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Abstract. The hypersurface is one of the most important objects in a space. Many
authors studied diffrent geometric aspects of hypersurfaces in a space. In this paper,
we define three types of 2-ruled hypersurfaces in a Walker 4-manifold. We obtain the
Gaussian and mean curvatures of the 2-ruled hypersurfaces of type-1, type-2 and type-
3. We give some characterizations about its minimality. We also deal with the first

Laplace-Beltrami operators of these types of 2-ruled hypersurfaces in the considered
Walker 4-manifold.
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1. Introduction

The study of hypersurface of a given ambiant space M is an interesting problem
which enriches our knowledge and understanding of the geometry of the space itself.
The theory of ruled surfaces in R? is a classical subject in diffrential geometry. The
study of ruled surfaces of a given ambiant space M is also a natural and interesting
problem. A surface ¥ in M is said to be ruled if every point of ¥ is on (a open
geodesic segment) in M that lies in ¥ (see [21]). Locally a ruled surface is made by a
one parameter family of geodesic segments [7]. Ruled surfaces are one parameter set
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of lines and they are one of the important topics of classifical differential geometry.
A ruled surface is defined as

o(s,t) = als) +tX(s),s,t € I CR,

where the curve a(s) is called base curve and X (s) is called the ruling of the ruled
surface. A lots of studies have been done about different characterizations of ruled
surfaces in 3-dimensional Euclidean, Minkowskian, Galilean and pseudo-Galilean
space (see [9, 10, 12, 13, 14, 18] and references therein). In [2], the authors define
a quaternionic operator whose scalar part is a real parameter and vector part is
a curve in three dimensional real vector space R3. They prove that quaternion
product of this operator and a spherical curve represent a ruled surface in R? if the
vector part of the quaternionic operator is perpendicular to the position vector of
the spherical curve. Also in [3], the authors show that the split quaternion product
of a split quaternion operator and a curve, which lies on Lorentzian unit sphere or on
hyperbolic unit sphere, parametrizes a ruled surface in the 3-dimensional Minkowski
space E} if the vector part of the operator is perpendicular to the position vector
of the spherical curve. Recently, in [19], the authors have constructed two special
families of ruled surfaces in a three dimensional strict Walker manifold. They show
that the local degeneracy (resp. non-degeneracy) to one of this family has a strong
consequence on the geometry of the ambiant Walker manifold. Ruled hypersurfaces
in higher dimensions have also been studied by many authors [4, 5]. In [6], the
intrinsic classification of irreducible ruled hypersurfaces of R* has been given. In
[16], a new approach to investigating ruled real hypersurfaces in complex hyperbolic
space CH" is given. In the paper [15], the authors study ruled real hypersurfaces
in the complex quadric.

A 2-ruled hypersurface in R* is a one-parameter family of planes in R*. This is
a generalization of ruled surfaces in R3. In [25], the author study singularities of
2-ruled hypersurfaces in Euclidean 4-space. After defining a non-degenerate 2-ruled
hypersurface, he gives a necessary and sufficient condition for such a map germ to
be right-left equivalent to the cross cap X interval. Also, the author in [25] discusses
the behavior of a generic 2-ruled hypersurface map. In [1], the authors obtain the
Gauss map (unit normal vector field) of a 2-ruled hypersurface in Euclidean 4-space
with the aid of its general parametric equation. They also obtain Gaussian and
mean curvatures of the 2-ruled hypersurface and they give some characterizations
about its minimality. Finally, they deal with the first and second Laplace-Beltrami
operators of 2-ruled hypersurfaces in E*. Recently, in [17] the authors have defined
three types of 2-ruled hypersurfaces in the Minkowski 4-space Ef. They obtain
Gaussian and mean curvatures of the 2-ruled hypersurfaces of type-1 and type-
2, and some characterizations about its minimality. They also deal with the first
Laplace-Beltrami operators of these types of 2-ruled hypersurfaces in Ef.

Motivated by the above two works, in this paper we study the 2-ruled hypersur-
faces in a Walker 4-manifold. We define three types of 2-ruled hypersurfaces and we
gives Gaussian and mean curvatures of the 2-ruled hypersurface and some character-
izations about its minimality. Our paper is organized as follows: We introduce the
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topic in section 1., then we recall some basics notions on pseudo-Riemannian man-
ifolds in section 2.. Finally, we study 2-ruled hypersurfaces on a Walker 4-manifold
in section 3.

2. Preliminaries

In this section, we recall some basics notions on pseudo-Riemannian manifolds
taken from the book [11]. We begin with some algebraic preliminaries on non-
degenerate bilinear forms on an m-dimensional real vector space V.

