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Integrability conditions for almost cosymplectic structures
on almost contact manifolds are obtained. Examples of these
structures are given by taking the direct product of an almost
Kaehler manifold with a line R or a circle S'. If the curvature
transformation of the metric associated with an almost cosym-
plectic space M commutes with the fundamental singular
collineation ¢ of }M, then the related almost contact structure
on M gives rise to a complex structure on M/ X K, The manifold
M is then a cosymplectic space, examples being given by taking
the direct product of a Kaehler manifold with B or S, In
particular, an almost cosymplectic manifold is cosymplectic if
and only if it is locally flat.

In a recent paper [3] one of the authors examined the integrability
of almost Kaehler manifolds M(J, ¢g) showing, in particular that if the
curvature transformation of the almost Kaehler metric ¢ commutes with
the almost complex structure tensor J, then .J is integrable, that is,
the structure (J, g) on M is Kaehlerian. This is also a special case
of a theorem due to A. Gray [4] whose methods apparently do not
extend to include the results of this paper which, therefore, complement
those given by him. It was also proved that an almost Kaehler space
of constant curvature is a Kaehler space if and only if it is locally
fiat. Our main purpose here is to extend these results to almost
cosymplectic manifolds.

THEOREM 1. If the curvature transformation of the metric g of
the almost cosymplectic manifold M(g, 1, g) commutes with ¢, then M
is normal, that is, it is a cosymplectic manifold.

A cosymplectic manifold of constant curvature is locally flat in the
given metric [1]. For almost cosymplectic spaces we have

COROLLARY 1.1. An almost cosymplectic manifold of constant
curvature 1s cosymplectic if and only if it is locally flat.

By imposing a condition on the scalar curvature of an almost
cosymplectic space, the same conclusion prevails. Examining the
Nijenhuis torsion of the collineation ¢, we find that a 3-dimensional
almost cosymplectic manifold is cosymplectic if its fundamental vector
field is a Killing field.
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In § 5, integrability conditions for almost Sasakian manifolds are
also given. ' _
The manifolds considered in the sequel are C= and connected.

2. Almost contact manifolds. The reader is referred to [1] for
more details on this section, only the bare essentials being presented
here. A (2n + 1)-dimensional manifold M having the property that
the structural group of its tangent bundle is reducible to U(n) x 1
is called an almost contact manifold. Several tensor fields are thereby
distinguished, namely, a linear transformation field ¢ acting in each
tangent space M, of M, me M, called the fundamental singular
collineation, a vector field & on M called the fundamental vector field,
and a contact form 7 such that

nE) =1, ¢=0,
Nop =0, F=—-I+(Q7.

An almost contact manifold M admits a Riemannian metric ¢ such
that

2.1)

and in this case we denote the manifold by M(g, n, 9). A 2-form @
called the fundamental form of M(¢, 7, g) is defined by

2.2)

P(X,Y) =9(4X,Y).

From (2.1) and (2.2) it is easily seen that | @ |* = (@, ®> = 2n where {,)
denotes the local scalar product induced by g.

If M(g, 7, 9) is a contact structure, its fundamental form is exact.
In fact,

(2.3) ®=dy.

If the fundamental vector field of a contact metric structure is a
Killing field with respect to its contact metric, the manifold is said
to be almost Sasakian. An almost contact metric manifold M(g, », 9)
is called almost cosymplectic if both its fundamental form and contact
form are closed, that is, if

dd =0 and dy=0.

An almost contact manifold M(g, 7, g) is said to be normal if the
tensor field [4, 4] + dn @ & vanishes where

@4 391X, ¥) = [4X, Y] — 4[4X, Y] — g[X, 6Y] + #[X, Y].
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A normal contact metric manifold is called a Sasakian manifold.
It is easily shown that the fundamental vector field of a Sasakian
manifold is a Killing field. If M is almost cosymplectic, dn = 0, so
the normality condition is given by the vanishing of the torsion tensor
[6, #], and in this case, M is said to be cosymplectic. If M(g, 7, 9)
is Sasakian, then V& =¢ and V. ¢ = —g9(X, )¢ + PR X, where V¥
denotes covariant differentiation with respect to the Riemannian con-
nection. If M(g, 7, g) is cosymplectic, both 77 and V¢ vanish [1].

