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ABSTRACT: We establish a Hard Lefschetz theorem for the de Rham cohomology of
compact Vaisman manifolds. A similar result is proved for the the basic cohomology
with respect to the Lee vector field. Motivated by these results, we introduce the
notions of a Lefschetz and of a basic Lefschetz locally conformal symplectic (l.c.s.)
manifold of the first kind. We prove that the two notions are equivalent if there
exists a Riemannian metric such that the Lee vector field is unitary and parallel
and its metric dual 1-form coincides with the Lee 1-form. Finally, we discuss several
examples of compact l.c.s. manifolds of the first kind which do not admit compatible
Vaisman metrics.

1. Introduction

1.1. Antecedents and motivation. It is well known that the global scalar
product on the space of k-forms in an oriented compact Riemannian mani-
fold M of dimension m induces an isomorphism between the kth de Rham
cohomology group H*(M) and the dual space of the (m — k)th de Rham
cohomology group H™ *(M). So, using that the dimension of the de Rham
cohomology groups is finite, we deduce the Poincaré-duality: the dimension
of H¥(M) is equal to the dimension of H™ *(M).

In addition, in some special cases, one may define a canonical isomorphism
between the vector spaces H¥(M) and H™ *(M). For instance, if M is a
compact Kéhler manifold of dimension 2n then, using the (n — k)th exterior
power of the symplectic 2-form, one obtains an explicit isomorphism between
H*(M) and H**(M). This is known as the Hard Lefschetz isomorphism
for compact Kéhler manifolds (see [11]).

On the other hand, it is well known that the odd dimensional counterparts
of Kéhler manifolds are Sasakian and co-K&hler manifolds (see [1, 2]). In
these cases, one may also obtain a Hard Lefschetz isomorphism as shown in [5]
for Sasakian and in [6] for co-Kéhler manifolds. For a compact co-Kéhler
manifold the Hard Lefschetz isomorphism depends only on the underlying

Received October 26, 2015.



2 B. CAPPELLETTI-MONTANO, A. DE NICOLA, J. C. MARRERO AND I. YUDIN

cosymplectic structure and for a Sasakian manifold it depends only on the
corresponding contact structure.

A particular class of Hermitian manifolds which are related to Kahler, co-
Kéhler and Sasakian manifolds are Vaisman manifolds introduced in [21, 22].
A Vaisman manifold is a locally conformal Kahler manifold M which has non-
zero parallel Lee 1-form w. In this paper, we will assume, without the loss
of generality, that w is unitary. If J is the complex structure of M then the
1-form 7 := —w o J is called the anti-Lee 1-form of M. The Lee vector field
U is defined as the metric dual of w, while the metric dual of 7 is called
the anti-Lee vector field and is denoted by V. The following properties of
Vaisman manifolds can be found in [7] and [15]:

- the couple (U,V) defines a flat foliation of rank 2 on M which is
transversely Kahler;

- the foliation on M defined by V is transversely co-Kahler;

- the orthogonal bundle to the foliation on M defined by U is integrable
and the leaves of the corresponding foliation are c-Sasakian manifolds.

The above results show that there is a close relationship between Vaisman
manifolds on the one side and Kahler, co-Kahler, and Sasakian manifolds on
the other side. In fact, in a recent paper [17], Ornea and Verbitsky proved
that a compact Vaisman manifold of dimension 2n + 2 is holomorphically
isometric to the mapping torus of a compact %—Sasakian manifold N of di-
mension 2n + 1. Conversely, the mapping torus of a compact %—Sasakian
manifold is a compact Vaisman manifold.

So, a natural question arise: is there a Hard Lefschetz theorem for a com-
pact Vaisman manifold? The aim of this paper is to give a positive answer
to this question.

1.2. The results in the paper. The main result of this paper is the Hard
Lefschetz theorem for a compact Vaisman manifold which may be formulated
as follows.

Theorem 1.1. Let M be a compact Vaisman manifold of dimension 2n + 2
with Lee 1-form w, anti-Lee 1-form n, Lee vector field U, and anti-Lee vector
field V. Then for each integer k between O and n, there exists an isomorphism

Lefy, : HY(M) — H*"t*7%(M)

which can be computed by using the following properties:
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(i) for every [y] € H¥(M), there is o' € [y] such that

£U7/ _ 0, iV’Y/ _ 07 Ln—k—f—Q,y/ _ O, Ln_k+1€w’y/ _ 0;

(17) if v' € [] satisfies the conditions in (i) then
Lefi[y] = [e,L" " (Livy' — )],

In this theorem, we write eg for the operator of the exterior multiplication
by a differential form 3, and L is defined to be %edn.

The map Lef;, : H*(M) — H?"*>"%*(M), 0 < k < n, in Theorem 1.1 will
be called the Lefschetz isomorphism in degree k for the compact Vaisman
manifold M.

In order to prove Theorem 1.1, we will first use a result which relates the
de Rham cohomology of an oriented compact Riemannian manifold with the
basic cohomology with respect to a unitary and parallel vector field.

