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We introduce and study generalized transversal lightlike submanifold of indefinite Sasakian
manifolds which includes radical and transversal lightlike submanifolds of indefinite Sasakian
manifolds as its trivial subcases. A characteristic theorem and a classification theorem of general-
ized transversal lightlike submanifolds are obtained.

1. Introduction

The theory of submanifolds in Riemannian geometry is one of the most important topics in
differential geometry for years. We see from [1] that semi-Riemannian submanifolds have
many similarities with the Riemannian counterparts. However, it is well known that the
intersection of the normal bundle and the tangent bundle of a submanifold of a semi-
Riemannian manifold may be not trivial, so it is more difficult and interesting to study the
geometry of lightlike submanifolds than nondegenerate submanifolds. The two standard
methods to deal with the above difficulties were developed by Kupeli [2] and Duggal-
Bejancu [3, 4], respectively.

The study of CR-lightlike submanifolds of an indefinite Kaehler manifold was initiated
by Duggal-Bejancu [3]. Since the book was published, many geometers investigated the
lightlike submanifolds of indefinite Kaehler manifolds by generalizing the CR-lightlike
submanifold [3], SCR-lightlike submanifolds [5] to GCR-lightlike submanifolds [6], and
discussing the integrability and umbilication of these lightlike submanifolds. We also refer
the reader to [7] for invariant lightlike submanifolds and to [8] for totally real lightlike
submanifolds of indefinite Kaehler manifolds.
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On the other hand, after Duggal-Sahin introduced screen real lightlike submanifolds
and contact screen CR-lightlike submanifolds [9] of indefinite Sasakian manifolds by study-
ing the integrability of distributions and the geometry of leaves of distributions as well as
other properties of this submanifolds, the generalized CR-lightlike submanifold which con-
tains contact CR and SCR-lightlike submanifolds were introduced in [4]. However, all these
submanifolds of indefinite Sasakian manifolds mentioned above have the same geometric
condition ¢(Rad(TM)) C TM, where ¢ is the almost contact structure on indefinite Sasakian
manifolds, Rad(T M) is the radical distribution, and T M is the tangent bundle. Until recently
Yildirim and Sahin [10] introduced radical transversal and transversal lightlike submanifold
of indefinite Sasakian manifolds for which the action of the almost contact structure on radical
distribution of such submanifolds does not belong to the tangent bundle, more precisely,
¢(Rad(TM)) = ltr(TM), where ltr(T'M) is the lightlike transversal bundle of lightlike sub-
manifolds.

The purpose of this paper is to generalize the radical and transversal lightlike sub-
manifolds of indefinite Sasakian manifolds by introducing generalized transversal lightlike
submanifolds. The paper is arranged as follows. In Section 2, we give the preliminaries
of lightlike geometry of Sasakian manifolds needed for this paper. In Section 3, we introduce
the generalized transversal lightlike submanifolds and obtain a characterization theorem for
such lightlike submanifolds. Section 4 is devoted to discuss the integrability and geodesic
foliation of distributions of generalized transversal lightlike submanifolds. In Section 5,
we investigate the geometry of totally contact umbilical generalized transversal lightlike
submanifolds and obtain a classification theorem for such lightlike submanifolds.

2. Preliminaries

In this section, we follow [4, 10] developed by Duggal-Sahin and Yildirim-Sahin, respectively,
for the notations and fundamental equations for lightlike submanifolds of indefinite Sasakian
manifolds.

A submanifold (M, g) of dimension m immersed in a semi-Riemannian manifold
(M, ¢) of dimension (m + n) is called a lightlike submanifold if the metric g induced from
ambient space is degenerate and its radical distribution Rad(T M) is of rank r, where m > 2
and 1 < r < m. It is well known that the radical distribution is given by Rad(TM) = TM N
TM*, where TM" is called normal bundle of M in M. Thus there exist the nondegenerate
complementary distribution S(TM) and S(T M*) of Rad(T M) in TM and T M*, respectively,
which are called the screen and screen transversal distribution on M, respectively. Thus we
have

TM = Rad(TM)&o,S(TM), (2.1)

TM* = Rad(TM)@onS (TM*), (2.2)

where @, denotes the orthogonal direct sum.

Considering the orthogonal complementary distribution S(TM)* of S(TM) in TM, it
is easy to see that TM* is a subbundle of S(TM ):. As S(TMY) is a nondegenerate subbundle
of S(TM)*, the orthogonal complementary distribution S (TM1)* of S(TMY) in S(TM)* is
also a nondegenerate distribution. Clearly, Rad(T M) is a subbundle of S (T M*)*. Since for
any local basis {¢;} of Rad(T M), there exists a local null frame {N;} of sections with values
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in the orthogonal complement of S(TM*) in S(TM)* such that g(&i, Nj) = 6;jand g(N;, N;) =
0, it follows that there exists a lightlike transversal vector bundle ltr(T M) locally spanned
by {N;} (see [3]). Then we have that S(TM")' = Rad(TM) @ ltr(TM). Let tr(TM) =
S(TMY)@orinltr(TM). We call {N;}, Itr(TM) and tr(TM) the lightlike transversal vector
fields, lightlike transversal vector bundle and transversal vector bundle of M with respect
to the chosen screen distribution S(T M) and S(T M%), respectively. Then TMis decomposed
as follows:

TM = TM & tr(TM) = Rad(TM) & tr(T M)@orin S(T M)

= Rad(TM) & ltr(TM)eaorthS(TM)eaorthS(TML>.

