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Abstract: For a nonlightlike nondegenerate regular curve, we have the arc-length parameter and the Frenet-Serret type
formula by using a moving frame like a regular space curve in the Euclidean space. If a point of the curve moves between
spacelike and timelike regions, then there is a lightlike point. In this paper, we consider mixed types of not only regular
curves but also curves with singular points. In order to consider mixed type of curves with singular points, we introduce
a frame, so-called the lightcone frame, and lightcone framed curves. We investigate differential geometric properties of

lightcone framed curves.

Key words: Mixed type, lightcone framed curve, curvature, singular point

1. Introduction

For a nonlightlike nondegenerate regular curve, we have the arc-length parameter and the Frenet-Serret type
formula by using a moving frame like a regular space curve in the Euclidean space. It follows that we have the
curvature of a nonlightlike regular curve.

If a point of the curve moves between spacelike and timelike regions, then there is a lightlike point.
However, at a lightlike point, there is no arc-length parameter. Also at a singular point, the situation is the
same. In this paper, we consider mixed types of not only regular curves but also curves with singular points.
In order to consider mixed type of curves with singular points, we introduce a frame, so-called the lightcone
frame and lightcone framed curves. The idea is that the framed curve is in the Euclidean space [6] and lightcone
frame is in Lorentz-Minkowski plane [8]. For curves in Lorentz-Minkowski plane, some authors also studied the
differential geometric properties in [12-14]. However, we focus on mixed type of curves in Lorentz-Minkowski
3-space by using the lightcone frame. As results, we consider the uniqueness and existence theorems for the
lightcone frame curves. We also give the necessary and sufficient condition that a lightcone framed curve is
contained in a plane. Compared with other work, such as [9], our research is quite different. In [9], the authors
had also defined a kind of lightcone frame (called lightcone circle frame in our case) for studying the mixed type
of curves. However, not all of the mixed type of curve has the lightcone circle frame. We give a necessary and
sufficient condition that a lightcone framed curve has a lightcone circle frame (cf. Theorem 3).

The organization of this paper is as follows. We present a brief review on regular curves without type
changing in the Lorentz-Minkowski space and mixed type of curves in the Lorentz-Minkowski plane in §2. We

also recall basic notions about smooth curves (with singular points) in Euclidean space, including framed curves
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in the Euclidean 3-space and Legendre curves in the Euclidean plane in this section. The definitions of lightcone
framed curves are given in §3 and the existence and uniqueness theorems of the lightcone framed curves are
discussed. As a special case of a lightcone frame, we consider a lightcone circle frame which was introduced in
[9]. We investigate the relationship between a lightcone framed base curve with a lightcone circle frame and
a frontal in the Euclidean plane. At the end of this section, we consider a condition that the trace of a curve
is contained in some plane, including both regular curves and singular curves. Some examples are given for
explaining our results.

All maps and manifolds considered here are differentiable of class C*° without unless stated.

2. Preliminaries

2.1. Lorentz-Minkowski 3-space

The Lorentz-Minkowski space R} is the space R? endowed with the metric induced by the pseudoscalar product
(x,¥) = —x1y1 + T2y2 + T3ys3, where x = (x1,22,23) and y = (y1,y2,ys3). For more details, refer to [11].

We say that a nonzero vector x € R$ is spacelike if (x,x) > 0, lightlike if (x,x) = 0, and timelike if
(x,x) < 0 respectively. The signature of a vector x is defined by sign (x) = 1,0 or —1 if x is spacelike, lightlike

or timelike, respectively. The norm of a vector x € R} is defined by ||x|| = \/|(x,x)].

Given a vector v € R} and a real number ¢ € R, the plane with pseudonormal v is given by
PL(v,c) = {x e R} | (x,v) = c}.

We say that PL(v,c) is a spacelike, timelike, or lightlike plane if v is timelike, spacelike, or lightlike, respectively.

For any x = (21,%2,73),y = (y1,¥2,y3) € R}, we define a vector x Ay by
—€e; €y e3
x Ay = det r1 T x3 |, (1)
Y1 Y2 Y3
where {ej, ey, ez} is the canonical basis of R}. For any w € R}, we can easily check that

(w,x Ny) = det(w,x,y),

so that x Ay is pseudoorthogonal to both x and y. Moreover, if x is a unit timelike vector, y is a unit

spacelike vector and (x,y) =0, x Ay = z, then by a straightforward calculation, we have
ZANX=Y, YNZ=—X.
We define hyperbolic 2-space by
H*(-1) = {x € R} | (x,x) = 1},

de Sitter 2-space by

St ={xeR}| (x,x) =1},
lightcone at the origin by

LC* = {x € R} | (x,x) = 0}.
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If x = (xo,x1,x2) is a nonzero lightlike vector, then xg # 0. Therefore, we have

X = (17 9017952> € 5% = {x = (w0, 21,72) € LO*| 29 = 1}.
o To
We call S1 the lightcone circle.

In this paper, we consider two double Legendrian fibrations (cf. [7]):

(1) Ar={(v,w) € H*(-1) x 57 | {v,w) =0},
11 © Al — H2(—1),7T11(V,W) =V, T12: Al — 512,7T12(V,W) =W,

011 = (dv, W)|a,, b2 = (v,dw)|a, .

(2) Ay={(v,w) € LC* x LC* | (v,w) = —2},
T4 0 A — LC*,?T41(V,W) =V, T — LC*JMQ(V,W) —w,

011 = <dV,W>‘A4,942 = <V7dW>|A4 .

Note that @ : Ay — Ay, (v, w) = ((v+w)/2, (v —w)/2) is a contact diffeomorphsim.

2.2. Regular curves without type changing in the Lorentz-Minkowski 3-space

In this subsection, we review notions on regular curves without type changing in R$. For more details refer to
[3, 4] and arXiv: 1905.03367. Let I be an interval of R and v : I — R} be a smooth curve. We say that ~y
is spacelike (respectively, lightlike, timelike) if 4(t) = (dv/dt)(t) is a spacelike (respectively, lightlike, timelike)
vector for any ¢t € I. We call v a nonlightlike curve if v is spacelike or timelike. Moreover, a point ¢ (or, y(t))
is called a spacelike (respectively, lightlike, timelike) point if 4(¢) is a spacelike (respectively, lightlike, timelike)
vector.

