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Pseudo-Slant Warped Product
Submanifolds of a Kenmotsu Manifold

FALLEH R. AL-SOLAMY AND MERAJ ALI KHAN

ABSTRACT. In this paper we study pseudo-slant warped product sub-
manifolds of a Kenmotsu manifold. We obtain some basic results in this
setting and prove an inequality for squared norm of second fundamental
form and equality case is also discussed. Finally, we also give examples
of these submanifolds.

1. INTRODUCTION

In [15] S. Tanno classified the connected almost contact metric manifold
whose automorphism group has maximum dimension, there are three classes

(a) Homogeneous normal contact Riemannian manifolds with constant
¢ holomorphic sectional curvature if the sectional curvature of the
plane section containing &, say C(X,¢) > 0.

(b) Global Riemannian product of a line or a circle and Kaehlerian man-
ifold with constant holomorphic sectional curvature, C'(X, &) = 0.

(¢) A warped product space R x s C", if C(X,€&) <O0.

Manifolds of class (a) are characterized by some tensorial equations, it has
a Sasakian structure and manifolds of class (b) are characterized by some ten-
sor equations called Cosymplectic manifolds. Kenmotsu [9] obtained some
tensorial equations to Characterize manifolds of class (c), these manifolds
are called Kenmotsu manifolds.

The study of slant immersions in almost Hermitian manifolds was initiated
by B. Y.Chen [4]. A. Lotta [1] extended the notion of slant immersions in
the setting of almost contact metric manifolds. N. Papaghiuc [12] introduced
a class of submanifolds in an almost Hermitian manifold, called the semi-
slant submanifolds , this class includes the class of proper CR-submanifolds
and slant submanifolds. J.L. Cabrerizo et al. [8] initiated study of contact
version of semi-slant submanifolds and also defined bi-slant submanifolds.
A step forward A. Carriazo [2| defined and study bi-slant immersions in
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almost Hermitian manifolds and simultaneously gave the notion of anti-slant
submanifolds in almost Hermitian manifolds. After that V.A. Khan et al.
[17] renamed these submanifolds as Pseudo-slant submanifolds and studied
in the setting of Sasakian manifolds. P seudo-slant submanifolds includes
the class of semi-invariant and slant submanifolds.

R.L. Bishop and B. O’ Neil [13] introduced the notion of warped product
manifolds. These manifolds are generalization of Riemannian product mani-
folds and occur naturally. Recently, many important physical applications of
warped product manifolds have been discovered, giving motivation to study
of these spaces with differential geometric point of view. For instance, it has
been accomplished that warped product manifolds provide an excellent set-
ting to model space time near black hole or bodies with large gravitational
fields (c.f., [6, 13, 14]). In this paper we study non-trivial warped prod-
uct submanifolds of a Kenmotsu manifold and in this study there emerges
natural problems of finding the estimates of the squared norm of second
fundamental form. This study predict the geometric behavior of underly-
ing warped product submanifolds. Further, as it is known that the warping
function of a warped product manifold is a solution of some partial differen-
tial equations (c.f., [3]) and most of physical phenomenon are described by
partial differential equations. We hope that our study may find applications
in Physics as well as in Engineering.

2. PRELIMINARIES

A 2n + 1 dimensional C* manifold M is said to have an almost contact
structure if there exist on M a tensor field ¢ of type (1,1), a vector field £
and 1-form 7 satisfying the following properties

(2.1) ¢’ =-I+n2E ¢€) =0, nod=0, n¢ =1

There always exists a Riemannian metric g on an almost contact manifold
M satisfying the following conditions

(22) 9(¢X,0Y) = g(X,Y) —n(X)n(Y), n(X)=g(X,8),
where X, Y are vector fields on M.

An almost contact metric structure (¢,&,7,g) is said to be Kenmotsu
manifold, if it satisfies the following tensorial equation [9]

(23) (Vx9)Y =g(¢X,Y)é —n(Y)oX,

for any X,Y € TM, where TM is the tangent bundle of M and V denotes
the Riemannian connection of the metric g. Moreover, for a Kenmotsu
manifold

(2.4) Vx€=X —n(X)E.
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Let M be a submanifold of an almost contact metric manifold M with
induced metric g and if V and V+ are the induced connection on the tangent
bundle TM and the normal bundle T-M of M, respectively then Gauss and
Weingarten formulae are given by

(2.5) VxY =VxY +h(X,Y),
(2.6) VxN = —AnX + V%N,
for each X, Y € TM and N € T+M, where h and Ay are the second

fundamental form and the shape operator respectively for the immersion of
M into M and they are related as

(2.7) g(h(X,Y),N) = g(AnX,Y),

where g denotes the Riemannian metric on M as well as on M.
For any X € TM, we write

(2.8) pX = PX + FX,

where PX is the tangential component and F'X is the normal component
of pX.

