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1. Introduction

The existence of a Kahler or Sasakian structure on a compact manifold has
strong topological consequences. For instance, a compact Kahler manifold
M is formal [15] and satisfies the Hard Lefschetz Theorem [20]. Recently
it was discovered that also Sasakian manifolds, which are considered as an
odd dimensional counterpart of Kahler manifolds, satisfy a Hard Lefschetz
Theorem [12]. Moreover, in 2008 Tievsky [26] proved that in order to admit
a Sasakian structure, the de Rham algebra Q*(M) of a compact manifold M
has to be quasi-isomorphic as CDGA to an elementary Hirsch extension of
the basic cohomology algebra Hj;(M) of the canonical 1-dimensional foliation
defined by the Reeb vector field. Both the formality for Kahler manifolds and
the Tievsky model in the Sasakian case give topological obstructions. For
example, they imply that the only nilmanifolds that can be endowed with
a Kéhler structure are the even dimensional tori (see [19]), while the only
Sasakian nilmanifolds are the quotients of the generalized Heisenberg group
H(1,m) by co-compact discrete subgroups (see [10]).

On the other hand, not much is known about the topology of general Vais-
man manifolds, which are related both to Kahler and Sasakian geometry. A
well-known fact is that the difference between two consecutive Betti num-
bers by(M) — by_1(M) is even for each even integer k € {1,...,n}, where
dim(M) = 2n + 2. Recently the authors proved that a Hard Lefschetz
Theorem holds for Vaisman manifolds. This gives a topological obstruc-
tion stronger than the aforementioned property of the Betti numbers. The
original motivation for the present paper was to find a model for a compact
Vaisman manifold. Indeed, we show that, if n denotes the anti-Lee 1-form of
a compact Vaisman manifold M, then the CDGA

(Hy(M.5) ® \\ (,y) .dr = 0,dy = [dn] ) (L1)
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is quasi-isomorphic to Q*(M), where F denotes the flat 2-dimensional folia-
tion generated by the Lee and anti-Lee vector fields.

In fact the above CDGA can be seen as an example of a more general class
that we call almost formal CDGAs. A CDGA (B,d) is said to be almost
formal of index [ if it is quasi-isomorphic to the CDGA (A® A (y) ,dy = 2),
where A is a connected CDGA with the zero differential and z € A, is
a closed homogeneous element satisfying 2/ # 0, 2! = 0. Notice that
compact Vaisman manifolds are in general not formal, as there are examples
of compact Sasakian manifolds that are not formal (see [5]) and the product of
a Sasakian manifold with the circle is Vaisman. We show that there are many
geometric realizations of almost formal CDGAs. Actually, both Vaisman and
quasi-Sasakian turn out to have almost formal models. Further examples of
almost formal manifolds are given by a generalization of Vaisman manifolds,
which we call quasi-Vaisman. A quasi-Vaisman manifold is a Hermitian
manifold (M, J, g) admitting a closed 1-form # such that its metric dual is
parallel, holomorphic and

dQ) =0 A dn,

where 2 is the fundamental 2-form of M and n = —f# o J. One proves that
a quasi-Vaisman manifold is Vaisman if and only if it is locally conformally
symplectic (l.c.s.) of the first kind (see [28]; see also [3] for a recent discussion
on lL.c.s. manifolds of the first kind).

Having an almost formal model gives strong constraints on the topology of
the manifold. Indeed, we are able to completely characterize almost formal
nilmanifolds. In particular we classify quasi-Vaisman and quasi-Sasakian
nilmanifolds. As a special case, we obtain a more conceptual proof of the fact,
recently proved in another way by Bazzoni [2], that a (2n + 2)-dimensional
compact nilmanifold G/I" admits a Vaisman structure if and only if G is
isomorphic to H(1,n) x R as Lie groups.

We provide examples of quasi-Vaisman solvmanifolds which are not Vais-
man and are modelled on groups which are not allowed for quasi-Vaisman
nilmanifold due to our classification.

In order to construct such examples we exploit the close relation between
quasi-Vaisman and quasi-Sasakian manifolds. In some sense, Vaisman mani-
folds is to Sasakian geometry as quasi-Vaisman manifolds is to quasi-Sasakian
geometry. Indeed we prove that the mapping torus of a quasi-Sasakian man-
ifold is quasi-Vaisman. In turn, the mapping torus of a quasi-Vaisman man-
ifold carries a canonical quasi-Sasakian structure. The interplays between
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these concepts motivates us to construct new examples of quasi-Sasakian
manifolds. In particular, we provide explicit examples of quasi-Sasakian solv-
manifolds and the corresponding formal models.

Though our truly motivation was the study of Vaisman manifolds, the
methodology for finding the model for (quasi-)Vaisman manifolds can
be applied in more general contexts. In fact, what is needed is just an in-
finitesimal action f : g — X(M) of an abelian Lie algebra on a Riemannian
manifold (M, g) such that every f(a) is a Killing vector field, and the ex-
istence of an algebraic connection x : g* — QY(M) for f. This occurs for
Vaisman, and more in general for quasi-Vaisman manifolds, where we have
the 2-dimensional Riemannian foliation definied by the commuting Lee and
anti-Lee vector fields. We also obtain a model for a mapping torus of a Rie-
mannian manifold (M, g) induced by an isometry in terms of the invariant
forms of M. The same methods could be applied also for a large class of man-
ifolds, such as locally conformal hyperKahler manifold with parallel Lee form
[24], which are foliated by a Riemannian 4-dimensional flat foliation defined
by the Lee vector field and its multiplication by the complex structures, or
normal metric contact pairs [I] (known also as Hermitian bicontact manifolds
[9]), where one has 2 commuting Killing Reeb vector fields, or 8-manifolds,
where we have s mutually commuting Killing vector fields [6].

2. Elements of rational homotopy theory

The aim of this section is to give an overview of results in rational homotopy
theory that we use in this article. The main references for this section are [17]

and [1§].

2.1. Basics on CDGAs. Throughout this section K denotes a field of
characteristic 0. The most relevant cases for geometry are when K is the field
of rational numbers Q, the field of real numbers R, or the field of complex
numbers C. In this paper only the cases K = R, C will appear.

Let V., W be graded vector spaces over K. We say that a K-linear map
f:V — W is homogeneous of degree k if f(V,,) C W,y for all m € N.

A derivation of a graded algebra A over K is a homogeneous map D: A —
A where we consider A as a graded vector space, such that

D(ad") = D(a)d + (—=1)*aD(a’)

where k is the degree of D and a € A;. We will denote the set of derivations
of degree k on A by Dery(A).
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A commutative differential graded algebra (A, d) (CDGA for short) over K
is a graded algebra A = @,., Ai over K such that for all z € A;, and y € A4,
we have

vy = (—1)" ya
endowed with a differential d, that is d: A — A is a derivation of degree 1,
such that d?> = 0. A morphism of CDGAs is a morphism of graded algebras
f:A— Bsuchthat do f = f od. An example of commutative differen-
tial graded algebra over R is given by the de Rham complex (Q* (M), d) of
differential forms on a smooth manifold M, with the multiplication given by
the wedge product.

The graded commutator of a derivation A of degree k and a derivation B
of degree [ is defined by

[A,B] = AB — (-1)" BA.

A CDGA (A,d) is directly quasi-isomorphic to a CDGA (B, d) if there is
a morphism of CDGAs f: A — B such that

H* (f): H* (A) — H"(B)

are isomorphisms for all £ > 0. Two CDGAs (A,d) and (B,d) are quasi-
isomorphic if there is a chain of CDGAs A = Ay, Ay, ..., A, = B, such
that either A; is directly quasi-isomorphic to A;;; or A; is directly quasi-
isomorphic to A; for every 0 < j < r — 1. We say that a CDGA (A4,d) is
formal if it is quasi-isomorphic to (H*(A),0).

Given a graded vector space V = @, Vi, we denote by AV the free com-
mutative graded algebra generated by V. Recall that AV, considered as an
associative algebra, is the tensor product of the exterior algebra constructed
on P~ Vor+1 with the symmetric algebra on @, Var. Thus every element
in A\ V can be written as a sum of the elements of the form

vi=opt o
where v; € Vi, and a; € N if k; is even while a; = 1 if k; is odd. We define

the degree of v to be
alkl + -+ amkm-

2.2. Hirsch extensions of a CDGA. In order to define Hirsch extensions

of a CDGA, we will need the following notion which was extensively studied
in Chapter III of [18].
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Definition 2.1. Let V' be a graded vector space. A V-CDGA is a triple
(A,d, f), where (A,d) is a CDGA and f: V — A is a homomorphism of
graded vector spaces of degree 1, such that do f = 0.

Remark 2.2. In [18], V-CDGAs were called V-differential algebras and the
expression “V-differential algebra” was abbreviated with “(V,¢)-algebra”. ©

Suppose (A, d, f) is a V-CDGA. Then A ® AV is a commutative graded
algebra with the multiplication defined by
a®@v-d@v = (-1)"(ad) @ vv'
where v € (A V) and o’ € A;. We define the differential df on A® AV by
di(la®1):=da®1, di(l®v):= f(v)®1,

where v € V' and we extend dy to A® AV by using Leibniz rule. We say
that (A ® AV.,dy) is an Hirsch extension of (A,d) by V (along f). If V is
a graded vector space of dimension m and y,..., ¥, is a homogeneous basis
of V, then we will often specify (A ® AV, dy) as

(A®/\ <y17"-7ym>7 dylzf(yl)v"') dym:f(ym))'

Remark 2.3. The underlying complex of (A ® A V. dy) was called a Koszul
complex in [18]. o

Let (A,d, f4) and (B,d, fg) be V-CDGAs. A homomorphism h: A — B
of CDGAs is called a homomorphism of V-CDGAs if ho fa = fp. Given a
homomorphism h: (A, d, f4) — (B,d, fg) of V-CDGAs, we define

hi (A \V, dp,) = (B® \V, dy,)
by 3

hla@uy A+ Avg) =h(a) vy A« A v
It is clear that A is a homomorphism of CDGAs.

Remark 2.4. Note that if i is an isomorphism of V-CDGAs then, clearly,
h is an isomorphism of CDGAs, as h~! = h~L. o

We will say that a homomorphism A of V-CDGASs is a quasi-isomorphism of
V-CDGAs if h is a quasi-isomorphism of underlying CDGAs. The following
claim is a specialization of Proposition 4.3 in [25].

Proposition 2.5. If h is a quasi-isomorphism of V-CDGAs then his a
quasi-isomorphism of CDGAs.
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Two V-CDGAs ((A,d), fa) and ((B,d), fp) are quasi-isomorphic if there
is a sequence of V-CDGAs

(A7d7 fA) = (A()ada f0)7 (A17d7 fl)? ) (Arad7 fr) - (Bada fB)a

such that for every 1 < k < r either there is a quasi-isomorphism of V-

CDGAs
hk: (Aka da fk‘) — (Ak—la d7 fk’—l)
or a quasi-isomorphism of V-CDGAs

hi: (Ax-1,d, fro1) = (Ax, d, fr).
Given a V-CDGA (A, d, f), we will denote by f# the composite

VL Ker(d: A— A) — H*(A).

It is clear that if two V-CDGAs are quasi-isomorphic as V-CDGAs then
they also quasi-isomorphic as CDGAs. The following converse result is
Proposition XI in Chapter III of [18].

Proposition 2.6. Let V' be a graded vector space such that Vo, = 0 for all k >
0. Suppose (A,d, fa) and (B, d, fg) are V-CDGAs that are quasi-isomorphic
as CDGAs. Let v: H*(A) — H*(B) be the isomorphism induced by a chain
of quasi-isomorphisms connecting (A,d) and (B,d). If vo fjé = fg, then
there is a chain of quasi-isomorphisms of V-CDGAs connecting (A,d) and
(B, d) such that the resulting induced isomorphism from H*(A) to H*(B) is
equal to .

