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SOME CLASSIFICATIONS OF RULED SUBMANIFOLDS IN MINKOWSKI
SPACE AND THEIR GAUSS MAP

Dong-Soo Kim!, Young Ho Kim? and Sun Mi Jung

Abstract. Ruled submanifolds of Minkowski space with finite-type Gauss map
are studied. Not having a parallel in Euclidean space, ruled submanifolds with
degenerate rulings in Minkowski space drew our attention. We show that if non-
cylindrical ruled submanifolds with non-degenerate rulings or ruled submanifolds
with degenerate rulings have finite-type Gauss map, the Gauss map is one of
the following: (1) harmonic; (2) of the so-called finite rank; (3) of null 2-type.
For ruled submanifolds with degenerate rulings, we set up a relationship between
finite-type immersions and immersions with finite-type Gauss map and introduce
new examples of ruled submanifolds with degenerate rulings. We also characterize
minimal ruled submanifolds with degenerate rulings in terms of finite-type Gauss
map.

1. INTRODUCTION

The theory of minimal submanifolds is one of interesting topics in differential
geometry. Especially, they are characterized by the relationship between the immer-
sion and the Laplace operator defined on them. For example, the Veronese surface
in 4-dimensional unit sphere is a minimal surface whose immersion is formed with
eigenfunctions of the Laplace operator on the sphere. In 1966, T. Takahashi showed:
Let z : M — E™ be an isometric immersion of a Riemannian manifold M into the
Euclidean space E™ and A the Laplace operator defined on M. If Az = Ax holds,
then M is a minimal submanifold in Euclidean space or a minimal submanifold in a
hypersphere of Euclidean space ([22]).
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Extending this point of view, in the late 1970’s B.-Y. Chen introduced the notion
of finite-type immersion of Riemannian manifolds into Euclidean space ([5, 6]). In
particular, minimal submanifolds of Euclidean space can be considered as a special case
of submanifolds of finite-type. The notion of finite-type immersion was extended to
submanifolds in pseudo-Euclidean space in 1980°s: A pseudo-Riemannian submanifold
M of an m-dimensional pseudo-Euclidean space E?* with signature (m — s, s) is said
to be of finite-type if its position vector field = can be expressed as a finite sum of
eigenvectors of the Laplacian A of M, that is, x = ¢ + Zlexi, where zg is a

constant map and x1, - - - , 2% are non-constant maps such that Az; = \jz;, \; € R,
i=1,2,---,k ([5, 6]). Furthermore, M is said to be of k-type if all eigenvalues A,
A9, -+, Ag are mutually different. If one of Ay, A, - -+, Ax is zero, M is said to be of

null k-type. Note that the immersion of a minimal submanifold of pseudo-Euclidean
space is harmonic.

Such a notion can be naturally extended to a smooth map defined on submanifolds
of pseudo-Euclidean space. A smooth map ¢ on an n-dimensional pseudo-Riemannian
submanifold M of E7* is said to be of finite-type if ¢ is a finite sum of E}*-valued
eigenfunctions of A. We also similarly define a smooth map of k-type on M as that
of immersion x. A very typical and interesting smooth map on the submanifold M of
Euclidean space or pseudo-Euclidean space is the Gauss map.

A ruled surface is one of the most natural geometric objects in the classical differ-
ential geometry and has been studied under various geometric conditions ([2, 3, 7, 10,
16, 17, 18, 19, 20, 21]). The only minimal ruled surfaces in Euclidean 3-space are the
planes and the helicoids. In [4], J. M. Barbosa et al. generalized the theory of mini-
mal ruled surfaces to minimal ruled submanifolds and showed that those of Euclidean
space are the so-called generalized helicoids. In [7] B.-Y. Chen et al. proved that a
ruled surface of finite-type in an m-dimensional Euclidean space is an open part of
either a cylinder over a curve of finite-type or a helicoid in E3. It follows that a ruled
surface of finite-type in E® is a part of a plane, a circular cylinder or a helicoid. F.
Dillen extended these results to ruled submanifolds in Euclidean space with finite-type
immersion ([9]). Also, ruled surfaces and submanifolds with finite-type Gauss map
were studied in [1, 2, 3, 8].

On the other hand, for the ruled surfaces with null rulings in Minkowski m-space,
two of the present authors and D. W. Yoon defined the extended B-scroll and the
generalized B-scroll which are generalizations of a usual B-scroll in 3-dimensional
Minkowski space and they completely classified the family of ruled surfaces of Minkowski
space with finite-type Gauss map ([16, 17]). In [10, 11, 12, 13, 18] the ruled surfaces
and the ruled submanifolds of finite-type immersion in Minkowski space were studied
and classification theorems of such ruled surfaces and ruled submanifolds were given.

Very recently the authors classified ruled submanifolds with harmonic Gauss map
in Minkowski space and characterized minimal ruled submanifolds in Minkowski space
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with harmonic Gauss map ([15]).

