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Abstract

In this dissertation, we introduce and investigate locally conformal almost Kenmotsu
structures. We show that, under some conditions, these structures contain the classes
of C'(\)-structures. We prove that its contact distributions admit foliations whose
leaves are locally conformal almost K&dhlerian with mean curvature vector propor-
tional to the characteristic vector field. A locally conformal Kenmotsu manifold is
a locally warped product space. We also prove that integral manifolds immersed in
the C'R-submanifolds of the locally conformal Kenmotsu which are locally conformal
Kahlerian which, under some conditions cannot be minimal.

Keywords : Kenmotsu manifold, locally conformal almost Kenmotsu manifold, Fo-
liation.
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CHAPTER ONE

INTRODUCTION

The first study on locally conformal Kéhler manifolds was done by Libermann in
1955 [24]. Vaisman in [40] introduced a geometric condition for locally conformal
Kéhler manifolds to be K&hler and in 1982 Tricerri [37] gave different examples.
In 2001, Banaru [3] succeeded in classifying the sixteen classes of almost Hermitian
manifolds by using the so-called Kirichenko tensors. Abood studied the properties
of these tensors in [I]. The class of locally conformal Kéhler manifolds is one of the
sixteen classes of almost Hermitian manifolds (see, for example, [1§]).

In 1972, K. Kenmotsu [21] studied a class of almost contact Riemannian manifold
and introduced a new class of almost contact Riemannian manifold which are called
Kenmotsu manifold. Kenmotsu manifolds are normal almost contact Riemannian
manifolds. Kenmotsu [21] investigated fundamental properties on local structure of
such manifolds . A Kenmotsu manifold is always an almost Kenmotsu manifold, but
the converse is not necessarily true.

In general, the contact and almost contact structures are two of the most interest-
ing examples of differential geometric structures. Their theory is a natural generaliza-
tion of so-called contact geometry, which has important applications in quantum and
classical mechanics. Their study as differential geometry structures dates form the
work of Gererdo [36] and Sasaki [33]. Almost contact metric structures are an odd-
dimensional analogue of almost Hermitian structures and there exist many important
connections between these two classes. Sasakian manifolds are manifolds of positive or
zero curvature. But Kenmotsu manifolds are manifolds of negative curvature. Tanno
in |34] classified the connected almost-contact metric manifolds whose automorphism
groups has the maximum dimension. For such a manifold, the sectional curvature of
plane sections containing ¢ is a constant, say c. Then there are three classes:

(i) Homogeneous normal contact Riemannian manifolds with ¢ > 0,

(ii) Global Riemannian products of a line or a circle with a Kéhler manifold of
constant holomorphic sectional curvature if ¢ = 0,

iii) Warped product space L x; F'if ¢ < 0.
(ii) 7
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CONTENTS 2

In [21], the author proved that a locally kenmotsu manifold is a warped product
L x; F of an interval L and Kéihler manifold N with mapping function f(t) = ce’,
where c¢ is a non-zero constant and that a Kenmotsu manifold of constant ¢-sectional
curvature is a space of constant curvature -1 and so it is locally hyperbolic space.
He also proved that if Kenmotsu manifold satisfies the condition R(X,Y).R = 0,
then it is of constant negative curvature —1. Kenmotsu manifolds were studied by
many authors such as G. Pitis [13], De and Pathak [9], Jun, De and Pathak [10],
Binh, Tamassy, De and Tarafdar [8], Bagewadi and collaborators [5], [6], [7], Ozgur
[11],[14] and many others. Since then, up to our knowledge, a systematic study of
locally conformal almost Kenmotsu manifolds has not been undertaken yet.

The aim of this dissertation is to study, thus, providing some technical apparatus
needed for further investigations. Therefore, we consider the class of almost contact
metric manifolds called locally conformal almost Kenmotsu manifolds.

We asked ourself “can a locally conformal almost Kenmotsu manifold admit a
1-form w that is proportional to n”. We shall try to prove why this is true; where is
the connection?

This dissertation covers foundations of almost contact geometry in modern lan-
guage. Throughout the dissertation, we provide theorems. Almost contact metric
structure is given by a pair (n, ®), where 7 is a 1-form, ® is a 2-form and n A ® is a
volume element. It is well known that then there exists a unique vector field £, called
the characteristic (Reeb) vector field such that n(§) = 1.

The dissertation is organized as follows: In Chapter [2, we recall some preliminary
definitions on almost Kenmotsu, Kenmotsu and locally conformal (l.c.) almost Ken-
motsu structures. We characterize l.c. almost Kenmotsu manifolds. We prove that,
under a certain condition, the class of locally conformal almost Kenmotsu structures
belong to the class of S-Kenmotsu structures. Furthermore, we give an example of
a three-dimensional conformal Kenmotsu manifold that is not Kenmotsu. We also
prove that the contact distribution is always integrable and admits foliations whose
leaves are almost K&hler with mean curvature vector supported by the line bundle
spanned by the characteristic vector field. Chapter [3| gives some preliminary lemmas
on submanifolds of l.c. almost Kenmotsu manifolds. By adapting the concept of con-
tact C'R-submanifolds given in [4I] and under some conditions, there exist foliations
whose leaves are l.c. Kahler manifolds which cannot be minimal. We finally end the
thesis by a concluding remark and some perspectives.

Locally Conformal Almost Kenmotsu Manifolds Snethemba Hlobisile Maduna@©SMSCS/UKZN 2018
The financial assistance of the National Research Foundation (NRF) towards this research is hereby acknowledged.
Opinions expressed and conclusions arrived at, are those of the student and are not necessarily to be attributed to the
NRF.



CHAPTER TwO

LOoCALLY CONFORMAL ALMOST
KENMOSTU MANIFOLDS

In this chapter, we recall some general definitions and basic properties of contact met-
ric structures and (almost) Kenmotsu manifolds with particular attention to locally
conforml almost Kenmotsu manifolds. For more information and details, we recom-
mend the reference [30]. We assume (unless otherwise stated) that all manifolds in
this dissertation are smooth and paracompact.

2.1 Almost Kenmotsu and Kenmotsu structures

Let M be a (2n + 1)-dimensional manifold endowed with an almost contact structure
(¢,€,1m), i.e. ¢ is a tensor field of type (1,1), £ is a vector field, and 7 is a 1-form
satisfying

¢’ =-T+n®& ) =1, no¢="0and ¢ =0. (2.1)

Then (¢,&,n, g) is called an almost contact metric structure on M if (¢,&,n) is an
almost contact structure on M and ¢ is a Riemannian metric on M such that, for
any vector field X, Y on M [10]:

90 X,0Y) = g(X,Y) —n(X)n(Y). (2.2)

for any vector field X on M,
n(X) = g(X, §). (2.3)
Let consider the manifold M x R. We denote a vector field on M x R by (X, f%),

where X is tangent to M, t the coordinate on R, and f a C* function on M x R.
Define an almost complex structure J on M x R by

1(xorg) = (ox - renn )
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Almost Kenmotsu and Kenmotsu structures 4

where J? = I. If now J is integrable, we say that the almost contact structure (¢, &, n)
is normal (Sasaki and Hatakeyama [32]). Since the vanishing of the Nijenhuis torsion
of J is a necessary and sufficient condition for integrability, we seek to express the
condition of normality in terms of the Nijenhuis torsion of ¢. Since [J, J] is a tensor
field of type (1,2), it suffices to compute [J, J]((X,0), (Y,0)) and [J, J]((X,0), (0, £))
for vector fields X and Y on M:

7, J)((X,0), (Y,0)) = ([X,Y],0) + [(M n(x >d) (¢ Y >§iﬂ
1 [(exa008) 0] [0 @ram D)
= (1XY] = (X YD 0) + ([0, 0¥, (6Xn(Y) — ¥ (X)) 3 )

- (olox¥1+ o nox. v

- ok vy o alix.ovD )

= (10,0105, Y) 4 200X V)6 (CaxmY) — (S ()5 )

(2.4)
d d d d
000,50 = | (X005 ) (-60)] = 7 | (ex0 ) (0.
‘][( 70)7(_570)]
(~ox.€ 0 ) + (o1, lnlix )

= ((Le9) X, (L¢n)(X)). (2.5)

Here we call £x the Lie derivative with respect to the vector field X.
We are thus led to define four tensors N, N® NG N® by

WX, Y) = [¢,¢](X,Y) + 2dn(X, V), (2.6)
®(x, ) (Loxm(Y) = (Loyn)(X), (2.7)
@ = (Lep) X, (2.8)

= (Len)(X). (2.9)

The almost contact structure (¢, £, n) is normal if and only if these four tensors vanish.
However, the vanishing of NV implies the vanishing of N, N®) and N®, so that
the normality condition is simply

[0, 0](X,Y) +2dn(X,Y )¢ =0, (2.10)
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Locally conformal almost Kenmotsu 5

where [¢, @] is the Nijenhuis torsion of ¢ defined by
[0, 0)(X,Y) = ¢°[X, Y] = 0|0 X, Y] — ¢[X, Y] + [¢ X, Y].
The fundamental 2-form of M is defined by
O(X,Y) = g(X,9Y),

for any vector fields X and Y on M.