Remark 2.7. The condition V5, = 0 for £ > 0 is most surely redundant, but
it was difficult to find an appropriate reference, and as we will use only the
case when V' is concentrated in degree 1, we decided to not pursue the case
of general V' in this article. o

Now, combining Proposition [2.5] and Proposition 2.6 we get

Theorem 2.8. Let V' be a graded vector space concentrated in odd degrees.
Suppose (A,d, fa) and (B,d, fg) are V-CDGAs that are quasi-isomorphic
as CDGAs. Denote by v: H*(A) — H*(B) the isomorphism in cohomology
induced by the chain of quasi-isomorphisms between (A,d) and (B,d). If
v o f}f = fﬁ then (A® A\V,ds,) and (B® A\V.dy,) are quasi-isomorphic.

Theorem becomes very useful in the case of a formal CDGA.
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Corollary 2.9. Suppose V' is a graded vector space concentrated in odd de-
grees and (A,d, f) is a V-CDGA such that (A, d) is a formal CDGA. Then
(A® AV, dy) is quasi-isomorphic to (H*(A) @ AV, dg+).

Definition 2.10. A CDGA (A, d) is called a finitely generated Sullivan alge-
bra, if there is a sequence of CDGAs (Ap, dpy) = (K,0), ..., (An, dn) = (A, d),
such that (Aj+1,dj41) is an elementary extension of (Aj,d;) by a finitely di-
mensional graded vector space.

Note that the general definition of a Sullivan algebra can be given in a
similar manner, but it involves technicalities on infinite ordinals. We will use
the following

Theorem 2.11. (a) Let (A,d) be a CDGA and (B,d) a Sullivan algebra
quasi-isomorphic to (A,d). Then there is a quasi-isomorphism (B, d) —
(A, d).

(b) Let (A,d) be a CDGA. Then there is a Sullivan algebra (B, d), which is

quasi-isomorphic to (A, d).

The formal definition of a minimal Sullivan algebra can be found in [17].
In the finitely generated case the definition can be phrased as follows.

Definition 2.12. A finitely generated Sullivan algebra (A,d) is called min-
imal (Sullivan) if for any finitely generated Sullivan algebra (B, d) which is
quasi-isomorphic to (A, d) and for each integer k, we have dim Ay < dim Bj,.

For every CDGA (A, d) there is a unique minimal (Sullivan) algebra (B, d),
which is quasi-isomorphic to (A, d). We will call (B,d) the minimal model
of (A,d).

Given a smooth manifold M, the de Rham complex of differential forms
(2" (M) ,d) endowed with the wedge product is a CDGA. We say that a
CDGA (A,d) is a model for a manifold M if (A,d) is quasi-isomorphic to
(Q* (M) ,d). The minimal model of (* (M), d) will be also called the mini-
mal model of M.

2.3. Operation of a Lie algebra in a CDGA. To motivate the definition
of an operation of a Lie algebra in a CDGA, we will start by considering the
right action of a Lie group G on a smooth manifold M. Then we have a
homomorphism of topological groups

F: G — Diff(M).
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By passing to tangent spaces at the neutral element, we get a homomorphism
of Lie algebras

fr9— X(M),

where f := T.F and X(M) is the Lie algebra of vector fields on M. This
motivates the following definition.

Definition 2.13. Let M be a smooth manifold and g a Lie algebra. An
(infinitesimal) right action of g on M is a homomorphism of Lie algebras

frag—X(M).

For every point p € M, we denote by ev, the map from X(M) to T,M
defined by evaluating a vector field X at the point p.
We say that an action f: g — X(M) is free if for every point p € M the
composition
gl xon S M

is injective. Given a free action f: g — X (M) we construct a map of vector
bundles

A~

f:Mxg—TM
(p,a) = (p,evyo f(a)).
The image of f generates an integrable distribution Dy C T'M of rank k =
dim g. We denote the corresponding foliation by J.
Let f: g — X(M) be an action of a Lie algebra g on a smooth manifold
M. Then for every a € g, we have the usual derivations if(a) = iy, and

Ly(a) = Ly on (M) of degree —1 and 0, respectively. Thus we get two
linear maps

ir: g — Der_1(Q°(M)), Ly:g— Derg(Q2(M)).
These maps have the following properties
Ly(la, b)) = [Ls(a), Ls(b)]
Ly(a) = [if(a), d]
if(a)* =0
ig(la,0]) = [£(a), iz ()]

This motivates the following definition.
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Definition 2.14. Let g be a Lie algebra and (A,d) a CDGA. We say that
a linear map i: g — Der_1(A) is an operation of g in (A, d) if for L: g —
Derg(A) defined by L(a) = li(a),d], the equations hold upon erasing
subscript f.

Remark 2.15. Given an operation ¢, in the sequel we will write i, and £,
instead of i(a) and £(a), respectively. o

Note that the third equation in (2.1)) can be stated in a stronger form.

Lemma 2.16. Leti: g — Der_1(A) be an operation in a CDGA (A,d). Then
for every a, b € g, we have

liay ] = 0.
Proof: We have i, = 0. As is a linear map, this implies that (i, +i5)* = 0.
Using that zg = zg =0, we get 140 + it = 0. u

Let i: g — Der_1(A) be an operation in a CDGA (A, d) and £ = [i,d].
Then we define the CDGAs (Az,d) and (4 ¢, d) by

Ap={a€A|La=0,Vreg}; A:={acA|La=1i,a=0,YxeEg}.

Specializing to the case of an operation arising from an action f: g — X(M),
we recover the invariant de Rham complex €} (M) and the basic de Rham

complex € . (M) = Qp(M,Fy).

Theorem 2.17. Let f: g — X(M) be an action on a compact Riemannian
manifold (M, g). Suppose f(x) is a Killing vector field for every x € g. Then
the inclusion h: Q0 (M) < Q*(M) induces an isomorphism in cohomology,
in other words, h is a quasi-isomorphism of CDGAs.

Proof: The result follows from [14, Theorem 3.4] and [I4, Theorem 3.5]. m

2.4. Algebraic connection. Let g be a finite dimensional Lie algebra. We
denote by ad™ the coadjoint representation of g

ad": g — End(g")
defined by
ad,(a)(b) = —a(la, b)),
for a,b € g. Let i: g — Der_1(A) be an operation of a Lie algebra g in a

CDGA (A, d). As usually, £ = [i,d]. Following Chapter VIII of [18], we say
that
X: g* — Al



ALMOST FORMALITY OF QUASI-SASAKIAN AND VAISMAN MANIFOLDS 11
is an algebraic connection for i if

iox(@) =ala), a€g, acgh

2.2
L,ox=xoad,, a€g. (2:2)

Remark 2.18. Note that for A = Q*(M), an algebraic connection x : g* —
QY(M) corresponds to a vector bundle map ¥ : M x g* — T*M, given by
X (p, ) = x(a),, from the trivial vector bundle M x g* to the cotangent
bundle T*M of M. So, we can consider the map pry o X* : TM — g. This
map is a standard connection for the infinitesimal action f : g — X(M).
Define a subbundle of the tangent bundle by

reM—H(x)={veT,M|(praoX*)(v) =0}.

Then H is an Ehresmann connection on T'M. In fact, the first condition

in implies that TM = Dy & H. Moreover, if we also denote by Y* :
X (M) — I'(M x g) the corresponding morphism of C'*°(M)-modules between
X(M) and the space of sections of the trivial vector bundle M x g — M then
X is equivariant, that is,

XoLl,=ad,oX", a€g.

Here, ad is the natural extension of the adjoint action of g to the space of
sections I'(M X g). o

Now, suppose that (M, g) is a Riemannian manifold and that f : g — X(M)
is a free action of g on M. Denote by b, : TM — T*M the vector bundle
isomorphism induced by g. Then, in the trivial vector bundle M x g — M,
we can consider the bundle metric (-, -) given by

(&, m =g(f(&),fn))

for &,m € I'(M x g). It is clear that (-, ) induces an isomorphism between
the vector bundle M x g — M and its dual bundle M x g* — M

Dyt M xg— Mxg"
We will denote by
iy Mxg—Mxg

the inverse morphism of b,. .
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Theorem 2.19. Let (M, g) be a Riemannian manifold, and g a Lie algebra.
Suppose that f: g — X(M) is an action of g on M such that every f(a) is a
Killing vector field. Define

L =bg0 foti, (2.3)

where ]?: M x g — TM 1is the vector bundle monomorphism induced by the
action f. Then x: g* — QYM) given by x(a), = X(p, @) is an algebraic
connection for the operation iy: g — Der_; (2*(M)).

Proof: If a € g, o € g* and p € M then, using (2.3)), it follows that

~

ia(x(@)(p) = g [ (. (0 ), F(p,@)) = (t0 (0, ), (p, @) = afa).  (24)
It is left to check that for any X € X(M), we have

(£ fx(@)) (X) = x(ad;a)(X). (2.5)

Now, if b € g, from (2.4), it follows that
(£ )X (@) (£(b)) = —=x(a)[f(a), f(b)] = —x(@)(f[a,b]) = —ala,b]. (2.6)

This proves for X = f(b).

Now, denote the orthogonal complement of Dy in TM by H. Let Z € I'(H).
We are going to show that for all a € g, the Lie derivative Ly Z of Z is
a section of H. For this it is enough to verify that for all b € g, we have
9(Ls@Z, f(b)) = 0. Since f(a) is a Killing vector field, we get

0= (Lr9)(Z, [(0) = —9(La)Z, f(b) — 9(Z,[f(a), F(D)])
= —g(Lf(a)Z, f(b)) - g(Z, f([au b])) - _g(Lf(a)Z’ f(b))

Denote by P the orthogonal projection from 7'M on Dy. Let P:=1d - P.
Then for any X € X(M), we have PX € I'(Dy) and PX € I'(H). Thus, for

any a € g

Lf(a)X = Lf(a)PX + Lf(a)PX.
Since £ () PX € T'(Dy) and L, PX € I'(H), we get

’Cf(a) OP:PO,Cf(a), Lf(a) OP: PoLf(a)- (27)
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From the definition of y, it follows that for any 8 € g*, we have (x(5))(X) =
(x(8)) (PX). Thus by using (2.7)) we have

(x(ad;))(X) = (x(ad,))(PX),
(L s x()(X) = L s (x(@)(X)) = x(a) (L f(a)X)
= L p(a)(x(a)(PX)) = x()(PL 4(0) X)
= L 1(a)(x(a)(PX)) = x(@) (L () PX) = (£ f(a)x () (PX).

This shows that we have to check (2.5)) only for X € I'(Dy). Since both sides
of ([2.5)) are tensorial in X it is enough to check (2.5 for X of the form f(b),
b € g. This, by (2.6)), ends the proof. |

Under additional hypotheses on the action of g on M, the formula for the
algebraic connection y can be made more explicit.

Corollary 2.20. Let (M, g) be a Riemannian manifold, and g a Lie algebra.
Suppose that f: g — X(M) is an action of g on M such that every f(a) is
a Killing vector field. Suppose that for every pair a, b of elements in g, the
functions g (f(a), f(b)) are constant. Then for any orthonormal basis {e;} of
g and the dual basis {ei} of g*

x(e') = g(f(ei), )

gives an algebraic connection for the action f: g — X(M).

