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Abstract. We prove the non-existence of warped product semi-transversal
lightlike submanifolds of the type N | X s N in an indefinite nearly Kaehler
manifold. We find a necessary and sufficient condition for a semi-transversal
lightlike submanifold of an indefinite nearly Kaehler manifold to be a semi-
transversal lightlike warped product submanifold of the type Ny x N .
We also derive some characterizations in terms of the canonical structures
T and w on a semi-transversal lightlike submanifold of an indefinite nearly
Kaehler manifold forcing it to be a semi-transversal lightlike warped prod-
uct submanifold.
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1 Introduction

Bishop and O’Neill, in 1969, to construct a large variety of complete Riemannian
manifolds of everywhere negative sectional curvature, introduced the notion of warped
product manifolds (see [2]) and since then, it is an active field of research for mathe-
maticians and physicists. The warped product manifolds provide an excellent setting
to model space time near black holes or bodies with large gravitational field (see
[10]). Moreover, many solutions to the Einstein field equations are expressed in terms
of warped products (see [1]), therefore the study of these manifolds assumes signif-
icance in general. In view of its physical applications, many research articles have
recently appeared exploring the existence (or non-existence) of warped products in
known spaces. B.Y. Chen intiated the study of warped products in Kaehler manifolds
by proving the non-existence of non-trivial warped product C R-submanifolds of the
type N1 x; Np in a Kaehler manifold (see [3]). K. Sekigawa [13] proved the non-
existence of C'R-products in S and gave one non-trivial example for the existence of
C R-warped products in S%; this paved interest towards the study of warped products
in S® and more generally, in nearly Kaehler manifolds. Then, B. Sahin et. al. [12], in-
vestigated warped product C' R-submanifolds of nearly Kaehler manifolds and proved
the non-existence of warped product C'R-submanifolds of the type N; xf N in a
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nearly Kaehler manifold and this class of warped products has been further developed
by V.A. Khan et. al. (see [8], [9]). Moreover, it is observed that most of the available
work on warped products emphasizes on manifolds with positive definite metric and
therefore, it may not be applicable to those areas of mathematical physics and rela-
tivity, where the metric is not necessarily positive definite. Also, the relativity theory
has led to the study of semi-Riemannian manifolds, which turns out to be the most
general framework for the study of warped products and it may lead to some salient
applications.

With the said motivation, the author we study the geometry of warped product
semi-transversal lightlike submanifolds of indefinite nearly Kaehler manifolds. Firstly,
we prove the existence of semi-transversal lightlike submanifolds in indefinite nearly
Kaehler manifolds of constant holomorphic sectional curvature ¢ and of constant type
o (Sahin, introduced this class of lightlike submanifolds in indefinite Kaehler manifolds
(for details see [11]). Then, we prove the non-existence of warped product semi-
transversal lightlike submanifolds of the type N x y N7 in an indefinite nearly Kaehler
manifold. We also find a necessary and sufficient condition for a semi-transversal
lightlike submanifold of an indefinite nearly Kaehler manifold to be a semi-transversal
lightlike warped product submanifold of the type N x ¢ N, . Finally, we derive some
characterizations in terms of the canonical structures 7' and w on a semi-transversal
lightlike submanifold of an indefinite nearly Kaehler manifold forcing it to be a semi-
transversal lightlike warped product submanifold.

2 Preliminaries

Let (M, g) be a real (m+n)-dimensional semi-Riemannian manifold of constant index
g such that myn > 1,1 <¢g<m+n—1and (M, g) be an m-dimensional submanifold
of M and g be the induced metric of g on M. If g is degenerate on the tangent bundle
TM of M, then M is called a lightlike submanifold of M, (see [4]). For a degenerate
metric g on M, TM+~ is a degenerate n-dimensional subspace of T, M. Thus both
T,M and T, M~ are degenerate orthogonal subspaces, but no longer complementary.
In this case, there exists a subspace Rad(T,M) =T, M NT,M L. which is known as
radical (null) subspace. If the mapping Rad(TM) : x € M — Rad(T, M), defines a
smooth distribution on M of rank r > 0, then the submanifold M of M is called an
r-lightlike submanifold and Rad(T M) is called the radical distribution on M.

