.
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Above, we made the change of variable a — ¢, (a), and then used the fact that p is a constant
cy-invariant form on T, so that u(c;!(a)) = (( D) (a) = u(a).

Finally, it is clear from the definition of 7 that it commutes with d, and that 7 restricted to
A® is the identity. m

In the context of a manifold endowed with a compact group action, a standard result states
that the de Rham cohomology of the manifold is the cohomology of invariant forms. This is
still true in our context, and the proof follows the same lines:

Lemma 5.4.3: For any 0 <1 < 2m, any open set O C X and any d-closed form n € £4(O)
there exists some 3 € 5&;1(0) so that mn —n = dp. In particular, we have an isomorphism

H'[x]: H(X,C) — HY(X, A*(X)).

Proof. Letn € & X(O) be a closed form, let O be the preimage of O in X and, as before, identify
n with a form on O. Let a € T and let {®?},,cr be a one-parameter subgroup of T with ®} = a.
Let &, be the vector field on X generated by ®,, and consider the map F;, : R x =0}
(v,x) = ®Y(x) = x + va. We then have F)n = n + dv A 2, with n1(v,-) = (®Y)*n and
n2(v, ) = g, (Py)*n. If we denote by dx the differential with respect to the X-variables on
R x O, then dn = 0 implies:

v
0=dFn=dxm +dv A —

—dv A dxmns.
an, v X2

In particular, we have 2 8 = dxn2, or also:

1
a*n — 77—/ andv—/dxngdv:d/o nadv.
1

Denoting by 3, the form fol nedv and by B := [, Bau(a), we have m) —n = df, and we are
then left with showing that the form S is U-invariant. Let v € U and a € T. Upon noting that

. d d

_ —1g5vy v -1y _
Uy §a = %|v:0(u (ba) = %’v:O(cbcu(a)u ) - gcu(a)

we have:
1 1
u*ﬁa:/ u*Lga(@g)*ndv:/ Ly—tg, U (Pg) ndv
0

1
_/ L, (U0, ()" ndv—/o Lt (P (a) AV = Be,y(a)

So, as in the previous lemma, the T-invariance of y implies then that [ 3., 1(a) = B.

For the last assertion, it is enough to see that the inclusion ¢ : A* — £°® induces an isomorphism
H(¢) in cohomology. If n € AY(X) verifies n = da, a € £71(X), then nn = ™) = dra, so H(v)
is injective. If n € £ is a closed form, then by the above we have H(:)[rn] = [t0]ar = [1]ar,
so H(v) is surjective. m

For the sequel, we will fix some [ € {0,...,2m}. Recalling that the tangent bundle of
X = (Rsg)® x T™ splits smoothly as TX = E &V, where E is the pullback of T(Rs)® and V
is the pullback of TT™ on X, we have:

/\l T*X _ @ézo /\pE* ® /\l—p V*.
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If we denote by Aé, the sheaf which associates to any open set O C X
l gl 00 (A * - *
A, (0) == A(0)NCZ(O,NPE* 2 NP V*® C),
where O is the pre-image of O in X, then we also have:
A =oAL (5.4.1)
At the same time, A' can be seen as:
AN O)={n¢e Eé((OA)h] is U invariant and Lzn =0 YZ € C*(0,V)}

which implies that the differential d is compatible with the grading of A® given by (5.4.1)), in
the sense that d(Aé) C Aéfl for any 0 <p <.

Hence, a form n = ZL:O np € AY(X) decomposed with respect to the grading (5.4.1) is closed
if and only if each 7, is closed. As a consequence, the complex 0 — A®(X) splits in the
subcomplexes:

Cp:0—Lo AP(x) —L ATTH(X) L AT (X)L L (5.4.2)

for 0 < p < s. Moreover, if a form n = Zé;:o np € AL(X) is exact: n = df, then writing again
8= Zé;lo 4, we must have 1,41 = df, for any 0 <p <1 —1 and 79 = 0. So we see that 7 is
exact if and only if each 7, is. Hence, if we let:

kerd : AL(X) — AL (X)

HY(X,A) = PR PO
p(XA) Imd: AL74(X) — AL(X) (Cip)

then we have:
H'(X,A*(X)) = @L_H\(X, A). (5.4.3)

Now let us take a closer look at the complex C}. Denoting by dg the differentiation in the
direction, (C7,d) is a subcomplex of:

C(X, NV @\ E*C),dp)

which, in turn, is just C*°(X, A' V* @ C) tensorized by:
0——C®(X,C) — B =X, B*0C) — (X, N2 E* @ C) — ...

