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Abstract. In this paper we study warped product CR-submanifolds in a nearly
Kaehler manifold and extend the results of B.Y. Chen [7] concerning warped
product CR-submanifolds in Kaehler manifolds to this more general setting.
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81. Introduction

In [2], R.L. Bishop and B. O’Neill introduced the notion of warped product
manifolds by homothetically warping the product metric of a manifold B x
F on to the fibers p x F for each p € B. The generalized product metric
so obtained appears in differential geometric studies in a natural way. For
instance, a surface of revolution is a warped product manifold. So far as
it’s applications are concerned, it has been shown that the warped product
manifolds provide an excellent setting to model space-time around bodies with
high gravitational field (cf. [16]). In view of this fact many research articles
have recently appeared exploring existence or non existence of warped product
submanifolds in known spaces. B.Y. Chen [7] initiated the investigations by
showing that there doesn’t exist warped product CR-submanifold in Kaehler
manifolds. B. Sahin [20], extending the result of Chen, proved that there exist
no semi-slant warped product submanifolds in a Kaehler manifold. However,
many examples of CR-warped product submanifolds (obtained by reversing
the two factors of the warped product CR~submanifold) of Kaehler manifolds
are provided in [9] and [20]. In view of the interesting geometric features of
nearly Kaehler manifolds and the non-existence of CR-product submanifolds
in SY (cf. [22]), it is worthwhile to explore warped product CR and CR-warped
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product submanifolds in a nearly Kaehler manifold in general. In this pursuit,
we have succeeded in extending the results of Chen to the setting of nearly
Kaehler manifolds.

§2. Preliminaries

Let M be an almost Hermitian manifold with an almost complex structure J
and Hermitian metric ¢ i.e., for all U, V € TM

(2.1) JP=—I, gUYV)=g(JU,JV).

Further, let Q be the fundamental 2-form associated to the Hermitian metric
gon M i.e.,

(2.2) QU,V) = g(JU, V).

The following is a useful relation exhibiting the relationship among Q, V.J
and the Nijenhuis tensor S of J (cf. [12]).

(23)  29((Vu )V, W) = dU, V,W) — dU, JV, JW) — g(U, S(V, JW))
where the Nijenhuis tensor S of J is defined by
(2.4) S(U,V)=[UV]+JJUV]|+ J[U,JV] - [JU,JV].

Let M be a submanifold of M. For each z € M, let D, = T, MNJT, M i.e.,
a maximal holomorphic subspace of the tangent space T, M. If the dimension
of D, remains the same for each x € M, and it defines a differentiable distri-
bution D on M then M is said to be a generic submanifold. In addition, if
the complementary distribution D is totally real i.e., JD+ C T+M, then M
is said to be a CR-submanifold of M, where T--M denotes the normal bundle
on M which admits the orthogonal direct decomposition

T+M =JD &

It is straightforward to see that the orthogonal complementary distribution p
of JD* in T M is an invariant subbundle of 7M. Let V be the Riemannian
connection on M. Let V be the Levi-Civita connection on TM and V, V+ be
the induced connections on the tangent bundle T'M and the normal bundle
T+ M respectively. Further, if A and A¢ denote the second fundamental form
and the shape operator (corresponding to a normal vector field &) respectively
then the Gauss and Weingarten formulae are given by

(2.5) VoV =VyV +h(U,V),
(2.6) Vo = =AU + V¢
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for each U, V € TM. A¢ and h are related as
(2.7) 9(AU, V) = g(h(U,V),§)

where g denotes the Riemannian metric on M as well as the induced Rieman-
nian metric on M. The mean curvature vector H is given by

H = i h(ei, 62')
i=1

where n is the dimension of M and {ey,...,e,} is a local orthonormal frame
of vector fields on M. A submanifold M of M is said to be totally geodesic
submanifold if h(U,V) = 0, for each U,V € TM and a submanifold is said to
be totally umbilical submanifold if h(U,V) = g(U,V)H.

For U,V € TM and & € T*+M, we decompose JU and J¢ into tangential
and normal parts as

(2.8) JU = PU + FU,
(2.9) JE = t€ + f¢.

Thus, P is a (1,1) tensor field on TM, F is a normal valued 1-form on T'M,
t is a tangential valued 1-form on T-M and f is a (1,1) tensor field on
T+M. Further, it is straightforward to observe that on a CR-submanifold
M, P(TM)C D, FD =0, t(T+*M) = D+ and f(T+M) C p.

The covariant derivatives of P, F', t and f are defined as

(2.10) (VyP)V =VyPV — PVyV,
(2.11) (VyF)V =V§FV — FVGV,
(2.12) (Vut)é = Vyté — tVie,
(2.13) (Vuf)é = Vife - fVpt.

