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Relative nullity foliations and lightlike hypersurfaces in indefinite
Kenmotsu manifolds
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Abstract
This paper deals with the relative nullity distributions of lightlike hypersurfaces of indefinite Kenmotsu
space forms, tangent to the structure vector field. Theorems on parallel vector fields are obtained. We give
characterization theorems for the relative nullity distributions as well as for Einstein, totally contact umbilical
and flat lightlike hypersurfaces. We show that, under a certain condition, Einstein lightlike hypersurfaces in
indefinite Kenmotsu space forms have parallel screen distributions. We prove that on a parallel (or totally

umbilical) lightlike hypersurface, the relative nullity space coincides with the tangent vector space.

Key Words: n-Einstein lightlike hypersurfaces; Indefinite Kenmotsu manifold; Relative nullity foliation;

Screen distribution.

1. Introduction

Nullity spaces in Riemannian geometry have been studied by many authors, see references [1], [5]
and references therein. Abe and Magid in [1], for instance, extended the study of the relative nullity to
isometric immersion between manifolds with indefinite metric. The present paper aims to investigate a similar
concept, namely, relative nullity foliations of lightlike hypersurfaces of indefinite Kenmotsu manifolds. Many
differences from the Riemannian case are due to the fact that the metric in consideration is degenerate. Further
advancements in this topic are recent (see [3], for instance).

As is well known, contrary to timelike and spacelike hypersurfaces, the geometry of a lightlike hypersurface
is different and rather difficult since the normal bundle and the tangent bundle have non-zero intersection. To
overcome this difficulty, a theory on the differential geometry of lightlike hypersurfaces developed by Duggal
and Bejancu [6] introduces a non-degenerate screen distribution and constructs the corresponding lightlike
transversal vector bundle. This one enables to define an induced linear connection (depending on the screen
distribution, and hence is not unique in general).

The paper is organized as follows. In Section 2, we recall some basic definitions and formulas for indefinite
Kenmotsu manifolds and lightlike hypersurfaces of semi-Riemannian manifolds. In Section 3, for those lightlike
hypersurfaces of indefinite Kenmotsu manifolds which are tangential to the structure vector field, we give

the decomposition of almost contact metric, supported by an example. Theorems on parallel vector field are
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obtained. In Section 4, we study relative nullity distributions of lightlike hypersurfaces of indefinite Kenmotsu
space forms. By Theorems 4.4, 4.5 and 4.9, we establish the characterization of the relative nullity distributions
of an n-Einstein lightlike hypersurface and a parallel (or totally umbilical) lightlike hypersurface, tangent to
the structure vector field, in an indefinite Kenmotsu space form. By Theorem 4.8, we show that lightlike
hypersurfaces in indefinite Kenmotsu space forms are Einstein in the direction of a relative nullity space and
the latter is an isotropic distribution under a certain condition. In the same theorem, we also show that, under
a certain condition, an Einstein lightlike hypersurfaces have parallel screen distributions. We prove, under some

conditions, that the geometry of the relative nullity distributions of lightlike hypersurfaces M is closely related
with the geometry of M, the distributions TM* and ¢(TM™L).

2. Preliminaries

Let M be a (2n + 1)-dimensional manifold endowed with an almost contact structure (¢,&,7), i.e. ¢ is

a tensor field of type (1,1), £ is a vector field, and 7 is a 1-form satisfying

—92 — —
¢ =-I+n®¢ nE) =1, nod=0and ¢ =0. (2.1)
Then (¢,£,n, §) is called an almost contact metric structure on M if (¢,&,n) is an almost contact structure

on M and 7 is a semi-Riemannian metric on M such that, for any vector field X, Y on M [4]
n(X) =396 X), 9(6X,0Y) =g(X,Y) — n(X)n(Y). (2.2)

If, moreover, (VYE)Y =36 X, V)¢ —n(Y)p X and V¢ =X —n(X)E, where V is the Levi-Civita connection
for the semi-Riemannian metric g, we call M an indefinite Kenmotsu manifold [9].

A plane section o in T, M is called a ¢-section if it is spanned by X and ¢ X, where X is a unit tangent
vector field orthogonal to &. The sectional curvature of a ¢-section o is called a ¢-sectional curvature. If a
Kenmotsu manifold M has constant ¢-sectional curvature c, then, by virtue of the Proposition 12 in [9], the

curvature tensor R of M is given by
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A Kenmotsu manifold M of constant ¢-sectional curvature ¢ will be called Kenmotsu space form and denoted
by M(c).

Let (M,g) be a (2n + 1)-dimensional semi-Riemannian manifold with index s, 0 < s < 2n + 1 and
let (M,g) be a hypersurface of M, with g = gm- M is a lightlike hypersurface of M if g is of constant
rank 2n — 1 and the normal bundle TM* is a distribution of rank 1 on M [6]. A complementary bundle of

TM* in TM is a rank 2n — 1 non-degenerate distribution over M. It is called a screen distribution and is
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often denoted by S(T'M). A lightlike hypersurface endowed with a specific screen distribution is denoted by

the triple (M, g, S(TM)). As TM* lies in the tangent bundle, the following result has an important role in
studying the geometry of a lightlike hypersurface.

Theorem 2.1 [6] Let (M, g, S(TM)) be a lightlike hypersurface of (M,q). Then, there exists a unique vector
bundle N(TM) of rank 1 over M such that for any non-zero section E of TM~* on a coordinate neighborhood
U C M, there exist a unique section N of N(TM) on U satisfying

G(N,E) =1 and (N, N) = G(N, W) = 0, YW € T(S(TM)|y,). (2.4)

Throughout the paper, all manifolds are supposed to be paracompact and smooth. We denote by I'(E)
the smooth sections of the vector bundle E. Also by L and & we denote the orthogonal and nonorthogonal
direct sum of two vector bundles. By Theorem 2.1 we may write down the following decompositions:

T™ = S(TM)LTM™,
TM = TM@®N(TM)=S(TM) L (TM*® N(TM)). (2.5)

Let V be the Levi-Civita connection on (M,g). Then by using the second decomposition of (2.5), we

have Gauss and Weingarten formulae in the form
VxY =VxY +h(X,Y) and VxV = —AyX + VxV,VX,Y € [(TMy), V € I(N(TM)), (2.6)

where VxY, Ay X € [(TM). and h(X,Y),V%V € I'(N(T'M)).V is an induced a symmetric linear connection
on M, V= is a linear connection on the vector bundle N(T'M), h is a I'(N(TM))-valued symmetric bilinear
form and Ay is the shape operator of M concerning V.

Equivalently, consider a normalizing pair {E, N} as in Theorem 2.1. Then (2.6) takes the form, for any
X, Y el (TMu),

VxY =VxY 4+ B(X,Y)N and VxN = —AyX + 7(X)N, (2.7)

where B, Ay, 7 and V are called the local second fundamental form, the local shape operator, the transversal

differential 1-form and the induced linear torsion free connection, respectively, on T'M|; .

