Normalized null hypersurfaces in Lorentzian
manifolds admitting conformal vector fields

C. Atindogbé, T. Kemajou Mbiakop

Abstract. In this paper, we study the geometry of null hypersurface
in Lorentzian manifolds furnished with a conformal vector field W with
special attention paid to conformally stationary spacetime. We prove that
an Einstein null hypersurface in Lorentzian manifolds of quasi-constant
curvature for which the closed conformal rigging vector field is a curvature
vector field, is locally a product of null curves, Euclidean spaces, and
spheres.
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1 Introduction

A submanifold in a semi-Riemannian manifold is null if the induced metric tensor is
degenerate on it. Null hypersurfaces are particularly important cases of such objects
due to their application in physics and especially in general relativity. For exam-
ple, the Schwarzschild black hole horizon is a lightlike hypersurface (submanifold of
codimension 1) of the first non-trivial solution of Einstein’s equations, found by the
astrophysicist Karl Schwarzschild at the end of 1915.

The main difference between lightlike and non-degenerate hypersurfaces arises due
to the absence of natural projector on the former. This prevents inducing as usual
geometric objects (linear connection, second fundamental form, Gauss, Codazzi and
Ricci equations, etc) on lightlike hypersurfaces.

A vector field W on M is said to be conformal if

for some function ¥ € C°°(M), where £ stands for the Lie derivative of the Lorentz
metric of M. The function ¥ is called the conformal factor of W. In particular, W is
Killing if and only if ¥= 0. A spacetime (M,g) admitting a timelike Killing vector
field is called stationary. As it is well-known, if a spacetime has a timelike conformal
vector field, then it is globally conformal to a stationary spacetime. For this reason,
such spacetimes are called conformally stationary (CS) spacetimes [2]. When ¥ is
constant, we say that W is homothetic.
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The class of conformally stationary spacetimes includes the family of general-
ized Robertson-Walker spacetimes. Recently in [12], Gutiérrez.M and Olea.B studied
hypersurfaces in Generalized Robertson-Walker spacetimes and they showed that a
totally umbilic null hypersurface gives rise to a local decomposition of the fibre as a
twisted product and viceversa, providing a deep insight of twisted decompositions in
Lorentzian geometry.

B.Y.Chen and K.Yano[5] introduced the notion of a Riemannian manifold of quasi-
constant curvature as a Riemannian manifold (M,g) endowed with the curvature
tensor R satisfying the following equation:

(1.2) 9R(X,Y)2,T) = ofg(Y,2)g(X,T) - g(X, Z)g(
+ Bla(X, T)o(Y)0(2) —9(X, 2)0
+ 9V, 2)0(X)0(T) —g(Y, T)0(X)0(2)},

for any vector fields X,Y, Z and W of I'(TM), where a and 3 are smooth functions
and

(1.3) 0(X) = 9(X, K),

is g—dual to a non vanishing smooth unit vector field K called the curvature vector
field of M.

The classification of Einstein null hypersurfaces in semi-Riemannian manifolds
was studied by many authors, see for example [13],[6],[7]. In [13], their main results
focused on the geometry of Einstein lightlike hypersurfaces M of a Lorentzian space
form M (k) of constant curvature k, whose shape operator is quasi-conformal to the
shape operator of its screen distribution. They proved a characterization theorem for
screen quasi-Einstein null hypersurfaces of a Lorentzian space form (see [13, Theorem
5.8]).

The objective of this paper is to contribute to better understand the geometry of
null hypersurfaces in Lorentzian manifold furnished with conformal vector fields. We
extend the above just mentioned characterization theorem in Lorentzian manifolds
furnished with closed conformal rigging vector field ((see section 3, Theorem 3.11).
After some technical results, we prove the following main Theorem.

Theorem 1.1. Let (M,() be an Einstein normalized null hypersurface in a confor-
mally stationary spacetime (Mn+2,§) of quasi-constant sectional curvature such that
C is closed homothetic with homothetic factor V. Suppose that in addition to the

* * *
eigenfunction 0, A¢ has ezactly two eigenfunctions k1 and k2, and that the curvature
vector field K of M is pointwise transverse to M. Then M is locally isometric to
L x Ml*c X M]; , with M]*e X M;C either an open part of
1 2 1 2

k| n—-1-1
2n—1) | V]

) or R"ilel< <] l—1>’

R x5 3 —1)(n—1) | V]

* *
where I € {1...,n,} is such that 11 = ... = y; =k1, li+1 = .. = tn, =ka, L is a null