Let v : I — R} be a nonlightlike regular curve. In this case, we may take the arc-length parameter s
of . It follows that ||7/(s)|| =1 for all s € I, where ~/(s) = (dvy/ds)(s). We denote t (s) = +/(s) and call it
the unit tangent vector field. We define the curvature function of v as k : I — R, s(s) = /[(7"(s),7"(s))].
Although ~ is a nonlightlike curve, the curvature function k(s) may be zero. In the case when k(s) # 0, for
any s € I, we define two signs e, € {—1,+1} and o, € {—1,+1} as ¢y = 1,0, = —1 if v is a spacelike curve
of type S; e, = 0, = +1 if 7 is a spacelike curve of type 1'; ¢, = 0y = —1 if 7 is a timelike curve. Here, we
call a nonlightlike curve a spacelike curve of type S (or of type T) if t (s) is a spacelike vector and t'(s) is a
spacelike vector (or timelike vector) for any s € I. For details about the spacelike curve of type S or of type
T, see the research results of Honda (see arXiv: 1905.03367).

We now define two vector fields by ni(s) = +"(s)/k(s) and ny(s) = eyo,t(s) Ani(s). We call them
the principal normal vector field and binormal vector field, respectively, which satisfy det (t(s), ni(s),na(s))=1.

According to a straightforward calculation, we get the following Frenet-Serret type formula.

t'(s) 0 K(8) 0 t(s)
W) | = | sonts) 0 o) || me | 2)
nj(s) 0 €047 (5) 0 ns(s)
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where 7(s) = e4(nf(s),na(s)) is called the torsion function of ~y. Moreover, in the case when ~”(s) # 0 and
k(s) = 0, namely " (s) is a lightlike vector field. The curve = is called a spacelike curve of type L by Honda. We
denote v”(s) = N(s). It follows that there exists an unique lightlike vector field B(s) such that (t(s),B(s)) =0
and (N(s),B(s)) = —2. Then, {t,N,B} is a frame of R} along v and the Frenet-Serret type formula is as

follows.

t'(s) 0 1 0 t(s)
N'(s) | =] 0 —pu(s) 0 N(s) |, (3)
B'(s) 20 puls) B(s)

where 11(s) = $(N(s),B(s)) is called the pseudotorsion function of .

Let v : I — R} be a nondegenerate lightlike curve, namely, a(t) :=+/(t) € LC* and N(t) := " (t) is
nonlightlike and nonzero vector field, for any ¢ € I. In this case, we can choose a parametrization s = s(¢) such
that ||[v"(s)|]| = 1. We call s the pseudo arc-length parameter of v. Without loss of generality, we take s as
pseudoarc-length parameter of a nondegenerate lightlike curve 7 in the following equations. Then, there exists
a unique lightlike vector field B(s) such that (a(s),B(s)) = —2 and (N(s),B(s)) = 0. Then, {a,3,N} is a
Cartan frame of R3 along v and the Frenet-Serret type formula is as follows (cf. [3, 4]).

a'(s) 0 0 1 a(s)
Bs) | = 0 0 v Bs) |, (4)
N'(s) iv(is) 2 0 N(s)

where v(s) = (N(s),3'(s)) is called the Cartan torsion function of .

2.3. Mixed types of curves in the Lorentz-Minkowski plane

In this subsection, we prepare some notions on mixed types of curves in R?. For more details, refer to [8]. The
Lorentz-Minkowski plane R? is the plane R? endowed with the metric induced by the pseudoscalar product
(u,v) = —ugvg + u1v1, where u = (ug,u1) and v = (vg,v1).

We say that a nonzero vector u € R? is spacelike if (u,u) > 0, lightlike if (u,u) = 0, and timelike if
(u,u) < 0 respectively. The norm of a vector u = (ug,u1) € R? is defined by |[u|| = 1/|[(u, u)|.

We denote L+ = (1,1) and L~ = (1,—1). By definition, L™ and L~ are independent lightlike vectors
and (LT, L) = —2. We call {LT,L~} a lightcone frame on R?.

Let v : I — R? be a smooth curve (with lightlike points). There exists a smooth function (a, ) : I —
R?\ {0} such that

Y(t) = a(t)L" + B(H)L" (5)

for all t € I. We say that a curve v with the lightlike tangential data (o, 8) if the condition (5) holds.
Since (§(t),¥(t)) = —4a(t)B(t), v(t) is a spacelike (respectively, lightlike or timelike) point if and only
if a(t)B(t) <0 (respectively, a(t)B(t) =0 or a(t)B(t) > 0).
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2.4. Framed curves in the Euclidean space

We give a quick review on curves with moving frame in R3. For more details, refer to [5, 6]. Let R® be the
3-dimensional Euclidean space equipped with the inner product a-b = a1by +agbs +asbs, where a = (a1, as, as)
and b = (b1, bz, b3). We denote |a| = y/a-a. We define the vector product,

e e e3
axb=det| ai as a3z |, (6)
by by b3

where e;, es, e3 are the canonical basis on R?. We denote
-1

7Z = diag(—1,1,1) = 0
0

o~ O
_ o O
—~
\]
—

(refer to arXiv: 1905.03367). Then Z(a) = Z(a1, a2, a3) = (—a1,az,as). By definition, we have
e Z(aAb)=axb,

+ (Z(a),b) = (a,Z(b)) =a-b,

« (Z(a),Z(b)) = (a,b).
We denote the set A by
{(Vl,llg) ERS XRS | I 2% :1,1/2-1/221,1/1-1/220}

Then A is a 3-dimensional smooth manifold. If (v1,1) € A, we define a unit vector u = v; X vy of R®. A

framed curve in the Euclidean space is a curve with a moving frame.

Definition 1 We say that (v,v1,10) : I — R3 x A is a framed curve if 4(t) - v1(t) = §(t) - vo(t) = 0 for all
t € I. We also say that v : I — R? is a framed base curve if there exists (v1,12) : I — A such that (v, vy, vs)

is a framed curve.