It is important to mention that the second fundamental form B is independent of the choice of screen

distribution. From (2.7), we obtain

B(X,Y) = g(VxY,E), VX,Y € I(TMlu), (2.8)
7(X) = G(VxN,E), VX € T(TM|y). (2.9)

Let P be the projection morphism of TM on S(T'M) with respect to the orthogonal decomposition of
TM . We have, for any X, Y € T(TM|y),

VxPY = V4PY + C(X,PY)E and VxE = —A4LX — 7(X)E, (2.10)
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where V% PY and A% X belong to I'(S(T'M)). C, A and V* are called the local second fundamental form,
the local shape operator and the induced connection on S(TM). The induced linear connection V is not a

metric connection and we have

where 0 is a differential 1-form locally defined on M by () := g(N, -).
Also, we have, g(AyX,PY) = B(X,PY), g(ALX,N)=0, B(X,E)=0.
Finally, using (2.7), the curvature tensor fields R and R of M and M are related as

R(X,Y)Z = R(X,Y)Z + B(X, Z)ANY — B(Y, Z)Ax X
+ {(VxB)(Y,Z) = (VyB)(X, Z) + 7(X)B(Y, Z) — 7(Y)B(X, Z)} N,
where (VxB)(Y,Z) = X.B(Y,Z) — B(VxY, Z) — B(Y,VxZ). (2.12)

3. Lightlike hypersurfaces of indefinite Kenmotsu manifolds

Let (M, ®, £,1,7) be an indefinite Kenmotsu manifold and (M, g) be a lightlike hypersurface of (M, 7),
tangent to the structure vector field ¢ (¢ € TM ). If E is a local section of TM*, then g(¢E,E) = 0, and
¢F is tangent to M. Thus ¢(T M=) is a distribution on M of rank 1 such that ¢(TM+)NTM*+ = {0}.
This enables us to choose a screen distribution S(T'M) such that it contains ¢(T M=) as a vector subbundle.
If we consider a local section N of N(T'M), since g(¢ N, E) = —gG(N,¢ E) = 0, we deduce that ¢ F is also
tangent to M and belongs to S(T'M). On the other hand, since (¢ N, N) = 0, we see that the component
of # N with respect to E vanishes. Thus ¢ N € T'(S(T'M)). From (2.1), we have g(¢ N, ¢E) = 1. Therefore,

O(TMY)D(N(TM)) (direct sum but not orthogonal) is a nondegenerate vector subbundle of S(T'M) of rank
2. If M is tangent to the structure vector field £, then, we may choose S(T'M) so that £ belongs to S(TM).

Using this, and since g(¢E, ¢) = G(¢N, &) = 0, there exists a nondegenerate distribution Dy of rank 2n —4 on
M such that

S(TM) = {$(TM*) & $(N(TM))} L Dy L< € >, (3.1)
where (£) is the distribution spanned by £, that is, () = Span{{}. It is easy to check that the distribution

Dy is invariant under ¢, i.e. ¢(Dy) = Dy .

Example 3.1 We consider the 7-dimensional manifold M = {(xl, 7)) ERT iy > 0} , where x = (21,22, ..., 7

are the standard coordinates in R?. The vector fields

0 0 0 0 0
€1 =Tr—, €2 =Tr7—, €3 =Tr3 —, €4 =77 —, €= —T7 57—
8991 ’ 8992 ’ 8993 ’ 8994 ’ 8995 ’
0 0
g = X7 ~—, €7 = —TX7+—
8956’ 8937
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are linearly independent at each point of M. Let § be the semi-Riemannian metric defined by g(e;, ej) =
0, Vi # 4, 4,5 =1,2,...,7 and g(eg,ex) =1, Vk = 1,2,3,4,7, glem,em) = —1,Vm = 5,6. Let n be the
1-form defined by 7(X) = g(X, e7), for any X € T'(TM).

Let ¢ be the (1, 1) tensor field defined by ¢e; = —ea, des = e1, des = —eq, Ppeq = e3, des =
—e6, ¢eg = es, ger = 0. Then using the linearity of ¢ and g, we have n(e;) = 1, 527 = —X + n(X)er,
730X,0Y)=g(X,Y) —n(X)n(), forany X, Y € I'(T'M). Thus, for e; =&, (¢, &, 1, §) defines an almost
contact metric structure on M. Let V be the Levi-Civita connection with respect to the metric g. Then, we
have [e;, e7] = e;, Vi = 1,2,...,6 and [e;, e;] = 0, Vi # j, i, j = 1,2,...,6. The metric connection V of the

metric g is given by

which is known as Koszul’s formula. Using this formula, the non-vanishing covariant derivatives are given by

79161 = —eér, ve2€2 = —eér, Vegeg = —e7, Ve,eq = —e7, ve565 = 67,7%66 = e, vme? = €1, ve2€7 =
e, ve3e7 = ez, ve4e7 = ey, ve5e7 = %,V%e? = eg. From these relations, it follows that the manifold M
satisfies Vyf = X — n(X)¢. Hence, M’ is indefinite Kenmotsu manifold. We now define a hypersurface M
of (M7,5, &n,q) as M = {x e M - T5 = xg}. Thus, the tangent space T'M is spanned by {U;},;<4, where

Ur=e1, Up =€y —es5, Us =e3, Uy = ey, Us = eg, Us = & and the 1-dimensional distribution TM* of rank
1 is spanned by E, where E = ey — e5. It follows that TM+ C TM. Then M is a 6-dimensional lightlike
hypersurface of M. Also, the transversal bundle N(TM) is spanned by N = % (e2 + e5) . On the other hand,

by using the almost contact structure of M’ and also by taking into account the decomposition (3.1), the
distribution Dy is spanned by {F, EF}, where F' = Us, ¢F = —U, and the distributions (¢), ¢(TM~*) and
¢(N(TM)) are spanned, respectively, by &, ¢E = Uy + Us and ¢N = %(Ul — Us). Hence, M is a lightlike

hypersurface of M7 .