2.5. Chevalley model. If g is a reductive Lie algebra and the operation
i: g — Der_1(A) admits an algebraic connection y, then Chevalley Funda-
mental Theorem [I8, Theorem I, sec. 9.3] provides a model of (Ag,d) con-
structed from (A; ¢, d), the primitive elements in H*(g), and the connection
X. In this article we will need only the case when g is abelian. As the de-
scription and derivation of the Chevalley model drastically simplifies in this
situation, we will present only this case.

If g is abelian, then (2.2]) imply that

La(x(@)) =0,
for all a € g and o € g*. Thus
x(g") C Ag. (2.8)
We define y: g* — As to be the composition do x. As d commutes with £(a)

for all a € g, we get that x(g*) C Ag. Moreover, for any a € g and a € g*,
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we have

laX(a) = dadx (@) = Lax(a) — dia(x(a)) = 0 — d(aa) = 0.
Thus x(g*) C A; ¢ and we can consider A; ¢ as a V-CDGA for V' = g*, where
g* is seen as a graded vector space concentrated in degree 1. Therefore we

can construct the CDGA (A4, ® A g*, dy). Then Chevalley Fundamental
Theorem in this case can be formulated as follows.

Theorem 2.21. The application
fr(Aig®@A\g' dy) — (Ag,d)

a®@ay A ANag = ax(og) ... x(ag).
is an isomorphism of CDGAs.

To prove Theorem [2.21], we first examine the following partial case.

Let B be a CDGA and i: g — Der_1(B) an operation on B with an
algebraic connection y: g* — Bj such that £, = 0 for all a. Then By = B
and B, ; = B;. Thus Theorem implies

Theorem 2.22. The application
[ (Bi® Ng'.dy) = (B.d)

bRag A--- Aoy — bx(ag) ... x(ag).
s an isomorphism of CDGAs.

Now we show that Theorem is a corollary of Theorem [2.22

Proof of Theorem [2.21) using Theorem [2.2%: Take B = A;. Then the opera-
tion i: g — Der_;(A) induces an operation on B. To see this, we have only
to check that for every a € g and every b € B, one gets i,(b) € B. In other
words, we have to show that £,i,(b) = 0 for all a, «’ € gand b € B. We
have
Laigh = (Lo, iq)b + i, Luyb = iy b+ 0=0 (2.9)

where we used first that £,b =0 as b € B = Ay and then that [a/,a] =0 as
g 1s commutative.

Let us denote the resulting operation on B by 7'

Now, by , we have that the connection x can be corestricted on B =
Ar. Let us denote the resulting map g* — B by x’. Then it is straightforward
that x’ is an algebraic connection for ¢/. Thus we can apply Theorem to
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B, 4, and x’. But now we recovered the map from the claim of Theorem [2.21]
This shows that Theorem [2.21] is a consequence of Theorem [2.22] |

In order to prove Theorem [2.22 we need the following result.

Proposition 2.23. Let (B,d) be a CDGA, D € Der_y(B) such that [D,d] =
0, D?* =0, and n € By such that Dy = 1. Denote by Bp C B the kernel of
D. Then the map

f: (Bob@ A\ (y), dy = dn) — (B,d)

a®@1+b@y+—a+bn
s an isomorphism of CDGAs.
Proof: Let b € By. Then
D(nb) = b — nDb.

Thus every element b € By, can be written as b = D(nb) + nDb. Note that
D(nb) € Bp and Db € Bp, as D*> = 0. Hence

b= f(D(nb) @1+ (-1)"'Db®y).

This shows that the map f is surjective.

Now we show that f is injective. Suppose by € Bpy, and by € Bp 1 are
such that f(by ® 14+ by ®y) = 0. Then by + by = 0. Applying D and taking
into account that Db; = Dby = 0 and Dn = 1, we get that by = 0. But then

also by = 0. This proves that Ker(f) = {0}.
That f is a homomorphism of CDGAs follows from a straightforward com-

putation. -
Proof of Theorem [2.22 Let us choose a basis ay, ..., a, of g and denote by
ai, ..., a, the dual basis of g*. We will assume that n > 2. Let

BY ={beB|igb="--=1i,b=0},1<k<n.

By abuse of notation, B = B. As all iq; are derivations, we get that BW)
is a subalgebra of B. Moreover, since 7,; commute with the differential of B,
the algebras B"* are endowed with the induced CDGA-structure.

Let us fix 0 < k < n — 1. Define the derivation D on B®*) by

Db b.

- Zak+1
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To verify that D is well defined we have to show that Db € B®). Let j < k.
Then by Lemma [2.16

Ga, Db = igiq, b= —ig, 14,0 =0.
From the axioms of operation it follows that D? = 0. Moreover, [D,d] = 0
as Lq,,, = 0. Denote x(au41) by 1. From the definition of an algebraic
connection it follows that Dn = i,, ., x(u11) = apy1(art1) = 1 and for j <k
iaﬂ? = ian<()4k+1) = Oék+1((lj) = 0.
Hence n € B%. Thus we can apply Proposition to B%) with the above

defined D and 7. Note that BZ.((ka)kH) coincides with B+, We get the iso-
morphism of CDGAs

fro (BE V@ A (yer1) , dypsr = dx(agsr)) — (B®, d)

b®1w0b
b ® yYri1 — bx(awsr).

Note, that for every j < k, we have dx(a;) € B¥+*D) c B®). To see this, we
have to verify that i, dx(o;) = 0 for all s < k+1. But i,,(x(0)) = a;(as) =
d;s, since x is an algebraic connection for the operation ¢. Thus, as [i,,d] =0
for all a € g, we get

ia,dx (o) = —dig (o) = —dd;s = 0.

Hence the maps

hi: (Wps - y1) = BED @ /\ (Yrt1)
yj — dx(oy) ® 1
Weo (Yr, - y1) — BW
yj — dx(a;)
are well defined. Moreover, dhj, = 0, dhj, = 0 and fj o h, = hj.. Hence fj, is

a homomorphism of V-CDGAs for V = (Yks - - -, y1). By Remark [2.4] we get
the isomorphism f; of CDGAs from

(B(kH) X /\ Ykt1s---Y1)  Ayrgr = dx(ons1), - - -, dyr = dx(ar))
to
BY @ N (.- w) i = dx(an), .. dyy = dx ()
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defined by
021 =021, fl@y) =x(w1)®l, fi(ley) =10y, j<k

It is not difficult to check that f equals to foo fi oo fo_q. Thus f is a
quasi-isomorphism of CDGAs. Then the claim follows upon the identification

of (Yn,...,y1) with g* = (e, ..., a1). |

3. Models of quasi-Sasakian manifolds

First of all, we will recall the definition of a quasi-Sasakian structure as a
particular class of an almost contact metric structure (for more details, see
7, 18]).

An almost contact metric structure on a manifold M of dimension 2n + 1
is given by an endomorphism ¢ of T'M, a vector field &, a 1-form 7 and a
Riemannian metric h satisfying the following conditions

e’ =-ld+n®¢ nlE) =1, ho(d®¢)=h—nan.

A manifold M endowed with an almost contact metric structure is said to
be an almost contact metric manifold. The vector field £ is called the Reeb
vector field of M. Note that

p(§) =0, n(X) = h(X,¢),
for X € X(M). In particular, we can consider the free action f : R — X(M)
of the abelian Lie algebra R on M given by
fla) =a&, foraeR.

For an almost contact metric structure (¢,&,n,h) on M, the fundamental
2-form & is defined by

O(X,Y) =h(X,pY), for X|Y € X(M).

The almost contact metric structure (¢, &, n, h) is said to be

— normal if N, +dn ® § = 0, where N, is the Nijenhuis torsion of ¢;
— co-Kdhler if it is normal, dn = 0 and d® = 0;

— Sasakian if it is normal and dn = P;

— quasi-Sasakian if it is normal and d® = 0.

A standard example of a quasi-Sasakian manifold is the nilpotent Lie group

G = H(1,1) x R¥D,
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where H(1,1) is the generalized Heisenberg group of dimension 21 + 1. We
remind to the reader that the Heisenberg group H(1,[) is the Lie subgroup
of dimension 2] 4+ 1 in the general linear group GL; o(R) with elements of
the form

1 Pt
0 Il Q )
0 0 1

where I; denotes the [ x[ identity matrix. We can take a basis of left-invariant
1-forms {a1, ..., a1, B1,- .., Bom—r)} on G given by

z
a; = dp;, i =dq', . =dt— Zpidqi7 Bk = du, (3.1)

1=1

forie{l,...,l} and k € {1,...,2(n —)}. It is clear that

!
doj =0, dogiy1 = — Z a; N\ oy and dBj = 0,

j=1

with j € {1,...,2l} and k € {1,...,2(n — 1)}. Then, if we denote by
{X17 s 7X2H-17 }/17 SR 7}/2(7171)}

the dual basis of vector fields, we have that

0 0 0 0 0
—, X T — 5 R X = A Y. = a_
op; I+ o +p It 241 = 500 Tk o1
for i € {1,...,1} and k € {1,...,2(n —1)}. Now, we can define the left-
invariant quasi-Sasakian structure (¢, &,n,h) on G given by

X; = (3.2)

l n—I|
p= Z(ai QXipi — i @Xi)+ Y (B @Yy — Py ®Y;)  (3.3)

i—1 =1
and
20+1 2(n—1)
§=Xog1, n=oag4 and h= Z a; @ o; + Z Br ® Bk (3.4)
i—1 k=1

So, if I" is a cocompact discrete subgroup of G, then (¢, &, n,h) induces a
quasi-Sasakian structure on the compact nilmanifold I'\G. In other words,
['\G is a compact quasi-Sasakian nilmanifold. Note that G is a nilpotent
Lie group and the structure constants of its Lie algebra with respect to
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the previous basis are rational numbers. Therefore, G admits a cocompact
discrete subgroup (see [21]).

Remark 3.1. If n =1 in the previous example, then the quasi-Sasakian
structure on I'\G is Sasakian and if [ = 0 then it is co-Kahler. However,
if n # [ and [ # 0 then the compact nilmanifold I'\G does not admit either a
Sasakian or a co-Kahler structure. In fact, a compact co-Kahler nilmanifold
is diffeomorphic to a torus and a compact Sasakian nilmanifold is diffeomor-
phic to a compact quotient of a Heisenberg group of odd dimension with a
cocompact discrete subgroup (see [10]). So, we can conclude that the class
of the compact quasi-Sasakian manifolds is actually distinct from the classes
of compact co-Kahler and compact Sasakian manifolds. o

Now, we will show that on a quasi-Sasakian manifold the foliation of rank
1 generated by the Reeb vector field is transversely Kahler. Kahler manifolds
are defined as a special case of Hermitian manifolds.

An almost Hermitian structure on a manifold M of even dimension 2(n+1)
is a couple (J, g), where J is a (1,1) tensor field on M, g is a Riemannian
metric and

J*=—1d, g(JX,JY)=g(X,Y),
for X, Y € X(M).
The fundamental 2-form of M is defined by

QX,Y)=g(X,JY), for XY € X(M)

A manifold M endowed with an almost Hermitian structure is said to be an
almost Hermitian manifold. The almost Hermitian manifold (M, J, g) is said
to be:

— Hermitian if N; = 0, where N is the Nijenhuis torsion of J;
— Kabhler if it is Hermitian and df) = 0.

Definition 3.2. The 1-form 6 := ~6Q0.J on a Hermitian manifold (M, J, g)
is called the Lee 1-form.

Let F be a foliation on a manifold M of codimension ¢q. Denote by vF
the vector bundle TM/TF on M. Given a foliated chart U C M for F, we
have the quotient map fy: U — RY. Note, that fy induces an isomorphism
fup: (vF)p = T, R for every point p € U.