Furthermore, let PyV and QuV denote respectively the tangential and
the normal parts of (Vi7J)V. Then by an easy computation, we obtain the
following formulae

(2.14) PyV = (VuP)V — ApyU — th(U, V),

(2.15) QuV = (VyF)V + h(U, PV) — fh(U,V).
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_ Similarly, for £ € T LM, denoting the tangential and normal parts of
(VuJ)E by Py and Qué, we find that

(2.16) Pu€ = (@Ut)f + PAU — AyeU,
(2.17) Qué = (Vuf)E +h(t&,U) + FALU.

It is straightforward to verify the following properties, which we enlist here
for later use

p1- (a) PuspvW =PyW + Py W, (b) QuivW = QuW + QuW.
pa. () Py(V +W)="PyV + PyW, (b) Qu(V +W) = QuV + QuW.
ps3. (a) g(Pva W) = _g(V) PUW)v (b) g(QUV7 5) = _g(‘/a 7DUS)

pa. PydV + QuJV = —J(PyV + QuV).

§3. Some basic results

A nearly Kaehler structure on an almost Hermitian manifold M is character-
ized by the condition

(3.1) (VuJ)U =0

for each U € TM.

A typical example of a nearly Kaehler non-Kaehler manifold is the six di-
mensional sphere S%. It has an almost complex structure .J defined by the
vector cross product in the space of purely imaginary Caley numbers which
satisfies the condition (VyJ)U = 0. We recall this almost complex struc-
ture here for later use. Let C be the Cayley division algebra generated by
{eo =1, e, (1 <i<7)}over R and C; be the subspace of C' consisting of all
purely imaginary Cayley numbers. We may identify C with a 7-dimensional
Euclidean space R” with the canonical inner product g = (, ). The automor-
phism group of C' is the compact simple Lie-group G2 and furthermore the
inner product g is invariant under the action of G5 and hence, the group Ga
may be considered as a subgroup of SO(7). A vector cross product for vectors
in R” (= C,) is defined by

(3.2) xxXy=(r,y)ep+zy, YV x,y€Cy.

Then the multiplication table is given by
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jlk| 1 2 3 4 ) 6 7
1 0 e3 —es €5 —e4q €7  —€6
2 —es3 0 el e —€er —e4q €5
3 es —e 0 —e; —eg es €4
€j X €k = 4 —e5  —eg er 0 e1 () —e3
5 eq e e  —e€1 0 —€3 —€2
6 —er €4 —es —e €3 0 €1
7 e6 —es —es ez e —er 0

Considering S% as {x € C : (z,7) = 1}, the almost complex structure .J on
56 is defined by

(3.3) J.(U)=z xU

where x € S and U € T,,S% The almost complex structure defined in (3.3)
together with the induced metric on S® from g on R” (= C) gives rise to a
nearly Kaehler structure on S® (cf. [11]).

On a submanifold M of a nearly Kaehler manifold M, it follows from (3.1)
that

(3.4) (a) PuV+PyU=0, (b) QuV +QyU =0
for each U, V € TM.

So far as CR-submanifold of nearly Kaehler manifolds are concerned, we
have

Theorem 3.1 [18]. The holomorphic distribution D on a CR-submanifold of
a nearly Kaehler manifold M is integrable if and only if

OxY =0 and h(X,JY)=h(JX,Y)
for each X,Y € D.

Theorem 3.2 [18]. The totally real distribution D on a CR-submanifold of
a nearly Kaehler manifold is integrable if and only if

Q(PZW’X) = 07
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or,
g(AJZW7X) = g(AJWZ7X)

for each Z,W € D+ and X € D.

A submanifold M of an almost Hermitian manifold is said to be a CR-
product submanifold if M is locally a Riemannian product of a holomorphic
submanifold N7 and a totally real submanifold N| of M. Thus, a CR-
submanifolds M of an almost Hermitian manifold is a CR-product if and
only if both the distributions D and D+ on M are integrable and their leaves
are totally geodesic in M. In other words, a CR-submanifold M is a CR-
product in M if and only if Vi X € D (or equivalently Vi;Z € D) for each
UcTM, X € Dand Z € D+. CR-submanifolds of Kaehler manifolds are
studied extensively by B.Y. Chen (cf. [3], [4] and [5] etc.). He obtained con-
ditions under which a CR-submanifold reduces to a CR-product. K.A. Khan
et.al [18] extended some of these conditions to the setting of CR-submanifolds
of nearly Kaehler manifolds. On the other hand, K. Sekigawa ([20], [21])
studied submanifolds of S%. In particular, he showed that there do not exist
CR-product submanifolds in S® and thus paved way to explore CR-warped
product submanifolds in S®. He did construct an example of a CR-warped
product submanifold in S However, N. Ejiri [10] provided a categorical an-
swer to the more general problem by proving that there exist countably many
immersions of S x S”~! into S™*! such that the induced metric on it, is a
warped product of constant scalar curvature n(n — 1).