Screen distribution S(T'M) is a semi-Riemannian complementary distribution of
Rad(TM) in TM, that is

(2.1) TM = Rad(TM)LS(TM)

and S(TM™) is a complementary vector subbundle to Rad(TM) in TM*. Let
tr(T'M) and ltr(T M) be complementary (but not orthogonal) vector bundles to T'M
in TM |y and to Rad(TM) in S(TM=)* respectively. Then we have

(2.2) tr(TM) = ltr(TM)LS(TM*4).

(2.3)  TM |yy=TM & tr(TM) = (Rad(TM) & ltr(TM)) LS(TM) LS(TM™).

For a quasi-orthonormal fields of frames on T'M, we have
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Theorem 2.1. ([4]). Let (M, g,S(TM),S(TM™*)) be an r-lightlike submanifold of a
semi-Riemannian manifold (M ,g). Then there exists a complementary vector bundle
ltr(TM) of Rad(TM) in S(TM*)* and a basis of T'(ltr(T M) |,) consisting of smooth
section {N;} of S(TM*L)1 |, where u is a coordinate neighborhood of M such that

(24) g(Niagj):éija g(Ni7Nj):O,fOT’ any i»j€{1a27"ar},
where {&1,....&} is a lightlike basis of T'(Rad(TM)).

Let V be the Levi-Civita connection on M, then according to the decomposition
(2.3), the Gauss and Weingarten formulas are given by

(2.5) VxY =VxY +h(X,)Y), VxU=—-AyX +VxU,

forany X,Y € I'(TM) and U € T'(tr(TM)), where {VxY, Ay X} and {h(X,Y),V£U}
belong to I'(T'M) and I'(¢tr(TM)), respectively. Here V is a torsion-free linear con-
nection on M, h is a symmetric bilinear form on T'(TM) which is called second
fundamental form, Ay is a linear operator on M and is known as shape operator.
According to (2.2), considering the projection morphisms L and S of tr(T'M) on
ltr(TM) and S(T M) respectively, then Gauss and Weingarten formulas become

(2.6) VxY =VxY +0(X,Y)+r(X,Y), VxU=—-AyX + DYU + DU,

where we put h'(X,Y) = L(h(X,Y)),h*(X,Y) = S(h(X,Y)), DU = L(VxU),
DU = S(VxU). As h! and h® are I'(Itr(TM))-valued and T'(S(TM™))-valued
respectively, therefore they are called the lightlike second fundamental form and the
screen second fundamental form on M. In particular,

(2.7) VxN = —ANX+Vi N+ D*(X,N), VxW = -Aw X +V5W +D' (X, W),

where X € T(TM),N € T'(itr(TM)) and W € T'(S(TM+)). Using (2.6) and (2.7),
we obtain

(2.8) g(h*(X,Y), W) +g(Y, D' (X, W)) = g(Aw X Y),

(2.9) g(D*(X,N),W) = g(Aw X, N),

for any X,Y € [(TM), W € T(S(TM*1)) and N € T(ltr(TM)).
Let P be the projection morphism of TM on S(T'M), then using (2.1), we can
induce some new geometric objects on the screen distribution S(T'M) on M as

(2.10) VxPY =V5PY + h*(X,)Y), Vx&=—A;X + V¥,

for any X,Y € T'(TM) and £ € I'(Rad(T'M)), where {VPY, A{ X} and {h*(X,Y),
ViE€} belong to T'(S(T'M)) and T'(Rad(TM)), respectively. Using (2.6) and (2.10),
we obtain

(2.11) g(hl(X, PY), &) = g(AZX, PY), g(h"(X,PY),N)=g(ANX, PY),

for any X, Y e I(TM), € T'(Rad(TM)) and N € T'(itr(TM)).
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Definition 2.1. ([6]). Let (M, J,g) be an indefinite almost Hermitian manifold and
V be the Levi-Civita connection on M with respect to g. Then M is called an
indefinite nearly Kaehler manifold if

(2.12) (Vx )Y +(Vy)X =0, V X,Y cT(TM).