We pose a natural question: Classify ruled submanifolds in Minkowski space with
finite-type Gauss map.

In this article, we completely classify ruled submanifolds in the Minkowski space
L™ with finite-type Gauss map and introduce a relationship between finite-type im-
mersions and immersions with finite-type Gauss map for ruled submanifolds when
they have degenerate rulings. We characterize non-cylindrical ruled submanifolds of
non-degenerate rulings with finite-type Gauss map. We also set up a characterization
between ruled submanifold with degenerate rulings and the B.S-kind ruled submani-
fold which is the extension of B-scroll in 3-dimensional Minkowski space, and that
of minimal ruled submanifold with degenerate rulings is made by means of finite-type
Gauss map.

All of geometric objects under consideration are smooth and submanifolds are
assumed to be connected unless otherwise stated.

2. PRELIMINARIES

Let E7* be an m-dimensional pseudo-Euclidean space of signature (m — s, s). In
particular, for m > 2, ET" is called a Lorentz-Minkowski m-space or simply Minkowski
m-space, which is denoted by ™. A curve in L™ is said to be space-like, time-like
or null if its tangent vector field is space-like, time-like or null, respectively. Let
x : M — EI" be an isometric immersion of an n-dimensional pseudo-Riemannian
manifold A/ into E7*. From now on, a submanifold in EJ* always means pseudo-
Riemannian, that is, each tangent space of the submanifold is non-degenerate.

Let (z1,x9,- - -, x,) be alocal coordinate system of M in E7*. For the components
gi; of the pseudo-Riemannian metric (-, -) on M induced from that of E]*, we denote
by (¢%7) (respectively, G) the inverse matrix (respectively, the determinant) of the matrix
(gij). Then, the Laplacian A on M is given by

(V1619

S o

We now choose an adapted local orthonormal frame {ej, es, - - , e, } in ET* such
that ey, es, - - - , e, are tangent to M and e, 11, €42, - - - , €, NOrmal to M. The Gauss
map G : M — G(n,m) C EN (N = ,,Cp), G(p) = (e1 Aea A--- ANey)(p), of x
is a smooth map which carries a point p in M to an oriented n-plane in E2* which
is obtained from the parallel translation of the tangent space of M at p to an n-
plane passing through the origin in E2*, where G(n, m) is the Grassmannian manifold
consisting of all oriented n-planes through the origin of EI".

An indefinite scalar product < -, - > on G(n,m) C EV is defined by

<< eil /\ e /\ ein’ ejl /\ o /\ ejn >>: d€t<<eil’ €]k>>
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Then, {e;, Aeiy A= A€, |1 <iy < -+ < i, < m} is an orthonormal basis of E
for some positive integer k.

Now, we define a ruled submanifold M in L™. A non-degenerate (r + 1)-
dimensional submanifold M in L™ is called a ruled submanifold if A/ is foliated
by r-dimensional totally geodesic submanifolds E(s,r) of L™ along a regular curve
a = «fs) on M defined on an open interval I. Thus, a parametrization of a ruled
submanifold M in L™ can be given by

T
x =x(s,t1,ta, -, t) = afs) + Ztiei(s), sel, t; el
i=1

where I;’s are some open intervals for i = 1,2,---,r. For each s, E(s,r) is open in
Span{ei(s), e2(s), - - - , ex(s)}, which is the linear span of linearly independent vector
fields e;(s), ea(s), -+ -, er(s) along the curve .. Here we assume E(s,r) are either

non-degenerate or degenerate for all s along o. We call E(s,r) the rulings and « the
base curve of the ruled submanifold M. In particular, the ruled submanifold M is said
to be cylindrical if E(s,r) is parallel along «, or non-cylindrical otherwise.

Remark 2.1. ([13, 15]).

(1) If the rulings of M are non-degenerate, then the base curve « can be chosen
to be orthogonal to the rulings as follows: Let V' be a unit vector field on A which is
orthogonal to the rulings. Then o can be taken as an integral curve of V.

(2) If the rulings are degenerate, we can choose a null base curve which is transversal
to the rulings: Let V' be a null vector field on M which is not tangent to the rulings.
An integral curve of V' can be the base curve.

By solving a system of ordinary differential equations similarly set up in relation
to a frame along a curve in L' as given in [4], we have

Lemma 2.2. ([14, 15]). Let V(s) be a smooth [-dimensional non-degenerate
distribution in the Minkowski m-space L™ along a curve o = a(s), where [ > 2
and m > 3. Then, we can choose orthonormal vector fields e;(s),- -, em—i(s)
along a which generate the orthogonal complement V- (s) satisfying €.(s) € V(s)
for1<i<m-—1I.

Remark 2.3. We would like to point out one thing for an n-plane in L™, which
is usually a cylindrical ruled submanifold, but it is also regarded as a non-cylindrical
ruled submanifold as well by a change of rulings.