If U and V are two foliated charts with a non-empty intersection then there
is a smooth function myy: fy(UNV) — fiy(UNV) such that fy = 1yy o fy
onUNV.
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The foliation F is called transversely Kdhler, if for every foliated chart U
there is given a Kéhler structure on f(U) so that every transition function
Tuy preserves the Kahler structure.

An endomorphism J of the distribution associated to F such that [J, J]py =
0, J2 = —1Id, and £LxJ = 0 for all X € I'T is called foliated complex structure
on J.

Proposition 3.3. Let J be a foliated complex structure on F and g an F-
invariant metric on F. Define Q(X,Y) = g(X,JY) for X, Y € T'(vF). If
dSQ) = 0, then F is transversely Kahler.

Proof: Let U be a foliated chart and f = fy: U — R? the corresponding
projection. Since LxJ =0 and Lxg = 0 for all X € I'(¥), we have a well-
defined almost complex structure J’ on f(U) and a well-defined Riemannian
metric ¢’ on f(U) induced by J and g, respectively. More precisely, given a

point z € f(U) choose an arbitrary p € f~!(x). We have the isomorphism
h:= fu,: (vF), = T,R? Then

JX =hJh (X)), ¢(X,Y)=g(h'X,hY) (3.5)

for any X, Y € T, f(U). Since J is integrable and df) = 0, standard compu-
tations show that (J’, ¢’) is a Kéhler structure on f(U).

Now, let V' be another foliated chart and denote by (J”, ¢") the correspond-
ing Kéhler structure on f(V'). Then using and similar formulas for J”
and ¢”, it is easy to see that 7y is a holomorphic isometry. This shows that
J is transversely Kahler. |

Proposition 3.4. On a quasi-Sasakian manifold the foliation of rank 1 gen-
erated by the Reeb vector field is transversely Kahler.

Proof: If (p,&,n,h) is the almost contact metric structure on the quasi-
Sasakian manifold M then Lep = 0 (see, for instance, Theorem 6.1 in [§]).
Thus, using that £ is a Killing vector field, we have that the couple (¢, h)
induces a transverse Kéhler structure (J, g) with respect to the foliation of
rank 1 generated by £. In fact, since N, +dn ® § = 0, it follows that the
transverse Nijenhuis torsion of J is zero. In addition, the transverse funda-
mental 2-form of (J, g) is just the fundamental 2-form ® of M which is basic
and closed. |

Now we are ready to describe a model for quasi-Sasakian manifolds that
generalizes the Tievsky model [26] for the Sasakian manifolds.
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Theorem 3.5. Let (M*"1 ¢ £ n,g) be a compact quasi-Sasakian manifold.
Then the CDGA

(Hp(M.&) & N\ (v) 1 dy = [dn]) (3.6)

is quasi-isomorphic to Q*(M). In other words the CDGA (3.6)) is a model
of M.

Proof: Since ¢ is a Killing vector field, it follows from Theorem that
the inclusion ng — Q*(M) is a quasi-isomorphism. As ¢ is Killing and
of constant length, by Corollary the map y: R — QYM) given by
X(t) = tn is an algebraic connection for the operation ¢ on Q*(M). Therefore

by Theorem the CDGA

(201, @ N\ (y) dy = dn)

is quasi-isomorphic to €2 (M) and thus to Q*(M).

By Proposition the foliated manifold (M, &) is transversely Kéhler.
Now, by [13, Theorem 3] the CDGA Q5(M,&) ® C over C is formal. It
is proved in [25, Theorem 12.1] that the property to be formal or non-formal
is preserved under field extensions. Thus Q25(M, &) is a formal CDGA over
R. In other words, Q5 (M, £) is quasi-isomorphic to (Hj;(M,€),0). By Corol-
lary 2.9 we get that

(.9 ® A\ ) dy = dn)
and
(H3(M.8) @ A (y) . dy = ldns)
are quasi-isomorphic. This proves the theorem. |

Motivated by the models described in Theorem [3.5, we introduce the fol-
lowing class of CDGAs.

Definition 3.6. We say that a CDGA (B, d) is almost formal of index [ if it
is quasi-isomorphic to the CDGA (AR N\ (y) ,dy = z), where A is a connected
CDGA with the zero differential and z € Ay is a closed homogeneous element
satisfying 20 # 0, 21 = 0.

The previous definition and Theorem suggest us to introduce the fol-
lowing notion for quasi-Sasakian manifolds.
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Definition 3.7. Let (M*"™ ¢ & n,h) be a quasi-Sasakian manifold. The
index of M s the natural number [, 0 <1 < n, satisfying

[dn)y # 0 and [dy)" = 0.

Remark 3.8. If M is a compact Sasakian (resp. co-Kéhler) manifold of
dimension 2n + 1 then, from Lemma 3.1 in [10], we have that the index of
M is maximal and equal to n (resp., minimal and equal to 0). o

Using Theorem , we deduce that the model (3.6)) of a compact quasi-
Sasakian manifold of index [ is an almost formal CDGA of the same index.

4. Models of quasi-Vaisman manifolds

In this section, we will introduce a particular class of Hermitian structures
as a natural extension of Vaisman structures.

Recall that a Hermitian manifold (M, J, g) is said to be locally conformal
Kahler (or LCK) if the fundamental 2-form € and the Lee 1-form 6 satisfy
the identities

dQ=Q N0, dbj=0.
The manifold is said to be a Vaisman manifold if, moreover, the Lee 1-form is
parallel with respect to the Levi-Civita connection of g. The anti-Lee 1-form
n is defined as 7 = —60 o J while the Lee and anti-Lee vector fields U,V are
defined as the metric duals of 6,7, respectively.

Let (M, J, g) be a Vaisman manifold with Lee and anti-Lee 1-forms 6 and
7, respectively, and Lee and anti-Lee vector fields U and V', respectively. We
will assume (without loss of generality) that the norm of # is 1. In these
conditions, one can prove that

dQ = dn A0,

and that, moreover, the Lee vector field U is Killing and an infinitesimal
automorphism of the complex structure, that is,

Lyg=0 and LyJ =0

(see, for instance, Propositions 4.2 and 4.3 in [16]; see also [27]).
Motivated by the previous results, we introduce the following definition.

Definition 4.1. A quasi-Vaisman structure on a manifold M is a triple
(J,g,0), with (J,g) a Hermitian structure, 0 a closed 1-form and such that
the metric dual U of 0 1s unitary, Killing and, in addition,

LpJ =0, dQ=dnAo,
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where € 1s the fundamental 2-form of M and
n=—60olJ. (4.1)

On a quasi-Vaisman manifold, with quasi-Vaisman structure (J, g, 0), the
closed 1-form € doesn’t coincide, in general, with the Lee 1-form of the Her-
mitian manifold (M, J, g). For this reason, we will use the following termi-
nology. The 1-form 6 is called the the quasi-Lee 1-form and its metric dual
U € X(M) is called the quasi-Lee vector field. The 1-form n = —w o J is the
quasi-anti-Lee 1-form and its metric dual V' € X(M) is the quasi-anti-Lee
vector field. Tt is clear that

JU=V, JV=-U. (4.2)

Remark 4.2. Let (M, J, g) be a quasi-Vaisman manifold. Then, using the
general relation

29(VxU,Y) = (Lug)(X,Y) +dO(X,Y), for XY € X(M),

where V is the Levi-Civita connection of g, we deduce that U (resp. ) is a
parallel vector field (resp. 1-form). o

Remark 4.3. It is easy to check that a quasi-Vaisman manifold (M, J, g, )
is Vaisman if and only if 2 = dn + 6 A n, i.e. if and only if it is an l.c.s.
manifold of first kind. o

Quasi-Sasakian and quasi-Vaisman manifolds are closely related. We will
show in Section that if (N, ,&,m,h) is a quasi-Sasakian manifold then
the product of N with the real line R or the circle S* admits a quasi-Vaisman
structure (J, g), with J and g given by

J=p+E{R0-E®n, g=h+0®0,

where 0 is the standard volume form on R or on S! and F is the dual vector
field to 6. In particular, the nilpotent Lie group

G = H(1,1) x R2n=0+1

admits a left-invariant quasi-Vaisman structure. Thus, if I' is a cocompact
discrete subgroup then the compact nilmanifold I'\G admits a quasi-Vaisman
structure.

Remark 4.4. Note that if n =1 in the previous example, then the quasi-
Vaisman structure on ['\G is Vaisman and if [ = 0 then it is K&hler. However,
if n # [ and [ # 0 then the compact nilmanifold I'\G doesn’t admit either
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a Vaisman or a Kahler structure. Indeed, a compact Kahler nilmanifold is
diffeomorphic to a torus (see [4, 19]) and a compact Vaisman nilmanifold is
diffeomorphic to a compact quotient of a product H(1, k) x R by a cocompact
discrete subgroup (see [2]). So, we can conclude that the class of the compact
quasi-Vaisman manifolds is distinct from the classes of compact Vaisman and
Kahler manifolds. o

Next, we will see that the quasi Lee and anti-Lee vector fields in a quasi-

Vaisman manifold M induce a free action of the abelian Lie algebra R? on
M.

Proposition 4.5. Let (M, J,g) be a quasi-Vaisman manifold and U,V the
quasi Lee and anti-Lee vector fields on M. Then, the map f : R* — X(M)
given by

f(a,b) =aU 4+ bV, fora,beR
is a free action of the abelian Lie algebra R? on M.

Proof: Using (4.2)) and the fact that U is unitary, we deduce that V' is also
unitary. Thus, from (4.1)), it follows that

O(U) =n(V)=1, 6(V)=n(U)=0, (4.3)
which implies that the vector fields U and V' generate a distribution of rank
2on M.

Next, we show that
U, V] =0.
In fact, a direct computation proves that
(LoS)(X, JY) = =(Lyg)(X,Y) + g(X, (LvJ)(JY)),

and, therefore,

Lyl =0. (4.4)
On the other hand, using (4.2)), it follows that
1w =0. (4.5)

Then, from and (4.5)), we have that
iwv)§t = v Lyl — LyiyQ = —Lyb
and, using and the fact that 0 is closed, we deduce that
i,v)§l = 0.
Since € is non-degenerate, this implies that [U, V] = 0. |
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Next, we will prove that the quasi anti-Lee vector field of a quasi-Vaisman
manifold is Killing and an infinitesimal automorphism of the complex struc-
ture. We will need the following result.

Lemma 4.6. On a quasi- Vaisman manifold M we have that
LUT] = O, Lve = O, Lvn = 0,

where U,V are the quasi-Lee and anti-Lee vector fields, and 6,n are the quasi-
Lee and anti-Lee 1-forms.

Proof: First we will show that
Lyn = 0. (4.6)
If X is a vector field on M then, using (4.1)), it follows that
(Lom)(JX) = U(B(X)) + 6(J[U, JX]).
Now, since Ly J = 0, we have [U, JX| = J[U, X| and we deduce that
(Lom)(JX) = (£06)(X) = dB(U, X) + d(B(U))(X) = 0.
On the other, using again that 6 is closed and ([4.3)), we obtain that
Ly =1iy(d) +d(O(V)) = 0.

Finally, we will prove that Ly = 0. In fact, if X is a vector field on M then,
from (4.1]), (4.2) and since N;(U, X) = 0, we have that

(Lyn)(JX)=V(O(X))+0(JU,X]+ [U, JX] — J[U, X])
= (Lv0)(X) + 0((LuJ)(X)).

Thus, using (4.6)) and the fact that Li7J = 0, we conclude that (Lyn)(JX) = 0.
u

Next, using the previous result, we will prove that the flat foliation gener-
ated by U and V is transversely Kahler.

Proposition 4.7. On a quasi- Vaisman manifold the flat foliation generated
by the quasi Lee and anti-Lee vector fields is transversely Kahler.