Let g : VXV — R be a symmetric bilinear form. We say that g is non-degenerate
if g(u,v) = 0 for each v € V implies u = 0, otherwise g is called degenerate. A
non-degenerate symmetric bilinear form on V is called a pseudo-Euclidean metric
on V. It may induce either a non-degenerate or a degenerate symmetric bilinear
form on a subspace W of V; then W is said to be a non-degenerate or a degenerate
subspace, respectively. We say that g is positive (negative) definite provided that
u # 0 implies g(u,u) > 0(< 0). If g is non-degenerate, there exists an ordered basis
(e1,€2,...,€m,) of V such that:

gleie;) = -1, 1<i<gq,
gleie)) = 1, g+1<i<m,
glei,ej) = 0, i#j,

where ¢ is uniquely determined and (g,m — ¢) is the signature of g. Obviously, in
the case ¢ = 0 or ¢ = m, the first or the second condition has to be dropped. The
integer q is called the index of g on V and it is the largest dimension of a subspace
W C V on which the induced metric is negative definite.

A pseudo-Riemannian metric g on an m-dimensional manifold M is a symmetric
tensor field of type (0,2) on M such that for any p € M the tensor g is a non-
degenerate symmetric bilinear form on the tangent space T, M of constant index.
We call (M, g) a pseudo-Riemannian manifold. Frequently, we denote by M, ¢ anm-
dimensional pseudo-Riemannian manifold of index ¢. In the particular case m > 2
and ¢ = 1, we call (M, g) a Lorentzian manifold. Obviously, if ¢ = 0,(M,g) is a
Riemannian manifold.

Let N¢' be a submanifold of a pseudo-Riemannian manifold Mg". If the pseudo-
Riemannian metric tensor gas of My" induces a pseudo-Riemannian metric tensor, a
Riemannian metric tensor or a degenerate metric tensor gy on N, then N7 is called
a pseudo-Riemannian submanifold, a Riemannian submanifold or a degenerate sub-
manifold, respectively, of M;". Let M;" be an m-dimensional pseudo-Riemannian
manifold with pseudo- Riemannian metric tensor gps of index ¢q. Denoting by (,)
the associated nondegenerate inner product on Mj", a tangent vector X to M;" is
said to be spacelike if (X, X) > 0 (or X = 0), timelike if (X, X) < 0 or lightlike
(null) if (X, X) =0 and X # 0. The set of null vectors of T,,M is called the null
cone at p € M.

Let M{™(c) be an m-dimensional Lorentzian space form of constant curvature c,
that is, M]"(c) is the de Sitter space-time S7*(c), Minkowski space-time R} (c) or the
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anti-de Sitter space-time H7*(¢) according to ¢ > 0,¢ = 0 or ¢ < 0. For simplicity,
we suppose that the constant curvature c¢ of M7{*(c) is equal to 1,0, —1 according
to whether ¢ > 0,¢=0,c < 0.

Now, we describe some basic examples of pseudo-Riemannian manifolds. Let
Ry" be an m-dimensional pseudo-Euclidean space with metric tensor given by

q m
g=— Z(d’u,»g + Z (dui)27
i=1 i=q+1
where (u1,...,un,) is a coordinate system of Ri*. So (R}, g) is a flat pseudo-

Riemannian manifold of index ¢. Putting:
ST(I) = {u € R;’ln—i_lv <uau> = l}v

one obtains an m-dimensional pseudo-Riemannian manifold of index ¢ and of con-
stant curvature ¢ = 1. In the theory of general relativity, S}(c) is called the de
Sitter space-time. Putting:

HY'(-1) = {u € R3"*, (u,u) = ~1},

one obtains an m-dimensional pseudo-Riemannian manifold of index ¢ and of con-
stant curvature ¢ = —1. HJ*(—1) is called the anti-de Sitter space. We end this
section by the following remark.

Remark 2.1. In contrast to the Riemannian case, there are topological obstructions to
the existence of a Lorentz metric on a manifold M. Such a metric exists if either M is
non-compact, or M is compact and has Euler number x(M) = 0.

3. 2-ruled hypersurfaces on a Walker 4-manifold

Hypersurfaces are one of the important objects in a space. Hypersurfaces in a
manifold of constant curvature have been studied by many authors. Many ambiant
spaces are not always of constant curvature. In this paper, we will studied 2-ruled
hypersurfaces in a Walker 4-manifold.

A Walker 4-manifold noted M, is a pseudo-Riemannian manifold, which admits
a field of parallel null 2-planes with signature (+ + ——). This class of manifold is
locally isometric to (U, gy) where U is an open of R* and gy is the metric given,
respectively to the local coordinates basis by {9; = %}Z‘:LQ"&;A by

97(01,03) = gf(02,04) =1,
9r(0:,0;) = gy, (u1,uz,u3,ug) for i,j=3,4.

