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some normalised null vectors as well, whereby 71 = %, %), 72 = (%, %), 73 = (_73, %) and 74 =
(2,3):0(¢, d1) =In2, 0, d1) = 0,0(d 1, d2) = —2In2, 0(¢y, Wa) = In2, 8(¢y, ¢2) =
0,0(¢1,W3) = —In2,6(d 1, 72) = 0,6(d1,73) = —2In2,8(¢ 1, 74) = —In2,6(¢1, F) =
In(py + p2), 6(¢1, 1) =In2, (71, P1) = In(p1 + pa2) — In2; (cfr. Figure 11).

Figure 8. On orienting the unit circle.

Figure 9. Minkowskian pseudo-lengths.
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Figure 10. The central angles basic curve.

Figure 11. Some examples.

8. Conclusions

The 4D physical space-time of Minkowski with co-ordinates (x,y, z; t) is the 4D pseudo-Euclidean
geometrical space that is the product of a negative definite Euclidean line (R, —dt?) and a
positive definite 3D Euclidean space (R3 dx? + dy? + dz?), whereby the time-space scaling
“i seconds = 300 000 kilometers” is taken into account. At any given moment of time ¢, the angles
between any two directions in the physical 3D Euclidean (x,y,z) space at that moment are their
standard original Euclidean angles; they are algebraically determined in terms of the group of the
Euclidean rotations in a plane around a same point in this plane and they are geometrically measured
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by the Euclidean lengths of corresponding arcs on a Euclidean unit circle. From a natural scientific
point of view there has been no immediate need to be occupied with looking for meaningful angles
between two directions with arbitrary causal characters in planes of Minkowski. However, for two
spacelike directions and geometrically equivalently for two timelike directions in a Minkowskian plane
that belong to a same branch of the Minkowskian unit circle -an Euclidean orthogonal hyperbola-,
their Minkowskian angles classically have been determined algebraically and measured geometrically
by the straightforward adaptation of the traditional Euclidean approaches, now making use of the
Minkowskian rotations with a same center and with Minkowskian lengths of corresponding arcs on a
Minkowskian unit circle.

On the other hand, the algebraical definition in Minkowskian geometry of a proper notion of
angle in the Euclidean way fails for directions that from a center point toward different branches of a
Minkowskian unit circle with this center and also fails when null directions are involved. In the present
paper, a geometrical generalisation of the Euclidean measure of angles between any two directions
as the Euclidean lengths of corresponding arcs on a Euclidean unit circle is given for any two
directions with arbitrary causal characters in a Minkowskian plane, by a well-defined notion of the
Minkowskian angles or pseudo-angles of these two directions. This notion bases on the measurements
of Minkowskian lengths and pseudo-lengths of corresponding parts of a Minkowskian unit circle
and of parts of the asymptotes of this Euclidean orthogonal hyperbola. However imperfect that this
extension of Euclidean angles to Minkowskian angles and pseudo-angles cannot help to be, it does
have qualities of generality and of geometrical naturalness (up to an eventual change of calibration
related to the choice of normalisation of the null vectors). And, of course, the classical Minkowskian
angles between any two spacelike directions and between any two timelike directions within a same
branch of the Minkowskian unit circle do properly fit in well into the above given notion of central
Minkowskian angles and pseudo-angles.
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1. Introduction

Curves, which are the basic objects of study, have attracted much attention from many
mathematicians and physicists [1-3]. Due to the need to observe the properties of special curves, a
renewed interest in curves has developed, such as rectifying curves in different spaces. The space curves
whose position vectors always lie in their rectifying planes are called rectifying curves. B.Y. Chen gave
the notion of rectifying curves in [4]. In [5], the relationship between centrodes of space curves and
rectifying curves was revealed by F. Dillen and B.Y. Chen. In kinematics, the centrode is the path
traced by the instantaneous center of rotation of a rigid plane figure moving in a plane, and it has wide
applications in mechanics and joint kinematics (see [6-9]).

Since B.Y. Chen’s important work, the notion of rectifying curves was extended to other ambient
spaces [10-13]. As we know, regular curves determine the curvature functions and torsion functions,
which can provide valuable geometric information about the curves by the Frenet frames of the original
curves. If space curves have singular points, the Frenet frames of these curves cannot be constructed.
However, S. Honda and M. Takahashi [14] gave the definition of framed curves. Framed curves are
space curves with moving frames, and they may have singular points. They are the generalizations of
not only Legendrian curves in unit tangent bundles, but also regular curves with linear independent
conditions (see [15]).

Inspired by the above work, in order to investigate the properties of rectifying curves with
singular points, we should give the concept of framed rectifying curves. The difficulties arise because
tangent vectors vanish at singular points, so it is impossible to normalize tangent vectors, principal
normal vectors, and binormal vectors in the usual way. Here, we define the generalized tangent vector,
the generalized principle normal vector, and the generalized binormal vector, respectively. Actually,
at regular points, they are just the usual tangent vector, principle vector, and binormal vector. We
obtain moving adapted frames for framed rectifying curves, and some smooth functions similar to
the curvature of regular curves are defined by using moving adapted frames. These functions are
referred to as framed curvature, which is very useful to analyze framed rectifying curves. On this
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basis, we investigate the properties of framed rectifying curves and give some sufficient and necessary
conditions for the judgment of framed rectifying curves. Moreover, we give a method for constructing
framed rectifying curves. In this paper, framed helices are also defined. We discuss the relationship
between framed rectifying curves and framed helices in terms of the ratio of framed curvature. In
particular, the ratio of framed curvature for framed rectifying curves has extrema at singular points. In
addition, we give the notions of the centrodes of the framed curves and circular rectifying curves and
reveal the relationships between framed rectifying curves and these special curves.

The organization of this paper is as follows. We review the concept of the framed curve and define
an adapted frame and framed curvature for the framed curve in Section 2. We provide some sulfficient
and necessary conditions for the judgment of framed rectifying curves in Section 3. An important
result, which explicitly determines all framed rectifying curves, is given in Section 4. Moreover, the
relationships between framed rectifying curves and framed helices and framed rectifying curves and
centrodes are given in Sections 5 and 6, respectively. At last, we consider the contact between framed
rectifying curves and model curves (circular rectifying curves) in Section 7.

2. Framed Curve and Adapted Frame

Let R3 be the three-dimensional Euclidean space, and let y : [ — R3 be a curve with singular
points. In order to investigate this curve, we will introduce the framed curve (cf., [14]). We denote the
set A, as follows:

Ay ={p = (p1,m2) € R x R3|p; -y = &y, i,j =1,2}.

Then, A; is a three-dimensional smooth manifold. Let s = (1, p2) € Ay. We define a unit vector
v = py X pp in R3. This means that v is orthogonal to g1 and 5.

Definition 1. We say that (y,p) : [ — R® x Ay is a framed curve if (' (s), p;(s)) = 0 forall s € I and
i =1,2. We also say that iy : [ — R3 is a framed base curve if there exists p : I — Ay such that (vy,u) is a
framed curve.

Let (7, p1,m2) : I — R3 x Ay be a framed curve and v(s) = p1(s) X pa(s). Then, we have the
following Frenet-Serret formula:

1h(5) = ~1(E) () + n(s)v(s)
V(s) = —m(&)ur (s) — n(Sa(s).

Here, I(s) = (p}(s), p2(s)), m(s) = ((s),v(s)) and n(s) = (p5(s),v(s)). In addition, there exists
a smooth mapping a : I — R such that:

The four functions (I(s), m(s),n(s),a(s)) are called the curvature of . If m(s) = n(s) = 0,
then v/(s) = 0. In this paper, we consider the case v'(s) # 0. Obviously, a(sg) = 0 if and only if 59 is a
singular point of y. We can use the curvature of the framed curve to analyze the singular points.

In [14], the theorems of the existence and uniqueness for framed curves were shown as follows:

Theorem 1. Let (I, m,n,a) : I — R* be a smooth mapping. There exists a framed curve (v, p) : I — R3 x Ay
whose associated curvature of the framed curve is (I, m, n, x).

Theorem 2. Let (v, p) and (7,7) : I — R® x A, be framed curves whose curvatures of the framed curves

(I, m,n,a) and (1,7,7,®) coincide. Then, (vy, u) and (7, ) are congruent as framed curves.
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Let (7,1, p2) : I — R3 x Ay be a framed curve with the curvature (I(s), m(s), n(s), a(s)). g1 and
> are the base vectors of the normal plane of +y(s), as a case similar to the Bishop frame for regular
curves [16]. We define (711, f1,) € A; by:

#i(s) \ [ cosB(s) —sinf(s) pi1(s)
() )\ sinb(s) cosf(s) wa(s) )
Here, 6(s) is a smooth function. Obviously, (v, 7, 7,) — R3 x A, is also a framed curve, and we have:

7(s) = pu(s) x puals) = iy (5) x Fals) = v (s).

By straightforward calculations, we have:

71 (s) =(I(s) = 0'(s)) sin O(s)p1 (s) + (I(s) — 0'(s)) cos O(s)p2(s)
+ (m(s) cosB(s) —n(s)sin0(s))v(s),

fip(s) = — (I(s) = 0'(s)) cos O(s)p1(s) + (I(s) — 0'(s)) sin O(s)p2(s)
+ (m(s) sinf(s) + n(s)cos6(s))v(s).

Let 6 : I — R be a smooth function that satisfies m(s) sinf(s) = —n(s) cos0(s). Assume that
m(s) = —p(s)cosb(s), n(s) = p(s) sinf(s), then we have:

v'(s) = —m(s)m(s) — n(t)ua(s) = p(s)(cos (s)p (s) — sin O(s)pa(s)) = p(s)7iy (5),

() =(1(s) — 0'(s)) sinO(s)p1(s) + (I(s) — 0'(s)) cos 0(s)pa(s) + (m(s) cosO(s) — n(s) sinf(s))v(s)
=—p(s)v(s) + (I(s) — 0'(s))7ip(5)

—0'(s)) cos 0(s)p1(s) + (I(s) — 0'(s)) sin O(s)pa(s) + (m(s) sinO(s) + n(s) cosO(s))v(s)
== (I(s) = 0(s))r(s)-

The vectors v(s), 7 (s), fi,(s) form an adapted frame along <y (s), and we have the following
Frenet-Serret formula:

v'(s) 0 p(s) 0 v(s)
) | =] —pis) 0 qs) 7y (s)
75(s) 0 —q(s) 0 #a(s)

We call the vectors v(s), 7, (s), i, (s) the generalized tangent vector, the generalized principle
normal vector, and the generalized binormal vector of the framed curve, respectively, where p(s) =
[v/(s)] > 0and g(s) = I(s) — 6'(s). The functions (p(s),q(s),a(s)) are referred to as the framed
curvature of y(s).

Proposition 1. Let (7,71, 7,) : I — R3 x A, be a framed curve. The relationships among the curvature x(s),
the torsion T(s), and the framed curvature (p(s), q(s), «(s)) of a reqular curve are given by:

k() = PO () = 16)

a(s

=
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7"(s) = (@"(s) = a(s)p*(s))v(s) + (2/(5)p(s) + a(t)p'(5))Ay (5) + a(s)p(s)9(5)x (s)-

It follows:

det(7/(s), 7" (s), 7" (s)) = &> (5)p*(s)a(s)-

Therefore, the relationships are shown by:

|

3. Framed Rectifying Curves

In this section, the framed rectifying curves are defined, and we investigate their properties.

