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CR-WARPED PRODUCT SUBMANIFOLDS OF
NEARLY KAEHLER MANIFOLDS

NaDIA S. AL-LuHAIBI, FALLEH R. AL-SOLAMY, AND VIQAR AzAM KHAN

ABSTRACT. As warped product manifolds provide an excellent setting to
model space time near black holes or bodies with large gravitational field,
the study of these manifolds assumes significance in general. B. Y. Chen
[4] initiated the study of CR-warped product submanifolds in a Kaehler
manifold. He obtained a characterization for a CR-submanifold to be
locally a CR-warped product and an estimate for the squared norm of
the second fundamental form of CR-warped products in a complex space
form (cf [6]). In the present paper, we have obtained a necessary and
sufficient conditions in terms of the canonical structures P and F on a
CR-submanifold of a nearly Kaehler manifold under which the submani-
fold reduces to a locally CR-warped product submanifold. Moreover, an
estimate for the second fundamental form of the submanifold in a gener-
alized complex space is obtained and thus extend the results of Chen to
a more general setting.

1. Introduction

R. L. Bishop and B. O’Neill [1] introduced the notion of warped product
manifolds by homothetically warping the product metric of a product mani-
fold B x F onto the fibers p x F for each p € B. This generalized product
metric appears in differential geometric studies in a natural way. For instance
a surface of revolution is a warped product manifold. Moreover, many impor-
tant submanifolds in real and complex space forms are expressed as warped
product submanifolds. In view of its physical applications many research ar-
ticles have recently appeared exploring existence (or non existence) of warped
product submanifolds in known spaces (cf [8], [13], etc). B. Y. Chen [4] initi-
ated the investigations by showing that there does not exist a warped product
CR-submanifold N; Xy Np in a Kaehler manifold. B. Sahin [11], extending
the result of Chen proved that there exists no semi-slant warped product sub-
manifolds in a Kaehler manifold other than CR-warped product submanifolds
Nr x¢ N, where Ny and N, are holomorphic and totally real submanifolds
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of the underlying Kaehler manifold. Interesting geometric properties of CR-
warped product submanifolds are obtained as well as many examples of these
warped product submanifolds are provided in [4]. In view of the interesting
geometric features of a nearly Kaehler manifolds and the non existence of CR-
products in S® (cf [14]), it is worthwhile to study CR-warped products in a
nearly Kaehler manifold. In the present paper, we have worked out condi-
tions under which a CR-submanifold reduces to locally a CR-warped product
submanifold. Moreover, an inequality for the squared norm of the second fun-
damental form of CR-warped product submanifolds in a generalized complex
space form is obtained.

2. Preliminaries

Let M be an almost Hermitian manifold with an almost complex structure
J and a Hermitian metric g, i.e.,

(2.1) J>=—1I, and ¢(JU,JV)=g(UYV)

for all vector fields U, V on M. If .J is parallel with respect to the Levi-Civita
connection V on M, i.e.,V.J = 0, then (M, J, g, V) is called a Kaehler manifold.
A more general structure on M, namely nearly Kaehler structure is defined by
a weaker condition namely

(2.2) (WUJ)V + (vvj)U =0.

A necessary and sufficient condition for a nearly Kaehler manifold to be
a Kaehler manifold is the vanishing of the Nijenhuis tensor of J. Any four
dimensional nearly Kaehler manifold is a Kaehler manifold. A typical example
of a nearly Kaehler non Kaehler manifold is the six dimensional sphere S%. It
has an almost complex structure J defined by vector cross product in the space
of purely imaginary Cayley numbers which satisfy the condition (2.2).

There is a more general class of almost Hermitian manifolds than nearly
Kaehler manifolds, known as RK-manifolds. These are defined as follows.

