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SLANT LIGHTLIKE SUBMANIFOLDS OF AN INDEFINITE
SASAKIAN MANIFOLD

JAE WON LEE®* AND DAE Ho JINP

ABSTRACT. In this paper, we introduce the notion of a slant lightlike submanifold
of an indefinite Sasakian manifold. We provide a non-trivial example and obtain
necessary and sufficient conditions for the existence of a slant lightlike submanifold.
Also, we prove some characterization theorems.

0. INTRODUCTION

The study of lightlike submanifolds of semi-Riemannian geometry appears to fill a
gap in the general theory of submanifolds. The main difference between the lightlike
submanifolds and non-degenerate submanifolds comes to the fact that the normal
vector bundle has non-trivial intersection with the tangent vector bundle. The
geometry of lightlike submanifolds of indefinite Kaehler manifolds was presented in a
book by Duggal and Bejancu [4]. Chen has introduced the notion of slant immersions
by generalizing the concept of holomorphic and totally real immersions [2]. To
define the notion of slant submanifolds, one needs to consider the angle between
two vector fields. A lightlike submanifold has two (radical and screen) distributions.
The radical distribution is totally lightlike and therefore it is impossible to define
an angle between two vector fields of radical distribution. On the other hand, the
screen distribution is non-degenerate. Using these facts, the notion of slant lightlike
submanifold was introduced by Sahin, Gupta and Sharfuddin [8, 9, 11].

The purpose of this paper is to introduce the notion of slant lightlike submanifold
of an indefinite Sasakian manifold. In Section 1, we have collected the formulae and
information which are useful in our subsequent sections. In Section 2, we introduce

the concept of a slant lightlike submanifold of an indefinite Sasakian manifold and
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provide a non-trivial example. After then, we provide a characterization theorem for
the existence of slant lightlike submanifolds and show that co-isotropic C'R-lightlike
submanifolds are slant lightlike submanifolds. Finally, we consider minimal slant

ligthlike submanifolds and prove two characterization thoerems.

1. PRELIMINARIES

Let (M, g) be a real (m + n)-dimensional semi-Riemannian manifold of constant
index ¢ such that m,n > 1, 1 < ¢ < m+n—1 and (M, g) be a submanifold of
dimension m of M. We follow Duggal-Jin [5] for notations and results used in this
paper. Throughout this paper we denote by F'(M) the algebra of smooth functions
on M and by I'(F) the F/(M) module of smooth sections of any vector bundle E over
M. We say that M is a lightlike submanifold of M if it admits a degenerate metric
g induced from g. In this case the radical distribution Rad(TM)=TM N TM* of
M is a vector subbundle of the tangent bundle TM and the normal bundle TM*,
of rank r. In general, there exist two complementary non-degenerate distributions
S(TM) and S(TM+*) of Rad(TM) in TM and TM+ respectively, called the screen

and co-screen distributions on M, such that
(1.1) TM = Rad(TM) ®open S(TM) TM*+ = Rad(TM) ®orin S(TML),

where the symbol @+, denotes the orthogonal direct sum. We denote such a light-
like submanifold by (M, g, S(TM),S(TM~*)). We say that a lightlike submanifold
(M,g,S(TM),S(TM*)) of M is

(1) r-lightlike if 1 < r < min{m, n};

(2) co-isotropicif 1 <r=mn < m;

(3) isotropicif 1 <r=m <n;

(4) totally lightlike if 1 <r =m = n.

The above three classes (2)~(4) are particular cases of the class (1) as follows:
S(TM*) = {0}, S(TM) = {0} and S(TM) = S(TM*) = {0} respectively. The
geometry of r-lightlike submanifolds is more general than that of the other three type
submanifolds. For this reason, in this paper we consider only r-lightlike submanifolds
M = (M,g,S(TM),S(TM™)).

For the rest of this paper, by a lightlike submanifold we shall mean an r-lightlike
submanifold, unless specified.