Definition 2. Let (7,71, 7,) : I — R x Ay be a framed curve. We call v a framed rectifying curve if its
position vector <y satisfies:

7(s) = Als)v(s) +(s)ma(s)
for some functions A(s) and &(s).
Some properties of the framed rectifying curves are shown in the following theorem.

Theorem 3. Let (v,7;,7,) : I — R3 x Ay be a framed curve with p(s) > 0. The following statements
are equivalent.

(i) The relation between the framed curvature and the framed curve is as follows:

(ii) The distance squared function satisfies f(s) = (y(s),v(s)) = {v(s),v(s))? + C for some positive
constant C.

(iii) {7y(s), 71, (s)) = &, { is a constant.

(iv) «y(s) is a framed rectifying curve.
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Proof. Let y(s) be a framed rectifying curve. By definition, there exist some functions A(s) and ¢(s)
such that:

¥(s) = As)v(s) + 5 (s)ma(s)- @

By using the Frenet-Serret formula and taking the derivative of (1) with respect to s, we have:

N(s)=ua(s), Als)p(s) =E(s)q(s), &'(s) =0. @
From the first and third equalities of (2), we have that (y(s),v(s))’ = A’(s) = a(s). This proves
Statement (i). Since ¢’(s) = 0, we can obtain Statement (iii). From (1) and (2), we have that

(9(s),9(s)) = A%(s) + & = (y(s),v(s))? + C, C = &2 is positive. This proves Statement (ii).
Conversely, let us assume that Statement (i) holds.

(v(9),v(s))" = (als)v(s),v(s)) + p(s) (v(s), 7y (5)) = a(s).

Since p(s) > 0, by assumption, we have (y(s),7i;(s)) = 0. This means the curve is a framed
rectifying curve.

If Statement (ii) holds, {y(s),v(s)) = (v(s),v(s))> + C, where C is a positive constant.
Then, we have:

2(v(s),a(s)v(s)) = 2(v(s), v(s))(a(s) + p(s) (v (s), 1 (s)))

and (y(s), 75, (s)) = 0. Therefore, y(s) is a framed rectifying curve. Statement (iii) implies that the
curve is a framed rectifying curve by an appeal to the Frenet-Serret formula. [

Remark 1. sy is a singular point of the framed rectifying curve <y if and only if a(sg) = 0. From (2) and
Statement (ii), we know that the ratio q(s)/p(s) and the distance squared function f(s) have extrema at sg.

4. Construction Approach of Framed Rectifying Curves

In [4], the construction approach of regular rectifying curves is given by B. Y. Chen in Theorem 3,
but it is not suitable for the non-regular case. In this section, a new construction approach is provided,
which can be applied to both regular rectifying curves and non-regular rectifying curves. Moreover,
it explicitly determines all framed rectifying curves in Euclidean three-space. First, we introduce the
notion of the framed spherical curve.

Definition 3. Let (7,7, 7,) : [ — R3 x Ay be a framed curve. We call «y a framed spherical curve if the
framed base curve +y is a curve on S2.

We show the key theorem in this section as follows.

Theorem 4. Let (7,71, 7,) : I — R x A, be a framed curve with p(s) > 0. Then, vy is a framed rectifying
curve if and only if:

1(6) = pltan®( [ [g/(5)lds +C) + 1) ¥g(s), ©

where C is a constant, p is a positive number, and g(s) is a framed spherical curve.

Proof. Let y be a framed rectifying curve. From Theorem 3, we have (y(s), ¥(s)) = A2%(s) + p?,
where p is a positive number. The framed rectifying curve 7(s) can be written as:

1(s) = (A2(s) +p%)2g(s), @)
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where g(s) is a framed spherical curve. By taking the derivative of (4), we have:

o M) %
7(s) (A2(5)+p2)%g()+( 2(s) +0%)28'(5). (5)
As 9/(s) = a(s)v(s), g'(s) is orthogonal to g(s). Therefore, Equality (5) implies:

£ = 5l .

and we have

/|’y s)|ds + C = arctan( Als ))

o
Then, A(s) = ptan( |g'(s)|ds + C), and substituting this equality into (4) yields (3).
Conversely, assume 7 (s) is a framed curve defined by:

7(6) = pltan( [ lg/()]ds +C) + 1)?g(s) ©

for a constant C, a positive number p, and a framed curve g(s) on S2. Let A(s) = ptan( [ |g'(s)|ds + C)

and A/(s) = &(s). Then, [ |g'(s)|ds + C = arctan( Afs >) By taking the derivative of this equality,
we get:

pa(s)
Ty gt = EO) )
and: ~()()
rn o Als)a(s ~ 1
1O = Sy 8+ RO+ ) ®

Equality (7) and Equality (8) imply that [g'(s)| = &(s), since g'(s) = A(s)v(s). We have
@(s) = +£A(s), A(s) = £A(s). Then:

1(s) = (A2(s) +p%)2g(s), )

which shows that the distance squared function satisfies Statement (ii) in Theorem 3. It follows that
v (s) is a framed rectifying curve. [

Framed rectifying curves include regular rectifying curves and non-regular rectifying curves.
We will give two examples.

Example 1. Let g1(s) = (4 cos2s, }sin2s, ‘2[) s € (=%, %), then g1(s) is a space curve on S*>. We have
|g1(s)| = 1. Let p = 1 and C = 0. By Theorem 4, we know that the curve:

cos2s . V3
,sins,
2coss 2coss

m(s) = (

) sel-55)

N[ X

is a reqular rectifying curve in R® (Figure 1).
If y(s) is a framed curve with singular points, this is different from the case that «y(s) is a regular curve.

2 2

Example 2. Let gz(s) = (coss?coss?,sins? coss®,sins®), then ga(s) is a curve in S? and |gh(s)| =

(45% cos?s3 + 9s4) 1. Let p = 1and C = 0. By Theorem 4, we know that the curve:

12(s) = (tanz(/(452 cos?s® + 9s* )st) + 1) (coss? cos 53, sin 52 cos 5%, sin s%)
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is a framed rectifying curve with a cusp in R3 (Figure 2).

: 51
[ s rnson,

Figure 1. The red curve 1 (s) is the regular rectifying curve, and the green curve gi(s) is a curve on S2.

Figure 2. The red curve > (s) is the framed rectifying curve, and the green curve g»(s) is a curve on S2.

5. Framed Rectifying Curves versus Framed Helices

In this section, we define the framed helices and investigate the relations between framed helices
and framed rectifying curves.

Definition 4. Let (,7;,7,) : [ — R3 x Ay be a framed curve with p(s) > 0. We call « a framed helix if
there exists a fixed unit vector { satisfying:

(v(s),) = cosw
for some constant w.
We now consider the ratio (q/p)(s) of the framed helix.
(v(s),l) = cosw. (10)
By taking the derivative of (10), as p(s) > 0 and (v(s),{)’ = p(s) (7, (s), {), we have:
(#(s).0) =0. an

We know that  is in the plane whose basis vectors are v(s) and 1, (s). As (v(s), {) = cosw, we
have (fi,(s), {) = % sinw. By taking the derivative of (11), we get:

—p(s){v(s),0) +q(s)(pr(s), 0) =0,
then:

q(s) _
@ = £ cotw. (12)
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For framed rectifying curves, a simple characterization in terms of the ratio q(s)/p(s) is shown in
the following theorem.

Theorem 5. Let (’y,ﬁl,ﬁz) I — R3 x Ay be a framed curve with p(s) > 0, then 7(s) is a framed rectifying
curve if and only if q(s)/ = c1 [ a(s)ds + co for some constants ¢y and c,, with ¢ # 0.

Proof. The proof is similar to that of Theorem 2 in [4]. If 7(s) is a framed rectifying curve, from (2),
we have that q(s)/p(s) = A(s)/&(s) = A(s )/C for some constanttj Since A'(s) = a(s) and ¢ # 0,
then the ratio of q(s) and p(s) satisfies q(s)/ = ¢1 [ a(s)ds + ¢, for some constants ¢1 and ¢y,
with ¢; # 0.

Conversely, suppose that (7,7, 7,) : I — R3x Ay is a framed curve with p(s) > 0,
and q(s)/p(s) = c1 [ a(s)ds + c, for some constants ¢; and ¢, with ¢ # 0. If we put & = 1/¢
and A(s) = [a(s)ds + ¢ / c1, hence, by invoking the Frenet-Serret formula, we obtain:

L) = Als)v(s) — Ea()] = (E(5) — AS)pls)Fr () = 0.

This means that 7(s) is congruent to a framed rectifying curve. [

Remark 2. If vy is a framed rectifying curve, we have A(s)p(s) = &q(s) for some constant &. If § = 0,
then A(s)p(s) =0, as p(s) > 0, s0 A(s) = 0. This means that «y(s) is a point.

After that, we reveal the relationship between the framed rectifying curves and the framed helices.
We have the following theorem:

Theorem 6. Let ('y,ﬁl,ﬁz) I — R3 x Ay be a framed curve with p(s) > 0, the framed curvature functions
satisfying (q/p)(s) = c1 [ a(s)ds + ca, for some constants c¢1 and cy. If ¢1 = 0, we will get framed helices;
otherwise, we get framed rectzfymg curves.

6. Framed Rectifying Curves versus Centrodes

The centrodes play important roles in joint kinematics and mechanics (see [5]). We can define the
centrodes of framed curves. For a framed curve v in R3, the curve defined by the vector d = quv + pji,,
which is called the centrode of framed curve 7.

The following results establish some relationships between framed rectifying curves
and centrodes.

Theorem 7. The centrode of a framed curve with nonzero constant framed curvature function p(s) and
nonconstant framed curvature function (s) is a framed rectifying curve. Conversely, the framed rectifying
curve in R3 is the centrode of some framed curve with nonconstant framed curvature function q(s) and nonzero
constant framed curvature function p(s).

Proof. Let (s) be a framed curve with nonzero constant framed curvature p(s) and nonconstant
framed curvature ¢(s). Consider the centrode of 7(s):

d(s) = q(s)v(s) + p(s)pa(s)-

d(s) can also be seen as a framed curve. Let the vectors 7, (s), 7 ,(s), va(s) be the adapted frame
along d(s). By differentiating the centrode, then we have d’(s) = ¢(s)v(s), which implies that unit
vector v,4(s) and unit vector v(s) at the corresponding points are parallel. Then, the first equality
in Frenet-Serret formula implies that 71, ; (s) and 7 (s) at the corresponding points are also parallel.
Hence, 71,,,(s) and i, (s) are parallel, as well. Therefore, by definition, the centrode d(s) is a framed
rectifying curve.
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Conversely, let ¢(s) be a framed rectifying curve in R3. From Theorem 3, we have:

N(s) = a(s), Als)p(s) = ca(s) (13)

for some constant c.

Let f(s) = % /. :0 p(u)du. There exists a framed curve B(t) whose framed curvature satisfies
pp(t) = cand qg(t) = A(t).

Let us consider the centrode of B, which is given by dg(t) = A(t)vg(t) + cﬁm(t), and its
reparametrization x(s) = dg(f(s)). Then:

x(s) = A(f())vp(f(s)) + e (f(s))-

This means that x'(s) = a(s)vg(f(s)); thus, vy(s) = vg(f(s)). Differentiating twice, the
framed curvature functions of x are given by ay(s) = a(s), px(s) = pp(s)f'(s) = p(s) and
92(5) = 3p()F'(5) = q(s).