If, moreover,

(Vxo)Y =g(¢ X, Y){ —n(Y)o X, (2.11)

where V is the Levi-Civita connection for the Riemannian metric g, we call M a
Kenmotsu manifold.

Moreover, Kenmotsu proved that such a manifold M?"*! is locally a warped prod-
uct (—e, €) xy N?" N?" being a Kéhler manifold and f? = ce*, ¢ a positive onstant.

More recently in [I5], [22] and [27], almost contact metric manifolds such that

dn=0 and d® =2nA D, (2.12)

are studied and they are called almost Kenmotsu. Obviously, a normal almost Ken-
motsu manifold is a Kenmotsu manifold.

2.2 Locally conformal almost Kenmotsu

Let (M®™+D ¢ ¢ 1, g) be an almost contact metric manifold. Such a manifold is said
to be locally conformal (l.c.) almost Kenmotsu, if M has an open covering {U; }ies
endowed with smooth function o; : Uy — R such that over each U; the almost
contact metric structure (¢, &, 74, g;) defined by

¢y =0, & =exp(o)f, n =exp(—oy)n, g =exp(—20.)g, (2.13)

s almost Kenmotsu.
This means that if V* is the Levi-Civita connection associated with g;, then (see
[15] for more details and references therein)

20:((Vix )Y, Z) = 2n:(Z) gs(¢ X, Y) — 20:(Y) g:(¢ X, Z)
+ gV (Y. 2), 6X), (2:14)
for any vector fields X, Y and Z. Therefore, we have the following.

Theorem 2.2.1. An almost contact manifold M is l.c. almost Kenmotsu manifold
if and only if there exists a closed 1-form w such that

dn=wAn and d® = 2{exp(—oy)n+w} A P, (2.15)

with w = doy.
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Locally conformal almost Kenmotsu 6

Proof. Since 1, = exp(—oy)n on U;, we obtain,
0 = dn, = —exp(—oy)doy A+ exp(—oy)dn. (2.16)
That is
dn = doy A . (2.17)

Likewise,
d, = exp(—20,)P.

Then its differential is given by

d®; = —2exp(—20¢)doy A P + exp(—204)dP

= exp(—20y) {—2doy A D + dD} . (2.18)
On the other hand,
dq)t == 27]25 VAN q)t
= 2exp(—3oy)n A P. (2.19)

From (2.18)) and (£2.19)), we have

2exp(—30,)n A ® = exp(—20;) {—2doy AN & + dP} . (2.20)

That is,
2exp(—o)n AP = —2doy N P + dP, (2.21)
which completes the proof with w = doy. O

The Riemannian connection V of the metric g is given by

29(VxY, 2) = X(9(Y, 2)) + Y (9(2, X)) = Z(9(X,Y)) = g(X, [V, Z])
+9(Y,[Z,X]) + 9(Z,[X,Y]), (2.22)

which is known as the Koszul formula. Let V and V' be Levi-Civita connections
associated with the metrics g and g, respectively. We set

oxY =VxY — VLY, (2.23)
for any vector fields X and Y on M. Then o is symmetric, that is,

O'Xy = O’yX.
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Locally conformal almost Kenmotsu 7

Lemma 2.2.1. Let (M, $,&,m, g) be an l.c. almost Kenmotsu manifold. Let ¥V and V*
be Levi-Civita connections associated with the metrics g and g, respectively. Then,
for any vector fields X and'Y on M,

VhY = VY — w(X)Y —w(Y)X + ¢(X,Y)B, (2.24)
where B is the vector field defined by w(X) = g(X, B).
Proof. For any XY, Z € T'(TM),
0=(VX)aY.2) = X(g(Y, 2)) — (VXY Z) = (Y, VX Z). (2.25)
Since g; = exp(—20y)g, we have that ¢;(Y, Z) = exp(—20)g(Y, Z). Similarly,

(VY. Z) = exp(—20,)g(VY, Z),
g(Y,V%Z) = exp(—20,)g(Y, Vi Z), (2.26)
and X (qu(Y, 7)) = X(exp(~20)9(Y; 2)) + exp(~200) X (4(Y, 2))
= —2exp(—20¢) X (00)g(Y, Z) + exp(—20¢) X (9(Y, Z))
— exp(—20){—2X(0)g(Y. 2) + X(g(V, Z))}.  (2.27)

Substituting equations (2.26)) and (2.27) into (2.25) gives

{—2X(00)g(Y, Z) + X(g(Y, Z))} — exp(—20,)g(VY, Z)
01)g(Y, V& Z)

o
|
D
>
= 2
[\D
N

= —2X(0t)g(Y, Z)+X(g(Y,2)) = g(VKY, Z) — g(Y,V Z)

—2X(0)9(Y, Z) + X(9(Y, Z2)) = g(VxY —oxY,Z) — g(Y,VxZ — 0x Z)
= —2X(01)g(Y,Z) + X(9(Y, Z)) — 9(VxY, Z) — g(Y,VxZ) + g(oxY, Z)
+9(Y,0x %)
= —=2X(0)g(Y, Z) + (Vxg)(Y, Z) + g(oxY, Z) + g(Y,0x Z)

—2X(01)g(Y, Z) + g(oxY, Z) + g(Y,0xZ)

= —2doy(X)g(Y, Z) + g(oxY, Z) + g(Y,0x Z)
= 2(X)g(Y, Z) + g(oxY, Z) + g(Y, 0% 2). (2.28)

Rearranging relation ((2.28)), yields
goxY, Z)+g(Y,oxZ) =2w(X)g(Y, Z). (2.29)
The circular permutation in (2.29) gives

gloyZ, X))+ 9(Z, 0y X) =2w(Y)g(Z, X). (2.30)
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Locally conformal almost Kenmotsu 8

90z X,Y) 4+ g9(X,02Y) =2w(Z)g(X,Y), (2.31)
and using the operation (2.29))-(2.31))+(2.30), we get

9g(oxY,Z) — g(X,02Y) + gloy Z, X) + g(Z,0v X) = 20w(X)g(Y, Z)
—2w(2)g(X,Y) + 2w(Y)g(Z, X), (2.32)

which is simplified as

9(oxY,Z) = g(w(X)Y, Z) + g(w(Y)X, Z) — w(Z)g(X,Y)
- g(w(X)Y, Z) + g(w(Y)X, Z) - g(B7 Z)Q(‘X’ Y)
=gwX)Y +wY)X —g(X,Y)B, 2), (2.33)

which implies that
oxY =w(X)Y +w(Y)X —g(X,Y)B, (2.34)
where B is the vector field defined by ¢(B,Z) = w(Z) and this ends the proof. [

Now consider the tensors N and N® given in and (2.7). Clearly the
almost contact structure (¢, &, n) is normal if and only if NV, N? vanishes. However
the vanishing of N implies the vanishing of N2. We now prove the tensors for the
structure (¢, &, m¢, g¢) on Uy in the following lemma.

Lemma 2.2.2. If the structures (¢, &, e, gr) are almost Kenmotsu, we have that, on
Ut:

NY(X,Y) = Ni(X,Y) — 2dn(X,Y)E, (2.35)
NP (X,Y) = exp(—o){w(0Y )n(X) — w(6X)n(Y) + No(X,Y)}. (2.36)

Proof. From equation (2.6) we have that

NO(XY) = (60, 6] (X,Y) + 2dn, (X, Y)E,
= (6, (X, Y) + 2dn, (X, V)&, (2.37)

where [¢, ¢] is the Nijenhuis torsion. Making [¢, ¢](X,Y") the subject of the formula
in equation (2.6) and substituting what you get into equation (2.37)) gives

NY(X,Y) = Ni(X,Y) = 2dn(X, V)€ + 2dn (X, Y )&, (2.38)

Since the structures (¢y,&:,m:,g:) are almost Kenmotsu, dn, = 0, equation (2.38])
becomes

NY(X,Y) = Ny(X,Y) — 2dn(X, Y)E. (2.39)
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Locally conformal almost Kenmotsu 9

from (2.7)), one gets that
NP(X,Y) = (Loxm)Y — (Loym) X, (2.40)
where £ is the Lie derivative. Note that

exp(—a)n([¢ X, Y])

(Loxm)Y = ¢X (exp(—oy)n(Y)) —
)) +exp(—0:)p X (n(Y)) — exp(—o:)n([¢pX, Y])