But recall that, for any 0 < ¢ < I, A?V* @ C is globally trivialised over X by {e;} Iez,, Where
7, denotes the set of all multi-indexes I = (0 < i1 < ... < iy < n) and the forms ey were
defined in (5.2.3]). Thus, for any 0 < p <[, we have:

C®(X, N\ V* @ AP EB*® C) = ®rer,C°(X, \P E*) @ Cer.

Moreover, a section n = f ® ey of AP E* ® Cey belongs to AgHI' if and only if it is T-invariant

and
u*f = op(u)~Lf for any u € U. (5.4.4)
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If we denote by E  the sheaf of T-invariant sections f of A” E* @ C which are O'I_I equivariant,
i.e. verify (5.4.4)), it follows that we have:

AP = ©peg, EY er.
Moreover, as the e;’s are closed forms, we have:
d:EP er — Egj'le[ VI € 1,.
So finally we get that the complex Cl.—p splits into the complexes on X:
Cp (1) :0—— B (X)e; —2 B (X)es —2 B2 (X)er L ... (5.4.5)
indexed after all I € Z;_,. So also the cohomology splits:
HY(X, A) = @rer,_ HE (X, A) (5.4.6)

where HY (X, A) := HP(C?_,(1)).

At the same time, the T-invariant sections of AP E* @ C over X naturally identify with the
sections of ngw)s over (R-¢)®. Hence, the sections of E? coincide then with the sections of
Eps ® Ly, and we have:

HY (X, A) = HP(T*, L, ) ®@ej. (5.4.7)

So, putting together (5.4.7), (5.4.6), (5.4.3)), |[Lemma 5.4.3| and [Lemma 5.3.4, we get:

H'(X,C) = ®prq Srez, HY (T, L) @ e

leading, together with [Lemma 5.3.4] to[Theorem 5.4.1|

5.5 The Leray-Serre spectral sequence of OT manifolds

Let X = X(K,U) be an OT manifold of type (s,¢). In this section, we are interested in
computing its de Rham cohomology using the Leray-Serre spectral sequence associated to the
fibration depicted in (5.2.1)):

™ — X 5 T,
We endow the de Rham complex of X with the filtration described in . It turns out
that the Leray-Serre sequence associated to this filtration degenerates at the page Eo and we
prove this by outlining the special properties of the OT fiber bundle.

Let us start by noting that we have two fiber bundles over T® associated to this fibration:
ENT™) — &£%(T") — T° (5.5.1)

H*(T",C) — H*(T") — T*. (5.5.2)

Indeed, recall that we have an action of Ug on T™ defined in , with respect to which 7 is
defined as (R<¢)® x T" /Uy — T*. But then we also have an induced action of Uy on £°*(T™) by
push-forward, which defines £*(T") := (R>¢)® x £*(T")/Unx — T* as an infinite-dimensional
vector bundle over T®. Also we have an induced action of Uy on H*(T", C), which then defines
the vector bundle H*(T™) := (Rso)® x H*(T",C) /Uy — T*.
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Fact 1: The fibration is locally constant, meaning that if U, N Ug is a connected open subset
of T%, then gog : UoNUg x T" — U, NUg x T" only depends on the T"-variables. This allows
us to make the following identification:

EDY ~ £P(T*, £9(T™)). (5.5.3)

Indeed, recall that we have TX = E @ V, where, locally, E is the tangent bundle of the
base T* and V is the tangent bundle of the fiber T", and we have identified Ef? with
C®(X,NPE* ® N1V* @ C). Consider n € E§? and suppose that U, is an open set of T*
trivializing 7 via 4 : 771 (Us) — Uy x T Write (¢a)«n = 3; a& A b, where, for each i, af
is a p-form on U, and b is an element of C*°(U, x T, A?T*T" @ C) which may depend on
both the coordinates of U, and of T". Of course, the forms af and b are not unique. If
(Ug, pp) is another trivializing open set for 7 intersecting Uy, then we have:

(%06)*77 = (ppg o 80;1)* o (¢a)n = (gﬁoc)* Za? A b

As ggq is locally constant on U, N Ug, (gga)«a5 = aft, therefore (pg)«n = >, af A (gga)+b5.
In particular, for each ¢, the forms {a{'}, glue up to a well-defined global p-form a; on T® and
7 is then an element of EP(T*, £4(T™)).