Note that an analytic curve germ is always framed base curve at least locally, see [5].

Let (v,v1,12) : I — R x A be a framed curve and p(t) = v;1(t) x v2(t). The Frenet-Serret type formula

is given by
a0 0wt mt)\ [
w) | = - 0 n) va(t) |, 7(t) = a(t)u(t), (8)
flt) —m() —n(t) 0 ult)

where £(t) = V1 (t)-v2(t), m(t) = vy (t)-pu(t), n(t) = va(t)-pu(t), a(t) = 4(t)-u(t). We call the mapping (¢, m, n, «)

the (framed) curvature of the framed curve.
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We denote a plane by
PE(v,c)={xeR?®| x-v=c},

where v € §? and ¢ € R. Note that PE(v,c) = PL(Z(v),c) and PE(Z(v),c) = PL(v,c). If y(t) € PE(v,¢),
then we have det (¥(t),5(t), 7' (¢t)) =0 for all ¢ € I. It follows that
o (t) (m(t)n(t) — m(t)n(t) + (m?(t) +n’()0(t) =0

for all ¢ € I. Conversely, we have the following result.

Proposition 1 ([6]) Let (v,v1,v2): I — R3 x A be a framed curve with curvature (£, m,n,q).

(1) If m2(t) +n%(t) # 0 and m(t)n(t) — m(t)n(t) + (m2(t) +n2(t))l(t) = 0 for all t € I, then there exist
a vector v € S% and a constant ¢ € R such that v(t) € PE(v,c).

(2) If (v,v1,v9) is an analytic framed curve and m(t)n(t) — m(t)n(t) + (m2(t) +n?(t))l(t) = 0 for all
t € I, then there exist a vector v € S? and a constant ¢ € R such that v(t) € PE(v,c).

For regular cases, the following result is well-known.

Proposition 2 Let v : I — R? be a regular curve and nondegenerate, that is, ~(t) x (t) # 0 for all t € I.
Then the trace of ~y is contained in a plane if and only if the torsion 7(t) =0 for all t € 1.

Note that the torsion is given by

1= B G050, 7(0)
30 <50

In Proposition 2, the nondegenerate condition is needed. If v : I — R3 is a regular curve and det(¥(¢),~(t),

~'(t)) = 0 for all ¢ € I, then it does not follow that the trace of v is contained in a plane. That is, there are

examples that the trace of 7 is not contained in a plane even if §(¢) # 0 and det (¥(¢),5(t), 7'(¢t)) = 0 for all
tel.

2.5. Legendre curves in the Euclidean plane

We quickly review the theory of Legendre curves in the unit tangent bundle over R?, for details see [5]. Let R?
be the Euclidean plane equipped with the inner product a-b = a1b;4asbs, where a = (a1,a2), b = (b1, b2) € R2.
We say that (v,v) : I — R? x S is a Legendre curve if (y,v)*0 = 0 for all t € I, where 6§ is a canonical
contact form on the unit tangent bundle T1R? = R? x S over R? (cf. [1, 2]). This condition is equivalent to
A(t) - v(t) = 0 for all t € I. We say that v : I — R? is a frontal if there exists v : I — S* such that (v,v) is
a Legendre curve. We have the Frenet formula of a frontal v as follows. We put on p(t) = J(v(¢)). Then we

call the pair {v(t), u(t)} a moving frame of a frontal v(t) in R? and we have the Frenet formula of a frontal

(o0 )= (e O ) (0D 3= s o)

where £(t) = v(t) - u(t) and S(t) = 4(t) - u(t). We call the pair (¢, 5) the (Legendre) curvature of the Legendre
curve.

(or, Legendre curve),
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3. Lightcone framed curves

In order to investigate mixed type of curves in the Lorentz-Minkowski 3-space, we introduce the lightcone frame.

Definition 2 Let (v,¢*,£7) : I — R} x A, be a smooth mapping. We say that (vy,¢*,£7) is a lightcone
framed curve if there exist smooth functions «, 3 : I — R such that §(¢) = a(t)¢+(t) + B(t)¢ () for all t € I.
We also say that v is a lightcone framed base curve if there exists a smooth mapping (¢7,07) : I — Ay such

that (y,£%,07): I — R} x A4 is a lightcone framed curve.
Since (¢*,07): T — Ay, we have
(€5(1),€7(t) = 0, (L7(t), 7 (1)) =0, (£F(t), £ (1)) = —2

for all t € I. By 4(t) = a(t)lt(t) + B(t)0(t), (3(t),¥(t)) = —4a(t)B(t). Therefore, v is spacelike, lightlike,
or timelike at ¢ if a(¢)B(t) < 0, a(t)B(t) =0 or «(t)s(t) < 0, respectively. Note that if ¢ is a lightlike, then
a(t)(t) = 0 with «(t) # 0 or B(t) # 0. Moreover, t is a singular point of 7 if and only if «a(t) = 8(¢t) = 0.
Although the relation among +, %, and ¢~ looks similar to the case in Lorentz-Minkwoski plane [8], our
situation is quite different. In our case, T and ¢~ are not fixed lightlike vectors.

We denote (n”,n®): T — Ay,
n’(t) = —————~% n°(t) =
We define n : I — S2 n(t) = nT(t) An®(t) = —(1/2)¢+(t) A £=(t). Then {nT(t),n%(t),n(t)} is a pseu-

doorthonormal frame of (). We say that {¢(¢),£~(t),n(t)} is a lightcone frame of ~(t). Note that the

lightcone frame is not a pseudoorthonormal frame. By a direct calculation, we have

£r(t) M) 0 2m(t) \ [ £H()
(= (t) = 0 —ri(t) 2r2(t) @) |, (10)
n(t) ka(t)  rKs3(t) 0 n(t)
() = a®er(t) + B (1), (11)
where
1 1. 1 "
ri(t) = =5 {0 (), 07 (1), ra(t) = —5 (), (1), ra(t) = —5(n(0), £7()),

alt) = 5 (3(0), (1), B(D) =~ 5 (3(0), £¥(0).