}
curve, and k= 35(¢,¢).
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2 Preliminaries

Let (M, g) be a null hypersurface in a conformally stationary spacetime (MnJrz,g),
(n > 1) i.e a hypersurface for which the induced metric tensor g = 3|, is degenerate
on it. A screen distribution on M, is a complementary bundle of TM~* in TM. It
is then a rank n non-degenerate distribution over M. From [4], it is known that for
a null hypersurface equipped with a screen distribution, there exists a unique rank 1
vector subbundle tr(TM) of TM over M, such that for any non-zero section & of
TM+~+ on a coordinate neighborhood % C M, there exists a unique section N of
tr(TM) on % satistying

(2.1) gN,§) =1, g(N,N)=g(N,W)=0, VW eSN)z)

where .(N) denotes the fixed screen distribution.
Then TM admits the splitting:

(2.2) TM|y =TM & tr(TM) = {TM* @ tr(TM)} & .7(N).

We call tr(TM) a (null) transverse vector bundle along M. [8] A rigging for M is a
vector field ¢ defined on some open set containing M such that {, ¢ T,M for each
peM.

Given a rigging ¢ for M, let 77 denote the 1-form g-metrically equivalent to (, i.e.
7 =9(¢, .). Take n = i*7, being i : M < M the canonical inclusion. Next, consider
the tensors

(2.3) g=9+7M®7 and g=i*g.

It is easy to show that g defines a Riemannian metric on the (whole) hypersurface
M. The rigged vector field of ¢ is the g-metrically equivalent vector field to the 1-
form w and it is denoted by £. In fact the rigged vector field £ is the unique lightlike
vector field in M such that g({,&) = 1. Moreover, £ is g-unitary. To a rigging ¢ for
M is associated the screen distribution .7 (¢) given by .#(¢) = TM N ¢, It is the
g-orthogonal subspace to £ and the corresponding null transverse vector field on M
is

(2.4) N=(- %E(C,C)é

A null hypersurface M equipped with a rigging ¢ is said to be normalized and
is denoted (M, () (the latter is called a normalization of the null hypersurface). We
say that ( is a null rigging for M if the restriction of ¢ to the null hypersurface M
is a null vector field. The screen distribution .({) = ker w is integrable whenever w
is closed, in particular if the rigging is closed. Throughout, the ambient Lorentzian
metric g will also be denoted ( , ).

The Gauss and Weingarten formulas are given by

(25) VY =VyY + B(X,Y)N, VN = —AxX +7(X)N,
(26)  VxPY = VyPY + C(X, PY), Vxf = —AX — 1(X)E,
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for any X,Y € I'(T'M), where V denotes the Levi-Civita connection on (M,3), V
denotes the connection on M induced from V through the projection along the null

*
transverse vector field N and V denotes the connection on the screen distribution
(¢) induced from V through the projection morphism P of I'(T'M) onto I'(.#(())
with respect to the decomposition (2.6). Now the (0, 2) tensors B and C are the second

fundamental forms on TM and .7 ({) respectively, Ax and A¢ are the shape operators
on T'M with respect to the rigging ¢ and the rigged vector field £ respectively and 7
a 1-form on T'M defined by

(2.7) 7(X) =g(VxN.¢).

A null hypersurface (M, g, S(T'M)) is said to be totally umbilic (resp. totally geodesic)
if there exists a smooth function ¢ on M such that at each p € M and for all u,v €
T,M, B(p)(u,v) = c(p)g(u,v) (resp. BY vanishes identically on M ).

The (non normalized) null mean curvature is He = tr( ;15) Let denote by R and
R the Riemannian curvature tensors of V and V, respectively. Then the following
are the Gauss-Codazzi equations [4].

(R(X,v)2.6) = (VxB)(Y,2)— (VyB)(X,2)
(2.8) +N(X)B(Y, Z) - ™ (Y)B(X, Z),
<§(X, Y)Z, PW> - <R(X, Y)Z, PW> + B(X, Z2)CN(Y, PW)
(2.9) -B(Y, Z)CN (X, PW),
<E(X,Y)5,N> - <R(X,Y)§,N>=CN(Y,X)

M (X,Y)
(2.10) —2drN(X,Y), VX,Y,Z,W cT(TM|y).
<§(X,Y)PZ,N> = <(VXAN)Y, PZ> - <(VYAN)X, PZ>

(2.11) +TN(Y)<ANX, PZ> - TN(X)<ANY, PZ>.

for every X, Y and Z in T'(TM).
Lemma 2.1. For every X,Y,Z € T'(TM) we have

212 (VxB)Y.2) - (VrB)(X.2) = o((Vx A)Y.2) ~ (V¥ A)X.2)

Proposition 2.2. [3/Let (M(k),g) be a semi-Riemannian manifold of constant cur-
vature k and M a normalized null hypersurface of M. For any X,Y,Z € T(TM), we
have

(a) R(X,Y)Z =k{g(Y,2)X — g(X,Z)Y} — B(X, Z)ANY + B(Y, Z)Ax X.