(
= ¢ X (exp(—o)n(Y
= ¢X(01) exp(—a)n(Y) + exp(—0o1)p X (n(Y)) — exp(—o¢)n([¢X, Y])
= exp(—o ) {—w(@X)n(Y) + (Lyxn)Y'} (2.41)
and
(Loyn) X = @Y (exp(—oy)n(X)) — exp(—os)n([9Y, X]

) , XT)
) + exp(=0a1)oY (n(X))

I
S S

(

Y (exp(—01)n(X) — exp(—ay)n([oY, X])

Y (01) exp(—01)n(X) + exp(—0¢)¢Y (n(X)) — exp(—0¢)n([¢Y, X])
xp(—o) {—w(@Y)n(X) + (Loyn) X} (2.42)

Now substituting equation (2.41)) and (2.42)) into equation ({2.40)), gives

NP(X,Y) = exp(—o){—w(@X)n(Y) + (Loxn)Y } — exp(—or) {—w (@Y )n(X)
+ (Loyn) X}

|
@

= exp(—o){w(@Y In(X) = w(@X (V) + (Loxn)Y — (Loym) X}
= exp(—o {w (@Y )n(X) — w(@X)n(Y) + N2 (X, Y)}, (2.43)
and this ends the proof. O

On Uy, if the structures (¢, &, n:, g:) are almost Kenmotsu, the relation (2.14))
leads to

2exp(—201)g((Vi )Y, Z) = 2exp(—30,) {n(Z)g(6X,Y) —n(Y)g(¢X, Z)}
+ exp(—200)g(NV(Y, Z), ¢ X). (2.44)

That is,

29((Vx )Y, Z) = 2exp(—0y) {n(2)g(¢X,Y) = n(Y)g(¢X, Z)}
+ g(NO(Y, 2), ¢ X). (2.45)

The covariant derivatives V'¢; and V¢ are related as follows. For any vector fields
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Locally conformal almost Kenmotsu 10

X,Y on M and using (2.24), we have
(fogbt)y = V&ngtY - ¢t(v§(y)
= VoY — ¢(VY)
=VxoY —w(X)pY —w(oY)X + g(X,0Y)B — ¢VxY + w(X)pY
+wY)opX —g(X,Y)pB
=VxoY —w(@Y)X + g(X,0Y)B — ¢VxY +w(Y)oX — g(X,Y)¢B
= (Vx9)Y —w(¢Y)X + w(Y)pX + g(X,9Y)B — g(X,Y)pB.  (2.46)
Now, using the relation (2.46) into (2.45)), one has
2exp(—01) {n(Z)g(¢X,Y) = n(Y)g(¢X, Z)} + g(ND(Y, Z), 6 X)
=29((Vx9)Y, Z) = 2w(¢Y)g(X, Z) + 2w(Y)g(¢X, Z) + 29(X, ¢Y )w(Z)
—29(X,Y)g(¢B, Z). (2.47)
Therefore, we have the following.

Theorem 2.2.2. An almost contact metric manifold M s l.c. almost Kenmotsu if
and only if there exists a 1-form w on M such that dw =0 and

29((Vx9)Y, Z) = 2exp(=a:) {n(Z)g(¢X,Y) = (Y )g(¢X, 2)} + g(ND(Y, Z), X)
+2w(0Y)g(X, Z) = 2w(Y)g(¢X, Z) — 2w(Z)g(X, ¢Y)
—2w(pZ)g(X,Y), (2.48)

for any vector fields X, Y and Z on M.
As a consequence, we have the following result.

Theorem 2.2.3. An almost contact metric manifold M s l.c. almost Kenmotsu if
and only if there exists a 1-form w on M such that dw =0 and

29((Vx9)Y. Z) = 2exp(—0) {n(2)9(¢X,Y) = n(Y)g(¢X, Z)} + (N (Y, Z), $X)
+2w(0Y)g(X, Z) = 2w(Y)g(¢X, Z) — 2w(Z)g(X, ¢Y)
—2w(pZ)g(X,Y), (2.49)
for any vector fields X, Y and Z on M.

For an l.c. Kenmotsu manifold, the structures (¢, &, n:, ;) are normal. Therefore,
we have the following theorem.

Theorem 2.2.4. An almost contact metric manifold M is l.c. Kenmotsu if and only
if there exists a 1-form w on M such that dw = 0 and

(Vx@)Y = exp(—0:){g(¢X,Y){ = n(Y)oX} + w(9Y )X —w(Y)oX
—g9(X,0Y)B+g(X,Y)¢B, (2.50)
for any vector fields X, Y and Z on M.
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Example of 1.c. Kenmotsu manifolds 11

Proof. The proof follows from Theorem and the fact if M is an l.c. Kenmotsu
manifold, then the structures (¢, &, m:, g:) are Kenmotsu, that is, they are normal
almost Kenmotsu. O

If M is an l.c. almost Kenmotsu manifold and the smooth 1-form w is proportional
to n, that is, w = an, a = const # 0, the relation (2.48)) becomes

29((Vx )Y, Z) = 2{exp(—0;) + a} {n(Z)g(¢X,Y) —n(Y)g(¢X, Z)}
+ g(NO(Y, Z), ¢ X). (2.51)

This means that an l.c. almost Kenmotsu manifold with w = an is an almost -
Kenmotsu manifold with 5 = a+exp(—oy). If the structures (¢, &, 1;, g;) are normal,

from ([2.48)), one has

(Vx9)Y = exp(—a ){g(¢X,Y)§ —n(Y)oX} — an(Y)pX
—ag(X, ¢Y)¢
= (a+exp(—o) ) {g(oX, V)¢ —n(Y)p X }. (2.52)

Therefore, we have the following result.

Theorem 2.2.5. An l.c. Kenmotsu manifold with w = an is 5-Kenmotsu manifold
with = a + exp(—oy). Moreover, the structure (¢,£,n, g) satisfies

dn=20 and d® = 26n AN P. (2.53)

Note that an l.c. Kenmotsu manifold which is not Kenmotsu.

2.3 Example of l.c. Kenmotsu manifolds

We construct an example of an l.c. Kenmotsu manifold which is not Kenmotsu. We
consider the 3-dimensional manifold M = {(z,y,z) € R® : > 0} with the linearly
independent vector fields

0

e3 = —2exp(—x)r—

ox

e = —2x ey = —2x

9z’ oy’
Let g be the Riemannian metric defined by

g(e;, e;) = exp(2x), for i =1,2, g(es,e3) =1, g(es,e5) =0, for i # j,i,7 =1,2,3.
Let n be the 1-form defined by

n(er) =nle2) =0 and n(es) = 1.
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Classes of l.c. almost Kenmotsu structures 12

We define the (1,1)-tensor field ¢ as pe; = eq, pes = —eq, and ¢ez = 0. Then using
the linearity of ¢ and g, we have

¢°X = =X +n(X)es, g(¢X,0Y) =g(X,Y)—n(X)n(),

for all X and Y on M. Thus for e3 = &, in view of the definition of almost contact
metric manifold, (¢, &, 7, g) yields an almost contact metric structure on M.

le1,e2] =0, e1,e3] =2exp(—x)ey, [es,e3] = 2exp(—x)es.
By using the Koszul formula (2.22)), we obtain
Veea =0, V.es=—2exp(—z)(—z+1)e;, Ve =2exp(z)(—z+ 1)es,
Ve,e3 = =2exp(—x)(—x + 1)eg, Ve,eqa = 2exp(x)(—x + 1)eg, Ve,eq =0,
Ve,es =0, Ve,eo =2exp(—x)res, Ve =2exp(—z)ze;.
By the following contact transformation
g =exp(—2w)g, &=exp(x)é, 7= exp(=z)n, ¢ =9,

(M, (E,E, 7,9) is a Kenmotsu manifold (see [21]). Hence, (M, ¢,&,7,¢g) is a conformal
Kenmotsu manifold but is not Kenmotsu because we have

(Vx@)Y # g(¢X,Y)§ —n(Y)oX,

for all X and Y on M (for instance, (Ve,0)e; # g(gpea, 1) —n(er)pes). By using the
above results, we can easily see that

R(ey, ex)es = —4(—x + 1)%e1, Rley, e3)es = —4dexp(—27)ey,
R(ej,ex)es =0, R(ep,ez)es = —dexp(—2x)e;, R(es, er)e; = —des,
R(es,es)er =0 R(es,e1)es =0, R(eg,er)er = —4(—x + 2)%es, R(es,ez)es = —4des.

In view of the above relations, we conclude that
K(X,e3) = —exp(—2z), K(X,Y)=—exp(—2z)(—x+1)?

for all X and Y orthogonal to e3. Note that (M, b, €7, g) is a Kenmotsu manifold of
constant ¢-holomorphic sectional curvature —1 (see [21]).