Nearly Kaehler manifold of constant holomorphic curvature c is denoted by M (c)
and its sectional curvature is given by, (see [14])
(2.13)

R(X,Y,X,¥) = ${g00Y)? = g(X, X)g(v, ¥) = 3g(X, ¥ )*} = SN (Tx/) (V)]

A nearly Kaehler manifold is said to be of constant type « (see [6]), if there exists
a real valued C'°°— function o on M such that

(2.14) I(Vx DI = I XY - 9(X,Y)* - g(X, JY)?}.

3 semi-transversal lightlike submanifolds

Definition 3.1. ([11]). Let M be a lightlike submanifold of an indefinite Kaehler
manifold M, then M is called a semi-transversal lightlike submanifold of M, if the
following conditions are satisfied

(A) Rad(TM) is transversal with respect to J, that is, JRad(TM) = ltr(TM).
(B) There exists a real non-null distribution D C S(T'M) such that

S(TM)=D@D*, JD*+cS(TM*‘), J(D)=D,

where D+ is orthogonal complementary to D in S(T'M).

Thus we obtain that the tangent bundle TM of a semi-transversal lightlike sub-
manifold is decomposed as TM = D1 D', where D' = D+ | Rad(TM).

Before proceeding further, firstly we prove the existence of semi-transversal light-
like submanifolds in indefinite nearly Kaehler manifolds.

Theorem 3.1. (Emistencg Theorem). A lightlike submanifold M of an indefinite
nearly Kaehler manifold M(c) of constant type o and of constant holomorphic sec-

tional curvature ¢ such that ¢ = —3a, where o # 0 is a semi-transversal lightlike
submanifold with D # 0, if and only if

(i) The mazimal complex subspace of T,M,p € M defines a non-degenerate complex
distribution D.

(ii) There exist a radical distribution Rad(TM) and a lightlike transversal vector
bundle ltr(TM) such that g(R(,N)§,N) = 0, for any & € T(Rad(TM)) and
N e T(ltr(TM)).

(iii) There erists a vector subbundle D+ on M such that g(R(W, W W, W') = 0,
for any W,W' € T'(D%).
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(iv) g(R(E,W)E,W) =0, for any & € T(Rad(TM)) and W € T'(D*), where D* is
orthogonal to D and R be curvature tensor of M(c).

Proof. Assume that M is a semi-transversal lightlike submanifold of M (c) such that
¢ = —3a and ¢ # 0. Then by the definition of semi-transversal lightlike submani-
folds, D is a maximal subspace. Next for { € I'(Rad(TM)) and N € T'(ltr(TM)),
using (2.13) and (2.14), we have g(R(¢, N)¢,N) = 3ag(¢,JN)2. Then from def-
inition of semi-transversal lightlike submanifolds, g(¢, JN) = 0, therefore we have
g(R(¢,N)¢, N) = 0. Similarly, using (2.13) and (2.14), we obtain g(R(W, W)W, W') =
0 and g(R(&, W)¢, W) = 0, for W, W' € T'(D%) and ¢ € T(Rad(TM)).