(b) (VXB) v, Z) - (VYB) (X,Z) = B(X, Z)r(Y) — B(Y, Z)r(X).

(c) (VXAN)Y - (VYAN)X = B{n(X)Y — n(Y)X} — 7(X)AnY — 7(Y) AN X.
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(d) (vX Ae )Y - (vy Ae )X =7(Y) Ae X — 7(X) A¢ Y — 2dr(X,Y)E.

*

(e) R (X,Y)Z =F{g(Y,Z)X~g(X,Z)Y}~B(X, Z)ANY +B(Y, Z) Ay X +C(Y, PZ) A¢
X — CO(X,PZ) Ac Y.

3 Null hypersurface in Lorentzian manifold
admitting a conformal vector field

Throughout, W denotes a fixed globally defined conformal vector field in a conformally

stationary spacetime (M, g).

Let (M, ¢) be a null hypersurface of M. The global vector field W has the following
pointwise decomposition along M

(3.1) W = W+ K+ oN,

where ¢ and  are smooth functions on M, and W € T'(#(()).
By Koszul’s formula, it holds

(3.2) 20(VxW,Y) = (Lw)g(X,Y) + da(X,Y), X.Y € T(TM),

where « is the g—dual to W. Define a skew symmetric tensor ¢ of type (1,1) on M
by

(3.3) da(X,Y) = 2§(¢X,Y), X,Y e T(TDI),

where da(X,Y) = X - oY) - Y - a(X) — a([X,Y]). Then using Eqgs.(1.1)-(3.2), we
immediately get

(3.4) VxW =¥X +¢X, X eTI(TM).
From (3.4), the following holds.

Proposition 3.1. Let M be a normalized null hypersurface in Lorentzian manifold
endowed with a conformal vector W with conformal factor ¥. Then for all X € X(M),

(3.5) Vx Wy =k A X + 0AnX + UPX + P(¢(X)),
(3.6) X k=k1(X)-C(X, W)+ In(X)+7g(¢X,N),
(3.7) X-0=—07(X) - B(X,Wy) +9(¢X,8),

where P :T(TM) — I'(#(C)), and P : T(TM) — T(TM) are the natural projections
related to the decomposition (2.2), and ¢ = P o ¢.

Proof. Setting X = ¢X + g(¢X,£)N, where ¢X € T'(TM) for every X € I'(TM).
By straightforward computation, we have,

UPX + P(¢X) + (g(6X, N) + In(X))E +G(6X, )N = UX + ¢(X) = VxW
= Vx Wy —g(W,N) A¢ X —g(W, €Ay X
+(CX, W) + X - g(W,N) = 5(W, N)m(X) )¢

(3.8) +(X-gW,€) +g(W,&)7(X) + B(X, W) )N.
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The result follows matching the tangential, radical and transverse parts of (3.8). O

From the above Proposition, the following lemma holds.

Lemma 3.2. Let M be a normalized null hypersurface of Lorentzian manifold en-
dowed with a conformal vector W with conformal factor V. If T vanishes along the
screen, then k and o satisfy the following:

(39  Vr=—AxWy —~ P(PG(N)), and ¥ o=~ Ac Wy — P($(©))E.
Proof. From equation (3.6) and (3.7), we have for every X € .7(()),

{ X-n 3_10?QANWy,X> —gOWN),X) { 9(V 5+ ANy — P(G(N), X) =0,

X 0=—9(A Wo,X) — 5(6(€), X) 9(V ot A Wy — P(6(€)), X) = 0.

The claim follows using the fact that g is Riemannian along the screen. ]
Now, we deduce the following from(3.9).

Theorem 3.3. Let (M, ¢) be a normalized null hypersurface of Lorentzian manifold
(M,g) endowed with a conformal vector field W with conformal factor ¥. If 7 =0,
then we have the following.

o *2 * *
A% = ~Wy - He+ Ric(Wy &) — wtr(Ae) — otr(Ayo Ag) +§( Ae W, ANf)

(3.11) — nHeU + dio¥ (P((€))).