3. The curvature transformation of an almost contact metric
manifold. Let M(g, 7, g) be an almost contact metric manifold. An
orthonormal basis {X,, X, --+, X,,} on M, with X, =¢ and X,,; =
¢X;,t1=1,.--,n is called a ¢-basis of M,. In the sequel, we set

¥ =n 4+ 1.

LEMMA 1 (Moskal [5]). Let M(g, 7, g) be an almost contact metric
manifold. Then, for every me M, there is a ¢-basis of M,,.

The relationship between the curvature transformation R(X, Y), X,
Y e M, and the metric is given by

(3-1) R(X, Y) = [VYy VY] - V[X,Y] .

We denote by K(X, Y) the sectional curvature of the plane determined
by the vectors X and Y.

LemMMA 2. Let M(3, 7, g) be a cosymplectic manifold. Then, for
any X, YeM,,

(a) R(3X,4Y)=R(X,Y),

(b) K($X,¢Y)=K(X,7Y),

(c) K(X,%) =0,
and when X, Y, ¢X, ¢Y are orthonormal vectors

(d) 9(R(X,4X)Y,¢Y) = —-KX,Y)— K(X,4Y).

Proof. Applying the Ricei interchange formula to the tensor field
¢ and employing (2.1), we obtain (a); to prove (b) and (d) apply the
usual symmetry properties of the curvature tensor. The relationship
(c)Xis a consequence of (a).

In terms of a basis {X,}.,,....., of M, we put

Raﬁya = g(R(Xaa XS)X'Y’ Xa) y
R,; = trace (X, — —R(X,, X,)X,),
chl«--zyp = C(ana M} Xap) ’

and denote the curvature and Ricci tensors by R and S, respectively.



376 SAMUEL I. GOLDBERG AND KENTARO YANO

If {X,} is an orthonormal basis, the codifferential' 6w at m of a p-
form  is defined by

@)Xy o0, Yo = =2 (V&L Loy 2v0, Vo) ©

The operator 6 is the adjoint of d, that is 6w = (—1)?+xd*w where
% is the Hodge star operation. A differential form is harmonic if it
is a zero of the operators d and 6. We shall denote by 4 the Laplace-
Beltrami operator do + éd.

LEMMA 3. The contact form 7 and the fundamental form @ of
an almost cosymplectic manifold are harmonic forms.

Proof. By ([2], Proposition 2.12) the forms » and @ are related by

1
|@" |

N == *QP"

Hence, since |@| is constant and @ is closed,
1

| " |

=0.

o = + «d0

On the other hand, ¢(@)d® = 0, where ¢ is the interior product opera-
tion, from which ¢(®)V® = 0. But

—é—:«mw = (30D — -1 + AV
— (30)D + —;-d 1D = «(50)0

and consequently ¢(00)® = 0, since 67 =0 and || = 1. Applying ¢
to ¢(0®)® we get 00 + 1 Q (§)0@ = 6@ since ¢(£)® vanishes and 7 is
closed. Hence, @ is coclosed.

The following lemma is required in the proof of Theorem 1 (see
[3], Proposition 2).

LEMMA 4. A harmonic p-form of constant length on a Rieman-
nian manifold has vanishing covariant derivative if and only if the
quadratic form

3.2) F(Q) = Rplo o2l oy, + = ; -

R g ,LoPesenl? ag-ay,

1 The codifferential of a tensor field of type (0, p) may be similarly defined (see
§5).
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18 non megative.

A 2-form { on an almost contact metric manifold M(g, », g) is said
to be of bidegree (1,1) if {(X,¢Y) + {(¢X, Y)=0. The following
result is due to Moskal [5].

LEMMA 5. A ¢-basis {X,, X;, 6Xi}icr,...,.n, may be chosen at each
point of an almost contact metric manifold M(¢, v, g) such that the
only nonvanishing components of a 2-form L of bidegree (1, 1) are of
the type (i = (X, 9X0).