Conversely, suppose that (7), (i7), (i44) and (iv) are satisfied. From (i), a non-
degenerate complex subspace D,,p € M implies that D C S(I'M). Now, con-
sider an orthogonal complement distribution D+ to D in S(T'M), then using (2.13),
(2.14) and (i), we obtain 3ag(W,JW') = 0, for W,W' € I'(D+). Since a # 0,
therefore we get g(W, JW’') = 0, which implies that JD+1D+. As D is invari-
ant, thus we have g(X,JW) = —g(JX,W) = 0, which implies that JD* N D =
{0}. Similarly, on using (2.13), (2.14) and (ii), we have 3ag(J¢, N)? = 0 for € €
I'(Rad(TM)),N € T'(itr(TM)). Since a # 0, we conclude that g(J¢, N) = 0 that is
JRad(TM) N Rad(TM) = {0}. As D is a non-degenerate and complex distribution,
therefore g(X, J¢) = —g(JX,€) = 0, thus we derive JRad(TM) N D = {0}. Further-
more, we have 0 = g(¢, W) = g(J¢&, JW), which implies that JD+NJRad(TM) = {0}.
Then using (2.13), (2.14) and (iv), we get 3ag(JE, W)? = 0. As a # 0, thus we have
g(J&, W) = 0, which implies that JRad(TM)ND+ = {0} and Rad(TM)NJD+ = {0}.
Summing up, we obtain JRad(TM)NTM = {0}, JRad(TM)NJD* = {0} and JD*+N
TM = {0}. Thus we conclude that JRad(TM) = ltr(TM) as dim(Rad(TM)) =
dim(ltr(TM)). Similarly, we have JD+ C S(T M=), this completes the proof. O

Let M be a semi-transversal lightlike submanifold of an indefinite nearly Kaehler
manifold M. Let Q, P;, P, and P be the projections on D, Rad(TM), D+ and D’
respectively. Then for any X € T'(T'M), we have

(3.1) X = QX + P X + P,X.

Applying J to (3.1), we obtain JX = JQX + JP, X + JP, X, hence we have JX =
TOX + wP, X + wPX. Put wP; = w; and wP; = ws, then we have

(32) jX =TX + ’le + H)QX,
where TX € I'(D),w; X € T(ltr(TM)) and we X € T'(JD1) C S(TM+). Similarly,
(3.3) JV =BV +CV,

for any V € T'(tr(TM)), where BV and CV are the sections of TM and tr(TM),
respectively. Differentiating (3.2) and using (2.6), (2.7) and (3.3), we obtain

(34) (VXT)Y + (VyT)X = AwlyX + AwaX + AleY + AW2)(Y + 2Bh(X, Y),

(3.5)
(Vxw)Y + (Vyw))X = =YX, TY) — /(T X,Y) — D'(X,w2Y) — D' (Y, wp X),
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(Vxw2)Y + (Vywy)X =2Ch*(X,Y) - h*(X,TY) — h*(TX,Y)
(3.6) —D*(X,inY) - D*(Y, w1 X).
for any X, Y € I'(TM). B
Using nearly Kaehlerian property of V with (2.5), we have the following lemma.

Lemma 3.2. Let M be a semi-transversal lightlike submanifold of an indefinite nearly
Kaehler manifold M. Then we have

(3.7) (VxT)Y + (VyT)X = Aoy X + AuxY + 2Bh(X,Y),
(3.8) (VW)Y + (Viw)X = 2Ch(X,Y) — WX, TY) — h(TX,Y),
for any XY € I(TM), where

(3.9) (VxT)Y = VxTY —TVxY, (Viw)Y = ViwY —wVyY.
Lemma 3.3. ([/14]). If M is a nearly Kaehler manifold, then

(3.10) (Vx )Y + (VixJ)JY =0, N(X,Y)=—-4J(VxJ)(Y)),
for any X,Y € T(TM), where N(X,Y) is the Nijenhuis tensor given by
(3.11) N(X,Y)=[JX,JY] - J[X,JY] - JJX,Y] - [X,Y].

Theorem 3.4. Let M be a semi-transversal lightlike submanifold of an indefinite
nearly Kaehler manifold M. If D is integrable, then

h(X,JY)=h(JX,Y),VX,Y € T'(D).
Proof. For any X,Y € I'(D), using (2.5) and (3.10), we have

(312)  (VxJY — VyJX) + (h(X, JY) — h(Y, JX)) = %jN(X, Y) 4+ JIX, Y.