Similarly, for any N € T+M, we write
(2.9) ¢N =tN + fN,

where tN is the tangential component and fN is the normal component of
¢N. The covariant derivatives of the tensor field P and F' are defined as

(2.10) (VxP)Y = VxPY — PVyY,

(2.11) (VxF)Y = VxFY — FVyY.

From equations (2.3), (2.5), (2.6), (2.8) and (2.9) we have

(2.12) (VxP)Y = Apy X +th(X,Y) — g(X, PY)¢ —n(Y)PX
(2.13) (VxF)Y = fh(X,Y) — h(X,PY) —n(Y)FX.

Definition 2.1 ([1]). A submanifold M of an almost contact metric mani-
fold M is said to be slant submanifold if for any x € M and X € T, M — (£)
the angle between X and ¢X is constant. The constant angle 6 € [0, 7/2]
is then called slant angle of M in M. If # = 0 the submanifold is invariant
submanifold, if § = 7/2 then it is anti-invariant submanifold, if § # 0,7 /2
then it is proper slant submanifold.

For slant submanifolds of contact manifolds J.L. Cabrerizo et al. [8]
proved the following Lemma.

Lemma 2.1. Let M be a submanifold of an almost contact manifold M,
such that & € TM then M is slant submanifold if and only if there exist a
constant \ € [0, 1] such that

(2.14) P?=-\I-1®¢),
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where \ = cos? 6.

Thus, one has the following consequences of above formulae
(2.15) 9(PX, PY) = cos? 0g(X,Y) — n(X)n(Y)),
(2.16) g(FX,FY) =sin®0[g(X,Y) — n(X)n(Y)].

A submanifold M of M is said to be pseudo-slant submanifold of an
almost contact manifold M if there exist two orthogonal complementary
distributions D+ and Dy on M such that

(i) TM = D+ @ Dy ® (€),
(i) The distribution D+ is anti-invariant i.e., D+ C T+M,
(iii) The distribution Dy is slant with slant angle 6 # /2.

It is straight forward to see that semi-invariant submanifolds and slant
submanifolds are Pseudo-slant submanifolds with § = 0 and D+ = {0},
respectively.

If 1 is invariant subspace under ¢ of the normal bundle 7-M, then in the
case of pseudo-slant submanifold, the normal bundle T+ M can be decom-
posed as

(2.17) T+*M = u® FDy ® FD*.

A pseudo-slant submanifold M is called a pseudo-slant product if the
distributions D+ and Dy are involutive and parallel on M. In this case M
is foliated by the leaves of these distributions.

As a generalization of the product manifolds and in particular of a pseudo-
slant product submanifold, one can consider warped product of manifolds
which are defined as

Definition 2.2. Let (B, gp) and (F, gr) be two Riemannian manifolds with
Riemannian metric gp and g respectively and f be a positive differentiable
function on B. The warped product of B and F' is the Riemannian manifold
(B x F,g), where

9=95+ f’gr.

For a warped product manifold Ny Xy N2, we denote by Dy and Ds
the distributions defined by the vectors tangent to the leaves and fibers,
respectively. In other words, D; is obtained by the tangent vectors of Ny
via the horizontal lift and D5 is obtained by the tangent vectors of No via
vertical lift. In case of pseudo-slant warped product submanifolds Dy and
D5 are replaced by D+ and Dy, respectively.

The warped product manifold (B x F,g) is denoted by B x ¢ F. If X is
the tangent vector field to M = B x ¢ F at (p, q) then

1112 = ldm X||* + £%(p) | dma X ||*.
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R.L. Bishop and B. O’Neill [13] proved the following

Theorem 2.1. Let M = B x ¢ F' be warped product manifolds. If X,Y € TB
and VW € TF then
(i) VxY e TB,
(i) VxV =VyX = (&),
(iii) VyW = =M yy,

V f is the gradient of f and is defined as
(2.18) gV, X) =X,
forall X € TM.

Corollary 2.1. On a warped product manifold M = N1 x y Na, the following
statements hold

(i) Ny is totally geodesic in M,
(ii) No is totally umbilical in M.

Throughout, we denote by N, and Ny an anti-invariant and a slant sub-
manifold respectively of an almost contact metric manifold M.