2.4 Classes of l.c. almost Kenmotsu structures

Let (M,¢,£,1m,g9) be an lc. almost Kenmotsu manifold. Now, we investigate the
Olszak and Blair (1, 1)-tensor fields defined, respectively, by

hX = V€ — w(€)X +1(X)B, (2.54)
and hX = %(ngs)X, (2.55)
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Classes of l.c. almost Kenmotsu structures 13
for any vector field X on M. The relation (2.54) leads to
Ve = =B+ w()E. (2.56)
Using (2.13) and (2.24), we can see that on each U,
exp(—oy) {—X +n(X)&} = hX. (2.57)
The linear operator h has the following properties [28]:
hé¢ + ¢h =0, h& =0, trace(h)=0, g(hX,Y)=g(hY,X). (2.58)
For the Blair (1, 1)-tensor field, we have the following:
9hX = (Led) X
= VegX — Vyx{ — d(VeX — Vi)
= VepX — Vyx§ — oV X + 0Vx§
= (Ved) X — Vx{ + 0V, (2.59)
for any vector field X on M. Using (2.54)), the relation (2.59) becomes
20X = (Ved) X — hoX — w(€)dX + ohX + w(€)pX
— (X)6B. (2.60)
Since
(Ved) X = w(oY)E +n(Y)9B, (2.61)
one obtains
WX = w(@Y ) +n(Y)6B — hoX —w()6X + ohX +w()oX
—n(X)¢B
= w(pY)E + 20hX. (2.62)
From trace(h) = 0, h& = 0 and
~ ~ 1
hoX + ohX = S {w(E)n(X) —w(X)}E, (2.63)
- - 1
g(hX.Y) = g(X, hY) = 5 {w(¢X)n(Y) — w(¢Y)n(X)}.
Therefore, we have the following:
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Classes of l.c. almost Kenmotsu structures 14

Lemma 2.4.1. Let (M, ¢,&,m,g) be an l.c. almost Kenmotsu manifold. The Olszak
and Blair (1,1)-tensor fields h and h are related as

ﬁ:%(woqﬁ)@ﬁ—i—qﬁoh.

Moreover, h is not a symmetric operator, h does not anticommute with o,
tmce(/f;) =0 and Vx{=w(§)X —n(X)B + ohX,
for any vector field X on M.

We have the following:

Lemma 2.4.2. Let (M, ¢,£,n,g) be an Lc. almost Kenmotsu manifold. Then ?ngﬁ +
oh = 0 and h is a symmetric operator if and only if there exists a smooth function f
on M such that w = fn with df A =0 and h = ¢h.

Another condition in which an l.c. almost Kenmotsu manifold admits a 1-form w
that is proportional to 7 is as follows.

Let D := kern be the contact distribution and D+ be the distribution spanned
the structure vector field £. Then, we have the following decomposition

TM =D & D+, (2.64)

where @ denotes the orthogonal direct sum. By the decomposition (2.64]), any X €
['(TM) is written as
X =0QX +Q*X, (2.65)

where @ and Q* are the projection morphisms of TM into D and D™, respectively.
Then, Q+X =n(X)¢ and X = QX + n(X)E.

Lemma 2.4.3. Let (M,$,&,m,9) be an l.c. almost Kenmotsu manifold. Then the
contact distribution D defines on M a foliation F of codimension 1.

Proof. Let X, Y € I'(D). Then, n(X) =n(Y) =0 and
N([X,Y]) = 22w An)(X,Y) = wY)n(X) —w(X)n(Y) =0
This means that [X,Y] € I'(D), i.e, the contact distribution D is integrable. O

Let F be a foliation on an l.c. almost Kenmotsu manifold (M, ¢, £, n, g) of codimen-
sion 1. The metric g is said to be bundle-like for the foliation J if the induced metric
on the transversal distribution D= is parallel with respect to the intrinsic connec-
tion on D*. This is true if and only if the Levi-Civita connection V of (M, ¢,£,1,g)
satisfies (see [7] and [35] for more details):

9(VoiyQX.Q Z) + 9(Vq:2QX,Q7Y) =0, (2.66)
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Classes of l.c. almost Kenmotsu structures 15

for any X, Y, Z € I'(T'M). If for a given foliation F, the Riemannian metric g on M
is bundle-like for F, then we say that F is a Riemannian foliation on (M, $,&,n, g).
Let 5+ be the orthogonal complementary foliation generated by &. Now we provide
necessary and sufficient conditions for the metric on an l.c. almost Kenmotsu manifold
to be bundle-like for foliations F and F+. Therefore, we have the following results.

Theorem 2.4.1. Let (M, ¢,£,n,9) be an l.c. almost Kenmotsu manifold and let F
be a foliation on M of codimension 1. Then the following assertions are equivalent:

(i) The metric g on M is bundle-like for the foliation F.
(i1) The dual vector field B of w has a no components along D.

Proof. Using (2.56)), for any X, Y, Z € T'(T M), we have Q1Y = n(Y)¢, Q17 = n(Z)¢
and the left-hand side of (2.66) gives

9(VoryQX,Q 2) + g(VgizQX, Q1Y) = 2n(Y)n(Z)w(QX).
O

Next, we investigate the torsion tensor T for an l.c. almost cosymplectic manifold.
This tensor was introduced by Chern and Hamilton [16] and is defined by

g(TX7 Y) = (£59)<X7 Y),

for vector fields X, Y on a contact metric manifold (see [17] for details).
The Lie derivative £, of g with respect to the vector field { is given by

(Leg)(X,Y) =29(hX,Y) 4+ 2w(£)g(X,Y) — w(X)n(Y) —w(Y)n(X), (2.67)

where h is given by ([2.54)). Thus, an l.c. almost cosymplectic manifold M has a tensor
7 such that g(7X,Y) = (Leg)(X,Y), VX, Y € I'(TM). By (2.67)), have

7X =2hX +2w(é)X —w(X)§ —n(X)B. (2.68)

Lemma 2.4.4. Let (M,¢,&,m,9) be an l.c. almost Kenmotsu manifold. Then, the
following assertions are equivalent:

(a) The structure vector field £ is Killing.
(b) The differential 1-form w and the operator h vanish.

Proof. Suppose the structure vector field ¢ is Killing. Then, the Lie derivative

(Leg)(X,Y) =0,
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Classes of l.c. almost Kenmotsu structures 16

for any vector fields X and Y on M. The latter implies that the Chern-Hamilton
tensor 7 vanishes identically on M. Its trace, with respect to an adapted frame
{ei}1<i<ons1 in TM, gives

0=2 Z g(hei, e;) + 2w(g) Z glei, e;) — Z w(ei)g(&, e) — Z n(e:)g(B; €;)
= 2trace(h) + 2(2n + 1)w(§) — 2w(§)
= 2trace(h) + 4nw(§). (2.69)

Since trace(h) = 0 and n > 1, we have w(§) = 0. Also, for X = £ in (2.68)) with
7 =0, we have B = 0. Hence w = 0 and h = 0. This means that (a) implies (b), and
the conserve is obvious. O

For any X, Y, Z € I'(T'M), using (2.67)) and the fact that h is symmetric and

9(VorQ X, QZ) = n(X){g(hQY,QZ) + w(£)g(QY,Q2)}, (2.70)
we have
9(VoyQ X, QZ) + g(VozQ X, QY) = 2n(X){g(hQY, QZ)
T 20(6)9(QY. QZ). (2.71)
Using the Lie derivative in (2:67), one obtains
9(VorQ X, Q2) + g(VozQ" X, QY) = 2n(X)(Leg)(QY, QZ). (2.72)

We have therefore the following.

Theorem 2.4.2. Let (M,¢,&,n,9) be an l.c. almost Kenmotsu manifold and let F
be a foliation on M of codimension 1. Then the following assertions are equivalent:

(a) The metric g on M is bundle-like for the canonical totally real foliation F+.
(b) The structure vector field & is D-Killing (i.e. D* is D-Killing distribution,).
Let M’ be a leaf of the distribution D. Since M’ is a submanifold of M and for
any X, Y € I'(TM'), we have
VxY =V4Y +a(X,Y), (2.73)
Vi€ = —A:X 4+ V'5¢, (2.74)
where V’ and « are the Levi-Civita connection and the second fundamental form of

M', respectively. On the other hand, since £ is a unit normal vector field, we have
g(Vx&,€) =0, hence V'€ = 0, for any X € T'(TM'). Therefore, the Weingartem

formula (2.74)) becomes
VX£ - —AgX
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Classes of l.c. almost Kenmotsu structures 17

Proposition 2.4.1. Let (M, ¢$,£,n,9) be an l.c. almost Kenmotsu manifold. Then,
integral manifolds of the distribution D in are l.c. almost Kdhler manifolds with
mean curvature vector field H = —w(£)€. They are totally umbilical submanifolds of
M if and only if the operator h vanishes.