For the components of the 2-form @, we have

$i; = 0(X;, Xj) = —9(X;,6X;) =0,
$ie = VX, X)) = —9(X,, 6’ X)) = 9(X;, X;) = 05,
bijp = O( Xy Xp) = —9(9X,, 9° X)) = —9(X;, 6X))
+ N(Xn(eX;) =0,
o = O(Xy, X)) = —9(Xy96X,) =0, a=1,.++,20n.

PROPOSITION 2. Let L be a harmonic form of bidegree (1,1) on
the almost contact manifold M. Then, the quadratic form F({) on
M may be expressed in the camonical form

2F () = >l _Z.*(zKiO + Kij + Kij* + Ki*j + Ki*j*)(cii*)z

v JFr,
+ 8 Z RM*M*C“*CHv

<4

where K, = K(X,, X;).

COROLLARY 2.1. If M iscosymplectic and curvature is nonnegative
the covariant derivative of a harmonic 2-form of bidegree (1,1) and
constant length vanishes.

This is an immediate consequence of the identity (d) in § 3.

COROLLARY 2.2. The covariant derivative of a harmonic form
of bidegree (1,1) on a homogeneous cosymplectic space of nonnegative
curvature with respect to the invariant metric vanishes.

4. Proof of Theorem 1. Since

9R(X, Y)pZ, W) = 9$R(X, Y)Z, W) = —g(R(X, Y)Z, ¢ W) ,

we have g(R(¢Z, W)X, Y) = —g(R(Z, W)X, Y) for all X and Y.
Hence R(¢Z, W) = —R(Z, ¢W). For sectional curvature we have the
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corresponding relation K(X, ¢Y) = K(Y,¢X). When X, Y,¢X and ¢Y
form an orthonormal set

9(R(X, 6 X)Y, 8Y) = g(R(X, Y)¢X, 8Y) + 9(R(X, $Y)X, 4Y)
—9(R(X, Y)X, ¢'Y) — K(X, $Y)

= —K(X, Y)-n(Y)9(R(X, Y)X, §) — K(X, ¢Y)
= —-K(X,Y) - K(X, ¢Y)

since g(R(X, Y)X, &) = 0, the latter statement following from the fact
that g(R(X, Y)¢Z, &) = —g(R(X, Y)Z, &) = 0. For any tangent vector
X, K(X,&) =0 since R(3X,Y) = —R(X, ¢Y).

Let ¢ be a harmonic form of bidegree (1,1) on the almost
cosymplectic manifold M. Then, the quadratic form F({) on M may

be expressed in the normal form
F(@) = ;qu‘i* (K;; + Kip)(Ciae)® — 4% (Kij + Kij)Ciiliin
= D (K + Kij) (G — C50)°

1<

I

4.1)

FOT, in terms of a ¢‘baSiS {Xa}’ a = Oy 1’ e, M, 1*7 *tty ’ﬂ*, Raoﬁo = Oy SO
azﬁl‘r Ra,‘iCa‘yCﬁ'y = —-'a ﬂ;u szaﬁaCayCﬁy
=2 ; (Kif + Kii*)Cii‘ij* .

ki ix

Setting £ = @ in formula (4.1), it is seen that F({) = 0. Consequently,
V@ vanishes, so M is normal, that is, it is cosympletic.
The proof of Corollary 1.1 is an immediate consequence of the

fact that R(X, Y) vanishes.
Let S be the 2-form defined by

S(X,Y) = 8%, ¢Y),
and let ++ be the 2-form given by (1/2)¢(®)R. Then, we have

COROLLARY 1.2. Let M be an almost cosymplectic manifold. If
¥ =5,
them M 1is cosymplectic.
COROLLARY 1.3. The same conclusion prevails if
(@S ~ ) =0,
that is, if
r =38 %) + (P)y
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where r 18 the scalar curvature.

PRrROPOSITION 3. If the fundamental vector field of a 3-dimensional

almost cosymplectic manifold M(g, 1, g) is a Killing field, then M is
cosymplectic.

Proof. We must show that M is normal. To this end, observe
that L.® = de(&)@ + ¢(£)d® = 0, where L, is the Lie derivative operator.
For, @ is closed and ¢(§)@ = 0. On the other hand, since L.g = 0, L.¢
vanishes.