Let tr(T M) and ltr(T'M) be complementary (but not orthogonal) vector bundles
to TM in TMy; and TM+ in S(TM)* respectively. Then we have
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(1.2) tr(TM) = ltr(TM) © S(TM™),
(1.3) TM|y =TM @ tr(TM)

= (Rad(TM) @ ltr(TM)) & S(TM) & S(TM™1).
We call tr(T'M) and ltr(TM) transversal and lightlike transversal vector bundle of
M. Consider the following local quasi-orthonormal field of frames of M along M:
(1.4) {&, ooy &y N1y ooy Ny Xod1y ooy Xy Woia, o, W}

where {1, ..., &} is a lightlike basis of I'(Rad(TM)), {Ni, ..., N} a lightlike
basis of I' (Itr(TM)), {Xr+1, ..., Xm} and {W;,41, ..., Wy, } orthonormal basis of
L (S(TM)|U) and T (S(TM+)|U) respectively. Then we have
g (Ni, &) = 6ij, g (Ni, Nj) =0,

where {1, ..., &} is a lightlike basis of I'(Rad(T'M)).

Let V be the Levi-Civita connection on M. Due to (1.3) we put
(1.5) VxY =VxY + h(X,)Y), VX, Y € [(TM),
(1.6) VxV =—AyX + V%V, VX e (TM), V e T(tr(TM)),
where {VxY, Ay} and {h(X,Y),V%V} belong to T(TM) and T'(tr(TM)) respec-
tively. V and V* are linear connections on M and tr(T'M) respectively. Besides
V is torsion-free linear connection. Also, h is a I'(tr(T'M))-value symmetric F'(M)-
bilinear form on I'(T'M) and Ay is a shape operator on T'(T'M). We call V and V+
the induced connection and the transversal connection on M respectively. Also h is
called the second fundamental form of M with respect to tr(T'M). Using (1.2) and
(1.3), (1.5) and (1.6) become
(1.7) VxY = VxY + (X, Y) + h*(X,Y),
(1.8) VxN = —AxX + V4N + D%(X, N),
(1.9) VxW = —AwX + VW + DY(X, W),
for any X, Y € I(TM),N € T'(Itr(TM)) and W € T'(S(TM+)). By using (1.5) ~
(1.9) and the fact that V is metric, we obtain

(1.10) g (X, Y), W) + g (Y, DX, W)) = g(AwX, Y),
(1.11) g(R(X,Y), &) + g (Y, K(X, €) + g (Y, Vx&) =0,

(1.12) g(D*(X, N), W) = g(N, AwX),



114 JAE WoN LEE & DAE Ho JIN

(1.13) §(ANX, N) + (A X, N)) = 0,

for any ¢ € T(Rad(TM)), W € T'(S(TM~*) and N, N’ € T(itr(TM)).

The induced connection V on T'M is not metric and satisfies
T

(1.15) (Vxg)(Y,2) = Y {hi(X,Y)mi(2) + hi(X, Z) i (Y)},
=1

for all X, Y € I'(T'M), where n;s are the r differential 1-forms such that
(1.16) ni(X) = g(X,N;), VX € I(TM).

But the connection V* on S(TM) is metric. Denote by P the projection morphism
of TM on S(TM) with respect to (1.1). According to (1.1) we set