Theorem 1.2. Let W be a unitary and parallel vector field on an oriented
compact Riemannian manifold (P, g) of dimension p and let the 1-form w be
the metric dual of W. Denote by Hj(P) the basic de Rham cohomology of
P with respect to W.Then for each integer k between 0 and p, the map
(Id.e,)] : H(P) ® Hy '(P) — H*(P)

defined by

[(d, e))([8]B, [F]B) = [B+w A ] (1.1)
18 an isomorphism.

Another result that we will use for proving of Theorem 1.1 is the basic
Hard Lefschetz theorem below.

Theorem 1.3. Let M be a compact Vaisman manifold of dimension 2n + 2
with Lee 1-form w, anti-Lee 1-form n, Lee vector field U, and anti-Lee vector
field V. Denote by Hj(M) the basic cohomology of M with respect to U.
Then for each integer k between 0 and n, there exists an isomorphism
Lef? : HE(M) — HZH(M)
which can be computed by using the following properties:
(1) for every [Blp € HE(M), there is 3 € [B)p such that

ivd =0, L" g =, (1.2)
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(17) iof 0" € [B)p satisfies the conditions in (i) then
Lefy[8]p = e, L" "] .

The map Leff : Hi (M) — HZF(M), for 0 < k < n, will be called
the basic Lefschetz isomorphism n degree k associated with the compact
Vaisman manifold M.

For a Vaisman manifold M of dimension 2n+2, the couple (w, n) of the Lee
and anti-Lee 1-forms defines a locally conformal symplectic (l.c.s.) structure
of the first kind with anti-Lee vector field V' and infinitesimal automorphism
U (see [23] and Section 2.2 for the definition of an l.c.s. structure of the
first kind). Note that the definition of the Hard Lefschetz and the basic
Hard Lefschetz isomorphism associated with M only depends on the l.c.s.
structure of the first kind. Hence, both isomorphisms provide obstructions
for an l.c.s. manifold to admit Vaisman structures.

Now, let M be a compact manifold of dimension 2n + 2 endowed with an
l.c.s. structure of the first kind (w, n). Suppose that U and V' are the anti-Lee
and Lee vector field, respectively, on M.

Then, the previous results suggest us to introduce the following Lefschetz
relation between the cohomology groups H¥(M) and H?""2~*(M) , for 0 <
k <n,

Ruer, = { (0], [eaL" " (Livy — ey)])| v € Q4M), dy =0, Lyy =0, ivy =0,
LnkarQ,y — O7 Ln*k+16w7 — 0} )

Similarly, we define the basic Lefschetz relation between the basic coho-
mology groups HE(M) and HZ"*(M), for 0 < k < n, by

Ry = {([8]s, [e,L""B)p) | B € Qp(M), d3 =0, iy3 =0, L" "3 =0}.
An l.c.s. structure on M of the first kind is said to be:

- Lefschetz if, for every 0 < k < n, the relation Ry, is the graph of an
isomorphism Lefy, : H*(M) — H*""27%(M);

Y

- Basic Lefschetz if, for every 0 < k < n, the relation Rfefk is the graph
of an isomorphism Leff : HE (M) — HEHR(MD.
It is not clear what is the relation between the Lefschetz property and the

basic Lefschetz property in general. However, we may prove the following
result.
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Theorem 1.4. Let M be a compact manifold of dimension 2n + 2 endowed

with an l.c.s. structure of the first kind (w,n) such that the Lee vector field

U s unitary and parallel with respect to a Riemannian metric g on M and
w(X)=g(X,U), forXeX(M).

Then:

(1) The structure (w,n) is Lefschetz if and only if it is basic Lefschetz.
(2) If the structure (w,n) is Lefschetz (or, equivalently, basic Lefschetz), then
for each 1 < k < n there exists a non-degenerate bilinear form

Y HE(M) x HE (M) — R

W((915.1815) = [ LetufslU LS

M
which s skew-symmetric for odd k and symmetric for even k. As a
consequence,
b(M) — bi_1(M) is even if k is odd and 1 < k < n, (1.3)

where b,.(M) is the rth Betti number of M.

We remark that relations in (1.3) are well-known properties of a compact
Vaisman manifold of dimension 2n + 2 (see [7, 22]).

1.3. Organization of the paper. In Section 2 we review the construction
of a mapping torus and how it can be used to construct a Vaisman manifold.
In Sections 3, 4, 5, we will prove Theorems 1.2, 1.3, and 1.4, respectively. As
a consequence Theorem 1.1 is also proved in Section 5. Finally, in Section 6,
we give several examples of compact l.c.s. manifolds of the fist kind which
do not admit compatible Vaisman metrics. Some of these examples satisfy
the Lefschetz property and the basic Lefschetz property and others not.

All manifolds considered in this paper will be assumed to be smooth and
connected. For wedge product, exterior derivative and interior product we
use the conventions as in Goldberg’s book [8].

2. Mapping torus and compact Vaisman manifolds

2.1. Mapping torus by an isometry. In this section, we will review the
notion of a mapping torus by an isometry. More details can be found in [10].