Therefore, the framed curves y(s) and x(s) have the same framed curvature functions. From
the existence theorem and the uniqueness theorem, it follows that x is congruent to y. Consequently,
the framed rectifying curve v is the centrode of a framed curve with nonconstant framed curvature
g(s) and nonzero constant framed curvature p. 0

The framed curve in Theorem 7 can be replaced by a framed curve with nonzero constant framed
curvature g and nonconstant framed curvature p(s). In fact, we also have the following theorem:

Theorem 8. The centrode of a framed curve with nonzero constant framed curvature function q(s) and
nonconstant framed curvature function p(s) is a framed rectifying curve. Conversely, one framed rectifying
curve in R3 is the centrode of some framed curve with nonconstant framed curvature function p(s) and nonzero
constant framed curvature function g(s).

The proof can be given in as similar way as Theorem 7.

Remark 3. The centrode of a framed curve with nonzero constant framed curvature function p(s) and nonzero
constant framed curvature function q(s) is a point.

7. Contact between Framed Rectifying Curves

In this section, the contact between framed rectifying curves is considered. We now introduce the
notion of circular rectifying curves as follows.

Definition 5. Let y(s) be a framed rectifying curve and:
1
7(6) = pltan?( [ 1g/()]ds +C) +1)¥g(s),
where p is a positive number and C is a constant. We call «y a circular rectifying curve if g(s) is a circle on S2.

Let (7, 1, p2) : I = S? x Ay be a framed spherical curve. We choose 11 = v, then v = ¢ x pp and
v/ (s) = a(s)v(s). We show that the spherical Frenet-Serret formula of v is as follows:

where (u5(s),v(s)) = I(s). By the curvature functions «(s) and I(s), we show the following proposition
for framed spherical curves:
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Proposition 2. Let (7, y,p2) : I — S? x A, be a framed spherical curve, then vy is a circle if and only if
a(s) # 0and1(s)/a(s) = constant.

Proof. If a(s) # 0 and (I/a)(s) = k, where k is a constant, then we consider a normal vector field
N(s) = %'y(s) - #yz(s). By taking the derivative of N(s), we have N'(s) = L(a(s)v(s) -

k2+1
a(s)v(s)) = 0. This means that N(s) is a constant vector. Moreover, we have:

K2 k 1 k
(N(s),7(s) = N(s)) = <k2+17(5)— k2+1ﬂ2(5)/ k2+17(5)+k2+1ﬂz(5)> =0.

This means that v is the intersection of a plane and S2, 50 7 is a circle.

Let  be a circle on S2. Obviously, v is a plane curve and a(s) # 0, so that (y/(s), 7" (s) x " (s)) =
0. Then, we can calculate that (7/(s), " (s) x 4" (s)) = a*(s)I'(s) — a3(s)a’(s)I(s). Since a(s) # O,
we have a(s)l’(s) — a’(s)I(s) = 0. This is equivalent to (I/«x)’(s) = 0. Thus, I(s)/a(s) = constant. O

As a corollary of Proposition 2, we have the following result:

Corollary 1. Let (7,7, p2) : | — S* x Ay be a framed spherical curve, then « is a great circle on S* if and
only if a(s) # 0and I(s) = 0.

Now, we review the notions of contact between framed curves [14]. Let (v, pr1, p2) : [ — R3 x Ay;
s — (v(s),p1(s),p2(s)) and (7,70, f2) = T — R3 x Ag; u — (§(u), iy (u), fia(ut)) be framed curves.
We say that (7, p1, p2) and (7, iy, fiz) have k' order contact at s = sg, u = g if:

JUNU d d . _
(v, p2) (s0) = (3, i, 1i2) (o), = (v, 1, p2) (s0) = (W i, i) (o), -,
dkfl dkfl o dk dk o
g1 (vrp2)(s0) = g (Vi 12) (o), o (v, 2) (s0) # (7, i i) (o)

kth

In addition, we say that (v, 1, #2) and (7, i1, fi2) have at least k™ order contact ats = sg, u = g

if:

S d d .
(vmum2)(s0) = (7, i2) (o), o (v, p2) (s0) = (% i, i2) (o), -
dkfl dk*l o
W(%ﬂlrllz)(so) = W(’%ﬂbllz)(“o)v

We generally say that (v, p1, p2) and (7, ji1, fiz) have at least first order contact at any point s = sg,
1 = 1y, up to congruence as framed curves. As a conclusion of Theorem 3.7 in [14], we show the
following proposition:

Proposition 3. Let (7, y,p2) : I = S2x Ay, 5 — (y(s),¥(s), #a2(s)) and (7,7, 72) : I — S2x Ay,
u — (F(u), ¥(u), fir(u)) be framed spherical curves. If (vy, 7y, p2) and (7,7, fiz) have at least (k + 1) order
contact at s = sy, u = ug, we have:

_ d d_ dk=1 k=1

a(sp) = a(up), %a(so) = %a(ug),. .., FN(SO) = du?a(uo), (14)
. d d~ dk*l dkfl .

I(sg) = l(ug),%l(s(]) = @l(uo),,..,ml(so) = Wl(uo). (15)

Conversely, if the conditions (14) and (15) hold, then (v, v, pa2) and (7,7, fia) have at least (k + 1) order
contact at s = sg, u = 1y, up to congruence as framed spherical curves.
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Now, we consider the contact between circles and framed spherical curves. We have a corollary
of Propositions 2 and 3 as follows:

Corollary 2. Let (v,,p2) : [ — S* x Ay be a framed spherical curve. «y and a circle have at least (k + 1)
order contact at s = s if and only if there exists a constant o such that:

d d k1 -
I1(sg) = oa(so), %l(so) = U%W(SO), e WI(SO) = U’WN(S()).

For the construction of the framed rectifying curve in Theorem 4, we fix positive number p and
constant C. Let g; : [ — S% (i = 1,2) be framed spherical curves. We know 71, 9, have kth order contact
at sg if and only if g1, g» have kth order contact at sg. By Corollary 2, we have the following theorem,
which can describe the contact between framed rectifying curves and circular rectifying curves.

Theorem 9. Let vy be a framed rectifying curve and (s) and 1(s) be curvature functions of the corresponding
framed spherical curve. Then, «y and a circular rectifying curve have at least k™ order (k > 2) contact at sg if
and only if there exists a constant o such that:

d d dk—2 gk—2
1(so) = oa(so), %l(so) = a%zx(so), el WI(SO) = Umzx(so),
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Abstract: In this paper, we study submanifolds in a Euclidean space with a generalized 1-type Gauss
map. The Gauss map, G, of a submanifold in the n-dimensional Euclidean space, E", is said to be
of generalized 1-type if, for the Laplace operator, A, on the submanifold, it satisfies AG = fG + gC,
where C is a constant vector and f and g are some functions. The notion of a generalized 1-type Gauss
map is a generalization of both a 1-type Gauss map and a pointwise 1-type Gauss map. With the
new definition, first of all, we classify conical surfaces with a generalized 1-type Gauss map in E3.
Second, we show that the Gauss map of any cylindrical surface in E? is of the generalized 1-type.
Third, we prove that there are no tangent developable surfaces with generalized 1-type Gauss maps
in IE3, except planes. Finally, we show that cylindrical hypersurfaces in E"*2 always have generalized
1-type Gauss maps.

Keywords: conical surface; developable surface; generalized 1-type Gauss map; cylindrical hypersurface

1. Introduction

The notion of finite type submanifolds in a Euclidean space or a pseudo-Euclidean space was
introduced by Chen in the 1980s [1]. He also extended this notion to a general differential map, namely,
the Gauss map, on the submanifolds. The notions of finite type immersion and finite type Gauss map
are useful tools for investigating and characterizing many important submanifolds [1-12]. Moreover,
Chen et al. dealed with the finite type Gauss map as an immersion and with its relation to the topology
of some submanifolds [13,14].

The simplest type of finite type Gauss map is the 1-type. A submanifold, M, of a Euclidean space
or a pseudo-Euclidean space has a 1-type Gauss map if the Gauss map, G, of M satisfies

AG = A(G+C) )

for some A € R and has a constant vector, C, where A denotes the Laplace operator defined on M.
Planes, circular cylinders and spheres in E® are typical examples of surfaces with 1-type Gauss maps.

As a generalization of a 1-type Gauss map, the first and third authors introduced the notion
of a pointwise 1-type Gauss map of submanifolds in reference [15]. A submanifold is said to have
a pointwise 1-type Gauss map if the Laplacian of its Gauss map, G, takes the form

AG = f(G+C) @)

for a non-zero smooth function, f, and a constant vector, C. More precisely, a pointwise 1-type Gauss
map is said to be of the first kind if C = 0in (2); otherwise, it is said to be of the second kind. A helicoid,
a catenoid and a right cone in [E? are typical examples of surfaces with pointwise 1-type Gauss maps.

Mathematics 2018, 6, 130; d0i:10.3390/ math6080130 123 www.mdpi.com/journal /mathematics
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Many results of submanifolds with pointwise 1-type Gauss maps in ambient spaces were obtained
in references [6,16-27]. On the other hand, it is well-known that a circular cylinder in 3 has a usual
1-type Gauss map. However, we consider the following cylindrical surface parameterized by

s s . S s .
x(s, t) = (E cos(Ins) + 5 sin(Ins), ~3 cos(Ins) + 3 sm(lns),t) .
Then, the Gauss map, G, of the surface is given by
G = (—sin(Ins), cos(Ins), 0).

We can easily show that the Gauss map, G, satisfies

1 1
AG = El (1+cot(Ins)) G — El cse(Ins)(0,1,0),

which yields a Gauss map, G, that is neither of usual 1-type, nor of pointwise 1-type.

In this reason, we have the following definition:

Definition 1. A submanifold, M, of a Euclidean space is said to have a generalized 1-type Gauss map if the
Gauss map, G, on M satisfies the equation

AG = fG+gC 3)
for some smooth functions (f,g) and has a constant vector, C.

If both f and g are constant in (3), then M has a 1-type Gauss map. If f = g in (3), then M has
a pointwise 1-type Gauss map. Hence, the notion of a generalized 1-type Gauss map is a generalization
of both a 1-type Gauss map and a pointwise 1-type Gauss map.

In [22], Dursun studied flat surfaces in E3 with a pointwise 1-type Gauss map and proved the
following proposition.

Proposition 1. Let M be a flat surface in E3. Then, M has a pointwise 1-type Gauss map of the second kind if
and only if M is an open part of one of the following surfaces:

(1) Aplanein B3,
(2) A right circular cone in E3,
(3) A cylinder, up to a rigid motion, parameterized by

x(s, t) = v(s) + 1B,

where v = 7y(s) is a unit speed planar base curve with curvature k = k(s) satisfying the ordinary

differential equation

(%Y = 5) (a2 (5) + 20k(s) — 1}

for some real numbers, a and b(# 0), and the director vector p = (0,0,1).

In this paper, we study developable surfaces in E3: cylindrical surfaces, conical surfaces
and tangent developable surfaces. In Section 3, we completely classify developable surfaces with
generalized a 1-type Gauss map and give some examples. In the last section, we prove that cylindrical
hypersurfaces in E"*? always have generalized 1-type Gauss maps.