A RK-manifold (M, J,g,V) is an almost Hermitian manifold for which the
curvature tensor R is invariant under .J, i.e.,

R(JU,JV,JW,JZ) = R(U,V,W, Z)

for any U, V,W,Z € TM. o
An almost Hermitian manifold M is of pointwise constant type if for any
reMandU e T, M

AU, V) =AU, W),

where \(U, V) = R(U,V,JU,JV)— R(U,V,U,V) with V and W being tangent
vectors at x, orthogonal to U and JU. The manifold M is said to be of constant
type if for any unit vectors U,V € TM with g(U,V) = g(JU,V) = 0, A\(U, V)
is a constant function. Then we have:
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Theorem 2.1 ([15]). Let M be an RK-manifold. Then M is of pointwise
constant type if and only if there exists a function a on M such that

AU, V) = alg(U,U)g(V,V) = (9(U,V))* = (9(U,TV))?]

for any U,V € TM. Moreover, M is of constant type if and only if the above
equality holds for a constant «. In this case, « is the constant type of M.

A generalized complex space form is an RK-manifold of constant holomorphic
sectional curvature and of constant type. A generalized complex space form of
constant holomorphic sectional curvature ¢ and of constant type « is denoted
by M(c,a). Each complex space form is a generalized complex space form.
The converse is not true. The sphere S® endowed with the standard nearly
Kaehler structure is an example of a generalized complex space form which is
not a complex space form.

Let M(c,a) be a generalized complex space form of constant holomorphic
sectional curvature ¢ and of constant type a. Then the curvature tensor R of
M (c, @) has the following expression

RO, viw =“E2 v, w0 - g0, W)V

(2.3) + (U, TW) IV — g(V, JW)JU

+29(U, JV)JW].

Let M be a submanifold of an almost Hermitian manifold M. Then we denote
the induced metric on M by the same symbol g whereas the induced Rie-
mannian connection on M by V. With these notations, Gauss and Weingarten
formulae are written as

(2.4) VvV =VuyV +h(U,V),

(2.5) VuN = —AxU + VJU'N

for cach U,V € TM and N € T+ M, where V+ denotes the induced connection
on the normal bundle T+ M. h and Ay are the ~second fundamental form and
the shape operator of the immersion of M into M. They are related by

(2.6) g(h(U,V),N) = g(ANU, V).
For any U € T(M) and N € T+ M, we write

(2.7) JU = PU + FU,

(2.8) JN =tN + fN,

where PU and tN are the tangential components of JU and JN, respectively
whereas FU and fN are the normal components of JU and JN, respectively.
The covariant differentiation of the tensors P, F',t, and f are defined as

(2.9) (VuP)V = VyPV — PV,V,
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(2.10) (VyF)V =V§FV — FVGYV,
(2.11) (Vyt)N = VytN — tVEN,
(2.12) (Vuf)N = VEfN — fVEN.

On the other hand the covariant derivative of the second fundamental form h
is defined as

(2.13) (Vuh)(V,W) = VGh(V,W) = (Vg V, W) = h(V, Yy W)
for any U,V,W € TM. Let R and R be the curvature tensors of the connections

V and V on M and M, respectively. Then the equations of Gauss and Codazzi
are given by

R(U,‘/,VV, Z) = R(U,V,W, Z) - g(h(Uv W)v h(Va Z))

(2.14)
+9(h(U, Z), l(V,W)),

(2.15) [RU,V)W]* = (Vuh)(V,W) = (Vvh)(U,W).

A submanifold M of M is said to be a CR-submanifold if there exists on M, a
differentiable holomorphic distribution D such that its orthogonal complemen-
tary distribution D+ is totally real, i.e., JD, C T,(M) and JDF C T;-(M)
for each x € M.

For a CR-submanifold of an almost Hermitian manifold M, we have

(2.16) TM =D& D+,

(2.17) T*M = JD* @y,

where £ denotes the orthogonal complementary distribution of JD+ and is an
invariant normal subbundle of 7 M under .J.

The orthogonal projections on T'M are denoted by B and C, i.e., for any
UeTM

(2.18) U=DBU+CU,
where BU € D and CU € D*. 1t is straight forward to observe that
(2.19) (a) PC =0, (b) FB =0,

() t(T*M)=D*, (d) f(T+M)cp

Furthermore, for U,V € T'M if we denote by PyV and QuV, the tangential
and normal parts of (VyJ)V, then by making use of (2.4)-(2.10), we obtain

(2.20) PuV = (VuP)V — Apy U — th(U, V),

(2.21) QuV = (VuF)V + h(U, PV) — fh(U, V).