Let N be a compact smooth manifold, f : N — N a diffeomorphism of
N and « a positive real number.
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We will denote by
(f,T0) : N xR — N xR

the transformation of the product manifold N x R given by
(f, To)(x,t) = (f(2),t + a).

The map (f,T,) induces a free and properly discontinuous action of the
discrete subgroup Z on N x R defined by

Zx (N xR) — N xR, (k (z,t) — (f.T.)"(z,t) = (f*(2), t + ka),

for (z,t) € N x R.
The mapping torus of N by the couple (f, ) is the space of orbits of this

action N xR
X

N¢y = )
fv Z

It is a compact smooth manifold and we have a canonical projection

R

: Nt St=—

" fro o,
R

from Ny, onto the circle Sl=—.

o
We will denote by 6 the closed 1-form on Ny, given by
0 = 7T*(951),

where 0¢1 is the length element of the circle S*.
Note that if 74, : N x R — Ny, is the canonical projection then

71,(6) = dt. (2.1)

On the other hand, it is clear that the vector field % on N x Ris (f,T,)-

invariant. Thus, it induces a vector field U on the mapping torus Ny, in
such a way that

oU) = 1. (2.2)
Now, suppose that h is a Riemannian metric on N and that f: N — N is
an isometry. Then, we can consider the metric

h + dt’
on the product manifold N x R. It follows that
(f, T.)"(h +dt*) = h + dt*

and, thus, the Riemannian metric h + dt? is Z-invariant.
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This implies that i + dt* induces a Riemannian metric g on Ny, which is
characterized by the following condition

Thag = h+ dt*. (2.3)
Moreover, one may prove the following result.

Proposition 2.1. The 1-form 0 on Ny, is unitary and parallel with respect
to the Riemannian metric g and

0(X)=g9(X,U), for X e X(Nysy). (2.4)

2.2. Compact Sasakian and Vaisman manifolds. In this section, we
will review the relation between compact Sasakian manifolds and compact
Vaisman manifolds.

First of all, we will recall the notions of a contact and of a c-Sasakian man-
ifold. The reader is referred to monographs [1] and [2] for detailed exposition
on this subject.

A 1-form 7 on a smooth manifold N of dimension 2n + 1 is said to be a
contact 1-form if nA\(dn)™ is a volume form on N. In this case, the pair (N, n)
is called a contact manifold. One can show that in a contact manifold (N, n)
there exists a global vector field &, called Reeb vector field, characterized by
the properties

n(€) =1, igdn =0.
We will denote by I : TN — T'N the identity map acting on the tangent
bundle.

Let ¢ be a positive real number. A c-Sasakian manifold is a contact man-
ifold (N, n) which carries a Riemannian metric h such that £ is the metric
dual of n and a (1, 1)-tensor field ¢ satisfying the following conditions

(i) ¢* = —I +1®E

(17) dn(X,Y) = 2c h(X, ¢Y) for any vector fields X, Y on N;

(7i7) the tensor field J on N x R defined by

J (X, f%) - (@X v fe —n(X)%) , (2.5

where X, Y € X(N) and f € C*®(N x R), is a complex structure.

If c =1, then N is called a Sasakian manifold. Note that given a Sasakian
structure (¢, &,m, h) on a manifold N, we can obtain a c-Sasakian structure
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(¢,&,m,h') on N with the same underlying contact structure by the following
transformation

o =9, &=¢ n=n WN=c'h+(1l-c'non  (2.6)

Next, we will recall the definition of a locally conformal symplectic (1.c.s.)
structure of the first kind and of a Vaisman manifold. More details can be
found in [7, 16, 23].

An [.c.s. structure of the first kind on a manifold M of dimension 2n + 2
is a couple (w,n) of 1-forms such that:

(1) w is closed;

(27) the rank of dn is 2n and w A n A (dn)" is a volume form.

The form w is called the Lee 1-form while 7 is said to be the anti-Lee 1-form.

If (w,n) is an l.c.s. structure of the first kind on M then there exists a
unique vector field V', the anti-Lee vector field of M, which is characterized
by the following conditions

wV)=0, n(V)=1, iydn=0.

Moreover, there exists a unique vector field U, the Lee vector field of M,
which is characterized by the following conditions

wU)=1, n(U) =0, iydn=0.
Remark 2.2. If (w,n) is an l.c.s. structure of the first kind then the 2-form
Q:=dn+nAw
is non-degenerate and

dQY =w A Q.

Moreover, the Lee vector field U satisfies the condition Ly€) = 0. In other
words, {2 is an l.c.s. structure of the first kind in the sense of Vaisman
[23] with Lee 1-form w and infinitesimal automorphism U. Conversely, if
is an l.c.s. structure of the first kind with Lee 1-form w and infinitesimal
automorphism U then the rank of dn is 2n and w A n A (dn)" is a volume
form, with n the 1-form on M given by

n = —iUQ.