Throughout this paper, we assume that all objects are smooth and all surfaces are connected
unless mentioned.
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2. Preliminaries
Let x : M — E™ be an isometric immersion from an n-dimensional Riemannian manifold, M,
into [E”". Denote the Levi—Civita connections of M and E™ by V and V, respectively. Let X and Y be
vector fields tangent to M, and let ¢ be a unit normal vector field of M. Then, the Gauss and Weingarten
formulas are given by
VxY = VxY+h(X,Y), )
Vx¢ = —A¢X + Dxg, ®)

respectively. Here, /i is the second fundamental form; D is the normal connection defined on the
normal bundle; and A¢ is the shape operator (or the Weingarten operator) in the direction of § on M.
Note that the second fundamental form, k, and the shape operator, Ag, are related by

(h(X,Y),8) = (A:XY). (6)
The mean curvature vector field, ﬁ, is defined by

H= %trh, @)

where trh is the trace of i. The mean curvature, H, of M is given by H = 4/ <ﬁ, ﬁ)

Moreover, the Laplace operator, A, acting on a scalar valued function, ¢, is given by

Ap = — Z(ﬁeiﬁfi(P - %ngiip)/ ®

i=1
where {ey, ..., e, } is an orthonormal local tangent frame on M. Or, locally, it is expressed as

1 n

Ab = —
P

9 ij 99
9 joP 9
ax, (V38 ax; ©)
where (¢'/) and g denote the inverse matrix and the determinant of the matrix ( gij), respectively,
with the coefficients g;; of the Riemannian metric (-, -) on M induced from that of E".

3. Surfaces with Generalized 1-Type Gauss Maps

In this section, we completely classify developable surfaces in E® with a generalized 1-type Gauss map.

A regular surface in E3 whose Gaussian curvature vanishes is called a developable surface, whose
surface is a cylindrical surface, a conical surface or a tangent developable surface [28].

For a hypersurface in a Euclidean space, the next lemma plays an important role in our paper [21].

Lemma 1. Let M be a hypersurface of E"+2. Then, the Laplacian of the Gauss map, G, is given by
AG = [|Ag|G+ (n+1)VH, (10)
where V H is the gradient of the mean curvature, H; Ag is the shape operator of M; and || Ag||* = tr(AZ).

Suppose that a developable surface in E® has a generalized 1-type Gauss map, that is, the Gauss
map G of the surface satisfies the condition

AG = fG+¢C 11
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for some smooth functions, f, g, and a constant vector, C. It follows from (10) that M has generalized
1-type Gauss map with C = 0, that is, M has a pointwise 1-type Gauss map of the first kind if and
only if M has a constant mean curvature, H. If f and g are equal to each other with C # 0, then M has
a pointwise 1-type Gauss map of the second kind and the results occur in [22]. Therefore, sometimes,
in the proof of this paper, we assume that f # ¢ has non-zero functions and C # 0.
By combining (10) and (11) and taking the inner product with the orthonormal local frame e, e,

and G, respectively, we have

261 (H ) = gCl,

2¢3 (H) = gC, (12)

|4cl* = f +8Cs,

where C = Cye; + Coep + C3G with Cp = <C, €1>, C = <C,€2> and C3 = <C,G>
3.1. Conical Surfaces
A conical surface, M, in [E® can be parametrized by
x(s,t) =wag+tp(s), sel, t>0,

such that (B(s), B(s)) = (B'(s), B'(s)) = 1, where ag is a constant vector. We take the orthonormal
tangent frame, {e1,¢;}, on M such that ¢; = %% and e, = %. The Gauss map of M is given by
G = ¢ X 3. Through a direct calculation, we have

Ko(s ~ 1

gt( ¢, Veer = er,
N - - . - (13)
Veer = Veer =0, V,G= Tgel, Ve, G =0,

~ 1
Vglel = —?62 —

where x(s) = (B(s), B'(s) x p”(s)) denotes the geodesic curvature of § in the unit sphere, S(1).
We may assume that x¢(s) # 0,s € I; otherwise, the conical surface is an open part of a plane.
Furthermore, by reversing the orientation of the spherical curve, B, we may assume that the geodesic
curvature, kg, of B is positive. It follows from (13) that the mean curvature, H, and the trace, || Ag| \2,
of the square of the shape operator are given by

Ke(s)
H=-=02, ||| =

K5 (s)
2t '

12

(14)

Suppose that M has a generalized 1-type Gauss map, that is, the Gauss map, G, of the conical
surface satisfies (11). Then, since C; = (C, '), C2 = (C,B) and C3 = (C, f’ x B), the components
Ci(i =1,2,3) of the constant vector, C, are functions of only s. Let us differentiate C;, C; and C3 with
respect to e1. Then, from (13), we have the following:

Ci(s) + Ca(s) +14(s)C3(s) = 0, (15)
Ci(s) = Ci(s) =0, (16)
C3(s) —xg(s)Ci(s) = 0. 17)

With the help of (14), (12) can be written as

1

- t—zké(s) =9Cy, (18)
K (s
gtg ) - 8Ca, (19)
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2
"gf) = f +4GCs. (20)

By combining (18) and (19) and using (16), we have

g (Kg(S)Cz), =0.

Since g # 0, Kg(S)CZ is a non-zero constant, say ¢, we obtain

¢
C = (21)
Kg(s)
Together with (19), this implies
Kg(s) -
g - Ctz ’ ( )
and hence, from (18), we get
C g (s) 23
1= Kézz ( S) ( )
Thus, it follows from (15) that we have
2 2
¢ (rg(s)xg (s) — 2x5(s)” — K5 (s)
C3 = ( 7} ) . (24)
K (s)
Note that the function f is determined by (20), (22) and (24).
Now, we have ¢(s) = 1/x¢(s) > 0. Then, (21) and (23) become, respectively,
C=co (25)
and
Cr=cq. (26)
Furthermore, it follows from (17) and (24) that
Cs = —c(pg" +¢°) 7)
and ,
c=c2. (28)
Sy

Thus, from (27) and (28) we see that the function ¢ must satisfy the following nonlinear differential
equation of order 3:

(qu)/// + QU(P,(P” + 290290/ + 4)/ —0. (29)
In order to solve (29), first, we put p = d@/ds. Then the differential equation (29) becomes

d*p dp dp
2 2,4P\2 ap 2 _
p<(”Pd¢z+(”(dq,) Torg, T2 +1> 0

which can be rewritten as
op (i(qvpdl)Hstrl) =0 (30)
do*""de ) '
Since ¢ > 0, we divide into two cases, as follows.

Case 1. p = dg/ds = 0. The geodesic curvature, kg, is a nonzero constant, that is, the spherical
curve, B(s), is a small circle. Therefore, M is an open part of a right circular cone, and M has a pointwise
1-type Gauss map.

127



Mathematics 2018, 6, 130

Case2.p =dg/ds # 0.

From (30), we obtain

d dp 1
—(pp=E) 4294+ = =0, 31)
dp PPag) T20 4
which yields
p o _a
qopd(p+<p +lnqo—§ (32)

for some constant, a. By integrating (32), we have
P> =alng+b— ¢>— (Ing)? (33)
for some constant, b. Recalling p = d¢/ds, from (33), one gets

de 2 2 2
%7:|:(aln(p+b 7 (ln(p)) , (34)

which is equivalent to

dg — +ds. (35)
(alng +b—¢?— (Ing)?)

[N

Hence, for an indefinite integral, F(t), of the function (t) = (alnt+0b—t*— (lnt)z)_l/z,

we see that
F(g) = +s, (36)

where the signature is determined according to whether the derivative of ¢ is positive or not. Thus we get

1 1
- = 7
R TO R SIE=y 7
Furthermore, it follows from (25)—-(27) that C can be expressed as
C=c (go’el + ger — (" + q)z)G) , (38)
or equivalently,
! Ko ()K" (s) — 2i(5) — x2(s
C=c —%e1+le2+ 8(5)%5(6) 4g() g()c . (39)
K3 Kq Kg(s)
Conversely, for some constants, a and b, such that the function
-1/2
g(t) = (alnt+b— £~ (Int)?) (40)

is well-defined on some interval, ] C (0, ), we take an indefinite integral, F(t), of the function (t).
If we denote the image of the function, F, by I, then F : | — I is a strictly increasing function with
F'(t) = (t). Let us consider the function ¢ = ¢4, defined by ¢ (s) = F~!(=+s), which maps the
interval, +1, onto J, respectively. Here —I means the interval {—s|s € I'}. Then, the function ¢ = ¢+
is positive for the interval I+ (say, I) and satisfies F(¢) = =s.

For any unit speed spherical curve B(s) in the unit sphere S?(1) with the geodesic curvature
Kg(s) = 1/¢(s), we consider a surface M in E3 to be parametrized by

x(s,t) =wg+tp(s), sel, t>0, (41)
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where «g is a constant vector. Given any non-zero constant, ¢, we put

_ 1 1 2 _ 1
F61) = oy (909" + 00 +1), 860 = 5 @)
For the orthonormal tangent frame, {¢1,¢;}, on M, such thate; = %% and e; = % and the Gauss

map of M givenby G = ¢; X ey, we put

C=cl@(s)er +9(s)e2 — (9()9(s) + 9°(5)) G- 3)

Note that it follows from the definition of ¢ that the function ¢ satisfies (29). Hence, by using (13),
it is straightforward to show that
Ve, C=V,C=0, (44)

which implies that C is a constant vector. Furthermore, similar to the first part of this subsection,
the Gauss map, G, of the conical surface, M, satisfies

AG = fG+gC,

where f, g and C are given in (42) and (43), respectively. This shows that M has a generalized 1-type
Gauss map.
Thus, we have the following theorem 1:

Theorem 1. A conical surface in E® has a generalized 1-type Gauss map if and only if it is an open part of one
of the following surfaces:

(1)  Aplane,
(2) A right circular cone,
(3) A conical surface parameterized by

x(s, t) = ag + tB(s),

where wg is a constant vector and B(s) is a unit speed spherical curve in the umit sphere S*(1)
with a positive geodesic curvature, kg, which for some indefinite integral F(t) of the function

p(t) = (alnt+b—12— (lnt)z)fl/2 with a,b € R, is given by

3.2. Cylindrical Surfaces

In this subsection, we prove the following theorem:
Theorem 2. All cylindrical surfaces in E® have a generalized 1-type Gauss map.

Proof. Let M be a cylindrical surface in E3 generated by a base curve, a(s), and a constant vector, .
Then, M can be parametrized by
x(s,t) = a(s) + B,

such that (&/(s),a’(s)) = 1,{(a’(s), B) = 0and (B, B) = 1. Hence, the base curve, a(s), is a unit speed
plane curve. Let us denote the curvature function of a(s) by x(s).
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Consider an orthonormal frame {e1, e} on M such that e; = % and e; = %. Then, the Gauss
map, G, of M is given by G = ¢; X e5. By direct calculation, we obtain

68161 = 691 e = 69261 =0, ﬁezez =x(s)G, (45)
Ve G=0, V,G=—k(s)es
It follows from (45) that the mean curvature, H, and the trace ||Ag||? of the square of the shape

operator are given by
H="0)jjaci = 2(s) (46)
which are functions of only s.
First, suppose that M has a generalized 1-type Gauss map. Together with (46), the first equation
of (12) shows that C; = 0. Hence, (12) can be rewritten as

Kz(s) = f +gC3,

47
' (s) = gCy. “7)

Since C; = (C,a/(s)) and C3 = (C, B x a/(s)), Co and Cj are functions of only s. By differentiating
C; and C3 with respect to e;, the component functions of C satisfy the following equations:

Ch(s) +x(s)Ca(s) =0, “9)
which yield C3(s) + C3(s) = ¢? for some non-zero constant, c. We may put
Cy(s) = csinf(s), Cs(s) =ccos(s) (49)
with 6/(s) = x(s). Therefore, the constant vector, C, becomes
C =csinf(s)ey + ccosb(s)G. (50)
By combining (47) and (49), one also gets
g= cs;i(;(i;zs)’ f=1x*(s) —«(s) cot6(s). (51)

Conversely, for any cylindrical surface, we choose a curve, «(s), and a unit vector, g, such that

the cylindrical surface is parametrized by x(s, t) = a(s) + tp with (a/(s),a’(s)) = 1, («/(s), B) = 0.