Since D is integrable, therefore it follows that JN(X,Y) € ['(D) and J[X,Y] € T'(D).
Thus equating the transversal components in (3.12), the result follows. (Il

Theorem 3.5. Let M be a semi-transversal lightlike submanifold of an indefinite
nearly Kaehler manifold M. Then D’ is integrable if and only if
QQ(VZXa V) = g(AjZV + AJVZ7 jX)a
for any Z,V € T'(D') and X € T'(D).
Proof. For any Z,V € T'(D’) and X € I'(D), using (2.6), (2.7) and (2.12), we have
g([Z, VLX) = g(?ZV,X) - g(VVZ’ X)
g(—(vZJ)V + ?ZJV, jX) — g(VVZ, X)
9(Vv)2), JX) +g(VzJV,JX) - g(VvZ,X)
9(VvJIZ,JX) = §(VvZ,X) +§(VzJIV,JX) - g(VvZ,X)
(3.13) =—9(AjzV +Ajv 2, JX) - 29([V, Z], X) + 25(V, V 2 X).

On simplifying (3.13), we derive g([Z, V], X) = g(Aj,V+ A5, Z, JX)—29(VzX,V),
which proves our assertion. O
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Theorem 3.6. Let M be a semi-transversal lightlike submanifold of an indefinite
nearly Kaehler manifold M. If D defines a totally geodesic foliation in M, then

(3.14) WX, JY) =h(JX,Y) = Jh(X,Y),VX,Y € (D).

Proof. Suppose that D defines a totally geodesic foliation in M, then clearly D is
integrable. Thus, first part of equality holds in view of Theorem (3.4). Now let
X,Y € T(D), then using hypothesis alongwith (3.5) and (3.6), we have h(X,JY) =
Ch*(X,Y). Further using Jh(X,Y) = Bh(X,Y)+Ch*(X,Y), we obtain h(JX,Y) =
Jh(X,Y) — BR(X,Y). As X,Y € I'(D), therefore from (3.4), we have (VxT)Y +
(VyT)X =2Bh(X,Y). Since D defines a totally geodesic foliation in M with (2.12),
we obtain Bh(X,Y) =0 and hence h(JX,Y) = Jh(X,Y). O

4 Warped product lightlike submanifolds

Definition 4.1. ([2]). Let (B,gp) and (F,gr) be two Riemannian manifolds with
Riemannian metric gp and gg respectively and f a positive differentiable function on
B. The warped product of B and F' is the Riemannian manifold B x; F' = (B x F, g),
where

9=98+ f’9r.
More explicitly, if U is tangent to M = B x; F at (p,q), then

IUN? = lldms (U)I1* + £2(p) ldm (V)]

where 7;(i = 1,2) are canonical projections of B x F' onto B and F respectively and
dm;’s are their differentials. Here function f is called the warping function of the
warped product. For differentiable function f on M, the gradient Vf is defined by
g(Vf,U)=Uf, forallU e T(TM).

Theorem 4.1. ([2]). Let M = B x ; F be a warped product manifold. If X,Y € T'(B)
and U,V € T(F), then

(4.1) VxY € T(B),
(4.2) VxV =VyX = ()i;f) v,
(4.3) VoV = g(Uf’V)Vf.

Corollary 4.2. ([2]). On a warped product manifold, M = B X F,
(i) B is totally geodesic in M.
(i) F is totally umbilical in M.

Theorem 4.3. There does not exist a proper warped product semi-transversal lightlike
submanifold of the type M = N, xy Np in an indefinite nearly Kaehler manifold M
such that N, is a totally real submanifold and Nt is a holomorphic submanifold of
M.
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Proof. Suppose that M be a warped product semi-transversal lightlike submanifold
of the type M = N X; N7 in an indefinite nearly Kaehler manifold M. Then for
any X € I'(D) and Z € T'(D’), using (4.2), we have

(4.4) VxZ =VzX = (ZInf)X.

