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Abstract. We investigate mixed types of not only regular curves but also curves with singular
points in Lorentz-Minkowski 3-space. In order to consider mixed type of curves with singular
points, we consider the lightcone frame and lightcone framed curves. Using lightcone frame,
we can investigate Bertrand types for lightcone framed curves, so-called Bertrand lightcone
framed curves. We clarify that the existence conditions of Bertrand lightcone framed curves in
all cases. As a consequence, we find psedo-circular involutes and evolutes of mixed type curves
which appear as Bertrand lightcone framed curves.
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Introduction

Bertrand and Mannheim curves are classical objects in differential geometry
([, 2, 13, 4, 6l 10, 16, 18]). A Bertrand (respectively, Mannheim) curve in Eu-
clidean 3-space is a space curve whose principal normal line is the same as the
principal normal (respectively, bi-normal) line of another curve. By definition,
another curve is a parallel curve with respect to the direction of the princi-
pal normal vector. In [9], they investigated the conditions of the Bertrand and
Mannheim curves of non-degenerate curves and framed curves. Moreover, we
investigated the other cases, that is, a space curve whose tangent (or, principal
normal, bi-normal) line is the same as the tangent (or, principal normal, bi-
normal) line of another curve, respectively. We say that a Bertrand type curve
if there exists such another curve. We investigated the existence conditions of
Bertrand type curves in all cases in [14]. Moreover, we also investigated curves
with singular points. As smooth curves with singular points, it is useful to use
the framed curves in Euclidean space (cf. [8]). We investigated the existence
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conditions of the Bertrand framed curves (Bertrand types of framed curves) in
all cases in [14].

For a non-lightlike non-degenerate curve, we have the arc-length param-
eter and the Frenet-Serret type formula by using a moving frame like a non-
degenerate space curve in Euclidean space. It follows that we have the curvature
of a non-lightlike non-degenerate curve (cf. [13] [15]).

In [19], they investigated the necessary and sufficient conditions for time-
like Bertrand curves in Lorentz-Minkowski 3-space. In [7], they investigated the
necessary and sufficient conditions for spacelike Bertrand curves with non-null
normal vectors in Lorentz-Minkowski 3-space. Also see in [20]. In [2], they in-
vestigated the necessary and sufficient conditions for null (lightlike) Bertrand
curves in Lorentz-Minkowski 3-space.

Even if a curve is regular, an associated curve may be of mixed type and
have singular points. In this paper, we investigate mixed types of not only reg-
ular curves but also curves with singular points in Lorentz-Minkowski 3-space.
In order to consider mixed types of curves with singular points, we consider
the lightcone frame and lightcone framed curves (cf. [5]). Using the lightcone
frame, we can investigate Bertrand lightcone framed curves. We investigate a
space curve whose lightlike (or, spacelike, timelike) vector is the same as the
lightlike (or, spacelike, timelike) vector of another curve, respectively. We say
that Bertrand lightcone framed curves if there exists such another curve. In §3,
we clarify that the existence conditions of Bertrand lightcone framed curves in
all cases. As we are investigating mixed types, all previous conditions can be
restored if they are appropriately restricted.

As a consequence, we find psedo-circular evolutes and involutes of mixed
type curves which appear as Bertrand lightcone framed curves (Theorems
and . Therefore, it is useful to find new lightcone framed curves by
using Bertrand lightcone framed curves.

We shall assume throughout the whole paper that all maps and manifolds
are C'° unless the contrary is explicitly stated.

1 Preliminaries

We review the theory of lightcone framed curves in Lorentz-Minkowski 3-
space. For details see in [5].

1.1 Lorentz-Minkowski 3-space

The Lorentz-Minkowski space R} is the space R endowed with the metric
induced by the pseudo-scalar product (z,y) = —z1y1 + z2y2 + x3y3, where
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x = (71,22,73) and y = (y1,y2,y3). We say that a non-zero vector z € R}
is spacelike if (x,x) > 0, lightlike if (x,x) = 0, and timelike if (x,x) < 0
respectively. The norm of a vector & € R} is defined by ||z|| = \/|(z,x)|. For
any x = (71, 72,73),y = (y1,2,y3) € R}, we define a vector & Ay by

—€1 €2 €3
x Ay = det r1 Ty x3 |,
Yy Y2 Y3

where {e1, e, e3} is the canonical basis of R3. For any w € R}, we can easily
check that (w,z A y) = det(w,x,y), so that & A y is pseudo-orthogonal to
both « and y. Moreover, if & is a unit timelike vector, y is a unit spacelike
vector and (z,y) = 0, ¢ Ay = z, then by a straightforward calculation we
have z Ax =1y, y A z = —x. We define hyperbolic 2-space, de Sitter 2-space or
lightcone by

H*(-1) = {z e R} | (z,z) = —1},
St={z eR} | (z,z) =1},
LC* = {x € R3\ {0} | (x,z) = 0}.
If = (xp,x1,x2) is a non-zero lightlike vector, then zy # 0. Therefore, we have

T = <1,$1 332) € S} = {z = (wg,21,72) € LC*| 29 = 1}.

o Xo

We call S}F the lightcone circle. In this paper, we consider two double Legendrian
fibrations (cf. [I1]):

(1) Ar={(v,w) € H*(-1) x ¢ | (v, w) = 0},
w1 s Ay = H2(=1), m1 (v, w) = v, m2: Ay = 8% m2(v, w) = w,
011 = (dv,w)|a,, 012 = (v, dw)|a, -

(2) Ay ={(v,w) € LC* x LC* | (v,w) = -2},
41 2 A1 — LC* 141 (v, w) = v, w2 : A1 = LC* mya(v, w) = w,
041 = (dv,w)|a,, 012 = (v, dw)|a,.

Note that ® : Ay — Ay, ®(v,w) = ((v+ w)/2, (v — w)/2) is a contact diffeo-
morphsim.

Let O(1,2) be the Lorentz group which consists of square matrices A of
order 3 such that ‘AZA = Z, where

7 :=diag(—1,1,1) =

o O
O = O
= o O
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We set SO(1,2) as SO(1,2) := {4 € O(1,2) | detA = 1}. For vectors a,b € R}
and A € SO(1,2), we have (a,b) = (A(a), A(b)), A(a Ab) = A(a) N A(D).