K.A. Khan et al. [10] proved the following Corollary

Corollary 2.2. Let M be a Kenmotsu manifold and Ny and Na be any
Riemannian submanifolds of M, then there do not erist a warped product
submanifold M = N1 xy No of M such that § is tangential to Nj.

Thus, we assume that the structure vector field £ is tangential to Ny of a
warped product submanifold Ny x ; N3 of M.

In this paper we will consider the warped product of the type Ng xr N |
and N Xy Np. The warped product of the type Ny x s N, is called warped
product semi-slant submanifolds these type of warped product studied by
M. Atceken [11], they proved that the warped product Ny x ¢ N| does not
exist. The warped product of the type N Xy Ny is called pseudo-slant
warped product these submanifolds were studied by Siraj Uddin et. al. [16].
In this paper we will study the warped product of type N X Npy.

3. PSEUDO-SLANT WARPED PRODUCT SUBMANIFOLDS

Throughout this section we will study the warped product of the type
N xy Ny for these submanifolds by Theorem 2.1 we have

(3.1) VxZ=VzX=ZinfX,
forany X € TNg and Z € TN .

Now we start with the some properties of second fundamental form
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Proposition 3.1. Let M = N, Xy Ny be a pseudo-slant warped product
submanifolds of a Kenmotsu manifold M, then

(ii) g(h(Z,2), FW) = g(h(Z, W), FZ),

forany X € TNy and Z,W € TN .

Proof. For any X,Y € T'Ny by equation (2.12), we have
VxPY — PVxY = Apy X +th(X,Y) — g(X, PY)¢,
taking inner product with Z € TN and using equation (3.1), we get
(32)  g(h(X,2),FY) - g(h(X,Y), FZ) = g(X, PY)((Z) — ZInf).
Since Ny is totally umbilical the above equation yields
9(h(X, 2), FY) = g(X,Y)g(H, FZ) + g(X, PY)(n(Z) — ZInf),
which proves the part (i).
As N, is totally geodesic, then from equation (2.12), we have
ApwZ +th(Z, W) —n(W)PZ =0,
taking inner product with Z € TN, , the above equation gives
9(h(Z, 2), FW) = g(h(Z, W), FZ),
which is the part (ii) of proposition.
Again by equations (2.12) and (3.1), we have
ApxZ +th(X,Z) =0,
taking inner product with W € T'N, , we get part (iii) of Proposition. O
Corollary 3.1. Let M = N X7 Ny, then the following are equivalent

(i) h(X,Z) € p® FD*,
(ii) H € p & FDy,

for any X € TNy and Z € TN

Proof. From part (i) of Proposition 3.1, we have
g(h(Xa Z)7FX) = g(H¢FZ)||X||2>
for any X € TNy and Z € TN, which proves the Corollary. U

Theorem 3.1. Let M = N xy Ny be a pseudo-slant warped product sub-
manifold of a Kenmotsu manifold, then

(3.3) 9(MPX,Z),FX) = n(Z) — ZInf),
for any X € TNy and Z € TN .
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Proof. By equations (2.12) and (3.1)
~ZInfPX = Apz X +th(X, Z) — n(Z)PX,

taking inner product with PX and using equation (2.15), above equation
gives

—cos? 0ZInf|| X|]* = g(h(X,PX),FZ)—g(h(X, Z), FPX)—n(Z) cos* 0] X|°.
Since Ny is totally umbilical, then above equation reduced to

(3.4) g(WX,Z), FPX) = cos> §(Zinf — n(Z)),

replacing X by PX and using equation (2.15), we get equation (3.3). O

Corollary 3.2. Let M = N xy Ny be a pseudo-slant warped product of a
Kenmotsu manifold if H € u @ F Dy, then

Zinf =n(Z),
for any Z € TN, .
The Corollary 3.2 follows from Corollary 3.1 and equation (3.4).
Note 3.1. From equations (2.4), (2.8) and (3.3) we have
Enf =1,
by equation (2.18), it is easy to see that
Vinf =&,

where Vinf denotes the gradient of Inf and above equation can also be
written as

(3.5) > Oinf _

i=0 Li

where p + 1 is the dimension of N, equation (3.5) is the first order partial
differential equation and has a unique solution i.e., pseudo-slant warped
product submanifolds exist in this setting.

Let us denote by D | and Dy the tangent bundles on N| and Ny respec-
tively and let {Zp =&, Z1,... Zp} and {Xy,..., Xy, Xg41 = PXy,..., Xog =
PX,} be local orthonormal frames of vector fields on N; and Ny respec-
tively with p 4+ 1 and 2q real dimension, since h(X,§) = 0 for all X € T'M,
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then the second fundamental form can be written as

2p
117 = g(h(Xi, X;), h(Xi, X))+
)
2p ¢q
(3.6) 2 > {oh(Xi Z0) Wi Z0)) ¢
1 r=1

zq: W(Zyy Z)s W(Z, Zs)).