(1.17) VxPY = V%PY + h*(X,PY),
(1.18) Vxé = — AL X + V¥,

for any X, Y € T'(TM) and { € I'(Rad(TM)), where the sets {VY PY, Az X} and
{h*(X, PY), V&) belong to I'(S(T'M)) and I'(Rad(TM)) respectively. It follows
that V* and V*! are linear connections on complementary distributions S(T'M) and
Rad(T M) respectively. On the other hand, h* is I'(Rad(T M ))-valued F(M)-bilinear
form on I'(T'M) x I'(S(T'M)) and Af is a linear operator on I'(T'M). Call h* the
second fundamental form of S(T'M) and A* the shape operator of S(T'M) with re-
spect to €. Also, call V* and V*! the induced connections on S(T'M) and Rad(T'M)
respectively. It is important to note that both V* and V*! are metric connections.
The second fundamental form and the shape operator of a non-degenerate subman-
ifold of a semi-Riemannian manifold are related by means of the metric tensor field
(see Chen[l]). Contrary to this, in the lightlike case there are interrelations between
geometric objects induced by tr(TM) and S(T'M). More precisely, by using (1.7),
(1.17) and (1.18) we obtain

(1.19) g(h* (X, PY), §) = g(A;X, PY),
for any X, Y € T(TM), ¢ € T(Rad(TM)) and N € T(itr(TM)). As h® is sym-
metric, from (1.19) it follows that the shape operator of S(T'M) is a self-adjoint

operator on S(TM), i.e., we have

g(AiPX, PY) = g(PX, A{PY), VX, Y € I(TM).
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Replace Y by ¢ in (1.11) we deduce
(1.21) g(h' (X, €),€) = 0, VX € I(TM).
Then replace X by £ in (1.19) and by using (1.21), we obtain
Agg = 0.

By using the linear connections introduced by (1.9)~(1.11), we use the following
covariant derivatives:
(1.22)  (Vxh)(Y, Z2) = V5 (XY, Z2)) — ' (VxY, Z) — h'(Y, Vx2),
(1.23)  (Vxh*)(Y, Z)=V5(R*(Y, Z2)) — h*(VxY, Z) — (Y, VxZ),
for X,Y,Z € I(TM), ¢ € T'(Rad(TM))), N € T(itr(TM)) and W € T'(S(TM™)).

An odd dimensional semi-Riemannian manifold (M, g) is called a contact metric
manifold [6, 7] if there exists a (1, 1)-type tensor field ¢, a vector field V, called the
characteristic vector field, and its 1-form 6 satisfying

PX =X +nX)V, 9V =0, nop =0, n(V) =1,
(1.24) gV,V) =e  g(eX,¢Y) = g(X,Y) —en(X)n(Y),
n(X):Eg(‘/aX)a d?’](X,Y):g((pX,Y), €e==£l,

for any X, Y € I'(TM). Then (¢, n, V, g) is called a contact metric structure on
M. We say that M has a normal contact structure if Ny, +do @V =0, where N,
is the Nijenhuis tensor field of ¢ [6, 7]. A normal contact metric manifold is called
a Sasakian manifold [12] for which we have
(1.25) VxV =X,
(1.26) (Vxp)Y = en(Y)X — g(X,Y)V.
The next ingredient we consider is a semi-Riemannian metric g of index p(> 0) on
the Sasakian manifold M = (M, o, V, 1, g). Then we say that M is an indefinite
Sasakian manifold. In an indefinite Sasakian manifold M, the characteristic vector
field V is a spacelike vector field on M [10].

A general notion of a minimal lightlike submanifold in a semi-Riemannian man-

ifold, as introduced by Bejancu and Duggal [4], is as follows:
Definition 1.1. A lightlike submanifold (M, g, S(TM)) isometrically immersed in

a semi-Riemannian manifold (M, g) is said to be minimal if
(1) h* =0 on Rad(TM);
(2) traceh = 0, when trace is written with respect to g restricted to S(TM).
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Similar to the definition for a contact CR-lightlike submanifold of indefinite

Sasakian manifold [7], we state the following:

Definition 1.2. Let (M,g,S(TM),S(TM~*) be a lightlike submanifold and im-
mersed in an indefinite Sasakian manifold (M, g). We say hat M is a contact CR-
lightlike submanifold of M if the following conditions are satisfied:

(1) pRad(T'M) is a distribution on M such that Rad(TM) N @(Rad(TM)) = {0};
(2) There exist vector bundles Dy and D’ over M such that

S(TM) ={p(Rad(TM)) ®D'} LDy L {(}
¢Dy =Dy
D' = L; Litr(TM),

where | is the orthogonal direct sum, Dy is nondegenerate and L, is a vector
subbundle of S(TM~*). A contact CR-lightlike submanifold is proper if Dy # {0}
and L; # {0}.