1.2 Lightcone framed curves

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

Definition 1.1 ([5]). Let (v,¢7,¢7) : I — R} x A4 be a smooth mapping.
We say that (v, £7,£7) is a lightcone framed curve if there exist smooth functions
a,B8 : I — R such that ¥(t) = a(t)fT(t) + B(t)¢~(t) for all t € I. We also
say that v is a lightcone framed base curve if there exists a smooth mapping
(€+t,67) : I — Ay such that (y,£7,07) : I — R} x Ay is a lightcone framed
curve.

Since (£,47) : I — Ay, we have
(E7(1),€7(1) = 0, (C7(1), 7)) =0, {£7(t), £ (1)) = 2

for all t € I. By §(t) = a(t)¢*(t) + B(£)L (), (¥(£),7(t)) = —4a(t)B(t). There-
fore, 7 is spacelike, lightlike, or timelike at t if a(t)3(¢t) < 0, a(t)5(t) = 0 with

a(t) # 0 or B(t) # 0, or at)B(t) > 0, respectively. Moreover, ¢ is a singular
point of v if and only if a(t) = B(t) = 0.

We denote (n”,n%) : T — Ay,
FOHWO s O
2 2

We define n : I — S, n(t) = nT(t) An3(t) = —(1/2)¢+(t) A £=(t). Then
{nT(t),n%(t),n(t)} is a pseudo-orthonormal frame of (¢). We say that
{0+(t), £ (t),n(t)} is a lightcone frame of v(t). Note that the lightcone frame is
not a pseudo-orthonormal frame. By a direct calculation, we have

0+ (t) ki(t) 0 2k3(t) 0+ (t)
( = (t) ) = ( 0  —ri(t) 2k2(t) ) ( = (t) ) :
n(t) ko(t)  ka(t) 0 n(t)

Y(t) = ()l (t) + B(t)e (2).
We call (K1, ke, k3, @, B) a (lightcone) curvature of the lightcone framed curve
(7, 07, 07) : T = R3 x Ay.
On the other hand, we have

nl(t) =
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T S

where k' = kg + K3, K° =Ko — kg, a=a+ Fand b=«a— f.

In [5], we proved existence and uniqueness theorem for a special frame. We
can also prove the general case by the similar arguments, we omit it.

Theorem 1.2 (Existence theorem for lightcone framed curves). Let (k1, ko,
Kk3,a, 3) : I — R? be a smooth mapping. There exists a lightcone framed curve
(v,£7,07) : T — R3 x A4 such that the curvature is (k1, k2, K3, @, 3).

Definition 1.3. We say that (v,¢*,¢~) and (3,4 ,7 ) : I — R3 x Ay are
congruent as lightcone framed curves if there exist A € SO(1,2) and a € R}
such that 5(t) = A(v(t)) + a, 07 (t) = A((T(¢)), T (t) = A(l~(t)) for all t € I.

Theorem 1.4 (Uniqueness theorem for lightcone framed curves). Let (v, {1,
¢7) and (7, Z+,Z_) : I — R3 x Ay be lightcone framed curves with curvatures
(K1, K2, k3,0, B) and (K1, Re,Rs3,q, ), respectively. (v,¢7,¢7) and (7, ZJF,Z_)
are congruent as lightcone framed curves if and only if (ki, ke, ks, , () =
(1, o, R3, @, B).

Proposition 1.5. Let (y,¢7,¢7) : I — R x A4 be a lightcone framed curve
with curvature (k1, ko, k3, @, 3). Then (v, £, £7) is also a lightcone framed curve
with the curvature (—k1, —K3, —K2, 5, ).

We consider a special lightcone frame. We denote F—(t) = (1/c(t))€*(t) and
0 (t) = c(t)¢~ (t), where ¢ : I — Ris a non-zero function. By a direct calculation,
we have 0 (1) AL (t) = £H(t) AL=(t) = —2n(t). Then {Z' (£),7 (t),n(t)} is also
a lightcone frame of (t). By a direct calculation, we have

o\ (me o 2 (T
o | = 0 —Fi(t) 2Ra(t) RONE
A(t) w0 n

where

Ri(t) = (1) , Fa(t) = c(t)ka(t), R(t) = )
a(t) = e(t)alt), B(t) = /3((?

If we take ¢(t) = c(t)ri(t), that is, ¢(t) = Ae/ 11 where A is a constant,
then %1 (t) = 0. Hence, we can always take %1(t) = 0. We say that the lightcone
frame {Z+(t),27 (t),n(t)} with 71(¢t) = 0 is an adapted frame.

Moreover, we consider a special lightcone frame (cf. [12]). Let (v, ¢",£7) :
I — R} x Ay be a lightcone framed curve, where (T and ¢~ : I — S}. Then
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there exists a smooth function 6 : I — R such that
0(t) = (1,cos0(t),sin6(t)), £~ (t) = (1,— cos(t), —sin O(t)).

Therefore, n(t) = —(1/2)¢*(t) A € (t) = (0,—sind(t),cos6(t)). We call the
above lightcone frame {¢*(¢),¢~ (t),n(t)} a lightcone circle frame of v(t). By a
direct calculation, we have

0+(t) 0 0 6t (1)
=@t | = 0 0 —0() @) |,
n(t) —0(t)/2 6@t)/2 0 n(t)

Y(t) = )l () + B (1)

In this case, the curvature is given by (0,—0(t)/2,0(t)/2,a(t), 3(t)). In [12],
(a, B,0) is called a lightcone semi-polar coordinate. and evolutes of a mixed
type curve are investigated by using lightcone circle frame of ~.

2 Bertrand types of lightcone framed curves

Let (v,£%,¢7) and (7, ?—,2_) : I — R} x Ay be lightcone framed curves
with curvatures (k1, ko, k3, a, 3) and (R1, Ra, K3, @, 3). Moreover, {£* ¢~ n} and
{F—, 0,7} are the lightcone frames, {n”, n n} and {n’,m°, 7} are the psedo-
orthonormal frames of v and 7, respectively.

Definition 2.1. We say that (v,¢7,¢7) and (7, Z+,Z_) are (v,w)-mates
if there exists a smooth function A : I — R with A # 0 such that 7(t) =
Y(t) + X(t)v(t) and v(t) = w(t) for all t € I, where v is one of /T (=, nT n° n
and w is one of Z—i_, 0, n",mn° m, respectively.