Similarly, for N € T+ M, the tangential and normal parts of (Vg J)N are
respectively given by

(2.22) PuN = (Vut)N + PANU — ApnT,
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(2.23) QuN = (Vuf)N + h(tN,U) + FANU.

Let (N1,91) and (N3, g2) be two Riemannian manifolds and f, a positive
differentiable function on Ni. The warped product of N; and N, is the Rie-
mannian manifold

M = Ny xy Ny = (N1 x Na, g),

where g = g1 + f2g2 [1]. Ny is called the base of M, and N, the fibre.

For a warped product manifold N; x; Na, we denote by D; and D, 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
liftt and Dy is obtained by the tangent vectors of Ny via the vertical lift. In
case of CR-warped product submanifolds D; and Dy are replaced by D and
D respectively.

A warped product Ny x; N» is said to be a trivial warped product if its
warping function f is constant. A trivial warped product N; x ¢ N2 is nothing
but a Riemannian product Ny X NQf , where NQf is the Riemannian manifold
with Riemannian metric f?gy, which is homothetic to the original metric gy,
of NQ.

3. Some basic results

A submanifold M of an almost Hermitian manifold M is said to be a CR-
product submanifold if M is locally a Riemannian product of a holomorphic
submanifold Nt and a totally real submanifold N ;. Thus a CR-submanifold
of an almost Hermitian manifold is a CR-product if and only if both the dis-
tributions D and D+ on M are integrable and their leaves are totally geodesic
in M. It is proved that a CR-product in a complex space form is a prod-
uct of a holomorphic submanifold and a totally real submanifold of complex
linear subspaces and there do not exist CR-products in complex hyperbolic
spaces. Moreover, CR-submanifolds in complex projective spaces C P tp+hp
are obtained from Segre imbedding in a natural way (cf. [6]).

For a CR-submanifold of a Kaehler manifold, Chen [2] proved:

Theorem 3.1 ([2]). A CR-submanifold of a Kaehler manifold is a CR-product
if and only if VP = 0 or equivalently A;p. D = 0.

K. A. Khan et.al [10] worked out conditions for the two distributions on
a CR-submanifold of a nearly Kaehler manifold to be integrable and parallel,
which led to a characterization for a CR-submanifold to be a CR-product in a
nearly Kaehler manifold. We recall:

Proposition 3.1 ([10]). The holomorphic distribution D on a CR-submanifold
M of a nearly Kaehler manifold is integrable if and only if

OxY =0 and h(X,JY)=h(JX,Y)
for each XY in D.
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Proposition 3.2 ([10]). The totally real distribution D+ on a CR-submanifold
M of a nearly Kaehler manifold is integrable if and only if

g(PzW,X) =0, orequivalently, g(A;zW,X)=g(A;wZ,X).

CR-submanifolds which are warped products have the forms V| x ; Ny and
Np x5 N . These warped product submanifolds are known as warped product
CR-submanifold and CR-warped product submanifolds respectively. Chen [4]
proved that warped product CR-submanifolds of a Kaehler manifold are trivial,
i.e., they are simply CR-products. Recently, the result is extended to the setting
of nearly Kaehler manifolds, i.e., warped product CR-submanifolds of nearly
Kaehler manifolds are CR-products (cf. [12]). However, many examples of
CR-warped product submanifolds of a Kaehler manifold are provided in [4].

Earlier, K. Sekigawa [14] while studying submanifolds of S® proved:

Theorem 3.2 ([14]). There does not ezist a CR-product in S°.