Fact 2: HA(T™) is a completely reducible local system. Indeed, as already mentioned, HA(T") is
a flat vector bundle defined by the induced representation [R] : Ug — Aut(H9(T",C)). In order
to determine [R], recall that we have fixed a frame for V* over (R~)* x T™ given by {e1,...,en}
in . As this frame does not depend on (Rsq)®, it induces a frame for T*T" over T"
which we will denote the same, and we have H9(T",C) = \?C{ey, ..., e} = ®rez,Cer. Then,
for any I and any u € Ug, we have [R](u)e; = [R(u)«e1] = o7 ' (u)er, or also [R] = Yrez, ot
under the above direct sum decomposition.

For any multi-index I, let us denote, as before, by L,, — T* the flat line bundle defined by
the representation o7, so that HY(T") = ®reg, L}, . If V! denotes the induced connection on
L}, and V, denotes the induced flat connection on H(T"), then also V, splits with respect
to the direct sum decomposition as V, = Iez, V.. In particular, we also obtain:

HP(T*, HY(T™)) = ez, HP(T*, LE,). (5.5.4)

Fact 3: The base is a torus. This allows us to compute, via
HP(T*, HY(T™)) = & ez, H(T*, C)e;. (5.5.5)

O'IEI

Let us now describe the pages of the Leray-Serre sequence of the OT fibration.

Page 0: By Fact 1, we have E? ~ EP(T*,£9(T™)). In order to determine dy : E5? —
Eg’qH, which on X corresponds to differentiation in the V-direction, let us first identify the
corresponding operator on £°(T™). Consider the differential of T" which acts on £°*(T"), and
then define by d¥ the operator acting on (Rsg)® x £°(T") trivially on the first factor, and as
the differential of T™ on the second one. Clearly, this operator commutes with the action of
Un, and so descends to an operator d on £°(T™). Under the isomorphism , we have
then dy = d", i.e. for ) =Y a; ® b € EP(U,, EA(T™)) we have:

do(D>_ai @ b)) = (=1)Pa; ® db. (5.5.6)
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Page 1: By we have EP? ~ EP(T% H(T™)). The differential d; : EP(T%, H4(T™)) —
EPFTL(T®, HI(T™)) is identified then with d; = dV, where dV is the differential operator on T*
induced by the flat connection V on HY(T™).
Page 2: From above, we deduce that EY? ~ HP(T5, H4(T™)). Let [[n]a,]a, € FEY? be a
non-zero element and let n = >~ a; ® b; locally. Then [n]q, = > a; @ [bi]q». The fact that
[7]d, € ker d; implies that there exists v € E5T97! so that dV 3 (a; ®b;) = d’7y. As in Section
2.2, we have (d¥ +d¥)(X a; @ b; — ) = —dVy € kerd” C EP"*7! hence, according to ,
ds is given by:

dao([Y ai @ [bilalay) = [[=dV e lay (5.5.7)

At the same time, by (5.5.5)) in Fact 3, we have that any element [[n]g]4, of E5? can be
represented by a sum:

n= Z ar®@er € B (5.5.8)
€T,
O'IE].

where for each I appearing in the sum, ay € EP(T®) is a closed form on T*, and e;, given
in , is U invariant on X , and so descends to a global element of £4(T™) on T*,
verifying dVe; = 0. In particular, we have dVn = 0 = d¥(0), so, by it follows that
dg[[?]]dv}dl = [[—dVO]dv]dl = 0, SO d2 =0.