We also say that (v,¢",¢7) is a (v,w)-Bertrand lightcone framed curve (or,
(v, w)-Bertrand-Mannheim lightcone framed curve) if there exists another light-
cone framed curve (7, Z+,Z‘) such that (v,¢%,¢7) and (W,T_,Z_) are (v,w)-
mates.

Note that A\ # 0 means that {¢t € I|\(t) # 0} is a dense subset of I. Then A
is not identically zero for any non-trivial subintervals of I. It follows that « and
7 are different space curves for any non-trivial subintervals of I. By definition,
v and w are the same causal type. If the both vectors are lightlike, timelike
or spacelike, then we say that (v,£7,¢7) and (7, ZJF,Z_) are lightlike mates,
timelike mates or spacelike mates, respectively. Since ¢T and ¢~ are lightlike,
nT is a timelike, n and n® are spacelike vectors, lightlike mates are four cases,
timelike mates is one case, and spacelike mates are four cases.

We clarify that the existence conditions of Bertrand lightcone framed curves
in all cases.
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2.1 Lightlike mates
Firstly, we consider lightlike mates. There are four cases. Let (v,¢T,¢7) :
I — ]Ri” x Ay be a lightcone framed curve with curvature (1, ko, k3, @, 3).

Theorem 2.2. (v,(T,07): 1 — R3 x Ay is an (f*,z+)—Bertrand lightcone
framed curve if and only if there exist smooth functions A\, k : I — R with A Z 0
such that k(¢)B(t) = A(t)ks(t) for all ¢t € 1.

Proof. Suppose that (v,¢7,07) : T — R3 x Ay is an (E*,ZJF)—Bertrand lightcone
framed curve. Then there exists another lightcone framed curve (7, ZJF, ¢) such
that (v,¢%,¢7) and (7, ZJF,Zi) are (ﬁ*,?r)—mates, that is, there exists a smooth
function X\ : I — R with X\ # 0 such that ¥(t) = v(t) + A(£)£1(t) and £T(t) =
Z+(t) for all ¢ € I. By differentiating 7(t) = v(t) + A(£)¢*(t), we have

a1 +B (1) = (alt)+AE)+AE)r1 (1)) () + B () +2A(E)ms(t)n(t).

Since (1 (t) = Z+(t), we have 3(t) = ((t). Moreover, there exist smooth functions
a;,b;,c; - I — R, 7 =1,2 such that

C(t) = ar(H)(t) + b1 () (1) + e (t)n(t),
A(t) = as(t)CT () + b2 ()0 (8) + c2(t)n(2),
where 7(t) = —(1/2)0 () AL (£). By the condition (€7 (¢),7 (t)) € A4, we have
ai(t) = a2(t), bi(t) = 1, c1(t) = 2as(t), ba(t) =0, ca(t) = 1.
It follows that
(t) = a2(t)et(t) + €7 (t) + 2a(t)n(t), T(t) = ag ()T (t) + n(t).
Moreover,
A (1) + B (£) = (@(t) + B)ad (1)) (1) + B () + 2az(t)n(t).

Therefore, we have @(t) + B(t)a3(t) = a(t) + A(t) + Mt)r1(t), A(t)k3(t) =

az(t)B(t). If we rewrite ag as k, then k(t)3(t) = A(t)ks(t) for all t € I.
Conversely, suppose that there exist smooth functions A,k : I — R with

A # 0 such that k(t)B8(t) = A(t)ks(t) for all t € I. If we consider 7(t) =

y(t) + A(t)ﬁ(t),@*(t} =0H(t), 0 (t) = K2(t)et(t) + €7 (t) + 2k(t)n(t),

l

F(t) = (at) + At) + MO r1 (D) () + B () + 2A(t)r3(t)n(t)
= (a(t) + A(t) + ()R (t) — BOKAE)E (1) + BE)E (2)
=a(t)e" (1) + BT ().
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It follows that (7, thf) : I — R} x Ay is a lightcone framed curve. Hence,
(7, €%,07) and (7, €, ¢

T 77) are (¢+,77 )-mates. O
Proposition 2.3. Suppose that there exist smooth functions A\, k: I — R
with A #Z 0 such that k(¢)3(t) = A(t)ks(t) for all t € I. Then the curvature
(R1,Fo, K3, @, B) of the lightcone framed curve (7, ZJF,Z_) : T — R x Ay, where
() = A(8) + AOCH(E), 0 (1) = £7(1), 0 (£) = KX @) (E) + 07 (1) + 2k(t)n(t) is
given by
Ri(t) = r1(t) — 2k3(t)k(), Fa(t) = k(t) + r1(8)k(t) + ra(t) — Ka()K?(2),
Ra(t) = ka(t), alt) = al(t) + At) + A()ra(t) = BOK (), B(t) = B(2).
)

Proof. By a direct calculation, we have m(t) = k(t)¢*(t) + n(t) and

75 (1) = k(D)0 (1) + 2630t )
= (k1 (t) — 23()k())E + 2n3(t)Ta(2),
T () = 2k (E) + k2<t><m<t> (t) + 2m3(t)n(t)) — K1 ()0 (1)
+ 2k2(t)n(t) + 2k(t)n(t) + 2k (t) (k2 ()T (1) + K3(t)e (1))
— (k1) — 263 (k)T (1)
+20k(t) + KL (OR(E) + Ra(t) — r3(E)R(0)7(E).

Then we have
F1(t) = r1(8)—2k3(8)k(t), Fa(t) = k() +r1(8)k(t)+ro(t)—ra (DK (1), Rz = ra(t).
By the proof of Theorem [2-2} we also have

a(t) = a(t) + At) + AB)ra(t) — BOK (1), B(t) = B(1).

Remark 2.4. (1) Suppose that k3(t) # 0. If we take k(t) = 1 and A\(¢) =
B(t)/ks(t), then (v,¢+,07) is an (¢+,7")-Bertrand lightcone framed curve by
Theorem In this case, (7, 7,0 ) is given by F(t) = v(t)+ (B(t) /ks(t) )T (2),
TT(t) = £+(8), 0 (t) = (T (t) + £ (t) + 2n(t). It seems to be a kind of an evolute
of mixed type curves with the direction £7.