Let X, ¢X,& be an orthonormal set of vector fields. Then, we
have three cases to examine in formula (2.4).

Case (a). Y = ¢X. Then, since p(X) =0

[, 91(X, $X) = [¢X, ¢"X] — ¢[¢ X, 6 X] — ¢l X, ¢’ X] + ¢[X, ¢X]
= [¢pX, =X + PX)E] — ¢lX, —X + N(X)¢]
— [X, 6X] + 9([X, s X])¢
= (X, ¢ X])¢
=0,

the latter following since 7 is closed and no¢ = 0.
Case (b). Y =¢&. Then,

[4, 9)(X, &) = [8X, 8¢] — ¢[9X, £] — ¢[X, 9¢] + ¢°[X, £]
= #([&, 6X] — 8l¢, X])

= ¢(Lp) X
=90.
Case (c).

= —g[—X + n(X)§, ] + ¢’[¢X, €]
= — (L)X — n((L:3)X + 6L, X)
=0.

Observe that in a coordinate neighborhood with the coordinate
vectors X, Y, Z, W, if R(X, Y)¢ = ¢R(X, Y), then

— (V5 VAONZ, W) = 0(V x, Vi1Z, W) + $(Z, [V, Vr]W)
= g(R(X, Y)oZ, W) + 9(R(X, Y)Z, s W) ,
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by (3.1), so an equivalent formulation of the integrability condition of
Theorem 1 is given by

RX, V)0 =0

where the curvature transformation acts on the 2-form @ as a derivation.

To construct an almost cosymplectic structure on M X R or M x S*
where M is an almost Kaehler manifold take any point (m, t) of either
space and set ¢(X, Y) = (JX,0), Xe M,, YeR,or S/, & = (0, d/dt) and
7 = (0, dt) where J is the almost complex structure of M.

5. Integrability of almost Sasakian structures. Let M(g, 7, 9)
be a normal contact metric space with structure tensors ¢, and g.
Since M is normal, £ is a Killing field with respect to g, so by definition
M is an almost Sasakian manifold. The fact that ¢ is a Killing field
also yields the well-known second order condition

(5.1) 47 = 2(7)S .

Again, by the normality of M, the contact form also satisfies the
second order differential equation

(5.2) (VVY) = (V20X Y) = 9(Y, Z)(X) — 9(X, Z))(Y) .
Substituting (5.2) into (5.1), we find
(S = —ny .
Forming the codifferential of @, we also obtain from (5.2)
(5.3) 09 = 2ny .

Observe that 7 is coclosed, whereas in a cosymplectic manifold, it is
closed. If M is compact,

1

V=
4n?

|7 A,

where V is the volume of M.
We denote by Q@ the 2-form with values

mew%Sme&xmL

Expressing d® in terms of covariant derivatives, then applying
VvV, employing the Ricei interchange formula, and finally using the
first Bianchi identity, the following decomposition of the fundamental
2-form is obtained
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(5.4) dnd = 6P + 2Q0 + 2+
by virtue of (2.3) and (5.3). Substituting (5.2) into (5.4), we find
(5.5) Q0 = (2n — 1) — .

Conversely, suppose that M(g, 7, g) is an almost Sasakian space
and (5.5) holds. Then, by equation (5.4)

ovVo =20 .

But, since |@* = 2n

%Ald)iz:(év@,@>~ IVOP =0,

so that
| VO =20 =4n.
On the other hand, by setting
(X, Y, Z) = (VxOY, Z) + 9(X, Y))(Z) — 9(X, Z)(Y)
and computing its square length,
[} =]V} — 4¢£)o® + 4n =0,
from which /7 = 0, so M is normal, that is Sasakian. Thus, we have

proved

THEOREM 4. In order that an almost Sasakian wmanifold be
Sasakian, it is necessary and sufficient that

Q0 = 2n — 1)® — .

COROLLARY 4.1. If the metric g of an almost Sasakian manifold
M(¢,7m,9) is an FEinstein metric, that is, of S=2xrg (or, if S=
Mg —1nQ@m), and if v = (@n — N — 1)@, then M is Sasakian.
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