Moreover, from (2.5) and (3.1) we obtain the decompositions

TM = {(TM*')&$(N(TM))} LDy Ll<&>L TMY, (3.2)

TM = {$(TM*)&$(N(TM))} L Dy L<&>L (TM* & N(TM)). (3.3)

Now, we consider the distributions on M, D := TM* L ¢(TM*) L Dy, D' := ¢(N(TM)). Then D is
invariant under ¢ and

TM = D&D L), (3.4)

Let us consider the local lightlike vector fields U := —¢ N, V := —¢ E. Then, from (3.4), any X € I'(TM)
is written as X = RX + QX +n(X)¢, QX = u(X)U, where R and @ are the projection morphisms of TM
into D and D', respectively, and u is a differential 1-form locally defined on M by u(-) := g(V,-). Applying
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¢ to X and (2.1), one obtains ¢ X = ¢ X + u(X) N, where ¢ is a tensor field of type (1,1) defined on M by
$X := ¢ RX . Also, we obtain, for any X € T'(T M),

B(X,§) = 0, (3.5)
X = —X+nX)E+uX)U, (3.6)
and Vx¢é = X —n(X)E (3.7)

For the sake of future use, we have the following identities: for any X, Y € I'(T'M),

CX,8) = 0(X), (3.8)
B(X,U) = C(X,V) (3.9)
(Vxu)Y = -B(X,¢Y)—u(Y)7T(X) —n(Y)u(X), (3.10)
(Vxo)Y = G(oX,Y)§ —n(Y)pX — B(X,Y)U +u(Y)AnX. (3.11)

Proposition 3.2 Let M be a lightlike hypersurface of an indefinite Kenmotsu manifold M with € € TM . The
Lie derivative of g with respect to the vector field V is given by, for any X, Y € I'(TM),
(Lvg)(X,Y) = Xul)+ YulX) +u([X,Y]) — 2u(VxY). (3.12)

Proof. The proof follows by direct calculation. O

The relation (3.12) can be written in terms of B using the following relation
u(VxY)=B(X, oY) +u(X)nY), VX, Y eT'(TM). (3.13)

As the geometry of a lightlike hypersurface depends on the chosen screen distribution, it is important to
investigate the relationship between geometrical objects induced by two screen distributions.

We ask the following question: Is the Lie derivative Ly (3.12) independent of the choice of a screen
distribution S(T'M)? The answer is negative. Indeed, we prove the following with respect to a change in
S(T'M). Suppose a screen S(T'M) changes to another screen S(T'M)’. Following are the local transformation
equations due to this change (see details in [6], p. 87).

2n—1

Wio= Y WI(W; - ¢¢E),
j=1
1 2n—1
N = N*§{Z ci(ci)’}E + W,
1=1
T(X) = 7(X)+ B(X,W),
2n—1
VY = VXY+B(X,Y){§(Zq(ci)Q)EfW}, (3.14)
1=1

where W = Z?Z; Ye;Wi, {W;} and {W/} are the local orthonormal bases of S(T'M) and S(T'M) with

respective transversal sections N and N’ for the same null section E. Here ¢; and W} are smooth functions
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on U and {ey, ..., €2p—1} is the signature of the basis {Wi,..., Wa,_1}. The Lie derivatives Ly and Lj, of the
screen distributions S(TM) and S(TM)’, respectively, are related through the relation (see [10]):

(Lyg)(X,Y) = (Lyg)(X,Y) = u(X)B(Y, W) — u(Y)B(X, W).

The Lie derivative Ly is unique, that is, Ly is independent of S(T'M), if and only if, the second fundamental
form h (or equivalently B) of M vanishes identically on M .
If a (2n + 1)-dimensional Kenmotsu manifold M has a constant ¢-sectional curvature ¢, then the Ricci
tensor Ric and the scalar curvature 7 are given by [9]
Ric =

(nlc=3)+c+1)g—=(n+1)(c+1)n®mn, (3.15)

N —

=3I
Il

(n(2n+1)(c—3) — n(c+1)). (3.16)

N = N =

This means that M is n-Einstein. Since M is Kenmotsu space form and Einstein, by Corollary 9 in [9], M is

an Einstein one and consequently, ¢+ 1 = 0, that is, ¢ = —1. So, the Ricci tensor (3.15) becomes Ric = —2ng
and the scalar curvature is given by ¥ = —2n(2n + 1).
Thus, if a Kenmotsu manifold M is a space form, then it is Finstein and ¢ = —1.

Let M(c) be an indefinite Kenmotsu space form and M be a lightlike hypersurface of M(c). Let us
consider the pair {E, N} on U C M (see Theorem 2.1) and by using (2.12), we obtain

(VxB)(Y, Z) = (VyB)(X, Z) = 7(Y)B(X, Z) — 7(X)B(Y, Z). (3.17)

Theorem 3.3 Let M be a lightlike hypersurface of an indefinite Kenmotsu space form M, with & € TM.

Then, the Lie derivative of the local second fundamental form B with respect to & is given by

(LeB)(X,)Y)=(1-7()B(X,Y), VX, Y e I'(TM). (3.18)
Proof. Using (2.12), we obtain

(VeB)(X,Y) = (LeB)(X,Y) —2B(X,Y). (3.19)
Likewise, using again (2.12), we have
(VxB)(£,Y)=-B(X,Y). (3.20)
Subtracting (3.19) and (3.20), we obtain
(VeB)(X,Y) = (VxB)(§Y) = (LeB)(X,Y) — B(X,Y). (3.21)
From (3.17) and after calculations, the left hand side of (3.21) becomes
(VeB)(X,Y) = (VxB)(§,Y) = —7(§) B(X,Y). (3.22)

The expressions (3.21) and (3.22) implies (L¢B)(X,Y) = (1 —7(§))B(X,Y). O
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Next, we give characterization on parallel lightlike hypersuface of an indefinite Kenmotsu manifold. In
fact, it shows that there do not exist non-totally geodesic totally umbilical lightlike hypersurfaces of indefinite
Kenmotsu manifolds, tangent to the structure vector field &.

The second fundamental form h of M is said to be parallel if (Vxh)(Y,Z) =0, VX,Y, Z € T(TM).
That is,

(VxB)(Y, Z) = —7(X)B(Y, Z). (3.23)

In [13], Sahin characterizes lightlike hypersurfaces with parallel second fundamental form in Lorentzian manifold.

He showed that there do not exist non-totally geodesic parallel lightlike hypersurfaces in a Lorentzian manifold.

Theorem 3.4 Let M be a lightlike hypersurface of an indefinite Kenmotsu space form M (c), with & € TM .
If the second fundamental form h of M is parallel, then M is totally geodesic.

Proof. Suppose that the second fundamental form h of M is parallel. Then (3.23) is satisfied. Using (3.23),

we obtain

(VeB)(X,Y) = —7(§) B(X,Y). (3.24)
From (2.12) and using (3.18), the left hand side of (3.24) becomes
(VeB)(X,Y) = (LeB)(X,Y) = 2B(X,Y) = —(1 +7(£)) B(X, Y). (3.25)

From expressions (3.24) and (3.25) we complete the proof. O

The covariant derivative of the second fundamental form n depends on V, N and 7 which depend on
the choice of the screen vector bundle. The covariant derivatives V of h=B® N and V' of i/ = B® N’ in
the screen distributions S(T'M) and S(TM)’, respectively, are related as follows: for any X, Y, Z € T'(T M),

g(( {Xh,)(Ya Z)a E) = g((th)(Ya Z)a E) + L:(X,Y)Z;

with £LxyyZ = B(X,Y)B(Z, W)+ B(X,Z)B(Y,W) + B(Y, Z)B(X,W).