Proof: Let (M, J, g) be a quasi-Vaisman manifold with quasi Lee and anti-
Lee vector fields U and V, respectively. Then, we have that

LUJ = 0, LUg =0.
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Next, we will show that £yJ = 0. Indeed, if X is a vector field on M then,
since Nj(U, X) =0 and JU =V, we deduce that

(LvI)(X) = JIU, JX] + [U, X] = = (LvJ)(JX),

which, using LyJ = 0, implies that (LyJ)(X) = 0. Now, we will prove that
Ly =0. In fact,

LyQ =d(iyQ) +iy(dQ) =db +iy(dn N 0) =iy (dn A 6).
Therefore, from (4.3) and Lemma [£.6], we obtain that
Ly =Lyn NG =0.
Now, we will see that V' is Killing. If X, Y are vector fields on M, we deduce
that
0= (LvQ)(X,JY) = =(Lvg)(X,Y) + g(X, (Lv J)(JY))
and, since Ly .J = 0, we conclude that £y g = 0.

Thus, the Hermitian structure (J, ¢) induces a transversely Kéhler struc-
ture (j g) on M with respect to the flat foliation & generated by U and V.
In fact, using that N; = 0, we deduce that the transverse Nijenhuis torsion
of J is zero. On the other hand, the transverse Kéhler 2-form ) = Q — Ao
is basic and closed. ]

Now we use Theorem to provide a model for quasi-Vaisman manifolds.

Theorem 4.8. Let (M*"™2 ] g) be a compact quasi- Vaisman manifold and
U, V,F defined as above. Then the CDGA

(Hp(M,F) @ \ (2,y) ,de = 0,dy = [dn] 5) (4.7)

is quasi-isomorphic to Q*(M). In other words the CDGA (4.7)) is a model
of M.

Proof: We consider the action f: R> — X(M) defined in Proposition (.5
Since the image of f is generated by U and V' and they are Killing, we get
by Theorem [2.17| that the inclusion Q} . (M) = Qp (M) — Q*(M) is a
quasi-isomorphism.

Since the vector fields U and V' are unitary and mutually orthogonal, we can
apply Corollary to compute an algebraic connection y for the operation
i¢. For an appropriate choice of a basis {x,y} of (Rz)* we get

x(x)=gU,—)=0, x(y)=gV,-)=n.




ALMOST FORMALITY OF QUASI-SASAKIAN AND VAISMAN MANIFOLDS 27
By Theorem [2.21] we obtain that

(UM, F) & /\ (x,y) , de = 0,dy = dn)

is quasi-isomorphic to Q3 . (M) and thus also to Q*(M).

By Proposition the foliated manifold (M,JF) is transversely Kéhler.
Now one can proceed as in the proof of Theorem [3.5] replacing where needed
¢ with &, in order to get that

(Qp(M,F) ® \ (2,y) , dze = 0,dy = dn)
and
(Hp(M,F)® N\ (x.y),dzv = 0,dy = [dn] )
are quasi-isomorphic. This completes the proof of the theorem. |

Note that the model in Theorem (4.8 is in fact an almost formal CDGA. To
see this we can take

A= Hy(M,9) @ )\ ()

and z = [dn|p considered as an element in A.
Now, as in the quasi-Sasakian case, we can also introduce the following
definition.

Definition 4.9. The index of a quasi-Vaisman manifold (M*"*2, J, g) with
quasi anti-Lee 1-form n is the natural number [, 0 < 1 < n, which satisfies

[dnlz #0 and [dn)g" = 0.

So, the model (4.7) of a compact quasi-Vaisman manifold of index [ is an
almost formal CDGA of the same index.

Remark 4.10. Let M be a compact Vaisman manifold of dimension 2n +
2. Then, the index of M is maximal and equal to n. Indeed, if €2 is the
fundamental 2-form of M and 6, n are the Lee and anti-Lee 1-form then,
using Proposition 4.3 in [16] (see also [27]), we have that = dn+nAf. On
the other hand, if U and V' are the Lee and anti-Lee vector fields then, as we
know, iydn = iydn = 0 and, since €2 is non-degenerate, we conclude that

v=60AnA(dn)"

is a volume form on M. Now, suppose that the index of M is less than n.
Then, there exists a basic (2n — 1)-form u such that du = (dn)". So,

v=0AnNdu=d@ANnAup)+0ANdnN pu.
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But, since p is a basic form, we have that iy (0 A dn A u) = 0 and, therefore,
O Ndn A p = 0. This implies that v = d(60 A n A p) which, using that M is
compact and that v is a volume form, is a contradiction. o

5. Almost formal nilmanifolds

A compact homogeneous space of a nilpotent Lie group is called a nilman-
ifold. 1t was proved by Malcev [21] that every nilmanifold is diffeomorphic
to I'\G for some nilpotent Lie group G and a cocompact subgroup I' of G.

In [19] Hasegawa determined the minimal Sullivan model of a nilmanifold
using Nomizu theorem. Namely

Theorem 5.1 ([19]). Let M = I'\G be a compact nilmanifold. Denote by
g the Lie algebra of G and by (/\ g*,dCE) its Chevalley-Filenberg complex

considered as a CDGA with the multiplication of the exterior algebra. Then
(Ag*,d°F) is a minimal model of *(M).

The Heisenberg Lie algebra h(1,[) of the Heisenberg Lie group H (1,7) has
the following multiplicative structure with respect to a suitable basis py,

P2y DUy Q15 Q25 - Qs
pispil =0, lgi,q5] =0, [pi,qj] = dish,  [pih] =0, [gi,h] =0 (5.1)
for all possible pairs ¢ and j. Such a basis may be chosen as follows
pi=Xi, ¢ =X, h=Xg1, forie{l,... 1},

where X;, X;y; and Xg;1 are the left-invariant vector fields on H(1,1) given
by (3.2). It is clear that the Lie algebra of H(1,1) x R" is h(1,1) @ a,, where
a, denotes the r-dimensional abelian Lie algebra. We will write g instead
of h(1,1) @ a, in this discussion to avoid cumbersome formulas. Choose a
basis uj, ..., u, of a,. Then all the elements uy, ..., u, are in the center
of g and this with determines its multiplicative structure. Thus the
Chevalley-Eilenberg differential on (h(1,1) @ a,)* is given by

I
dh* = —Zp;/\q;‘, dp; = dq; = du; = 0,

J=1

with {p},...,p/,4q{,..., ¢, h*} the dual basis of {p1,...,p1,q1,...,q,h}. De-
note by A the subalgebra of A g* generated by p;, ¢;, and u}. Then

A:/\(p}‘,...,p?,qf,...,qi,uf,...,ui)
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and the restriction of d°F to A is zero. Thus (/A g%, d“") can be identified
with (A ® A (h*) ,dh* = z), where

l
2== PG
j=1

Thus we see that a nilmanifold M modelled on H(1,l) x R" has an almost
formal model of index [. In Theorem we will show that these examples
exhaust all nilmanifolds having almost formal models. We will use it in order
to classify nilmanifolds admitting quasi-Sasakian or quasi-Vaisman structure.

We start by proving a vanishing property for general almost formal mani-
folds.

Proposition 5.2. Suppose M is an m-dimensional manifold that admits an
almost formal model (A® N\ (y),dy = z) of index . Then A, = 0 for all
n>m.

Proof: First we show that for every n > m the map

An — An+2

a— az (5-2)

is injective. Suppose a € A, \{0} is such that az = 0. Then d(a®y) = az = 0.
Since the image of d: (A® A (y)),, = (A® A (y)),.,, lies inside of A, 41, this
implies that [a ® 3] is a non-zero cohomology class in H"" (A® A (y)) =
H""(M). As M is of dimension m < n + 1, we get a contradiction. This

shows that the maps (5.2)) are injective. But then also the maps

Ap = Aprargo
a— az'™
are injective for all n > m. Since z/*! = 0 this implies A, = 0. |

Now we give a characterization of almost formal nilmanifolds.

Theorem 5.3. Let G be an m-dimensional nilpotent Lie group with the Lie
algebra g and I' a cocompact subgroup of G. Then the manifold T\G admits

an almost formal model of index | if and only if G is isomorphic to H(1,1) x
Rm—Ql—l_
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Proof: We denote the dimension of HY(T\G) = H*(A\g*) by b;. We can

choose a basis a1, ..., a;, of g* such that ai, ..., a3, is a basis of Ker(d{")
and
d“Fay, = Z v o A aj. (5.3)
<j<k

Notice that since dS* = 0, we have Ker(d{'¥) = H'(/\ g*).

Let (A® A\ (y)),dy = z) be the almost formal model of I'\G of dimension
m and index [. By Theorem |5.1/the CDGA (/\ g, dCE) is the minimal model
of I'\G. Therefore there is a quasi-isomorphism of CDGA’s

(R /\g*—>A®/\<y>.

By Proposition 5.2}, we have A,, = 0, and hence (A® A (y)),, = Am-1y. We
will use the following lemma several times in the rest of the proof.

Lemma 5.4. The element ¥ (aq)d(as) - - () in A1y is non-zero. As a
consequence the elements ¥(ay), ..., ¥(ay) in Ay are linearly independent.
In particular, the restriction g is injective.

Proof of Lemma: It follows from (5.3) that the Chevalley-Eilenberg differen-

tial
m—1 m

dp_1: /\ g — /\g*
is zero. Thus H™(A g*) = A" ¢g*. In particular, ay A -+ A ay, is a non-zero
element in H™(/\ g*). Since 1 is a quasi-isomorphism we get that [(a; A
-+« A ayy)] is a non-zero element in the mth cohomology group of A® A (y).
But then (a1 A+ A ay) = Y(ag)(as) - - - (ayy,) is a non-zero element of
An—1y. This proves the first claim of the lemma.

Now suppose there is a j such that

V(aj) = Zaﬂb(%‘)
i#j
for some real numbers a; € R. Then, since ¢(a;)? = 0 in A ® A (y), we get
that ¥ (aq)¥(az) -+ ¥(ay,) = 0. Thus we got a contradiction to the already

proved fact. This shows that the elements ¥ (o), ..., ¥(ay,) are linearly
independent in Aj. |

Now we resume the proof of the theorem. We will distinguish two cases:
the first when z = 0 and the second when z # 0.
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For z = 0 we have | = 0 and thus we need to show that G = R™ or
equivalently that g is an abelian Lie algebra. Notice that g is abelian if and
only if d{'* is zero. Thus it is enough to check that Ker(dF) = g*.

Since z = 0 the differentials in the complex A ® A (y) are zero. Therefore,
its first cohomology group coincides with its component of degree one

(Ao AW), = Ae Aw.
As 1) is a quasi-isomorphism it induces the isomorphism
[v]: Ker(d™) = H'(\g") = A1 @ Aoy (5.4
a— P(a).

Thus we get the commutative diagram

r (dfF) —> A1 @ Agy

g+ Is injective by Lemma 5.4l Thus we get that the isomorphism [¢)]
is the composition of two monomorphisms. But this is possible only if both
of them are isomorphisms as well. Therefore Ker(d{¥) = g* as required.

Now we assume that z # 0. In this case the first differential in A ® A (y)
is given by

d1 (a1 + aoy) = Qp~<,

where ay € Ay = R. Thus a; 4+ apy is in the kernel of d; if and only if ag = 0.
Moreover dy =0 in A® A (y). Thus we get

H! <A® A <y>) — Al
As 1) is a quasi-isomorphism the induced map
W]: Ker(dSF) = H' ( A g*) oA
a— P(a).

is an isomorphism of vector spaces. It follows from Lemma that ¥ (o),
.., P(ap,) is a basis of Aj.
Now we will show that by = m — 1. Suppose by = m. Then

Y(a)(as) ... (ay) € Ay =0

(5.5)
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and thus the above product must be zero, which contradicts to Lemma [5.4]
Now assume by < m — 2. Then

dimg*=m > b +1=dimA; + 1 = dim(A; & Apy).