Moreover, using W = ( as a rigging for M leads to

(3.12) —Ht’f’(:{z) — otr(Ano ;15) — nH¥ + div%(P(qS(g))) =0,
(3.13)2div¥ (P(4(¢))) = div¥ (An€) = &-Hy — Ric(&, N) + g(R(E, N)&, N),

where He (resp. Hy) is the (non normalized) null mean curvature of (M, () (resp.
the trace of Ay ).

Proof. — div(% 0) =—A*p= dive(;lg W)+ div%(P(qS(f))). Since ;15 is diagonal-
izable, from the quasi-orthonormal frame field { E‘oz £, E‘l, ey L*?n}, we have,

div%(;lg We) = Zg( %Itjt (;lg Wy’%l*?z‘ )
i=1
(2.8) Z§<(%§‘ZE)W‘7’E’ ) + Zg( ;15 (AN Ez +K Agi’i -HI’EZ‘),L*%‘ )
i=1 1=1
= Z§<(%]§725)Wy + O(%E{ZE’ W)€, E@ ) + Qtr(zlg o An)

i=1

2
+rtr(Ag) +nVHg

n * * * *2
= Z§<(V§i Ae)W, B ) + otr(A¢ o An) + ktr(Ag) + nVHe.

i=1
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Now, Gauss-Codazzi equations lead to
*
—Ap
i=1 i=1

)
+rtr(Ag) +nWHe

37

i=1

( Vw, A¢) Ei Ei ) — Ric(W,§)

L2
+gtr(A5 o An) + ktr(Ag) +nVH,

— *2 *
Wy -He — Ric(W,§) + ktr(Ag) + otr(Ano Ag)

i?( (Vw, An) Ez,E1>+Zn: ( E,,Wy E,,N) Qtr(;lfoAN)

Setting W = ¢, it follows from (2.4) that o = 1, k = 25((,¢), and we get for every

X eZ(0),

(3.14) 29(P(4(£)), X) = 2g(4(£),

That is P(¢(¢)) = LANE.

3 From this, we have

n

> 3( v, (Ane). B

div¥ (A€)

div¥ (Ax€)

(3.15)

Definition 3.1.

X) = da(§, X) = dn(&, X) = g(An&, X).

O

[13] A normalized null hypersurface (M, () of a semi-Riemannian

manifold is locally screen quasi-conformal if the shape operators Ay and /*15 of M

and .7 (() satisfy
Ay =a Ac +bP

in T'(TM) for some functions a and b. For b = 0, M is (locally) screen conformal.

N)

—g(ﬁé Wy,ANf) + nUHE.
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Theorem 3.4. Let (M(k),g) be a Lorentzian manifold of constant sectional curvature
k and (M,() a screen integrable normalized null hypersurface of M such that ¢ is a
conformal vector field with conformal factor ¥. Then,

(a) M is screen quasi-conformal along the screen.

(b) M admits an induced symmetric Ricci tensor Ric on .7 ((), and VX,Y € .Z((),

(3.16) ) )
Ric(X,Y) = nkg(X,Y)+B(X,Y)(n (<2 DHet(1-n )\I!)+g(2’<)§(/*1§ X,Y).
(c) VX, Y € .7(C), the ricci tensor ]2“{ ic ofj\o4 s given by
Rie(X,Y) = F(n—1)g(X,¥)+g(Ae X,V)((2=n)¥ — (¢, OH)
(3.17) CUnHg(X,Y) 1 3(C, OF(Ae X.Y).
(d) If M is totally umbilic, then
RX,Y)Z = {k—cler+ W)} [g(Y, Z2)X — g(X, Z)Y}
RXYV)X = {E—2c(ck +0)} [g(Y, 2)X — g(X, Z)Y} VXY € 7(C).

Moreover, it has constant sectional curvature k and this is also the case for the
screen foliation whenever M is totally geodesic.

Proof. (a) Being M screen integrable, from (3.3) is it easy to see that for all X,Y €
F(0), 0 = da(X,Y) = dn(X,Y) = 2(8(X),Y) = 25(P(é(X)),Y) = 0. That is
P(¢(X)) = 0 along the screen. As W = (, then it follows from (2.4) that o = 1,

k= 1G(¢,¢). Using this together with the fact that P(¢(X) = 0, (3.5) leads to

1 *
(3.18) 5?({,{) A:e X + ANX +¥YPX =0,
for every X € Z(¢). That is M is screen quasi-conformal along the screen.
(b) From (1.1), and by straightforward computation, we have for all X,V €
N(TM),

209(XY) = —g(C, C) (Ae X.Y) — g(AnX.Y)
(3.19) —3(X, ANY) + (X)n(Y) + (¥ )n(X).