A Vaisman manifold is an l.c.s. manifold of the first kind (M, w,n) which
carries a Riemannian metric g such that:
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(1) the tensor field J of type (1,1), given by
9(X,JY)=Q(X,Y), for X,Y € X(M),
is a complex structure which is compatible with g, that is,
g(IX, JY) = (X, Y);
(2) the Lee 1-form w is parallel with respect to g.
Remark 2.3. If w is the Lee 1-form of a Vaisman manifold M then ||w|| is
a constant A > 0. We will assume, without loss of generality, that w is

unitary which implies that the anti-Lee and Lee vector fields U and V' also
are unitary.

If (M, J,g) is a Vaisman manifold one may prove that U is parallel (and,
thus, Killing), V' is Killing and

U, V] =0, LyJ =0, LyJ=0.

Moreover, under the assumption in Remark 2.3, the leaves of the foliation
w = 0 have an induced %—Sasakian structure (for more details, see [7, Chapter
5]).

Now, suppose that N is a compact Sasakian manifold with Sasakian struc-
ture (¢,&,n,h) and that f : N — N is a contact isometry. This means
that

ffn=mn, fh=h, (2.7)
which implies that f*(dn) = dn and, thus,

for every x € M, where T, f is the tangent map to f at x.
By considering a homothetic transformation as in (2.6) we can obtain a
c-Sasakian structure (¢,&,n,h’) on N with ¢ = 5. Note that f is a contact

isometry also with respect to the new structure.

N xR
In addition, let a be a positive real number and Ny, = — the mapping

torus of (N, ¢,&,n, h') defined by f and «.

In Section 2.1, we constructed a Riemannian metric g on Ny, from the
metric ' on N. Moreover, using (2.7) and (2.8), we deduce that the complex
structure on N x R given by (2.5) is Z-invariant. Therefore, it induces a
complex structure J on Ny, in such a way that (Ng,,J,g) is a compact
Vaisman manifold.
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Note that the exact 1-form dt on N x R is Z-invariant and it induces a
closed 1-form w on Ny, which is in fact the Lee 1-form of Ny .

The anti-Lee vector field V' is just the vector field on Ny, which is induced
by the Reeb vector field &, while the Lee vector field U is induced by %.

In particular, the leaves of the foliation w = 0 are diffeomorphic to N.

In fact, in [17], the authors prove the following result.

Theorem 2.4 ([17]). Let M be a compact Vaisman manifold of dimension
2n + 2. Then, there exists a compact Sasakian manifold N of dimension

2n + 1, a contact isometry f : N — N and a positive real number o such

N x R
with the structure

that M is holomorphically isometric to Ny, =
defined above.

3. Proof of Theorem 1.2
Proof: Denote by x the Hodge star isomorphism on P and by

§ = (—1)PF+PH x d %

the codifferential on the space of k-forms on P. Note that (see page 97 in
[3])
* k= (=DM Mrg x5 =(=1)Pd*. (3.1)
Let {W1,...,W,} be a local orthonormal basis of vector fields on P and
{W?1 ..., WP} the corresponding dual basis of 1-forms. For a k-form 6 on P,
we have that
p p
A => e, Vb,  60=—> iw, Vw0, (3.2)
j=1 j=1
where V is the Levi-Civita connection on P and €y, is the operator of the
exterior multiplication by the 1-form W7,
Using (3.2), the following result follows.

Lemma 3.1. If 0 is a parallel k-form on P, then 0 is harmonic.

Now, we will proceed in two steps.

First step. We will prove that if v is a closed k-form on P which is basic
with respect to W (that is, iyyy = 0 and Lyyy = 0) and H~ is the harmonic
representative of [y], then H~y also is basic with respect to W and w A Hr is
a harmonic (k + 1)-form.
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Lemma 3.2. Under the assumptions of Theorem 1.2, if a is a harmonic
form, then iywa and w A\ o are also harmonic.

Proof: By [8, Theorem 3.7.1] we have Lyya = 0, since W is Killing and « is
harmonic. As da = 0, we get diyya = 0, that is iy« is closed.
Now, we compute the codifferential of iyyc. Using (3.2), we get

p
5iwa = — Z iwjijiwa.
j=1
Since W is parallel, we have [VW]., iw} = iijw = 0. Thus
p
5iwa = Z iwinVWjOé = —iw50z = 0.
j=1
Therefore iy« is also coclosed and hence harmonic. The second part of the
claim follows from the first by using Hodge duality. u

Now, let 5 := v — Hvy. By [8, Theorem 3.7.1], we get LyyHy = 0 as W
is Killing. Since 7 is basic, we obtain that Ly/3 = 0. Since 3 is exact, by
Hodge theory we have dGo5 = (3, where G denotes the Green operator on
P. As 0Hvy =0, we get

dGoy =~ — Hr. (3.3)
Let us apply iy to both sides of (3.3). We get
wwHy = —iwdGoy = =Ly Goy+diyyGoy = —GoLw~y+diywyGoy = diyy Goy,

where we use that Ly commutes with G and 9, because W is Killing. There-
fore, 1y ’Hy is exact. But it is also harmonic by Lemma 3.2. Hence iy H~y = 0.
This shows that H~ is basic. Moreover, the form w A H~ is harmonic by
Lemma 3.2.