We call (k1, ko, k3,0, 3) a (lightcone) curvature of the lightcone framed curve (v,¢7,¢7): T — R3 x Ay.
On the other hand, we have

QT(t) 0 K1(t) Ko (t) + K3(t) n”'(t)
ns(¢) = K1 (t) 0 —rka(t) + K3(t) nd(t) |, (12)
n(t) Ka(t) + Kk3(t) ka(t) — ks(t) 0 n(t)

A(t) = (at) + B(s)n (t) + (a(t) — B(1))n® (). (13)
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Example 1 Let k> 1 be a natural number. We define (v, £%,/7) : R — R} x Ay by

1
() = (ktk,cost,sint> ,
(t() = (1,sint,—cost),
£=(t) = (1,—sint,cost).

Then (v,¢%,07): R — R} x A4 is a regular lightcone framed curve. By a direct calculation,
n(t) = (0, cost,sint)

and the curvature (r1(t), ka(t), k3(t), a(t), B(t)) of (v,£%,£7) is given by
0 1 1 tk_l -1 tk—l + 1
272 2 ’ 2 '

1

a()f(t) = ; (¢ - 1),

Since

7 is spacelike (respectively, lightlike or timelike) if 2(*=1) —1 < 0 (respectively, 2= _1 =0 or 2= 1 >
0).
We remark that if & =1, then (¢) = (¢,cost,sint) is a nondegenerate lightlike curve with the Cartan

torsion function v(t) = —1.

Example 2 Let v : I — R} be a regular spacelike curve of type S (or T') with the curvature function x and
the torsion function 7. Suppose {t,n;,ny} is the frame of R} along v (see §2.2). Regular-curves-without We
denote that

E(t) = 1 zgwnl(t) + 1- U”nz(t) +t(1),
n(t) = - — P (1) - ! Z”” ns(t).

By a straightforward calculation, the curvature (k1 (t), s2(t), k3(t), a(t), 8(t)) of (v,£T,£7) is given by

1+o0, o) +r(t) Slk() - () 11
( 5 () - 2 ’ 2 ’2’_2>'

Example 3 Let v : I — R} be a regular spacelike curve of type L with the pseudotorsion function u. Suppose
{t,N, B} is the frame of R} along v (see §2.2). We denote that

By a straightforward calculation, the curvature (k1 (t), s2(t), k3(t), a(t), 8(t)) of (v,£T,£7) is given by

L+p@) 1—pt) 1 1
<1, )

2 2 27 2
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Example 4 Let : I — R} be a regular timelike curve with the curvature function & and the torsion function

7. Suppose {t,n;,ny} is the frame of R} along 7 (see §2.2). Firstly, we denote that

(E(t) = t(t) £ 0y (t),n(t) = ny(t).

Moreover, if we denote that

By a straightforward calculation, the curvature (k1 (t), x2(t), k3(t), a(t), B(t)) of (v,£7,£7) is given by

k() —7) w@E)+70) 11
(0 -5 1 5)-

Example 5 Let v : I — R} be a regular nondegenerate lightlike curve with the Cartan torsion function v.

Suppose {a,3,N} is the frame of R} along « (see §2.2). We denote that

UH(t) = a(t), £ (t) = B(t),n(t) = —N(t).

By a straightforward calculation, the curvature (k1 (t), s2(t), k3(t), a(t), 8(t)) of (v,£7,£7) is given by

v(t) 1
N2 0).
(07 2 ) 27 70>

We consider a new lightcone frame. We denote ?Jr(t) = (1/c(t))¢*(t) and £ (t) = c(t)¢~(t), where

c¢: I — R is a nonzero function. By a direct calculation, we have
TT(O) AT (1) = () AL (t) = —2n(1).

Then {Z+(t),z_ (t),n(t)} is also a lightcone frame of (¢). By a direct calculation, we have

() R 0 2w\ [T
7 = 0 —F(t) 2ra(t) et |
gﬁ((f)) Ra(t)  Rs(t) 0 n(t)
W) = ame @ +Bmne @,
where
) —etrilt) _ oo ms(t) = B@)
Rlt) = ————y ) , Ra(t) = c(t)ra(t), Ra(t) = c?’(t) , a(t) = c(t)a(t), Bt) = FOR

If we take ¢(t) = c(t)ry(t), that is, c(t) = Ae) "1 where A is a constant, then %;(t) = 0. Hence, we can

always take Ry (f) = 0. We say that the lightcone frame {Z+ (t),€ (t),n(t)} with %1 (t) = 0 is an adapted frame.
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From now on, we only consider an adapted frame. Then we rewire (v,£%,¢7) : I — R} x Ay with

curvature (m,n,a, (), that is,

0+ (t) 0 0 2n(t) (1)

0= (t) = 0 0 2m(t) o=@ |,

1 (t) m(t) n(t) 0 n(t)
A(t) = a®)lr(t) + B ().

(16)

(17)

Remark 1 Let (v,0",07) be a lightcone framed curve with an adapted frame and curvature (m,n,a, 3). If c is

a nonzero constant, then (v, (1/c)¢*,cl™) is also a lightcone framed curve with an adapted frame and curvature

(em,n/c,ca, B/c). Hence, an adapted frame is not unique in this sense.

By a direct calculation, it is easy to show the following result.

Proposition 3 Let (v,07,07): I — R$ x Ay be a lightcone framed curve with curvature (m,n,a, 3). We have

the following:

(1) (y,—€F,—€7) : I =R} x Ay is a lightcone framed curve with curvature (—m, —n, —a, —f3).

(2) (=7, €T, 07) : I — R3 x Ay is a lightcone framed curve with curvature (m,n,—a, —f3).
(3) (=, =T, —07): I — R} x Ay is a lightcone framed curve with curvature (—m,—n,a, 3).
(4) (74, £7,07) : I — R} x Ay is a lightcone framed curve with curvature (—n, —m, B3, ).

Theorem 1 (Existence theorem for lightcone framed curves) Let (m,n,a,) : I — R* be a smooth

mapping. There exists a lightcone framed curve (v, £+, 07) : I — R$ x Ay such that the curvature is (m,n,, ).

