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ABSTRACT

It's shown that for some changes of metrics and structural tensors, the product of two trans-
Sasakian manifolds is a Kdhlerian manifold. This gives new positive answer and more generally
to Blair-Oubina’s open question. (See [7] and [17]). Concrete examples are given.
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1. Introduction

On the product of two almost contact manifolds, A. Morimoto [11] defined a natural almost complex
structure (see (4.2) in this paper) and proved that this almost complex structure is integrable if and only if
the two factors are normal almost contact manifolds. Later, M. Capursi [8] investigated almost Hermitian
geometry of the product of two almost contact metric manifolds with the product metric, with respect to the
almost complex structure defined by Morimoto. He shows that this product is Hermitian, Kahlerian, almost
Kahlerian or nearly Kdhlerian, if and only if, the two factors are normal, cosymplectic, almost cosymplectic or
nearly cosymplectic respectively.

Extending ideas from Capursi and Morimoto, Blair and Oubina [7] considered conformal and related
changes of the product metric with respect to a family of almost complex structures (see relation (3.1))
containing the one of Morimoto. Under the Kéhler condition on the product manifold, Blair and Oubina
proved that if one factor is Sasakian, the other is not, but that locally the second factor is of the type studied
by Kenmotsu. The resuls are more general and given in terms of trans-Sasakian, a-Sasakian and 3-Kenmotsu
structures, finally they asked the open question: What kind of change of the product metric will make both
factors Sasakian?

In [18], Watanabe survey almost Hermitian, Kéhler, almost quaternionic Hermitian and quaternionic Kéhler
structures, naturally constructed on products of manifolds with almost contact metric and Sasakian structures
and open intervals, as an application of these constructions. Next, he investigated almost Hermitian structures,
naturally defined on the product manifolds of two almost contact metric and Sasakian manifolds, and asked
some problems related to these topics.

In the same direction, Ozdemir and al. [14], gave some properties that each factor should satisfy to make the
almost Hermitian structure on the product manifold in a certain class of almost Hermitian manifolds.

Recently, in [2], we introduced the notion of generalized doubly D-homothetic bi-warping. we gave an
application to some questions of the characterization of certain geometric structures. Our work has supported
the point of view of the Calabi-Eckmann manifolds that the almost Hermitian structures defined on the
product of two Sasakian manifolds are never Kahlerian.

Here, again we based on the open question of Blair-Oubina (see [7],[18]), but with a new techniques which
requires a change in the two directions, metrics and structural tensors of the two Trans-Sasakian manifolds,
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which gave a positive response to the question see theorem (5.1)(main theorem).

This paper is organized in the following way:
Section 2, is devoted to the background of the structures which will be used in the sequel. In Section 3, we
introduce a new deformation of almost contact metric structure and we give some geometric properties. Section
3 is devoted to the construction of a class of interesting examples in dimension 3. In the last section, we focus
on our main goal where we construct Kidhlerian manifold using the product of two Trans-Sasakian manifolds
with a concrete example.

2. Review Of Needed Notions

An almost complex manifold with a Hermitian metric is called an almost Hermitian manifold. For an almost
Hermitian manifold (M, J, g) we thus have

J? =1, g(JX,JY) =g(X,Y), (2.1)

where X and Y denote arbitrary vector fields on M.
An almost complex structure J is integrable, and hence the manifold is a complex manifold, if and only if its
Nijenhuis tensor N; vanishes, with

N;(X,)Y)=[JX,JY]| - [X,Y]-J[X,JY]| - JJX,Y].
For an almost Hermitian manifold (M, J, g), we define the fundamental Kihler form Q2 as
QX,Y) = g(X,JY).

(M, J, g) is then called almost Kédhler if  is closed i.e. d©2 = 0 where d denotes the exterior derivative.

An almost Kédhler manifold with integrable J is called a Kadhler manifold, and thus is characterized by the
conditions: dQ2 = 0 and N; = 0.

