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Abstract: The purpose of this paper is to prove that a contact CR-submanifold of a Sasakian-space-form is a contact CR-product
submanifold, by using n—parallel F-structure. At last, we shall derive cyclic parallelism of contact CR-submanifold and
hence obtain some inequalities based on the second fundamental form h.
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1. Introduction

Sasakian manifolds with Riemannian metric were introduced in 1960 by the Japanese geometer Shigeo Sasaki [17]. Sasakian
geometry is an odd-dimensional counterpart to Kaehler geometry. There was not much activity in this field after the mid-
1970s, until the advent of String theory. Since then Sasakian manifolds have gained prominence in physics (including classical
mechanics, dynamics, geometric optics and control theory) and algebraic geometry, mostly due to a string of papers by Boyer,
Galicki [7] and their co-authors. The study of differential geometry of a contact CR-submanifolds, as a generalization of
invariant and anti-invariant submanifolds, of an almost contact metric manifold was initiated by A. Bejancu [3] and was
followed by several geometers.

The CR-submanifolds of a Kaehlerian manifold have been defined and studied by A. Bejancu [1, 2] in 1978. K. Yano
and M. Kon [9] introduced the notion of a contact CR-submanifolds of a Sasakian manifold which is closely similar to
that of a Kaehlerian manifold. And several authors studied contact CR-submanifolds of different classes of almost contact
metric manifolds such as Sasakian-space-form [15], Cosymplectic-space-form [6] and Kenmotsu-space-form. Many authors
have proved that CR-submanifold of a Kaehlerian manifold, Sasakian manifold is a CR-product, contact CR-product,

respectively, with some additional condition. M. Kon [16] proved an inequality
2 ¢ 2014112 2
IVAIR = { ) APIFI™ + IEPIE)

for n—dimensional submanifold of complex-space-form. The contact CR-submanifolds are rich and interesting subject.
Therefore we continue to work in this branch of submanifolds. So in this present paper we wish to prove these two results

in contact CR-~submanifold of Sasakian-space-form.
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2. Preliminaries

Let M be a 2n + 1-dimensional Sasakian manifold with structure tensors (¢, &,, g). We consider a Riemannian manifold M
isometrically immersed in M with induced metric tensor g. We assume that the submanifold M is tangent to the structure
vector field € of M. Let V and V be the Levi-Civita connection on M and M respectively. Then the Gauss and Weingarten

formulas are given respectively by [11].
VxY =VxY +h(X,Y) and VxN = —AxyX + V%Y

for all X,Y tangent to M and vector field N normal to M. Here h, V¥, Ax denote the second fundamental form, normal

connection and the shape operator, respectively. The second fundamental form and the shape operator are related by
g(W(X,Y),N) = g(AnX,Y).
Let R and R be the curvature tensor of M and M, respectively, then the Gauss equation is given by
9(R(X,Y)Z,W) = g(R(X,Y)Z,W) + g(h(X, Z), (Y, W)) — g(h(X, W), MY, Z))

for any vector fields X, Y, Z, W tangent to M. The mean curvature vector H is defined by

H =

] (trace h)

A submanifold M is said to be minimal if H = 0 and M is called a totally geodesic submanifold in M if h = 0. For any
X € TyM, we put ¢ X = PX + FX, where PX and FX are the tangential and normal components of ¢.X, respectively.
Similarly, for any vector field U normal to M, we put ¢U = tU + fU, where tU and fU are the tangential and normal

components of ¢U, respectively. The well-known results are as follows:
(A). P and f—structures are skew-symmetric,

(B). g(FX,U) = —g(X,tU),

(C). FP+ fF =0,

(D). ¢¢ =0 implies P§¢ =0, F¢ = 0.

Definition 2.1. A plane section [[ € TpM is called a ¢p—section if it is spanned by X and ¢X, where X is a unit tangent

vector orthogonal to §&. The sectional curvature of a ¢—section is called ¢ -holomorphic sectional curvature.

Definition 2.2. A Sasakian manifold with constant ¢—holomorphic sectional curvature c is said to be a Sasakian-space-form

and it is denoted by M(c).