The pseudo-Riemannian geometry of Walker metrics satisfying gr,, = 0 has been
studied by Chaichi et al. [8]. The purpose of this paper is to characterize some
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metrics propertiers of Walker satisfying : g, = gr,, = 0. More precesily, we will
consider Walker metrics of the following form:

0

SO O =

(3.1) gr =

O OO
O~ = O

0
0
L f
where f = f(usz,uq4) denotes a differentiable function defined U. We denote by
fz= w and fy = Mﬁ’:u“) for any function f(ugz,u4). It follows after some

stralghtforward calculations that the non zero christoffel symbols of a Walker metric
(3.1) are:

2, =f3 and T4, = fi.

We deduce that the Levita-Civita connection of a Walker metric is given by

V3383 = f382 and Va4a4 = f481.

Since we will deal with 2-ruled hypersurface in Walker 4-manifold, we now define
the de Sitter 3-space, the anti-de Sitter space 3-space and the light cone at the origin,
respectivily, by

(3:2) SY {ze M, ul =1},
: Hi(-1) = {ue M, |ul=-1},
(3.4) ce {z € M, ||ul| = 0},

where [[u]| = /g7 (u, u).

If @ = (u1,u,u3,ug), ¥ = (v1,v9,v3,v4) and W = (w1, ws, w3, wy) are three
vectors in M, then the vector product is defined by

0 —-f 1 0 01 0Oy 03 04
i o —f 0 0 1 (5% u us Uy
(35)7 Xf ? i W = 1 0 0 0 det v g s v
0 1 0 0 wyp W2 Wz W4
If
@ : I xIaxI3s — M
(u1,u2,uz) = @(ur,uz, uz),
with

(36) @(Ul,UQ,U;g) = (@1,@2,@3,@4)7
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where ¢; = ¢;(u1,u9,us),i = 1,2,3, is a hypersurface in M. The Gauss map (i.e.,
the unit normal vector field), the matrix forms of the first and second fundamental
forms are

up X ugy X u
(37) Gf:@1 f Pus f‘pz’
||<pu1 Xf Puy X (Pug,”

g1 G912 913
(3~8) [Qij] = 921 g22 923 s
g31 g32 g33
and
hii hiz hiz
(3.9) [hij] = | hor hoa has |,
ha1  hsa has

respectively, where: g;; = gf(@uw@uj)ahij = gf(<pUin7Gf)i,j€{1,2,3}7 with ¢y, =
4

2 Y
Z { 07w + Z rk i %}@ Also, the matrix of shape operator of the hyper-
ij

dvou U gu Qv

k=1
surface ¢ (3.6) is

(3.10) Sy = [si] = [97] - [ha),

where [¢g%] is the inverse matrix of [g;;]. With aid of (3.8)-(3.10), the Gaussian
curvature and mean curvature of a hypersurface in M are given by

det[h;;
(3.11) =
and
(3.12) 3Hy = trace(Sy),
respectively.

3.1. 2-ruled hypersurfaces of type-1 in M
In this subsection, we give the definition of 2-ruled hypersurfaces of type-1 and
state some results on Gaussian and mean curvatures. By a 2-ruled hypersurface of
type-1 in M, we mean a map ¢ : I1 X Iy x I3 — M of the form

(3.13) o(uy, ug, uz) = alur) + uzf(u1) + ugy(u1),

where a : I} — M,B : I, — S} and 7 : I3 — S} are smooth maps, S} is the de
Sitter 3-space of M and I, I, I3 are open intervals. We call « a base curve and two
curves (8 and «y director curves. The planes (ug,us) = a(uy) + uafB(u1) + uzy(uy)
are called rulings [25].
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U

Putting:

a(u) = (al(ul)aaz(ul)7043(“1);@4('“1))
(3.14) Blur) = (51(“1)752(“1%53(“1%54(“1))
() = (v(u1),v2(u1),v3(u1),va(u1)),

then, the equation (3.13) becomes:
QIEUI; +ugf EUI; + usmgul;

| ce(ur) +uzBa(ur) + uzya(us

(3:15) iplun, uz,ug) = az(ur) + uzBs(ur) + uzw(ul)
( ) (u1)

ay(ur) + ugBa(ur) + usvys
We see that (8, 8;) = (7i,7vi) = 1 and we state: «; = a;(u1), 8; = Bi(u1), v =

3 9? .
'Yi(ul), i = @i(u17u27u3)7 f/ = %Ull), f/l = #(3131)7 1€ {1527374} and f €

{a, B,7}. We denote by
(3.16) Eiyj = il 4+ u2f) + uzvj)
(3.17) Fij = Bia) +uzBj+usyj).