Setting YV :=;1§ Y in (3.19),leads to

FANK A Y) = —3(¢.Oghe X.Y) - G(AxPX. A¢ PY)
(3.20) +r(X)nY) +7(Y)n(X) —20B(X,Y).
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Thus, for X,Y € 7((), we get

(3.21) savx.y) = -2 px ) - wg(x,v),
* q *2 *
GANX, A Y) = 79(2 C)g(Ag X,Y) - ¥B(X,Y) =g(AnY, A¢ X).

(3.22)

The Ricci tensors of M and M are related by (see [14], p.69)

R(X,Y) = Ric(X,Y) + nB(X,Y)Hy — G(AnX, A Y) — G(R(E,Y) X, N),
(3.23)

for all X,Y € I'(TM). Furthermore, since M has constant sectional curvature k, we
have

(3.24) g(R(§,Y)X,N) =5(R(&,Y)X,N) = kg(X,Y).

Then using Eqgs.(3.22)-(3.23), we immediately get for all X,Y € .#((),

(325)  R(X,Y)— R(Y,X) = g(AnY, A¢ X) — G(ANX, A Y) = 0.

Hence, Ric is symmetric along the screen. Now as Ric(X,Y) = k(n + 1)g(X,Y) for
any X,Y € T'(TM), it follows from Eq.(3.23) that the induced Ricci in a conformally

stationary spacetime of constant curvature k satisfies
(3.26) Rie(X,Y) = n(Eg(X, Y) + B(X, Y)HN> — g(ANX, Ac ),
for all X,Y € I'(T'M). It is straightforward to see that
_ 1 _
(3.27) Hy = 989y, Loy = _9COy, _y,
2 n 2
Hence, item (b) follows from Egs.(3.26) and (3.27).

o o
(c) Let R the Riemannian curvature of a screen leaf /. By straightforward com-
putation, we have

*

RX,Y)Z = R(X.Y)Z-C(Y,Z) Ac X +C(X,Z) Ac Y
—&-[C(X, Vy Z)+ X -C(Y,Z) - C(Y,Vx Z)
(3.28) Y - C(X,Z) - C([X, Y], Z)}g,

for all X,Y,Z € .7(().
Thus, from Eqgs.(2.5)-(3.28), we have

3R (X, Y)Z,W) = GR(X,Y)Z, W)+ B(Y,Z)C(X,W) — B(X, Z)C(Y, W)
(3.29) +C(Y, Z)B(X,W) — C(X, Z)B(Y, W).
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Now, from (3.29), the Ricci curvature Ric of M is given by

Rie(X,Y) = Kk(n—1)g(X,Y)+ n(B(X, Y)Hy + g(An X, Y)H5>
(3.30) —g(Ae Y, AnX) — g(Ae X, ANY).

Hence, item (c) follows using Egs.(3.22)-(3.21) in (3.30).
(d). Being M totally umbilic, by definition, there exist ¢ such that B(X,Y) =

cg(X,Y), and from item (a) of Proposition 3.4, we have Ay X = —@ ;15 X-VX =
—(ck + U)X, That is (¢) is totally umbilic. Hence, Theorem 3.8 together with
Eqgs.(3.26)-(3.30) give immediately for every X,Y € .7((),

Rie(X,Y) = {nE — c(ck+ ) (n — 1)}g(X, Y),
R(X)Y) = {E(n — 1) — 2¢(ck + ) (n — 1)}g(X, Y).
Also items (a) and (e) of Proposition 2.2, together with Theorem (3.8), give:
RX,Y)Z = {k—c(ck+ D)} [g(Y, 2)X — g(X, Z)Y},

o

R (X, V)X

(k- 2¢(cr + 1)} [g(K 2)X — g(X, Z)Y} VXY € Z(0).
O

Suppose that 1\04 is an Einstein manifold, then there exist a constant K such that
Ric(X,Y) =A g(X,Y), for all X, Y € .#({). Hence, for all X,Y € .7((),

]

Ag(X,Y) = Kn—1)g(X, V) + (A X,Y)((2~n)¥ - (¢, OH)

L2

Setting X =Y = ﬁ*jl in (3.31), it follows that the screen principal curvature, say

*
v;, is a solution of

v 1 /- o
3.32 y2+<2—n77—nH)y—i—fi(kn—l—/\—\IlnH):O.
(532 Cgeg T g\t 5
The equation (3.32) has at most two distinct solutions which are real-valued functions
on M. Assume there exists [ € {1...,n, } such that ¢; = ... = y :’%, and ;41 = ... =
*
lm :'72 .