3. RuLED SuBMANIFOLDS WITH NON-DEGENERATE RULINGS

Let M be an (r + 1)-dimensional ruled submanifold in L™ generated by non-
degenerate rulings. By Remark 2.1, the base curve a: can be chosen to be orthogonal to
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the rulings. Without loss of generality, we may assume that « is a unit speed curve, that
is, (</(s),d/(s)) = e(= £1). From now on, the prime ' denotes d/ds unless otherwise

stated. By Lemma 2.2, we may choose orthonormal vector fields e; (s), - - - , e (s) along
« satisfying
(3.1) (d(s),€i(s)) =0, (ei(s),ej(s)) =0, 4,5 =1,2,---,r.

A parametrization of M is given by
(3.2) x=x(s,t1,ta, -+, t,) = as) + Ztiei(s)

In this section, we always assume that the parametrization (3.2) satisfies the con-
dition (3.1). Then, M has the Gauss map

—Xs NTy, N N Ty,

I sH

or, equivalently

(3.3) G=r ‘1/2<I>+Zt\1/

where ¢ is the function of s, t1,t,- - -, t, defined by
q={(rs,25), ®P=a'NetA---Ne, and U, =€, Aej A+ Ae,.

Now, we separate the cases into two typical types of ruled submanifolds which are
cylindrical or non-cylindrical.

Theorem 3.1. The cylindrical ruled submanifolds in I.™* generated by non-degenerate
rulings have finite-type Gauss map if and only if they are cylinders over a curve of
finite-type.

Proof.  Let M be a cylindrical (r + 1)-dimensional ruled submanifold in L™
generated by non-degenerate rulings, which is parameterized by (3.2). We may assume
that e, eo, - - -, €,-, generating the rulings, are constant vectors.

Then the Laplacian A of M is expressed by

0? 92

1=

where ¢; = (e;(s), ei(s)) = £1 and the Gauss map G of M is given by

G=d NegAN---Ne,.



1026 Dong-Soo Kim, Young Ho Kim and Sun Mi Jung

If we denote by A’ the Laplacian of «, that is A’ = —55—;, we have the Laplacian
AG of the Gauss map

(3.4) AG=ANd Negt A---Ne,.

We now suppose that the Gauss map G is of finite-type. Then there exist real
numbers ¢y, - - - , ¢; such that

ARG 4+ ¢ ARG + -+ -+ ¢, AG = 0.
By using (3.4), we have
AR/ e ARl + -+ Ao =0,

which implies that « is of finite-type.
The converse is straightforward. ]

In [13], two of the present authors defined the notion of finite rank % for the iso-
metric immersions of non-cylindrical ruled submanifolds with non-degenerate rulings.
Similarly we define the term of being of finite rank for Gauss map:

Definition 3.2. Let M be a non-cylindrical (r+ 1)-dimensional ruled submanifold
in L™ with non-degenerate rulings. Let e, e, - -, e, be orthonormal vector fields
which span the rulings. We assume that ¢} , €}, ,---, ¢ are null vector fields and
i1 Cingas o €, CONstant vector fields for some integer £ (1 < k < r). In this
case, the Gauss map G is said to be of finite rank % if the vectors o/ Ae; A-- - Ae, and
e;i AeiA---Ae, are of the same finite-type with the same eigenvalues fori =1, - - - | k.

We need the following lemmas for later use.

Lemma 3.3. ([15]). Let M be an (r + 1)-dimensional non-cylindrical ruled
submanifold parameterized by (3.2) in L™. Suppose that €}, €5, - -, e/. are non-null
and some of generators of rulings eq, - - - , e; are constant vector fields along «.. Then
we have the Laplacian

From now on, for a polynomial F'(¢) int = (t1,t2, - ,t,), deg F(t) denotes the
degree of F(t) in t = (t1,to,- -, t,) unless otherwise stated.

Lemma 3.4. ([13]). Let P(t) be a polynomial in ¢ = (1, ta, - - - , t,) with functions
of s as the coefficients and deg P(¢) = d. Then, for [ € R\{0} we have

Aty =18
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where P(t) is a polynomial in t = (t;, t, - - - , ) with functions of s as the coefficients

and deg P(t) < d+4.

Lemma 3.5. Let M be an (r + 1)-dimensional non-cylindrical ruled submanifold
parametrized by (3.2) in L™ with finite-type Gauss map. Let eq,eq, -, e, be or-
thonormal generators of the rulings along « generating the rulings. If e, are non-null
fori =1,2,---,r and some of generators of the rulings e, - - - , e are constant vector
fields along «, then the Gauss map is harmonic.