Proof. Let M’ be an integral manifold of D. The tensor fields ¢; and g¢; induce an
almost complex structure J; = J and a Hermitian metric g; on M’. Then, for any X,
Y € I(TM'), we have ®,(X,Y) = ¢;(X, 1Y) = (X, YY) = &4(X,Y) and dP, =
(d®¢)jpr = 0, so M" is an lc. almost Kéhler. Using (2.73), the second fundamental
form of M’ gives

a(X,Y) = g(A: X, Y)E = —g(hX,Y)§ —w(§)g(X, Y)E. (2.75)

Fixing a local orthonormal frame {e;,--- ,e,, ey, -, pe,} in T M’ and applying the
properties on h, one has,

H = m{; a(€i7€i> + izla(gbei,gbei)} — _w(g)g

The last assertion follows and this completes the proof. O

This result can be extended to the foliation F4. That is, if h = w(§) = 0,
g(VxY, &) = 0. This means that the foliation F* is Riemannian. Therefore, h = 0, the
leaves of F are totally geodesic if and only if the orthogonal complementary foliation
F+ generated by ¢ is Riemannian.

On each U, N M’, the Gauss and Weingartem formulas are given by

VLY = VY 4+ al(X,Y), (2.76)
Vi& = —Ag X, (2.77)

where ¢:(a'(X,Y),&) = g:(A¢, X, Y), that is, o/ (X,Y) = g:(Ae, X, Y)&:. However,
at<X7 Y) = gt(Athv Y)ft = g<AfX7 Y)f = O((X, Y) (278)
For any X, Y € I'(TM’), and using (2.24) and (2.73)), we have
(VAI)Y = VIV = J(V'Y) = Vi = a(X,6Y) = ¢(VY)
= (Vx9)V —w(@V)X +w(Y)oX +g(X, 9Y)B
—9(X,Y)¢B — g(A:X, ¢Y)¢. (2.79)
If the integral manifold M’ is an l.c. Kihler, then, (V'5;J)Y = 0 and we have
(Vx0)Y =w(@Y)X —w(Y)oX — g(X,¢Y)B + g(X,Y)pB
+9(AeX, 9Y), (2.80)
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Classes of l.c. almost Kenmotsu structures 18

for any X, Y € I'(TM’). Therefore, if the foliation F has locally conformal Kéhler
leaves, then for any X, Y € I'(T'M), the vector fields X — n(X)&, Y — n(Y)¢ and

B — n(B)¢ belong to D and using (2.56]) and (2.61]), we have

(Vx—e@) (Y = n(Y)S) = (Vx @)Y —n(Y)pA: X — n(X)w(oY)E,
9(Ae(X = n(X)E), 9Y) = g(Ae X, ¢Y) — n(X)w(oY).

Putting these pieces into (2.80) and taking into account the following relations

w(@(Y —n(Y)E)IX —n(X)E) =
w(Y = n(Y)E)o(X —

g(X —n(X)E, oY —n(Y)E)

g(X =n(X)E,Y —n(Y)§

one obtains,
(Vx@)Y = —g(¢A: X, Y)E+ n(YV)PAX +w(@Y)X + {n(Y)w(§) —w(Y)}oX
— 9(X, oY ){B —w(§)&} — n(X)w(oY)E.

Proposition 2.4.2. Let (M,¢,&,m,9) be an l.c. almost Kenmotsu manifold. Then
the distribution D in has locally conformal Kdhler leaves if and only iof

(Vx0)Y = —g(¢AeX, Y)E+n(Y)9AX +w(0Y)X + {n(Y)w(E) —w(Y)}oX
— 9(X, 0Y {B —w(§)§} — n(X)w(¢Y)E, (2.81)

for any X, Y € T'(TM).

When the differential 1-form w is reduced to w = fn, where f is a function such
that df An =0, then M becomes S-Kenmotsu manifold with § = a + exp(—o;) and
the relation (2.81)) for any leaves of M to be Kéhlerian becomes

(Vx@)Y = —g(¢A: X, Y)E +n(Y)PAX,

for any X, Y € I'(T'M). The latter relation is exactly the one found by Aktan et al
in [2| Proposition 6] but in the case of f-cosymplectic. We have the following.

Theorem 2.4.3. Let (M, ¢,£,1n,9) be an l.c. Kenmotsu manifold and let F be a
foliation on M of codimension 1. If the metric g on M is bundle-like for the foliation
F, then the leaves of F are Kdihler and totally umbilical.

Proof. Let F be a foliation on an l.c. Kenmotsu manifold M of codimension 1. If the
metric g on M is bundle-like for the foliation &, then, by Theorem [2.4.1] the dual
vector field B of w is proportional to £, that is, B = w(§)&. This means that M
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Classes of l.c. almost Kenmotsu structures 19

becomes [f-Kenmotsu manifold with § = a+exp(—o;) and the leaves of F are almost
Kahler.

Since the structures (¢, &, 7, ;) are normal, then the tensor N(V) = Nt(l) =0in
(2.35) vanishes. By the equality

NO(X,Y) =[6,¢](X,Y) = ¢*[X, Y] + [6X,0Y] — ¢[¢X, Y] — ¢[X, ¢Y]
= [‘]7 ‘]KX’ Y)’

and Proposition [2.4.1] we complete the proof. O]

Let R' and R denote the curvature tensors of (M, ¢y, i, &, g;) and (M, ¢, n,&, g),
respectively. Then the relation between R; and R is given by

R(X,Y)Z =V5VYZ =V VZ —VixyZ
= Vi (VwZ —w(Y)Z - w(2)Y +g(Y, Z)B)
— VY (VxZ —w(X)Z —w(Z)X + g(X, Z)B)
— VixvZ +w([X,Y))Z +w(2)[X,Y] - g([X,Y],Z)B. (2.82)

Since

Vi (VyZ —w(Y)Z —w(Z2)Y +g(Y,Z)B) =VxVyZ — w(X)VyZ —w(VyZ)X
+9(X,VyZ)B - X(w(Y))Z —w(Y)VxZ +w(X)w(Y)Z 4+ 2w(Y)w(Z)X
—w(Y)g(X,Z)B = X(w(2))Y —w(Z)VxY +w(X)w(Z2)Y —w(Z2)g(X,Y)B
+X(gY,2)B+g(Y,Z)VxB —w(B)g(Y,Z)X (2.83)

and
VY (VxZ —w(X)Z —w(Z2)X +9(X,Z2)B) =VyVxZ —w(Y)VxZ —w(VxZ)Y
+9(YV,VxZ)B-Y (w(X))Z —w(X)VyZ + w(Y)w(X)Z + 2w(X)w(Z2)Y

—w(X)g(Y,Z)B =Y (w(Z))X —w(Z)Vy X +wY)w(Z2)X —w(Z2)g(X,Y)B
+Y(9(X,2))B+g(X,Z)VyB —w(B)g(X, 2)Y, (2.84)

Locally Conformal Almost Kenmotsu Manifolds Snethemba Hlobisile Maduna@©SMSCS/UKZN 2018
The financial assistance of the National Research Foundation (NRF) towards this research is hereby acknowledged.
Opinions expressed and conclusions arrived at, are those of the student and are not necessarily to be attributed to the
NRF.



Classes of l.c. almost Kenmotsu structures 20

and using the fact that w is closed, we have

RU(X,Y)Z = RIX,Y)Z — w(X)VyZ — w(VyZ2)X + g(X,VyZ)B — X(w(Y))Z
—wY)VxZ + w(X)w(Y)Z +2w(Y)w(2)X —w(Y)g(X, Z)B
- X(w(2)Y —w(2)VxY +w(X)w(Z2)Y —w(Z)g(X,Y)B
+X(gY,2)B+g9(Y,Z2)VxB—-w(B)g(Y,2)X +w(Y)VxZ
+w(Vx2)Y —g(YV,VxZ)B+ Y (w(X))Z +w(X)VyZ —w(Y)w(X)Z
—20w(X)w(Z2)Y +w(X)g(Y,Z)B+Y(w(Z2)X +w(Z)VyX —w(Y)w(Z2)X
+w(Z2)g(X,Y)B-Y (9(X,2))B — g(X,Z)VyB+w(B)g(X,2)Y
+w(X,Y)Z +w(2)X,Y]-9(X,Y],Z)B
=R(X,Y)Z+ (Vyw)2)X +w(Y)w(Z)X —w(Y)g(X,Z)B
—(Vxw)2)Y —w(X)w(2)Y +g9(Y,Z2)VxB —w(B)g(Y,Z)X

Y

+w(X)g(Y,Z)B — g(X,Z)VyB+w(B)g(X, 2)Y. (2.85)
Therefore, we have, for all X, Y, Z, and W on M,

9 t(X Y)Z,W) = g(R(X,Y)Z,W) +{(Vyw)Z + w(Y)w(2)}g(X, W)
(Y)w(W)g(X, Z) = {(Vxw)Z + w(X)w(Z) }g(Y, W)