Now, let us prove the following theorem which contains the Gauss map of the
2-ruled hypersurface of type-1 defined in (3.15).

Theorem 3.1. The Gauss map of the 2-ruled hypersurface of type-1 of the form
(3.15) is given by

G1(u1,u2,u3)01 + Ga(u1, ug, uz)02

Gf(ulau%u:}) =

(3.18) +G3(U1,U2,U3)3;4; G4(U1,u2,U3)34’
where
Gi(uy,ug,u3) = —f(ﬂl (Ea3 — E34) + B3(E1a — Ea1) + Ba(E31 — E13)>
+B81(E24 — Ey2) + B2(Ea1 — E14) + Ba(Er2 — Ea1),
Ga(ur,ug,u3) = —f(ﬁ2(E34 — Ey3) + B3(Eas — E24) + Ba(Eaz — E32>
+81(E32 — Ea3) + B2(E13 — E31) + B3(E21 — Fi2),
G3(ur,ug,u3) = [o(E3s — Ey3) + B3(Es2 — Eos) + Ba(Ea3 — E3z),
Ga(ur,uz,u3) = P1(Esz — E34) + B3(E14 — Enn)
(3.19) +84(E31 — Eq3),
and
(3.20) A =/2G 1G53 + 2G2Gy + 2fG5GY,

with G1 = Gi(ui,uz,u3), Go = Ga(uy,ug,us), Gz = Gs(ui,uz,uz) and G4 =
G4(ur,ug,u3).
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Proof. If we differentiate (3.15), we get:

uy (U, uz,u3) = (o + w2l + usi, b + uzBh + uzs,
o +uo By + ugys, o + uafy + U:ﬂz’;)

quz(ulvu%uf’)) = (ﬂ1;52753,64)

Pus (U1, u2,u3) = (71,72,73774)-

By using, the vector product define in (3.5), we get:
Pup Xf Puy Xf Puy = ( - f(ﬁl(E43 — Es4) + B3(Evs — E1) + Ba(Es1 — ElS))
B1(E2s — Es2) + B2(Es1 — E1a) + Ba(E12 — E21)))31
(52 E34 — Eu3) + B3(Fa2 — Eaa) + Ba(E2s — E32)>
B1(E3g — E23) + B2(E13 — E31) + B3(Ea1 — Elz))>82
B2(Ea3 — E34) + B3(Eas — Esa) + Ba(E32 — Ea3)

2
Jr(ﬂl (Es3 — E34) + B3(E14 — Es1) + Ba(Es1 — E13))34-

(
(-
(
(0

Now using the unit normal vector formula in (3.7), we get the result. O

From (3.8), we obtain the matrix of the first fundamental form:

a b c
(3.21) lgis]=1 b 1 e |,
c e 1
where
a = 2f(as+u2fs +usys)(a) + u2By + usyy)
2
+2 (0 + ua B+ ug ) (yn + uaBlys + ugViya),
=1
2
b = f(F34— Fu3) Z iti+2) + Fliv2)i),
5
c = f(E34— Ey3) Z itiv2) T Eiit2)i),
- 2
(3:22) e = [(Bsva+Bays)+ D (Bivira + Birai),
i=1

and we obtain the inverse matrix [g/] of [g;;] as

1—€e?2 ce—b be—c
ce—b a—c* bec—ae |,
be —¢c bc—ae a—b?

(3.23) 91 = Getlgy)



2-ruled Hypersurfaces in a Walker 4-manifold 75
where
(3.24) det[g;;] = —b® + 2cbe — ¢* — ae®* + a = B.

Furthermore, from (3.9), the matrix form of the second fundamental from of the
2-ruled hypersurface (3.15) is obtained by

hi1 hi2 his
(3.25) [hij] = | h21 hoa hos |,
h3i  hsa  hss
where
hy = f3Ga(os + uaBs + ugys) + faGs(a) + uafy + usvy)
\/Qng(ul, ug, u3)Gq(u, ug, ug) + Zle Gi(u1,uz, u3)Giva(ur, uz, ug)
n 2 Gira(cin + ug B + ugyin)
\/2fG3(U1, ug, u3)Ga(u1, uz, us) + Zle Gi(u1,ug, u3)Gita(u1, ug, us)
By = hy = f3B3Ga(0s + u2fBs + uzys) + f1BaGs(ay + uzBy — usvy)
\/QfG3(u1, ug, uz)Gq(u, ug, uz) + Z?:l Gi(uy,ug,uz)Givo(ur, us, us)
+ 2?21 Gi+25£
\/Qng(ul, ug, u3)Gq(u, ug, ug) + Zle Gi(uy,ug,u3)Giva(ur, us, us)
his = hay = f373Ga(ag +ua By + uzvs) + favaGalay + uaBy + uzvy)
\/2fG3(u1, ug, uz)Ga(uy, ug, us) + 2?21 Gi(uy,ug,u3)Giqa(ur, uz, us)
n > Giran}
\/QfG?,(Ul, uz, Us)G4(U1, uz, u3) + Z?Zl Gi(ul, U2, U3)Gi+2(ul7 U2, u3)
I f3B3G4 + f43G3 ’
\/2fG3(u1, ug, uz)Gy(uy, ug, us) + 2?21 Gi(uy,ug,u3)Giqa(ur, uz, us)
has = f373G4 + f17iG3s ,
\/2fG3(u1, ug, u3)Gq(ur, ug, ug) + Zle Gi(u1,ug, u3)Giyo(ur, uz, ug)
hos = hay  — f38373Ga4
\/2f03(ul, U2, u3)G4(U1, uz, Us) + Z?:l Gi(uh Uz, U3)Gi+2(U1, uz, Us)
(3.26)  + f4B171Gs