A lightlike submanifold (M, g, S(TM), S(TM%)) of g is said to be as follows.

Case 1: r-lightlike if 7 < minm, n.

Case 2: coisotropic if r = n < m, S(TM*) = 0.

Case 3: isotropicif r = m <n, S(TM) = 0.

Case 4: totally lightlike if r = m = n, S(TM*) = S(TM) = 0.

Let 6, V, and V! denote the linear connections on M, M, and tr(T M), respectively.
Then the Gauss and Weingarten formulas are given by

VxY =VxY +h(X,Y), VX, Y eIl (TM), (2.4)

VxU = -AuX + ViU, VX eT(TM), YU € T (tr(TM)), (2.5)

where {VxY, AyX} and {h(X,Y), ViU} belong to I'(TM) and I'(tr(TM)), respectively, Ay
is the shape operator of M with respective to U. Moreover, according to the decomposition
(2.3), denoting by k! and h* the I'(ltr(T M))-valued and T'(S(TM*))-valued lightlike second
fundamental form and screen second fundamental form of M, respectively, we have

VxY =VxY+H (X, Y)+h (X, Y), VXY el (TM), (2.6)
VxN = —~ANX + VAN + D5(X,N), VN eT(ltr(TM)), (2.7)
VW = —AwX + V5,W + D'(X, W), YW e r(s<TMl)>. (2.8)

Then by using (2.4), (2.6)—(2.8), and the fact that V is a metric connection, we have

3 (X, Y), W) +g(D'(X, W), Y) = g(AwX,Y), o)
Z(D°(X,N), W) = g(AwX, N).
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Let P be the projection morphism of TM on S(T M) with respect to the decomposition
(2.1), then we have

VxPY = Vi PY + h*(X, PY),
(2.10)
Vxé = ~AIX +Vié,

for any X,Y € I'(TM) and ¢ € I'(Rad(TM)), where h* and A* are the second fundamental
form and shape operator of distribution S(T M) and Rad(T M), respectively. Then we have
the following:

g(H(x,PY),¢) = g(A%, PY),

8(h* (X, PY),N) = g(ANX, PY). (2.11)

2(H(x9,8) =0,  Ag=0.
It follows from (2.6) that
(Vx8) (X, 2) = 3(H(X,Y), 2) +3(H(X, 2),Y), (2.12)

for any X,Y,Z € I'(TM). Thus the induced connection V on M is torsion free but is not
metric, the induced connection V* on S(T M) is metric.

Finally, we recall some basic definitions and results of indefinite Sasakian manifolds
following from [4, 11]. An odd dimensional semi-Riemannian manifold (M, g) of dimension
2n + 1 is said to be with an almost contact structure (¢, 7, V) if there exist a (1, 1)-type tensor
¢, a vector field V called the characteristic vector field and a 1-form # such that

P*(X) = -X +n(X)V, n(V) =e =+l (2.13)

It follows that ¢(V) = 0, 70 ¢ = 0 and rank(¢) = 2n. A Riemannian metric g on (M, 3) is
called an associated or compatible metric of an almost constant structure (¢, 7, V) of M if

Z(PX, PY) = 5(X,Y) —en(X)n(Y). (2.14)

A semi-Riemannian manifold endowed with an almost contact structure is said to be an
almost contact metric manifold if the semi-Riemannian metric is associated or compatible
to almost contact structure and is denoted by (M, ¢,1,V,g). It is known that g is a normal
contact structure if Ny + dnp® V = 0, where Ny is the Nijenhuis tensor field of ¢. A normal
contact metric manifolds is called a Sasakian manifold. We know from [12] that an almost
contact metric manifold is Sasakian if and only if

<VX¢>Y =3(X,Y)V - en(Y)X. (2.15)
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It follows from (2.13) and (2.15) that

VxV = -pX. (2.16)

It is well known that Rém” can be regarded as a Sasakian manifold. Denoting by
(RZ™',$,V,7,2) the manifold RZ™*! with its usual Sasakian structure given by

1 SHPR,
;1:§<dz—§ydx>, V =20z,

q/2 m
(g_7=1]®11+1 —dei®dxi+dyi®dyi+ Z dx'edx' +dy' @ dy' |, (2.17)
4\ = i=q+1

¢<i <X,~6xi + Yiayi> + Zaz> = i (Yiaxi - Xiayi> + iYiyiaz,

i=1 =1 i=1

where (x',', z) are the Cartesian coordinates in R%m”.

3. Generalized Transversal Lightlike Submanifolds

In this section, we define a class of lightlike submanifolds of indefinite Sasakian manifolds
and study the geometry of such lightlike submanifolds. Firstly, we recall the following lemma.

Lemma 3.1 (see [4]). Let M be a lightlike submanifold of an indefinite almost contact metric
manifold M. If V is tangent to M, then the structure vector field V does not belong to Rad (T M).