Thus, the following proposition holds.

Proposition 3.5. Let (M (k),g) be conformally stationary spacetime of constant sec-
tional curvature k, and (M, ) be a screen integrable normalized null hypersurface of

M all of whose leaves are FEinstein, and ( a conformal timelike vector in M with
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conformal factor ¥. Then M has at most two distinct screen principal curvatures ’;1,

*
and Vo satisfying

* * v
(3.33) MA+Ye = ((n Vo " an),
* ok 1 _ o
(3.34) Y12 = 760 (k(n —1—-A *\IJ"HE)'

A closed conformal vector field (say ¢) has the outstanding property that Vx¢ =
VX for all X € T'(T'M). If in addition it is timelike then it can act as a rigging field
for any null hypersurface in a Lorentzian space. Since ( = @g + N, the associated
screen distribution .(¢) is integrable. Also the following is straightforward

(3.35) %g(g ¢) Ae X + AxX + UPX =0,
(3.36) X (53(6,0)) = (),
(3.37) 7(X) = 0.

Now, let T be the second fundamental form of any leaf ]\04, from egs. (3.35)-(3.37), it
is easy to see that

(3.38) I(X,Y)=C(X,Y)({+B(X,Y)N =B(X,Y)(N — @f) —Ug(X,Y)E,

for every X,Y € I'(TM). In particular, M is totally umibilic in M if and only if each
leaf M of . (¢) is a totally umbilic codimention 2 submanifold of M. The transversal

mean curvature vector field of a leaf 3/ is H = tr(An)€ + tr(;lg)N =Hpyé + HeN.
Taking trace in (3.38), we get

(3.39) 9(H, H) = —He (5(¢, OHe — 20).

A codimension-two spacelike submanifold of a Lorentzian manifold is called a fu-
ture Marginally Outer Trapped Submanifold (MOTS) if its mean curvature vector is
lightlike or zero. The notion of a MOTS was introduced in general relativity to study
spacetime singularities and black holes [9],[11].

From (3.39), the following holds.

Theorem 3.6. Let (M,q) be a conformally stationary Lorentzian manifold which

admits a closed conformal timelike vector field ¢ with conformal factor W. Then, the

intersection of a generic leaf of the integrable distribution ¢+ with any normalized

null hypersurface without mimimal point (M, () in (M,q) is marginally outer trapped
2w

(codimension 2) surface if and only if He = T36O"

We have also the following.

Theorem 3.7. Let (M (k),q) be a Lorentzian manifold of constant sectional curvature
k and (M, ¢) be a normalized null hypersurface of M endowed with a closed conformal
rigging vector field ¢, with conformal factor ¥. Then, the trace Hy of An is constant
along the E—orbits if and only if k = 0.
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Proof. We have Ay& = 0 as ( is closed and conformal. Together with (3.15), we have

Being M of constant curvature k, it is easy to see that

—Ric(&,N) +g(R(¢, N)E, N)

n — % *
> 9(R(E,§N,Ei) — G(R(£, €N, N)
i=1
(3.40) = nk.
From this, the claim follows. O

Let’s recall the following known results.

Theorem 3.8. [10] Let (M, C) be a lightlike hypersurface of a semi-Riemannian space

form (M(k),q) such that .7 (C) is totally umbilic. Then C =0 or B =0. Moreover
(1) C =0 implies #(C) is totally geodesic and k = 0.

(2) B = 0 implies that M is totally geodesic immersed in M (k) and the induced
connection V 1s metric.

Setting £g(¢,¢) = k. From (3.18), we easily get for all Y € (), and Z € T(T M),
(3.41) C(Y,PZ)=—rB(Y,Z) - Vg(Y, Z) .
Differentiating (3.41) gives
(3.42) (VxC)(Y,PZ) = -k(VxB)(Y,PZ)— (X -x)B(Y,Z) - X -3(Y, Z).