One can prove that both these conditions combined are equivalent with the single condition

VJ =0.

An odd-dimensional Riemannian manifold (M?"*! g) is said to be an almost contact metric manifold if there
existon M a (1,1) tensor field ¢, a vector field ¢ (called the structure vector field) and a 1-form 7 such that

n€) =1, ¢*(X)=-X+nX)¢ and g(eX,pY)=g(X,Y)—n(X)n(Y), (2.2)

for any vector fields X, Y on M. In particular, in an almost contact metric manifold we also have ¢ = 0 and
now=0.

Such a manifold is said to be a contact metric manifold if dn = ¢, where ¢(X,Y) = g(X, ¢Y) is called the
fundamental 2-form of M.

On the other hand, the almost contact metric structure of M is said to be normal if

NW(X,Y) = [, @](X,Y) + 2dn(X, Y)E = 0, (2.3)
for any X and Y vector fields on M, where [¢, ¢] denotes the Nijenhuis torsion of ¢ given by
[0, P)(X,Y) = (X, Y] + [pX, ¢Y] — p[0X, Y] — ¢[X, pY].
An almost contact metric structures (p, £, 7, g) on M is said to be:

(a) : Sasaki & ¢ =dnand (p,€&,n) is normal,
(b) : Cosymplectic < d¢ =dn =0 and (p,&,n) is normal, (2.4)
(¢) : Kenmotsu < dn =0, d¢ =2¢ An and (v,&,n) is normal.

These manifolds can be characterized through their Levi-Civita connection, by requiring

(1) : Sasaki & (Vxp)Y =g(X, V)¢ —n(Y)X,
(2) : Cosymplectic & Vi =0, (2.5)
(3) : Kenmotsu < (Vxe)Y = g(pX, V) —n(Y)pX.
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In [15], the author proves that (¢, &, 7, g) is trans-Sasakian structure if and only if it is normal and

dn = ag, d¢ =281 A ¢, (2.6)
where a = 5-0¢/(€), B = 5-divé and § is the codifferential of g.

n

It is well known that the trans-Sasakian condition may be expressed as an almost contact metric structure
satisfying

(Vxp)Y = a(g(X,Y)E = n(Y)X) + B(g(¢X,Y)E = n(Y)pX). 2.7)

From this formula one easily obtains
Vx¢=—apX — fp°X, (2.8)
(Vxn)Y = ag(X, ¢Y) + Bg(pX, ¢Y). (2.9)

It is clear that a trans-Sasakian manifold of type (1,0) is a Sasakian manifold and a trans-Sasakian manifold of
type (0,1) is a Kenmotsu manifold. A trans-Sasakian manifold of type (0, 0) is called a cosymplectic manifold.
From [9] we know that for a 3-dimensional trans-Sasakian manifold we have

208 4 &(a) = 0. (2.10)
The relation between trans-Sasakian, a-Sasakian and, S-Kenmotsu structures was discussed by Marrero [10].

Proposition 2.1. (Marrero [10]) A trans-Sasakian manifold of dimension > 5 is either o-Sasakian, 3-Kenmotsu or
cosymplectic.

Proposition 2.2. (Marrero [10]) Let M be a 3-dimensional Sasakian manifold with structure tensors (p,&,1,9) ,
f > 0a non-constant function on M and g = fg+ (1 — f)n @ n. Then (p,&,n,q) is a trans-Sasakian structure of type

(43¢ f)).

For more background on these manifolds, we recommend the references [4, 5, 19].