But this is impossible as ¥[4: g° — A; @ Apy is a monomorphism by
Lemma [5.4] Thus b; = m — 1 and
dimg*=m =b; + 1 = dim(4; & Apy).

This equality together with Lemma imply that 9|4+ is an isomorphism.
Now without loss of generality we can assume that a,, = (¢|g) 7' (y). Further
there is a basis 31, ..., Bm_1 of Ker(d{F) such that

r
dy P oy, = 252‘7'*1 A Baj

j=1

for some natural number r < LmT_lj . Now to prove that g = h(1,1) D a,,—9-1
it remains to show that » = [. We have

2= (dy)" = (dy(an))" =9 ((dTPan)") = (B) ... (Bar) # 0
by Lemma [5.4] Further
2 = ((df Pag)™") = 0.
Thus r = [ as claimed and this finishes the proof. ]

Remark 5.5. Note, that the above theorem can be also restated in more
topological terms. Namely, an m-dimensional aspherical nilpotent manifold
M admits an almost formal model of dimension m and index [ if and only if

m(M) @R = H(1,1) x R™ 31,
&

Next, using Theorem we are able to classify quasi-Sasakian and quasi-
Vaisman compact nilmanifolds.

Theorem 5.6. The (2n + 1)-dimensional compact nilmanifold I'\G admits
a quasi-Sasakian structure of index | if and only if G and H(1,1) x R0
are 1somorphic as Lie groups.

Proof: In Section [3] it was explained how to construct a quasi-Sasakian struc-
ture on

I\ (H(1,1) x R*™)
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for any cocompact subgroup I' of H(1,1) x R**~1 Tt is easy to prove that
this structure has index [.

Now, suppose M := I'\G is a nilmanifold that admits a quasi-Sasakian
structure such that [dn]l; # 0 and [dn]’J' = 0. Then the almost formal
model is of index [. Therefore by Theorem [5.3] we have that G and
H(1,1) x R*"=D are isomorphic. m

Theorem 5.7. The (2n+ 2)-dimensional compact nilmanifold '\G admits a
quasi-Vaisman structure if and only if G is isomorphic to H(1,1) x R2(=0+1
as a Lie group. Moreover, in this case,

[dn) # 0, [dn]i* =0.
Proof: In Section {4]it was shown that every nilmanifold modelled on H(1,1) x
R2(=D+1 admits a quasi-Vaisman structure. It is easy to check that this
structure has index [.
Now, suppose M = T'\G admits a quasi-Vaisman structure of index [.
Then by Theorem it has an almost formal model of index [. Applying
Theorem [5.3, we get that G and H(1,1) x R% "0+ are isomorphic. m

Note that using Remark [3.8 and Theorem [5.6 we directly deduce a result
which was initially proved in [10].

Corollary 5.8. The (2n+1)-dimensional compact nilmanifold T\G admits a
Sasakian structure if and only if G and H(1,n) are isomorphic as Lie groups.

Finally, using Remark and Theorem [5.7, we directly deduce another
result which has been proved recently in [2].

Corollary 5.9. The (2n + 2)-dimensional compact nilmanifold I'\G admits
a Vaisman structure if and only if G and H(1,n) x R are isomorphic as Lie
groups.

6. Mapping torus and solvmanifolds

Let M be a compact Riemannian manifold with Riemannian metric h and
f M — M be an isometry. Suppose that a is a positive constant and
consider the mapping torus

M(f,a) = (M X R)//O(f,a)a

with pifa) 1 Z x (M x R) — M x R the action of the discrete subgroup Z
defined by

p(f,a)(ka (3:7 t)) = (fk(x)v t+ ak)'
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Let dt ® dt be the standard flat metric on R and g the product metric on
M xR
g=h-+dt®dt.

Then, it is clear that the Z-action is isometric. So, g induces a Riemannian
metric on the mapping torus My ,).

Now, denote by U the vector field on M,y induced by the p( ,)-invariant
vector field % on M x R. Since the vector field U is unitary and parallel, the
following theorem is a direct consequence of [I1], Corollary 3.2].

Theorem 6.1. Let (M, h) be a compact Riemannian manifold and H*(M; )
the de Rham cohomology group of order k of the mapping torus of M by the
wsometry f: M — M and the positive constant a. Then,

H¥( My ) = Hij (M f.0) © HE N (Mp0),

where Hf;(M.4)) is the basic cohomology of M4,y with respect to the foliation

generated by the vector field U induced by the invariant vector field % on
M x R. Moreover,

HE(Mpa) =~ {a € QF(M) | o is h-harmonic and f*o = o} .

6.1. Mapping torus and quasi-Vaisman manifolds. It is well known
that if M is a Sasakian manifold then a mapping torus of M with respect to
any Sasakian automorphism can be endowed with a Vaisman structure.

Now, we show that a similar relation holds between quasi-Sasakian and
quasi-Vaisman manifolds. Let (M, ¢, &, n, h) be a quasi-Sasakian manifold.
We start by constructing a quasi-Vaisman structure on M x R. Write dt for
the volume form on R. Define the metric on M x R by

g=h+dt®dt

and the complex structure J by

0
JZQD—E(X}U—Ff@dt,

0 0
X.a— | = X —n(X)=— ).
J( ,aat> <90 +a&, —n( )(%)
Proposition 6.2. The manifold (M xR, J, g, dt) with J and g defined above

is a quasi- Vaisman manifold. Also the manifold M x S = (M xR) /Z
inherits a quasi- Vaisman structure from M x R.

that is
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Proof: As (¢,&,7n,h) is a normal almost contact metric structure, we have
that (J,¢) is Hermitian (see [8, Section 6.1]). Moreover, its fundamental
2-form is given by Q :=go (Id® J). As dt o J = —n, we get

go(Ild®J)=d+n®dt—dt ®@mn,
where ® is the fundamental 2-form of the almost contact metric structure
(¢,&,m, h). Thus
Q=P+ nRdt—dten=d+nAdt
and
dQ) = dn N dt.

It is clear that U = % is parallel unit vector field on M x R. It is left to

show that LpyJ = Q%J = (0. Now, we have
(Lud) (X, aU) = Ly (X +af, —n(X)U) — J (Ly (X, al)) = 0,
where X € X (M) and a € R. This proves that LyJ = 0. u
Now let f: M — M be a diffeomorphism that preserves the almost contact

metric structure. For every positive constant a € R, we consider the mapping
torus Ms,) of M by f and a, that is,

M(f,a) = (M X R)/Z,
where the action p of the discrete subgroup Z on M x R is given by
p(k, (,1)) = (f*(2),t + ka).

The above action preserves the quasi-Vaisman structure on M xR. Therefore
the quotient compact smooth manifold

M(f’a) = (M X R) /Z

is quasi-Vaisman.

On the other hand, let (M, J, g, 6) be a quasi-Vaisman manifold. Since 6 is
a closed form, the foliation Ker = (U)" is integrable. Let L be a leaf of this
foliation. Notice that if M is a mapping torus of a quasi-Sasakian manifold
N, then L is isometric to N and thus it is quasi-Sasakian. We are going to
show that this holds also for a general quasi-Vaisman manifold.

Define an almost contact structure (¢,&,7,g) on L where £ =V, n and ¢
are given by restricting from M, and

o€ :=0, ¢X =JX, for X e (U, V)",
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Proposition 6.3. The almost contact structure (¢,&,m,9) on L is quasi-
Sasakian.

Proof: We have to check that Ny +dn®¢ = 0 and d® = 0, where ¢(X,Y) =
9(X, Y.
For every W € (U)", we have
pW) =9 W —n(W)V) = J(W —n(W)V) = JW +9(W)U.  (6.1)
For X, Y € (U, V}L, we obtain by applying (6.1]) several times
No(X,Y) = ¢° [X,Y] = ¢ [¢X, Y] + [X, 6Y]) + [¢X, ¢Y ]

=N, (X,V)+ (X, Y)V +n(J[X,Y] = [JX,Y] - [X,JY])U.

Since X and Y are orthogonal to V', we have n ([X,Y]) = —dn (X,Y). Fur-
ther, using integrability, the last term in the above formula can be written
as n(J[JX,JY])U. Since X and Y are orthogonal to V, it follows that
JX and JY are orthogonal to U. As the foliation (U)" is integrable, we
get that [JX,JY] is orthogonal to U, and thus J[JX,JY] € (V)". This
shows that 7 (J [JX, JY]) = 0. Therefore Ny (X,Y) = —dn(X,Y)V for X,
Y e (U, V)"
Now, suppose that X € (U, V)". Then, applying (6.1]), we get

Ny (X, V) ==X, V]=J[JX, V] +n(X, V)V —n([JX,V]=J[X,V])U.
From integrability of J, we have

(X, V]+J[JX, V] = (LyJd) (X)

JX, V] -J[X,V]=(LyJ) (JX).

As, by definition of quasi-Vaisman manifold £7J = 0, we get that Ny (X, V) =
—dn (X, V) V.

It is left to show that d® = 0. For any X, Y, Z € (U)", we have
dd (XY, Z) = dQ(X,Y,Z) = (dnNO)(X,)Y,Z) = 0as 0(X) =0(Y) =
0(Z)=0. _

Now, we show that starting with a quasi-Vaisman manifold we can con-
struct a new quasi-Sasakian manifold by using mapping torus construction.
Suppose that (M?**72 ], g,0) is a quasi-Vaisman manifold with quasi-anti-
Lee 1-form n, quasi-Lee vector field U, and quasi-anti-Lee vector field V.
Then, on the product manifold M x R we consider the almost contact metric
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structure (¢, &,n, h), where h is the metric product of g and the standard
metric on R, that is,
h=g+dt®dt, (6.2)

the Reeb vector field £ =V, n = h(&, —), and the (1, 1)-tensor field ¢ is given
by
0 0
SOU: aa Spa - _U7 QOVZO,
(6.3)

eX = JX, for X e (U V)",

Proposition 6.4. The almost contact metric structure (@, &,m,h) on M xR
18 quasi-Sasakian.

Proof: As U is parallel, from Proposition it follows that M is a local
product of a real line and a quasi-Sasakian manifold. Therefore M x R is a
local product of a quasi-Sasakian manifold and R?, where the distribution D
tangent to the two dimensional factor is generated by U and %. Clearly, the

restriction Jp of ¢ to D is an integrable almost complex structure on D. For
X, Y €D, we define w(X,Y) =h (X, JpY). We get

0 0

This implies that w is a volume form on every leaf of D. Thus the leaves of
D are Kéhler. Therefore, M x R is a local product of quasi-Sasakian and a
Kahler manifolds, and hence it is a quasi-Sasakian manifold per se. |

Let (M, J, g,6) be a Vaisman manifold. Suppose f: M — M is an isometry
that preserves the quasi-Vaisman structure. Then for every a € R.g, the
mapping torus My, inherits a quasi-Sasakian structure from M x R.

6.2. Model of a mapping torus. In this section, we will describe a model
for a mapping torus by an isometry.

Proposition 6.5. Let (M, g) be a compact Riemannian manifold, f an isom-
etry of M, and a a positive real number. Then the CDGA

(200’ e A\), dy=0)

is a model of the mapping torus My q), where

QM) = {a € (M) ] fra=al.
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Proof: Denote by & the vector field on My, induced by the vector field 0/0t
on M x R. Since ¢ is unitary and parallel, by Theorem [2.17], the inclusion
Q7. (M(1.4)) <> (M) is a quasi-isomorphism of CDGAs.