Then, for a non-zero constant, ¢, and an indefinite integral, 6(s), of the curvature function, x(s), of «,
we put

C = csinf(s)ep + ccosb(s)G, (52)

where ¢ = %, e = % and G = e; X ep. It follows from (45) that ﬁglC = 0 and %ezc = 0, which
shows that C is a constant vector. Furthermore, it is straightforward to show that the Gauss map, G,
of the cylindrical surface satisfies

AG = fG+gC,

where f, g and C are given in (51) and (52), respectively. This shows that the cylindrical surface has
a generalized 1-type Gauss map. [

Example 1. We consider the surface to be parameterized by

x(s, 1) = (2cos(v/s) +2v/ssin(v/s),2sin(v/s) — 2/scos(v/s), t) .
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Then, the surface is cylindrical, generated by the plane curve with the curvature x(s) = 51, and its Gauss map

G is given b o
is given by
G = (sin(v/s), — cos(v/s),0) .

From this, the Laplacian of G can be expressed as

AG = (45]—\/5 cos(v/s) + %sin(\/g), %\/g sin(v/s) — %cos(ﬁ),O)
1 cot(+/s) csc(v/s)
=5 (1) e TR

where C = (0,1,0).

The plane curve and the cylindrical surface in Example 1 are shown in Figures 1 and 2, respectively.

Figure 2. The cylindrical surface in Example 1.

3.3. Tangent Developable Surfaces

In this subsection, we prove the following theorem:
Theorem 3. A tangent developable surface in E3 with a generalized 1-type Gauss map is an open part of a plane.
Proof. Let M be a tangent developable surface in E®. Then, M is locally parametrized by

x(s,t) =a(s)+ta(s), s€l, t#0,
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where a(s) is a unit speed curve with non-zero curvature «(s) in [E3. Let us denote the unit tangent
vector, principal normal vector and binormal vector of «(s), by T, N and B, respectively. The natural
frames, {x;, x;} of x, are given by

xs=T+tk(s)N, xp=0a/(s)=T.

The parametrization x is regular whenever tx(s) # 0. We take the orthonormal frame, {e;, ¢},
on M such that

9
Cl:ﬁ T,

1 d J
62_t1<(s (757§>_N

Then, the Gauss map, G, of M is givenby G = e; x e = T x N = B. By direct calculation, we obtain

(33)

~

= = = 1
Velel = Velez =0, Vezel = ?92/
(54)
~ 1 T ~ ~ T
VEZEZ = —;61 + EG, Velc =0, VeZG = 562,

which yields
T T

2
_ - 2_ (=
H=gm, AP = () (55)

Now, we suppose that the tangent developable surface, M, has a generalized 1-type Gauss map.
Since C; = (C, T), C; = (C,N) and C3 = (C, B), the components of C are functions of s only. Hence,

it follows from (54) that the components of C satisfy the following:

Ci —xCy =0, (56)
Ch+xC; —1C3 =0, (57)
Cy +1C, = 0. (58)
Due to (55), (12) can be rewritten as
T

a2 =8y (59)
2 ((5) + %) =sc (60)

2 \\x ) =8

2

2,2 = f +gC3. (61)

By combining (59) and (14), one finds that

™ T
7Cy + ((;) + §> C =0, (62)
or equivalently,
!
<(%) G +rc2> tk +7Cy = 0. (63)

Since the parameter f( 0) is arbitrary, from (63), we have

(%)l Ci+1C =0,
TC1 =0.

(64)
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Finally, we suppose that the torsion, 7(s), of the curve, a(s), does not vanish identically. Then,
since the set | = {s € I|t(s) # 0} is non-empty, (64) shows that C; = 0 and C; = 0. From this
and (57), we have C3 = 0. In the long run, one gets C = 0. It follows from (12) and (55) that the
mean curvature, H = 7(s)/ (2tx(s)), is constant, which shows that T must vanish identically. That is,
J = {s € I|t(s) # 0} is empty, which leads a contradiction. This yields that «(s) is a plane curve, and
hence, M is an open part of a plane. This completes the proof of Theorem 6. [

Note that a plane is a kind of cylindrical surface and also a kind of circular right cone.
Thus, by summarizing all the results in this section, we established the following classification theorem
for developable surfaces with generalized 1-type Gauss maps:

Theorem 4. (Classification Theorem) A developable surface, M, in E® has a generalized 1-type Gauss map if
and only if it is an open part of one of the following:

(1) A cylindrical surface,
(2) A circular right cone,
(3) A conical surface parameterized by

x(s, t) = ag + tB(s),

where g is a constant vector and B(s) is a unit speed spherical curve in the unit sphere,
S%(1), with a positive geodesic curvature, kg, which is, for some indefinite integral, F(t), of the

function p(t) = (alnt+b— 2 — (Int)?) V2 with a,b € R, given by
1
%) = F(ag)

4. Cylindrical Hypersurfaces with Generalized 1-Type Gauss Maps

In this section, we study cylindrical hypersurfaces with generalized 1-type Gauss maps in E"*+2.
Suppose that a hypersurface, M, in E"*2 has a generalized 1-type Gauss map, that is, the Gauss map,
G, of the hypersurface satisfies the condition

AG = fG+gC (65)

for some non-zero smooth functions, f, g, and a non-zero constant vector, C. By combining (10) and
(65) and taking the scalar product with the orthonormal local frame, ey, €3, . .., €,,41 of M and the Gauss
map, G, respectively, we obtain

(n+1)e;(H) =gC;, i=12,...,.n+1 (66)

and
|AGI* = f + §Cura, (67)
where, fori=1,2,...,n+1,C; = (C,¢;) and Cpy2 = (C, G).
By extending Theorem 3.3, finally, we prove the following theorem:

Theorem 5. A cylindrical hypersurface, M, in B"*2 has a generalized 1-type Gauss map.

Proof. Let M be a cylindrical hypersurface in the (1 + 2)-dimensional Euclidean space, E"+2. Then,
M can be parametrized by

n
X (st tn) = als)+ Y t:ip;
i=1
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such that (¢/,a’) = 1, (&', 8;) = 0 and (B;, Bj) = Jjj, i,j = 1,...,n. Then, the generator « is a plane
curve with the Frenet frame T, N and we have the orthonormal frame {ey, e, ...,e,1} on M, such that
e = a%-' i=1,...,nand e, 1 = % = T. Hence, by rearranging f;, if necessary, we may assume that
the Gauss map, G, of M is givenby G =¢; x - - X e,41 = N. By direct calculation, we get

Vgle] Vgnﬂe‘] VglenH =0,1j=1,.

(68)
VeG=0,i=1,...n, v6n+13;1+1 = «G, Ve”HG = —Kepi1,
where « is the curvature function of the generator, a. (68) implies that
H= g Al =+, (©9)
n+1

which are the functions of only s.

Now, suppose that M has a generalized 1-type Gauss map. That is, G satisfies (65). Then, C in
E"*2 can be expressed as C = Z]”“ Cjej + Cy12G in the frame {el, e, ...,ent1, G}. Together with (69),
(66) implies that C; = 0 because ¢;(H) = 0, but g # 0 fori =1,...,n. Hence, we have

C=Cuyrens1 + Cui2G = Cy1 T+ Cyi2N. (70)

By differentiating (70) with respect to ¢; fori = 1,...,n, (68) shows that

Ei(cn+1) = ei(Cn+2) = 0, i= 1,. .o n. (71)
Hence, C,,11 and C,, 1, are functions of s only. By differentiating (70) with respect to e, 1, (68)
also gives
e C —x(s)C =0,
1 (Cs1) — 5(5)Cop2 )
en+1 (Cui2) +%(s)Cpy1 =0
with C2 +1(s) + c2 12(s) = d? for some non-zero constant, d. Hence, we may put
Cut1(s) =dsinb(s), Cpia(s) =dcos(s), (73)

where 6(s) is an indefinite integral of the curvature function «(s). Therefore, the constant vector, C,
is given by
C =dsinf(s)ey 1 +dcosf(s)G =dsin6(s)T +dcos6(s)N. (74)

Furthermore, it follows from (66), (67) and (69) that

f=1x%(s) —«'(s) cot6(s),
K (75)

8= dsinf(s)’

Conversely, for a cylindrical hypersurface, M, in E"2, we may choose a curve, a(s), and n unit
vectors B1, ..., Bu such that M is parametrized by

n
X (st tn) = a(s) + Y tip;
i=1

such that (a/,a’) = 1, (&/,8;) = 0and (B;, ;) = &, i,j = 1,...,n. For a non-zero constant, d,
and an indefinite integral, 6(s), of the curvature function «(s) of a, we put
C =dsinf(s)e 11 +dcosb(s)G, (76)
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where ¢; = %, epy1 = % and G = e; X ey X --- X eyyq fori = 1,...,n. It follows from (68) that

6531 C=0and 692C =0, and hence, C is a constant vector. Furthermore, it is straightforward to show
that the Gauss map of M satisfies
AG = fG+gC,

where f, g and C are given in (75) and (76), respectively. This shows that the cylindrical hypersurface
has a generalized 1-type Gauss map. O

5. Conclusions

To find the best possible estimate of the total mean curvature of a compact submanifold of
Euclidean space, Chen introduced the study of finite type submanifolds. Specifically, minimal
submanifolds are characterized in a natural way. In our example, a cylindrical surface has neither
a usual 1-type, nor a pointwise 1-type Gauss map. In this reason, we defined a new definiton,
the generalized 1-type Gauss map. After that, we characterized developable surfaces with a generalized
1-type Gauss map in E3.
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Abstract: In this paper, we study inextensible flows of a curve on a lightlike surface in Minkowski
three-space and give a necessary and sufficient condition for inextensible flows of the curve as a partial
differential equation involving the curvatures of the curve on a lightlike surface. Finally, we classify
lightlike ruled surfaces in Minkowski three-space and characterize an inextensible evolution of a
lightlike curve on a lightlike tangent developable surface.

Keywords: inextensible flow; lightlike surface; ruled surface; Darboux frame

1. Introduction

It is well known that many nonlinear phenomena in physics, chemistry and biology are described
by dynamics of shapes, such as curves and surfaces, and the time evolution of a curve and a surface
has significance in computer vision and image processing. The time evolution of a curve and a surface
is described by flows, in particular inextensible flows of a curve and a surface. Physically, inextensible
flows give rise to motion, for which no strain energy is induced. The swinging motion of a cord of
fixed length or of a piece of paper carried by the wind can be described by inextensible flows of a curve
and a surface. Furthermore, the flows arise in the context of many problems in computer vision and
computer animation [1-4].

Chirikjian and Burdick [1] studied applications of inextensible flows of a curve. In [5], the authors
derived the time evolution equations for an inextensible flow of a space curve and also studied
inextensible flows of a developable ruled surface. In [6], the author investigated the general description
of the binormal motion of a spacelike and a timelike curve in a three-dimensional de Sitter space
and gave some explicit examples of a binormal motion of the curves. Schief and Rogers [4] studied
the binormal motions of curves with constant curvature and torsion. Many authors have studied
geometric flow problems [7-11].