Thus, we have g(VxZ,X) = (ZInf)|X||* = g(VjxZ,JX). Further taking into
account (2.6) and (2.12), we obtain

(4.5) (ZInNHX|? = 9(VixZ,JX) = §(JZ,V ;x X) = §(JZ,h*(J X, X)).
On changing X to JX in (4.5), we get
(4.6) (ZInH)IX|? = —g(JZ,h*(J X, X)).

Adding (4.5) and (4.6), we derive (ZInf)|| X||? = 0, then using non-degeneracy of D,
we get Zinf = 0. This implies that f is constant on N, which shows that M is a
usual product. Hence, the proof is complete. O

From Theorem (4.3), we observe that there exist no warped product semi-transversal
lightlike submanifolds of the type M = N, Xy Nr in an indefinite nearly Kaehler
manifold M. Therefore, in the proceeding part of the paper, we consider warped
product semi-transversal lightlike submanifolds of the type M = Np x; N in an
indefinite nearly Kaehler manifold M. For simplification, we call a warped product
semi-transversal lightlike submanifold of the type M = Ny Xy N, a semi-transversal
lightlike warped product.

Lemma 4.4. Let M be a semi-transversal lightlike warped product submanifold of an
indefinite nearly Kaehler manifold M. Then, we have

g(hs(Xv Z),jV) = —jX(lnf)g(Z,V),
for any X € T(D) and Z,V € T(D+) Cc (D).
Proof. For any X € I'(D) and Z,V € I'(D1), using (2.6) and (2.12), we have
9(Ajz X, V) =~g(VxJZ,V) = ~g(Vx J)Z + IV X Z,V)
(Vz )X, V) +g(VxZ,JV)
G(VzJX, V) +g(VzX,JV)+g(VxZ,JV)
g(VzJX,V)+2g(h*(Z,X),JV).

I
Q|

(4.7)

Then using (2.8) and (4.2) in (4.7), we get

(4.8) g(h* (X, V), JZ) = JX(Inf)g(Z, V) + 2g(h*(Z, X), JV).

Now, interchanging the role of Z and V in (4.8), we obtain

(49) §(h*(X, 2),JV) = JX(Inf)g(V, Z) + 25(h*(V, X), T 2).
L JV

Thus from (4.8) and (4.9), we get g(h*(X, Z) )= —JX(Inf)g(Z,V), which proves
the result. 0O
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Definition 4.2. ([5]). A lightlike submanifold (1, g) of a semi-Riemannian manifold
(M, g) is said to be totally umbilical in M if there is a smooth transversal vector field
HeT(tr(TM)) on M, called the transversal curvature vector field of M, such that

(4.10) RH(X,Y)=Hg(X,Y), h¥X,Y)=H%(X,Y), DY(X,W)=0,
for any X,Y € I'(TM) and W € T(S(TM1)).

Theorem 4.5. A proper totally umbilical semi-transversal lightlike submanifold M of
an indefinite nearly Kaehler manifold M is locally a semi-transversal lightlike warped
product if and only if

(4.11) AjyX = —(TX) ()2,

for each X € T'(D),Z e T'(D’) and p is a C*°— function on M such that Wu =0 for
each W € T'(D') and

(4.12) 29(VzX,V)=g(A;,V + Ap Z,JX),
for any Z,V € T'(D') and X € I'(D).

Proof. Assume that M be a proper totally umbilical semi-transversal lightlike warped
product submanifold of the type Ny x;y Ni. As M is a nearly Kaehler manifold,
therefore for each X € T'(D) and Z € I'(D’), from (2.12), we have VxJZ +VzJX =
JV xZ+JV zX, which on using (2.5), (4.2) and (4.10) gives that —A;, X +VJZ =
JX (Inf)Z. Further equating tangential components on both sides, we derive A7, X =
—JX(Inf)Z. Also, u = Inf is a function on N, therefore W (u) = W(lnf) = 0 for
all W € T'(D'). As M is a semi-transversal lightlike warped product submanifold,
therefore D’ is integrable, which proves (4.12) using Theorem (3.5).
Conversely, let M be a proper totally umbilical semi-transversal lightlike submanifold
of an indefinite nearly Kaehler manifold M satisfying (4.11) and (4.12). For X,Y €
(D) and Z € T(D4), using (4.11), we have g(A;,X,Y) = —g((JX)u)Z,Y) = 0,
then using (2.8), we get g(h*(X,Y),JZ) = 0, that is, g(h*(D, D), JZ) = 0. Now for
Z € T'(Rad(TM)), we have g(h*(D,D),JZ) = 0. Also, g(h'(D,D),JZ) = 0, for
each Z € T'(D'). Therefore, we have g(h(D, D), JD’) = 0, that is, h(D, D) has no
component in JD’, which implies that D defines a totally geodesic foliation in M and
using Theorem (3.6), D is integrable.