This paved way to study CR-warped product submanifolds in S® and in a
nearly Kaehler manifold in general. Sekigawa [14] obtained an example of a
CR-warped product submanifold in S®. For a more general case, N. Ejiri [7]
provided a categorical answer to the existence of warped product submanifolds
in S¢. He proved:

Theorem 3.3 ([7]). There exist countably many immersions of St x S"~! into
S"+L such that the induced metric on it is a warped product metric of constant
scaler curvature n(n — 1).

Moreover, every Riemannian manifold of constant scalar curvature ¢ can be
locally expressed as a warped product whose warping function satisfies Af =
cf. For example, S™(1) is locally isometric to (—m/2,7/2) X cost S" (1), R™ is
isometric to (0, 00) x,S™"1(1) and H"~*(—1) is locally isometric to R x .« R" 1.

As far as the intrinsic geometry of a warped product manifold is concerned
Bishop and O’Neill obtained:

Theorem 3.4 ([1]). Let M = N1 Xy Ny be a warped product manifold. Then

(i) Ny is a totally geodesic submanifold of M and
(ii) Ny is a totally umbilical submanifold of M.

Moreover,

(3.1) VoV =VyU=Ulhf)V
and

(3.2) nor(Vy W) = _g(?w)v f

for any U € Dy and V,W € Dy, where nor(Vy W) denotes the component of
Vv W in D1 and Vf denotes the gradient of f and is defined as

(3.3) g(Vf,U)=Uf.
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4. CR-warped products and the canonical structures

In [2], B. Y. Chen obtained various conditions under which a CR-submanifold
reduces to a CR-product. In particular, he showed that a CR-~submanifold of
a Kaehler manifold is a CR-product if and only if VP = 0. Later he ex-
tended the characterization while studying the impact of parallelism of the
(1,1) tensor field P on an arbitrary submanifold of a Kaehler manifold. In
this case, he proved that VP = 0 if and only if the submanifold is locally a
Riemannian product of submanifolds which are either holomorphic or totally
real or Kaehlerian slant (cf. [3]). As warped product manifolds are generalized
version of product manifolds, it is natural to seek analogous conditions under
which a CR-submanifold is a CR-warped product submanifold. In this section,
we have obtained necessary and sufficient conditions involving P and F, forcing
a CR-submanifold to be locally a CR-warped product submanifold. To prove
the main theorems, we first obtain some useful relations.

Lemma 4.1. Let M be a CR-warped product submanifold N7 x5 N of an
almost Hermitian manifold M. Then

(4.1) (VzP)X = (PXInf)Z,

(4.2) (VuP)Z = g(CU,Z)P(Vn f)
for each U € TM, X € D and Z € D+, where VIn f denotes the gradient of
Inf.
Proof. By formula (3.1)
VxZ=VzX=(XInf)Z,
and therefore by making use of formulae (2.9) and (2.19), we obtain (4.1). On
the other hand as PU € D for any U € T M, by formulae (2.9) and (2.19), we
find that (Vi P)Z € D. Now for any X € D,
9(VuP)Z,X) = ¢(VuZ PX)
= —g(Z,VyPX)
= _g(Z7 VCUPX)
= —(PXInf)g(CU, Z),
which on taking account of (3.3) gives
(VuP)Z = g(CU,Z)P(Vn f).
This proves the lemma. (I
Theorem 4.1. Let M be a nearly Kaehler manifold and M be a CR-submani-

fold of M with integrable distributions D and DL. Then M is a CR-warped
product submanifold of M if and only if

(4.3) (VyP)U = (PUR)CU + ||CU||* IV
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for each U € TM and p a C*®-function on M satisfying Zu = 0 for each
Z € D*.

Proof. The relation (4.3) is equivalent to
(44)  (VuP)V + (VyP)U = (PUR)CV + (PVu)CU + 2¢(CU,CV)JVp,

with U,V € TM. Let M be a CR-warped product submanifold of M. For any
U € TM, we may write

(4.5) (VuP)U = (VeuP)BU + (Vou P)BU + (Vy P)CU.

The first term in the right hand side of (4.5) is zero as Ny is totally geodesic
in M and by Lemma 4.1,

(46) (WCUP)BU = (PU In f)CU,

(4.7) (VyP)CU = ||CU|*PVIn f.
From (4.5), (4.6) and (4.7),
(VuP)U = (PUn f)CU + ||CU||*PV In f.