Denote by 6 the metric dual of £. By Corollary [2.20], the map

X: R — Ql(M(ﬂa))
s s6

is an algebraic connection for the locally free action of R on My ,) induced
by &. Since df = 0, by Theorem the CDGA

(Q* ) ® /\ dy = 0)
is quasi-isomorphic to ng(M( f.a)) and thus to Q*(Ms4)).

Define f: M xR — M xR by f(m,t) = (f(m),t+a). Then the following
homomorphisms of CDGAs induced by pull-backs of differential forms

Uy (M1, ) — Qi (M x R,8/0t) <2 (M) (6.4)

are isomorphisms of CDGAs. Tensorising (6.4]) with A (y) and defining dy =
0 on all resulting graded algebras, we get the isomorphisms of CDGAs. =

6.3. Mapping torus and a semi-direct product. Let G be a Lie group
and I' a cocompact subgroup of G. Consider an action ¢,: G — G, a € R
of R on (. Then the product on the semi-direct product G' x4 R is given by
(g, 0)(g,t") = (9¢e(g'),t +1'). Suppose there is a € R such that ¢,(T") =T.
Then the group aZ acts on I' and the semi-direct product I' x4 aZ can be
considered as a cocompact discrete subgroup of G x4 R

Moreover, the action of aZ on G descends to an action on I'\G. There-
fore, we can consider the mapping torus (F\G)(% o) We have the following
identification.

Proposition 6.6. Suppose G is endowed with a Riemannian metric g, which
1s invariant under the action of I', and all ¢, are isometries. Then the
mapping torus (I\G),, ) and the quotient

(F ) CLZ) \ (G X R) (65)

are isometric Riemannian manifolds.
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Proof: The mapping torus (I'\G) 4, ) is by definition the quotient of (I'\G) x
R under the action p of aZ defined by pu([g],t) = ([¢F(9)],ak + t) =
([Pra(9)]; ak+t). We can identify (I'\G)xR with I'\ (G x R). Thus (I'\G),, .
is isometric to the iterated quotient (aZ)\ (I'\ (G x R)).

Now, as I' is a normal subgroup of I' x4 aZ, by two step reduction, the
manifold is isometric to the quotient of I'\ (G x4 R) under the action
of the group I'\ (I x4 aZ) = aZ given by

[(v,ak)] - [(g9,0)] = [(v, ak) - (g,t)] = [(v@ar(9), ak + )] = [(Par(g), ak + t)].

Now one can see that both (I'\G), ,) and (6.5)) are quotients of I'\ (G x R)
under the same action of aZ. Hence they are isometric. |

6.4. Examples of quasi-Sasakian and and quasi-Vaisman manifolds.
In this section we give some explicit examples of solvmanifolds that admit a
quasi-Sasakian or a quasi-Vaisman structure. We also exhibit almost formal
models for them.

Example 6.7. We start by reviewing a construction of a Vaisman solvman-
ifold considered in [22]. Consider the Heisenberg group H(1,1). In the nota-
tion of Section @ its standard left-invariant Sasakian structure (@, Eg, N, hi)
1S given by

3
QOH:&1®X2_042®X19 gH:X?)) Ng = g, hH:Z&Z(X)aZ
i=1
Further, define I' (1,1) as the subgroup of H (1,1) consisting of the matrices
in H (1,1) with integer entries. It is obviously cocompact. Denote by L the
compact Sasakian manifold I'(1, 1)\ H (1,1).
Consider the action F of R on H(1,1) given by

1
F.(p,q,t) = (pcosu+gqsinu, —psin u+q cos u,t+1(q2—p2) sin(2u)—pg sin® u).

It acts by group automorphisms and preserves the standard left-invariant

Sasakian structure (see [22]). For uw = %, we have

Fx(p,q,t) = (¢, —p,t — pq).
So the cocompact subgroup T (1,1) of H (1,1) is preserved by Fz. Hence

we can consider the Vaisman manifold M := Lz with f = Fz. By
Proposition M is a solvmanifold modelled on the solvable group G :=
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H (1,1) xp R. Notice that G is not nilpotent and even not a completely
solvable Lie group.

Now we will find an almost formal model of M. By Proposition the
CDGA

(2 (@ © \tw).dy=0) (6.6)

1s a model of M. We will use the following remark.

Remark 6.8. If A and B are quasi-isomorphic CDGAs, then the CDGAs
(A A\ (y),dy=0)and (B® A (y),dy = 0) are quasi-isomorphic as well. ¢

Thus to simplify , we can replace (L)) with a quasi-isomorphic
CDGA. Since L 1s a nilmanifold, by Nomizu theorem, the inclusion

i A\ (L) = (L),

gwen by left-invariant extension, is a quasi-isomorphism of CDGAs. The
image of 7 is generated by 1-forms oy, s, az. By easy computation

f*041=oz2, f*042=—041, f*Oé3=Oé3~

In particular, the image of 7 is invariant under the action of f.
Notice that the automorphism f of Q*(L) is of finite order, namely f* = 1d.
Therefore the map

5 (/\ h(l, 1)*)f* SO (L)
induced by 7 is a quasi-isomorphism. The image of 7 has a basis
1, a3, agANas, a3 AasAas.
The de Rham differential gives zero on all elements of this basis, except ag:
dag = d (dt — pdq) = —dp Ndg = —aq1 A s.
Thus we can conclude that Q* (L)' is quasi-isomorphic to the CDGA

(B ® /\ (ag) ,dag = —ay A az) : (6.7)

where B is a CDGA with zero differential and By = (1), By = {(aq A aw),
Br = 0 for k # 0 or 2. Substituting (6.7) in instead of Q* (L)', we

obtain the model

<B ® /\ (ag,y) ,daz = —a1 A ag, dy = 0) (6.8)
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of M. If we define A= (B® A\ {y),dy =0), then becomes
(A ® /\ (ag), dag = —ag A 042) : (6.9)

Notice that A has a zero differential, and therefore s an almost formal
model. Using Theorem and carefully examining the quasi-isomorphisms
we used, one can show that in fact A is isomorphic to the basic cohomol-
ogy algebra Hi(M,V') and B is isomorphic to the basic cohomology algebra

Hj (M, (U, V)).

Example 6.9. Let G = H(1,1) xpg R with the action F' defined above and
I' =T'(1,1) xp §Z its cocompact subgroup. Then the Vaisman manifold M
constructed in Erxample is 1somorphic to T\G. We consider the triv-
ial action of R on G. By Proposition [0.0, the corresponding mapping torus
N = Mqq,) s a solvmanifold modelled on the solvable group G x R. By
Proposition [6.4] and the discussion thereafter, N has a quasi-Sasakian struc-
ture induced by the Vaisman structure on M. Hence N is an example of a

quasi-Sasakian solvmanifold.

By Proposition [6.5, the CDGA

(Q*(M) @ N\ (z), dz = o) (6.10)

1s @ model of N. By Remark we can replace (M) in (6.10) with any
model of M. Therefore, substituting in (6.10), we get that the CDGA

(A ® /\ (g, 2) ,dag = —aq A\ i, dz = 0) (6.11)
is a model of N. Defining C = (A® N\ (z),dz =0), we can write (6.11)) as
(C ® /\ <043> ydag = —aq A Ofg) . (612)

As A has a zero differential, the same is true for C. Hence (6.12) is an
almost formal model of N.

Example 6.10. Now we construct an example of a quasi-Vaisman solvman-
ifold. We start with the nilpotent Lie group G = H(1,1) x R?, which is the
group G defined in Section[q with | =1 and n = 2. As it was shown there, G
admits a left-invariant quasi-Sasakian structure. Denote by I' the subgroup
['(1,1) X Z? of G and by N the resulting compact quasi-Sasakian nilmanifold
MNG.
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We define the action A of R on G = H(1,1) x R? by

Au((p,q,t), (z,y)) = (Fu(p, q,t), (x cosu + ysinu, —zsinu + y cosu)) .
(6.13)

Foru= 1%, we get

Az((p. g, 1), (z,y)) = ((=¢,p, T — pq), (y, —)).

Denote Az by f Then by Proposition |6.6, the mapping torus N( 1) 1S a
solvmanzfold modelled on G x4 R. Notice that G x4 R is not mlpotent and
even not completely solvable. By the discussion after Proposition [6.3, the
mapping torus N( i) has a natural quasi-Vaisman structure induced by the

quasi-Sasakian structure on N.
Now we compute an almost formal model of N(f x)- By Proposition |6.5,
12

the CDGA A
(Q*(N)f @ N\ (). dy = 0) (6.14)

1s a model of N(f x)- Arguing as in FExample|6.7, we can replace Q*(N)f with
the CDGA

]

(E@ /\ <043> ,dafg = —oaq A\ 052) ;
where B is the CDGA with zero differential and

(1), k=20
B =< (a1 Nag, BiABa), k=2
0, otherwise.

Defining A= (B® A\ (y),dy =0), we get that (6.14) is quasi-isomorphic to

(ﬁ@ /\ (ag) ,dag = —aq A 042> ,

which provides an almost formal model for N( )

7. Boothby-Wang construction and quasi-Sasakian man-
ifolds.

Let (M, J, g) be a compact Kahler manifold and 3 € Q?(M) such that
i;8 =0 and [8] € H*(M,Z). By [8, Theorem 2.5], there is a principal circle
bundle 7: N — M and a 1-form 1 on N such that dn = 7*3. Denote by & the
vertical vector field such that n(§) = 1. We can consider 1 as a connection

m\:!
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form on the circle bundle N, where Ker 7 give subspaces of horizontal vectors.
Denote by 7 the horizontal lift corresponding to this connection. Define

¢ = mJm,.

By [23, Theorem 6] the structure (¢, £, n) is a normal almost contact structure
on N. Now, we define the Riemannian metric » on N by

W(X,Y) = g(m. X, m.Y) + n(X)n(Y).
Now, denote by w the symplectic form on M. Then

¢(X,Y) =h(X, oY) =g(r.X, maJm.Y)
=g(m. X, Jr.Y) = w(mX,mY) = (m"w)(X,Y).

Thus
d® = "dw = 0.

This shows that (¢,&,m, h) is a quasi-Sasakian structure on N. Note, that
the index of this structure is the largest natural number [ such that [3]! # 0
in H2(M).

In Theorem we described all nilmanifolds that can admit a quasi-
Sasakian structure. This characterization is based on the index of the quasi-
Sasakian structure. There is also another widely considered invariant of
quasi-Sasakian structures: the rank. We say that a quasi-Sasakian manifold
has rank 2p + 1 if

nA (dn)? #0,  (dn)"*' =0.

It is easy to see that the first of the above equations can be replaced by the
seemingly weaker condition (dn)? # 0. In fact, if n A (dn)? = 0 then also

(dn)? =ic(n A (dn)?) =0,

i.e. if (dn)P # 0 then n A (dn)? # 0.

It is straightforward to check that if a quasi-Sasakian manifold has rank
2p + 1 and index [ then [ < p. Therefore if a compact nilmanifold ad-
mits a quasi-Sasakian structure of rank 2p + 1 it is modelled on Lie group
H(1,1) x R* with [ < p. In Section , we showed that for every co-
compact subgroup I' of G = H(1,p) x R*" ") the manifold I'\G' admits a
quasi-Sasakian structure of rank 2p + 1. But the following question remains
open:
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Question 1. For which | < p and which cocompact subgroups I' of
G =H(1,1) x R
the manifold T\G admits a quasi-Sasakian structure of rank 2p + 17

As a first step to answer this question, we show that for every [ < p there
is a cocompact subgroup I' in G = H(1,[) x R guch that the manifold
['\G admits a quasi-Sasakian structure of rank 2p + 1.