3. Deformation of trans-Sasakian manifolds

Let (M?"*1 . & n, g) be an almost contact metric manifold. Here, we will introduce a new deformation of
almost contact metric structures where we deform the metric g and the structural tensor ¢ simultaneously.
For all X and Y vector fields on M, we consider a change of structure tensors of the form

PX =X +0(pX)E, £=¢ f=n—0, §PX,PY)= fg(pX,pY), (3.1)

where 6§ is a 1-form orthogonal to 77 and f a positive function on M.
Note that the metric § can be written as

IX,Y) = fg(pX,9Y)—n(X)n(Y)
= f9(X,Y)+ (1 = )n(X)n(Y) —n(X)0(Y) = 0(X)n(Y) + 0(X)0(Y).
Proposition 3.1. The structure (¢, &1, g) is an almost contact metric structure.
Proof. The proof follows by a routine calculation, just using (2.2). O

In particular, if # = 0 then we get
g=rfg+ 10— finen,
and this deformation was studied by Marrero [10].

Remark 3.1. In this new deformation we required the orthogonality between ¢ and 7. But, If we canceled this
condition and we took § = (1 — h)npand ¢ = %5 with 7 a non zero function on M, we get

g=fg+ (= fimen.

This deformation appeared in [1] and [13]. In addition, if f =1 then we have D-isometric deformation [3],
but for h = f we get the deformation of Blair [6] and for h = f = a where a is a positive constant we obtain
D-homothetic deformation [17].
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The above remark indicates that this deformation is more general than other deformations in the literature.
We denote by N the tensor field of type (1,2) on M defined for all X and Y vector fields on M by
NOXY) = [2,2)(X,Y) + 2d7(X, Y)E,

where
(5, 8)(X,Y) = F°[X, Y] + [3X, 3Y] — ¢[eX, Y] — @[ X, §Y].

By long direct calculation, using formulas (3.1) one can get
NYXY) = NOX,Y)+0(ND(X,Y))¢
= BeX) (NO) +0(NO(1)¢) - 0(pY) (NO(X) + 0(NO (X))¢)
+  2d0(¢X,3Y)E —2d0(X, Y)E, (3.2)

with N®) is a tensor fields on M given by

NO(X) = (Lep)(X) = 0lX, €] - [¢X, €],
where L, denotes the Lie derivative with respect to the vector field &.

Proposition 3.2. Let (¢,§,n, g) be a normal almost contact metric structure on M. The almost contact metric structure

(@,&,1,9) is normal if and only if
d9(<pX, <pY) =di(X,Y).

Proof. Firstly, we have
NO(X,Y) =0= NO(pX,€) = [¢, pX] - plg, X] = NP (X) =0.
So, If (p,&,m, g) is normal then from (3.2), we obtain
NO(X,Y) =2d0(pX, ¢Y )€ — 2d0(X,Y)E. 3.3)

Suppose that
df (X, pY) =di(X,Y).

For Y = ¢ we get for all X vector field on M,
do(X,¢§) =0. (3.4)

Applying (3.4) and (2.2) in (3.3) we obtain NOX,Y) =0.
For the inverse, suppose that N(!) = 0 and taking Y = ¢ we obtain for all X vector field on M,

d9(X,€) = 0. (3.5)

Applying (3.5) in (3.3) we get
do(¢X,pY) =do(X,Y).

O

Through the rest of this paper, we consider (M?" 1 . £ n, g) is a trans-Sasakian manifold of type (a, 3) i.e.,
we have

dn = ag, dé =260 N ¢.
Theorem 3.1. Let (M, ¢,&,n, g) be a Trans-Sasakian manifold of type (o, ). If

df =dn and d(In f) = =287

then, (M, ¢, &, 7, §) define in (3.1) is a cosymplectic manifold.
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Proof. According to the formulas (2.4), (M, 3, &, 1, §) is cosymplectic manifold if and only if
dij=d¢=0 and (3,&,7) is normal.