Conversely, suppose that M is a CR-submanifold of M with D and D+
involutive on M and such that (4.3) holds for a C'*°-function p on M with
Zu =0 for each Z € D*. Tt follows from (4.4) that

(4.8) (VxP)Y +(VyP)X =0
for each X, Y € D. Further, as M is nearly Kaehler, it follows from (2.2) that
(4.9) PoV +PyU =0, and QuV + 9yU =0

for each U,V € TM. From (4.8) and the first part of (4.9), it follows on using
(2.20) that th(X,Y) = 0. That means

(4.10) hMX,)Y) e pn
for each X,Y € D. Now, for Z € D+
9(VxY,Z) = g(JVxY,JZ).

As D is involutive, on using Proposition 3.1, formula (2.2) and the observa-

tion (4.10), the above equation yields
9(VxY,Z) = 0.

This proves that the leaves of D are totally geodesic in M. On the other

hand by formulae (2.21) and (4.9)

(4.11) (VxP)Z + (VzP)X = Apz X +2th(X, Z),
whereas by (4.4),
(4.12) (VxP)Z + (VzP)X = (PXn)Z

for each X € D and Z € D+. From (4.11) and (4.12),
(4.13) 9(Apz X, W) —29(h(X, Z), JW) = (PXp)g(Z, W)
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for each W € D+. As D+ is involutive, in view of Proposition 3.2, (4.13) gives
or
g(VzJX =Pz X, W)= (PXu)g(Z,W).
On taking account of Proposition 3.2, the above relation yields
(4.14) 9g(VzW,JX) = —(PXp)g(Z,W).

Let Ny and N denote the leaves of D and D= respectively. If ' denotes
the second fundamental form of the immersion of N, into M, then (4.14) can
be written as

g(W(Z,W),JX) = (JXu)g(Z,W) = g(V, JIX)g(Z, W).
Thus we obtain
W(Z,W) = g(Z,W)Vu.

Thus each leaf N of D™ is totally umbilical in M and as Zu = 0 for
each Z € D+, the mean curvature vector V is parallel on N, i.e., N is an
extrinsic sphere in M. Hence by virtue of a theorem in [9], which states that
“If the tangent bundle of a Riemannian manifold M splits into an orthogonal
sum TM = Ey @ E of non trivial vector subbundles such that E; is spherical
and its orthogonal complement Ej is autoparallel, then the manifold M is
locally isometric to a warped product My x ¢ M;”, we get that M is locally a
CR-warped product submanifold Ny Xy N, where f = et. O

In terms of the structure F', we have:

Theorem 4.2. Let M be a CR-submanifold of a nearly Kaehler manifold M
with totally real distribution being involutive. Then M is locally a CR-warped
product submanifold if and only if

(4.15) 9(VuF)V,JW) = g(QcuCV, JW) — (BV u)g(CU, W)

for each U,V € TM and W € D+, where p is a C*-function on M such that
Zu =0 for each Z € D*.

Proof. Let M be a CR-warped product submanifold N7 Xy N;. Then for any
X,Y € D and W € D+, by formula (2.10)

J(VxF)Y,JW) = —g(FVxY,JW) = —g(VxY,W).
Therefore, as N is totally geodesic in M
(4.16) g(VxF)Y,JW) = 0.
On the other hand, for any X € D and Z, W € D+, by formula (2.21)
g(VxF)Z,JW) = g(QxZ + fh(X,Z),JW)

= g(QxZ,JW)
= —g(PzJX,W)
= g(JX,PzW).