Proof. Suppose that the ruled submanifold M has finite-type Gauss map G. Since
e}, e, -+, el are non-null and M is non-cylindrical, we see that deg ¢(t) = 2. Let
€ =sign ¢. Since ey, - - -, e; are constant vector fields along «, the Gauss map G has
the form

IN

where G(t) = ® +%7_, . t;¥; with deg G(t) < 1. By using Lemma 3.3 and Lemma
3.4, we get
G;(t)

j . B A— | =

1’ 2’ S

where G;(t) is a polynomial in ¢ with functions in s as coefficients and deg G;(t) <
14 4. If j goes up by one, the degree of the numerator of AJG goes up by at most 4
while that of the denominator goes up by 6. Thus, A1 G +c; A'G + - - - +¢;AG =0
can never hold for some positive integer ¢ unless

AG = 0. ]

In [15], the present authors proved that on a non-cylindrical ruled submanifold
M in Minkowski space L™ with harmonic Gauss map, if the derivatives €, ..., e/. of
generators of rulings are non-null, then €/, ..., e/ are parallel to the tangent vector field
of the base curve « after a long computation. Using such a property, they prove that
the Gauss map G is constant along the base curve «. Together with Remark 2.3, they
obtain

Theorem 3.6. ([15]). Let M be an (r + 1)-dimensional non-cylindrical ruled
submanifold parametrized by (3.2) in L™ with finite-type Gauss map. Letey, e, -+ , e,
be orthonormal generators of the rulings along the base curve c. If €, are non-null for
i =1,2,---,r and some of generators of the rulings ey, - - - , e, are constant vector
fields along «, then M is an open part of an (r + 1)-plane in L™.

We now deal with the case that some of generators of rulings have null derivatives.
In this case, authors showed that no ruled submanifolds with deg ¢(¢) = 1 or deg
q(t) = 2 have harmonic Gauss map ([15]). Using this, we readily prove
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Proposition 3.7. Let M be an (r + 1)-dimensional non-cylindrical ruled sub-
manifold parametrized by (3.2) in L™ with finite-type Gauss map. If some genera-

tors ej,, ej,, - - - , e, Of the rulings have null derivatives along the base curve o for
J1 < jo < - <jr€{1,2,---,r}, then the Gauss map G has finite rank &, where
1<k<r.

Proof. We can rewrite the parametrization (3.2) of M as
k
w(s, b, b)) =a(s)+ Y tie(s)+ Y ties(s)
1#£51,92, Ik i=1
and its Laplace operator is given by

1 9¢g0 102 1 v~ Oq 0 ZT:G_Q

A=csr—r — o5 — — CimT m — €
2¢20s0s q0s?  2q — ' ot; Ot Lot?

Then, there are possible two cases such that either e;, . ,---,e;. generating the
rulings except e, (s), €j,(s), - - - , €, (s) are constant vector fields or ¢ # 0 for some
0= Jht1s o, Jr 1T R <

Case 1. Suppose that ej, . ,,-- -, e;, are constant vector fields.

Subcase 1.1. Let deg ¢(t) = 0. In this case, ¢}, are null with e’ (s) Ae (s) =0
for i,1 =1,2,---,k and (d/(s),€(s)) = 0 for j = ji1,jo, -+, jr. Then M has the

J
Gauss map
k
G=o+ thiqjji'
i=1

Thus, we have

k
AlG = (@ (s) + 3, 0% (s))
=1

for { = 1,2,3,---. Hence, ® and W, are of the same finite-type with the same
eigenvalues if the Gauss map G is of finite-type. In other words, the Gauss map G is
of finite rank k.

Subcase 1.2. Let deg q(t) = 1. In this case, (o/(s), ¢} (s)) # 0 for some j;
(1 <4 < k) and the null vector fields ¢’ satisfy e, Ae) =0 fori,l =1,2,--- k.
The Gauss map G of M has the form
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where deg G((t) < 1. Thanks to Lemma 3.4, we have

A G;(t) .
I = J — e

G = (Eq) /273" 7 L2
where G;(t) is a polynomial in ¢ with functions in s as coefficients and deg G;(t) <
1+ 25.

If j goes up by one, the degree of numerator of A’G goes up by at most 2 while that
of the denominator goes up by 3. Thus, if G is of finite-type, we must have AG = 0,
i.e., G is harmonic. Therefore, we can conclude that no such ruled submanifolds with
deg ¢ = 1 have finite-type Gauss map.

Subcase 1.3. Let deg ¢(t) = 2. If we again use Lemma 3.4, we get the j-th
Laplacian AG as )
G;(t)

iG = I\
B

.j = 17 27 37 e
for a polynomial G;(t) in t = (t1,ts,---,t,) with deg G;(t) < 1+ 4j. Using the
similar argument developed in Lemma 3.5, we have

AG = 0.
Therefore, no such ruled submanifolds with deg ¢ = 2 have finite-type Gauss map G.

Case 2. Suppose that €, # 0 for some ¢ = jii1,- -, jr.

In this case, we may assume that e, # 0 for all i = ji11,---,jr, Otherwise the
ruled submanifold M is a cylinder built over the ruled submanifold parametrized by
the base curve « and the rulings generated by e;’s except those constant vector fields.
Then, ¢/ are non-null for all ¢ = ji11,-- -, j, and deg ¢= 2.