The outline of the paper is organized as follows: In Section 2, we give some geometric concepts in
Minkowski space and present the pseudo-Darboux frames of a spacelike curve and a lightlike curve
on a lightlike surface. In Sections 3 and 4, we study inextensible flows of a spacelike curve and a
lightlike curve on a lightlike surface. In the last section, we classify lightlike ruled surfaces and study
inextensible flows of lightlike tangent developable surfaces.

2. Preliminaries

The Minkowski three-space R? is a real space R® with the indefinite inner product (-, -) defined
on each tangent space by:

(x,y) = —xoyo + X1y1 + X2¥2,
where x = (xg, 1, x2) and y = (yo,y1,>) are vectors in 3.
A nonzero vector x in R} is said to be spacelike, timelike or lightlike if (x,x) > 0, (x,x) < 0 or
(x,x) = 0, respectively. Similarly, an arbitrary curve v = 7y(s) is spacelike, timelike or lightlike if all of
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its tangent vectors 7/ (s) are spacelike, timelike or lightlike, respectively. Here “prime” denotes the
derivative with respect to the parameter s.

Let M be a lightlike surface in Minkowski three-space R3, that is the induced metric of M is
degenerate. Then, a curve 7y on M is spacelike or lightlike.

Case 1: If y is a spacelike curve, we can reparametrize it by the arc length s. Therefore, we have
the unit tangent vector t(s) = 7/(s) of y(s). Since M is a lightlike surface, we have a lightlike normal
vector n along 7. Therefore, we can choose a vector g satisfying:

(ng =1 (tg) =(gsg =0

Then, we have pseudo-orthonormal frames {t, n, g}, which are called the Darboux frames along
7(s). By standard arguments, we have the following Frenet formulae:

i t(s) 0 Kg(s)  Kn(s) t(s)
D ae | =[x e o0 n(s) |, M)
8(s) —xg(s) 0 —T(s) 8(s)

where x, = (t'(s),n(s)), kg = (t'(s),g(s)) and 7, = —(n(s), g'(s)).
Case 2: Let 7y be a lightlike curve parametrized by a pseudo arc length parameter s on a lightlike

surface M in ]R? . Since a normal vector n of a lightlike surface M is lightlike, we can choose a vector g
such that:

(88) =1 (tg)=(gmn)=0.
Furthermore, we consider:

(t,n) =1.

Then, we have pseudo-orthonormal Darboux frames {t, n, g} along a nongeodesic lightlike curve
7(s) on M and get the following Frenet formulae:

i t(s) Kn(s) 0 Kg(s) t(s)
Tl = 0 ) =l || a6 | &)
g(s) —Tg(s) —ug(s) O (s)

where x, = (t'(s),n(s)), Ky = (t'(s),g(s)) and Ty = —(n(s), g'(s)).
3. Inextensible Flows of a Spacelike Curve

We assume that +y : [0,1] x [0,w] — M C R} is a one-parameter family of the smooth spacelike
curve on a lightlike surface in R3, where [ is the arc length of the initial curve. Let u be the curve
parametrization variable, 0 < u < I. We put v = | |% ||, from which the arc length of v is defined by
s(u) = fou vdu. Furthermore, the operator % is given in terms of u by 5% = %%, and the arc length
parameter is given by ds = vdu.

On the Darboux frames {t,n, g} of the spacelike curve - on a lightlike surface M in R3, any flow

of 7y can be given by: 5
a;: = ht+ fon+ f3g, ®)

where fi, f», f3 are scalar speeds of the spacelike curve <y on a lightlike surface M, respectively. We put
s(u,t) = fou vdu; it is called the arc length variation of . From this, the requirement that the curve is
not subject to any elongation or compression can be expressed by the condition:

) v
gs(u,t) = ./0 gdu =0 (4)

forallu € [0,1].
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Definition 1. A curve evolution «y(u, t) and its flow %—? of a spacelike curve in R*i’ are said to be inextensible if:

2
at

97
u

Now, we give the arc length preserving condition for curve flows.

Theorem 1. Let M be a lightlike surface in Minkowski three-space RS and {t,n, g} be the Darboux frames of a
spacelike curve 7y on M. Ifaa—}y = fit+ fon + fag is a flow of -y on a lightlike surface M in RS, then we have the
following equation:

Jdv _ df
il i vfoky — vf3Kg. (5)
Proof. From the definition of a spacelike curve 7, we have v = <g—z,%>. Since u and f are

independent coordinates, % and % commute. Therefore, by differentiating v?, we have:

205 = a1 (o)
=2 <g%r%(f1f+f2n+f38)>
=20 <t, (% — vfaky — vfsig )t + (% +vfirg +0faTe)n + (% +ofiKy — Ufg'l.'g)g>

)
=2v (a—]l:l — Ofpky — z;f31<g> .
This completes the proof. [

Corollary 1. Let aa—;’ = fit+ fan + f3g be a flow of a spacelike curve «y on a lightlike surface M in IRS. If the
curve vy is a geodesic curve or an asymptotic curve, then the following equation holds, respectively:

Jdv . df1

% g*vfan
or:

dv . o1

3% — vf3kg.

Theorem 2. (Necessary and sufficient condition for an inextensible flow)
Let aa—z = fit+ fan+ fag be a flow of a spacelike curve «y on a lightlike surface M in R3. Then, the flow is

inextensible if and only if:
d
% = fokn +f3Kg~ (6)

Proof. Suppose that the flow of a spacelike curve y on M is inextensible. From (4) and (5), we have:

) _ [tov . [t /(of _
&s(u,t)f A gduf/o (E—vfycn—vfycg) du = 0.

It follows that:

)
a—j;l = 0fokn + Uf3Kq.

Since % = %%, we can obtain (6).
Conversely, by following a similar way as above, the proof is completed. [
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Theorem 3. Let %—? = fit+ fon + f3g be a flow of a spacelike curve -y on a lightlike surface M in RS. If the
flow is inextensible, then a time evolution of the Darboux frame {t,n, g} along a curve -y on a lightlike surface

M is given by:

d t 0 P11 P2 t
gl )= 92 s O n |, 7)
g ¢ 0 —¢3 g
where:
fz
p1= 77 Thrg+ o7
)
2= f >t fikn — oy, (8)
an
(P3 - <§rg>
Proof. Noting that:
ot 9
5 5( ) 535 it + fon+ f8)
f2 9fs ©
(a +flKg+f2Tg>n+ ( +f1Kn f3Tg>g
On the other hand,
_ ot on 8f3 on
0= g(t,n> = (§,n>+(t,§) + fikn — f31'g+<tr§>
) ot og fz on
O—E(t,g>—(§,g)+<t,§> +f1Kg+szg <r§>
because of (n,n) = (g,g) =0and (n, g) = 1.
Thus, we have:
0 d
a—'t' = < f3 + fiky — fgrg> t+ g3n, (10)
0 e)
a*% = - ( f2 +f1Kg+f2Tg> t— q@sg, (11)

where ¢3 =

(%, g). This completes the proof.

O

Now, by using Theorem 3, we give the time evolution equations of the geodesic curvature,
the normal curvature and the geodesic torsion of a spacelike curve on a lightlike surface.

Theorem 4. Let %%

= fit+ fan + f3g be a flow of a spacelike curve y on a lightlike surface M in R3. Then,

the time evolution equations of the functions kg, x, and Tq for the inextensible spacelike curve vy are given by:

oK d

atg <P1 T 917 — P3kg,

d E)

g ‘&*%Q+%M 12)
9% 0¢3

5 = 9s + @1%n — Pakg + 2937,
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Proof. It is well known that the arc length and time derivatives commute. This implies the
inextensibility of . Accordingly, the compatibility conditions are & (ﬂ) = a@ (ﬂ) etc. On the

ds \ of
other hand,
J (ot\ _ B( N )
B \9t) " 5 P1n T P28

) 0
= (=1 — P2kt + (S + g1+ (2 — gy,

and:
Jd [at

— (= —i(xn—i-x )
ot \9s ) — o &t T Knd

oKg oKy,
= (—1Kn — Paxg)t+ (=2 Py g 4 P3kg)n+ (= o — P3Kn) g

Comparing the two equations, we find:

oK
IKe _ 991

ot Js +¢1 Tg — P3kg,
oKy <p2

ot as | 2T T @st

It follows from (8) that we can obtain the first and the second equation of (12).
Furthermore by using 5 <a“) = % <%—‘;) and following a similar way as above, we can obtain

the third equation of (12). The proof is completed. [

Remark 1. As applications of inextensible flows of a spacelike curve on a lightlike surface, we can consider
geometric phases of the repulsive-type nonlinear Schodinger equation (NLS™) (cf. [12]).

4. Inextensible Flows of a Lightlike Curve

Let 'y be a lightlike curve on a lightlike surface M in R}. We note that a lightlike curve 7() satisfies
(7" (1), 9" (1)) > 0. We say that a lightlike curve 7 (u) is parametrized by the pseudo arc length if
(7" (u), 9" (u)) = 1.1f a lightlike curve 7 (u) satisfies (7 (1), v" (1)) # 0, then (v"(u), 7" (1)) > 0, and:

s) = [0 ()2 ()

becomes the pseudo arc length parameter. Let us consider a lightlike curve (i) on a lightlike surface
M in R3 with (7" (u), 7" (u)) # 0.

Lety : [0,1] x [0,w] — M C R} be a one-parameter family of smooth lightlike curves on a lightlike
surface in RS, where [ is the arc length of the initial curve. We put o* = (7" (1), (1)), from which
the pseudo arc length of «y is defined by s(u) = fbu vdu. Furthermore, the operator 3; is given in terms

of uby 2 5= and the pseudo arc length parameter is given by ds = vdu.

vau’

On the other hand, a flow 2 ST of 7y can be given by:

SF=At+fnt fig (1)

in terms of the Darboux frames {t,n,g} of the lightlike curve 7 on a lightlike surface M in R},
where fi, f, f3 are scalar speeds of the lightlike curve 7, respectively. We put s(u,t) = ﬁ)” vdu, it is
called the pseudo arc length variation of y. From this, we have the following condition:

) v
gs(u t) = /0 a—du =0 (14)

forallu € [0,1].
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Definition 2. A curve evolution 7y (u, t) and its flow %—7 of a lightlike curve «y in IR3 are said to be inextensible if:

1
9 [Py Pr\t_,
ot\ou2’ouz/
Theorem 5. Let M be a lightlike surface in Minkowski three-space R$ and {t,n, g} be the Darboux frames

along a lightlike curve -y on M. If%—”{ = fit+ fon + fzgis a flow of 7y on a lightlike surface M, then we have
the following equation:

J 1 J oL P
@ {(ﬁ + UZKH) (*2 — vk Dy — m(gd>3> + vzxg (—3 + okg®Py + vrgd>2>} , (15)

ot~ 20% [‘ou u u
where: of
Q) = a—; +vfikn — 0f3Tg,
]
D, = £ — Ufokn — Uf3Kg,
]
b3 = Tfl —+ UflKg + Uszg.
u
Proof. From the definition of a lightlike curve -, we have v* = <ng’2¥/ SZT'ZY> . By differentiating v*,
we have: s 5 5
dv 9 /o*y o 9 0% 0
30V _ 9 [T YN _ 5[ 907
T *at<au2’au2> 2<au2’au2(at)>' (16
On the other hand,
P2y 9 [y 9 v, )
32 9 <$> = g(vt) = <£ + 0 K,,) t+vKeg
and:
2 3y 92
m(g) = ?(flt + fon+ f38)
a<1>1 & 3