Firstly, we have 7 = n — 6 which implies d7j = 0. Secondly, for all X and Y vector fields on M, the fundamental
2—form ¢ Of (Qb, ga f]v g) is

¢(X7Y) = g(Xv @Y)a

we can check that is very simply as follows:

¢=fo. (3.6)
Since d(In f) = —28n and d¢ = 25n A ¢, then
dp = df Ao+ fdo
= f(d(nf)+28n) Ao

= 0.
Finally, we have
df = dn = a¢ = df (X, pY) = df(X,Y),
according to the proposition 3.2 the structure (¢, £, 77) is normal . This completes the proof of the theorem.
U

Corollary 3.1. Let (M, ¢, &, n,g) be a 3-dimensional Trans-Sasakian manifold of type (., B). If
d0=dy and €(nf)=-28
then, (M, ¢, €,17,§) define in (3.1) is a cosymplectic manifold.

Proof. Let {eg = &, e1,e2} be the frame of vector fields and {6° = 7, 0',6%} be the dual frame of differential
1-forms on M. Then,
o =20 A6,

and
d(In f) = &(In )y + 6" (In fles +6°(In fez.
Thus
d(In f) A =E(In f)n A ¢.

Then, from the theorem 3.1, we obtain

§(In f) = —25.

4. A class of examples

For this construction, we rely on our example in [2]. We denote the Cartesian coordinates in a 3-dimensional
Euclidean space R? by (z,y, z) and define a symmetric tensor field g by

p2 +72 0 -7
9= o p 0 |,
—T 0 1

where p and 7 are functions on R? such that p # 0 everywhere.
Further, we define an almost contact metric (¢, £, 1) on R? by

0 -1 0 0
Y= 1 0 0 ) é-: 0 ) 77:(_7—70’1)'
0 —7 0 1
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The fundamental 1-form 7 and the 2-forme ¢ have the forms,
n=dz—1dz and ¢ = —2p%dx A dy,
and hence

dn = mdrAdy+T13drANdz,
d¢ = —dpspdxr ANdyANdz,

or

where p; = % and 7; = ST

Knowing that the components of the Nijenhuis tensor N,, (2.3) can be written as,

N = @09} — 9;00) — 050k — Oe}) + me(95€7) — n; (OkEY),

where the indices i, j, k and [ run over the range 1, 2, 3, then by a direct computation we can verify that
Ni; =0, Vi, j, k.
implying that the structure (¢, {, 7, g) is normal. From (2.6), the structure (¢, £, 7, g) is a Trans-Sasakian when
Ty = —2ap?, p3 = Bp and 3 =0.
Knowing that ¢ is a 1-form orthogonal to 7, i.e. #(£) = 0 then 6 has the following form
0 =adx—+bdy,
where a and b are two functions on R3. According to Corollary 3.1, the structure (3, &1, g) is cosymplectic if
dé = dn and &(ln f) = =25,

which give
fs
f

Under these informations and using formulas (3.1), one can get

= —28.

as — by = —2ap2 and

[P+ (a+71)?* bla+t) —(a+7)

g= bla+T) fp?+ b2 —b
—(a+71) -b 1
and
0 -1 0 . 0
o= 1 0 0|, ¢=¢=[0], a=(-(a+7),-b1).
b —(a+7) O 1

with ¢ = —2dx A dy. Since dé = d7j = 0 and (3, &, 77) is normal then, (R3, @, €, 7, §) is a cosymplectic manifold.

Finally, we propose some concrete cases:

<:

1): p=e?, T =2y, f=a=e2, B=1, 0 = ydx — zdy.

2): p=z, T =2y, f:azz%, B:%, 0 = —2xdy.

3): p=u, T = =222y, f=1, a=1, 8 =0, 0 = —22dy.
4): p=e*, T =e%, f=e2%, a=0, B=1, 0 = ydx — zdy.

We can construct further examples on R? by the similar way.