If we again follow a similar argument in the proof of Lemma 3.5, we have

AG=0 and o' Ae,=0

forall i =1,2,---,r. Thisis a contradiction.
This completes the proof. ]

It is easy to show that if the Gauss map G of a ruled submanifold with non-
degenerate rulings in L™ has finite rank & (1 < k < r), G is of finite-type. Therefore,
combining the results of Theorem 3.6 and Proposition 3.7, we conclude

Theorem 3.8. Let M be an (r +1)-dimensional non-cylindrical ruled submanifold
with non-degenerate rulings in the Minkowski m-space L™. Then, M has finite-type
Gauss map G if and only if either M is an open part of an (r + 1)-dimensional plane
or the Gauss map G is of finite rank & for some k& (1 < k <r).
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Corollary 3.9. ([15]). Let M be an (r + 1)-dimensional non-cylindrical ruled
submanifold with non-degenerate rulings in the Minkowski m-space ™. Then, M
has harmonic Gauss map if and only if M is an open part of either an (r + 1)-
plane or a ruled submanifold up to cylinders over a certain submanifold with the
parametrization given by

x(s,ty,to, -, t) = f(s)N + sE + th(pj(s)N +F;)
j=1

for some smooth functions f and p;, and some constant vector fields N, E, F; with
<E, E> = 1, <N,N> = <N,E> = <N,F]> = <E, FJ> = 0, and <F],Fl> = (5]‘1‘ for
ia.j: 1727"' , T

Remark. ([15]). In Corollary 3.9, if the base curve « is a straight line and the
generators e; satisfy e/ = 0 along o (i = 1,2,---,r), the ruled submanifold M is
minimal.

4, CLASSIFICATIONS OF RULED SuBMANIFOLDS WITH DEGENERATE RULINGS

Let M be an (r+ 1)-dimensional ruled submanifold in L™ with degenerate rulings
E(s,r) along a regular curve and let its parametrization be given by z(s,t) where
t = (t1,t2,---,t.). Since E(s,r) is degenerate, it can be spanned by a degenerate
frame {B(s) = e1(s), e2(s),- -, e,(s)} such that

(B(s). B(s) = (B(s), ei(s)) = 0, {ei(s). e5(s)) = 0yj, 0.7 =2,3, ..
Without loss of generality as in Lemma 2.2, we may assume that
(ei(s),ej(s)) =0, i,j=2,3,---,r.

Since the tangent space of M at Z(s,t) is a Minkowski (r + 1)-space which contains
the degenerate ruling E(s, r), there exists a tangent vector field A to M which satisfies

(A(s,t), A(s,t)) =0, (A(s,t),B(s)) =—1, (A(s,t),ei(s))=0, i=2,3,---,r
at Z(s, t).

Let a(s) be an integral curve of the vector field A on M. Then we can define
another parametrization x of M as follows:

T
x(s,t1,te, -, tp) = as) + Ztiei(s),
i=1

where o/(s) = A(s).
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Lemma 4.1. ([13]). We may assume that (A(s), B'(s)) = 0 for all s.
Two of the present authors proved the following lemma.

Lemma 4.2. ([14]). Let M be a ruled submanifold with degenerate rulings. Then,
the following are equivalent.
(1) M is minimal.
(2) B/(s) is tangent to M.

If we put P = (zs, z5) and Q = —(zs, x¢,), Lemma 4.1 implies

P(s,t) —QZuz t—l—Zw”

3,j=1

Q(s,t) =1+ Z vi(s)t;

where v;(s) = (B'(s), ei(s)), ui(s) = (A(s), €j(s)), wij(s) = <€2(8>7 ej(s)) for i, j =

1,2,---,r. Note that P and @ are polynomials in ¢t = (¢1,ts, - - -, t,) with functions
in s as coefficients. Then the Laplacian A of M can be expressed as follows:
oP 0 0? _ 9?2

9o v 2 +pL
Q2{8t1 ot sz’at Gt 8t2

—2Q Zv’tlat at; @ Z 8t2}

where P =P — 357, v2.
By definition of an indefinite scalar product <, > on G(r + 1, m), we may put

LTy NTe, ATy A= AN, Tg ANTgy A Tgy A=+ A g, S= —Q>.

Let £ = sign Q(¢). Then we have the Gauss map

1
G:@xs/\xtl/\mt2/\~~/\xtr

1
:@{A/\B/\€2/\"'/\€T+t1B//\B/\€2/\~~~/\€T
13
T
+Ztl€;/\B/\€2/\/\@T}
=2
Depending upon the degree of Q, we can have two cases.