It is easy to check that the parallelism of & is independent of the screen distribution S(T'M) (V'h' = Vh)
if and only the second fundamental form B of M vanishes identically on M .

We note that the Theorem 3.4 arises when the local second fundamental form B of M is also parallel.
So, the Theorem 3.4 generates some lightlike geometric aspects on any parallel lightlike hypersurface of an
indefinite Kenmotsu manifold by using the Theorem 2.2 in ([6], p. 88).

Note that the 1-form 7 in (2.9) depends on the vector field E and it is easy to see that if F = A\E with

A a positive smooth function on M, the associated 1-form 7 is related to 7 by
7(X)=7T(X)+ X(InA), VX e (TM|y). (3.26)

The induced connection V on the lightlike hypersurface M is not metric in general and the Ricci tensor
associated is not symmetric, contrary to the case of semi-Riemannian manifolds. However, for 7-Einstein
lightlike hypersurfaces, that is, the Ricci tensor Ric tensor satisfies Ric(X,Y) = k1g(X,Y) + kan(X)n(Y), due
to the symmetry of the induced degenerate metric g and 1 ® 7, the Ricci tensor is symmetric, and the notion

of n-Einstein manifold does not depend on the choice of the screen distribution S(T'M). Consequently
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Proposition 3.5 On a lightlike n-Einstein hypersurface of an indefinite Kenmotsu manifold, tangent to the

structure vector field, the 1-form 7 in (2.9) is closed.

Proof. Define the Ricci tensor Ric as Ric(X,Y) = trace(Z — R(Z,X)Y), for any X, Y € I'(T'M) where

R is the curvature tensor of the induced connection V.

Consider a local quasi-orthogonal frame field {Xo, N, X;}i=1... 2n—1 on M where {Xo,X;} is a local
frame field on M with respect to the decomposition (3.3) with N, the unique section of transversal bundle
N(TM) satistying (2.4), and E = Xy. Put R;s := Ric(Xs, X)) and Roy := Ric(Xy, Xo). Using the frame field
{Xo, N, X;}, a direct calculation gives locally R;s — Rg = 2d7(X;, Xs) and Ror — Rio = 2d7(Xo, Xk). Since

the Ricci tensor is symmetric on M which is n-Einstein, we have dr = 0. |

From Proposition 3.5, 7 is closed. Poincaré Lemma implies locally on U, 7 = df for some function
f e FU), that is

T(X) = X.f. (3.27)

Using (3.26), the relation (3.27), for A = exp(f), yields 7(X) =7(X) + X(In ) =7(X) + X.f =7(X) + 7(X),
therefore 7(X) = 0, for any X € ['(T'M|y). Then, by taking E = exp(f)E, one obtains 7 = 0 on . The
corresponding N is N = (1/exp(f))N . Therefore, we have the following proposition.

Proposition 3.6 Let (M, g,S(TM)) be a lightlike 1 -Einstein hypersurface of an indefinite Kenmotsu manifold,
with £ € TM . There exists on all coordinate neighbourhood U , a pair {E, N} such that the 1-form T in (2.9)

vanishes identically.

This result is also true in case of any Einstein lightlike hypersurface of a semi-Riemannian manifold [3].

Let M be a lightlike hypersurface of an indefinite Kenmotsu space form M (c) with ¢ € TM. By
definition Ric(X,Y) = trace(Z — R(Z,X)Y), for any X, Y € I'(T'M) and we have

2n—4
Ric(X,Y) = Y eg(R(F, X)Y,F)+3(R( X)Y,€) + 7(R(E, X)Y, N)

=1

+ G(R(PE, X)Y,6N) +G(R(4N, X)Y, 9E), (3.28)
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where {F¢}1§i§2n74 is an orthogonal basis of Dy and &; = g(F;, F;) # 0, since the distribution Dy is non-

degenerate. Since ¢ = —1, so from Gauss and Codazzi equations, we obtain
gR(F,X)Y,F) = gX,F)gY,F) —eg(X,Y)+ B(X,Y)C(F;, Fy)

- B(F,Y)C(X, F), (3.29)
g(R(E X)Y, &) = n(Y)n(X) —g(X,Y) - B(,Y)C(X,§), (3.30)
JR(E,X)Y,N) = —-3g(X,Y), (3.31)

J(R(OE, X)Y,oN) = u(Y)(X)-g(X,Y)+ B(X,Y)C(SE, oN)
— B(¢E,Y)C(X,N), (3.32)

J(R(ON, X)Y,0E) = u(X)o(Y)-g(X,Y)+ B(X,Y)C(¢N, $E)
— B(¢N,Y)C(X, ¢E). (3.33)

So substituting (3.29), (3.30), (3.31), (3.32) and (3.33) in (3.28) and by regrouping like terms, we have

the result.

Proposition 3.7 Let M be a lightlike hypersurface of an indefinite Kenmotsu space form M(c), with & € TM .
Then the Ricci tensor Ric is given by, for any X, Y e T'(TM),

Ric(X,Y) =ag9(X,Y)+ B(X,Y)trAy — B(AnX,Y), (3.34)
where a = —(2n — 1) and trace, tr, is written with respect to g restricted to S(T'M).

Note that the Ricci tensor does not depend on the choice of the vector field E of the distribution TM*.
From (3.34), we have

Ric(X,Y) — Ric(Y, X) = B(AyX,Y) — B(AnY, X). (3.35)

This means that the Ricci tensor of a lightlike hypersurface M of an indefinite Kenmotsu space form M(c) is
not symmetric in general. So, only some privileged conditions on the local second fundamental form of M may
enable the Ricci tensor to be symmetric. It is easy to check that the Ricci tensor (3.34) of M is symmetric if
and only if the shape operator of M is symmetric with respect to the second fundamental form B of M (see
[7] for details). Also by Theorem 3.4, the Ricci tensor of the induced connection V of any parallel lightlike
hypersurface, which becomes totally geodesic and consequently Einstein lightlike hypersurface, is symmetric.

Are there any others, with symmetric induced Ricci tensors, but not necessarily totally geodesic or shape
operator symmetric with respect to the second fundamental form? Here is one such class.

First, we recall the definition of screen conformal lightlike hypersurfaces of a semi-Riemannian manifold
M . A lightlike hypersurface (M,g, S(TM)) of a semi-Riemannian manifold is screen locally conformal if the
shape operator Ay and A}, of M and its screen distribution S(T'M), respectively, are related by [2]

Ay = A%, (3.36)
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where ¢ is a non-vanishing smooth function on U in M. In case U = M the screen conformality is said to be
global. Such a submanifold has some important and desirable properties, for instance, the integrability of its

screen distribution (see [2] for details).

We have the following result proved in [2].