(2) Suppose that 5(t) # 0. If we take k(t) = ka(t) and A(t) = B(t), then
(v,07,£7) is an (€+,Z+)—Bertrand lightcone framed curve by Theorem In
this case, (7,07,0 ) is given by 5(t) = v(t) + BE)CH (1), T (t) = +(£),0 (t) =
k() (E) + € (t) + 2B(t)n(t).



Bertrand lightcone framed curves in Lorentz-Minkowski 3-space 49

Theorem 2.5. (v,(T,07): I — R} x Ay is an (¢*,¢ )-Bertrand lightcone
framed curve if and only if there exist smooth functions A\, k : I — R with A Z 0
such that k(¢)B(t) = M(t)ks(t) for all t € I. That is, (v,£T,¢7) is an (¢+,07)-
Bertrand lightcone framed curve if and only if (7, £+, ¢7) is an (¢7,¢ )-Bertrand
lightcone framed curve.

Proof. Suppose that (v,¢7,07) : T — R$ x Ay is an (¢T,¢ )-Bertrand lightcone
framed curve. Then there exists a lightcone framed curve (7, Z+,27) I —
R3 x Ay such that (v, £+, ¢7) and (5,07,0 ) are (¢+,2 )-mates. By Proposition
7, Zi,fr) is also a lightcone framed curve. By Theorem there exist
smooth functions A\, k : I — R with X\ # 0 such that k(t)3(t) = A\(t)k3(t) for all
t € I. The convese also holds by Theorem and Proposition [1.5 (Il

By Propositions [I.5 and we have the following.

Proposition 2.6. Suppose that there exist smooth functions A,k : I — R
with A #Z 0 such that k(t)3(t) = A(t)ks(t) for all t € I. Then the curvature

(K1, R2, R3,a, B) of the lightcone framed curve (7, Z+,Z_) : T — R3 x Ay, where
() = (&) + MOCHE), T () = K200 (1) + £ () + 2k()n(1), T (t) = £+ (1) is
given by

F1(t) = —(rk1(t) — 2k3(1)k(1)), Fa(t) = —rs(t),
Ry = —(k(t) + k1 (8)k(1) + ra(t) — m3(RA (L),
a(t) = A(t), Bt) = a(t) + A(t) + At)wi(t) = BIOK(2).
Remark 2.7. We can also prove Theorem and Proposition by the

similar calculations of the proof of Theorem and Proposition 2.3

We can also prove Theorem [2.8] Proposition [2.9) and Theorem by the
similar calculations of the proof of Theorem Proposition [2.3] and Theorem
We omit the proofs of them.

Theorem 2.8. (v,(7,07): 1 — R$ x Ay is an (6‘,Z+)—Bertrand lightcone
framed curve if and only if there exist smooth functions A\, k : I — R with A Z0
such that k(t)a(t) = A(t)ka(t) for all ¢t € I.

Proposition 2.9. Suppose that there exist smooth functions A,k : I — R
with A #Z 0 such that k(t)a(t) = A(t)ka(t) for all t € I. Then the curvature
(K1, R2, R3,a, B) of the lightcone framed curve (7, Z+,Z_) : T — R3 x Ay, where
() = y(t) + M) 1), 07 () = £7(£), 0 (t) = £+ (1) + K2(£)0~ (1) + 2k(t)n(t) is
given by

F1(t) = —k1(t) — 2k(t)ra(t), Ra(t) = —k(t) + k(t)r1(t) + k2 (t)ka(t) — K3(t),
—ra(t), a(t) = B(t) + A(t) — A(t)mi (t) — K (£)e(t), B(t) = alt).

=l
w
—~
~
~—

I
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Remark 2.10. (1) Suppose that ko(t) # 0. If we take k(t) = 1 and A(t) =
a(t)/ke(t), then (y,£1,07) is an (6*,Z+)—Bertrand lightcone framed curve by
Theoremm In this case, (7, ZJF,Zi) is given by J(t) = v(t) + (a(t)/r2(t)) ¢~ (t),
T_(t) =07 (t),0 (t) =L1(t) + £ (t) +2n(t). It seems to be a kind of an evolute
of mixed type curves with the direction £~.

(2) Suppose that «a(t) # 0. If we take k(t) = ka(t) and A(t) = «(t), then
(v,07,£7) is an (E_,F_)—Bertrand lightcone framed curve by Theorem In
this case, (7,07,0 ) is given by 5(t) = v(t) + a(®)l—(t), T (t) = (=(£),0 (t) =
Y1) + k340 (t) + 2k2(t)n(t).

Theorem 2.11. (v,(7,07): 1 — R3x Ayis an (¢~,¢ )-Bertrand lightcone
framed curve if and only if there exist smooth functions A,k : I — R with A £ 0
such that k(t)a(t) = A(t)ka(t) for all t € I. That is, (y,£1,¢7) is an (E_,ZJF)—
Bertrand lightcone framed curve if and only if (v,¢,¢7)is an (/~,¢ )-Bertrand
lightcone framed curve.

By Propositions and [2.9] we have the following.

Proposition 2.12. Suppose that there exist smooth functions A\, k: I — R
with A # 0 such that k(t)a(t) = A(t)ka(t) for all ¢ € I. Then the curvature
(F1, K2, R3, @, B) of the lightcone framed curve (¥, 7:27) : T — R x Ay, where
F(t) = y(t) + A (1), 07 (1) = £F(t) + k206 (t) + 2k(t)n(t), £ (t) = £(t) is
given by

(t) = K,l(t) + Qk(t)KQ(t), Eg(t) = Iig(t ,
(t) = k(t) — k()1 (t) — K> (t)ra(t) + ra(t),
at) = a(t), Bt) = B(t) + At) — At)r1(t) — K ()a?).

2.2 Timelike mates

Second, we consider only one timelike mates.

Theorem 2.13. (v,(+,07): I — R}xAyisan (n?,n?)-Bertrand lightcone
framed curve if and only if there exist smooth functions A, 0 : I — R with A £ 0
such that

A(t)(k2(t) + r3(t)) cos O(t) — (au(t) — B(t) + A(t)k1(t)) sin 0(t) = 0

forallt € I.

Proof. Suppose that (v,£+,07) : I — R} x Ay is an (n,n?)-Bertrand lightcone
framed curve. Then there exists another lightcone framed curve (7, Z+,Z7) such
that (v, £7,¢7) and (7, 7, ¢ ) are (n”,m")-mates, that is, there exists a smooth
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function A : I — R with A # 0 such that F(¢) = y(t) + A(t)n” (t) and n”(t) =
nl(t) for all t € I. By differentiating 5(t) = v(t) + A(t)n” (), we have

a(t)n’ () +b(t)7° (t) = (a(t)+AE))NT &)+ +XE) k1 (1)1 )+ )T (E)n(t).