Case 1. Suppose that deg Q(t) = 0, that is, @ = 1 and v;(s) = 0 for all
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i =2,3,---,r. By definition, we get
T
AG =2 (B, ej)t;B ABNea A---Aey
=1

T
+2B”/\B/\62/\~~~/\eT+QZB’/\B/\62/\~~~/\e(/\~~~/\er.

i=2
It is straightforward to get
AFG

r
= {Qkﬂk—l Z<B/;€;>ti+2k<ﬂk_1>/}B//\B/\€2/\"~/\€T
i=1

T
+2"" B AB A A Nept > 2B TIBIAB A A A A Ney

%
=2

for k > 2, where we have put 3 = (B, B').
We now suppose that the Gauss map G is of finite-type. Then, there exist some
constants A1, Ag, - - -, Ag such that

(4.1) AMIG + MARG + -+ MAG =0
for some positive integer k.

Subcase 1. Let 3 = 0. From Lemma 4.1, we see that B’(s) must be space-like.
Thus, B'(s) = 0 and hence AG = 0, i.e., G is harmonic. Taking account of Lemma
4.2, we see that M is minimal.

Subcase 2. Let 8 # 0. In this case, B’(s) is normal to M and hence M is not
minimal due to Lemma 4.2. But, (4.1) implies

k+1 T
> N A2 (B epts) +21(F N YB ABANea A Ay
j=1 i=1
k+1
+ O i) 2B B ABNea A Aey
j=1
r k41
YO Ay 2B B ABAes A NeEjA - Aep = 0.
i=2 j=1

Considering the causal characters of vector fields, we have

D Awin- 28 =0
1

j=
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Then, 3 is a solution of an algebraic equation
e+ 22N k12 + 22N 022+ 4 2R =g
with real coefficients and thus 3 is a real constant. It is easy to show that
A%G = 28AG.

From this, we can show that the Gauss map G is of null 2-type.

Case 2. Suppose that deg Q(¢) = 1. Then there exists some j = 2,3,---,r such
that v; is non-vanishing, that is, (B’, e;) # 0. The Laplacian of G is then obtained by

AG=" ggt)

for some polynomial P (t) in ¢ with functions in s as coefficients of deg P;(¢) <1 .
It gives
by(t)

AlG = Q21

with deg P;(¢) <1 for j > 2. Thus, for some positive integer j, A7"1G + A\ AIG +
.-+ 4+ XA;AG = 0 never occurs unless AG = 0. Therefore, G is harmonic.
Consequently, we have

Theorem 4.3. Let M be a ruled submanifold in L™ with degenerate rulings. If
M has finite-type Gauss map G, then G is harmonic or of null 2-type.

In [13], two of the present authors defined a ruled submanifold of the B-scroll
kind in Minkowski m-space and in [15], the present authors defined a G-kind ruled
submanifold in Minkowski m-space. For a null curve &(s) in L™, we consider a null
frame {A(s), B(s) = e1(s), ea(s), -+, em—1(s)} along a(s) satisfying

(A(s), A(s)) = (B(s), B(s)) = (A(s), ei(s)) = (B(s), ei(s)) = 0,
(A(s), B(s)) = =1, (ei(s),ej(s)) = dij, &/(s) = A(s)

fori,j7=2,3,--- ,m—1.

Let X (s) be the matrix (A(s) B(s) ea(s) - - -em—1(s)) consisting of column vectors
of A(s), B(s), ea(s), - -+, em—1(s) with respect to the standard coordinate system in
L™. Then we have

X'(S)EX(s)=T,
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where X*(s) denotes the transpose of X (s), F =diag(—1, 1,---, 1) and
0 -1 0 0
-1 0 O 0
T = 0 0 1 0
o o0 o0 --- 1

Consider a system of ordinary differential equations

/
4.2) X'(s) = X (s)M(s),
where
M(s) =
0 0 0 0 - 0 VB 0o ... 0
0 0 uz us3 .. Uy Ur41 Ur42 s Um—1
U2 0 0 0 0 22, r+1 22, r42 ce Z22,m—1
us 0 0 0 s 0 Z3,r+1 Z3,r+2 ce Z3,m—1
U 0 0 0 s 0 Zrr41 Zrr+2 ce Zr,m—1
Ur+1 \/B —Z22,r4+1 —Z3,r+1 s —Zr,r+1 0 Zr4l,r42 Zr4+1,m—1
Ur+42 0 —22,r42 —Z3,r4+2 e —Zrr42 —Rr41,r42 0 e 0
Um—1 0 —Z2,m—1 —Z3,m—1 e —Zrm—1 —Zr4+1,m—1 0 e 0

whereu; (2<j<m-—1)and z,p 2<a<r+1, r+1<b<m—1)are some
smooth functions of s and 3 is a non-negative constant.

For a given initial condition X (0) = (A(0) B(0) e2(0)---em,—1(0)) satisfying
X*0)EX(0) =T, there exists a unique solution to X’(s) = X (s)M(s) on the whole
domain I of &(s) containing 0. Since T is symmetric and M7 is skew-symmetric,
4(X!(s)EX(s)) = 0 and hence we have

X'(S)EX(s)=T

for all s € I. Therefore, A(s), B(s), ea(s), -+, em—1(s) form a null frame along a
null curve G(s) in L™ on I. Let a(s) = [; A(u)du.