Definition 3.2 (see [10]). Let (M, g, S(TM), S(TM%)) be a lightlike submanifold, tangent to
the structure vector field V, immersed in an indefinite Sasakian manifold (M, g). We say that
M is a radical transversal lightlike submanifold of M if the following conditions are satisfied:

P(Rad(TM)) =1tr(TM),  ¢(S(TM)) = S(TM). (3.1)

It follows from Lemma 3.1 and (2.1) that the structure vector field V € T'(S(TM)).
Suppose that ¢(S(TM)) = S(I'M), then we have X € I'(S(TM)) such that V = ¢(X). since
(2.13) implies that ¢(V') = 0, using (2.13), we have X = 7(X)V. Substituting X = 7(X)V into
V = ¢$(X), we have V = 0. So it is impossible for ¢(S(TM)) = S(T M) in Definition 3.2. Thus,
we modify the above definition as the following one.

Definition 3.3. Let (M, g, S(TM), S(T M')) be a lightlike submanifold, tangent to the structure
vector field V, immersed in an indefinite Sasakian manifold (M,g). M is said to be a radical

transversal lightlike submanifold of M if there exists an invariant nondegenerate vector
subbundle D such

$(Rad(TM)) =1tr(TM),  ¢(D) =D, (3.2)

where D is a subbundle of S(TM) and S(TM) =D & {V}.
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Definition 3.4 (see [10]). Let (M, g, S(TM), S(TM%)) be a lightlike submanifold, tangent to
the structure vector field V, immersed in an indefinite Sasakian manifold (M, g). We say that
M is a transversal lightlike submanifold of M if the following conditions are satisfied:

$(Rad(TM)) =1x(TM),  $(S(TM)) € S(TM"). (3.3)

From Definitions 3.3 and 3.4, we introduce generalized lightlike submanifold as follows.

Definition 3.5. Let (M, g, S(TM), S(T M*)) be a lightlike submanifold, tangent to the structure
vector field V, immersed in an indefinite Sasakian manifold (M, g). M is said to be a gen-
eralized transversal lightlike submanifold of M if there exist vector subbundle D and D*
such

$(Rad(TM)) =1tr(TM),  ¢(D) =D, ¢<Dl) c S(TML), (3.4)

where D and D* are nondegenerate subbundles of S(TM) and S(TM) = D& D & {V}.

Remark 3.6. 1t is easy to see that a generalized transversal lightlike submanifold is a radical
transversal lightlike submanifold or a transversal lightlike submanifold [10] if and only if
D+ = {0} or D = {0}, respectively.

We say that M is a proper generalized transversal lightlike submanifold of M if
D # {0} and D* # {0}. We denote by y the orthogonal complement of ¢(D*) in S(TM*). The
following properties of a generalized transversal lightlike submanifolds are easy to obtain.

(1) There do not exist 1-lightlike generalized transversal lightlike submanifolds of
an indefinite Sasakian manifolds. The proof of the above assertion is similar to
Proposition 3.1 of [10], so we omit it here. Then, dim(Rad(TM)) > 2. From (3.4), we
know that there exists no a generalized transversal lightlike hypersurface of M as
dim(ltr(TM)) > 2.

(2) Since (3.4) implies that dim(D) > 2, we have dim(M) > 6 if M is a proper gen-
eralized transversal lightlike submanifold of M. It follows that any 5-dimensional

generalized transversal lightlike submanifold of M must be a 2-lightlike submani-
fold.

(3) dim(M) > 9 if M is a proper generalized transversal lightlike submanifold of an
indefinite Sasakian manifold M.

In this paper, we assume that the characteristic vector field is a spacelike vector filed,
thatis, e = 1. If V is a timelike vector field, then one can obtain similar results.

Proposition 3.7. There exist no isotropic, coisotropic, and totally lightlike proper generalized trans-
versal lightlike submanifolds of indefinite Sasakian manifolds.

Proof. If M is isotropic or totally lightlike submanifolds of M, we have D = {0} as S(TM) =
{0}, which is a contradiction with definition of proper generalized transversal lightlike
submanifolds. Similarly, if M is coisotropic or totally lightlike submanifolds of M, we have
D+ = {0} as S(TM*) = {0}, there is a contradiction, which proves the assertion. O
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Lemma 3.8. Let M be a generalized transversal lightlike submanifold of indefinite Sasakian manifolds
‘M, then we have

g(VxY,V) =3(Y,$X), (35)

where X, Y e I['(S(TM) — {V}).

Proof. Noticing the fact that V on M is a metric connection and Definition 3.4, we have
g(VxY,V) =g(Vx¥,V) =-g(X,VxV) + X(3(v,V)) =-3(Y,VxV). (36

Thus, the proof follows from (2.14), (2.16), and (3.9). O

Theorem 3.9. Let M be a generalized transversal lightlike submanifold of indefinite Sasakian
manifolds M, then p is an invariant distribution with respect to ¢.