5. Kdhlerian structure on the product of two Trans-Sasakian structures

It’s natural to research for some conditions to construct a Kéhlerian manifold on the product of two Sasakian
manifolds or more generally two Trans-Sasakian manifolds.
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Is very well known that the product metric of two cosymplectic manifolds is Kadhlerian (see [8]). According
to the previous section, if we consider (M1, ¢1,&1,m1,91) and (Ma, @2, &2, 12, g2) two Trans-Sasakian manifolds
then, (M, ¢1,&1, 71, 61) and (Ma, $2, &2, 72, §2) are two cosymplectic manifolds where

&1 X = o1 X + 01 (1 X)E1, & =&, 1 =mn1 — 01,

G121 X, 01Y) = fig1(p1 X, 1Y)

and -
P2 X = 2 X + O2(p2X)&o, §o = &, 7o = 12 — 02,

G2(P2X, §2Y) = fag2(p2X, p2Y),
with 6, and 6, are two 1-forms on A/; and M, respectively such that
df; =dm and dfy = dns.
Define an almost complex structure J on M; x M, by
J(X1,X2) = (¢1X1 — 2(X2)&1 , $2X2 + 71 (X1)E2), (5.1)
and a Riemannian metric g on M; x M, defined by
9((X1, X2),(V1,Y2)) = 51(X1, Y1) + §2(X2,Y2). (5.2)
Using formulas (2.1), one can prove that (M = M; x Ms, g, J) is an almost Hermitian manifold.
Therefore, summing up the arguments above, we have the following main theorem:

Theorem 5.1. Let (My,¢1,81,m,91) and (Ma, 2,&2,m2, g2) be two Trans-Sasakian manifolds. Then M = My x Ms
equiped with the alomst Hermitian structure (J, g) defined by (5.1) and (5.2) is a Kihlerian manifold.

Example 5.1. For this construction, we will use the two structures (1) and (2) from the previous class of
examples. The first Trans-Sasakian structure is given by

142 0 2 0 -1 0 0
g1 = 0 e2z 0 y P1 = 1 0 0 ) 61 = 0 , Th = (2y707 1)
2 0 1 0 2y 0 1

The structure cosymplectic extracted by the deformation is:

1+9? zy Y 0 -1 0 ~ 0
.61: Ty 1+LL’2 T aQZl: 1 0 0 751: 0 ; 77]1:(y7$,1)-
Y T 1 -z y 0 1

For the second Trans-Sasakian manifold (R?, 2, £2, 72, g2) we denote the Cartesian coordinates in R3 by (u, v, w)
and define the Sasakian structure (2, 2,12, g2) by

w2+4% 0 2 0 -1 0
g2 = 0 w2 0 |, @e=|1 0 0|,
2v 0 1 0 2v 0
0
&=\ 0], n=(2001).
1

The second cosymplectic structure extracted is:

1 + 402 4uv 2v 0 -1 0
g = duv 1+4u? 2u |, @o= 1 0o 0 |,
2v 2u 1 —2u 2v 0
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52 = 0 3 f]? = (2U,2U, 1)
1

Now, we use the product of the two Trans-Sasakian manifolds (R3, ¢1,&1,m1,91) and (R3, @2, &2, 72, g2) and
using (5.1) and (5.2) with a straightforward computation we can get the associated matrices of g and J on R®:

1+9? Ty Y 0 0 O
Ty 14+22 =z 0 0 O
. Y T 1 0 0 O
=1 o 0 0 wi+d? 0 2 |’

0 0 0 0 w? 0
0 0 0 2v 0 1

0 -1.0 0 0 0

1 0 0 O 0 0

J— -z y 0 —2v —2u -1

o 0 0 0 -1 o0

0 0 0 1 0 0

Y r 1 —2u 2w 0

Knowing that the components of V.J (2.3) can be written as,

6 6 6
(Vo )0 = 3 0:J50m+ > JiT00, — Y JETEO,

m=1 a,m=1 k,m=1

where 9; = ;2-, then by a direct computation we can verify that

(Vo,J)0; =0, Vi, 5, k.

implying that (R®, J, g) is a Kahlerian manifold.

Remark 5.1. The case where (M, p1,&1,m,91) and (Ma, ¢2,&2,72, g2) are two Sasakian manifolds, ie for oy =
ay =1land f; = B2 =0, is a positive answer for Blair-Oubina’s open question (see [7], [18]).
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