Then, we can define a parametrization for a ruled submanifold M by

(4.3) 33(8, t1,t9, - ,tr> = a(s) + tlB<S> + Ztiei<3>~
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Definition 4.4. A ruled submanifold parametrized by (4.3) in the Minkowski m-
space L™ with degenerate rulings satisfying (4.2) is called a ruled submanifold of the
B-scroll kind or simply a BS-kind ruled submanifold ([13]). In particular, if 5 =0
and z,p, =0fora,b=r+1,r+2,--- ,m—1, we call M an extended BS-kind ruled
submanifold and if 3 # 0, M is called a generalized BS-kind ruled submanifold.

Remark 4.5. ([13]). If » =1 and m = 3, then a BS-kind ruled surface is just an
ordinary B-scroll. If m > 4, either an extended B-scroll or a generalized B-scroll in
L™ is a BS-kind ruled submanifold. A time-like ruled surface over a null curve with
degenerate rulings in ™ is called a null scroll.

We now consider another matrix M (s) :

M(s) =

0 0 ) U3 e Uy 0 0 e 0

0 0 uz us3 .. Uy Ur41 Ur42 s Um—1

Uo Vo 0 0 A 0 22,41 R2r42  ct Z2m—1

U3 V3 0 0 A 0 23,41 2342 Z3m—1

U Vr 0 0 S 0 Zro4+1  Rrr42 Zr,m—1 ’
Ury1 0 —22r41  —23041 0 —Zrril 0 0 B 0
Ur+42 0 —Z2,r+2 —Z3,r+2 —Zr,r42 0 0 co 0
Um—1 0 —Z2,m—-1 —TZ3m-1 ‘°° —Zrym-—1 0 0 co 0

wherev; (2<i<r),u; (2<j<m-—1)and z,p (2<a<r, r+1<b<m-—-1)
are some smooth functions of s.
Then the matrix X (s) satisfying

(4.5) X'(s) = X(s)M(s)

generates a null frame along a null curve & in L™ on I by a similar argument above,
that is, we can have a null frame {A(s), B(s), ea(s)---en—1(s)} along &. Again,
let a(s) = [ A(u)du.

Definition 4.6. A ruled submanifold M with the parametrization
T
x(s,tl,t2,~~~ ,tr> :a(s) +t1B<S> +Ztiei<3>a sed, t; el
i=2

satisfying (4.4) and (4.5) is called a G-kind ruled submanifold ([15]).

Remark 4.7. ([15]). An extended BS-kind ruled submanifold is a special case of
G-kind ruled submanifold.
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In [14], two of the present authors set up a characterization of minimal ruled
submanifolds in Minkowski space and in [15], the present authors had a new charac-
terization of minimal ruled submanifolds with degenerate rulings in Minkowski space
by means of Gauss map as follows:

Theorem 4.8. ([15]). Let M be a ruled submanifold in L™ with degenerate
rulings. The following are equivalent:
(1) M is minimal.
(2) M has harmonic Gauss map.
(3) M is an open portion of a G-kind ruled submanifold.

By generalizing the above theorem, we now prove

Theorem 4.9. Let M be a ruled submanifold in L™ with degenerate rulings.
M has finite-type Gauss map if and only if M is an open portion of a generalized
BS-kind ruled submanifold or a G-kind ruled submanifold.

Proof. We assume that the ruled submanifold M is parametrized by

a:(s,tl,tg, s ,tr> = a(s) + t1B<S> + Zti€i<8>, sed, t; el

such that (A(s), A(s)) = (B(s), B(s)) = <A(sl>:,26i<8>> = (B(5), ei(s)) = 0, (A(s),
B(s)) = —1, (ei(s),€;(s)) = 0;;, and (e}(s),ej(s)) =0 fori,j = 2,3,---,r, where
J and I; are some open intervals and o/(s) = A(s). Furthermore, we assume that

(A(s), B'(s)) = 0 for all s.
Suppose that M has finite-type Gauss map G. We then have two possible cases
according to the degree of Q.

Case 1. Suppose that deg Q(t) = 0. First, if B'(s) A B(s) = 0 for all s, B is
a null constant vector field and the Gauss map G is harmonic according to Theorem
4.3. By Lemma 4.2, we see that M is minimal.

Let V(s) = {A(s), B(s),ea(s), -+ ,er(s)} be a smooth distribution of index 1
along « satisfying (A(s), A(s)) = (B(s), B(s))=(A(s),e;(s))= (B(s),e;(s)) = 0
(A(s), B(s)) = —1, (ei(s),ej(s)) = d;;, and (€}(s),e;(s)) = 0 for all s and 7,5 =
2,3,---,r. Then, by Lemma 2.2, we can choose an orthonormal basis {e,11, - - -,
em—1} for the orthogonal complement V1 (s) satisfying ¢} (s) € V(s) for all h =
r+1,---,m— 1. Thus we may put

m—1

Al(s) = Z ui(s)ei(s),
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el (s) = uq(s)B(s) + Zzw(s)ei(s), a=r+1,---,m—1.