Proof Fix a point tg € I. We consider the following linear ordinary differential equation with the initial

value,
240 0 0 2n(t) (1)
@) | = 0 0 2m(t) @) |,
n(t) m(t) n(t) 0 n(t)
(€7 (to), ¥ (to)) = (L7 (t0). £~ (to)) = (£ (to),n(to)) = (£~ (to),n(to)) =0,
(€% (to), £~ (to)) = =2, (n(to),n(ty)) = 1.
Then we have a solution (¢*,¢~,n) of the linear differential equation. We define functions as,...,a
by

ay(t) = ((7(t), £7(1)), az(t) = (€7 (1), €7 (1)), as(t) = (€~ (t),£" (1)),
as(t) = (€7(t),n(t)), as(t) = (€7 (t),n()), as(t) = (n(t),n(t)).

We also consider the following linear ordinary differential equation with the initial value,

i (1) 0 0 0 dnt) 0 0 ar (1)
das(t) 0 0 0 2m(t) 2n(t) 0 as(t)
ast) | | o 0o 0o 0 4m@#) o as (1)
ay(t) m(t) n(t) 0 0 2n(t) as(t) |’
as(t) 0 m(t) n() 0 0 2m(t) as(t)
ag(t) 0 0 0  2m(t) 2n(t) 0 ag(t)
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ai(to) = 0,az(to) = —2,a3(to) = 0,a4(to) = 0,as(to) = 0, as(to) = 1. (22)
By the uniqueness of the linear ordinary differential equation with the initial value, we have
al(t) = 070,2(75) = —2, a3(t) = 07a4(t) = 0, a5(t) = O,ag(t) =1

for all ¢+ € I. It follows that (¢*,07) : I — Ay. We define v(t) = [(a(t)lt(t) + B(¢)¢~(t))dt. Then

(v, 0%,07) : I — R} x Ay is a lightcone framed curve with the curvature (m,n,a, 3). O

Let O(1,2) be the Lorentz group which consists of square matrices A of order 3 such that *tAZA = Z.
We set SO(1,2) as
SO(1,2) :={A € 0(1,2) | detA = 1}.

For vectors a,b € R} and A € SO(1,2), we have
(a,b) = (A(a), A(b)), A(aAb) = A(a) A A(b).

Let (,¢7,¢7) and (7, Z+,Z7) : I — R} x Ay be lightcone framed curves.

Definition 3 We say that (v,£7,£7) and (%, Z+,?_) : I — R3 x Ay are congruent as lightcone framed curves
if there exist A € SO(1,2) and a € R} such that

F(t) = A(y(D) +a, T (t) = AL (), T (t) = A (1))
forall te .

Theorem 2 (Uniqueness theorem for lightcone framed curves) Let (v,¢%,07) and
(7,?:27) : I — R} x Ay be two lightcone framed curves with curvatures (m,n,c, ) and (m,n, @, ),
respectively. (v,£7,£7) and (7, Z+,Z_) are congruent as lightcone framed curves if and only if (m,n,a, ) =

(m,n, @, ).

Proof  Suppose that (v,¢%,¢7) and (7, Z+,2_) are congruent as lightcone framed curves. There exist
A€ S0(1,2) and a € R} such that

() = A(y(t) +a, T () = AU (1), T (8) = A( (1))

for all t € I. Then n(t) = A(n(t)). By a direct calculation, we have (m,7n,a, 8) = (m,n,a, 3).
Conversely, suppose that (m,n,a,3) = (m,n,@,B). For any fixed ty € I, we can choose a matrix

A € SO(1,2) and a constant vector a € R} such that

F(to) = A(v(to)) +a, T (to) = A(L*(to)), T (to) = A(™ (t0))

(cf. [10]). By the necessaries, the curvature of the lightcone framed curves (y(t), ¢ (¢),£~(t)) and (A(y(t)) +

a, A(T(t)), A(£~(t))) are equal. Therefore, the curvature of the lightcone framed curves (F(t), A (t),£ (t)) and
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(A(y(t)) +a, A(L*(t)), A({(t))) are also equal. Then they satisfy the same ODE system with the same initial

value condition in Theorem 1. According to the uniqueness of ODE system, we have

(1) = A(y(t) +a, T () = AT (1), T (t) = A( (1))

for any t € I. Tt follows that (y,¢%,¢7) and (7, Z+,Z7) are congruent as lightcone framed curves. O

We say that ¢ : I — I is a (positive) parameter change if t is surjective and #'(u) > 0 for all u € I. By a direct

calculation, we have the following result.

Proposition 4 Let (v,¢%,07) : I — R3 x Ay be a lightcone framed curve with curvature (m,n,«, ). Suppose

that t : I — I is a parameter change. Then (7, Z+,2_) = (yot,ltot,l=ot): I — R} x Ay is a lightcone

framed curve with curvature (t'mot,t'not,t'aoct,t’fot).

We consider a special lightcone frame (cf. [9]). Let (v,£%,£7) : I — R} x A4 be a lightcone framed

curve, where £* and ¢~ : I — SJlr. Then there exists a smooth function 8 : I — R such that
0(t) = (1,cos 0(t),sinO(t)), £ (t) = (1, —cosO(t), —sinH(t)).

Therefore,

n(t) = —%EJr(t) AL () = (0, —siné(t), cos 0(t)).

We call the above lightcone frame {¢*(¢),¢~(t),n(t)} a lightcone circle frame of v(t). By a direct calculation,

we have
r+(t) 0 0 0(t) (1)
0= (t) = 0 0 =) =) |, (23)
n(t) —0(t)/2 6(t)/2 0 n(t)
A(t) = alt)lr(t) + B (). (24)

In this case, the curvature is given by (—6(t)/2,6(t)/2,a(t), 3(t)). We denote briefly (8, , 8) as the (lightcone)
curvature of the lightcone framed curve (v,¢7,¢7) : I — R} x Ay. In [9], (o, 8,0) is called a lightcone
semipolar coordinate. Moreover, evolutes of a mixed type curve are investigated by using lightcone circle frame
of v in [9]. However, not any mixed type of curve has the lightcone circle frame, namely our lightcone frame
is a more general frame for the mixed type of curve. We give an existence condition that a lightcone framed
base curve has a lightcone circle frame. A canonical projection on the Euclidean plane will be denoted by
R} = R n(z,y,2) = (y,2).