Proof. For any X € I'(u), ¢ € I'(Rad(TM)) and N € I'(ltr(TM)), it follows from (2.14) that
2(¢X,N) = -3(X,¢N) = 0, which implies that $X has no components in ltr(T M). Similarly,
from (3.4) and (2.14), we have g(¢X,¢) = —g(X,p¢) = 0, which implies that ¢X has no
components in Rad(TM). For any W € I'(D*), we have g(¢X, W) = —g(X,¢W) = 0 as
$W e IT(¢p(D4)). Thus, $X has no components in D*. Finally, suppose that $X = aV, where a
is a smooth function on M, then we get X = 0 by replacing X in (2.13) by $X. Thus, we have
¢(u) € I'(u), which completes the proof. O

Next, we give a characterization theorem for generalized transversal lightlike sub-
manifolds.

Theorem 3.10. Let M be a lightlike submanifold of indefinite Sasakian space form (M(c),g), c#1.
Then M a generalized transversal lightlike submanifolds of M if and only if

(1) the maximal invariant subspaces of T,M (p € M) define a nondegenerate distribution D
with respect to ¢;

(2) gr(ﬁ(X, Y)Z,W) =0, forall X,Y € T(D & Rad (TM)) and for all Z,W € T'(D*).

Proof. Suppose that M is a lightlike submanifold of indefinite Sasakian space form (M(c), g).
It follows from (5.1) that

g(RxZW) = % (X, V)3($pZ, W), (3.7)

forany X,Y € I'(D @ Rad(TM)) and Z, W € I'(D*). Noticing that ¢Z € T(S(TM*)) implies
g(¢Z, W) = 0, then (2) is satisfied. Also, (1) holds naturally by using the definition of gen-
eralized transversal lightlike submanifolds.

Conversely, since D is a nondegenerate distribution, we may choose X, Y € I'(D) such
that ¢(X,Y) #0. Thus, from (3.7), we have g(¢Z, W) = 0 for any Z, W € I'(D*), which implies
that $Z have components in D*. Forany X € I'(D), g(¢Z, X) = -g(Z, $X) = 0 implies that $Z
have no components in D. Noticing condition (1), we also have g(¢Z,¢) = -g(Z, ¢¢) = 0 and
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3(¢Z,N) = -g(Z,¢N) = 0, respectively. Thus, we get ¢(D*) € S(T M), which completes the
proof. O

For any X € I'(TM), we denote by Py, P, and P, and P; are the projection morphisms
of TM on Rad(TM), D and D* and {V}, respectively. Let $X = TX + QX + FX, where TX,
QX, and FX are the components of $X on TM, ltr(TM) and S(T M*), respectively. Moreover,
we have TX = ¢P; € (D), QX = ¢pP € [ (Itr(TM)) and FX = ¢, € ['(¢(D*)).

Similarly, for any U € I'(tr(I'M)), we denote by U;, U, and U3 are the components of
U on ltr(TM), ¢(D*) and p, respectively. Using Theorem 3.9, then the components of U on
TM and tr(T M) are denoted by SU = ¢pU; + pU, € I'(Rad(TM) @ D*) and LU = ¢pU3 € T'(p).

Let M be a lightlike submanifold of indefinite Sasakian manifolds (M, g). It follows
from (2.15) that Vx¢Y —¢VxY = g(X,Y)V —5(Y)X. Substituting X = TX+QX+FX € I'(TM)
and Y = TY + QY + FY € I'(TM) into the above equation and taking the tangential, screen
transversal, and lightlike transversal parts, respectively, yield that

(VxT)Y = AgyX + Ay X + pH (X, Y) + SH (X, Y) + g(X, V)V - n(Y)X, (3.8)

QVxY =H(X,TY) + VL,QY + D'(X, FY), (3.9)

FVXY = b5(X,TY) + D°(X,QY) + V{FY - LI (X, Y), (3.10)

where (VxT)Y = VxTY - TVxY.

Proposition 3.11. Let M be a generalized transversal lightlike submanifold of indefinite Sasakian
manifolds M. Then we have

ViV =-¢X, H(X,V)=0, h(X,V)=0, VYXeI(D), (3.11)
ViV =0, H(XV)=0, h(X,V)=-$pX-pLh(X,V)), YXe r(Dl), (3.12)
VxV =0, H(XV)=-¢X, h(X,V)=0, VX eT(Rad(TM)), (3.13)

where V' is the characteristic vector filed.

Proof. Replacing Y by V in (3.8), it follows from ¢V = 0 and (3.8) that
TVxV =X - ¢ph'(X, V) - Sh*(X, V) - n(X)V. (3.14)

Similarly, replacing Y by V in (3.9) and (3.10), respectively, we get QVxV = 0 and FVxV =
—Lh*(X, V). Noticing that FX € T'(¢D*) for any X € I'(TM) and LW € T'(u) for any W €
[(tr(TM)), we have FVxV = Lh*(X,V) = 0.

Let X € I'(D), since n(X) = 0 and Sh*(X,V) € I'(D'), we have TVxV = X and
$h!(X,V) = Sh*(X, V) = 0, which proves (3.11).

Let X € T(D*4), from (3.14), we have TVxV = ¢h!(X,V) = 0 and Sh*(X, V) = X, which
proves (3.12).