Example 1.3 ([7]). Let M be a lightlike hypersurface of M. Then M is a contact
C R-lightlike hypersurface.

2. SLANT LIGHTLIKE SUBMANIFOLDS

Lemma 2.1. Let M be an r-lightlike submanifoldof an indefinite Sasakian mani-
fold M of index 2q. Suppose that p(Rad(TM)) is a distribution on M such that
Rad(TM) N p(Rad(TM)) = {0}. Then ¢(Rad(TM)) is a subbundle of the screen
distribution S(TM) and @(ltr(TM)) N p(Rad(TM)) = {0}.

Proof. By hypothesis, since p(Rad(TM)) is a distribution on M such that
Rad(TM) N ¢(Rad(TM)) = {0},

we have p(Rad(TM)) € S(TM). Choose N € ltr(TM), £ € Rad(TM), X €
S(TM), and W € S(TM™) such that g(N,¢) = g(X,X) = g(W,W) = 1, we can
write that

(2.1) ON = k1N + ko€ + k3 X + k4W,

where ki, ko, ks, and k4 are smooth functions on M. Taking the scalar product of

(2.1) with N and &, we get ko = 0 and k; = 0 , respectively. Thus we have

(2.2) YN = k3 X + kW,
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Let us suppose that @N belongs to S(TM*). Then we have 1 = g({,N) =
G(p€,oN) = 0 due to oN € T'(S(TM™))) and @& € T'(S(TM)), which is a contra-
diction. Therefore, from (2.2) we conclude ¢ N belongs to S(T'M) and @ (ltr(T'M))
is a distribution on M.
Moreover, ¢ N dose not belong to ¢(Rad(TM)). Indeed if ¢ N € I'(Rad(T'M)), we
would have @?’N = —N + 0(N)V = —N € I'(Rad(TM)), but this is impossible.
Thus, we conclude @(ltr(TM)) C S(TM) and p(ltr(TM)) N p(Rad(TM)) = {0}.
g

Lemma 2.2. Let M be q-lightlike submanifold of an indefinite Sasakian manifold
M of index 2q with the characteristic field tangent to M. Suppose that o(Rad(TM))
is a distribution on M such that Rad(TM) N p(Rad(TM)) = {0}. Then any com-
plementary distribution to @(ltr(TM)) @ ¢(Rad(TM)) in the screen distribution
S(TM) is Reimannian.

Proof. Let D’ be the complemantary distribution to ¢(ltr(TM)) & ¢(Rad(TM)) C

S(TM) and let dim(M) = m + n and dim(M) = m. We can choose a local quasi

orthornomal frame on M along M as follows:

{giaNiagoé—hSDNi?Xaa‘/aWﬁ}a 1€ {17"'7q},
ae{3q¢+1,....m—1}, pBe{q+1,...,n},

where {&;} and {N;} are lightlike basis of Rad(T'M ) and ltr(T M), respectively, and
{¢&, ¢Ni, X4, V} is an orhonormal basis of S(T'M) and {Wjs} is an orthonormal
basis of S(T'M*). Now, we construct an orthonormal basis {U1, . .., Usq, Vi, . . ., Vo, }

as follows:

U= \2{& + N1} U = \2{52 — Na},
Us = \2{53 + N3} Uy = \}5{54 — N4},
% —1”{£+N} Usg = =&~ Ny
2q—1*ﬂ q q 2(1*\@ q qs>