+9(Y, 2)g(Vx B, W) —w(B)g(Y, Z)g(X, W)

(X)wW)g(Y, Z) = g(X, Z)g(Vy B, W)

(B)g(X, Z)g(Y, W)

(R(X,Y)Z, W) + {(Vyw)Z+w( Jw(2)1g(X, W)

—{(

w(B){g(Y; 2)g (X, W) —9(X, Z)g(Y, W)}
+{(Vx)W + w(X)w(W)}g(Y, Z) = {(Vyw)W +w(Y)w(W)}g(X,Z).  (2.86)
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Classes of l.c. almost Kenmotsu structures 21

This leads, on the arbitrary U, to

exp(204) gy (R(X,Y)Z, W) = g(R(X,Y)Z,W) + {(Vyw)Z + w(Y)w(Z) }g(X, W)
—{(Vxw)Z + w(X)w(Z)}g(Y, W)
—w(B){g(Y, 2)g(X, W) — g(X, Z)g(Y, W)}

{(Vxw)W + w(X)w(W)}g(Y, Z) — {(Vyw)W + w(Y)w(W)}g(X, Z)

_l_

GR(X,Y)Z, W) + {(Vy)Z + (Y )(Z) — sw(B)g(Y, Z)}g(X, W)

~{(Vx)Z + w(X)(Z) ~ 5e(B)g(X, 2)}g(Y, V)

F{V@)W +w(X)w (1) ~ Zw(B)g(X, W)}g(Y, 2)

— {(Vy )W + Y )W) — Sw(B)Y, W)}e(X, 2)

= g(R(X,Y)Z,W) + g(X,W)P(Y,Z) — g(Y,W)P(X, Z)
+9(Y, 2)P(X, W) — g(X, Z)P(Y, W), (2.87)

where 1
P = Vw+w®w—§]|B|]2g. (2.88)

Note also that, with the help of (2.56)), from (2.88]), it can be derived
1 ) 1
P(&,€) = &(w(6)) + §HB||2, trace(P) = divB — 5(2n — 1)||BJ|*. (2.89)
Lemma 2.4.5. The operator P in 18 symmetric.
Proof. For any vector fields X and Y on M

P(X,Y) - P(Y,X) = (Vxw)Y — (Vyw)X
= X (w(Y)) — w(VxY) = YV(w(X)) + w(VyX)
— X(w(Y)) = Y(w(X)) — w([X,Y]) = 2dw(X,Y) =0,

which completes the proof. O
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CHAPTER THREE

SUBMANIFOLDS OF L.C. ALMOST
KENMOTSU MANIFOLDS

This chapter is focused on submanifolds of l.c. almost Kenmotsu manifolds, We define
the contact C R-submanifolds in these settings and prove that they contain distribu-
tions which, under some conditions, admit foliations that are l.c. (almost) Kéhler.

3.1 Gauss and Weingarten formulas

Let (M,§) be an m-dimensional submanifold of a (2n + 1)-dimensional l.c. almost
Kenmotsu manifold (M, g). The Gauss and Weingarten formulas are given by

ViY = ViY + h(X,Y), (3.1)
VxN = —AyX + V%N, (3.2)

for all vector fields X and Y tangent to M and the normal vector field N on M ,
where V is the Riemannian connection on M determined by the induced metric g,
V- is the normal connection on TM= of M and h is the second fundamental form of
M. It is known that

g(h(X,Y),N) = g(AyX,Y) = G(Ax X, Y), (3.3)

where A is called the shape operator of M with respect to the unit normal vector
field N.

If we assume that & is is tangent to M and if X is a vector field in M then by
- hX is tangent to M that is, h.X € TM.

Lemma 3.1.1. Let M be a submanifold of a conformal Kenmotsu manifold M tan-
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Gauss and Weingarten formulas 23

gent to & and normal to B. Then

P(X,Y) = ~w(h(X,Y)) ~ 5| BI?9(X.Y) (3.4
R(X.6) = —n(X)B, (35
Vi€ = hX +w(€)X, (3.6)

for all vector fields X and Y tangent to M.
Proof. From (2.88), we have
1
PX,Y) = (Vxw)Y +w(X)w(Y) = ||BI[*g(X,Y)
1
= Vx(@(Y)) =w(VxY) +w(X)w(Y) = S|IBIFg(X,Y),

for all vector fields X and Y tangent to M. Since B is normal to ]T/[J7 the above
equation can be written as

P(X.Y) = ~w(VxY) — [|BIPg(X.Y),

for all X and Y on M. Then we obtain 1} using the Gauss formula.
Taking Y = ¢ in the Gauss formula and using (2.54]), we have

Vil +h(X,€) =Vyé=hX +w(é)X —n(X)B (3.7)

for each vector field X tangent to M. Since B is normal to M, we compare the
tangential part and the normal part in the above equation. Then we obtain (3.5)) and

BH). =

Lemma 3.1.2. Let M be a submanifold of a conformal Kenmotsu manifold M tan-
gent to both & and B. Then

P(X,Y) = g(VxB,Y) + w(X)w(Y) — ]| B|'g(X,Y), 39
(X, &) =0, (3.9)
V& = hX 4+ w(é)X —n(X)B, (3.10)

for all vector fields X and Y tangent to M.

Proof. From (2.88)), we have
1
PX,Y) = (Vxw)Y +w(X)w(Y) = S|IBI[*9(X,Y)

= Vx(@(Y)) ~ w(VxY) + w(X)(¥) - 5|IBIPg(X, V),
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Contact C R-submanifolds 24

for all vector fields X and Y tangent to M. Since w(X) = g(X, B), the above equation
can be written as

P(X.Y) = Vx(g(Y. B)) ~ wl(g(VxY. B) + w(X)(Y) — 3 |IB*6(X.Y),
= G(VxB.Y) +w(X)u(Y) ~ S |IBIPg(X. ),

for all X and Y on M. Then we obtain (3.8) using the Gauss formula.
Taking Y = ¢ in the Gauss formula and using (2.54)), we have

Vx€+h(X,€) = Vx€ = hX +w(€)X —n(X)B

Substitution of (2.54) into the above equation, we get

hX +w()X —n(X)B+ h(X,&) = hX +w(§)X —n(X)¢
h(X,&) =0

for each vector field X tangent to M. O

3.2 Contact ' R-submanifolds

In this section, we introduce the concept of contact C'R-submanifold of an 1.c. almost
Kenmotsu manifold.

Let (M,f]) be an immersed submanifold of a (2n + 1)-dimensional lL.c. almost
Kenmotsu manifold M. Then we have the following definition adapted from the one
given in [41].

Definition 3.2.1. A submanifold M in an Le. almost Kenmotsu mamfold M s
called contact CR- submamfold if € is tangent to M and there exists on M a smooth
distribution D : x — D;B C T, M such that

(i) Dy is invariant under ¢ (i.e. D, C Dy ) for each & € M;

(i) the orthogonal complementary distribution DY :g—s 13,j C T$]\7 of the dis-
tribution D is totally real (i.e. quDL cT. ML)

(iii) TM = D & D+ @ {¢}, where T,M and T,M" are the tangent space and the
normal space of M at x, respectively, @© denotes the orthogonal direct sum and
{&} is the line bundle spanned by €.
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Contact C R-submanifolds 25

The projections of TM to D and D+ are denoted by h and v, respectively, i.e for

any X € ['(TM),
X =X"+ X"+ n(X)E. (3.11)
Applying ¢ to X, one gets
pX =FX+NX, VX eI(TM), (3.12)

where 'X = ¢hX and NX = ¢vX are tangential and normal components of ¢p.X,
respectively. The normal bundle to M has the following decomposition

TM* = ¢D @ v, (3.13)

where v denotes the orthogonal complementary distribution of nglN)l and is an invari-
ant normal subbundle of TM* under ¢. For any V € TM*, we have

V =pV 44V, (3.14)
where pV € ¢5L7 qV € v. Applying ¢ to the above equation yield
OV = fV 4+nV, YV € TM*, (3.15)

where fV = ¢pV € Dt and nV = ¢qV € v.

Comparing tangential and normal components in (2.1]), we obtain the following lem-
mas.