= | =— + K, P1 — vrg¢>3} t+ {

o)
5 — vk, Dy — vkgd>3} n-+ {— + vkg®y + 07, Ds | g

Jou Ju

Thus, (16) implies (15). This completes the proof. [

Theorem 6. Let %—;’ = fit+ fon+ f3g bea flow of a lightlike curve -y on a lightlike surface M in RS. Then, the
flow is inextensible if and only if:

Jdv 8@2 8<I>3 Jv
<$ + wcn> e + kg = <£ + vxn> (kn @2 + kg D3) — vicg (kgD + T D2). (17)

Proof. Suppose that the flow of a lightlike curve oy on M is inextensible. By using (15) and a% = %%,

(14) gives (17). Conversely, by following a similar way as above, the proof is completed. [

Next, we give the time evolution equations of the Darboux frame of a lightlike curve on a
lightlike surface.
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Theorem 7. Let %% = fit+ fon+ f3g be a flow of a lightlike curve -y on a lightlike surface M in R3. If the
flow is inextensible, then a time evolution of the Darboux frame {t,n, g} along a curve vy on a lightlike surface
M is given by:

[ D

. 20 B t

yn = o -% o n |, (18)
-0 -% o g

where © = (%—?,g).
Proof. The proof can be obtained by using a similar method of proof of Theorem 3. [

Theorem 8. Let aa—'ty = fit+ fon + f3g be a flow of a lightlike curve -y on a lightlike surface M in R3. Then,
the time evolution equations of the functions kg, K, and Tq for the inextensible spacelike curve <y are given by:

K J,1 1

Bt = s p @) T g (ke @1 —mn®s),

oK, J 1 1

aitn = g(g@]) + Kg® — ZTg<D3, (19)
It 00 1

R R

Proof. The proof can be obtained by using a similar method of proof of Theorem 4. [

5. Lightlike Ruled Surfaces

In this section, we investigate inextensible flows of ruled surfaces, in particular lightlike ruled
surfaces in Minkowski three-space R3.

Let I be an open interval on the real line R. Let a be a curve in R? defined on I and B a transversal
vector field along a. For an open interval | of R, we have the parametrization for M:

X(u,0) =a(u)+ovp(u), uel vel].

Here, « is called a base curve and f§ a director vector field. In particular, the director vector field
B can be naturally chosen so that it is orthogonal to «, that is (a/, ) = 0. It is well known that the
ruled surface is developable if det(a’Sp’) is identically zero. A developable surface is a surface whose
Gaussian curvature of the surface is everywhere zero.

On the other hand, the tangent vectors are given by:

Xo= Do ) top ), Xe= 2% = plu),

which imply that the coefficients of the first fundamental form of the surface are given by:

Suppose that the ruled surface is lightlike. Then, we get E = 0 or G = 0.
First of all, we consider E = 0; it implies that:

(@,a'y =0, («,p)=0, (B,p)=0. (20)

Thus, a base curve « is lightlike, and a director vector f3 is constant or g’ is lightlike.
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Case 1: If B is constant, from (a/, B) = 0, B is a lightlike vector or a spacelike vector. If f is lightlike,
there exists a smooth function k such that § = ka’. This is a contradiction because G = 0. If B is
spacelike as a constant vector, then the lightlike cylindrical ruled surface is parametrized by:

X(u,0) = a(u) + 0B,

where « is a lightlike curve and § is a constant spacelike vector.
Case 2: Let p’ be a lightlike vector. Since (a’, B') = 0, there exists a smooth function k such that
B’ = ka'. Thus, a lightlike non-cylindrical ruled surface is parametrized by:

X(u,v) = a(u) +vp(u), (21)

where « and B satisfy the condition (20).

Next, we consider G = (B, B) = 0, since B # 0, a director vector f must be lightlike. Furthermore,
since (@', B) = 0, « is a spacelike curve or a lightlike curve.

Case 1: If « is a spacelike curve, then a lightlike non-cylindrical ruled surface is parametrized by:

X(u,0) = a(u) +vp(u), (22)

where « is a spacelike curve and B is a lightlike vector.
Case 2: Let a be a lightlike curve. Then, there exists a smooth function k such that 8/ = ka/, and a
lightlike ruled surface as a tangent developable surface is parametrized by:

X(u,0) = a(u) + vke' (u), (23)

where a and a” are a lightlike curve and a spacelike vector, respectively.
In [5], the authors gave the following:

Definition 3. A surface evolution X(u, v, t) and its flow %—)f are said to be inextensible if the coefficients of the
first fundamental form of the surface satisfy:

dE 0F 0dG _
ot ot ot
This definition states that the surface X(u, v, t) is, for all time ¢, the isometric image of the original
surface X (u, v, tg) defined at some initial time f.

Now, we study inextensible flows of a lightlike tangent developable surface in Minkowski
three-space.
Consider a lightlike tangent developable surface parametrized by:

X(u,v) = a(u) + va'(u), (24)
where « is a lightlike curve. Suppose that the parameter u is a pseudo-arc length of «. In this case,
we get E = 0?||a”||>and F = G = 0.

Thus, we have:

Theorem 9. Let X(u,v) be a lightlike tangent developable surface given by (24). The surface evolution
X(u,0,t) = a(u, t) + va'(u, t) is inextensible if and only if:

9 "2 _
Sl =0,

As a consequence, we have the following results:
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Theorem 10. Let X(u,v,t) = a(u,t) + va’(u,t) be a surface evolution of a lightlike tangent developable
surface given by (24) in R3. Then, we have the following statements:

(1) a(u, t) is an inextensible evolution of a lightlike curve a(u) in R3.

(2) An inextensible evolution of a lightlike tangent developable surface can be completely characterized by
the inextensible evolutions of a lightlike curve a(u) in R3.

Proof. In fact, 0 = Z|a”|[> = 2|[a”||Z]|a"|| and a” # 0, and we get Z|[a”|| = 0; it implies

% []a"] |% = 0. This means that a(u, t) satisfies the condition for Definition 2. [

Theorem 11. Let X(u,v,t) = a(u,t) + va'(u,t) be a surface evolution of a lightlike tangent developable
surface given by (24) in RS, and %—”t‘ = fit+ fon + f3g, where t,n, g are the Darboux frames along a
lightlike curve « on a lightlike surface. If the surface evolution X (u,v,t) is inextensible, then f1, f2, f3 satisfy
Equation (19).

6. Conclusions

We study an inextensible flow of a spacelike or a lightlike curve on a lightlike surface in Minkowski
three-space and investigate a time evolution of the Darboux frame {t,n, g} (see Theorems 3 and 7)
and the functions «;, kg and T, (see Theorems 4 and 8). Furthermore, in Theorems 2 and 6, we give a
necessary and sufficient condition of inextensible flows of a spacelike curve and a lightlike curve on a
lightlike surface in terms of a partial differential equation involving the curvatures of the curve on a
lightlike surface. Finally, we completely classify lightlike ruled surfaces in Minkowski three-space and
characterize an inextensible evolution of a lightlike curve on a lightlike tangent developable surface
(see Theorems 9 and 10).
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Abstract: Let M be a three-dimensional trans-Sasakian manifold of type (a, B). In this paper, we obtain
that the Ricci operator of M is invariant along Reeb flow if and only if M is an a-Sasakian manifold,
cosymplectic manifold or a space of constant sectional curvature. Applying this, we give a new
characterization of proper trans-Sasakian 3-manifolds.
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1. Introduction

A trans-Sasakian manifold is usually denoted by (M, ¢,¢,1,g,«, B), where both « and B are
smooth functions and (¢, &, 7, g) is an almost contact metric structure. M is said to be proper if either
« =0or B =0. When § = 0, a is a constant if dimM > 5 (see [1]) and in this case M becomes an
a-Sasakian manifold if « € R* or a cosymplectic manifold if « = 0. This conclusion is not necessarily
true for dimension three. However, unlike the above case, when & = 0, f8 is not necessarily a constant
even if dimM > 5 or M is compact for dimension three (see [2]). The set of all trans-Sasakian manifolds
of type (0, B) coincides with that of all f-cosymplectic manifolds (see [3]) or f-Kenmotsu manifolds
(see [4-6]). A trans-Sasakian manifold of dimension > 5 must be proper (see [1]). In the geometry of
trans-Sasakian 3-manifolds, there exists a basic interesting problem, that is:

Under what condition is a trans-Sasakian 3-manifold proper?

De [7-12], Deshmukh [13-15], Wang and Liu [16] and Wang [2,17] answered this question from
various points of view. In this paper, we study this question under a new geometric condition. Before
stating our main results, we recall some results related with such a condition.

On an almost contact metric manifold (M, ¢, ¢, 17, g), the Ricci operator of M is said to be Reeb
flow invariant if it satisfies

L:Q=0, 0]

where £, ¢ and Q are the Lie derivative, Reeb vector field and the Ricci operator, respectively. Cho
in [18] proved that a contact metric 3-manifold satisfies Equation (1) if and only if it is Sasakian
or locally isometric to SU(2) (or SO(3)), SL(2,R) (or O(1,2)), the group E(2) of rigid motions of
Euclidean 2-plane. Cho in [19] proved that an almost cosymplectic 3-manifold satisfies (1) if and only if
it is either cosymplectic or locally isometric to the group E(1,1) of rigid motions of Minkowski 2-space.
In addition, Cho and Kimura in [20] proved that an almost Kenmotsu 3-manifold satisfies (1) if and
only if it is of constant sectional curvature —1 or a non-unimodular Lie group. Reeb flow invariant
Ricci operators were also investigated on the unit tangent sphere bundle of a Riemannian manifold
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(see [21]), even on real hypersurfaces in complex two-plane Grassmannians (see [22]). In this paper,
we obtain a new characterization of proper trans-Sasakian 3-manifolds by employing (1) and proving

Theorem 1. The Ricci operator of a trans-Sasakian 3-manifold is invariant along Reeb flow if and only if the
manifold is an «-Sasakian manifold, cosymplectic manifold or a space of constant sectional curvature.

According to calculations shown in Section 3, we observe that Ricci parallelism with respect
to the Levi-Civita connection (i.e., VQ = 0) is stronger than a Reeb flow invariant Ricci operator.
Thus, we have

Remark 1. Theorem 1 is an extension of Wang and Liu [16] (Theorem 3.12).

Some corollaries induced from Theorem 1 are also given in the last section.

2. Trans-Sasakian Manifolds

On a smooth Riemannian manifold (M, g) of dimension 21 + 1, we assume that ¢, ¢ and 7 are
(1,1)-type, (1,0)-type and (0, 1)-type tensor fields, respectively. According to [23], M is called an
almost contact metric manifold if

P*X = =X+ 3(X)E, 1(5) =1, n(¢X) =0,
1

(X, 1) = g(X,Y) — g (X)(Y), @

for any vector fields X and Y. An almost contact metric manifold is said to be normal if ¢, ¢] =
—2dn @ &, where [¢, ¢] denotes the Nijenhuis tensor of ¢.
A normal almost contact metric manifold is called a trans-Sasakian manifold (see [1]) if

(Vx9)Y = a(g(X,Y)§ = n(Y)X) + B(8(¢X, V) — n(Y)¢X) ©)

for any vector fields X, Y and two smooth functions «, B. In particular, a three-dimensional almost
contact metric manifold is trans-Sasakian if and only if it is normal (see [24,25]).