Finally, for any r > 2, any class in EP*? can be represented by [...[[n]d]d; - - -4, ,, where 1 is

of the form (5.5.8). Since dn = (d¥ + d")n =0, by (5.3.3) all &,...,&—1 can be chosen to be

zero, so d, = 0. Thus we have shown:

Theorem 5.5.1: The Leray-Serre spectral sequence of OT manifolds degenerates at Es.
As a corollary of this, one immediately obtains

5.6 Twisted cohomology of OT manifolds

Now we want to compute the twisted cohomology groups of OT manifolds with respect to any
closed one-form. The exact statement that we will obtain is the following:

Theorem 5.6.1: Let X = X (K,U) be an OT manifold of type (s,t) and of complex dimension
m, and let 0 =3 ;_; apdInvg be a closed one-form on X(K,U), where ai,...,as € C. Then
for any 1l € {0,...,2m} we have:

Hy(X,C) = B AN C{dnwvi,....dInv (v ... v¥)ey.

In particular, the corresponding twisted Betti numbers are given by:

0 s 0
bl = Z ( > * Py
pra=t \P

where pg is the cardinal of the set {I | |I| = ¢, p’ ® o7 = 1}.
It is already known from [OTO05] that b;(X) = s, hence any closed one form is cohomologous
to one of the form 7*n, where 7 is closed one-form on T*. As the twisted cohomology Hg
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depends only on the de Rham cohomology class of 8, and not on 6 itself, we can assume that
0 is the pullback of a form from T*.

We are going to use the same approach as in the previous section. Consider the complex:
K} L e xy oy et (x) By
which we endow with the same descending filtration as before:
FPEYT = {w € EPTUX) | tx,.y - txyw = 0,VX1, Xo, ... Xgq1 € XY (X)}.

It is easy to see that it is indeed a filtration, i.e. dgFPK. g+q C FPK g+qH, as a consequence of
0 being the pullback of a form from T®¢. We study the spectral sequence associated to Ky with
this filtration, which we denote also by E.

Again, we denote by £4(T") and by H9(T™) the vector bundles described in (5.5.1)) and (5.5.2)),
and as before we have the 0-th page:

+
Epvq — Fng !

b= poripge = (T ENT)

D,q+1
Ey

and via this isomorphism, dp : Ef? — is given over a trivializing open set U, by:

o> @ @b) =D (—1)Pa; @ b

Thus, we again have:
B} = £7(T HO(T™))

but this time, d; : EPY — EPT9 is given over a trivializing open set U, by:

dy (Z a; @ [b]av) = Z da; ® [b]qv Z a; N V bl — 0 ® [bi']aw)

where V' is the flat connection on H4(T™). Equivalently, if we see 6 as a form on T* and
define Ly to be the complex flat line bundle over T* corresponding to exp[f]qr € H'(T*, C*) ~
Hom(71(T#),C*), we have the following identification:

EP? ~ EP(T®, Ly @ HA(T™))
dy =d¥
where d" the differential operator induced by the corresponding flat connection on Lj@HY(T™).
Thus we obtain the second page:

Ker(dV )P

Ep 4~
~ Im(aV)r—1a

= HP(T*, L) @ HY(T™)).

Let 0 = Y 7_, apdInvg with ap € C, which induces the representation ol = =of'®--®
0% € Hom(m(T?),C*). The flat vector bundle L} ® H(T™) over T® is then given by the
representation [R]g : Ug — Aut(H9(T™)), [R]s := (p°)~' @ [R].

We again have:

Theorem 5.6.2: The spectral sequence associated to Kj degenerates at the second page.
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Proof. As before, we want to show that d, = 0 for r > 2. We notice that, as H3(T") is a
completely reducible local system, then so is Lj ® H(T™). The same arguments as in Fact 2
and Fact 3 in Section 3 show that we have an isomorphism:

HP(T?, Ly @ HY(T")) = @1er, HP(T°, Ly ® Ly ) £ © 1e7, HP(T?,C)es
pPPeor=1
where ey is now identified with a global parallel frame of Ly ® L7 . This means that any
element [[n]gv]4v € EY? can be represented, globally on T#, by:

n= Y ar®er €&P(T® Lj®EY(T?)),
I€T,
p9®0151
with a7 closed one forms on T*. Since we have dYe; = 0 for any I, we obtain dvVn = 0 = d0,
so da[[n]av]gv = [[~dV0]gv] v = 0. Moreover, by and by the same arguments used to
prove each &1,...,&—1 can step by step be chosen to be 0 and thus d, = 0, for
r > 2. We proved thus that o = F,. =