Since n” (t) = @' (t), we have a(t) = a(t)+ A(t). Moreover, there exists a smooth
function 0 : I — R such that

n(t) |\  [cosf(t) —sind(t) n(t)
(ns(t)> N <sin9(t) cos 6(t) ) (ns(t)) '
Then we have b(t) sin 0(t) = A\(t)xT (t) and b(t) cos () = b(t) + A(t)r1(t). It fol-

lows that b(t) = A(t)k” () sin 0(t)+(b(t)+A(t)k1(t)) cos O(t) and A(t)xT (t) cos O(t)
—(b(t) + A(t)k1(t))sinO(t) = 0. Therefore, we have

A(t)(ka(t) + k3(t)) cosO(t) — (a(t) — B(t) + A(t)k1(t)) siné(t) =0

forall t € I.
Conversely, suppose that there exist smooth functions A\, 0 : I — R with
A # 0 such that A(t)x” (t) cos O(t ) (b(t) + A(t)k1(t)) sinf(t) =0 for all t € I. If
we consider ¥(t) = y(t) + A(t)nT (t),7(t) = cosO(t)n(t) —sin O(t)n(t),n°(t) =
t), then n’ (t) = n™(t) and

sin §(t)n(t) + cos O(t)n>(
(1) = (a(t) + A0)n" () + (b(t) + A(E)r1 (£))n” (1) + A& (H)n(t)
= (a(t) + AE)BT () + (b(t) + A(t)r1 () (— sin O()T(t) + cos O(E)T5 (1))
+ A(t)&T (1) (cos O(t)Ta(t) + sin O(1) 7> ()
= (a(t) + AE)AT () + At)&T () sin 6(t) + (b(t) + A(t)k1(t)) cos O())7 ()

= L@+ BT (1) + S(@(e) ~ BT (1),
where
a(t) = a(t) + A(t), b(t) = A(t)x" (t) sin O(t) + (b(t) + A(t)ra(t)) cos O(t),
)y =n" @) +n%@), T (1) =n"(t) - n@).
It follows that (7,77 ,0 ) : I — R3 x A4 is a lightcone framed curve. Hence,
(v, 0+, ¢7) and (7,07,77) are (n?,n7)-mates. O

Proposition 2.14. Suppose that there exist smooth functions A\,0 : I — R
with A # 0 such that

A(t)(ka(t) + K3(t)) cosO(t) — (a(t) — B(t) + A(t)k1(t)) sinb(t) =0
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for all ¢ € I. Then the curvature of the lightcone framed curve (7, Z*,Z’) :
I — R3 x Ay, where J(t) = v(t) + AO)nT(t), 07 (t) = nL(t) + A1), (t) =
nl(t) —n(t),n’(t) =nT(t),n°(t) = sinO(t)n(t) + cos O(t)n”(t) is given by

(Ehg?vﬁfﬂva? B) = (Eh (1/2)(ET+ES)7 (1/2)(’%T_ES) (1/2)(64—5), (1/2)(6_5))7

where
71 () = 1 (£) cos 0(t) — w7 (£) sin B(),
RL(t) = —ry1(t)sinO(t) + K1 () cos O(t),
" (t) = r7(t) — 6(t),
a(t) = alt) + ),
b(t) = M)k (t)sin0(t) + (b(t) + A(t)k1(t)) cos O(2).

Proof. By a direct calculation,

Al (1) = ma(t)n® () + &7 (1)n(r)
= (r1(t) cos O(t) + KT (t)sin O(t))@T — (k1(t)sinO(t) — kT (t) cos O(t))7(t),

ﬁs(t) = 0(t) cos O(t)n(t) +sin 0(t) (kT (t)nT (t) + &% (t)n° (1))
= 0(t)sin (t)n(¢) + cos O(t) (ra(t)n” (t) — £ ()0 (t))

(
= (k1 (t) cos O(t) + w7 (1) sinO(t))n" (1) — (k5 (t) — 6(t))n(t).

Then we have

R1(t) = k1 (t) cosO(t) — k1 (t)sinO(t), "L (t) = —k1(t)sinO(t) + &7 (t) cos O(t),
B(t) = &7(t) — 0().

By the proof of Theorem we also have
at) = a(t) + A1), B() = AB)RT(£) sin 0() + (b(t) + A(#)r1 (£)) cos O().
O

Remark 2.15. If (v,/7,¢7) : I — R} x Ay is a lightcone framed curve
with lightcone circle frame, then k1 = 0 and ko + k3 = 0, see §2. By Theorem
2.13 it is automatically holded, since we can take § = 0. Hence (v, £7,£7) is an

(n™,nT)-Bertrand lightcone framed curve.
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2.3 Spacelike mates

Third, we consider spacelike mates. There are four cases.

Proposition 2.16. Suppose that (v,¢%,¢7) and (7, 7_,2_) T — R$ x Ay
are (n,n)-mates with 7(t) = v(t) + A(t)n(t). Then X is a non-zero constant.
Proof. By differentiating 7(t) = v(t) + A(t)n(t), we have

at)l () + B (1)
(@(t) + A(E)r2 () (E) + (B(8) + At)r3(1) € (£) + At)n(t).

(1)

Since n(t) = 7(t), we have A(t) = 0 for all t € I. Hence \ is a constant. If  is
zero, then v and 7 are the same. It follows that A is a non-zero constant. O

Theorem 2.17. (y,¢*,¢7) : I — R3 x A4 is always an (n,7)-Bertrand
lightcone framed curve.

Proof. 1f we consider (7, ZJF,Z*) : T — R x Ay by
- YAl 7 .
F(t) = () + An(t), £7(t) =L£7(t), £ (t) =L (1),
where A is a non-zero constant. By Proposition [2.16

F(t) = (alt) + A)r2(6)EF(8) + (B(1) + A(t)rs(1)€ (1)

It follows that (7, Z+,?_) : I — R} x Ay is a lightcone framed curve with the
curvature (K1, k2, k3, @ + k2, 3 + Ak3). Hence, (v,¢%,¢7) and (7, ZJF,Z_) are
(n,7)-mates. O

Remark 2.18. If (7,£7,47) : I — R} x Ay is an (n,n)-Bertrand lightcone
framed curve, then ¥ = v + An, where A is non-zero constant. Hence 7 is a
parallel curve of v with respect to n. We can also take (ZJF,Z_) as (c€*,(1/c)l™)
in Theorem [2.17], where ¢ : I — R is a non-zero function. See the special frame
in §2.