Let M be an (n + 1)—dimensional submanifold of a Sasakian-space-form M(c). Then we have the following Gauss and

Codazzi equations, respectively:

RxIZ = (S2) 2% - g5 21+ (S5 ) BN a)(2)X + 9(X, 2010 )€ - Y. Z)n(X)¢
+g(PY, Z)PX - g(PX7 Z)PY + QQ(X, PY)PZ] + Ah(y’z)X - Ah(X,Z)Y (1)
and
(Vxh)(Y,Z) — (Vyh)(X,2Z) = (c — 1) [9(PY,Z)FX — g(PX,Z)FY + 29(X, PY)FZ] (2)

for any vector fields X, Y, Z tangent to M.
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Definition 2.3. Let M be a submanifold isometrically immersed in a Sasakian manifold M tangent to the structure vector
field &. Then M is called a CR-submanifold of M if there exists a differentiable distribution D : p — D, C T,M on M

satisfying the following conditions:
(A). D is invariant with respect to ¢, i.e., ¢Dp C Dy for each p € M,
(B). the complementary orthogonal distribution D : p — D+ C T, M is anti-invariant with respect ¢, i.e., qSDj C TyM™*.

We have the following decomposition of the tangent space T, M at each point p of M: T,M = D, & {{} & D;, where
¢D, C Dp C TyM and ¢Dy C FDy C TpM™*. Similarly, we have T,M* = FD,; @ N, where N, is the orthogonal
complement of FD;y € T, M™*. Then ¢N, = fN, = N,.

3. Some Basic Results

This section deals with some basic and very useful lemmas, which are required in proving our main theorems.

Lemma 3.1 ([11]). In order for a submanifold M, tangent to the structure vector field €, of a Sasakian manifold M to be

a contact CR-submanifold, it is necessary and sufficient that FP = 0.

Lemma 3.2 ([11]). Let M be a contact CR-submanifold of a Sasakian manifold M. Then P* 4+ P =0 and f>+ f = 0.
Before going to prove next lemma we would like to give following definition:

Definition 3.3. A submanifold M in a Riemannian manifold M is said to be cyclic parallel if its second fundamental form
h satisfies

(Vxh)(Y,Z)+ (Vyh)(Z,X)+ (Vzh)(X,Y) =0 (3)

for any vector fields X,Y, Z tangent to M.
Now we can easily prove our following lemma:

Lemma 3.4. Let M be a contact CR-submanifold of a Sasakian-space-form M(c). Then cyclic parallelism of M is equivalent

to the following condition:

(Vv 2) = (S )P X.DFY + 4(PX,V)F2] (W
for any vector fields X,Y, Z tangent to M.
Proof.  Our assertion (4) can be proved by using equations (3) and (2). O

4. Main Results

In this section, we prove our two main theorems. First we give some basic definitions, which shall be required in our proofs.

Definition 4.1. The distribution D is called parallel with respect to the Riemannian connection V on M if VxY € D for
any vector fields X,Y € D.

Definition 4.2. The F—structure in the normal bundle is said to be n—parallel if it satisfies the following: g(VxF)Y,FZ) =

0 for any vector fields X,Y,Z € T, M.
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Definition 4.3. A contact CR-submanifold M of a Sasakian manifold is called a contact CR-product submanifold if it is

locally a Riemannian product of an invariant submanifold M and an anti-invariant submanifold M=>.
Our first main theorem is as follows:

Theorem 4.4. A contact CR-submanifold M of a Sasakian space form M(c) is a contact CR-product if F—structure in

the normal bundle is n—parallel.

Proof. Suppose that F is n—parallel g(VxF)Y,FZ) = 0 for X,Y,Z € T,M, then —g(h(X,PY),FZ) +
g(fh(X,Y),FZ) = 0. This implies that g(th(X,PY),Z) = 0 for all vector fields X,Y,Z tangent to M. Now if
X,Y € D and for any vector field Z tangent to M, we have g(FVxY,FZ) = 0 which implies that VxY € D and
consequently the distribution D is parallel. Now if X,Y € D, and then for any vector field Z tangent to M, we have
g(PVxY,PZ) = g(th(X,PZ),Y) = 0 which implies that VxY € D' and consequently the distribution D™ is parallel.
Hence M is a contact CR-product submanifold of M(c). O

Before going to prove our next theorem we would give some notations, which are required in the proof. We put dim

M=2m+1,dim M =n+1, dim D =k, dim D' = ¢ and codim M = 2m — n.