Vi= \}i{wﬁl + ©N1 } Vo = \}5{%2 — pNa},
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1 1
Vag—1l = \ﬁ{‘ﬁfq + ‘PNq} Vog = E{S@gq - @Nq}-

Hence, {&, N;, v&, oN;} gives a non-degenerate space of constant index 2¢ which
implies that Rad(TM) @ ltr(TM) @ p(Rad(TM)) ® ¢(ltr(TM)) is nod-degenerate

and of constant index 2¢ on M. As

index(TM) = index(Rad(TM) ® ltr(TM))
+ index(p(Rad(TM)) & @(ltr(TM)))

+ index(D' ® S(TM™1)),
we have
2q = 2q + index(D' ® S(TM™)),
which implies that index(D’ L S(TM=)) = 0. Hence D' is Riemannian. O

To define slant lightlike submanifolds of indefinite Sasakian manifolds, one needs
to consider an angle between two vector fields. We shown from Section 1 that a
lightlike submanifold has two(radical and screen) distributions. The radical distri-
bution is totally lightlike and therefore it is not impossilbe to define angle between
two vector fields of radical distribution. On the other hand, the screen distribution
is non-degenerate. Thus one way to define slant lightlike submanifolds is to choose a
Riemannian screen distribution on lightlike submanifolds, for which we use Lemma
2.2.

Definition 2.3. Let M be a g-lightlike submaifold of an indefinite Sasakian manifold
M of index 2q with V tangent to M. Then we say that M is a slant lightlike

submanifold of M if the following conditions are satisfied:

(i) ¢Rad(T'M) is a distribution on M such that Rad(TM) N o(Rad(TM)) =
{0}.

(ii) For all x € U C M and for each non-zero vector field X tangent to D =D L
{V'},if X and V are linearly independent , then the angle 6(X) between ¢ X
and the vector space D, is constant, where D is complementary distribution
to p(ltr(T'M)) ® ¢(Rad(TM)) in screen distribution S(T'M).

The constant angle 8(X) is called the slant angle of D. A slant lightlike submanifold
M is said to be proper if D # {0} and 6 # 0, %

If M is totally lightlike submanifold of M, then we have TM = Rad(TM), and
hence D = {0}. Therefore we have the following:
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Proposition 2.4. There exist no proper slant totally lightlike or isotropic subman-
ifold M in indefinite Sasakian manfiold M with the characteristic vector field V
tangent to M.

From now on, (R2Z"1, ¢0,V,7,7) will denote the manifold R2"! with its usual

Sasakian structure given by
1 LR
n= i(dz - Z;yldxl), V =20z
1=

(23) g=n®n

+4{—;(daz ® da’ + dy ®dy)+§;1(dx ® d2' + dy' ® dy')},
= =q

m m

w0 (Xi0x' +Y;0y") + Z0z) = > (Yida' — X;0y') + Y Yiy' 0z,

i=1 i=1 i=1
where (2', 4", z) are the Cartesian coordinates.

Example 1. Let M = (Rg, g) be a semi-Euclidean space, where g is of signature
(—,+,+,—,+,+,+,+) with respect to canonical basis

{8:617 81’2, 81"37 81134, 891, 8y2a 3y37 8947 82}

Suppose M is a submanifold of RJ defined by

=yt =122, AL
It is easy to see that a local frame of TM is given by

Z1 = 2(0x1 + Oyg + yl&z), Zy = 2(0xq — Oy1 + y482)

(2.4) Z3 = O0x3 + 83/2 + y38z, Jy = ayl + 28y3,

2 22
Js = —%a$2 + Jys — (y )
x Zo

Hence, we show that Rad(TM) = span{Zi}, po(Rad(TM)) = span{Zs}, and
Rad(TM) N o(Rad(TM)) = {0}, hence (i) holds. Next, D = D 1 {V} =
{Zs,Z4} L {V} is Riemannian, where L is the orthogonal direct sum. By direct

0z, Zg = 0x4 + Oy1, 027 =V = 20z.

calculations, we get

2
S(TM*) = span{W = Oz + 259ys + y?0z} such that wo(W) = —Zs,
X

and ltr(TM) = span{N = —0x1 + Jys — y90z} such that ©o(N) = Zg. Next, we
have D = D 1V = {Z3,Z4,Z5} 1 {V} is Riemannian, where L is the orthogonal
direct sum. Then M is proper slant lightlike.