We proceed now with the proof of
Proof. Since Ep* converges to Hy(X,C) and Ey = E, then

HY(X,C) = @py gt EYI =2 @ i gy HP(T,C) @ ey
€T,
p‘9®0151
Finally, in order to represent H}(X,C) by U invariant forms on X, we need to tensorize with
a global frame s of Lg. If = Y j_; apdInvy, then s is given by s = [[;_; vp* on X, and so
the conclusion follows.
n

Remark 5.6.3: We want to draw attention to the fact that for both spectral sequences
involved in our proofs, the isomorphism E3* = H*(B) ® H*(F) alone was not enough to
imply the degeneracy of E*® at page E2. An example of fiber bundle F — X — B for which
this isomorphism at the second page holds, but whose corresponding Leray-Serre spectral
sequence does not degenerate at Fy is given by the Hopf fibration S' — §?7+1 — CP".

5.7 Applications and Examples

Let us start this section by giving the immediate consequence of [Theorem 5.4.1] which is the
explicit cohomology of OT manifolds when there are no trivial representations other than the
obvious ones:

Corollary 5.7.1: Let (K,U) be a number field together with an admissible group of units
U C K so that U admits no trivial representations oy other than the ones corresponding to
I=0andI=(1,2,...,n), and let X be the OT manifold associated to (K,U). The Betti
numbers of X are:

bl:b2ml:<j> for0<1<s

by =0 for s <l <n.
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Corollary 5.7.2: For an OT manifold of type (s,t), all Betti numbers by for 0 <1< s and
for 2m — s <1 < 2m are positive.

Proof. For 0 <1< s, H(T*,C) is a summand of H'(X,C), corresponding to p = [ and I = (),
so o = 1. Hence:

bi(X) > by(T?) = (’?) > 0.

The assertion follows for 2m — s <1 < 2m by Poincaré duality. m

We have computed the cohomology algebras of an OT manifold X (K, U) in terms of numerical
invariants associated to (K, U), namely in terms of the trivial representations oy of U. Clearly, if
(K, U) is not simple, in the sense that there exists an intermediate field extension Q C K’ C K
so that U C K, then there exist trivial representations o7 : U — C* with 0 < |I| = [K': Q] <
[K : Q]. It would be interesting to know whether the converse is true, i.e. if (K, U) is of simple
type, is the set {I|oy : U — C*, 07 = 1} only formed by ) and I = (1,...,n)? Let us note that
in [OT05, Proposition 2.3], the second Betti number of an OT manifold of simple type was
computed, and coincides with ours when there are no other trivial representations, implying
an affirmative answer for the above question when |I| = 2. We do not address this problem in
the present chapter, but we give an example where the answer is affirmative, allowing us to
give the explicit Betti numbers of the corresponding manifold:

Example 5.7.3: Let p be any odd prime number and take the polynomial f = XP —2 € Q[X].
This polynomial has one real root ¥/2 and the complex roots ¥/2e, ..., /2e~!, where € is a
p-th root of unity. Let K = Q(/2), which is of type (1, %) We notice first that u = {/2 — 1
is a unit of O since its norm, which is the product of all the embeddings of u in C, is equal
to 1:

(V2 —1)... (Y27 —1) = (=1)Pf(1) = 1.

Since u is also clearly positive, we can then take U to be generated by u. Let then X = X (K, U)
be the corresponding OT manifold. We claim that there is no index I with p > |I| > 2
and oy = 1. By [Corollary 5.7.1] this will imply that the Betti numbers of X will verify
bp =bpt1 =01 =b, =1and b; =0 for any i #0,1,p,p+ 1.

Let us assume by contradiction the existence of such I = (1 <i; < ... < i < p). For any
1 < j < p, we denote by o; the embedding of K into C mapping Y2 to V26771, Then o7 = 1
rewrites as:

(V2= — 1) (V2e27t — 1) .. (V2™ — 1) =1,
equivalent to:
agV2k —ay Vo1 4 4 (1) ap Y2+ (-1)F —1=0 (5.7.1)

where a; =37, o - it Figy Fotly etk H g the symbol * over an element marks the

fact that the element is missing. Let g be the polynomial:
g=ao X" —ar X L () a1 X + (D) — 1 € Q(e)[X].