Theorem 4.5. Let M be a contact CR-submanifold of a Sasakian-space-form M(c). Then we have

2
9(Vh,Vh) = ||Vh|* > 2<C; 1) kq.

The equality holds if and only if (4) holds.

Proof. We define a tensor field T on M by

c—1

T(X,Y,Z) = (Vxh)(Y,Z) + ( ) [9(PX,Z)FY + g(PX,Y)FZ]

Then T' = 0 if and only if (4) holds. Let {e1,...,ent1} be an orthonormal basis of the tangent space T, M. Therefore, we

have

2 2 c—1 2 =
17> = [Vl +2( . )kq+<c71>Zg((vem(ej,Pei),Fej). (5)

i,j=1

On the other hand, by equation of Codazzi

9(Veih)es, e Fes) = = (S ) ©

Putting (6) into (5), we get

2 2
T = 1vnl 4 2( 50 ) ka4 (<) ke
— VAl - 2( %5 1)2kq.
Since ||VT||? > 0, which implies that
IvhlE > (<5 1>2kq
This completes the proof of our theorem. O

286



Aliya Naaz Siddiqui

Acknowledgement

I would like to thank the referee(s) for his comments and suggestions on the manuscript.

References

[1] A.Bejancu, CR-submanifolds of a Kaehler manifold I, Proc. Amer. Math. Soc., 69(1978), 135-142.

[2] A.Bejancu, CR-submanifolds of a Kaehler manifold II, Trans. amer. Math. Soc., 250(1979), 333-345.

[3] A.Bejancu, Geometry of submanifolds, D. Reidel Publ. Co., Dordrecht, Holland, (1986).

[4] B.Y.Chen, Geometry of Submanifolds, Marcel Dekker, New York, (1973).

[5] B.Y.Chen, On CR-submanifolds of a Kaehler manifold I, J. Diff. Geom., 16(1981), 305-322.

[6] C.Ozgur and C.Murathan, Chen Inequalities for submanifolds of a cosymplectic space form with a semi-symmetric
metric connection, Annals of the Alexandru Ioan Cuza University, (2012), 395408.

[7] C.P.Boyer and K.Galicki, 3—Sasakian manifolds, Proc. Japan Acad. Ser. A, 69(1993).

[8] D.E.Blair, Riemannian Geometry of Contact and Symplectic manifolds, 2™ Edition (Briskhauser Boston, Imc. MA),
(2010).

[9] K.Yano and M.Kon, Contact CR-submanifolds, Kodai Math. J., 5(1982), 238-252.

K.Yano and M.Kon, CR-submanifolds of Kaehlerian and Sasakian manifolds, Birkhauser Boston, Inc., (1983).

K.Yano and M.Kon, Structures on manifolds, Worls Scientific, Singapore, (1984).

]
]
]
12] K.Yano and M.Kon, On Contact CR-submanifolds, J. Korean Math. Soc., 26(2)(1989), 231-262.
]
]
]

13] K.Yano and M.Kon, Differential Geometry of CR-submanifolds, Geom. Dedi., 10(1981), 369-391.
14] M.Harada, On Sasakian manifolds, Tohoku Math. J., 25(1973), 103-109.
15] M.Kobayashi, CR-submanifolds of a Sasakian manifold, Tensor, 35(3)(1981), 297307.

[16] M.Kon, Minimal submanifolds immersed in a complex projective space, Geom. Dedi., 31(1989), 357-368.

[17] S.Sasaki, On Differentiable manifolds with certain structures which are closely related to almost contact structure I,
Tohoku Math. J. 12(3)(1960), 459-476.

[18] S.Tanno, Sasakian manifolds with constant ¢—holomorphic sectional curvature, Tohoku Math. J., 21(1969), 501-507.

[\
fee}
~



	Introduction
	Preliminaries
	Some Basic Results
	Main Results
	Acknowledgement
	References