Theorem 3.8 Let (M, g, S(TM)) be a locally (or globally) screen conformal lightlike hypersurface of an in-
definite Kenmotsu space form M/(c), with & € TM. Then the Ricci tensor of the induced connection V is

symmetric.

A submanifold M is said to be totally contact umbilical lightlike hypersurface of a semi-Riemannian manifold

M if the second fundamental form h of M satisfies [12]:
MX,Y) = {g(X,Y) =n(X)n(Y)} H +n(X)h(Y, ) +n(Y)h(X,E), (3.37)

for any X, Y € I'(T'M), where H is a normal vector field on M (that is H = AN, X is a smooth function

on U C M). In case when M is a lightlike hypersurface of a Kenmotsu manifold M, it becomes n-totally
umbilical, that is, h(X,Y) = A{g(X,Y) —n(X)n(Y)} N, since h(-, &) = B(-, )N = 0. We have

Theorem 3.9 Let (M,g,S(TM)) be a locally (or globally) screen conformal lightlike hypersurface of an in-
definite Kenmotsu space form M(c), with & € TM . If M is totally contact umbilical lightlike, then M is

n -Einstein.

Proof. The proof follows directly from (3.34), (3.36) and (3.37). O

Theorem 3.9 gives the existence of an n-Einstein lightlike hypersurface in indefinite Kenmotsu space

form, tangent to the structure vector field £.

4. Relative nullity distributions of lightlike hypersurfaces of indefinite Kenmotsu space forms

Let M be a lightlike hypersurface of indefinite Kenmotsu space form M (c) with & € TM . The relative
nullity space at a point z is defined by

T92)={X e€TuM: AxX =0, VEc T, M*}. (4.1)
The relative nullity space is characterized as
T92)={X € T.M: h(X,PY)=0, VY € T, M}. (4.2)

The dimension v(x) of T*°(x) is called the index of relative nullity at x. The value vy = mingeys v(z) is called
the index of minimum relative nullity [5].
Writing A%, as, for any X € T'(TM),
2n—4 B(X Fz)

ApX = —ZF,+B(X B(X 4.
P ; S Fy) T B VIU S B, U, (43)
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with g(Fi, F;) # 0 and using B(.,£) = 0, it is easy to check that A%¢ = AL E = 0. Therefore, dimT*0(x) >
2, Ya € M. Moreover

T, M+ L (&), c T (x). (4.4)

Hence, T*°(x) is a degenerate distribution along M and v = 2.
Now, say that the screen distribution S(T'M) is totally umbilical if on any coordinates neighborhood
U C M, there exists a smooth function ¢ such that [6]

C(X,PY) = pg(X,PY), VX, Y € T(TMy,). (4.5)

If we assume that the screen distribution S(T'M) of the lightlike hypersurface M with £ € TM is totally
umbilical, then it follows that C' is symmetric on I'(S(T'M ;) and hence according to Theorem 2.3 in [6], the

distribution S(T'M) is integrable. Also, we have ANX = ¢PX and C(FE,PX) = 0. Since ¢¢ = 0 and by
using N(AnX) = —0(X), we have n(An¢) = ¢g(£,&) = —0(&) = 0 which implies that ¢ = 0, so the screen
distribution S(T'M) is totally geodesic. This is equivalent, by using the Proposition 2.7 in [6] page 89, to the
parallelism of S(T'M) and the vanishing of the shape operator Ay . Therefore, we have the following result.

Lemma 4.1 Let (M, g, S(TM) be a lightlike hypersurface of an indefinite Kenmotsu manifold M , with & € T M
such that S(TM) is totally umbilical. Then

dimT*%(z) >3, Vo e M.
Proof. Taking X =U in (4.3), using B(.,£) =0 and (3.9), one obtains

2n— 4
C(F,V)
ALU = Z F ) —— 2B+ OV, VU + C(U,V)V. (4.6)

If S(TM) is totally umbilical, then A%LU =0, so U € T*°(z). With the aid of (4.4), one obtains

T,M* L (£), LD, cT @), (4.7)

which completes the proof. O

The orthogonal complement (7*°(x))* of T*°(x) in T, M is denoted by T*!(x).

Proposition 4.2
T*'(x) = span{AyY, Y € T,M, E € T,M*} L T,M*".
Proof. It is obvious to check that T,M+ C T*!(x). Then, there exists a set A(x) such that T*!(z) =
A(x) L T,M+. Now we want to show that A(z) = span{A%Y}. Given any F € T,M*, Y € T, M and
X e T*%(x),
9(X, ARY) = g(A5X,Y) =0,
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so, ALY € A(z). On the other hand, let Z € span{A%Y}+s and Y € T,M, where Lg denotes the
orthogonality symbol in the screen distribution S(T'M). We have

0=g(Z,ALY) = g(ALZ,Y),VY € T, M.

Then, A%Z € S(TM) NT, M+ = {0}, that is, AZ =0 and Z € T*%(x).
Thus span{A%LY}ts C T*9(z) and T*'(x) C span{A%Y}. Since ARY ¢ T.M*, then A(x) C
span{A} Y} which completes the proof. O

A submanifold M is said to be n-Einstein if its induced Ricci tensor Ric tensor satisfies
RiC(Xa Y) = klg(Xa Y) + k277(X)77(Y)a (48)

where the nonzero functions k; and ks are not necessarily constant on M. If M is an n-Einstein lightlike

hypersurface of an indefinite Kenmotsu manifold M%H(n > 1) with £ € TM , the functions k; and ko satisfy

k‘l + kg = 7(277, - ].) (49)

Lemma 4.3 Let M be an n-Einstein lightlike hypersurface of an indefinite Kenmotsu manifold M with
& €TM such that the Ricci tensor Ric of M is parallel. The nonzero functions ki and ko satisfy

dk; =0, Vi=1,2. (4.10)

Moreover, if we choose, at each point p € M, a connected open set G such that T,G = T,M , then, the nonzero

functions ki and ko are constants on M .
Proof. Let M be lightlike n-Einstein hypersurface. Then, the induced Ricci tensor Ric tensor satisfies
Ric(X,Y) = k1g(X,Y) + kan(X)n(Y). Using (2.11), the covariant derivative of the induced Ricci tensor Ric
gives

(VxRie)(Y, Z) = (Xkn)g(¥, Z2) + k1 (Vxg)(Y, Z) + (X J)n(¥ In(2)

+hon(Z)(Vxn)Y + kan(Y)(Vxn)Z

— (Xoki) {g(Y. Z) = n(Y n(Z)} + k1 {B(X,Y)0(Z) + B(X, 2)6(Y )}

Fhan(Z2) {g(X,Y) =n(X)n(Y)} + kan(Y) {g(X, Z —n(X)n(Z)} . (4.11)

)
(
Taking Y =V and Z = U into (4.11), one obtains

(VxRic)(V,U) = X.ky = dky(X). (4.12)

On the other hand, the Ricci tensor is parallel, that is, (Vx Ric)(V,U) = 0 which completes (4.10). The last

assertion is obvious. O

Note that a hypersurface of a 3-dimensional indefinite Kenmotsu manifold, tangent to the structure

vector field £ is of dimension 1 and its tangent space is reduced to the distribution spanned by & which is
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nondegenerate. This means that the dimension 3 is too low to develop the theory and this agrees with the
decomposition (3.3) which requires 2n — 4 > 0, that is n > 2.