Our aim, in the succeeding sections is to study the warped product sub-
manifolds in nearly Kaehler manifolds. To begin the proceedings, we first
recall the formal definition of a warped product manifold (cf. [2]).

Definition 3.1. Let (B, g¢1) and (F, g2) be two Riemannian manifolds with
Riemannian metric g1 and gy respectively and f a positive differentiable func-

tion on B. The warped product of B and F is the Riemannian manifold
B x; F = (B x F,g), where

(3.5) g9=091+ f’go.
More explicitly, if U is tangent to M = Bx F at (p, q), then
|IU* = lldmiU||* + £*(p)|ldmeU |12

where m; (¢ = 1, 2) are the canonical projections of B x F. onto B and F
respectively and dm;’s are their differentials.
For a differentiable function ¢ on a manifold M, the grad(¢) is defined as

(3.6) g(grad(¢),U) = U¢
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for any vector field U tangent to M.
Bishop and O’Neill obtained the following basic result for warped product
manifolds.

Theorem 3.3 [2]. Let M = BxF be a warped product manifold. If X,Y €
TB and V,W € TF, then

(i) VxY e TB,
(i) VxV =VvX = (F)V,
(iii) nor(VyW) = Mgrad(f).

where nor(Vy W) is the component of VyW in TB and grad(f) is the gradient
of f.

Let M = Bx¢F. If hy and hy are the second fundamental forms of the
immersions of B and F' respectively into M, then for any X € TB and Z,
W eTF,

(3.7) g(ha(Z,W),X) = —g(VxZ,W)
which on making use of Theorem 3.3 takes the form
g(ha(Z, W), X) = —(X In f)g(Z, W).
As ho(Z,W) € T'B, above equation on applying formula (3.6) yields
ha(Z, W) = —g(Z, W )grad(In f)
which by virtue of the formula (3.5), is written as
(3.8) ha(Z, W) = = f?g2(Z, W )grad(In f).

That shows that F' is totally umbilical in M. Now, we may complete the
statement of Theorem 3.3 by stating

Corollary 3.1 [2]. On a warped product manifold M = Bx ¢F,
(i) B is totally geodesic in M,
(ii) F is totally umbilical in M.

If the manifolds Ny and N, are holomorphic and totally real submanifolds
of an almost Hermitian manifold M respectively, then their warped products
are
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(a) NJ_XfNT,
(b) NTXfNL.

In the sequel, we call the warped product submanifolds of type (a) as
warped product CR-submanifold and the warped products of type (b) as CR-
warped product submanifold.

The notion of warped product manifolds was introduced as a natural gen-
eralization to Riemannian product of Riemannian manifolds. It is easy to
observe that the warped product of two Riemannian manifolds is a Rieman-
nian product if the warping function f is constant. In particular, the warped
product submanifolds of type (a) and (b) reduce to CR-product submanifolds
when the warping function f is a constant function.

§4. CR-submanifold as warped product submanifold in nearly
Kaehler manifolds

Let M be a nearly Kiiehler manifold and M = N, X ;N7 be a warped product
CR-submanifold of M . By property (p4), we have

(4.1) PxJX +OxJX =0

for each X € T Np.
The statement (ii) of the Theorem 3.3 can be restated as

(4.2) VxZ=VzX=(Zlnf)X.

for each X, Y € TNy and Z € TN'. Hence,

(43) §(VxZ,X) = (ZIn D X| = g(Vyx 7, JX).

On taking account of (2.5), (3.4) and (4.1), above equation can be written as
(4.4 (Z1n )X = g(JZ, h(X, TX)).

Replacing X by JX in (4.4), we get

(4.5) (2 DIXI? = —g(JZ,h(X, TX)).

Thus from (4.4) and (4.5),

(4.6) (ZIn PIX? =0,

If M is assumed to be a proper CR~submanifold, then Z1In f =01i.e., M is
simply a CR-product. In other words, the theorem of B.Y. Chen (cf. [7]) is
extended to the setting of nearly Kaehler manifold as
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Theorem 4.1. There does not exist a proper warped product CR-submanifold
N Xy N in nearly Kaehler manifolds.

On the other hand existence of a CR-warped product submanifold of a
nearly Kaehler manifold is ensured by K. Sekigawa, in view of the example
he provided in [22]. We study some important differential geometric aspects
of these submanifolds in this section. Moreover, as the example is relevant to
the present study, we recall it at the end of the section.