Theorem 2.19. (v,/7,07) : [ — R} x Ay is an (n®,n%)-Bertrand lightcone
framed curve if and only if there exist smooth functions A, 0 : I — R with A # 0
such that

A(t)(k2(t) — ka(t)) cosh O(t) + (a(t) + B(t) + A(t)k1(t)) sinh 6(t) = 0

forall t € 1.
Proof. Suppose that (v, ¢7,07) : I — R3x Ay is an (n”, n°)-Bertrand lightcone
framed curve. Then there exists another lightcone framed curve (7, ZJr, ¢ such
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that (v,£7,£7) and (7, A 07) are (n®, m°)-mates, that is, there exists a smooth
function A : I — R with X\ # 0 such that F(t) = v(t) + A(t)n°(t) and n°(t) =
n2(t) for all t € I. By differentiating 7(t) = v(t) + A(t)n°(t), we have
a(t)ml () +b()7° (t) = (a(t)+A(#)r1 ()0 () +(b()+A )N () =A(1)s (t)n ().
Since n°(t) = m°(t), we have b(t) = b(t) + A(t). If we denote

7(t) = ar(t)n(t) + bi(t)n’ (), 7' (1) = az(t)n(t) + ba(t)n’ (1),

where a1, as, by, be : I — R are smooth functions, then a?(t) — b3(t) = 1,a3(t) —
bi(t) = —1 and ai(t)a () — by(t)ba(t) = 0. Since n(t) = n(t) AR (t) =
(a1()ba(t) — aza(t)b1(t))n(t), a1(t)ba(t) — az(t)bi(t) = 1. Tt follows that az(t) =
b1(t), ba(t) = a1(t). By a?(t)—b?(t) = 1, there exists a smooth function 6 : I — R

such that
n(t) cosh0(t) sinh6(t) n(t)
(nT > (SlnhH( t) coshO(t )> < Tt )> '
Then we have +a(t) sinh () = —A(t)x%(t) and £a(t) cosh 8(t) = a(t)+\(t)ry1(t).
It follows that @(t) = £(\(t)k°(t)sinh0(t) + (a(t) + A(t)k1(t)) coshf(t)) and
A(t)x3(t) cosh O(t) 4 (a(t) + A(t)k1(t)) sinh 6(t) = 0. Therefore, we have
A(t)(r2(t) — r3(t)) cosh 6(2) + (a(t) + B(t) + A(t)r1(t)) sinh 6(¢) = 0
forall t € I.
Conversely, suppose that there exist smooth functions A, 6 : I — R with \ #
0 such that A(t)x®(t) cosh H(t) +(a(t)+A(t)k1(t)) sinh O(t) = 0 for all ¢t € I. If we
consider F(t) = v(t)+A(t)n”° ( ), (t) = £(cosh O(t)n(t)+sinh O(t)n’' (¢)),n’ (t) =
+(sinh §(t)n(t) + cosh 0(t)nT (t)), then 7 (t) = n°(t) and
F(t) = (al(t) + AOr1($)nT () + (b(t) + A(1)n () = A(&)w (t)n(t)
= +(a(t) + A(t)r1(t))(— sinh O()7(t) + cosh O(t)7T (t)) + (b(t) + A(t))7"(t)
T A1)k (t)(cosh O(t)7a(t) — sinh O(t)7 " (t))
— (AR5 (8) sinh 8(2) + (a(t) + A(£)s1 (1)) cosh B(8))AT (1
T (b(t) + M) 0)
= a0 () + B¢ > S(t)

A()k1(t)) cosh 6(t)), b(t) = b(t) + A(t),

a(t) = £(A(t)x ()Smhﬁ()ﬂ()
t)=n'(t) - n5(t).

rry=a") +as), T (t
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It follows that (7, ZJF,Z ) : I — R3 x Ay is a lightcone framed curve. Hence,
AN

(v, 0%, 07) and (7,27,77) are (n®, m%)-mates. O

Proposition 2.20. Suppose that there exist smooth functions A\,0: I — R
with A # 0 such that

At)(ka(t) — Kk3(t)) cosh O(t) + (a(t) + B(t) + AN(t)k1(t)) sinh 6(t) =
for all ¢ € I. Then the curvature of the lightcone framed curve (7, Z+,Z7) :
I — R3 x Ay, where F(t) = v(t) + AO)nS(#), 07 (¢) = nl(t) + n51), 0 (t) =
QT(t) —m3(t),n’(t) = £(sinh O(t)n(t) +cosh O(t)nT (t)),n°(t) = n®(t) is given
Yy
(R1,Ro, Rz, @, B) = (1, (1/2)(®T +7%), (1/2) (T —&Y), (1/2)(@+b), (1/2)(@—b)),

where

F1(t) = +(k1(t) cosh O(t) + £ (t) sinh 6(t)),
RU(t) = £(0(t) + =T (1)),
R (t) = +(k1(t) sinh O(t) + £°(t) cosh 6(t)),
(£) = ()5 (£) simh O(2) + (a(t) + Aty (1)) cosh (1)),

b(t) = b(t) + A(1).

Proof. By a direct calculation,

7l (t) = £(0(t) cosh O(t)n(t) + sinh 0(2) (k7 (t)nT (t) + 7 (t)n° (1))
+ 0(t) sinh O(t)nT (t) + cosh O(t) (k1 (t)nT (t) — k5 (t)n(t)))
= +(k1(t) cosh O(t) + k° (t) sinh O(t)) 7" + ((t) + & (¢))7(t),
ns(1) =

(k1 (t) cosh O(t

) + £%(t) sinh(t)) 7" (1)
(k1(t) sinh 0(t) + £°

(
ri(t)n®(t) — &5 (t)n(1)
K5
(t) sinh 6(t))m(t).

+
:F
Then we have

F1(t) = £(r1(t) cosh O(t) 4+ £°(t) sinh(t)), &L (t) = £(0(t) + T (t)),
RO (t) = (k1 (t) sinh 0(t) + £ (¢) sinh 0(t)).