988 N. S. AL-LUHAIBI, F. R. AL-SOLAMY, AND V. A. KHAN

Thus, by Proposition 3.2, we have
(4.17) g(VxF)Z,JW) = 0.
Further, -
9(VzF) X, JW) = —g(FVz X, JW),
which on using (3.1) gives that
(4.18) g(VzF)X,JW = —(X In f)g(Z,W),
and for any W’ € D+, by formula (2.21) we have
g(VzE)W', JW) = g(QzW'+ fM(Z W'), JW)
(4.19) = g(QzW',JW).
Now, for U,V € TM we may write
9(VuF)V,JW) = g(Vpu F)BV. JW) + g(Veu F)CV, JW)
+ 9(VewF)BY, JW) + ¢(Veu F)CV, JW).
The first two terms in the right hand side of the above equation are zero in
view of (4.16) and (4.17) and the remaining terms in view of (4.18) and (4.19)
yield (4.15).

Conversely, suppose that M is a CR-submanifold of a nearly Kaehler mani-
fold M such that (4.15) holds. Then obviously

g(VxF)Y,JW) =0

for each X,Y € D and W € D*. Therefore g(VxY,W) = 0, that means D is
integrable and its leaves are totally geodesic in M. Now, for any Z, W € D=+,
by (4.15) we have

(4.20)

or
(4.21) 9(VzW, X) = =(Xn)g(Z,W).
Let N, be a leaf of D+. If V/ denotes the induced Riemannian connection

on N and &/, the second fundamental form of the immersion of N| into M,
then the last equation in view of Gauss formula is written as
9(X, VW +1(Z,W)) = —(Xp)g(Z, W)
or
7g(Xa v#)g(z7 W)a

or
W(Z,W)=—g(Z,W)Vpu.

This shows that N, is totally umbilical in M and in view of the condition

that Zu = 0 for each Z € D*, Vpu is defined on Np only, i.e., the mean

curvature Vyu is parallel on N;. In other words, N, is an extrinsic sphere.
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Hence, by a similar argument as given in Theorem 4.1, M is locally isometric
to a warped product submanifold with a warping function f = e*. (I

Let M = Ny xy N be a CR-warped product submanifold of a nearly
Kaehler manifold M. In view of the decomposition (2.17), we may write

(4.22) MU, V)=h;p(U,V)+h,(U,V)
for each U,V € TM, where h;p. (U,V) € JD+ and h,(U,V) € p.

If {e1,e2,...,e,} be a local orthonormal frame of vector fields on M, then
we define

n

P17 =Y g(h(eise;), bles, e))),

ij=1
and for a differentiable function f on M, the Laplacian Af of f is defined by

(4.23) Af = l(ejlejf) = Ve,e5)f].

J=1

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

(i) hypo(JX,Z)=(XInf)JZ,
(i) g(QzX,JW) =0,
(iti) (h(JX, Z), Th(X, 2)) = |hu(X, )| = 9(Qx Z. Thyu(X, Z))
for each X € D and Z,W € D+.
Proof. By Gauss formula,
hJX,Z) = VzJX -VzJX
= (Vz )X +JVzX +Jh(X,Z) - VzJX.
Thus, on using (3.1), we obtain
(424) h(JX,Z)=PzX +0zX+(XInf)JZ+ Jh(X,Z)—(JXInf)Z.
Comparing tangential parts in (4.24), we get
PzX =(JXWnf)Z—Jh;p(X,2).
Taking product with W in both sides, yields
9g(PzX, W)= (JXIn f)g(Z, W)+ g(h;p+ (X, Z), JW).

The left hand side of the last equation is zero in view of Proposition 3.2 and
thus the equation reduces to

9(h(X, 2), W) = —(JX In f)g(Z, V),
or equivalently,
(4.25) hype(JX,Z) = (X In f)JZ.
This proves (i). Now, on comparing the normal parts in (4.24), we get
MIX,Z)=QzX+(XInf)JZ+ Jh,(X,2)
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or
(4.26) WJIX,Z) = Jhy(X,Z) = Qz X + (X In f)J Z.