Lemma 4.1. Let M be a CR-warped product submanifold of a nearly Kaehler
manifold M. Then we have

(i) g(hM(X,Y),JZ) =0,
for each X,Y € TNy and Z, W € TN, .
Proof. By Theorem 3.3, on M we have

VxZ =VzX = (XInf)Z
Taking account of the above formula, (2.10) yields
(VxP)Z = 0.
Now, using (2.14), we obtain
9(ApzX,Y) = —g(PxZ,Y).

The left hand side of the above equation is symmetric in X and Y whereas
the right hand side is skew symmetric in X and Y . That proves

g(h(X,Y),JZ) = g(PxZ,Y) = 0.

The first equality in (ii) is an immediate consequence of Theorem 3.3 (ii).
For the second equality, by Gauss formula, we may write

g(M(JIX,Z),JW) = g(VzJX,JW)
= g(QzX,JW) + g(VzX, W)
=9(QzJ X, W) + (X In flg(Z, W)
= —g(PzW,JX) + (X 1n f)g(Z,W).
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The first term in the right hand side of the above equation is zero by virtue
of Theorem 3.2 and thus the above equation reduces to

g(W(JX,Z),JW) = (Xn f)g(Z, W),
which proves the statement (ii).
Theorem 4.2. Let M be a CR-submanifold of a nearly Kaehler manifold

M with integrable distributions D and D*. Then M is locally a CR-warped
product if and only if

(4.7) AjzX = —(JXp)Z

for each X € D, Z € D+ and p, a C®-function on M such that Wy =0 for
each W € D+.

Proof. 1f M is a CR-warped product submanifold N7x ;N |, then on applying
Lemma 4.1, we obtain (4.7). In this case u = In f.
Conversely, suppose AjzX = —(JXu)Z, then
g(WX,Y),JZ) =0

ie, h(X,Y) € u, for each X, Y € D. As D is assumed to be integrable, by
Theorem 3.1, QxY = 0 and therefore by (2.15)

FVxY = h(X,JY) — fh(X,Y).

It is easy to deduce from the above equation that VxY € D. That means,
leaves of D are totally geodesic in M. Moreover,

g(VzW,X) = g(JV W, JX)
= —g(PzW,JX) — g(AywZ,JX).

The first term in the right hand side of the above equation vanishes in view
of Theorem 3.2 and the second term on making use of (4.7) reduces to
—Xpg(Z,W). Thus, we have

(4.8) 9(VzW, X) = =Xpug(Z,W).
Now, by Gauss formula
g(h(Z,W),X) = g(VzW, X)

where ht denotes the second fundamental form of the immersion of N, into
M. On using (4.8), the last equation gives

g(hL(Z, W)vX) = *XH!J(Za W)
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which shows that each leaf N, of D+ is totally umbilical in M. Moreover, the
fact that Wy = 0, for all W € D™, implies that the mean curvature vector
on N| is parallel along N, i.e., each leaf of D is an extrinsic sphere in M.
Hence by virtue of the result of [15] which states that —If the tangent bundle
of a Riemannian manifold M splits into an orthogonal sum TM = Ey @ Eq
of non trivial vector sub bundles such that E1 is spherical and it’s orthogonal
complement Ey is auto parallel, then the manifold M 1is locally isometric to a
warped product Myx y My, we get that, M is locally a warped Npx ;N of a
holomorphic submanifold N7 and a totally real submanifold N, of M. Here
N7 is a leaf of D and N| is a leaf of D and f is a warping function.

Example 4.1. Let {eg, e; (1 <i < 7)} be the canonical basis of the Cayley
division algebra on R® over R and R” be the subspace of R® generated by the
purely imaginary Cayley numbers ¢; (1 <14 < 7). Then

56:{y161+y2€2+“'+y7€71 y%‘f‘y%‘f‘""i‘@/?:l}CR?

is a unit 6-sphere admitting a nearly Kaehler structure (J, g, V) as has been
specified earlier. Now, suppose that

S*={y=(y2,y1,96) €R*: y5 +yi +y5 =1}

is a unit 2-sphere and
St={z=¢" tecR}

is a unit circle. Consider the mapping
P:S?x st — 56
defined by

w(yu Z) = 1/’((3/27 Y4, ZUG); eit)
= (ya2cost)es — (yasint)es + (ya cos2t)es + (yasin2t)es
+ (ye cost)eg — (ygsint)ey

for y = (y2,4,96) € S? and z = e € S, t € R. Then v gives rise to an
isometric immersion from the warped product Riemannian manifold S2x fSl
into S% (cf. [22]) where f is the function on S? which is given by the restriction
of the function F on R? defined as

F(y27y47y6) = \/ (1 =+ 3yZ)
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