By the proof of Theorem [2.19] we also have
a(t) = £(A()r(t) sinh 0(t) + (a(t) + A(t)k1(t)) cosh 0(t)), b(t) = b(t) + A(t).
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Theorem 2.21. (7,(%,07): T — R3 x A, is an (n,n°)-Bertrand lightcone
framed curve if and only if there exist smooth functions A\, 0 : I — R with A £ 0
such that

(aft) + B(t) + A(t) (r2(t) + r3(t))) sinh 6(2)
— (aft) = B(t) + A(t) (r2(t) — r3(t))) cosh O(t) =

forall ¢t € I.

Proof. Suppose that (v,£+,07) : I — R} x Ay is an (n,n”)-Bertrand lightcone
framed curve. Then there exists another lightcone framed curve (7, Z+,Z7) such
that (v,¢%,¢7) and (7, Z+,27) are (n,m°)-mates, that is, there exists a smooth
function A : I — R with A # 0 such that J(¢) = v(t)+A(t)n(t) and n(t) = n°(t)
for all t € I. By differentiating ¥(t) = v(t) + A(t)n(t), we have

a(tyn’ () +bt)yn®(t) = (at)+AWR (£)n" (6)+0()+AE)E (1)n® () +At)n(t).

Since n(t) = @ (t), we have b(t) = A(t). If we denote

() = ar(t)n” (1) + bi()n®(t), = () = az(t)n” (1) + ba(t)n(1),

where a1, ag, b1, ba : I — R are smooth functions, then —a?(t)+b2(t) = 1, —a3(t)+
b2(t) = —1 and —ay(t)az(t) + bi(t)be(t) = 0. Since m(t) = n(t) AR (t) =
(a1(t)ba(t) — az(t)b1(t))n(t), a1 (t)ba(t) — az(t)by(t) = 1. It follows that as(t) =
bi(t),ba(t) = ai(t). By —a2(t) + b3(t) = 1, there exists a smooth function
0 :1 — R such that

() == (o <o) (60)

Then we have Fa(t) cosh0(t) = a(t) + A(t)k” (t) and Fa(t)sinh6(t) = b( ) +
A(t)x(t). Tt follows that a(t) =F((a+ )\(t)/iT(t))coshG( ) — (b(t) + ()5 (1))
sinh () and (a + A(t)xT (t)) sinh () — (b(t) + A(t)x(t)) cosh §(t) = 0. There-

fore, we have

(a(t) + B(t) + A1) (r2(t) + K3(t))) sinh 0(2)
— (a(t) = B(t) + A(t) (ra(t) — w3(t))) cosh 6(t) = 0

forallt e I.

Conversely, suppose that there exist smooth functions A, 6 : I — R with
A # 0 such that (a + \(t)xT(t))sinh () — (b(t) + \(t)x°(t)) cosh 6(t) = 0 for
all t € I. If we consider F(t) = (t) + AMt)n(t),n’ (t) = F(coshd(t)n”(t) +
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sinh @(t)n°(t)),m(t) = +(sinh O(t)nT (t) + cosh@(t)n°(t)), then B (t) = n(t)
and

F(t) = (a(t) + AT (6)nT () + (b(t) + A& ()0 (1) + At)n(t)
(t)kT(t))(sinh O(t)7a(t) + cosh O(H)T T (t)) + A(t)7> ()
()K" (t))(cosh A(t)Ta(t) + sinh O(t)7 " (t))

) (

:F

= (
= F((a+ MOKT (1)) cosh O(t) — (b(t) + A(t)x5 (1)) sinh 0(t))A7 (t)

+ S

where
a(t) = F((a+ MK (t)) cosh 6(t) — (b(t) + A(t)x5 () sinh 6(¢)), b(t) = A(t),
) =n" ) +n5@), U (t) =nT ) —n{).

0) I — R x Ay is a lightcone framed curve. Hence,
I

are (n,7°)-mates. O
) are (

Proposition 2.22. Suppose that there exist smooth functions A, 0 : I — R
with A # 0 such that

(a(t) + B(t) + A(t) (ra(t) + k3(t))) sinh 6(t)
— (aft) = B(t) + A1) (r2(t) — r3(t))) cosh 6(t) = 0

for all t € I. Then the curvature of the lightcone framed curve (7, Z ) :
I — R x Ay, where 7(t) = y(t) + A(B)n(t), 0" (1) = *T() n (t),z (t) =
nl(t) —ﬁs(t),ﬁT(t) = F(cosh 8(t)nT (t) +sinh (t)n(t)), m(t) = n(t) is given

by
(F1, Fa, R, @, B) = (Fr, (1/2)(R" +%°), (1/2)(R" &%), (1/2)(@+b), (1/2)(@—b)),

where

F1(t) = F (k7 (t) cosh O(t) — x5 (t) sinh (1)) ,

AT (t) = F(0(t) + m(t),

Bit) =+ (k7 (t) sinh 6(t) — #5(t) cosh o(t)) ,
a(t) = F ((a(t) + MNt)&T (1)) cosh 8(t) — (b(t) + \(t)x°(t)) sinh 6(t))
b(t) = A(t).
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Proof. By a direct calculation,

ﬁT(t) = T(A(t) sinh 0(t)nT (t) + cosh O(t) (k1 (t)n > (t) + & (t)n(t
7(t) = £(0(t) cosh 0(t)n” (t) + sinh O (¢

Then we have
71 (t) = F (57 () cosh 0(t) — k(¢) sinh (1)) , 7 () = F(O(E) + (1)),
®°(t) = £ (k7 (t) sinh O(t) — x5 (t) cosh 6(2)) .
By the proof of Theorem [2.19] we also have
a(t) = T((a + At)&T (t)) cosh 6(t) — (b(t) + A(t)&5 (t)) sinh (1)), b(t) = A(t).
O

Theorem 2.23. (v,/7,07) : I — R? x A, is always an (n°,n)-Bertrand
lightcone framed curve.