Theorem 3 Let v : 1 — R}, v(t) = (x(t),y(t), 2(t)) be a smooth curve. Then «: I — R} is a lightcone framed

base curve with a lightcone circle frame if and only if o~ : I — R? is a frontal.

Proof Suppose that there exists {¢T(t), ¢~ (t),n(t)} a lightcone circle frame such that (v, ¢+, 07): I — RIx Ay

is a lightcone framed curve. Then there exists a smooth function 6 : I — R such that

0 (t) = (1,cos0(t),sinf(t)), £~ (t) = (1, —cosO(t), —sinH(t)).
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By definition,
#(t) = a(t) + B(t), §(t) = (a(t) — B(t)) cos O(t), £(t) = (a(t) — B(t)) sin (%),

where (6,a, ) is the curvature of (v,£%,¢7). We define v : I — S' by v(t) = (sinf(t), —cosf(t)). Since
y(t)sinO(t) — 2(t)cosO(t) = 0 for all t € I, (mo~y,v): I — R? x S! is a Legendre curve, see §2.5. Hence,
mory: I — R? is a frontal. Note that the Legendre curvature of (7 o+,v) is given by (6, a — ), see §2.5.

Conversely, there exists a smooth mapping v : I — S* such that (7w ov,v): I — R? x S is a Legendre
curve. We may denote v(t) = (siné(t),—cosd(t)), where 6 : I — R is a smooth function. We denote the

Legendre curvature by (6, 3). Then we define (¢+,67):1 — Ay by
0 (t) = (1,cos0(t),sinO(t)), £~ (t) = (1, — cos §(t), — sin O(t)).

It follows that 4(t) = a(t)fT(t) + B(t)e=(t), where a(t) = (1/2)(i(t) + B(t)) and B(t) = (1/2)(&(t) — B(1)).
Therefore, (v, 4+,07) : I — R} x A, is a lightcone framed curve with a lightcone circle frame. Hence, v : I — R}

is a lightcone framed base curve with a lightcone circle frame. O

Example 6 Let ny,no,ng, k1, ko be natural numbers with ny > 1, ny = ny + k1 and n3 = ny + ko. We define
(7, 0%,07) : R = R} x Ay by

V(t) = —t 1’7t 277753 )
ny %) ns
1 th2
0t = (1, ) )
V14 t2k2 /1 4 12k
1 th2
() = [1,- - )
) ( V1t (/1 +t2k2)

Then (v,¢7,£7) : R — R x A4 is a lightcone framed curve with lightcone circle frame. By a direct calculation,

tk2 1
n(t)=1{0,— ,
v ( V1 + t2ke \/1+t2k2>

and the curvature (6(t), a(t), 3(t)) of (v,0T,¢) is given by

1 3

ka—1
<k2t 2 } (tn171 —I—tn271 /1 +t2k2) 1 (tnlfl _ tnzfl /1 +t2k2)> )
"2
Then t =0 is a singular point of ~. Since
1
a(t)B(t) = th(’“*l) (1= (1 +2%2)),

v at t # 0 is spacelike (respectively, lightlike or timelike) if 1—#2*1(1+¢2*2) < 0 (respectively, 1—t2*1(14¢2k2) =
0 or 1 —t#1(1+ ¢2k2) > 0).
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Example 7 Let k be a natural number. We define (v,¢%,07): R — R} x Ay by

1 .

~y(t) = (ktk, cos® t, sin® t) ,
(T () = (1,cost,—sint),
£=(t) = (1,—cost,sint).

Then (v,07,£7): R — R x Ay is a lightcone framed curve with lightcone circle frame. By a direct calculation,
n(t) = (0,sint, cost)

and the curvature (6(t), a(t), 3(t)) of (v,£T,£7) is given by

1 1
(—1, 5( k=1 3costsint), §(tk_1 —|—3costsint)) )

Then in the case when k > 1, we have t = 0 is a singular point of . Since
1 2(k—1) 2 )
a(t)B(t) = Z(t — 9cos” tsin® ),

v at t # 0 is spacelike (respectively, lightlike or timelike) if +2(*=1) —9cos?tsin®t < 0 (respectively, t2(F=1) —

9cos?tsin®t = 0 or t2*=1) —9cos?tsin®t > 0).

We draw the pictures of lightcone framed curves with lightcone circle frames below (see Figures 1 and 2 when
k=1 and 2 in Examples 7 and 8).

Example 8 Let k be a positive natural number. We define (v,¢,£7) : [0,27) — R x A4 by

1
y(t) = (k cos® ¢, cos® t, sin® t> ,

(T () = (1,cost,—sint),

i
—
~
=
I

(1, —cost,sint).

Then (v,4%,07) : [0,27) — R} x Ay is a lightcone framed curve with lightcone circle frame. By a direct
calculation,
n(t) = (0,sint, cost)

and the curvature (6(t), a(t), 3(t)) of (v,0T,¢7) is given by
1 k=1 . 1 k=1 -
-1, 5(—COS tsint — 3costsint), 5(—cos tsint 4+ 3costsint) | .

In the case when k > 1, we have ¢t = 0,7/2,7 and 37/2 are singular points of . By a direct calculation, we

have

1
at)p(t) = 1 (cos? =V tsin? ¢ — 9 cos® tsin? t).
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Figure 1. ~ in Example 7 when £ =1 and k= 2.

Thus, v at t # 0 or = is spacelike (respectively, lightlike) if cos?=D ¢t —9cos?t < 0 (respectively, cos?(F—1) ¢—

9cos’t = 0). « is never timelike. Moreover, if k = 1, since
1 2\ o2
a(t)p(t) = Z(l —9cos”t)sin“t,

v at t# 0 or 7 is spacelike (respectively, lightlike or timelike) if 1 —9cos?t < 0 (respectively, 1 —9cos?t = 0
or 1 —9cos®t > 0).

Suppose that « : (I,t9) — R} is an analytic curve germ. Then 7 o« is also an analytic curve germ. It
follows that 7o~ is a frontal (cf. [6]). By Theorem 3, « is a lightcone framed base curve with a lightcone circle

frame. Therefore, we have the following corollary.