A normal almost contact metric manifold is called an a-Sasakian manifold if dy = a® and d® =0,
where « € R* (see [26]). An a-Sasakian manifold reduces to a Sasakian manifold (see [23]) when & = 1.
A normal almost contact metric manifold is called a p-Kenmotsu manifold if it satisfies dy = 0 and
d® = 285 A O, where B € R* (see [26]). A B-Kenmotsu manifold becomes a Kenmotsu manifold when
B = 1. A normal almost contact metric manifold is called a cosymplectic manifold if it satisfies dy = 0
and d® = 0.

Putting Y = ¢ into (3) and using (2), we have

VG = —apX + (X —1(X)S) )
for any vector field X. In this paper, all manifolds are assumed to be connected.

3. Reeb Flow Invariant Ricci Operator on Trans-Sasakian 3-Manifolds

In this section, we give a proof of our main result Theorem 1. First, we introduce the following
two important lemmas (see [12]) which are useful for our proof.

Lemma 1. On a trans-Sasakian 3-manifold of type («, B) we have

¢(a) +2ap=0. (5)
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Lemma 2. On a trans-Sasakian 3-manifold of type («, B), the Ricci operator is given by
Q=(5+e(B) —a?+p2)id— (5 +&(p) — 32 +3p7) g ©¢
+1@(p(Va) = VB) +g(¢(Va) = VB, ) @6,

where by V f we mean the gradient of a function f.
We also need the following lemma (see [17])

Lemma 3. On a trans-Sasakian 3-manifold of type («, B), the following three conditions are equivalent:

(1)  The Reeb vector field is minimal or harmonic.
(2)  The following equation holds: pVa — VB +E(B)E =0 (& Va + ¢V +2aBE = 0).
(3)  The Reeb vector field is an eigenvector field of the Ricci operator.

Lemma 4. The Ricci operator on a cosymplectic 3-manifold is invariant along the Reeb flow.
The above lemma can be seen in [19]
Lemma 5. The Ricci operator on an «-Sasakian 3-manifold is invariant along the Reeb flow.

Proof. According to Lemma 2 and the definition of an a-Sasakian 3-manifold, the Ricci operator is
given by

Qx = (5 —a?) X — (5 —3a2) n(X)¢, @)

for any vector field X and certain nonzero constant «. Moreover, according to [16] (Corollary 3.10),
we observe that the scalar curvature r is invariant along the Reeb vector field ¢, i.e., &(r) = 0. In fact,
such an equation can be deduced directly by using the formula divQ = 1Vr and (7). Applying
¢(r) = 0, it follows directly from (7) that L:Q = 0. O

Proof of Theorem 1. Let M be a trans-Sasakian 3-manifold and e be a unit vector field orthogonal
to ¢. Then, {Z e ¢pe} forms a local orthonormal basis on the tangent space for each point of M.
The Levi-Civita connection V on M can be written as the following (see [12])

Vel =0, Vee = Age, Ve = —Ae,
Vel =pe—age, Vee = =BT+ vde, Vepe = af — e, (8)
Vgel =te + Pie, Vgee = —a& — 0, Ve = —PE+ e,

where A, y and § are smooth functions on some open subset of the manifold. We assume that the Ricci
operator is invariant along the Reeb flow. From (1) and (4), we have

0=(L:Q)X = (V:Q)X + apQX — aQpX + py(QX)¢ — pn(X)QZ )

for any vector field X.
By using the local basis {Z, ¢, e} and Lemma 2, the Ricci operator can be rewritten as the following:

Q¢ =¢pVa — VB + (22 — 28> — &(B))E,
Qe = (5 +8(B) — >+ B) e — (ge(w) +e(B))C, (10)
Qepe = (% +E(B) —a®+ /32) pe+ (e(a) — Pe(B))E.
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Replacing X in (9) by ¢, we obtain

Ve(@Va — VB) + Z(20* —2p* — E(B))E + a(—Va + E(a)E — pVP)
+2B(a* — B> — E(B))E — B(¢Va — VB) — B(2a> — 2% — &(B))¢ = 0.

Taking the inner product of the above equation with ¢, e and ¢e, respectively, we obtain

(1)

Z(2(B)) +2BE(B) + 4a”B =0,
ae(w) — Bpe(a) — Be(B) — age(B) =0, (12)
Be(a) + age(a) 4 ae(B) — Bepe(B) =0,

where we have employed Lemma 1. The addition of the second term of (12) multiplied by « to the
third term of (12) multiplied by B gives

(a® + B?)(e() — ge(B)) = 0. (13)

Following (13), we consider the following several cases.

Case i: &% 4 B2 = 0, or equivalently, « = B = 0. In this case, the manifold becomes a cosymplectic
3-manifold. The proof for this case is completed because of Lemma 4.

Case ii: a4+ B2 # 0. It follows immediately from (13) that e(a) — ¢e(8) = 0, or equivalently,
g(Va+ ¢VB,e) = 0. Because e is assumed to be an arbitrary vector field, it follows that Va + ¢V =

n(Va+¢VB)E, ie,
Va + ¢pVB +2aBE = 0, (14)

or equivalently, $Va — VB + ¢(B)¢ = 0, where we have used Lemma 1. When = 0, it follows
from (14) that « is a nonzero constant. Thus, the proof can be done by applying Lemma 5. In what
follows, we consider the last case.

Case iii: «® 4+ % # 0 and B # 0. In this context, (10) becomes

Q¢ =2(a® — B>~ 2(P))¢,
Qe =(Z+&(B)—a2+p)e, (15)
Qpe = (5 +2(B) — a2+ ) ge.
Replacing X by ¢ in (9) and using (8), (15), we acquire
0= (£L;Qe=¢ (5 +2(B) —a+ ) e.
With the aid of Lemma 1 and the first term of (12), from the previous relation, we have
& =o. (16)

From (15), we calculate the derivative of the Ricci operator as the following;:

(VzQ)& =0,
(VeQ)e =e(A)e — BAZ +2B(a* — B> — E(B))E, 17)
(VgeQ) e =¢e(A)pe — PAE +2B(a* — B> — E(B))E,

where we have used the first term of (8) and (12) and, for simplicity, we put

A= +2(B) a2+ (18)
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On a Riemannian manifold, we have divQ = 19y, In this context, it is equivalent to

$((VeQ)E + (VeQle + (VoeQ)e, X) = 2 X(1) 19)

for any vector field X. Replacing X in (19) by ¢ and recalling (16) and the first term of (12), we obtain
2B(A — 202 + 2% +2&(B)) = 0, or equivalently,

r

e (20)

where we have used the assumption f # 0 and (18). According to (15), it is clear to see that the
manifold is Einstein, i.e, Q = %id. Because the manifold is of dimension three, then it must be of
constant sectional curvature. [J

A Riemannian manifold is said to be locally symmetric if VR = 0 and this is equivalent to
VQ = 0 for dimension three. Wang and Liu in [16] proved that a trans-Sasakian 3-manifold is
locally symmetric if and only if it is locally isometric to the sphere space S*(c?), the hyperbolic space
H3(—c?), the Euclidean space R3, product space R x S2(c?) or R x H?(—c?), where c is a nonzero
constant. According to [16], on a locally symmetric trans-Sasakian 3-manifold, the Reeb vector field
is an eigenvector field of the Ricci operator. Thus, following Lemma 3 and relations (9) and (10), we
observe that Ricci parallelism is stronger than the Reeb flow invariant Ricci operator. Hence, our main
result in this paper extends [16] (Theorem 3.12).

From Theorem 1, we obtain a new characterization of proper trans-Sasakian 3-manifolds.

Theorem 2. A compact trans-Sasakian 3-manifold with Reeb flow invariant Ricci operator is homothetic to
either a Sasakian manifold or a cosymplectic manifold.

Proof. As seen in the proof of Theorem 1, a trans-Sasakian 3-manifold with Reeb flow invariant Ricci
operator is a a-Sasakian manifold, a cosymplectic manifold or a space of constant sectional curvature.
It is well known that an x-Sasakian manifold is homothetic to a Sasakian manifold. Moreover, there do
exist compact Sasakian and cosymplectic manifolds. To complete the proof, we need only to prove
that Case iii in the proof of Theorem 1 cannot occur.

Let M be a trans-Sasakian 3-manifold satisfying Case 7ii. According to (14) and Lemma 5, we know
that the Reeb vector field is minimal or harmonic. It has been proved in [17] (Lemma 5.1) that when
¢ of a compact trans-Sasakian 3-manifold is minimal or harmonic, then « is a constant. Because the
manifold is of constant sectional curvature, then the scalar curvature r is also a constant. Therefore,
the differentiation of (20) along ¢ gives

¢(E(B) +2p5(B) = 0. (1)

Adding the above equation to the first term of (12) implies that « = 0 because of § # 0. Using this
in (14), we have VB = &(B)¢. The following proof follows directly from [2]. For sake of completeness,
we present the detailed proof.

Applying VB = ()¢ and (7), we obtain

VxVB = X(G(B)E+E(B)(BX — pn(X)g) =0

for any vector field X. Contracting X in the previous relation and using (21), we obtain A = &(&(B)) +
2B¢(B) = 0. Because the manifold is assumed to be compact, the application of the divergence theorem
gives that f is a non-zero constant. Next, we show that this is impossible. In fact, the application
of (4) gives that div¢ = 2p. Since the manifold is assumed to be compact, it follows that § = 0,
a contradiction. This completes the proof. [
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Theorem 2 can also be written as follows.
Theorem 3. A compact trans-Sasakian 3-manifold with Reeb flow invariant Ricci operator is proper.

The curvature tensor R of a trans-Sasakian 3-manifold is given by (see [10,27])

R(X,Y)Z
=B(g(Y,Z2)X — g(X,2)Y) — Cg(Y, Z)n(X)¢
+8(Y, Z2)(n(X)(¢Va — VB) — g(VB — $Va, X))

22
T CR(X, Z)(Y)E — §(X, 2)(5(¥) 9V — VB) — (VB — pVa, )¢) @
—(&(VB—=¢Va, Z)y(Y) +g(VB — ¢V, Y)(Z))X — Cy(Y)y(Z2)X
+(8(VB=9¢Va, Z)n(X) + g(VB — ¢Va, X)n(Z))X + Cp(X)n(2)Y
for any vector fields X, Y, Z, where, for simplicity, we set
B= % +28(B) — 202 +2p2, C = % +E(B) — 30 + 3B (23)

Substituting (14) and (20) into (22), with the aid of (23), we get
R(X,Y)Z = %(g(Y,Z)X —2(X,2)Y)

for any vector fields X, Y, Z. This implies that, on a trans-Sasakian 3-manifold satisfying Case iii in
the proof of Theorem 1, we do not know whether « = 0 or not. In view of this, we introduce an
interesting question:

Problem 1. Is there a non-proper and non-compact trans-Sasakian 3-manifold of constant sectional curvature?

Remark 2. According to De and Sarkar [10] (Theorem 5.1), we observe that a compact trans-Sasakian
3-manifold of constant sectional curvature is either a-Sasakian or B-Kenmotsu.

Remark 3. Given a trans-Sasakian 3-manifold, following proof of Theorem 1, we still do not know whether B is
a constant or not even when o = 0 and the manifold is compact (see [2]).
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