Proof. If we consider (7, ZJF,Z_) : T — R$ x Ay by

() = () + At (t), T (1) =nT () +n(t),

T (1) = nT(t) - n(t),

where A(t) = — [b(t)dt. By differentiating J(t) = ~(t) — ([ b(t)dt)n®(t), we
have then we have

30 = (a0~ () [otat) w0+ (~n%0) o0 n¥o)

It follows that (7, ?JF,Z ) : I — R} x Ay is a lightcone framed curve with the
curvature

(R1,Re, K3, @, B) = (&1, (1/2)(FT +7°), (1/2) (& —&%), (1/2)(@+b), (1/2)(@—b)),

where
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Hence, (v,¢",¢7) and (7, ZJF,Zi) are (n°,m)-mates. O

Remark 2.24. If (v,(%,07) : I — R3x A4 is an (n®, n)-Bertrand lightcone
framed curve, then J(t) = y(t) — ([ b(t)dt)n”(t). Hence, 7 is a psedo-circular
involute of « (cf. [17, 21]).

3 Examples

We give concrete example of Bertrand lightcone framed curves.

Example 3.1. Let p,g € R and n,m € N. Suppose that n # m (respec-
tively, n = m). Then we define (v,£%,£7) : R — R} x A4 by

0= (Lo (ot oty

2 m-—-n m-+n

2 m—-n m-+n

4 (Sin<m —n)t _ sin(m + n)t> >

(respectively, ~y(t) = (—£ cos mt, —4i cos 2mt, %t — 41 sin 2mt>> ,
m m m

0t (t) = (1, cosnt,sinnt),
¢~ (t) = (1, — cosnt, — sinnt).

Then (v,67,07) : R — R} x Ay is a lightcone framed curve with the curvature

k() = 0, ka(t) = — 2, ka(t) = 2, a(t) = p;q sinmt, (1) = L sinm.

n

2 2
Since a(t)B(t) = (p? — ¢?) sin?(mt) /4, v is a spacelike curve with singular points
if p? < ¢?, a lightlike curve with singular points if p> = ¢2, and a timelike curve
with singular points if p? > ¢°. By definition, we have

kT(t) =0, k5(t) = —n, a(t) = psinmt, b(t) = gsinmt.

If we take A(t) = (k(t)/n)(p — q)sinmt (respectively, A(t) = —(k(t)/n)(p +
q) sinmt) with A # 0, then the condition of Theorem (respectively, of Theo-
rem [2.8) is satisfied. Hence, (v, £+, ¢7) is an (¢+,07) and (¢+,7) (respectively,
(6=,¢") and (¢~,¢ ))-Bertrand lightcone framed curve.

If we take 6(t) = nm, then the condition of Theorem is satisfied. Hence,
(7,£%,£7) is an (n”,n’)-Bertrand lightcone framed curve.

If we take A(t) = (ptanhé(t)/n)sinmt (respectively, A(t) = ((ptanh6(t) —
q)/n)sinmt) with A # 0, then the condition of Theorem (respectively,
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of Theorem [2.21)) is satisfied. Hence, (v,¢%,¢7) is an (n°,m°) (respectively,
(n,m”))-Bertrand lightcone framed curve. Moreover, if we take A(t) = (q/m)
cosmt # 0, then the condition of Theorem is satisfied. Hence, (v, ¢1, ()
is an (n”,m)-Bertrand lightcone framed curve. Similarly, if \ is a non-zero con-
stant, then the condition of Theorem is satisfied. Hence, (v,£7,£7) is an
(n,m)-Bertrand lightcone framed curve.

Example 3.2. Let (y,¢7,07): T = R} x Ay be

A1) = ( [t ( / ﬁs(t)dt>2dt + [(ato + o,
—/a(t) <//<;3(t)dt>2dt+/(a(t) ~ B(t))dt, 2 </a(t) (/ ﬁg(t)> dt> dt),
0t (t) = ((/ Hg(t)dt>2 +1, — </ Hg(t)dt>2 +1, 2//@3(t)dt>,

() =1, -1, 0).

Then (v,¢7,07) : I — R} x Ay is a lightcone framed curve with the curvature
(0,0, k3, «, B). By definition, we have 7 (t) = r3(t), s°(t) = —k3, a(t) = a(t) +
B(t), b(t) = a(t) — B(t). Since k2(t) = 0, then the condition of Theorem
is satisfied. Hence, (v, ¢",£7) is always an (6*,z+)—Bertrand lightcone framed
curve.

If we take r3(t) = sint, a(t) = sintcost and B3(t) = cost, then (v, £, £7) is
given by

1 1 1 1 2
~(t) = (—4 cost t — 3 cos?t +sint, 1 cost t — 5 cos’t — sint, 3 cos® t) ,

() = (COSQt—l- 1, —cos’t+1, —2cost) ,
Z_(t) = (1> _17 0)7

up to constant. Since a(t)3(t) = sint cos? t, 7 is a mixed type curve with singular
points at ¢t = 7/2 and 37/2. We also have 7 (t) = sint, k%(t) = —sint, a(t) =
cost(sint + 1) and b(t) = cost(sint — 1). Since B(t) = cost #£ 0, (v,0T,07) is
always an (€+,Z+)—Bertrand lightcone framed curve by Remark (2).

Similarly, if we take 6(t) = ¢ and A(t) = sint — 1, then the condition of
Theorem is satisfied. Hence, (7, £%,¢7) is an (n”,m")-Bertrand lightcone
framed curve.

If we take r3(t) = sinht, a(t) = sinhtcosht and (t) = —sinht, then
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(v,€7,47) is given by

h't h?¢ ht¢ h? ¢ 2
() = <COS4 + 0052 — cosht, —C°S4 + COS2 +cosht,  cosh’ t) ,
0t (t) = (cosh2 t+1, —cosh?t +1, 2cosh t) ,

0 (t) = (1, -1, 0),

up to constant. Since a(t)B(t) = —sinh®tcosht, v is a spcelike curve with
a singular point at t = 0. We also have x”(t) = sinht, k%(t) = —sinht,
a(t) = sinht(cosht — 1) and b(t) = sinht(cosht + 1). If we take a smooth
function 6 : I — R such that \(t) = e 2" cosht + 1, then the condition of
Theorem is satisfied. Hence, (v,¢T,¢7) is an (n,n”)-Bertrand lightcone
framed curve. Similarly, if we take a smooth function § : I — R such that
A(t) = —tanh 0(t)(cosht — 1) and 6 # 0, then the condition of Theorem is
satisfied. Hence, (,£1,¢7) is an (n®,w")-Bertrand lightcone framed curve.
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