\/Qng(Uh ug, u3)Galur, ug, ug) + 23:1 Gi(u1, u2,u3)Gita(ur, ug, us)

We can see easily that the det[hij] = h11h22h33 + 2h12h13h23 — h%2h33 — h%3h22 —
h23h11 # 0.
Then we can give the following theorem by using (3.11)
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Theorem 3.2. The 2-ruled hypersurface of type-1 defined in (3.15) is no flat.

Corollary 3.1. The 2-ruled hypersurface of type-1 defined in (3.15) is flat if [ is
nonzero constant.

Proof. From (3.9), the matrix of second fundamental form of the 2-ruled hypersur-
face (3.15) is obtained by

hir hiz hig
(3:27) [hij]=| har 0 0 |,
hs1 O 0
where
py — 2o Gisalal + waf) + ugyy)
\/Z?:1 Gi(u1, uz, uz)Giya(ur, uz, us)
2
2 Giof
hi2 = ho = Lizy Givali :
\/Zle Gi(ur,u2, u3)Gita(ur, uz, us)
2
his = ha 2i—p Gitoi
\/Zle Gi(ur,uz, u3)Gita(ur, uz, us)
(328) hos = hos3 = hsz3 =0.

So we have det(h;;) =0, hence Gy =0. O
Now, we will prove the following theorem about the mean curvature.

Theorem 3.3. The 2-ruled hypersurface of type-1 defined in (3.15) is minimal, if

0 = (1-¢€) [f3G4(04§, + u By + usvs) + faGs(ay + uzfy + usvy)

2
+ Z Gita(af +u2Bi +uzv)

i=1

+2(ce = b) | faBsGalah + uaBh + usy) + f1BaGa(ely + w2y + usa})
2

+> Gi+25£}
i=1

+2(be — ) [f373G4(oz§ + u2 By + usvs) + fayaGs(aly + ue ) + usyy)

2
+> Gi+2'71/‘:|
i=1
+2(be - ae) [ £38575G 1 + f1B1miGs] + (a — ) 363G + F153Gs

(3.29) wa%%ﬁ@+ﬁﬁ@]
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Proof. By (3.10), the matrix of the shape operator is

1—e?2 ce—b be—c hi1 hi2 his
S=|ce—-b a—c* bc—ae his hos hog |,
be—c bc—ae a—b? hiz hoz hss

where hi1, hia, his, hoa, hos, hss are the same in (3.26). Then we get the coefficients
of S by

Si = (1—e)hy + (ce = bYhia + (be — c)hys
Sy = (ce—b)hia + (a — c*)haa + (bc — ae)has
Sss = (be —c)hiz + (bc — ae)haz + (a — b*)hs3.

And using (3.26) and (3.12), we see that the 2-ruled hypersurface is minimal if
S11 + S22 + S33 = 0.

Then, the proof is complete. [

Corollary 3.2. If the curves 8 and y are orthogonal, then the 2-ruled hypersurface
of type-1 defined in (3.15) is minimal if

0 = [f3G4(Oé§, + w2y + uzvs) + faGs(oy + uaBy + usvyy)

2
+ Z Gita(af +u2Bi +uzv)
i=1

—2b [f353G4(Oé§ + w2y + uzvy) + faBaGs(aly + usBy + v4)

+ i G¢+25;}

=1

—20[f373G4(04§ + up By + usvs) + favaGs(a) + ua By + usvy)

2
+> Gi+2'721}
i=1
+2bc [f353’YBG4 + f45474G3} +(a—c?) [f35§G4 + f4’YiG3}
(3.30) Hmm%%ﬁ@+ﬁﬁ@]

The Laplace-Beltrami operator of a smooth function ¢ = p(uy,us, us) of class
C? with respect to the first fundamental form of a hypersurface is defined as follows:

3

1 0 . 0p
3.31 Ap= —u— —_— det[g;ilg” — ] .
(3.31) = e Z . ( etlgislg auj)
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Using (3.31), we get the Laplace-Beltrami operator of the 2-ruled hypersurface of
type-1 (3.15) by
AQO = (A@la AS@Q; A@?w ACP4)’

where

1 10 ((1—eY)pi + (ce = b)piu, + (be — ) pius

A@izﬁ[a—m( ¢+\/ﬁ+ @)
i((ce — b)piu, + (a — )i, + (be — ae)piu, )
Ous

(3.32) 49 ((be — O)piuy + (be — ae)piu, + (a = b*)piu, )} :

dus V/det[g;;]

B 1 9 (1 —e?)(al +uzBl+uzy) + (ce — b)Bi + (be — )y,
Ap; = 7[ ( )

VB duy /detg;]
0 (e )+ (0= )5 (e~ e
Ous \/det[g;;
(be — ¢)(c + ua Bl + uz”yl) + (be — ae)B; + (a — bZ)%ﬂ
V/det[gi;] .
If we suppose that 8 and ~ are orthogonal, then the Laplace-Beltrami operator of
the 2-ruled hypersuface of type-1 (3.15) is given by

S

P
(3.33) +873(

Ap; = 1 {i((a; +ug B} + uzy;) — bBi — C’Yi)
' Va—02— 2 Lloy N
0 ( —b(f + ua ] + usvy) + (a — )6 + bc%‘)
Oua Va—b?—c?
(3.34) 0 ( —c(o + ugfB] + uzy;) + befi + (a — b*)yi )} .
Oug Va—b2—c?

Theorem 3.4. The components of the Laplace-Beltrami operator of the 2-ruled
hypersurface of type-1 defined in (3.15) are

Mo = s [(F bl 4wl = (8, — ()W
— Vil + u2B; + u2v; = bBi — evi)
H(=0B; + ((a = €)Bi)us + (bYi)uy )W — Va(=b(a} + uzf3] + uz))
+(a — )B; + beyi)
(=i 4 (eBi)us + ((@ = b*)7i)ug )W — Va(—c(af + uzf3] + uz7;)
(3.35) +bcBi + (a —b*)y) |,

where i = 1,2,3,4; B and vy are orthogonal; W = a—b®>—c?, Vi = a,, —2bb,, —2ccy, ,
Vo = ay, — 2bby,, — 2ccy,, Va = ay, — 2bby,, — 2ccy, -
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3.2. 2-Ruled hypersurfaces of type-2 in M

A 2-ruled hypersurface of type-2 in M means (the image of) a map ¢ : Iy X s x I3 —
M of the form

(3.36) o(ur, uz,uz) = a(ur) +ugB(ur) +uzy(ur),

where o : [y = M, 5 : I — Hi(—l), I3 — Hi(—l) are smooth maps, Hi(—l)
is the anti-de Sitter space 3-space of M and Iy, I5, I3 are open intervals. We call a a
base curve,  and v director curves. The planes (ug, us) — a(uy)+uzB(ur)+uzy(uy)
are called rulings. So, if we take

aluy) = (al(ul),ag(ul),ag(ul),a4(u1))
(3.37) Bur) = (Br(ur),Ba(ur), Bs(ur), Ba(us))
y(ur) = (71(“1)7'72(“1)7'73(“1)a’74(ul))

in (3.36), then we can write the 2-ruled hypersurface of type-2 as

(u1) (1) (u1)
5.38) ot iy, 13) = aggmg+u252gu1;+u372§u1;
(u1) (u1) (u1)

ayg(ur) + uzBa(ur) + uzya(ua
We see that (8;, 5;) = (4, vi) = —1 and we state o; = ay(u1), B; = Bi(ur), v =
2
Yilw), 9 = pilw,uzu), f = S5, f = FIGHL € {1,2,3,4) and f €
{a, 8,7}

From (3.8), we obtain the matrix of the first fundamental form

a b c
c e -1

And we obtain the inverse matrix [g/] of [g;;] as

1—e®> ce+b be + ¢
ce+b —a—c* be—ae
be+c¢ bc—ae —a—b?

(3.40) [9"] = detlgy]

where a, b, ¢ and e are the same in (3.22) and
(3.41) det[g;;] = b* + 2cbe + ¢* —ae* +a=C.

Furthermore, from (3.9), the matrix form of the second fundamental from of the
2-ruled hypersurface (3.38) is the same given in (3.25) and (3.26). And we have the
following theorem since the det[h;;] # 0.

Theorem 3.5. The 2-ruled hypersurface of type-2 defined in (3.38) is not flat.
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Corollary 3.3. The 2-ruled hypersurface of type-2 defined in (3.38) is flat if f is
nonzero constant.