Second step. We will prove that the map
[(1d, €,)] - Hp(P) @ Hyy '(P) — H"(P)

defined by (1.1) is an isomorphism.
Since w is a parallel 1-form, we have that w is closed by Lemma 3.1. This
implies that the map [(/d, €,)] is a well-defined linear morphism.

Next, denote by H~ the harmonic representative of a closed k-form = on
P. Note that

("] =Dl (3.4)
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Then, we can consider the map
(11— cvinHp, liwHlp) « H(P) — HE(P) & HE(P)  (3.5)
defined by
([H — ewiwH]p, [iwH]p) V] = ([Hy — w A iwHA] B, [inH]B).- (3.6)
First of all, we show that this map is well defined. In fact, we have that
M =0T=Hy=" (3.7)

This implies that the right hand side of (3.6) does not depend on the choice
of the representative in the cohomology class [y]. It is left to check that
the forms Hy — w A 1y’ H~y and iyH~y are basic and closed. It follows from
Lemma 3.2 that they are harmonic and, hence, closed. It is obvious that
Hvy — w A iwHy and iy’H~y are in the kernel of 7y,. Thus both of them are
closed and basic, and the map (3.5) is well defined.

Now, from (3.4), it follows that

[(Id, )] o ([H — ewiwH]s, iwH]p) = Id.

Therefore the map [(Id, €,)] is surjective. Next, let 3 € Q% (M) and 3" €
Q-1(M) be closed basic forms. Using Lemma 3.2, we deduce that H,3 +w A
HB' € [+ w A (] is a harmonic form, and thus

H(B+wAB)=HE+wAHS. (3.8)
Now, from (3.8) and since H3, H3" are basic (see Step 1), we conclude that
([H - Ewin], [ZwH]) o) [(Id, ew)] = Id.

This proves that the map [(Id, €,)] is a injection and, thus, an isomorphism.
|

4. Proof of Theorem 1.3

Thanks to Theorem 2.4, it is sufficient to prove the result for the case when
M is a mapping torus of a compact Sasakian manifold N. We will denote
by Ly the exterior multiplication by the 2-form %dn, acting on the space of
forms on N.

We will proceed in three steps.

First step. We will show that the claim of Theorem 1.3 follows from an

analogous statement for the cohomology of invariant forms on the Sasakian
manifold V.
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Let QF(N)/ be the subspace of k-forms on N which are f-invariant.
Denote by pr; : N Xx R — N the canonical projection on the first factor.
We have that if 3 € QF(IN)/ then the k-form pri 3 on N x R is Z-invariant.

Thus, there exists a unique basic k-form 8 on Ny, such that

T}‘Oﬁ = pri 3, (4.1)

NxR

where we recall that 77, : N XR — Ny, = XR is the canonical projection.

On the other hand, it is clear that
d(QF(N)) C QML)
Therefore, we can consider the subcomplex
C— QLN L (V) L o) —

of the de Rham complex of M and the corresponding cohomology H*(N)/.
For a closed 3 € Q%(N)/, we write [3]; for the corresponding class in H*(N)/.

Denote by Q4 (Ny,) the subspace of I-forms which are basic with respect
to the Lee vector field U of Ny, that is

Qp(Nya) = {7y € Q(Nya) | ivy =0, Lyy=0}.
Then, the basic de Rham cohomology complex is
_ d d
T Qé_? 1(Nf7oz) - Q%(Nf,a) - le(Nf,a) — ..

We recall that U is the vector field on N, which is induced by the Z-invariant
vector field a on N x R. Using this fact, it is easy to prove that the map

SN (N) — Q5 (Nya) (4.2)

defined by (4.1) is an isomorphism of chain complexes. Moreover, the map
(4.2) has the following compatibility properties with respect to the action of
the operators €, i¢, Ly on QF(N)! and €,, iy, L on Q% (N;,):

Ly = Lp, e = €,0, i =1y p. (4.3)
In addition, using this isomorphism, we see that for proving the claim of the
theorem it is enough to prove that there exists an isomorphism

Lef, . H¥(N) — H? k()7 (4.4)
and that the following properties hold:
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Condition 4.1. For every [3]; € H*(N)/ there is 8 € []; such that
i =0,  Ly*g =o0.

Condition 4.2. For every closed f-invariant form 3 that satisfies Condition
4.1, one has

Lefy" 8] = [e,L *B];.

In the next step we will prove the existence of the isomorphism (4.4). The
fact that such an isomorphism satisfies Conditions 4.1 and 4.2 will be proved
in the third step.

Second step. Let

i)+ H'(N)! — H'(N)
be the linear morphism induced by the canonical inclusion i : Q'(N)/ —
QY(N), 0<1<2n+1, and let

Lefy : H*(N) — H*""1F(N)

be the Lefschetz isomorphism associated with the Sasakian structure on N
(see [5, Theorem 4.5]), which is defined as follows:

Lef[3] = [n A L8, (1.5)
where (3’ is any representative of [3] € H*(N) such that
i =0, Liy" 13 = 0. (4.6)

Note that such a representative 3" exists, due to [5].
Now, we prove that [i] is @ monomorphism, for all 0 <1 < 2n + 1. In fact,
assume that (8], € H'(N)/ and

][5 = 0.
It follows that ( is exact and hence
B =d(Gop),

where G is the Green operator on N. Therefore, using that f is an isometry
and the fact that 3 € QF(N)/, we obtain

JH(GoB) = Go(f*B) = Gop.