Corollary 1 If v : (I,tg) — R} is an analytic curve germ, then v is a lightcone framed base curve with a

lightcone circle frame.

We also denote canonical projections on the Lorentz-Minkowski plane by 71 : R — R2 7 (z,y, 2) = (7, y)

and 7o : R — R2 7 (z,y,2) = (1, 2).

Proposition 5 Suppose that (v, 0%,07) : I — R} x Ay is a lightcone framed curve with the curvature
(m,n,a, B), where ¢+ = (65,65, 05) and 0= = (¢5,¢7,45). Then
(1) 7oy : I — R? with the lightlike tangential data

(@5) = (3t + 56 + atf +86), (0l +565 —atf ~pi7) )
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Figure 2. v in Example 8 when k=1 and k= 2.

(2) w0y : 1 — R? with the lightlike tangential data
~ 1 _ .1 _ -
(@5) = (5t + 8ty +atf + 063), 30l + 565 —at] - 567)).

Proof (1) Since §(t) = a(t)¢(¢) + B(t)¢ (t),
%(m o)(t) = (a(t)g (t)+ B(t)g (1), a(t)ef (1) + B(t)e (1))

= QLY+ AL = (@) + B(e), a(t) — B(1)).

We have the result. (2) is similar to the calculation.

4. Planar lightcone framed curves

We now consider a condition that the trace of a curve is contained in some plane. Firstly, consider the case of

regular curves (cf. Proposition 2). We use the fact that planes in the sense of Lorentz-Minkowski space and of

Euclidean space are the same. In fact, we have PE(v,c) = PL(Z(v),c) and PE(Z(v),c) = PL(v,c), see §2.4.

Proposition 6 Let (v,¢1,07): 1 — R3 x Ay be a lightcone framed curve with curvature (m,n,a, 3). Suppose

that
(a(t)B(t) = a(t)B(1)* + (a(t)® + B(1)*) (a(t)n(t) + B(t)m(t))* # 0

for all t € I. Then the trace of v is contained in a plane if and only if

(a()B(t) — a(t)B(1)) (2a(D)n(t) + a(t)i(t) + 26(t)ym(t) + B(t)m(t)
—a(t)(a(t)n(t) + BHym (1) (B(t) + 2(a(t)n(t) + B(t)m(t))n(t)
=B (alt)n(t) + BE)m(8))(a(t) + 2(a(t)n(t) + B(H)m(t))m(t)) = 0
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foralltel.
Proof By a direct calculation, we have
A(t) = a®)lr(t) + B (1),
§(t) = &t () + B () + 2(at)n(t) + B(E)m(t))n(t),
F() = (@) + 2(alt)n(t) + BE)m(E)m()e () + (B() + 2(alt)n(t) + B(E)m(t)n(t))e (1)
+2(26(t)n(t) + a(t)a(t) + 28(t)m(t) + B(t)rm(t))n(t).

By the relation 4(t) x 5(¢t) = Z(%(t) A5(t)), we have 4(t) x ¥(t) # 0 if and only if 4(¢) A 5(¢) # 0. Since
E) A () = (al)BE) = OB, alt)a®n(t) + BOm®), BE)(@(t)n(t) + B(tym(?)))

and (25), the nondegenerate condition ¥(t) x ¥(t) # 0 is satisfied. Moreover,

det(y(2),3(2), (1)) = (3(£) A5(2), (1))
—A((a(t)B(t) = a&(D)B()) 2a(t)n(t) + a(t)ilt) +26(t)m(t) + B(t)m(t))

at)(a(t)n(t) + (M) (B(1) + 2(a(t)n(t) + Bt)m(t))n(t)
B (a®)n(t) + BEm@))(@(t) + 2((t)n(t) + S(t)m(t))m(t))).
The trace of 7 is contained in a plane if and only if (26) holds for all ¢ € I. O

For lightcone circle frame, we have the following result.

Corollary 2 Let (v,¢%,07) : I — R$x Ay be a lightcone framed curve with lightcone circle frame and curvature
(é,a,ﬁ). Suppose that

(a()B(t) — a(t)B(1))* + ié(t)z(a(t) = B()*(a(t)® + B(1)*) #0

for all t € I. Then the trace of v is contained in a plane if and only if

foralltel.

Example 9 Let (v,¢1,07): I — R$ x Ay be a lightcone framed curve with lightcone circle frame and curvature

(é,a,ﬁ). Suppose that 0 is constant and a(t)B(t) —a(t)B(t) £ 0 for all t € I. By Corollary 2, the trace of
v is contained in a plane. By the assumption, n is a constant spacelike vector. There exists a constant ¢ € R

such that (y(t),n) = c. Therefore, the trace of v is contained in a timelike plane.
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Remark 2 If t is a singular point of v, then a(t) = B(t) = 0 and condition (25) does not hold. Therefore, it

follows from condition (4.1) that v must be a regular curve.

Next, we consider the case of curves with singular points under a condition. Let (vy,£,¢7) : I — R3 x A4

be a lightcone framed curve with lightcone circle frame and curvature (9, a, ). We consider v as a framed
base curve. Suppose that « and 5 : I — R are linearly dependent, that is, there exists a smooth mapping
(ki, ko) : T — R? with (k1(t), ko(t)) # (0,0) such that ki (t)a(t) + ko(t)3(t) = 0 for all t € I. It is equivalent

to the condition that there exists a smooth function w : I — R such that
(a(t) + B(t)) cosw(t) + (a(t) — B(t))sinw(t) =0 (27)
for all t € I. Since
A(t) = a®)lr(t) + B (1)
= (a(t) + B(t), (a(t) = B(t)) cos O(t), (au(t) — B(t)) sin6(2)),

((),n(t)) = 0 and (§(t), —cosw(t)nT'(t) + sinw(t)n®(t)) = 0. By definition of Z (see §2.4), we have
Z(n(t)) =n(t), Z(nT(t)) = —nT(t) and Z(n°(t)) = n®(t). Hence, ¥(t)-n(t) = 0 and 5(t) - (cosw(t)nT (t) +
sinw(t)n®(t)) = 0 for all t € I. Tt follows that (y,v1,10) : I — R3 x A is a framed curve, where v (t) = n(t)

and vy(t) = cosw(t)n” (t) + sinw(t)n(¢). Since
n(t) x nl(t) = Z(nt) AnT (1) = Z0S(1) = nS(0),
n(t) xn®(t) = Z(n(t) An®(t)) = Z(n" (1)) = -’ (1),

p(t) = v1(t) x va(t) = cosw(t)n®(t) — sinw(t)n?'(t). By a direct calculation, the framed curvature (¢,7,7, @)

of the framed curve (v, v1,1s) is given by

(—0(t) sinw(t), —0(t) cosw(t), w(t), —(a(t) + B(t)) sinw(t) + (a(t) — B(t)) cosw(t)).