By virtue of Theorem 3.4, a parallel lightlike hypersurface M of an indefinite Kenmotsu space form

M%H(c) (n > 1) with £ € TM is also an Einstein one.

Theorem 4.4 Let (M, g, S(TM)) be an n-Einstein lightlike hypersurface of an indefinite Kenmotsu space form

M%H(c) (n>1), with £ € TM. Let G be the set of points in M where v(x) = vg. Then,

(1) The relative nullity distribution T*O of the screen is smooth on G,
(2) G is an open set in M,
(3) If k1 # a, then, on G, we have

(a) The foliation T*° contains an isotropic subspace along M which does not contain the distribution

(€,
(b) T =TM* L (¢),
(c) The relative nullity distribution T*° is integrable and the leaves are totally geodesic in M and M,
(d) Moreover, if S(TM)) is totally umbilical, then T** =TM* 1 (¢) L D’.
Proof. (1) Let zp be an element of G. From (4.4), we have

T (x0) = P(T*%(20)) L TogM* L (£)4,. (4.13)

Let Lg denotes the orthogonality symbol in the screen distribution S(T'M). For Y € T, M, E € T,, M+ and
X € P(T*(z0)), we have g(A%Y, X) = g(Y, A X) =0, so,

span{A%Y} C P(T*%(xo))*s.

Let Z € span{A3Y}ts and Y € T,,M. We have 0 = ¢(Z,ALY) = g(A5Z,Y), VY € T,M. Then
ApZ € S(TM) N Ty M+ = {0}, that is, A%Z =0 and Z € P(T*%(z0)). Thus

span{ ALY s € P(T*%(x0)) and P(T*%(z0))*s C span{A%Y}.

Consequently P(T*%(x0))ts = span{A%Y} and T*!(xg) = span{A%Y} L T,,M=*. There exist vector fields
Yi,.., Yo, _y1 € T,y M such that {E(z), A*E(a:o)yl’ - A*E(IO)YQ,Z,VH}, represent a basis of T*1(z).

Take smooth local extensions of E(x¢) and Y1, ..., Yon_pi1 € TpoM in TM + and TM respectively. By
continuity, the vector fields {E(xq), Y1, ..., Yap—,41} remain linearly independent in a neighborhood V C G of
xo and then T*! is a smooth distribution. Consequently, 7*° is smooth distribution.

(2) follows immediately from the arguments developed in (1).

(3) Suppose that k1 # a. (a) From (3.34) and the fact that M is n-Einstein (4.8), we have, for any X,
Y eI(TM),

(@ = k1)g(X,Y) = kan(X)n(Y) + g(Ap X, Y)trAy — g(An X, ARY) =0, (4.14)
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But X, Y € T*9(z) — (£), implies ALX = ALY = 0 and since a — k; # 0, (4.14) is reduced to g(X,Y) =
0, VX,Y €T*(x) — (£),. That is, the distribution 70 — (¢) € T*° is isotropic along M .
(b) Take X € T*0(x)—(¢), and Y € I'(T, M) with x € G, using (3.34) and the fact that M is n-Einstein,

again we have

)
(

(a— k)g(X.Y) — kan(X)n(Y) + B(X,Y)trAy — BAyX,Y) =0, (4.15)

Since M is n-Einstein, so the induced Ricci tensor is symmetric and from the relation (3.34) the shape operator
of M is symmetric with respect to the second fundamental form B of M. Thatis B(AyX,Y) = B(X, AnY).

Therefore, relation (4.15) becomes
(@ = k1)g(X,Y) = kan(X)n(Y) + g(Ap X, Y)tr Ay — g(ApX, AnY) = 0.
Since X € T*9(z) — (£),, we have
(a—k1)g(X,Y) =0, thatis ¢g(X,Y) =0, for AzX =0 and k; # a.

So X € T*%(x) — (£), implies g(X,Y) =0, VY € T, M, so X € T, M+ and we deduce that T*%(z) — (£), C
T, M~ Therefore T*°(z) C T,M~+ 1 (¢),. From (4.4), we conclude that

T*(z) = T, M+ L (¢),.
(c) From Gauss and Codazzi equations, for all E € T(TM*) and X, Y, Z € T'(TM), we have
J(R(X,Y)Z, E) =g((Vxh)(Y. Z) = (Vyh)(X, Z), E). (4.16)

Take X € I'(TM) and Y, Z € T*%(x), z € G. Since (Vxh)(Y,Z) = Vxh(Y,Z) — h(VxY,Z) — h(Y,VxZ),
Then
+7(Y)B(X,Z) - B(VxY,Z)— B(Y,VxZ)+ B(VyX,Z)+ B(X,VyZ2) (4.17)
Using (2.3) and the fact that the indefinite Kenmotsu space form is of constant curvature ¢ = —1, the left hand
side of (4.16) vanishes and by Proposition 3.6, the relation (4.17) becomes
0 = XBY,Z2)-YB(X,Z2)-B(VxY,Z)—-B(Y,VxZ)+ B(Vy X, Z)
+ B(X,VyZ2). (4.18)
From Proposition 4.2, we have B(Y,Z) = g(h(Z,PY),E) + 0(Y)B(Z,E) = 0, for Y, Z € T*%(x).
Similarly, B(X,Z) = 0.
On the other hand, we have
B(VxY,Z) = B(VxPY,Z)+ X0Y)B(Z,E)+0(Y)B(VxE,Z)
B(V%PY,Z)=0, for Z € T*(x) and V% PY € T'(S(TM)).
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Also B(VyX,Z) =0.
Relation (4.18) becomes B(X,VyZ) — B(Y,VxZ) =0. But

B(Y,VxZ) = B(Y,VxPZ)+0(X)B(Y,VxE)
= B(Y,V%PZ)+0(X)B(Y,-A%LX — 7(X)E) = 0.

Consequently h(VyZ, PX) = 0, for any X € I'(TM). From (4.2), we deduce that Vy X € T*%(x). This
implies that 7*%(x) is involutive with totally geodesic leaves in both M and M .

(d) Take X € T*(z) — ({¢), L D)) with = € G, using (3.34) and the fact that M is n-Einstein and if
S(T'M) is totally umbilical, the relation (4.14) is reduced to

(a— kn)g(X, Y) = kan(X)n(Y) = 0.