Theorem 3.2. Let M = N xy Ny be a pseudo-slant warped product sub-
manifold of a Kenmotsu manifold M with N1 and Ny anti-invariant and
slant submanifolds respectively of M. If n(Z) > 2ZInf for all Z € TN,
then

(i) The squared norm of the second fundamental form h satisfies
(3.7) |h]I> > qesc? 0{3 + cos? 0} || Vinf]?,

where Vinf is the gradient of Inf and 2q is the dimension Ny.

(ii) The equality holds if h(D*+, D+) = 0, h(Dy,Dg) = 0, h(PX,Z)
and h(X,Z) are orthogonal to FX and FPX for all X € TNy and
Z €TN, andn(Z)=2ZInZ.

Proof. In view of the decomposition (2.17), we may write
(3.8) hU,V) = hpp,(U,V) + hpp (U, V) + h,(U,V),

for each U,V € TM, where hpp,(U,V) € FDy, hpp, (U, V) € FD* and
h,(U,V) € p, with

(3.9) hip, (U, V) th (U V)F

(3.10) KU, V) = csc? 0g(h(U, V), FX;)
for each U,V € T M. In view of above formulae we have
9(hrpy(PXi, Zy), hip,(PXi, Z:)) = h'(PXi, Z:)g(F X, h(PXi, Z,))
+ 3 (W (PXy, Z,)2g(F X, FX;).
s
Now using equations (3.3) and (2.15), the above equation becomes

9(hrpy(PXi, Z,), hep, (PX;, Z2)) = csc® 0(n(Zy) — Zylnf)?

+sin® 0 (h*(PXy, Z,))°.
SF£1
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Summing over ¢ = 1,...,2¢ and r = 1,...,p and using the assumption
n(Z) > 2ZInf, we get the following inequality

9(hrp,(PXi, Z;), hip,(PXi, Zr)) > 2q csc® 0] Vinf||?

(3.11) +sin?0 Y (h*(PXi, Z,))".
SFi
Since we have choose the orthonormal frame of Dy as {X1,..., Xq, X¢41 =

PXy,..., X9 = PX,}, then the second term in above inequality can be
written as

P
sin® csct 0 g

r=1

+Zq3 Zqi { WXi, Z,), FPXS»Z+<g<h<PXi,PZr),FXS>>2}].

i=1 s=1,s

i{ W(Xi, Z,), FPX)? + (g(h(PXi. 2,), FX)*}

=

The first two terms in view of equations (3.3) and (3.4) can be written as

csc? 02 [Z {0084 0(Zinf —n(2))* + (Zinf — n(Z))2}

r=1 Li=1

In view of assumption n(Z) > 2ZInf the above expression is greater than
equal to following

(3.12) esc?[qcos? 0||VIng||? + q||Vinf|?).

From inequalities (3.11) and (3.12), we get

(3.13)  g(hpp,(PXi,Z:),hrp,(PXi, Z:)) > qcsc? 0{3 + cos® 0} | Vinf||?.
The inequality (3.7) follows from (3.6) and (3.13). O

Now we have the following examples for N x ; Np.

Example 3.1. Consider the complex space C* with the usual Kaehler
structure and real global coordinates (z',y', x2, 42, 23,93, 2%, y*). Let M =
R xy C?* be the warped product between the real line R and C*, where
warping function is e’ and ¢ being the global coordinates in R, then M is a
Kenmotsu manifold. Now defining the orthogonal basis

e1 = 0/0x1, €9 = sin00/0xy — cos 00 /dyy,
es = —cos00/0xy — sin 00/ Dya, eq = 0/0Lt.

Obviously the distributions Dy = (e2, e3) and D = (e1, e4) and denoted by
Ny and N, then N; X Ny is a pseudo-slant warped product submanifold
isometrically immersed in M, here the warping function is f = e’.

In general, we have
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Example 3.2. Consider the complex space C?" with the usual Kaehler
structure and real global coordinates (x!,y% 22 9%, ... 2" y"). Let M =
R xy C?" be the warped product between the real line R and C?"*, where
warping function is e’ and ¢ being the global coordinates in R, then M is
a Kenmotsu manifold. If Dy and D, are any integrable slant and totally
real distribution with corresponding submanifolds Ny and N, such that
% is tangential to D), then N Xy Ny is the pseudo-slant warped product
submanifold of Kenmotsu manifolds.
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