Then (5.7.1)) implies g({/2) = 0, hence g is a multiple of the minimal polynomial of /2 over
the field Q(e). We prove next that this polynomial is actually X? — 2. Indeed, we have the
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following two intermediate extensions:
Q c Qe) € Q(e, ¥2)

Q c Q(¥2) € Q(e, ¥2).
We thus get

[Q(e, ¥2) : Q] = [Q(e, ¥2) : Q(e)] - [Q(e) : Q] = [Q(e, ¥'2) : Q(V2)] - [Q(V2) : Q. (5.7.2)

Since XP —2 € Q(e)[X], we have [Q(e, ¥/2) : Q(¢)] < p. In general, if € is an n-th root of unity,
[Q(e) : Q] = ¢(n), where ¢(n) is Euler’s function. In our case ¢(p) = p — 1, whence (/5.7.2))
implies:

[Qe, ¥2): Q] = (p — D[Q(e, ¥2) : Q)] = p- [Qe, ¥2) : QV2)].
As p and p — 1 are relatively prime, we get moreover that p divides [Q(e, ¥/2) : Q(¢)], therefore
p = [Q(e, ¥/2) : Q(¢)]. Thus the minimal polynomial of /2 over the field Q(e) is XP — 2,
contradicting the fact that k = degg < p.

We can also obtain, via [Corollary 5.7.1] the explicit de Rham cohomology algebra of OT
manifolds of LCK type. Recall that an OT manifold X (K, U) admits an LCK metric if and
only if, for any u € U, we have:

r(u)? = |os 1 (u))? = ... = |osrt(w))? = (o1 (u) - ~03(u))71/t. (5.7.3)
In particular, all OT manifolds of type (s,1) admit such metrics.

Proposition 5.7.4: Let X be an OT manifold of type (s,t) admitting some LCK metric. Its
de Rham cohomology algebra H®*(X,C) is isomorphic to the graded algebra over C generated
by:

dlnvy,...,dInvgs,dzy ANdZy N ...dzg ANdZy ANdry A ... ANdrs.

In particular, its Betti numbers are:

by = boy_| = (‘j) for0<I<s

by =0 for s <l <n.

Proof. By it suffices to show that U admits no trivial representations o other
than the two obvious ones. Solet I = (0 <iy < ... < i <n) with k£ >0 and o7 = 1. After
eventually renumbering the coordinates, we can suppose without loss of generality that I is of
the form

I=(1,...¢,51, .- Jpys+t+1,...s+t+1),

with0<g¢g<s<ji<...<jp<s+tand 0<p,l <t
Since o5 = 1 we have |o;| = 1 which, together with (5.7.3)), gives the relation:

l
(0—1 .« .O'q)_l — Tl—"_p — (0’1 . .O—S)_ ‘2:?.
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As 01,...,05 are R-linearly independent, this relation must be the trivial one, implying that
l+p=2tand g=s,s0l=(1,...,n), which finishes the proof. m
In LCK geometry, it is interesting to know also the twisted cohomology with respect to the Lee
form of the LCK metric. Recall that in [Proposition 5.2.2] we have determined the uniqueness
of the de Rham class of a Lee form on OT manifolds of LCK type.

Proposition 5.7.5: Let X be an OT manifold of type (s,t) admitting an LCK metric and let
0= %Zzzl dlnwvg. Then for any 0 <1 < 2m, we have:

HY(X) = (v1---vy)t @y Cdzj Adzj @ A2 Cl{dInwy, ..., dIn v}

In particular, the corresponding twisted Betti numbers are given by dimc Hé(X) = t(ZEQ) for
any 0 <1< 2m.

Proof. In order to apply [Theorem 5.6.1) we need to identify, for any 0 < k < n, the set
corresponding to [0]4r:

1 1
T={I=01<iu1<iy...<ix<n)|of...0d04...04 =1}.