For the mean curvature we have:

Theorem 3.6. The 2-ruled hypersurface of type-2 defined in (3.38) is minimal in
M, if

0 = (1-¢?) [f3G4(0f§ + uaf3 + usvs) + faGs(ay + upyy + usvy)
2

+ Z Gita(af +u2f +uzy)
i=1

+2(ce + b) {f3,33G4(04§, + u2fy + uzvs) + faBaGslaly + us By + usvy)

2
+>° Gi+2ﬂz{:|
i=1

+2(be + ¢) {f373G4(04§, + ug By + usvsy) + fayaGs(aly + ue ) + usyy)

2
+ Z Gi+2'71/‘]

i1
+2(bc — ae) {f3ﬂ373G4 + f454’Y4G3} +(—a—¢?) [f3/3§G4 + f1B31G3

(3.42) +Fm¢%%ﬁ&+ﬁﬁ%]

Proof. By (3.10), the matrix of the shape operator is

1-— 62 ce + b be +c h11 h12 h13
S=| ce+b —a—c® bc—ae hia hos hos |,
be+c bc—ae —a—b? hizs hos hss

where h11, h1a, hi3, hoo, hos, hss are the same in (3.26). Then, we get the coefficients
of S by

S = (1—e?)hy + (ce+ b)hig + (be + ¢)his,
Saa = (ce+b)hiz + (—a — c*)has + (be — ae)has,
Sz3 = (be+ c)hiz + (be — ae)has + (—a — b?)has.

And using (3.26) and (3.12), we see that the 2-ruled hypersurface of type-2 defined
in (3.38) is minimal if

S11 + S22 4 S33 = 0.

Then, the proof is complete. [
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Corollary 3.4. Ifthe curves 3 andy are orthogonal, then the 2-ruled hypersurface
of type-2 defined in (3.38) is minimal if

0 = {f3G4(a§ + u2 By + usvs) + faGs(a + uaBy + usvy)
2
+3 0 Gipalaf + wal +us))]

i=1

+2b [f353G4(Oé§, + u2By + uzvs) + faBaGs(aly + uaBy + usvy)

2
+ Z Gi+25§]
i=1

+2c¢ {f373G4(a§, + u2 B + usvs) + f1yaGs(aly + u2Bh + usy)

2
+> Gi+2%/}
i=1
+2bc {f353’73G4 + f4/3474G3} + (—a —c?) {f3ﬂ§G4 + f173Gs
(3.43) H(—a =) f533Ga + f173Gs)

To end this subsection, we will give the operator of Laplace-Beltrami in the
following theorem:

Theorem 3.7. The components of the Laplace-Beltrami operator of the 2-ruled
hypersurface of type-2 defined in (3.38) are
S 1 " " 7 ) )
Api = r (ol + ]+ ugs!) + (BB + (@) T

—Ri(a} + uafBi + uzy; + bBi + i)

(O8] + ((=a = €)Bi)uz + (b¢%:)uy)T — Ra(b(e; + u2f3 + uz;)

+(—a — *)Bi + bey;)

+H(ev; 4 (0Bi)us + ((—a = b)7i)us )T — Ra(c(e + uafj + uzy)
(3.44) +bef; + (—a — bZ)W)} ,

wherei = 1,2,3,4; B and ~y are orthogonal; T = a+b*+c?, Ry = ay, +2bby, +2ccy, ,
Ry = ay, + 2bby, + 2ccy,, R3 = aqy, + 2bby, + 2ccy, .
3.3. 2-Ruled hypersurfaces of type-3 in M

A 2-ruled hypersurface of type-3 in M means (the image of) a map ¢ : Iy X [ x I3 —
M of the form

(3.45) o(uy, ug, uz) = alur) + uzB(u1) + ugy(u1),
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where o : [y — M, 5 : Iy — LC, v : I3 — LC are smooth maps, LC is the light
cone of M and Iy, I3, I3 are open intervals. We call a a base curve, 5 and ~ director
curves. The planes (uz,u3) — a(uy) + uzS(u1) + usy(uy) are called rulings. So, if
we take

a(ur) = (on(ur),o2(ur), as(ur), aslur)),
(3.46) Blur) = (51(U1)7 Ba(u1), B3(u1), 54(U1)),
y(up) = (’Yl(ul)a72(”1)#3(“1),74(111)),

in (3.45), then we can write the 2-ruled hypersurface of type-3 as

2

1(u1) + ugfB1(ur) )
2(u1) + uzfa(u1) )
ag(u1) + uzfs(ur) + uzys(u1)
(u1) (u1) )

a(u1) + u2Ba(uq

=

(3.47) p(uy,ug,uz) =

Q

We see that <5uﬂz> = <’YZ,’}/1> = —1 and we state a; = ai(ul), Bz = ﬂi(ul),

i = ilw), i = pilur,uz,ug), f= 2 pr = 90 e (193 4) and

fed{a, 8,7}

From (3.8), we obtain the matrix of the first fundamental form

a b
(3.48) [9ij]=| b O
c e

S0

And we obtain the inverse matrix [¢g"/] of [g;;] as

- 1 —e? ce be
(3.49) [¢"] = ce -2 bc—ae |,
detlgis] | pe  pe—ae -1

where a, b, ¢ and e are the same in (3.22) and
(3.50) det[g;;] = 2bce — ae* = D.