Since X € T*%(z) — ((§)» L D), that is A3 X = 0, we have (a — k1)g(X,Y) = 0 which gives g(X,Y) =0,
for k1 # a. So X € T*(z) — ((£) L D) implies ¢g(X,Y) = 0, VY € T, M and we deduce that
T*0(x) — ({(¢), L D) C T,M*. Therefore T*%(z) Cc T,M*+ L (¢), L D’. From (4.7), we conclude that
T*%(z) = T, M+ 1 (¢), L D!, which completes the proof. O

Note that items (1) and (2) of Theorem 4.4 do not depend on the 7n-Einstein condition on the lightlike
hypersurface M. Item (c) coincides with the one given in the main Theorem of Atindogbe et al in [3]. This is
due to the fact that, in both cases, Einstein lightlike hypersurface of Lorentzian space R’f”(n >3,¢=0) [3]
and 7-Einstein lightlike hypersurface of an indefinite Kenmotsu space form (¢ = —1), the differential 1-form 7

vanishes. This leads, in both cases, to the same equation (4.18).

Theorem 4.5 Let (M, g, S(TM)) be an n-Einstein lightlike hypersurface of an indefinite Kenmotsu space form

M%H(c) (n>1), with £ € TM such that the Ricci tensor Ric of M is parallel. Let G be a connected open set

where the index of relative nullity v(z) = vy. Then, on G we have:
(a) The foliation T*° contains an isotropic subspace along M which does not contain the distribution (£),
(b) T =TM* L (),
(c) The relative nullity distribution T*° is integrable and the leaves are totally geodesic in M and M,

(d) If S(TM)) is totally umbilical, then on G, T** =TM=*+ L (¢) L D'.

Proof. Since the open set G is connected, then by Lemma 4.3, the nonzero functions k; and ko are
constants. As an indefinite Kenmotsu space form M%H(c) (n > 1) is of constant curvature ¢ = —1, then
k1 +ky=a=—(2n—1), that is, a — k1 = ks # 0 by (4.8) and the rest follows from Theorem 4.4. O

Next, we prove, under some conditions, that the geometry of the relative nullity distributions of lightlike

hypersurfaces M is closely related with the geometry of M, the distributions M+ and ¢(TM™L).
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Lemma 4.6 Let M be a lightlike hypersurface of an indefinite Kenmotsu manifold M with € € TM . Then,
M is D L (£)-totally geodesic if and only if, for any X € T'(D L (£)),

ALX = u(AnX)V. (4.19)

Proof. The proof follows by direct calculation using (4.3). O

It is well known that if the lightlike hypersurface (M, g) is totally geodesic, the induced connection V
on M is torsion-free and g-metric. Also, the shape operator A%, vanishes identically on M (see Theorem 2.2.
[6] p. 88). This vanishing property failed when the lightlike hypersurface M, with £ € TM | is D L (£)-totally
geodesic. That is, only some privileged conditions on the screen distribution of M may enable to get the

D 1 (¢)-version of the Theorem 2.2 in [6].

Also, it is known that lightlike submanifolds whose screen distribution is integrable have interesting
properties. Therefore, we investigate the effect of integrability of the screen distributions. It is now easy to see
that the distribution D L (£) is integrable if and only if B(X,¢Y) = B(¢X,Y), VX, Y € T'(D L (§)).

Theorem 4.7 Let (M, g,S(TM)) be a lightlike hypersurface of an indefinite Kenmotsu space form M%H(c),
with &€ € TM . Let Q0 be an open set where the index of relative nullity v is equal to some constant. Suppose

the distribution D L (&) is integrable. Then, on Q, the following assertions are equivalent:
(i) M is D L (€)-totally geodesic,
(i) TM* is a D L (¢)-parallel on M,

(iii) ¢(TM™L) is a D L (€)-Killing distribution on M,

(iv) T =D L (¢).
Proof. The equivalence of (i) and (iv) follows from Proposition 4.2. By using the second equation of (2.10),
we obtain the equivalence of (i) and (ii). Next, we prove the equivalence of (i) and (iii). Using the fact D L ()
is integrable, we have, for any X, Y € I'(D, L (¢),) with 2 € Q, (Lyg)(X,Y) = —B(X,¢Y) — B(Y,¢X) =
—2B(X, ¢Y). The equivalence follows from this equation, since B(.,&) =0. O

Theorem 4.8 Let (M, g, S(TM)) be a lightlike hypersurface of an indefinite Kenmotsu space form M%H(c) (n>
1), with £ € TM . Let Q be an open set where the index of relative nullity v is equal to some constant. Then,

on 2, the following assertions hold
(i) M is Einstein on the direction of T*°,
(ii) If M is flat, then T*° is an isotropic distribution along M ,

(iii) If M is Einstein and (trAn)X — AnX ¢ (£), for any X € T(TM), then the screen distribution S(TM)

is parallel.
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Proof. (i) Forany X, Y € T, M with z € Q,
Ric(X,)Y) = —(2n—1)g(X,Y) + g(AEX,Y)trAn — g(AnX, ALY). (4.20)

So, if X, Y € T*(z), then A5X = A%3Y = 0 and the induced Ricci tensor above becomes Ric(X,Y) =
—(2n — 1)g(X,Y), that is, M is Einstein in 7.

(ii) If M is flat, then the induced Ricci tensor Ric on M vanishes and (4.20) becomes 0 = —(2n —
Dg(X,Y) + g(As X, Y)trAy — g(AN X, A%Y). Taking X, Y € T*%(z), we get g(X,Y) =0, for n > 1, that is
the distribution is isotropic along M .

(iii) Suppose that M is Einstein. Since B(.,§) = 0, the induced Ricci tensor on M satisfies Ric(X,Y) =
—(2n—-1)g(X,Y), forany X, Y € T, M, with « € . Using (4.20), we obtain B(X,Y)trAx —B(AnX,Y) =0
which implies that B((trAn)X — AnX,Y) = 0, that is, g((trAn)X — AnX, ALY) = 0. Since (trdy)X —
ANX ¢ (§)s, we have (trAn)X — AnX =60(X)(trAN)E. So, ANX = (X —0(X)E)trAy = (trAn)PX and
the screen distribution S(T'M) is totally umbilical. Consequently, trAy = g(AnE, &) = 0, that is, the shape
operator Ay is trace-free. Using this, we get AyX =0, VX € T, M. By Proposition 2.7 in [6] page 89, the
screen distribution S(T'M) is parallel. O

Let M be a lightlike hypersurface of an indefinite Kenmotsu manifolds M with & € TM . It is easy to
check that M is (D, D')-mixed totally geodesic if and only if, AyX € I'(p(TM*) L Dy), VX € I'(D) [11].
Using this, we have n((trAn)X — AxyX) =0, VX € I'(D). That is, (trAn)X — AnNX ¢ (&), VX € I'(D).
Therefore, there exist vector fields on M which satisfy the extra condition of the third assertion of the Theorem

4.8.
A submanifold M is said to be totally umbilical lightlike hypersurface of a semi-Riemannian manifold

M if the local second fundamental form B of M satisfies B(X,Y) = pg(X,Y), for any X, Y € I'(T M), where
p is a smooth function on U C M [6].