Lemma 3.2.1. For a contact C R-submanifold M of an l.c. almost Kenmotsu man-
ifold M tangent to &, the following identities hold:

FP4 fN=-I4+na¢, (3.16)
NF +nN =0, (3.17)
Ff+ fn=0, (3.18)
n*+Nf=-L (3.19)

Proof. Let X € F(T]/\\f). Then

¢$X = FX + NX. (3.20)
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Contact C' R-submanifolds 26
Multiplying equation (3.20]) by ¢, gives
¢’ X = d(¢X)
=¢(FX + NX)
=oFX +¢oNX
=F(FX)+NFX)+ fNX+nNX
=F’X +NFX + fNX +nNX
=F’X+ fNX + FNX +nNX. (3.21)
Since ¢?*X = —X + n(X)E, we have
X +n(X)é=F*X + fNX +NFX +nNX, (3.22)
and by comparing the tangential and normal part in (3.22)), we get
F?X + fNX = - X +n(X)¢, 3.23)
NFX +nNX =0. 3.24)
Therefore,
FP4 fN=-I4+n®¢, 3.25)
NF +nN =0. 3.26)
Similarly, let V € D(TM>). Then ¢V = fV + nV. Applying ¢, we have,
¢’V = (V)
¢’V = o(fV +nV)
—V =0fV +onV
—V=FfV+NfV+ fnV+nnV (3.27)
Therefore,
Ff+fN==
Nf+n*=—I, (3.28)
and this ends the proof. m
By letting Y = ¢ into (3.1]), one has,
Vi€ +h(X,€) = Vx¢
=hX +w()X —n(X)B. (3.29)

We have the following.
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Contact C R-submanifolds 27

Lemma 3.2.2. Let M be a contact C R-submanifold of an l.c. almost Kenmotsu M
tangent to &. Then, we have the following identities:

Vi€ =w(€)X —n(X)B" + hX,
(X, &) = —n(X)BY, (3.30)

for all vector fields X and Y tangent to M.

Proof. If M is an l.c. almost Kenmotsu manifold, then we have

Vxé=w()X —n(X)B+ hX. (3.31)

Then
Vi€ +h(X,6) =hX +w(€)X —n(X)B (3.32)
= (KN + DX +w(6)X —n(X)(BY + BT). (3.33)

Thus,
Vi =w(@X —n(X)B" + h'X, (3.34)
(X, &) = —n(X)BY + WV X, (3.35)
and this ends the proof. m

We define the covariant derivatives of F' and N by
(VxF)Y = VxFY — FVxY (3.36)
and
(VxN)Y = VENY — NVyY, (3.37)
respectively, for all vector fields X and Y tangent to M. We have
(Vx@)Y = VxoY — ¢(VxY)
= VxFY + VxNY — ¢(VxY + h(X,Y))
= VxFY + h(X,FY) — Ayy X + VENY — ¢VyY — ¢h(X,Y)
= VxFY + h(X,FY) — Ayy X + VENY — FVxY — NVxY +
— fR(X,Y) = nh(X,Y)
= (VxF)Y +h(X,FY) — Ayy X + (VxN)Y — fh(X,Y)+
— nh(X,Y). (3.38)
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If M is a contact C'R-submanifold of an L.c. Kenmotsu M tangent to &, then equating

(2.50) and (3.38), gives

exp(—o ) {g(¢X,Y)E —n(Y )X} + w(oY)X — w(Y)pX
—3(X,0Y)B+G(X,Y)¢B = (VxF)Y + h(X,FY) — Ayy X
+ (VxN)Y = fh(X,Y) — nh(X,Y). (3.39)

We know that ¢B = FB+ NB and B = BT + BN, X = FX + NX. Comparing
the tangential and normal components in (3.39), one gets

exp(—0){g(¢X, Y)E = n(Y)FX} + w(¢Y)X —w(Y)FX — g(X,¢Y)B"
+3(X,Y)FB = (VxF)Y — Ayy X — fR(X,Y), (3.40)

and

—exp(—a)n(Y)NX —w(Y)NX — §(X,¢Y)BY + §(X,Y)NB = h(X, FY)
+ (VxN)Y —nh(X,Y). (3.41)

Therefore,

(VxF)Y = exp(~a){G(¢X,Y)E = n(Y)FX} +w(¢Y)X —w(Y)FX
— 3(X,¢Y)BT + §(X,Y)FB + Axy X + fR(X,Y), (3.42)

and

(VxN)Y = —exp(—o)n(Y)NX + nh(X,Y) — h(X,FY) — w(Y)NX
—9(X,9Y)BY +§(X,Y)NB. (3.43)

Therefore, we have the following.

Lemma 3.2.3. Let M be a contact C R-submanifold of an l.c. Kenmotsu M tangent
to &. Then,

(VxF)Y = exp(—0){G(¢X, V) = n(Y)FX} +w(¢Y)X —w(Y)FX
—3(X,¢Y)B" + G(X,Y)FB + Axy X + fh(X,Y), (3.44)

and

(VxN)Y = —exp(—o)n(YINX +nh(X,Y) — h(X,FY) —w(Y)NX
—9(X,0Y)BY +§(X,Y)NB, (3.45)

for all vector fields X and Y tangent to M.
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Integrability of distributions in C'R-submanifolds 29

Similarly, for any vector fields X tangent to M and any vector field V' normal to
M, we have

(Vx@)V = VxoV — ¢(VxV)
= VxfV +VxnV — ¢(—AyX + VLV)
=VxfV+h(X, V)= A X +VinV — ¢(—Ay X) — ¢VEV
= VxSV +h(X, fV) = Ao X + VERV + fAy X +nAy X
— VRV —nVLV
= (Vx/)V+ (X, fV) = A X + (Vxn)V + fAy X + nd, X.
That is,
exp(—0)F(¢X, V) +w(dV)X —w(V)pX — §(X,¢V)B = (Vx )V + h(X, fV)
— Ay X+ (Vxn)V + fAy X +nA, X. (3.46)
Since ¢ X = FX + NX, becomes
exp(—=01)g(¢X, V)€ +w(@V)X —w(V)(FX + NX) - g(X, ¢V)(B" + BY)
= (Vx )V +Rh(X, fV) = A X + (Vxn)V + fAVX + nA, X. (3.47)
Lemma 3.2.4. Let M be a contact C R-submanifold of an l.c. Kenmotsu M tangent
to &. Then,
(Vxf)V = exp(—0)G(¢X, V)E + A X — fAVX +w(@V)X —w(V)FX
— (X, V)BT, (3.48)
and (Vyn)V = —nA, X — h(X, fV) —w(V)NX — §(X, ¢V)B", (3.49)
for all vector field X tangent to M.

3.3 Integrability of distributions in C' R-submanifolds

In this subsection we study the integrability of distributions of D and Dt of the
contact C'R-submanifold M of an l.c. Kenmotsu manifold M. Let X,Y € D*. Then
FX =0, and hence

G(VZF)X,Y) =G(V2(FX),Y) = §(FVzX,Y)
= —§(¢V X — NV, X,Y)
= —G(6V,X,Y) + G(NVX,Y)

- _g(d)vZX? Y)

=9(VzX,9Y)

~0 (3.50)
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Integrability of distributions in C'R-submanifolds 30

for any vector field Z tangent to M. Since

(VxF)Y = exp(—o){§(6X,Y)E = n(Y)FX} +w(¢Y)X —w(Y)FX
—3(X,6Y)BT + G(X,Y)FB + Ayy X + fh(X,Y), (3.51)

then, for any X,Y € I'(D+) and Z € T(T'M), we have that

0=g((VzF)X,Y) = exp(—0 ) {G(0Z, X)n(Y) — n(X)G(FZ,Y)} + w(¢X)F(Z,Y)
~w(X)§(FZ.Y) - §(2,¢X)3(B",Y) + §(Z, X)§(FB,Y)
+ 3(Anx Z,Y) + G(fh(Z, X),Y). (3.52)

since n(X) =n(Y) = 0. Equation (3.52)) becomes

0=g((VzF)X,Y) = w(¢X)§(Z,Y) - w(X)§(FZ,Y) — §(Z,¢X)g(B",Y)
+3(Z, X)§(FB,Y) + §(Anx Z,Y) + §(fh(Z, X),Y). (3.53)
On the other hand, g(FZ,Y) =0, g(Z,¢X) =0, g(FB,Y) = —w(¢Y) and
g(fﬁ(Z, X)? Y) = g(‘bfﬁ(zv X)v Y)
= —g(h(Z,X),$Y)

=—g(h(Z,X),NY)

= —G(Any Z, X). (3.54)
Substituting into gives
0=w(¢X)g(Z,Y) —w(oY)g(Z, X) + g(AnxZ,Y) = g(Any Z, X). (3.55)
That is,
9(AnxY, Z) = g(Any X, Z) = —w(9X)g(Z,Y) + w(¢Y)g(Z, X). (3.56)

Thus, we have the following Lemma.

Lemma 3.3.1. Let M be a contact C R-submanifold of an l.c. Kenmotsu M tangent
to &. Then,
AnxY — Any X = w (oY) X —w(oX)Y (3.57)

for all vector fields X and Y tangent to M.