On taking inner product of (4.11) with U € T'(D’) and using hypothesis alongwith
(2.6), (2.12), (4.2) and (4.10), we have

g(IX)W)Z,U) = —g(A5,X,U) = —g(JZ,VxU) = —g(JZ, Vi X)
=g(VuJZ,X)=g(—(VzJ)U + JVy Z, X)
= —g(VzJU,X)+g(JVzU X) - g(VuZ,JX)
(4.13) =—g(VzU,JX)—g(VyZ,JX),

where X € I'(D) and Z € T'(D’). Then using the definition of gradient g(V¢, X) =
X¢ in (4.13), we get

(4.14) g(VzU JX)+g(VuZ,JX) = —g(Vu, JX)g(Z,U).
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Let A’ be the second fundamental form of D’ in M and let V’ be the metric connection
of D’ in M, then from (4.14), we derive

_ 1 _
(4.15) g(W'(2,0),JX) = —59(Vi, JX)g(2,U),
thus using non-degeneracy of D, from (4.15), we get
1

which implies that the distribution D’ is totally umbilical in M. From (4.12) and
using Theorem 3.5, the totally real distribution D’ is integrable and further, using
(4.16) and the condition Wy = 0 for each W € T'(D’) implies that each leaf of D’
is an intrinsic sphere in M. Thus by virtue of the result of [7], which states that
7 If the tangent bundle of a Riemannian manifold M splits into an orthogonal sum
TM = Ey ® E1 of non-trivial vector sub-bundles such that Ey is spherical and its
orthogonal complement Ey is auto parallel, then the manifold M is locally isometric
to a warped product My x y M,”, thus we conclude that M is locally a semi-transversal
lightlike warped product of the type Ny x s N in M, where f = e*. Hence the proof
is complete. O

Lemma 4.6. Let M = Nr Xy N1 be a semi-transversal lightlike warped product
submanifold of an indefinite nearly Kaehler manifold M, then

(V2T)X =TX(Inf)Z, (VuT)Z =T(Vinf)g(U, Z),

for any U e T(TM),X € I'(D) and Z € T'(D'), where V(Inf) denotes the gradient
of Inf.

Proof. For X € TI'(D) and Z € T'(D’), from (3.9) and (4.2), we have (VzT)X =
VzTX = TX(Inf)Z. Again using (3.9) for U € I'(TM) and Z € T'(D’), we get
(VuT)Z = —TVyZ, which implies that (VyT)Z € T'(D). Then for any X €
(D), we have g(VyT)Z,X) = —g(TVy Z,X) = g(VuZ,TX) = §(Vu Z,TX) =
—g(Z,VyTX) = =TX(Inf)g(Z,U), then using definition of gradient of f and non-
degeneracy of D, the result follows. O

Theorem 4.7. Let M be a semi-transversal lightlike submanifold of an indefinite
nearly Kaehler manifold M with totally real distribution D' being integrable. Then M
18 locally a semi-transversal lightlike warped product submanifold if and only if

(4.17) (VuT)U = (TU)p)PU + ||PU|* TV p,

for each U € T'(TM), where u is a C*°— function on M satisfying Zp = 0 for each
Z e T(D").