120 JAE WoN LEE & DAE Ho JIN

Proposition 2.5. Slant lightlike submanifolds M of an indefinite Sasakian manifold
M with the characteristic vector field V tangent to M do not include invariant and

screen real lightlike submanifolds.

Proposition 2.6. Let M be a q-lightlike submanifold of an indefinite Sasakian
manifold M of index 2q. Then any coisotropic CR-lightlike submanifold is a slant
lightlike submanifold with @ = 0. In particular, a lightlike real hypersurface of an
indefinite Sasakian manifold M of index 2 is a slant lightlike submanifold with 6 = 0.
Moreover, any CR-lightlike submanifold of M with Dy = {0} is a slant lightlike

submanifold with 6 = 3.

Proof. Let M be a ¢-lightlike CR-lightlike submanifold of an indefinite Sasakian
manifold M. Then p(Rad(TM)) is a distribution on M such that Rad(TM) N
¢©(Rad(TM)) = {0}. If M is coisotropic, then S(T'M+) = {0}. Then the comple-
mentary distribution to @(ltr(TM))Ne(Rad(TM)) is the screen distribution S(T'M)
is D = Dy L {V} where Dy is Riemannian by Lemma 2.2. Since Dj is invariant with
respect to ¢, it follows that V' = 0. The second assertion is obvious as a lightlike
real hypersurface on M is coisotropic. Now, if M is CR-lightlike submanifold with
Dy = {0}, then the complementary distribution to @(itr(T'M)) N p(Rad(TM)) in
the screen distribution S(TM) is D = D' 1 {V}. Since D' is anti-invariant with
respect to ¢, it follows that 6 = 7, which completes the proof. O

We know that for any X € TM and W € tr(TM),
(2.5) X =TX + FX, oW = BW + CW,

TX and FX are the tangential and transversal components of ¢X, respectively
and BW and CW are tangential and transversal components of oW, respectively.
Morveover, for a slant lightlike submanifold, we denote by P, P», @1, and Q2 and
Q2 the projections on the distributions Rad(TM), ¢(Rad(TM)), ¢(itr(TM)), D
and D =D 1 {V}, respectively. Then for any X € TM, we can write

(2.6) X=PX+PX+QX+0QX,

where Q2 X = Q2X + 6(X)V. Using (2.5) in the above equation, we obtain
(2.7) X =PI X + P X +TQ: X + FQ1 X + FQ2:X, VX € TM.
Then the tangential components are

(2.8) TX =TP X + TP,X +TQ,X.



SLANT LIGHTLIKE SUBMANIFOLDS 121

We now prove two characterization theorems for slant lightlike submanifolds.

Theorem 2.7. Let M be a q-lightlike submanifold of an indefinite Sasakian manifold
M of index 2q with the characteristic vector field tangent to M. Then M is slant
lightlike submanifold if and only if the following conditions are satisfied:

(a) p(ltr(TM)) is a distribution on M.

(b) There exist a constant X\ € [—1,0] such that

T?Q2X = AN(Q2X — 0(Q2X)V),
for all X € T'(T'M) linearly independent of the characteristic vector field V.. More-
over, in such a case, \ = — cos® @ when 0 is the slant angle of M.