By Proposition 1, we have the following results.

Proposition 7 Let (v,£7,07) : I — R} x Ay be a lightcone framed curve with lightcone circle frame and

curvature (é,a,ﬁ). Suppose that o and B : I — R are linearly dependent, that is, satisfies the condition (27).

Under the above notations, we have the following.

(1) If ((t) cosw(t))? + w(t)? # 0 and cosw(t)(B(t)o(t) + O(t)w(t) 4 (1) cosw(t)sinw(t)) = 0 for all
t € I, then the trace of v is contained in a plane.

(2) If (v, £F,€7) is an analytic lightcone framed curve and
cosw(t)(B(t)a(t) 4 G(t)w(t) + 6(t)3 cosw(t) sinw(t)) = 0
for all t € 1, then the trace of ~ is contained in a plane.
Proof By a direct calculation, we have m2(t) + 72(t) = (A(t) cosw(t))? + w(t)? and
m(t)n(t) — mt)a(t) + (@2 (t) + 2 () 0(t) = — cosw(t)(B(t)(t) + O(t)w(t) 4+ 0(t)® cos w(t) sinw(t)).

By Proposition 1, we have the results. O
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Example 10 Let (v,¢%,07):[0,27) — R} x Ay,
y(t) = (1,cos®t, —sin®t), £F(t) = (1,cost,sint), £~ (t) = (1, —cost, —sint).

Then (v,£%,47) is a lightcone framed curve with lightcone circle frame and curvature is given by
. 3 .3 .
0(t),at),B(t) = | 1, —5 costsint, 3 costsint | .
Since a(t) + B(t) =0, we have w(t) =0.

5. Conclusion

An effective frame, so-called the lightcone frame, is introduced for studying the mixed type of curves, namely
lightcone framed curves. We investigate the differential geometric properties of the mixed type of not only
regular curves but also curves with singularities. Existence and Uniqueness theorems for the lightcone framed
curves are shown as results. We also give the conditions that the trace of a lightcone framed curve is contained

in some plane in the last section.

Acknowledgments

We would like to express our sincere thanks to the anonymous referees for their useful advice. The first author
is partially supported by National Nature Science Foundation of China (Grant No. 12271086) and the second
author is partially supported by JSPS KAKENHI (Grant No. JP 20K03573).

References

—_

Arnold VI. Singularities of Caustics and Wave Fronts. Kluwer Academic Publishers, 1990.
Arnold VI, Gusein-Zade SM, Varchenko AN. Singularities of Differentiable Maps vol. I. Birkhduser, 1986.

ESCOROR

Bonnor WB. Null curves in a Minkowski space-time. The Tensor Society. Tensor. New Series 1969; 20: 229-242.

Duggal KL, Jin DH. Null curves and hypersurfaces of semi-Riemannian manifolds, World Scientific, Singapore,
2007.

[6] Fukunaga T, Takahashi M. Existence and uniqueness for Legendre curves. Journal of Geometry 2013; 104: 297-307.
https://doi.org/10.1007/s00022-013-0162-6

[6] Honda S, Takahashi M. Framed curves in the Euclidean space. Advances in Geometry 2016; 16: 265-276.
https://doi.org/10.1515/advgeom-2015-0035

[7] Tzumiya S. Legendrian dualities and spacelike hypersurfaces in the lightcone. Moscow Mathmatical Journal 2009;
9: 325-357. https://doi.org/10.17323/1609-4514-2009-9-2-325-357

[8] Tzumiya S, Romero Fuster MC, Takahashi M. Evolutes of curves in the Lorentz-Minkowski plane.
Singularities in generic geometry. Advanced Studies in Pure Mathematics 2018; 78: 313-330.
https://doi.org/10.2969 /aspm /07810000

[9] Liu T, Pei DH. Mixed-type curves and the lightcone frame in Minkowski 3-space. International Journal of Geometric
Methods in Modern Physics 2020; 17: 2050088. https://doi.org/10.1142/S0219887820500887

[10] Loépez R. Differential geometry of curves and surfaces in Lorentz-Minkowski space. International Electronic Journal
of Geometry 2014; 7: 44-107.

[11] O’Neil B. Semi-Riemannian Geometry. Academic Press, New York, USA, 1983.

325



CHEN and TAKAHASHI/Turk J Math

[12] Zhao X, Liu T, Pei DH, Zhang C. Evolutes of the (n,m)-cusp mixed-type curves in the Lorentz-
Minkowski plane. International Journal of Geometric Methods in Modern Physics 2021; 18: 2150001.
https://doi.org/10.1142/S0219887821500018

[13] Zhao X, Pei DH. Pedal Curves of the Mixed-Type Curves in the Lorentz-Minkowski Plane. Mathematics 2021; 9:
2852. https://doi.org/10.3390/math9222852

[14] Zhao X, Pei DH. Evolutoids of the mixed-type curves. Advances in Mathematical Physics 2021; Art. ID 9330963.
https://doi.org/10.1155/2021 /9330963

326



	Lightcone framed curves in the Lorentz-Minkowski 3-space
	Recommended Citation

	Introduction
	Preliminaries
	Lorentz-Minkowski 3-space
	Regular curves without type changing in the Lorentz-Minkowski 3-space
	Mixed types of curves in the Lorentz-Minkowski plane
	Framed curves in the Euclidean space
	Legendre curves in the Euclidean plane

	Lightcone framed curves
	Planar lightcone framed curves
	Conclusion