Furthermore, from (3.9), the matrix form of the second fundamental from of the
2-ruled hypersurface (3.47) is the same given in (3.25) and (3.26). And we have the
following theorem since the det[h;;] # 0.

Theorem 3.8. The 2-ruled hypersurface of type-3 defined in (3.47) is no flat.
Corollary 3.5. The 2-ruled hypersurface of type-3 is flat if f is non zero constant.

For the mean curvature, we have:
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Theorem 3.9. The 2-ruled hypersurface of type-3 defined in (3.47) is minimal in
M, if

0 = —¢ {f3G4(0l§, +uo By + usvs) + f1Gs(al + uay + usyy)
2
+) 0 Gipalaf + wafl +usl)]

i=1

+2ce [fsﬂst;(aé + ug By + ugvs) + faBaGs(aly + uzfy + usvyy)
2
+ Z Gz‘+25§]
=1
+2be | fayaGalah + uaBh + usys) + fimnGala + uafl + usyf)
2
+ Z Gi+27£}
i—1

+2(bc — ae) [f3ﬂ373G4 + f45474G3} - [f3ﬂ§G4 + f4B3Gs

(3.51) 62 [h393Gi + har3Gs)

Proof. By (3.10) the matrix of the shape operator is

—62 ce be h11 h12 h13
S=1| ce -2 bc—ae hi2 hae has |,
be bc—ae —b? hiz hos hass

where hi1, hi2, his, hoa, hos, hss are the same in (3.26). Then we get the coefficients
of S by

Si1 = —e’hi1 + cehio + behas,
Soo = cehyg — 62h22 + (bc — ae)h237
533 = be+ h13 + (bC - ae)h23 - b2h33.

And using (3.26) and (3.12), we see that the 2-ruled hypersurface of type-3 defined
in (3.47) is minimal if

S11 + S22 + Sz3 = 0.

Then, the proof is complete. [

Corollary 3.6. If the curves 8 and y are orthogonal, then the 3-ruled hypersurface
of type-3 defined in (3.47) is minimal if

0 = 2bc[f30373Ga + faP11aG3)
—?[f3B3Ga + haviGs]
(3.52) —b?[f373Ga + f173Gs).
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To end this subsection, we will give the operator of Laplace-Beltrami in the following
theorem:

Theorem 3.10. The components of the Laplace-Beltrami operator of the 2-ruled
hypersurface of type-3 defined in (3.47) are:

Do = oo (o +ua] )+ (68, + (030
—J1 (0 4 w2 + uzy; + bBi + cvi)
(B8] + (—a = )Bi)us + (bevi)uz ) L — J2(b(e + uzffi + uz7;)
+(—a —*)Bi + bey,)
H(ev] + (beBi)uy + ((—a = b2)7i)us )L — J3(c(ef + yBi + =)

(3.53) hefi + (—a — b?)%)},

where i = 1,2,3,4; ; L = 2bce — ae?2, J; = 2by,,ce + 2bc,, e + 2bce,, — 2aay, ,
Ja = 2by,ce + 2bey, e + 2bcey, — 2aay,, J3 = 2by ce + 2bey e + 2bce,, — 2aa,,.

Note that the hypersurfaces constructed in this paper are not flats. Unlike
Euclidean and Minkowskian spaces, where the ruled hypersurfaces are flats.

4. Conclusion

We end this work by giving some applications of ruled surfaces and 2-ruled
hypersurfaces as generalisations of the first one. Ruled surfaces have been applied
in different areas such as CAD, electric discharge machining [1, 24]. The authors
[23] present an elementary introduction to the theory of Betrand pairs of curves
and ruled surfaces. Bertrand pairs of ruled surfaces are introduced as offsets in the
context of line geometry. Also, the ruled surfaces has an important application area
on kinematics [1, 22]. Additionally, ruled surfaces have an important application
area in architecture [1]. For lightweight structures in the field of architecture and
civil engineering, concrete shells with negative Gaussian curvature are frequently
used. One class of such surfaces are the skew ruled surfaces [20].
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