Proof. Let M be a g-lightlike submanifold of an indefinite Saskian manifold M
of index 2¢q. If M is a slant lightlike submanifold of M, then p(Rad(TM)) is a
distribution on S(7T'M), and hence from Lemma 2.2, it follows that @(ltr(TM)) is
also a distribution on M and @(ltr(TM)) C S(T'M). Thus (a) is complete. For
X eT(TM), Q2X € D—{V}, we have

9(pQ2X,TQ2X)

2.9 cosB(Q2X) =
29 (2% = QX7 Qa ]
_ _g(Qsz SOTQQX)
[pQ2 X || TQ2X|
_ _g(Q2X7 T2Q2X)
Q2 X|[TQ2 X
On the other hand, cos§(X) = %, and so, by using 2.9, we obtain
2 g(Q2X7 T2Q2X)
cos” 0((QQ2X) = —
(@) Q:XP

Since §(Q2X) is constant on D, we conclude that
T?QaX = AQ2X = A(Q2X — 0(Q2X)V), A€ (—1,0).

Moreover, in this case, A = —cos? 6. It is clear that the above equation is valid for
¢ =0 and 6 = 7. Hence for Q2X € D, the proof is complete. Conversely, suppose
that (a) and (b) hold. Then (a) implies that ¢(Rad(T'M)) is a distribution on M.
From Lemma 2.2, it follows that the complementary distribution to ¢(ltr(T'M)) &
©(Rad(TM)) is a Riemannian distribution. The rest of the proof is clear. O

Corollary 2.8. Let M be a slant submanifold of an indefinite Sasakian manifold
M of index 2q with the characteristic vector field tangent to M. Then, for any
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X, Y e (TM), we have

(210)  g(TQ2X,TQ2Y) = cos® 0{g(Qa X, Q2Y) — 6(Q2X)0(Q2Y)},

(211)  g(FQ2X,FQ2Y) = sin? 9{g(Q2X, Q2Y) — 0(Q2X)0(Q2Y)}.

Proof. From ¢(TX,Y) = —¢(X,TY) for all X € T'(TM) and Theorem 2.7, a direct

expension gives (2.10). To prove (2.11), it is enough to take into account (1.19) and
(2.5). O

Theorem 2.9. Let M be a g-lightlike submanifold of an indefinite Sasakian manifold
M of index 2q with the characteristic vector field tangent to M. Then M is slant
lightlike submanifold if and only if the following conditions are satisfied:

(a) p(ltr(TM)) is a distribution on M.
(b) There exist a constant u € [—1,0] such that

BFQX = u(Q2X — 0(Q2X)V), VX € I(TM).
Moreover, in such a case, p = —sin® 6 when 6 is the slant angle of M.

Proof. 1t is clear to see that p(Rad(TM)) N(ltr(TM)) = {0} and p(Rad(TM)) is
subbundle of S(T'M). Moreover, the complementary distribution to ¢(ltr(T'M)) &
¢(Rad(T'M)) in S(TM)) is Riemannian. Furthermore, from the proof of Lemma
2.2, S(TM™) is also Riemannian. Thus (i) in the Definition 2.3 of slant lightlike
submanifold is satisfied. On the other hand, from (2.5) and (2.7), we obtain

—X = —P X —PoX+T?QoX + FTQ2X + JFQ1 X + BFQ2X + CFQsX.
Since pFQ1 X = —@Q1X € T'(S(T'M)), takining the tangential parts, we have
X +0(X)V =P X — P,X +T?QoX — Q1 X + BFQ,X.
From (2.6), we obtain
(2.12) —Q2X = —T?Q2X + BFQ2X.

Now, if M is slant lightlike, then from Theorem 2.7, we have T2Q2X = — cos? 0Q2X,
and hence we get BFQ2X = —sin?0Q,X. Since F'V = 0 and Q2X = Q2 X +0(X)V,
we have BFQ2X = —sin?0{Q2X — 0(Q2X)V}.

Conversely, suppose that BFQ2X = u@2X. Then, from (2.12), we obtain

T?°QoX = —(1+ p)Q2X.