Let X € I'(Rad(TM)), it follows from (3.14) that TVxV = Sh*(X,V) = 0 and
$h (X, V) = X, which proves (3.13). O
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We know from (2.12) that the induced connection V on M is not a metric connection,
the following theorem gives a necessary and sufficient condition for the V to be a metric
connection.

Theorem 3.12. Let M be a generalized transversal lightlike submanifold of indefinite Sasakian
manifold (M, g). Then the following assertions are equivalent.

(1) The induced connection V on M is a metric connection.
(2) AgpxY has no components in Rad (TM) for any X € I(S(TM)) and Y € I'(TM).

(3) Ag¢X has no components in D for any X € I(TM) and D*(X,N) € I'(u) for any X €
(TMm).

Proof. From (2.13) and (2.15), we have
8(Vxe V) =3(Vxt V) = 5($Vxe 9V) =0, (3.15)

which implies that Vx¢ has not component in {V} for any X € I'(TM).
(1) & (2). For X; € T(D) and X € I'(TM)), it follows from (2.6), (2.14), (2.15), and the
fact that V is metric connection, we have

g(Vx¢ Xq) = §($X§/ X1> = g(‘iﬁxé/ ¢X1> + U(§x§>U(X1)

_ B (3.16)
= 3(Vxge + X - g(X, OV, X1) = -(98, VxdX1 ) = T(9¢, Agx, X).
For X, € I'(D*), Together with (2.8), (2.14), and (2.15), we have
g(Vx¢, Xz) = g(vxéf X2> = §<¢6X§/ ¢Xz> + Tl<$X§>Tl(X2)
(3.17)

= 3(Txd + QX - g(X, OV, X2) = -3(9¢, VxdXo ) = T(9¢, Ap. X).

Thus, we prove the equivalence between (1) and (2).
(1)©(3). Using the similar method shown in the above, from (3.16) and (3.17), we

have
3(Vxé, X1) = 5(Vxé, X1 ) = g (AgeX, $X1), .
8(Vx¢, Xo) = g<§X§,X2> = -g(D*(X, $8), $Xz). o
Thus, the proof follows from the above equations. O

4. Integrability and Geodesic of Distributions

Theorem 4.1. Let M be a generalized transversal lightlike submanifold of indefinite Sasakian
manifold (M,3). Then D & {V} is integrable if and only if h(X,$Y) = h(Y,$pX) for any
X, Y eT(D).
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Proof. Let X,Y € I'(D), we have ¢Y = TY and QY = FY = 0. Thus, it follows from (3.9) that
QVxY = (X, $Y). Interchanging the roles of X and Y in the above equation and subtracting,
we have

QIX, Y] =H (X, ¢Y) - H(Y,$X), VX, Y €T(D). (4.1)

Similarly, it follows from (3.10) that FVxY = h*(X,¢Y) — Lh*(X,Y). Noticing that h is
symmetric and interchanging the roles of X and Y in the above equation and subtracting,
we have

FIX, Y] =R (X,¢Y) -h(Y,¢X), VX, Y eI(D). (4.2)
Thus, our assertion follows from (4.1) and (4.2). O

Corollary 4.2. Let M be a generalized transversal lightlike submanifold of indefinite Sasakian
manifold (M, ). Then D is not integrable.

Proof. 1t follows from Lemma 3.8 that g([X, Y], V) = 2g(Y, ¢X) for any X, Y € I'(D). Suppose
that D is integrable, then we have g(Y, ¢X) = 0, which is a contradiction to the fact that D is
a nondegenerate distribution of M. O

Theorem 4.3. Let M be a generalized transversal lightlike submanifold of indefinite Sasakian
manifold (M, g). Then D* is integrable if and only if D'(X, FY) = D'(Y, FX) and ApxY = ApyX
forany X,Y € T(D4).

Proof. For X,Y € I'(D*), we have ¢Y = FY and TY = QY = 0. Thus, it follows from (3.8)
that TVxY = -ApyX - QH/(X,Y) - Sh*(X,Y) - g(X,Y)V. As h and g are symmetric, by inter-
changing the roles of X and Y in the above equation and subtracting the resulting equations,
we have

T[X,Y] = ArxY - AryX, VX, Y € r(Dl>. (4.3)

Similarly, it follows from (3.9) that QVxY = D!(X, FY). Interchanging the roles of X and Y in
the above equation and subtracting the resulting equations, we have

QI[X,Y] = D'(X,FY) - D'(Y,FX), VYX,Y € r(Di). (4.4)

Noticing Lemma 3.8, we have ¢([X,Y],V) = 2g(Y,$X) = 0 for any X, Y € I'(D*). Thus, our
assertion follows from (4.3) and (4.4). O

Remark 4.4. Let M be a generalized transversal lightlike submanifold of indefinite Sasakian
manifold (M, 2). If D = {0}, then M is a transversal lightlike submanifolds [9]. It follows
from Theorem 4.3 that S(T M) is integrable if and only if D'(X, FY) = D'(Y, FX) forall X, Y €
I'(S(TM)), which is just one of the conclusions shown in [10].
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Theorem 4.5. Let M be a generalized transversal lightlike submanifold of indefinite Sasakian mani-
fold (M,g). Then Rad (TM) @ {V} is integrable if and only if ApxY = ApyX and D*(X, pY) —
D3 (Y, $X) has no components in ¢(D*) for any X, Y € T(Rad (TM)).