Denote by T the subgroup of H(1,1) consisting of matrices in H(1,1) with
integer entries. Further we identify R2") with C" considered with its
standard Kahler structure. Define

=T x (Z+iz)"™" c H(1,1) x C"".
Then
I\G = (f\H(l, 1)) x T0,

where T¢ denotes the complex torus C/ (Z + iZ). Denote by (¢,&,n,h) the
quasi-Sasakian structure on I'\G constructed in Section 3] Then all integral
curves of £ have the same length, and we get the principal circle bundle

St ——T\G (7.1)
T¢.
Write vol for the volume form on T¢ and denote by pr; the projection from
T¢ to the jth component. Then
dn = 7*(prjvol 4 ... pr;vol).

Thus (7.1]) corresponds to the class v := [privol + ... prjvol] in H*(T¢,Z).
Let f be any non-constant function in C*°(T¢). Then di;df is a non-zero
2-form on T¢, since

diydf = (Af)vol.
Moreover i jdijdf = d?,f = 0, where d;y = ijod+ do iy is the differential
operator induced by J. Define the 2-form 8 on T¢ by
B = privol + - - - + prjvol + prj,  didf + - - + pr disdf.

Our aim is to apply the Boothby-Wang construction described in this section
to the complex manifold T and the 2-form . For this we have to check that
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i;8 =0 and [3] € H*(TZ,Z). The first assertion follows from i ;disdf = 0.
For the second notice that

(8] = [privol + ...privol] = v € H*(TE,7Z).

Denote the resulting quasi-Sasakian manifold by (N, ¢, &', 7', h’). Since the
cohomology class of 3 equals to v, we see that N is diffeomorphic to I'\G,
i.e. IV is a nilmanifold. Write 7 for the projection of NV on T¢. Then

dn' = 7*f.
Thus
(dn')? = @ (privol A ...prjvol A prj diydf A -+ A pr;dinf) £ 0
and
(dn )" =0,

which shows that 7’ has rank 2p + 1. Further, we can identify the basic
cohomology H3;(N,¢) with H*(T¢) via 7*. Under this identification [dn]p
corresponds to [3] = v. Since v’ # 0 but v'*! = 0, we see that [ is the index
of N.

Thus we have

Proposition 7.1. For any | < p < n there exists a compact (2n + 1)-
dimensional quasi-Sasakian nilmanifold of rank 2p + 1 with index [.

Note that in the above example the quasi-Sasakian structure on N can be
considered as a modification of the quasi-Sasakian structure on I'\G con-
structed in Section [3 Namely, we have the isomorphism of principal circle

bundles
N -~ -T\G
T¢

and one can verify that £ is preserved under this isomorphism. Thus we can
state the following question

Question 2. For which T ¢ G = H(1,1) x RV there is a quasi-Sasakian
structure on I'\G of rank 2p+ 1 with | < p and the same Reeb vector field as
in the quasi-Sasakian structure defined in Section [3?
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It is clear that if the answer to Question 2] is positive for I'\G then the
answer to Question [1|is also positive for ['\G.

Note that in the above example the form dn’ on N does not have a constant
rank, in the sense that there are points x € N such that (dn')2 = 0. In fact,
since di jdf is an exact 2-form on a compact 2-dimensional manifold T¢, there
are points y € T¢ such that (di;df), = 0. Now for any v € N with pr,mz =y
one gets (dn/)? = 0.

We will say that a quasi-Sasakian manifold (M, ¢,&,n, h) is of constant
rank 2p + 1 if (n A dn)2 # 0 at every point z € M and (dn)?™ = 0. A
(partial) answer to the above question should produce an invariant of I" that
guarantees or obstructs the existence of such a structure.

We also can make the same question but with the constant rank in mind.

Question 3. For which cocompact subgroups I' of G = H(1,1) x R2=0 there
is a quasi-Sasakian structure on I'\G of constant rank 2p + 1 for a fized
integer p > 7.

Differently from the Question[I], in this case we don’t know if such I'’s exist.
Moreover, we do not even know the answer to the following

Question 4. Is it possible to have a quasi-Sasakian structure on a compact
manifold M?"*' of index | and constant rank 2p +1 with | < p < n?

References

[1] Gianluca Bande and Amine Hadjar, On normal contact pairs, Internat. J. Math. 21 (2010),
no. 6, 737-754. MR 2658408
[2] Giovanni Bazzoni, Vaisman nilmanifolds, Bulletin of the London Mathematical Society 49
(2017), no. 5, 824-830.
[3] Giovanni Bazzoni and J C Marrero, On locally conformal symplectic manifolds of the first
kind, Bulletin des Sciences Mathematiques (DOI: 10.1016/j.bulsci.2017.10.001, in press).
[4] Chal Benson and Carolyn S. Gordon, Kdhler and symplectic structures on nilmanifolds, Topol-
ogy 27 (1988), no. 4, 513-518. MR 976592
[5] Indranil Biswas, Marisa Fernandez, Vicente Munoz, and Aleksy Tralle, On formality of
Sasakian manifolds, J. Topol. 9 (2016), no. 1, 161-180. MR 3465845
[6] D. E. Blair, Geometry of manifolds with structural group U(n) x O(s), J. Differential Geometry
4 (1970), 155-167. MR 0267501
[7] David E. Blair, The theory of quasi-Sasakian structures, J. Differential Geometry 1 (1967),
331-345. MR 0226538
, Riemannian geometry of contact and symplectic manifolds, second ed., Progress in
Mathematics, vol. 203, Birkhauser Boston, Inc., Boston, MA, 2010. MR 2682326
[9] David E. Blair, Gerald D. Ludden, and Kentaro Yano, Geometry of complex manifolds similar
to the Calabi-Eckmann manifolds, J. Differential Geometry 9 (1974), 263-274. MR 0346696
[10] Beniamino Cappelletti-Montano, Antonio De Nicola, Juan Carlos Marrero, and Ivan Yudin,
Sasakian nilmanifolds, Int. Math. Res. Not. IMRN (2015), no. 15, 6648-6660. MR 3384493




[11]
[12]
[13]
[14]
[15]
[16]
[17]

[18]

[19]
[20]
[21]
[22]
23]

[24]

ALMOST FORMALITY OF QUASI-SASAKIAN AND VAISMAN MANIFOLDS 47

, Hard Lefschetz Theorem for Vaisman manifolds, arXiv preprint arXiv:1510.04946v3

(2016).

Beniamino Cappelletti-Montano, Antonio De Nicola, and Ivan Yudin, Hard Lefschetz theorem
for Sasakian manifolds, J. Differential Geom. 101 (2015), no. 1, 47-66. MR 3356069

Luis A. Cordero and Robert A. Wolak, Properties of the basic cohomology of transversely
Kihler foliations, Rend. Circ. Mat. Palermo (2) 40 (1991), no. 2, 177-188. MR 1151583
Antonio De Nicola and Ivan Yudin, Generlized Goldberg formula, Canad. Math. Bull. 59
(2016), 508-520.

Pierre Deligne, Phillip Griffiths, John Morgan, and Dennis Sullivan, Real homotopy theory of
Kdhler manifolds, Invent. Math. 29 (1975), no. 3, 245-274. MR 0382702

Sorin Dragomir and Liviu Ornea, Locally conformal Kdhler geometry, Progress in Mathemat-
ics, vol. 155, Birkh&user Boston, Inc., Boston, MA, 1998. MR 1481969

Yves Félix, John Oprea, and Daniel Tanré, Algebraic models in geometry, Oxford Graduate
Texts in Mathematics, vol. 17, Oxford University Press, Oxford, 2008. MR 2403898

Werner Greub, Stephen Halperin, and Ray Vanstone, Connections, curvature, and cohomology,
Academic Press [Harcourt Brace Jovanovich, Publishers], New York-London, 1976, Volume III:
Cohomology of principal bundles and homogeneous spaces, Pure and Applied Mathematics,
Vol. 47-1T1. MR 0400275

Keizo Hasegawa, Minimal models of nilmanifolds, Proc. Amer. Math. Soc. 106 (1989), no. 1,
65-71. MR 946638

W. V. D. Hodge, The theory and applications of harmonic integrals, Cambridge, at the Uni-
versity Press, 1952, 2d ed. MR 0051571

A. 1. Mal'cev, On a class of homogeneous spaces, Izvestiya Akad. Nauk. SSSR. Ser. Mat. 13
(1949), 9-32. MR 0028842

Juan Carlos Marrero and Edith Padrén, Compact generalized Hopf and cosymplectic solvman-
ifolds and the Heisenberg group H(n, 1), Israel J. Math. 101 (1997), 189-204. MR 1484876
Akihiko Morimoto, On normal almost contact structures, J. Math. Soc. Japan 15 (1963),
420-436. MR 0163245

Liviu Ornea and Paolo Piccinni, Locally conformal Kahler structures in quaternionic geometry,
Trans. Amer. Math. Soc. 349 (1997), no. 2, 641-655. MR 1348155

Dennis Sullivan, Infinitesimal computations in topology, Inst. Hautes Etudes Sci. Publ. Math.
(1977), no. 47, 269-331 (1978). MR 0646078

Aaron M Tievsky, Analogues of kdhler geometry on sasakian manifolds, Ph.D. thesis, Mas-
sachusetts Institute of Technology, 2008.

Izu Vaisman, Locally conformal Kdhler manifolds with parallel Lee form, Rend. Mat. (6) 12
(1979), no. 2, 263-284. MR 557668

, Locally conformal symplectic manifolds, Internat. J. Math. Math. Sci. 8 (1985), no. 3,
521-536. MR 809073

BENIAMINO CAPPELLETTI-MONTANO
DIPARTIMENTO DI MATEMATICA E INFORMATICA, UNIVERSITA DEGLI STUDI DI CAGLIARI, VIA Os-
PEDALE 72, 09124 CAGLIARI, ITALY

E-mail address: b.cappellettimontano@gmail.com

ANTONIO DE NicoLA
DIPARTIMENTO DI MATEMATICA, UNIVERSITA DEGLI STUDI DI SALERNO, VIA GIOVANNI PAoLo II
132, 84084 FiscCIANO, ITALY

E-mail address: antondenicola@gmail.com



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

JUAN CARLOS MARRERO

UNIDAD AsociaDA ULL-CSIC “GEOMETRIA DIFERENCIAL Y MECANICA GEOMETRICA” DEPARTA-
MENTO DE MATEMATICAS, ESTADISTICA E INVESTIGACION OPERATIVA, FACULTAD DE CIENCIAS, UNI-
VERSIDAD DE LA LAGUNA, LA LAGUNA, TENERIFE, SPAIN

E-mail address: jcmarrerQull.edu.es

IvAN YUDIN
CMUC, DEPARTMENT OF MATHEMATICS, UNIVERSITY OF COIMBRA, 3001-501 COIMBRA, PORTUGAL

E-mail address: yudin@mat.uc.pt



	1. Introduction
	2. Elements of rational homotopy theory
	2.1. Basics on CDGAs
	2.2. Hirsch extensions of a CDGA
	2.3. Operation of a Lie algebra in a CDGA
	2.4. Algebraic connection
	2.5. Chevalley model

	3. Models of quasi-Sasakian manifolds
	4. Models of quasi-Vaisman manifolds
	5. Almost formal nilmanifolds
	6. Mapping torus and solvmanifolds
	6.1. Mapping torus and quasi-Vaisman manifolds.
	6.2. Model of a mapping torus
	6.3. Mapping torus and a semi-direct product. 
	6.4. Examples of quasi-Sasakian and and quasi-Vaisman manifolds.

	7. Boothby-Wang construction and quasi-Sasakian manifolds.
	References