Thus, the proof follows from Theorem 2.7. O
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3. MINIMAL SLANT LIGHTLIKE SUBMANIFOLDS

Now we study minimal slant lightlike submanifolds of indefinite Sasakian man-
ifolds. In what follows, we prove two characterization results for minimal slant

lightlike submanifolds. First we give the following lemma.

Lemma 3.1. Let M be a proper slant lightlike submanifold of an indefinite Sasakian
manifold M such that dim(D) = dim(S(TM™)). If {e1,...,em} is a local or-

thonormal basis of T'(D), then {csc@Fey,...,cscOFe,} is an orthonormal basis of
S(TMH).
Proof. Since {ei,...,en} is a local orthonormal basis for D and D is Riemannian,

from Corollary 2.8, we find
g(cscOFe;, cscOFej) = 0y5,

where i,j = 1,2,...,m, which proves the assertion. ]

Theorem 3.2. Let M be a proper slant lightlike submanifold of an indefinite
Sasakian manifold M with the characteristic vector field tangent to M. Then M

is minimal if and only if

traceAw, |s(rary = 0, traceAg, |s(rary =0, and g(DY (X, W),Y) =0,
for X,Y € T(Rad(TM)),W € T'(S(TM™)), where {&}5_, is a basis of Rad(TM)
and {W;}7_, is a basis of S(TM™).

Proof. From (1.25), we have ViV = 0 and thus from (1.3) we get hl(V,V) =
h*(V,V) = 0. Now, take an orthonormal frame basis of S(TM~) of D.

From (1.16), we know h = 0 on Rad(T M) for all i. Thus, M is minimal if and only
if

> (@b, 0k) + D h(Nk, oNk) + > hlei ) =0.
k=1 k=1 i=1
Using (1.10) and (1.19), we obtain
(3.1) > (b, o%k)
k=1
- Z Zg AL, ki, &) N %Z (Aw, o6 96V,

Similarly, we have
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<

k=1
T 1 T T 1 m
=D > G(AL Nk eNeNa+ D — > g(Aw, 0Nk, oNi) W,
k=1 a=1 k=1 j=1
and
T T 1 T T 1 m
(33) Zh(ei,ei) = ; !?(Ag el,el)Na%—Z*ZQ(AWjei,ei)Wj.
i=1 i=1 " a=1 =1 j=1
Thus our assertion follows from (3.1) ~ (3.3). O

Theorem 3.3. Let M be a proper slant lightlike submanifold of an indefinite
Sasakian manifold M with the characteristic vector field tagent to M such that
dim(D) = dim(S(TM~1)). Then M is minimal if and only if

traceApe;|serary = 0,  traceA¢, |s(rar = 0,and g(D'(X, Fe;),Y) =0,

for X, Y € T'(Rad(TM)), where {§}}—, is a basis of Rad(TM) and {e;}’_, is a
basis of D.

Proof. From (1.25), we have ViV = 0 and thus from (1.3) we get h!(V,V) =
h*(V,V) = 0. Moreover, from Lemma 3.1, {cscOFey,...,cscOFe,,} is an orthonor-
mal basis of S(T'M~). Thus,

W (X, X) = cscOg(Ape, X, X),
i=1
for X € T'((p(Rad(TM))®@(ltr(TM))) L D). Thus the proof follows from Theorem
3.2. D

Remark 3.4. (a) It is known that a proper slant submanifold of a Sasakian manifold
is odd dimensional, but this is not true in case of our definition of slant lightlike
submanifold. For instance, see two examples given in this paper.

(b) We notice that the second fundamental forms and their shape operators of a
non-degenerate submanifold are related by means of the metric tensor field. Con-
trary to this we see from (1.7) ~ (1.14) that in case of lightlike submanifold mani-
folds there are interrelations between these geometric objects and those of its screen
distributions. Thus, the geometry of lightlike submanifolds depends on the triplet
(S(TM), S(TM™L),ltr(TM)).
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