Proof. Together with (2.14), (2.15), and the fact that V is a metric connection, we have
(X, Y1,2) =5(VxdY - VydX,§Z) = g(AgxY - Apy X, $2), 4.5)
where Z € (D). Similarly, for W € T(D*), we have
(XYL W) = 3(VxdY ~VrdX, ¢W) = g(D*(X,$Y) ~D*(Y,¢X), W), (46)

Thus, our assertion follows from (4.5) and (4.6). O

Corollary 4.6. Let M be a generalized transversal lightlike submanifold of indefinite Sasakian mani-
fold (M, 2). Then Rad (T M) is not integrable.

Proof. It follows from Lemma 3.8 that g([X,Y],V) = 2g(Y,$X) holds for any X,Y €
I'(Rad(T'M)). Suppose that Rad(T'M) is integrable, then we have g(Y, $X) = 0. On the other
hand, for any X € I'(Rad(TM)), there must exists Y € I'(Rad(T'M)) such that g(X, ¢Y) #0 as
¢(Rad(TM)) = ltr(T M), a contradiction. Then we complete the proof. O

Using the similar method in the proof of Theorems 4.1-4.5 and Corollaries 4.2 and 4.6,
we have the following results.

Theorem 4.7. Let M be a generalized transversal lightlike submanifold of indefinite Sasakian mani-
fold (M, g). Then,

(1) Rad (TM)eDe{V} isintegrable if and only if h*(X, §Y)—h* (Y, $X) has no components
in ¢(D*) forany X,Y € T(Rad (TM) @ D).

(2) Rad (TM) @ D* @ {V} is integrable if and only if Apy X — ApxY has no components in
D forany X,Y € T(Rad (TM) & D).

(3) Rad (TM) @ D is not integrable.
(4) Rad (TM) @ D* is not integrable.

We know from [3] that a distribution on M is said to define a totally geodesic foliation
if any leaf of D is geodesic. we focus on this property of generalized transversal lightlike
submanifolds in the following of this section.

Theorem 4.8. Let M be a generalized transversal lightlike submanifold of indefinite Sasakian
manifold (M,g). Then the screen distribution defines a totally geodesic foliation if and only if
g(TY, A;NX) =g(FY,h*(X,¢N)) for any X, Y e T(S(TM)).
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Proof. 1t is known that S(T M) defines a totally geodesic foliation if and only if VxY €
I['(S(TM)) forany X,Y € I'(S(TM)). For X € I'(S(TM)), we have QX = 0. Also, we have

g(VxY,N) = 2(Vx¢Y, ¢N) = -3($Y, Vx¢N)

(4.7)
= 2(pY Ajn )X - B (X, $N) = g(TY, A3 X) ~Z(FY,h* (X, §N)).

Thus we complete the proof. O

Remark 4.9. Let M be a generalized transversal lightlike submanifold of indefinite Sasakian

manifold (M, g). If D* = {0}, then M is radical transversal lightlike submanifolds. For X €
I'(S(TM)), we have FX = 0. Thus, it follows from Theorem 4.8 that S(T M) defines a totally
geodesic foliation if and only if AjnX has no components in S(I'M), which is just the

Theorem 3.6 proved in [10].

Theorem 4.10. Let M be a generalized transversal lightlike submanifold of indefinite Sasakian mani-
fold (M, g). Then, The following assertions are equivalent.

(1) D* defines a totally geodesic foliation.
(2) D!(X,¢Y) = 0and Apy X has no components in D.

(3) h*(X,pZ) and h*(X,¢) has no components ¢(D*), where X,Y,Z € T(D*) and & €
T(Rad (TM)).

Proof. 1t is easy to see that D* defines a totally geodesic foliation if and only if VxY € I'(D*)
forany X,Y e T(D%).
(1) © (2). From (2.14) and (2.15), we have that

Z(VxY,N) =3(pVxY,¢N) = 3(VxpY,$N) =3(D'(X,4Y),4N), (48)
where X,Y € T'(D*) and N € I'(ltr(TM)). Also, for Z € I'(D), we have
3(VxY,2) =3($VxY,$Z) = 3(Vx$Y,¢Z) = ~Z(AprX, $2). (4.9)

Noticing Lemma 3.8, we have g([X,Y],V) = 2g(Y,¢X) = 0 for all X,Y € I'(D*). Then the
equivalence between (1) and (2) follows from (4.8) and (4.9). Noticing that V is a metric
connection, then from (4.8) and (4.9) we have that

ZVXLN) = (@Y, h (X, ¢N)),  Z(VxY,Z) = -g(h*(X,$Z),$Y). (4.10)

Thus, the equivalence between (1) and (3) follows from (4.10). O

From (4.9), we know that g(VxY, Z) = —g(Agy X, ¢Z) forany X, Y € I'(D*®Rad(TM))
and Z € I'(D), then the following corollary holds.
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Corollary 4.11. Let M be a generalized transversal lightlike submanifold of indefinite Sasakian
manifold (M,g). Then D* ® Rad (TM) @ {V} defines a totally geodesic foliation if and only if
Agpy X has no components in D for any X, Y € I'(D+ @ Rad (TM){V}).