Thus 3 is exact in the complex Q*(N)/ and hence [3]; = 0. Therefore [i] is
a monomorphism.
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Let [f*] - H(N) — H'(N) be the isomorphism induced by the contact
isometry f: N — N. Now, we check that

Lefy, o[} (H*(N)') € [i](H*" 7 (N)). (4.7)

Let [8]; € H*(N)/. Choose 3 € [3] that satisfies (4.6). Then also f*3' sat-
isfies (4.6), as f is an automorphism of the Sasakian manifold N. Moreover,
f*3' belongs to [3], since f*3 = B. Thus we can compute Lefp ([3]) using
either 5" or f*(3" in (4.5). Hence

[ o Lefy ([8]) = [F1([ea Ly "B) = [e Ly " (f*8')] = Lefy’ ([8]).

This shows that the cohomology class Lefr ([]) is [f*]-invariant.

Let v be the harmonic representative in Lefy o[i]([8]f). Then f*y is also
a harmonic representative of the same class. Hence f*y = =, so that [y];
is a well-defined class in H*(N)/ and Lefy o[i]([8]) = [i]([y];). This proves
(4.7).

Since [i] is a monomorphism and (4.7) holds, we can define

Lef: HF(N) — B2 k(N7
as the unique map such that
[i] o Lefév’f = Lefy ofi], for 0 <k <n. (4.8)

Since the right hand side of (4.8) is a monomorphism, we deduce that Lefffv’f
is also a monomorphism.
Next, we will prove that Lefév’f is an epimorphism.

If 5" € [f] satisfies the conditions (4.6), then also f*4 € [f*][F] satisfies
(4.6). Thus
[FILef (8] = [N A Ly 8T = [n A Ly f757] = Lefif[£7][8].
Hence,
[f*] o Lefy = Lefy o[f*], for 0 <k <n. (4.9)

Now, let [y]; be an element in H*"1=F(N)/.
As we know, Lefy is an isomorphism (see [5]). This implies that there
exists a unique [3] € H*(N) such that

Lefy [6] = [i][7] - (4.10)
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Thus, from (4.9) and since [y]; € H*""7*(N)/, we have that

Lefy [8] = [v] = [F*10 = [/l
= ([f"] o Lefy)[8] = (Lefy o[/ N[A].
Therefore, using that LefffV is an isomorphism, it follows that

LF118] = 18]

Note that both H3 and f*H are harmonic representatives of the cohomology
class [5] = [f*][8]. Therefore f*HB = HB. So, we can consider [Hf]; €
H*(N)! and, using (4.8) and (4.10), we have that

i) (Lefy T [HB)) = ill]-

Finally, as [i] is a monomorphism, we conclude that
N7
Lefy ' [HB]; = [ -
This proves that Lefév’f is also surjective and hence it is an isomorphism.

Third step. We will prove that Lefg’f satisfies Conditions 4.1 and 4.2.

To prove that every class in H¥(IN)/ has a representative satisfying Con-
dition 4.1, we start with [3]; € HF(N)? and then, proceeding as above,
we deduce that f*(HB3) = HS. Since [i] is a monomorphism, we get that
[i{|[H3]; = [i][5] s implies that [H3] = [5];. Moreover, the form Hf satisfies
Condition 4.1 (see [5]).

Now, let [3]; € H¥(N) and 8 € [3]; satisfying (4.6). Then 3’ € [3].
Thus by [5, Theorem 4.5] we have Lefy [3] = [e,L"3] in H*"1=F(N).
Since f*3' = 3', we get also that f*(e, L ") = €,L5 "3". Thus by (4.8) we
get

(i) Lefy /18] = [il[e, L "'
Since [i] is a monomorphism, we get Lefffv’f 18] = [e,L% '] which ends the
proof.

5. Proof of Theorem 1.4
Proof: Proof of (1) in Theorem 1.4

(Lefschetz = basic Lefschetz)
Assume that the l.c.s. structure (w,n) is Lefschetz and denote by

[i] : Hy (M) — H*(M)
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the)canonical monomorphism, that is, [i] = [(Id, €u)]| gt (a)eq0p (cf- Theorem
1.2).
Let 8 be a closed basic k-form on M, with £ < n. Then, there exists a
closed k-form 3’ on M such that 5 € [] and
Luf =0, ivf =0, L" "2 =0, L""e,q =0. (5.1)

Let 3 = G6(3 — f3), where G is the Green operator on M. Then Ly3 = 0
since Ly = 0 and Ly commutes with G and § because U is a Killing vector
field.
From the properties of the Green operator, it follows that
B =p+dp.

Therefore, if we take

B'=p —wnNigf (5.2)
then dg” =0, 8" € Q% (M) and

B =pB4d(B—wNigB).
This implies that
8" € [B]p-

Moreover, from (5.1) and (5.2), it follows that

iVﬁH _ 0, Lnkarlﬁ// — 0.