If M is of constant curvature k, then using (3.42) and (2.8) into (2.11), leads to

—m((VXB)(Y, PZ) — (VyB)(X, PZ))

(v - K)(B(X, Z) - (X - K)B(Y, 2)

n(B(X, Z))r(Y) — B(Y, Z)T(X))

(Y - W)(g(X, 2) - (X - W)g(Y. 2))

w(g(X, 2)r(Y) = g(v, 2)7(X))

B(X,Z)(Y -6+ 267(Y)) — B(Y, Z)(X - £ + 267(X))
+ (YV-U)(g(X,Z) - (X - ¥)g(Y, 2))

+ 9(g(x. 2)r(V) = g(¥, 2)7(X)).

k{g(Y, Z)n(X) — g(X, Z)n(Y)}

+ o+ o+ +

(3.43)
Replacing X by ¢ in (3.43), we get
(3.44) kg(Y,Z) = =B(Y, Z)(§ - ki + 267(§)) — & Wg(Y. Z) — g(Y, Z)U7(§).

From this we have the following proposition.
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Proposition 3.9. Let (M, () be a screen integrable totally umbilic null hypersurface
of a Lorentzian manifold (M (k),q) of constant sectional curvature k furnished with a
conformal rigging vector field . i.e., Lcg = 2Vg. Then,

k+cll k) +E&-U=0.

Proof. For a conformal rigging, 7(§) = 0. The claim follows using this in (3.44)
together with the fact that M is totally umbilic. O

Replacing X by & in (3.43), and using the fact that 7(X) = 0 when ( is closed
conformal, we get

(3.45) FG(Y. Z) = (€£)B(Y, Z) + (¢ - W)g(V, Z).
Thus, we have the following classification theorem.

Theorem 3.10. Let (M, () be a normalized null hypersurfaces in a Lorentzian man-
ifols (M (k),q) of constant curvature k furnished with a closed conformal vector field
¢ with conformal factor V.

(a) If U = 0(i.e ¢ is a Killing ﬁeld) then k = 0.
(b) If ¥ # 0, then, either ¥ — /if(]andkf()ork -0,

Proof. Differentiating 2k = g((, () with respect to &, we have § - k = W. Then, if
U =¢-5 =0, from (3.45), it is immediate that £ = 0. Now assume that ¥ # 0. From
(3.45) and (3.41) we get

F—€. 0  E—¢-U
T ILY) and (X Y) = —[F ‘I/}g(X.Y),

which means that both .#({) and M are totally umbilic. Applying Theorem 3.8, we
get B =0 or C = 0. We distinguish the two cases C’ =0 and C # 0. For C = 0 item
(1) in Theorem 3.8 asserts that & = 0 and ¥ — ¥k = 0. If C' # 0 then necessarilly
B =0 and we have k = ¢ - 0. ([l

(3.46) B(X,Y)=

Now let suppose the null hypersurface (M"*1 g) Einstein’s, and ¢ closed homo-
thetic. By (3.18), M is screen quasi-conformal with quasi-conformal adapted pair
(=29(¢,¢),—¥). Hence by [13, Theorem 5.7], (M, () is null screen isoparametric

* *
with at most two distinct screen principal curvatures k1 and ko satisfying

* * 20
3.47 ki+k = (n—1 + nHg,
( ) 1 2 ( ) (C C) 3
* x 2 _

3.48 kika = = nk — A).

(348) ke = 5ol )

Assume there exists [ € {1,...,n, } such that ¢; = ... = ¢ :];1, and

*
Ll-‘rl = ... = Ulm :kQ .

Hence, nH, =1 ];1 +(n—1) ];2, then from (3.47), we have
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(3.49) afnél+mfzfnéf41fm%.

Setting X =W :ﬁ‘i, andY =27 :L*?j in (3.29), we have

9(R (Ei,Ej) Ej.Ei) = k+kj (AN Ei, Ei)+ ki 9(An Ej, E;)
G2 + * (g((Q) * - I
=k kj( 5 ky+w) kz@«;Okg+W)
(3.50) = k=9(CC) kiky =V (ki + kj),

for all 1 < (i,§) < n. Thus, from (3.50), the sectional curvature ¢ of any leaf M is
given by

*

[e] * * * *
R (Fi,Ej) Ej, E; - _ * ok *

(351) ¢ (Bi By) = ——5— —
9(Ei, Ei)9(Ej, E;) — 9*(Ei, Ej)

Hence
* — %2 * _ *2 *
G = k_y(CvC) kl -2V kl:k—Q("i kl - kl)a
— *2 * —_ *2 *
(3.52) G = k—T(C,C) ko —20 ko=F — 2(k ky —¥ k2).