Taking product with JW in (4.26) and using (4.25), we obtain statement
(ii) of the proposition, i.e.,

g(QzX,JW) =0.
Now, by (4.26)
g(WMJIX,Z),Jh(X,Z)) = g(Jhu(X,2) + Qz X, Jh,(X, Z)).
Or,
(427)  g(h(JX, 2), Jh(X, 2)) = |Ih,(X. Z)|[* = 9(Qx Z, h,(X. 2)).
This proves the proposition completely. (I

For CR-warped products in nearly Kaehler manifolds, we have the following:

Theorem 4.3. Let M = Nt x¢ N be a CR-warped product submanifold of a
nearly Kaehler manifold M. Then we have

(i) The squared norm of the second fundamental form satisfies
(4.28) [12]* = 24|V 1n f|?,
where V1n f is the gradient of In f and q is the dimension of N .
(ii) If the equality sign in (4.28) holds identically, then Nt is totally geo-

desic submanifold of M, N| a totally umbilical submanifold of M and
M is a minimal submanifold of M.

Proof. Let {X1,Xo,..., X, Xp11 = JX1,..., X9, = JX,} be alocal orthonor-
mal frame of vector fields on Ny and {Z1, Zo, . .., Z,} alocal orthonormal frame
on N . Then by definition

2p 2p q
1817 =D g(h(Xi, X5), h(Xi, X)) + Y > 9(W(Xi, Z,), h(Xi, Z,)
(429) 2,j=1 i=1r=1
+ Z W Zr, Z), W(Zy, Zs)).
r,s=1
Thus,
I\h|\2>zzg (Xi, Zy), h( X5, Zy))
i=1 r=1
or
12— ZZX In f)*9(Zy, Zy)
i=1 r=1
> 2q||VIn £
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This verifies the assertion (i). If the equality sign in (4.28) holds, then by
(4.29) and (4.25), we obtain

(4.30) h(D,D) =0, h(D* D*)=0 and h(D,D*)cC JD*,

since Nt is a totally geodesic submanifold of M, the first condition in (4.30)
implies that Np is totally geodesic in M. Moreover as N is totally umbilical
in M, the second condition in (4.30) implies that N is totally umbilical in M.
It also follows from (4.30) that M is minimal in M. O

5. CR-warped products in a generalized complex space form

Throughout the section, we denote by M (c, a) a generalized complex space
form of constant curvature c and of constant type . Let M = Ny Xy N be
a CR-warped product submanifold of M (c, a).

Various inequalities involving the squared norm of the second fundamental
form as well as that of the mean curvature vector of a CR-warped product
submanifolds in real and complex space forms are obtained (cf. [5], [6] etc).
For example, every CR-warped product Ny xy N, in a complex space form
M (4c) satisfies the general inequality

(5.1) 1A11* = 24{|IVIn f||* + Aln £} + 4pqc,

where p = dimg N7, ¢ = dimg N, [6].

Now, as the class of generalized complex space forms includes nearly Kaehler
manifolds of constant holomorphic sectional curvature, it is interesting to study
similar estimates in the setting of generalized complex space forms. To this end
we prove:

Theorem 5.1. Let M = Nr x; N be a CR-warped product submanifold of a
generalized complex space form M (c,c). Then we have

(5.2 101 = 20 { IV 1P + 51 )+ 2

where h denotes the second fundamental form of the immersion of M into
M(c,a), Vn f is the gradient of In f, Aln f is the Laplacian of In f, 2p and
q are the real dimensions of Ny and N respectively.

Proof. For X € D and Z € D+, by formula (2.3), we have

(5.3) R(X,JX,Z,JZ) = (O‘ g C) 9(X, X)g(Z, 2).

On the other hand by Codazzi equation
R(X,JX,Z,JZ) =9g(Vxh(JX,Z),]Z) — g(MVx X, Z),]Z)
(5.4) —9(MJIX,VxZ),JZ) = g(Vixh(X,Z), ] Z)
+9(W(VixX,Z),JZ) + g(MX,VxZ),]Z).
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Now,
(5.5) g(V§h(JX, Z),JZ) = Xg(WMIX,Z),JZ) - g(h(JX,Z),VxJZ).