This shows that every class [3]p contains a representative 3" that satis-
fies (1.2).
We define Lefy : Hy(M) — HE'F(M) by
Lefy [0]p = [e,L" " 3]s, (5.3)
where 3’ is any representative of [3]p that satisfies (1.2). Note that ¢, " %3’
is closed as d(e,L"*3) = 2L" "3 = 0 and basic because iye,L" %3 =
enL”_kiUﬁ’ = 0. We must prove that Leff is well defined and is an isomor-

phism. To show that Leff is well defined, we have to check that for any §',
B" € [B]p that satisfy (1.2), one has

[enLn_kﬁ/]B _ [EnLn_kﬁ//]B-
Since B’ and (3" are basic and

iVﬂl _ 0’ Lnfk:Jrlﬁ/ _ 0, Z-Vﬁ// _ 0’ Lnkarlﬁ// _ 0’
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it is easy to check that " and (" satisfy (5.1). Moreover, they are rep-
resentatives of [3] € H¥(M). Thus by the defining properties of Lefy, we
have

[e, L") = Lefi[0] = [e,L"*3"]. (5.4)
Thus [i][e,L" 3|5 = [i][e,L"*B"]p. Since [i] is a monomorphism, we get
e, L" %35 = [e,L"*3"]p. Hence Lefy is well defined and satisfies the

required property for its computation.
From (5.4), we get that

Lefy,o [i][8] = [i] o Lef,[6]

for any []p € HE(M). Thus if LefP[3]p = 0 then Lef,[i][8]p = 0. As Lefy,
is an isomorphism, we get that [i][8]p = 0. Since [i] is monomorphism this
implies that [8]z = 0, that is Lef? is injective.
By Poincaré duality for basic cohomology [20, Theorem 7.54] (see also
calculations on page 69 of [20]), it follows that
dim H5 (M) = dim HZF(M).

Thus Lef’fB is an isomorphism, being an injective map between two vector
spaces of the same dimension.

(Basic Lefschetz = Lefschetz)

Assume that the l.c.s. structure on M is basic Lefschetz.

Let v be a closed k-form on M, with £ < n. We have to show that there
is 7' € [v] satisfying (5.1). Note that

[(1d, )] '] = (I, [r2]B) € Qp(M) @ Q' (M)

for some basic forms v, and ~5 on M. Since the basic Lefschetz property
holds, we can choose 7] € [y1]p and 75 € [y2]p such that

ivyy =0, L' "y =0,
and

Ln7k+2

Thus, we can consider the closed k-form
V=Nt wAr
and it is easy to see that 7/ € [y] and
Loy =0, iyy =0, L™ 2y =0, L" ",y =0.
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Now, consider the following isomorphisms

[(Id, )] ™"« HY(M) — Hy(M) & H ' (M),

Leff @ Lefy | : HE(M) ® Hy {(M) — HETVH(M) @ HE 27 (M),
o H%nJrlfk(M) D H%nJerk(M) SN H%nJerk(M) D H%TL‘F].*]C(M))
[(Id, e,)] - HE*7H(M) & Hy™ (M) — H*"27H(M),

where o is the canonical involution and Lef? : H(M) — HZ7"(M) is
the isomorphism whose graph is the basic Lefschetz relation Rfef,.‘ We define
the map Lefy: H*(M) — H?"727F(M) by

Lefy, = [(Id,€e,)] 000 (Lef,]f fa Leka_l) o [(Id, ew)]_l.

It is straightforward that Lef; is an isomorphism. It is left to show that for
any closed form v € QF(M) that satisfies (5.1), we have

Lef[v] = [e,L" " (Liyy — e.7)). (5.5)

Let v1 = iy(wA~) and 75 = iyy. Note that the forms 7, and -, are closed and

obviously iyy; = iy, = 0. Thus they represent certain classes in Hj(M).
We have

(Id, €)] ' 7] = ([n]B. [2]B)-
Moreover, 7, satisfies the conditions

Ln7k+1

Z.V’yl = 07 M= 07

and vy, satisfies
ivys =0, L' 2y, = 0.
Thus
Lefy! [ni]s = ey L" " nlp = leyL" " iv(w Av)]5 (5.6)
and

Ln—k—i—l

Lefy 1[vo]p = & Yolp = [e,L" iy p. (5.7)

Now, we get by definition of the map Lef; that

Lefulr] = [y L' ity + ey L ¥ (w A )] = [, L' (Livy — 7).
This proves the first part of Theorem 1.4.
Proof of (2) in Theorem 1.4
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Assume that the l.c.s. structure (w,n) is Lefschetz (or, equivalently, basic
Lefschetz) and denote by

Lef? : HE (M) — HEFM), 1<k <n,

the isomorphism whose graph is the basic Lefschetz relation Rfefk. Since U is
a parallel vector field, we get that the mean curvature  of the foliation (U)
is zero. Moreover, it is shown on page 69 of [20] that the characteristic form
of (U) is w. Therefore, by Theorem 7.54 in [20], we have a non-degenerate
pairing

() HEH M M) @ H(M) — R

given by
(. B13) = [ wnuns. 59
Since Leff is an isomorphism, we get that the bilinear form
W= () o (Leff, Id) (5.9)

on HE(M) is non-degenerate. Let o and 3 be closed basic k-forms on M.