Theorem 4.12. Let M be a generalized transversal lightlike submanifold of indefinite Sasakian
manifold (M, g). Then D ® {V'} defines a totally geodesic foliation if and only if ApnX and AgwX
has no components in D for any X € T(D) and W € T(D*) and N € T(1tr (TM)).

Proof. Noticing that V is a metric connection and (2.14) and (2.15), we have
ZVXY,N) =3($VxY,¢N) = 3(VxpY, oN) = Z(A50X, Y ). (4.11)
Similarly, for W € I['(D*), we have
VXY, W) =2(¢VxY, W) = 3(VxY,$) = Z(Agw X, §Y). (4.12)

Then the proof follows from (4.11) and (4.12) and Lemma 3.8. O

It follows from (2.13) that ¢V =0, then (4.11) and (4.12) hold forany X, Y € I'(Da&{V}).
Thus it is easy to get the following corollary.

Corollary 4.13. Let M be a generalized transversal lightlike submanifold of indefinite Sasakian
manifold (M, g). Then D cannot define a totally geodesic foliation.

Proof. 1t follows from Lemma 3.8 that g(VxY, V) = g(Y,$X) for any X,Y € I'(D). Suppose
that D defines a totally geodesic foliation, then we have g(Y, $X) = 0. Which is a contradiction
to the fact that D is a nondegenerate distribution of M. O

We say that M is a contact generalized transversal lightlike product manifold if D& {V'}
and D* @ Rad(T M) define totally geodesic foliations in M.

Theorem 4.14. Let M be a generalized transversal lightlike submanifold of indefinite Sasakian
manifold (M, g). Then, M is a contact generalized transversal lightlike product manifold if and only
if

(1) h(X,9Y) =Lh*(X,Y) forany X,Y e (D& {V'});

(2) ApxY has no components in D for any X,Y € I'(D* & Rad (TM)).

Proof. For X,Y e I'(D® {V}), wehave ¢X =TX and QX = FX = 0as ¢V = 0. It follows from
(3.9) and (3.10), respectively, that

QVxY =H(X,TY), FVxY =h(X,TY)-Lh*(X,Y). (4.13)

On the other hand, for X,Y € I'(D* @ Rad(TM)), we have TX = 0. Then it follows from (3.8)
that

ApyX = -TVxY - ph'(X,Y) - SK*(X,Y) - g(X, Y)V. (4.14)
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Noticing that VxY belongs to (D& {V}) or [(D*@Rad(TM)) if and only if QVxY = FVxY =
0or TVxY = 0, respectively, then our assertion follows from (4.13) and (4.14). O

5. Totally Contact Umbilical Lightlike Submanifolds

In this section, we study totally contact umbilical generalized transversal lightlike submani-
folds of indefinite Sasakian manifolds defined by Duggal and Sahin [9]. We mainly obtain a
classification theorem for such lightlike submanifolds.

A plane section of a Sasakian manifold (M, ¢,1,V,g) is called a ¢-section if it is
spanned by a unit vector X orthogonal to V and ¢ X, where X is a non-null vector field on M.
The sectional curvature K (X, $X) of a ¢-section is called a ¢-sectional curvature. If M has a
¢-sectional curvature c which is not depend on the ¢-section at each point, then c is a constant
and M is called a Sasakian space form, denoted by M(c). The curvature tensor R of a Sasakian
space form Mi(c) is given in [13] as follows:

R(X,Y)Z = %{g(y, 2)X -3(X,2)Y}

c-1 (5.1)

+ - enOn@)Y —en(V)n(2)X +3(X, Z)n(Y)V

—8(Y, Z)n(X)V +3(9Y, 2)$pX + 3(pZ, X) Y - 23($X, Y)PZ},

where X,Y, Z € T(TM).

Definition 5.1 (see [9]). A lightlike submanifold of an indefinite Sasakian manifold is contact
totally umbilical if

(X, Y) = {g(X,Y) - n(X)n(Y)}ar + n(X)H (Y, V) + n(Y)H (X, V), (5.2)
(X, Y) = {g(X,Y) - n(X)n(Y)}as + n(X)h* (Y, V) + n(Y)h* (X, V), (5.3)

where X,Y € [(TM), a; € ['(Itr(TM)), and a5 € ['(S(TM*)).

Theorem 5.2. Let M be a totally contact umbilical proper generalized transversal lightlike submani-
fold of indefinite Sasakian manifold (M, ). Then ay. = 0 if and only if D is integrable.