Proof. Assume that M be a semi-transversal lightlike warped product submanifold
of an indefinite nearly Kaehler manifold M. Then, for any U € T'(T' M), we have

(4.18) (VUT)U = (VQUT)QU + (VPUT)QU + (VUT)PU
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Since D defines a totally geodesic foliation in M, therefore using (3.4), we have

(4.19) (VouT)QU = 0.

Further, using Lemma (4.6), we obtain

(4.20) (VeuT)QU =T(QU)(Inf)PU,

(4.21) (VyT)PU = g(U, PU)T(Vinf) = |PU|2T(Vinf).

Then from (4.18) - (4.21), we derive (4.17).
Conversely, let M be a semi-transversal lightlike submanifold of an indefinite nearly
Kaehler manifold M satisfying (4.17). The relation (4.17) is equivalent to

(4.22)  (VuT)V + (VyTU = (TU)u)PV + ((TV)u) PU + 29(PU, PV)JV pu.

Let U,V € T'(D), then (4.22) implies that (VyT)V+(VyT)U = 0; further using (3.4),
we obtain Bh(U,V) = 0, which shows that h(U,V) has no component in JD’', for
each U,V € T'(D). Thus D defines a totally geodesic foliation in M and consequently
D is integrable using Theorem (3.6).

For U,V € T'(D’), from (4.22), we have

(4.23) (VuT)V + (VyT)U = 2¢(PU, PV)JV .

Now taking inner product of (4.23) with X € I'(D), we obtain
(4.24) g(VuT)V + (VyT)U, X) = 29(PU, PV)g(JVp, X).
Also using (3.4) for X € I'(D), we get

g((VUT)V + (VvT)U, X) = g(vaU, X) + g(AwUV, X)
=—g(VuJV,X) - g(VyJU, X)
(4.25) =g(VuV,JX) +g(VvU, JX).
From (4.24) and (4.25), we have
(4.26) g(VuV, JX) + g(VvU, JX) = 29(PU, PV)g(JVu, X).

Let A’ be the second fundamental form of D’ in M and let V’ be the metric connection
of D' in M, then from (4.26), we have g(h'(U,V),JX) = —g(PU, PV)g(Vu, JX),
then the non-degeneracy of D implies that h'(U, V) = —Vug(PU, PV), this shows
that the distribution D’ is totally umbilical in M. Moreover by hypothesis, the
totally real distribution D’ is integrable and in view of condition that Zu = 0, for
each Z € T'(D’), each leaf of D’ is an intrinsic sphere. Thus, by similar argument as
in Theorem (4.5), M is locally a semi-transversal lightlike warped product of the type
Np xy N in M with a warping function f = e, which completes the proof. O

Theorem 4.8. Let M be a semi-transversal lightlike warped product submanifold of
an indefinite nearly Kaehler manifold M, then

(4.27) I(Vpw)V + (Vyw)U, JW) = =QU (u)g(V.W) = QV (1)g(U, W),

for any U,V € T(TM), where p is a C*°— function on M satisfying Wu = 0 for each
W eT(D).
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Proof. Let M be semi-tranversal lightlike warped product submanifold of an indefinite
nearly Kaehler manifold M. Therefore, the distribution D defines a totally geodesic
foliation in M, thus using (3.9) for U,V € T'(D), we have

(428)  GU(Vi@)V + (Vhw)U, W) = —g(VuV, W) — g(VyU, W) = 0.

For U,V € T(D'), using (3.8), we derive

(4.29) I(Viw)V + (Viw)U, JW) = 2g(Ch(U, V), JW) = 0.

Now for U € T'(D) and V € T'(D’), using (3.8) and Lemma (4.4), we get

(130)  G(Vhw)V + (Vhw)U, JW) = —g(h* (V, TU), JW) = —QU (I )g(V, V).
Similarly, for U € I'(D’) and V € I'(D), using (3.8) and Lemma (4.4), we obtain
(431) G(Vhw)V + (Vow)U, JW) = —QV(inf)g(U, W).

Hence, (4.27) follows from (4.28)-(4.31), which completes the proof. O
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