We shall prove that J, = 0 for k # 2 and Jo = {(s +j,s +t+j)|1 < j < t}.
Let us fix k and I € J;. As before, we can assume that I is of the form:

I=(1,....,q,51,-- - Jp,s+t+1,...,s+t+1)

such that 0 < ¢ < s < j1 < ... < jp, <s+t,0<pl <tand ¢g+p+1 =%k Then

(01 -+~ 05)*o7| = 1 together with (5.7.3) implies:

149 1,4 1 1 +1

af+ ...aqt+ Ogi1---08 = Pt — (o7 - --as)p% .
By the R linear independence of o1, ..., 05, this must be the trivial relation. If 0 < ¢ < s, we
would get that % +1= pz—tl = %, which is a contradiction. If ¢ = s, then we would get that

% +1= pTng, or also p+ [ = 2t + 2, contradicting the fact that p + 1 < 2t. Hence ¢ = 0 and we
get the relation % = pQ—tl, or also p+1 =2 = k. In particular, J, = 0 for k # 2.

Let us note now that the set {(s+j,s+t+7)[j = 1,t} is included in Jo. In order to show that
these are all the possible multi-indexes, let I = (i1 < iz) € J2. We already showed that i; > s.
Since 0,04, = (01 - 05)~Y! is real, we get that 0,04, = 77,07, Combining with |o;,| = |03, ],
we obtain 01-21 = 5122, therefore o;;, = £7;,. The case g;, = —7;, is excluded, because this
would give the following contradiction:

o=

0>—5i20'i2:(0'1...0'5) > 0.

So 04, = T4,. But there exists s +t < j < s+ 2t with |iy — j| =t and 04, =7}, so 04, = 0j.
We want to show that is = j, i.e. I = (5 —t,7).

Consider M the Z-submodule of Ok generated by U, which is a subring of Ok, and let K’ be
its fraction field. We have U C M C K’ C K, and we showed in the above proposition that U
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has no trivial representations, so in particular (K, U) is simple, thus K’ = K. But the relation
oi, = 0j extends to M, and so also to K’ = K. This last fact is possible only if i = j. m

Remark 5.7.6: Notice that since Hé(X ) does not vanish and @ is real-valued, by the result
of [LLMPO03] 6 is not parallel with respect to any metric g on X.

Remark 5.7.7: In [Kasl3a], OT manifolds are given a solvmanifold structure, namely they
are shown to be of the form I'\ G, where G is a solvable Lie group and T is a co-compact
lattice in G. Consequently, one can consider the cohomologies H®(g) and Hj(g), where g is
the Lie algebra of G and 6 is a closed G-invariant form. A natural question is then: does
one have isomorphisms H3,(X(K,U)) = H*(g) and Hg (X (K,U)) = Hj(g)? For a general
solvmanifold, this does not always hold. However, H. Kasuya proved in [Kas13bl Example 4]
that on OT manifolds of type (s, 1), this isomorphism is valid for the de Rham cohomology.
In [AOT17, Theorem 4.3], it is proved that in the twisted cohomology, the isomorphism holds
for a subclass of X (K,U) of type (s,1), satisfying the so-called Mostow condition. Finally,
since in we represented the corresponding cohomologies by invariant forms with
respect to the action of G described in [Kasl3al], we obtain as a consequence that for all OT
manifolds X of type (s, t), we have the isomorphism HJ(X) = H}(g), although they might
not all satisfy the Mostow condition.

In [O16] it was proven that there are no dg-exact metrics on OT manifolds of type (s,1). We
give next a generalization of this result, in which we determine all the possible LCK classes in
ng. As a consequence of this, we also obtain a hard Lefschetz-type theorem associated to an
LCK metric on an OT manifold.

Corollary 5.7.8: Let X be an OT manifold of type (s,t) with an LCK structure (§2,0), where
0= %22:1 dInwvy. Then the twisted class of Q in H3(X) is necessarily of the form:

t
(Ul"'vs)%Z&jide/\dfj, aj € Ryo Vie{l,... t}.
j=1

In particular, if we let Lefq denote the Lefschetz operator Lefq = Q A -, then for any 0 <1 <
2m — 2, Lefq induces a morphism in cohomology:

[Lefo] : H'(X,C) — HY™(X)
which is injective for 0 <1 < m and surjective for m <1 < 2m — 2.