For a certain initial condition the above system of linear ordinary differential equations
has a unique solution to (4.2) with 2z, =0 (a,b =7+ 1,r+2,---,m —1). The
solution defines part of an extended BS-kind ruled submanifold, which is a special
case of G-kind ruled submanifold.

Next, we consider the case B'(s) A B(s) # 0. Then, B'(s) is a non-zero normal
vector field to M. From Theorem 4.3, we see that 3 is a positive constant. Let
ert1(s) = \/LEB’(s). Let V(s) be the vector space spanned by A(s), B(s), ea(s),
-+, er(s), er41(s) along . Then we have an orthonormal vector fields e, 2(s), - - -,
em—1(s) which generate the orthogonal complement V- (s) satisfying e}, (s) € V (s)
for h =r+2,---,m—1. Let ui(s) = (A'(s),ei(s)) fori =2,3,---,m—1 and
Zap(s) = (ea(s), ey(s)) for a,b=2,3,---,m — 1. Then we have

m—1

Al(s) = Z ui(s)ei(s),
B/<S> = \/567“4—1(3)7

b=r+1
¢r1(5) = VBA(s) + i1 ()B(s) + ) zars1(s)ea(s)
£ 3 (Capls)en(s),
b=r+2
r—+1
en(s) = un(s)B(s) + Zzah(s)ea(s), h=r+2---,m-—1

If we give a certain initial condition, then the above system of linear ordinary differential
equations has a unique solution to (4.2), which defines part of a generalized BS-kind
ruled submanifold.

Case 2. Suppose that deg Q(t) = 1. Let V(s)={A(s), B(s), e2(s), -+ -, e;(s)} be
a smooth distribution of index 1 along «. Then we can choose an orthonormal basis
{er41, -+, em—1} for the orthogonal complement V1 (s) satisfying ¢} (s) € V(s) for
h=r+1,---,m— 1. Then we may put

Al(s) = Z_: ui(s)e;i(s),
B'(s) = - vi(s)ei(s),
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m—1

&(s) = v () A) T (B + 3 (~zpleen(s). G=2- .,
b=r+1

el (s) = va(s)A(s) + uq(s)B(s) + Z Zha(s)ep(s), a=r+1,--- ,m—1.
b=2

Theorem 4.3 gives that if G is of finite-type, G is harmonic, i.e., AG = 0. The
straightforward computation provides

—1 r ”
28 g
AG :@ Z {<Z<B/, €i)ti — ngti)vh +v,QYen ABAes A---Aey,
P
A2 Z U]%A/\B/\eQ/\.../\er
h=r+1
(4.6) pe e
+@Z Z viven NBAea A---Nei 1 NANe 1 A+ Ney
=2 h=r+1
2 R
- @Z Z vpzigen N\BNea A+ ANeji—i AepANeipi N Nep.
1=2 h,l=r+1

Thus, AG = 0 yields that the functions v, are vanishing fora =r+1,---,m — 1.
Therefore, M is part of a G-kind ruled submanifold.

Conversely, for a generalized BS-kind ruled submanifold A, the function @ is a
constant function with value 1 and we obtain A2G = 2BAG, that is, the Gauss map
G of M is of null 2-type. If M is a G-kind ruled submanifold, then deg @ < 1. From

equation (4.6), we can see that v,,; = --- = v,,—1 = 0 implies AG = 0. Therefore,
a G-kind ruled submanifold M has harmonic Gauss map G.
This completes the proof. ]

From Theorem 4.9, we immediately have

Corollary 4.10. There exist no ruled submanifolds with degenerate rulings that
have k-type Gauss map (k > 3).

If we put together the results of [13] and Theorem 4.9, we obtain the following
theorem which shows the relationship between finite-type immersions and immersions
with finite-type Gauss map when ruled submanifolds have degenerate rulings.

Theorem 4.11. Let M be a ruled submanifold in L™ with degenerate rulings.
Then, the following are equivalent:
(1) M is an open part of a generalized B.S-kind ruled submanifold.
(2) The Gauss map of M is of null 2-type.
(3) M is of null 2-type immersion.
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Remark 4.12. (1) In Theorem 4.3 of [13], two of the present authors proved that
a ruled submanifold M of L™ with degenerate rulings is of finite-type if and only if
it is of either 1-type or null 2-type. But, unfortunately, they dropped the case of being
minimal when stating Theorem 4.5 and thus we would like to correct the statement of
Theorem 4.5 in [13] as follows:

Let M be a ruled submanifold of L™ with degenerate rulings. Then, M is of
finite-type if and only if it is either minimal or a BS-kind ruled submanifold.

(2) The BS-kind ruled submanifold in (1) is the generalized B.S-kind ruled sub-
manifold in the sense discussed in this paper.
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