The first term in the right hand side of (5.5), on using formulae (4.25) and
(3.1) takes the form

(5.6) Xg(W(JX,Z),JZ) = (X(XIn f) +2(X In f)*)g(Z, 2),
whereas the second term is written as
9(WIX,2),VxJZ) = g(WJIX,Z),QxZ + IVxZ + Jh(X, Z))

= g(h(JX,2),QxZ) + (X In f)’9(Z, Z)
+g(h(JX, Z), Th(X, Z)).

Making use of (4.27), the above equality takes the form

g(WJIX,2),NxJZ) = g(h(JX,Z)— JWX,Z),QxZ)
+(XIn f)’g(Z, Z) + [|hu(X, Z)| .

On using (4.26), the above relation can be written as
(5.7 g(h(JX,Z),VxJZ) = (XIn[)’g(Z,2Z) + || (X, Z)|]* - [|2x Z|[*.

On substituting from (5.6) and (5.7), equation (5.5) yields
58) g(Vxh(JX,2),JZ) =(X(XInf)+ (X In f)?)g(Z, Z)
+19xZ|” = [|hu (X, Z)[2.

Similarly, we obtain
59) g(Vixh(X,2),JZ) = — (JX(JXInf)+ (JXIn f)?)g(Z, Z)
—1Qsx ZIP* + | (J X, Z)| .

By formulae (3.1) and (4.25), we have

(5.10) g(h(JX,Vx2),JZ)=(Xnf)g(Z,7),
and
(5.11) g(WMX,VixZ),JZ) = —(JXIn f)g(Z, 7).

Further by making use of formula (3.1) and the fact that Np is totally
geodesic in M, we get

(5.12) 9(h(VixX,2),12Z) = =(JVxX)(In f)g(Z, Z),

and,
gV xJX,2),JZ) = =((JVxJX)In f)g(Z, Z).
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The right hand side of the above equation, on making use of the fact that Np
is totally geodesic in M and the formula (3.1) reduces to —g(VzJVxJX,Z).
Thus, by using Gauss formula, we get

= (VxX)Inf)g(Z,Z2) + (VuxJX)In f)g(Z, Z)
—((IVyxXnf)g(Z, Z).

Let {Xl,XQ, R ,Xp,Xp+1 = JXl, PN ,Xgp = JXp} and {Zl,ZQ, “ee 7Zq} be

a local frame of orthonormal vector fields on N and N respectively. Choosing

X, Z as basic vector fields and substituting from (5.8)-(5.13) into (5.4), we
obtain

R(X;, JXi, 2y, T Z,)
= (X;(Xiln f)+ JX;(JX;In f))g(Z,, Z,)
—(Vx, Xi)In f + (Vyx,JXi) In /g(Z,, Z,)
H19x.Ze|? + 11Qux, Z011? — (X, Z)I1? = |y (T X3, Z,)]2.

Summing both sides over i = 1,2,...,pand r = 1,2,...,q and making use
of (5.3) and (4.23), we obtain

pg(a —c)
2

where we have used the following notations

2p q
2o DHP =" [19x. 22,

i=1r=1

(5.14) =1QpD*|* = |k (D, DY)|* + ¢Aln f,

and

2p

1 (D, DO =7 (R (Xa, Zo) 2.

=1 r=1

Further, if we denote S22, S0 [|hype (Xi, Z0)||2 by [|hype (D, D12,
then from (4.29), we have

(5.15) 1hyp+ (D, DY)|? = 24|V In £,
whereas from (5.14), we have

(616) (DD = l[0pD P+ P g g

On adding (5.15) and (5.16), we get

cC—«
[A(D, DY)|12 = 2¢||V In f||2 + gAIn f + ||QDDJ_||2+%.
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Hence, ||h|[* for the CR-warped product submanifold of a generalized com-
plex space form M (c, o) satisfy

1 Cc—
[121]* = 2q{|lv1nf||2 + 2A1nf+p<4>}_

The above inequality generalizes the inequality (5.1).
In particular for the CR-warped product of S%, the above inequality reduces

to
Aln f
Il = 20 { v m 1 + 25,
which improves the inequality (4.28). O
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