If M is a totally umbilical lightlike hypersurface of an indefinite Kenmotsu manifold M with ¢ € TM,
then we have B(X,Y) = pg(X,Y), for any X, Y € T'(TM), which implies that 0 = B(£,&) = p. Hence M is

totally geodesic. Therefore we have the following theorem.

Theorem 4.9 Let (M,qg,S(TM)) be a parallel (or totally umbilical) lightlike hypersurface of an indefinite
Kenmotsu space form M (c), with € € TM . Let Q be an open set where the index of relative nullity v is equal

to some constant. Then, on 2,

T*° = TM. (4.21)
Proof. The proof follows from Theorem 3.4 and (4.2). O

The Theorems 4.7 and 4.9 can be extended by using Theorem 4.10 in [10] and Theorem 2.2 in [6] page
88 in order to know more about the geometry of parallel lightlike hypersurface M .

Example 4.10 Let M be a lightlike hypersurface of M’ defined in Example 3.1. The tangent space T M
is spanned by {Ui}1§i§6’ where Uy = ey, Uy = ey —e5, Us = e3, Uy = eq, Us = eg, Ug = £ and the 1-

dimensional distribution TM* of rank 1 is spanned by E, where E = ey — e5. Also, the transversal bundle
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N(TM) is spanned by N = 1 (e +e5). It follows that TM+ C TM. Then M is a 6-dimensional lightlike
hypersurface of M having a local quasi-orthogonal field of frames {Ui, Us = E, Us, Uy, Us, Us = &, N}

along M. Denote by V the Levi-Civita connection on M. T hen, by straightforward calculations, we obtain
VxN =0, VX € I'(TM). Using these equations above, the differential 1-form 7 vanishes i.e. 7(X) = 0, for
any X € I'(T'M). So, from the Gauss and Weingarten formulae, we have Ay X =0, A5 X =0 and VxE =0,
VX € T'(TM). Therefore, by Duggal-Bejancu theorems (Theorem 2.2 and Proposition 2.7) in [6] the lightlike

hypersurface M of M7 is totally geodesic and its distribution is parallel. Using (3.34), M is Einstein and the

foliation T*C is given by T*° = TM on an open set where the index of relative nullity v is equal to some
constant.

Theorem 4.11 Let (M, g,S(TM)) be a totally contact umbilical lightlike hypersurface of an indefinite Ken-
motsu manifold (M,q), with € € TM , such that S(TM) is totally umbilical. Let Q0 be an open set where the

index of relative nullity v is equal to some constant. Then, on ), the following assertions are equivalent:

(i) M is D L (€)-totally geodesic,
(ii) TM* is a D L (£)-parallel on M,
(iii) The distribution ¢(TM*) is D L (£)-parallel on M,

(iv) T*°=D 1 (¢).

Proof.  The equivalence of (i) and (iv) follows from (4.2). Now, we prove the equivalence of (i) and (ii).
Since the screen distribution S(TM) is totally umbilical, S(T'M) is totally geodesic, that is, C(X,Y) = 0,
for any X,Y € I'(S(T,M)) with = € Q. In particular, for any X € T'(¢(T,M*) L Do, L (£),), C(X,V) =
u(AnX) = 0. Since C(E,V) =0, we have, for any Xo € I'(Dy L (§)s), u(AnXo)=0. From the Lemma 4.6,
M is D L (¢)-totally geodesic if and only if, for any Xo € I'(D, L (£)2), A%Xo = 0 and using the second
equation of (2.10), we obtain the required equivalence. Next, we prove the equivalence of (ii) and (iii). Suppose
TM* isa D 1 (¢)-parallel on M. Then, for any Xo € I'(D, L (£).), A%Xo = 0. Since the normal bundle
@(TM) is a distribution on M of rank 1 and spanned by ¢E, then, for any Yy € I'(¢(TM™)),

Vi, Yo = (Xo-0(Yo) — v(Yo)7(X0))$E € L(G(TM™)),

since Yy = v(Yy)@FE. So, the distribution (T ML) is D L (¢)-parallel. Conversely, suppose the distribution
G(TM™*) is D L (¢)-parallel. Then, for any Xo € I'(D, L (£);) and Yy = v(Yo)oE € L(¢(T,M™1)),
Vx, Yo € T'(¢(T,M1)). Since ¢(TM+*) is spanned by ¢F, there exist a smooth function A\ # 0 on M
such that Vx, Yy = )\EE . We have

A= E(Xov(YO)EE + U(YO)VXOEE; EN) = Xo.U(Yo) — U(Yo)’T(Xo).
On the other hand, Vx, Yy = (Xo.0(Yo) — v(Yo)7(X0))dE — v(Yo)p(A%Xo). So, we have
Vx,Yo = (Xo.v(Yo) —v(Yo)T(X0))dE — v(Yo)p(A5Xo)

= (Xo.0(Yo) — v(Yo)T(X0))9E,
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that is, v(Yp)p(AEXo) = 0. Taking Yy = V', we have ¢(A5Xo) = 0. Applying ¢ to this and using (3.6),
A Xo = n(A5X0)€ + u(ALX0)U = —u(Xo)é + B(Xo, V)U = Au(Xo)U = 0, since M is totally contact umbil-
ical and u(Xo) =0, V Xo € I'(Dy L (€)5). This completes the proof. O

It is known that the local second fundamental form B of a lightlike hypersurface M on U is independent
of the choice of the screen distribution [6]. Thus, the Theorems above which depend exclusively on B are stable
with respect to any change of the screen distribution.

Let P and P’ be projections of TM on S(T'M) and S(T'M)’, respectively with respect to the orthogonal
decomposition of TM . So, any vector field X on M can be written as X = PX +0(X)E = P'X + ¢ (X)E,
where 0(X) =g(X,N) and ¢'(X) = g(X, N’). Then, using equations (3.14) we have

P'X=PX—-wX)E and C'(X,PY)=C'(X,PY), VX, Y e (TM). (4.22)
Here w is the dual 1-form of W = Z?Z; ! ¢; Wy, characteristic vector field of the screen change, with respect to
the induced metric g of M defined by w(:) = g(-, W).

The relationship between the local second fundamental forms C' and C” of the screen distribution S(T'M)
and S(T'M)’, respectively, is given by (using equations (3.14) )

C'(X,PY) = C(X,PY) — %w(VXPY + B(X,Y)W). (4.23)

All equations or conditions above depending only on the local fundamental form C' (making equations non
unique) are independent of the screen distribution S(TM) if and only if w(VxPY + B(X,Y)W) =0, for any
X, Yel(TM).
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