Proof. Let us start by noting that, as in the case of the de Rham cohomology, the twisted
cohomology with respect to # is the twisted cohomology of T-invariant forms. This is a direct
consequence of but can also be seen by an argument completely analogous
to and using the fact that € vanishes on vector fields tangent to T”. Hence, by
averaging the form  to a T-invariant LCK form Q' as in [Proposition 5.2.2] the twisted class
does not change: [y =[] € HZ(X).

At the same time, we saw that the corresponding Kéhler form Q) writes with respect to
the splitting as O = Qo + Qo1 + 1, with Qg a constant positive form on C*. Also,
given the expression of §, we have ' = (v --- vs)l/tQ’K ‘= wo + wo1 + w1, where again Q' was
decomposed with respect to the splitting . Clearly, dgwo = 0, so also dg(wp1 + w1) =0,
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thus we can write [©']p = [wolo + [wo1 + wi]e € HF(X). Now, since by [Proposition 5.7.5, we
have:

H3(X) = (v ---v,)7 ©_, Cdzj A dz, (5.7.4)

it follows that [wo; + wi] = 0 € HZ(X). Indeed, otherwise we would have that on X,
wo1 + w1 + dgn is valued in /\(2ct for some one-form 7 € Q% (X), which is impossible. Hence
[Q]p = [wolo = wo under the isomorphism (5.7.4)), so the first assertion follows. The second
assertion follows from the description of the cohomology groups given in [Proposition 5.7.4] and
IProposition 5.7.5 and from the non-degeneracy of [2]. m

Remark 5.7.9: The fact that for any LCK form Q on X, the operator Lefq : HY(X,C) —
H}(X) is injective also implies [Corollary 5.2.3| via [Gol4, Theorem 2.4].

We end this section with one more application concerning the possible real Chern classes of
vector bundles on OT manifolds:

Proposition 5.7.10: Let X(K,U) be an OT manifold of type (s,t) verifying that U admits
no trivial representations oy unless |I| € {0,n}. Then, for any 1 < k < n/2, every d-closed

real (k,k) form on X is exact. In particular, if E is some complex vector bundle on X, its
first [(n —1)/2] real Chern classes cx(E)® € H**(X,R) vanish.

Proof. By |Corollary 5.7.1] we deduce that:

H*(X R) =2 APR{f1,...,[s} for 2k < n

where f; := vl_ldvl for 1 <1 < s. Let us also denote by ¢; = —%vl_ldwl = fll’0 for 1 <1 <s,
so that f; = ¢ + ;.

Let a be a real closed (k, k) form on X. By the above, we can write: o = 3 /c7, arfr +dp,
where for every multi-index I = (i1 < ... <o), fr = fiy A\... A fiy,, ar € Rand € Sg(k_l(X)
is a real form. In particular, in bidegree (2k,0), this reads:

a?k,O —0= Z arer + 862k—1,0.
I€Toy,

But, for any I, ¢ is not 0-exact, and neither is the sum ) ; arpy, unless it is zero. In order
to see this, one could for instance choose a hermitian metric on X defining an L? adjoint
operator " with respect to which one would have 9*¢p; = 0 for any I. It would follow then
that each a; is L2-orthogonal to Im 9, and so 3", ajp; = 94?10 = 0. In particular, this
implies that a;f = 0 for each I € Ty, and so a = dS. m

Remark 5.7.11: In the literature specialized on topology, there is a complex called Morse-
Novikov, associated to a closed one-form 6 of Morse type, i.e. locally given by the differential
of a Morse function. It was first considered by Novikov in [N81] and [N82], and for a thorough
description we refer to [F]. The construction of this complex is based on the number of zeros of
0, just as the Morse-Smale complex of a Morse function f is based on the number of zeros of f
and actually these two complexes coincide when 6 = df. If 6 is a nowhere vanishing one-form,
as the Lee form in |[Proposition 5.7.5|is, the Morse-Novikov complex is trivial, therefore its
cohomology vanishes. However, the twisted cohomology does not vanish, as our computation
indicates; consequently, OT manifolds provide examples in all dimensions of spaces for which
these two cohomologies differ.
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