Then, for any o/ € [a|p and B’ € []p such that
iva/ — 07 Lnfk:Jrla/ _ 07 Z-Vﬁl _ 07 Ln—k+1ﬁ/ _ 07

we get that

([, 16]5) = /M whe LRl A
— (1" [ wael s na = ()16 a)a)
M

This shows that 1) is symmetric if k£ is even, and skew-symmetric if £ is odd.
Consequently, for odd k between 1 and n, ¢, (M) := dim H%(M) is even.
On the other hand, from Theorem 1.2 we deduce that

bk(M) = Ck(M) + Ckfl(M),
which implies that
bk(M) — bk;_l(M) == Ck(M) - Ck-_Q(M).

Since c(M) and ¢;_o(M) are both even, we get that by(M) —by_1(M) is also
even. u

Finally, we derive Theorem 1.1 from the previously proved results.
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(Proof of Theorem 1.1). By Theorem 1.3, every compact Vaisman manifold
satisfies the basic Lefschetz property. Thus from Theorem 1.4, we get that
every Vaisman manifold has the Lefschetz property. u

6. Examples of non Vaisman compact Lefschetz l.c.s.
manifolds

In this section, we will construct examples of compact l.c.s. manifolds
of the first kind which do not satisfy the Lefschetz property. We will also
present an example of a compact Lefschetz l.c.s. manifold of the first kind
which does not admit compatible Vaisman metrics.

In order to do this we will use the following proposition.

Proposition 6.1. Let M be a (2n + 2)-dimensional compact l.c.s. manifold
of the first kind such that the space of orbits N of the Lee vector field U of
M is a quotient manifold.

(i) If m: M — N 1is the canonical projection then there exists a contact
1-form ny on N such that 7*ny = n, n being the anti-Lee 1-form of
M. Moreover, the anti-Lee vector field V' of M is mw-projectable and
its projection & € X(N) is the Reeb vector field of the contact manifold
(N7 77N) :

(ii) There exists a Riemannian metric g on M such that U is parallel and
unitary with respect to g, and, in addition,

w(X)=g(X,U), foral X e X(M),
where w 1s the Lee 1-form of M.

Proof: The first claim is well known and can be found in [23].

We will prove (ii). Denote by F the vector subbundle induced by the
foliation w = 0. Then TM = F & (U). From an arbitrary Riemannian
metric gy on N, we can define a Riemannian metric g on M such that

w: (M,g) — (N, gn)

is a Riemannian submersion with the horizontal subbundle F and the vector
field U is unitary with respect to g. This implies that w(X) = ¢g(X,U).
Moreover, it is easy to prove that U is a Killing vector field. Thus, since the
dual 1-form to U with respect to g is w and it is closed, we conclude that U
is parallel. u
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Under the same conditions as in Proposition 6.1, it is clear that the basic
Lefschetz property for the l.c.s. manifold M is equivalent to the Lefschetz
property for the base contact manifold N. Therefore, using Theorem 1.4 and
Proposition 6.1, we deduce the following result.

Corollary 6.2. Let M be a (2n + 2)-dimensional compact l.c.s. manifold of
the first kind such that the space of orbits of the Lee vector field is the contact
manifold N. Then, the following conditions are equivalent:

(1) The l.c.s. structure on M satisfies the Lefschetz property.
(2) The l.c.s. structure on M satisfies the basic Lefschetz property.
(3) The contact structure on N satisfies the Lefschetz property.

Now, let N be a compact contact manifold and consider the product man-
ifold M = N x S! with its standard l.c.s. structure of the first kind, that
is, the Lee 1-form is the length element of S' and the anti-Lee 1-form is
the contact 1-form on N. Then, it is clear that the space of orbits of the
Lee vector field of M is N. Thus, using Corollary 6.2 and taking as N the
examples of non-Lefschetz compact contact manifolds considered in [3], we
obtain examples of compact l.c.s. manifolds of the first kind which satisfy
the following conditions:

(1) Their Betti numbers satisfy relations (1.3) in Theorem 1.4.

(2) They do not satisfy neither the Lefschetz property nor the basic Lef-
schetz property (and, therefore, they do not admit compatible Vais-
man metrics).

Note that (1) follows using that bi(N) is even if k£ is odd and k& < n, with
dimN = 2n + 1 and bi(N) the k-th Betti number of N.

On the other hand, in [4], we present an example of a compact Lefschetz
contact manifold N which does not admit any Sasakian structure. So, the
standard l.c.s. structure of the first kind on M = N x S' is Lefschetz and
basic Lefschetz. However, M does not admit compatible Vaisman metrics.

We conclude stating some open problems concerning these topics. An
interesting problem is to find examples of compact l.c.s. manifolds of the
first kind which satisfy the basic Lefschetz property but they do not satisfy
the Lefschetz property and vice versa. These topics will be the subject of
forthcoming papers.
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