Proof. Let X,Y € I'(D), it follows from (2.15) and (5.2) that

(X, YL N) = 3($VxY - pVyX, $N) = Z(VxpY - VypX, $N)
(5.4)

= 3(H (X, ¢Y) - K (Y,$X),§N) = (g(X,¢Y) - (¥, $X))Z(ar, $N).
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Noticing that (2.15) implies g(X, ¢Y) + g(Y,¢X) = 0 for any X, Y € I'(TM), then it
follows from (5.4) that g([X,Y], N) = 2¢(X, $Y)g(ar, pN). On the other hand, for any Z €
['(D*) it follows from (2.14), (2.15), and (5.3) that

(X, Y1,2) = 3($VxY - VX, $2) = 3(Vx$Y - VrX, $2)

= 3(w (X, §Y) - 1 (Y,$X),$2) =0,

which means that [X, Y] have components in D* for any X, Y € I'(D). Noticing Lemma 3.8,
we know that [X, Y] has no components in {V} for any X,Y € I'(D). Thus, the proof is
complete. O

Theorem 5.3. Let M be a totally contact umbilical proper generalized transversal lightlike submani-
fold of indefinite Sasakian manifold (M, g). Then as = 0.

Proof. Let X € I'(D), from (5.3), we have h*(X,Y) = g(X,Y)as, which implies h*(X, $Y) —
h* (Y, ¢X) = 2g(X, pX)as. Also, it follows from (3.10) that

(X, Y) = FVxY + LE(X, Y). (5.6)

Interchanging the role of X and Y in the above equation and subtracting, we have h*(X, ¢Y) -
h*(Y, $X) = F[X,Y]. Using the same method as shown in the proof of Theorem 5.2, we have
as = 0. Which proves the theorem. O

Lemma 5.4. Let M be a totally contact umbilical proper generalized transversal lightlike submanifold
of indefinite Sasakian manifold (M, g). Then, for any X,Y € T(D), we have g(Vx$X, V) = g(X, X)
and g(V¢XX, V) = —g(X, X)

Proof. Since V is a metric connection, we have
X(3($X,V)) -2(Vx¢X, V) -3($X,VxV) =0. (5.7)

Noticing (2.16) and the fact that X € I'(D) implies g(¢X, V) = 0 and ¢X € I'(D), then from
(5.7) and (2.14), we have g(Vx¢X, V) = g(X, X). Interchanging the role of X and ¢X in (5.7)
we get ¢(Vypx X, V) = —g(X, X). O

Lemma 5.5. Let M be a totally contact umbilical proper generalized transversal lightlike submanifold
of indefinite Sasakian manifold (M, g). Then for any X,Y € T(D), one have g(Vx&, ¢X) = 0 and
g(V¢X‘.§/ X) =0.

Proof. Since V is a metric connection, we have

PX(3(X,8) - 3(VyxX.8) -3(X, Vyxt) =0. (5.8)
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For X € I'(D), it is easy to see that g(¢X,¢) = 0 and ¢X € T'(D), then g(Vyx¢, X) =
—§(hl(q3X,X),§). Using (5.2) we have g(Vx¢, $X) = 0. Interchanging the role of X and ¢X in
(5.8) we get g(Vgxé, X) = 0. O

At last, we complete this paper by a classification theorem for generalized transversal
lightlike submanifolds.

Theorem 5.6. Let M be a totally contact umbilical proper generalized transversal lightlike submani-
fold of indefinite Sasakian space form (M(c),g). Then ¢ = -3.

Proof. For any X, Y, Z € I'(TM), it follows from (2.6)—(2.8) that

E(X, Y)Z = R(X, Y)Z + Ah’(X,Z)Y - Ahl(y,Z)X + AhS(X,Z)Y - Ahs(y,z)X
+ (VxH) (1, 2) - (Vyh') (X, 2) + DX, B (Y, 2)) = D'(Y, h* (X, 2))
+(Vxh)(Y, 2) - (Veh)(X, 2) + D* (X, 1 (Y, 2)) - D' (Y, 1 (X, 2),

(5.9)

where (Vxh')(Y, Z) = VL B (Y, Z) - K (VxY, Z) - h'(VxZ,Y) and (Vxh®) (Y, Z) = V5;h5(Y, Z) -
h*(VxY,Z) - h*(VxZY).

Noticing Theorem 5.3 then we have h*(X,Y) = 0 for any X,Y € I'(TM - {V}). Let
X, Y eI'(D) and ¢,¢' € I'(Rad(TM)), replacing Z by ¢ in (5.9) and using (5.2), we have

g(Rxe ) =g((vxr) (.8 - (Vo) (X,8),¢)

2(H(VyX,8) - H(VxY, ) + H(X, Vx&) ~ H (Y, Vxd), &)

(VY X)H @, V) = (VxR @, V) + (X, Vrdar - (¥, Vxd)ar,&).
(5.10)

Replacing Y by ¢X in (5.10) and using Proposition 3.11 and Lemmas 5.4 and 5.5, we have
Z(RXY)8.¢) =28(X, X)g(2,¢)- (5.11)
On the other hand, it follows from (5.1) that
e , 1-c ,
F(RXEE) = — 29X, V)2(#8,8). (5.12)

Replacing Y by ¢X in (5.12) and using (5.11), we have that (c + 3)g(X, X)g(¢¢,¢') =0
for all X € I'(D). As D is nondegenerate, so we may choose X such that g(X, X) #0 in the
above equation. Thus, we complete the proof. O
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