* * *
If A has exactly two distinct screen principal curvatures ki and ke, then by [13,

Theorem 5.8], (M, () is locally diffeomorphic to a product M = L X Mé X Mé ,
2

1
and Ml? are two Riemannian manifolds.

where L is a null geodesic, and M};
2

1
_ As ( is homothetic, ¢; (i =1,2) are consatant along .%(¢). Now, we assert that
k=0.

Indeed, 0 = R(&,N)¢ = RGN, ) — G(€, ON) = F(bré — N), that is & = 0.
Therefore, by [13, Corollary 4.6 | we know that one of the screen principal curvature
is zero. This together with equation (3.49) and (3.52) give either

*7 * *7 n—1 v L Q(TL—l)l v 2
[M*O’qfo’ming—lﬂmV = %] m—z_u)]

or

[22:0, 32:0’]’;1: n-1 ¥ « ( 2n—=1)(n-=10 ¥ ))2}

— =
(=1 x| | & | (-1

* *
Also, using the fact that k1 and ko are constant along the screen, then it is easy to
show that MI*C and M;C are totally geodesic submanifolds of M, and totally umbilic
1 2
submanifolds of M of constant sectional curvature. Hence, as either 52> 0 or 51> 0,

then by [1, Proposition 3.1], MI; X ME is either an open part of
1 2

k| n—-1-1
2n—1) ||

Jor Rt st((fo AL Loy

R x5! 2n—1)(n—0)] V]

From this, the following Theorem holds.
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Theorem 3.11. Let (M,() be an Einstein normalized null hypersurface in a con-

formally stationary spacetime (MnJrQ(E),g), n > 2, of constant sectional curvature

k such that C is closed homothetic with non vanishing homothetic factor \I/ Suppose

that in addition to the eigenfunction 0, Ag has exactly two eigenfunctions k1 and k2
Then M s locally isometric to L x M;c X M}; , with M}; X ME either an open part
1 2 1 02

of

_ —-i-1 _ | & | -1
R! n—l k| n Rn—! l
xS ( 2n—1) |V | ) or XS( Q(nfl)(nfl)|\ll|)’

where | € {1...,n,} is such that 1 = ... = y =]:1, Ul = oo = Up :I:;Q, L a null curve,
and k = 55(¢, ¢).

3.1 Proof of Theorem 1.1

Proof. Take ¢ = K to be a rigging vector field. Being M of quasi-constant curvature,
replacing T by N in (1.2) together with the fact that 6(N) = 3g(,¢), we have that

IR YZN) = alg(X)g(¥,2) —n(V)g(X, 2)}
£ B IZX) ~ X, Z)n(V) (57(C Q)
(Y, Z2)0(X) (53¢ Q) — Y In(X)n(2))
= o{n(X)g(Y;2) —n(Y)g(X, 2)}
(359) £ AG QB 2n(X) ~ 5, 2V},

Replace X by ¢ in (3.53) and use the fact that n(§) = 1, to get

(3:54) GREY)ZN) = (ot Bl33(C, )Y, 2)

Also, replace T by € in (1.2) and use (2.8), together with the fact that 8(¢) = n(¢) =1,
to get

(3.55) (VxB)(Y, 2) = (VyB)(X, Z) = B{g(Y, Z)n(X) — g(X, Z)n(Y)}.

As 7 =0, replacing T by £ to (1.2) and using Eqs.(3.55)-(2.8)-(2.11), together with
the fact Ay X = —19(¢,¢) ;15 X —UPX, we have

ALy, 2)n(X) —g(X, Z)n(YV)} = (VxB)(Y,Z) - (VyB)(X, Z)

- = g [(VyO)(X, 2) ~ (VxC)(Y, 2)}
(3.56) - (C —C IR Y)ZN).
Finally, use the substitution X := ¢ in (3.56), and obtain
6.9

(3.57) 9(R(§,Y)Z,N) = ———=p{g(¥, 2)}.
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Comparing (3.54) with (3.57), we have that « = —£g((, ().

(3.58) 0=g(R(&N)C,N)

(3.59)

As ( is homothetic, replacing X =&, Y =T = N, ( = Z to (1.2), we have

o{g(N,

ﬁ{g(

(N
(

9(&, N) —g(&, Og(N, N)
N)o

9)
)(N)9() (&, Q)o(N

+ +

—
S
Y
S~—
w
Qf
—~
2

I
=
T

4 4

That is 8 = 0 and consequently o = 0. Hence M is flat along the null hypersurface.
Therefore proceeding as in the proof of Theorem 3.11 the claim follows. Indeed, the
proof of Theorem 3.11 still true if the curvature vector field of M is null just along
the null hypersurface. |
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