Theorem 3.3.1. Let M be a contact CR-submanifold of a (2n + 1)-dimensional l.c.
Kenmotsu manifold M tangent to &. The distribution D+ is completely integrable and

its mazimal integral submanifold is a finite-dimensional anti-invariant submanifold
of M normal to &.
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Integrability of distributions in C'R-submanifolds 31

Proof. Let X,Y € D*. Then we have that
o[X,Y]=F[X,Y]+ N[X,Y]
= FVxY — FVy X + N[X,Y]
= VxFY — (VxF)Y = VyFX + (Vy F)X + N[X, Y]

= —(VxF)Y + (VyF)X + N[X,Y]. (3.58)
Substituting into ([3.58)), gives
GX, Y] = w(dX)Y — w(dV)X + AyxY — Axy X + N[X, Y], (3.59)
and by using ([3.57)), equation simplifies to
6[X,Y] = N[X,Y]. (3.60)
Therefore, [X,Y] € T(D4). O

Theorem 3.3.2. Let M be a contact CR-submanifold of a (2n + 1)-dimensional l.c.
Kenmotsu manifold M tangent to £. Then the distribution D & {£} is integrable if

and only if N _
h(X,FY)—h(Y,FX) = 2g9(Y,$X)B", (3.61)

Jor any XY € T(D & {£}).

Proof. Let X,Y € T(D & {¢}). Then, NX = NY =0 and

$[X,Y] = F[X,Y] + N[X,Y]
= FIX,Y]+ N(VxY) = N(Vy)X
= F[X,Y] + VxNY — (VxN)Y — VyNX + (VyN)X
= FIX,Y]+ (VyN)X — (VxN)Y. (3.62)

Substituting (3.45)) into (3.62)), gives
$IX, Y] = F[X, Y]+ nh(Y,X) = h(Y, FX) = w(X)NY — (Y, $X)B"
+ (Y, X)NB — nh(X,Y) + h(X,FY) + w(Y)NX + §(X, ¢Y)BY
— §(X,Y)NB, (3.63)

which becomes

$|X.Y] = F[X,Y] — h(Y, FX) — 24(Y, pX) BY
+ (X, FY). (3.64)

Thus, we see that [X,Y] € T(D @ {¢}) iff h(X, FY)—h(Y,FX) = 2§(Y,$X)BN. O
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Proposition 3.3.1. Let M be a contact CR-submanifold of a (2n + 1)-dimensional
l.c. Kenmotsu manifold M tangent to &. Then the distribution D& {&} is integrable
if and only of

h(X,FY) —h(Y,FX) = 2§(Y,$X)B", (3.65)

for any XY e T(D & {€}).
Proof. Let XY € I'(D). Then, NX = NY =0 and

6[X,Y] = F[X,Y] + N[X,Y]
= F[X,Y]+ N(VxY) = N(Vy)X
= F[X,Y] + VxNY — (VxN)Y — VyNX + (VyN)X
— F[X, Y]+ (VyN)X — (VxN)Y. (3.66)

Substituting (3.45) into (3.66)), gives
$IX, Y] = F[X, Y]+ nh(Y,X) = h(Y, FX) = w(X)NY — (Y, X)B"
+ (Y, X)NB — nh(X,Y) + h(X,FY) + w(Y)NX + §(X, ¢Y)BY
— §(X,Y)NB, (3.67)

which becomes
O[X,Y] = FIX,Y] — (Y, FX) — 25(Y, 6 X)BY + h(X, FY), (3.68)
Thus, we see that [X,Y] € I'(D & {¢}) if and only if
WX, FY) = h(Y,FX) = 2§(Y, $X B
and that completes the proof. O

The relation (3.65)) in the Theorem is also equivalent to the integrability of
the distribution D.
Assume that D is integrable. Then, the relation 1) can be rewritten as,

WFX,FY)=hX,Y)—-2§(X,Y)B", (3.69)
for any X,Y € I'(D).

Let M’ be a leaf of D. Then M’ is a maximal integral submanifold immersed in
M. For any X, Y e I(TM'),
VxY =VyY +1(X,Y), (3.70)
where
h'=h+o+{-w(§)g+gohl}, (3.71)

is the second fundamental form of M’, immersed as a submanifold in M with o a
vector field in D+, and V'’ the Levi-Civita connection on M.
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Theorem 3.3.3. Let M be a contact C R-submanifold of a (2n + 1)-dimensional l.c.
Kenmotsu manifold M tangent to &. Assume that the distribution D is integrable.
Then the integral manifolds of the distribution D are l.c. Kéhler manifolds with mean
curvature vector field given by

rank(D)
= ranli(ﬁ){ ; h(e:, e;) + tracey, 0} — 4BN — 2w(€)¢}. (3.72)

Proof. Assume that the distribution D is integrable. Let M’ be an integral manifold
of D. The tensor fields ¢ and ¢; induce an almost complex structure J; = J and a
Hermitian metric g, on M’. Then, for any X € T'(TM’), we have ¢*X = —X+n,X& =
—X = J}X = J?X and d®, = 0, so M’ is an l.c. Kiihler. Using (3.71]), the second
fundamental form of M’ is explicitly given by

R(X,Y)=h(X,Y)+0(X,Y) + {—w(©F(X,Y) + §(hX,Y)}E. (3.73)

Fixing a local orthonormal frame {e;,--- ,e,, de1, -+, pe,} in TM' and applying the
properties on h, one has,

rank(D) rank(D
H = h (e;,€;) + h' (pe;, pe;) }
kD)L 2 2
rank(D)
= ;{trace h + trace| o + Z (—w(&)g(ei, ei) + glhei,e)) €
rank(ﬁ) Y [ net — iy G iy €4
rankD)
- Z 9(dei, ¢es) + glhoes, dei)) £}
1 rank(D)
= ————{trace|_,h + trace; ,0 — 2w(& gle;, e)€
o e B e 0 —20(6) 3 Flewe
1 ~
= ————=—{trace,, h+ trace|, ,0 — 2rank(D)w(£)¢}. (3.74)
rank(D)
Now, using the identity 1) and 1 , the trace of h on M’ is given,
rank(D) rank(D
trace), ,h = Z h(e;, ;) + Z h (pe;, de;)
i=1
rank
Z h(es, e;) — drank(D)BY . (3.75)
Putting the relation (3.75) into (3.74) completes the proof. ]
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Corollary 3.3.1. Let M be a contact CR-submanifold of a (2n + 1)-dimensional
l.c. Kenmotsu manifold M tangent to . Assume that the distribution D is integrable
with a non-vanishing normal component of the vector field B ( or a non-vanishing

function w(§)), then the integral manifolds of the distribution D cannot be minimall.
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CHAPTER FOUR

CONCLUSION AND PERSPECTIVES

We introduced a new concept of almost contact structures, namely, l.c. almost Ken-
motsu structures, supported by an example. The latter was characterized by the
existence of a closed 1-form w such that

dn=wAn and d® = 2{exp(—oy)n+w} A,

with w = do;. We proved that a locally conformal almost Kenmotsu manifold with
the smooth 1-form, w, that is proportional to the contact structure, 7, i.e. w = an, is
a 0-Kenmotsu manifold with 8 = a 4 exp(—oy).

In addition, the integrability of distributions was studied and the results have
shown that the contact distribution D = kern admits foliations whose leaves are l.c.
almost Kéhlerian with mean curvature vector field H' = —w(§)&. We also proved that
there exist classes of almost contact structures that admit foliations whose leaves are
Kéhlerian and umbilical.

We investigated C'R-submanifolds of l.c. almost Kenmotsu manifold and paid
attention of distributions D, D+ and D & {€}. As a result, we concluded that the
distribution D~ is completely integrable and its maximal integral submanifold is a
finite-dimensional anti-invariant submanifold of M normal to £. Furthermore, D and
D& {&} are integrable if and only if

WX, FY)—h(Y,FX) =2§(Y,pX)B".

The latter can then be extended to the foliation on the ambient manifolds M. That
is, if the metric on an l.c. (almost) Kenmotsu manifold is bundle-like for the foliation
F, as one of the perspectives, we would like to know whether the leaves of F are
(almost) Kéhler or admit another geometric structure.

However, studies indicated that we are only at the beginning of the first study
of locally conformal (almost) Kenmotsu manifolds. A lot can still be done in an Le.
(almost) Kenmotsu manifold. One may also look at which properties can be preserved
in an l.c. (almost) Kenmotsu manifold with reference to other types of manifolds.

Our study revealed that l.c. almost Kenmotsu manifolds are not necessary Ken-
motsu and that the vector field £ is not a Killing vector field for 1.c. almost Kenmotsu
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manifolds. Among other orientations, we shall study the topology of l..c almost Ken-
motsu geometry. It is known that there are more than four thousand almost contact
structures, so we are planing to pay attention to some of them and see how we can ex-
tract their even-dimensional structure in order to see the light of proving the Golberg
Conjecture which says that: Any Finstein symplectic structure is Kdihler.
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