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ABSTRACT. In this work, both timelike and spacelike Tzitzeica, spherical, and
spherical Tzitzeica curves are analyzed in 3-dimensional Minkowski space by
using g-frame. Tzitzeica and spherical curves are characterized using spacelike
and timelike g-frames within the context of Minkowski three-space, and the
theorems concerning spherical Tzitzeica curves are established.

1. INTRODUCTION

At the start of the 20th century, a Romanian Mathematician, named Gheorgha
Tzitzeica, defined a space curve called the Tzitzeica curve, where the constant value
is the ratio of the torsion to the square of the distance from the curve’s origin to
the osculating plane at any arbitrary point on the curve [20], [21].

After this Tzitzeica curve was defined, many researchers have studied this sub-
ject. Karacan and Biikcli worked on two different hyperbolic cylindrical Tzitze-
ica curve in 2008 and gave the condition for cylindrical curve being a Tzitzeica
curve dealing with third order ordinary differential equation in three-dimensional
Minkowski space in 2009 [11], [12]. In 2010, Agnew et al. presented a thorough
definition of Tzitzeica curves and surfaces, predating Bobe et al.’s work in 2012.
The latter researchers established the connections between Tzitzeica curves and
surfaces in Minkowski spaces and their counterparts originating from Euclidean
space 4], [7], 9], [18], facilitated by the introduction of three novel centro-affine
invariant functions [1], [5]. In [3], both Tzitzeica curves and rectifying curves were

2020 Mathematics Subject Classification. 57R25, 53A04, 53A35.
Keywords. Curvatures, spherical curves, Tzitzeica curves.

1 8 gulugurk@karatekin.edu.tr; ©20000-0003-4932-894X

2B gamzenursen26@gmail.com; ©0000-0001-5687-4231

3B cekici@ogu.edu.tr-Corresponding author; 20000-0002-3247-5727.

(©?2024 Ankara University
Communications Faculty of Sciences University of Ankara Series A1 Mathematics and Statistics

957



958 G. UGUR KAYMANLI, G.N. SEN, C. EKiCi

discussed and Tzitzeica conditions were given for both spacelike and timelike he-
lices and pseudospherical curves in E?. Furthermore, calculations were performed
using a different frame, Bishop frame, for fixed-width space curves in Euclidean
3-space [10] and spacelike curves in Minkowski 3-space [6].

In this study, a new frame called g-frame, found in [§], [13]- |15], [23], is used to
examine the Tzitzeica, spherical, and spherical Tzitzeica curves in 3-dimensional
Minkowski space. The conditions being Tzitzeica curve and spherical Tzitzeica
curve are analyzed for the both spacelike and timelike curves.

2. PRELIMINARIES

Consider a real vector space denoted as V. A bilinear form on this vector space
can be defined as a function, denoted as (,) : V x V — R. In three-dimensional
Minkowski space E3, this function of two vectors u = (uy, ug, u3) and v = (vy,ve,v3)
is expressed

(u,v) = u1v1 + Ugve — UzvV3.
A scalar product space is called Lorentz space when v = 1 and dimV > 2 [17].

Definition 1. A tangent vector u € V is

e spacelike if (u,u) >0 oru=0,
o timelike if (u,u) <0,
o null if (u,uy =0 and u#0 [16], [17].

The norm of the vector u is given by ||ul| = |(u,u)|*/?.

Definition 2. Let I' be the set of all timelike vectors in a Lorentz vector space V.
Foruel,

C(u) = {v € T|{u,v) > 0}
is the timecone of V' containing w [17].
Proposition 1. Let u and v be timelike vectors in a Lorentz vector space. Then,
it holds that:

o |(u,v)| > |ul|v|, with equality if and only if u and v are collinear.

e Ifu and v belong to the same timecone in C(u), there exists a unique non-
negative number 8 > 0, known as the hyperbolic angle between u and v, such
that:

(u,v) = —|u||v| cosh 6.
The cross product of v and v in three-dimensional Minkowski space E3 is defined
as
u X v = (Uzvy — Ug3, UV3 — U3V1, U V2 — U2V1 )
-
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Definition 3. The Lorentzian unit circle in the Lorentz plane R? is given by the
set

St = {u € R3|(u,u) = 1},

The tangent vectors of this Lorentzian circle are always timelike type. Besides, the
hyperbolic unit circle shown in Figure[l| in the Lorentz plane is given by the set

HY = {u € R3|(u,u) = —1}.
The tangent vectors of this hyperbolic unit circle are always spacelike [22)].

Similarly, the Lorentzian unit sphere and hyperbolic sphere shown in Figure
are given

Sf = {U € R?K’U,U) = 1}’

HO2 ={ve R‘?\(v,v) = -1},

respectively [22].

FIGURE 1. Lorentzian and hyperbolic unit circles

Definition 4. The distance of a point P in space to a plane is called the length of

the vector ﬁ such that S is the foot of the perpendicular projection of P on the
plane is S.

| <ﬁ,ﬁ>|

|7 ]

I=d(P,8)=|| PS || =

where A be any point on the plane and T be the normal vector of the plane [2/).
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FIGURE 2. Lorentzian and hyperbolic unit spheres

3. TziTzEICA CURVES IN 3-DIMENSIONAL MINKOWSKI SPACE

In this chapter, Tzitzeica and spherical curves are defined by using g-frame in
Minkowski three-space. For these Tzitzeica and spherical curves, some results are
given and they are characterized with respect to their curvatures. After defining
spherical curve, the condition being Tzitzeica spherical curve is examined.

3.1. Spacelike Tzitzeica Curves with g-frame in Minkowski 3-space. In
this part of our work, we deal with a spacelike curve that occurs when the projec-
tion vector k is timelike. For that spacelike curve, we examine both Tzitzeica and
spherical curves, and then we work on Tzitzeica spherical curve. Lastly, investiga-

tions are shown on the Lorentz sphere.

Theorem 1. The deriwative formula of q-frame vectors for spacelike curve when t
spacelike, k = (0,0, 1) timelike, ngq spacelike, and by timelike is given

t/ 0 k1 —ko t
nﬁl = —kl 0 —kg g
b, ~ky —k3 0 by

The g-curvatures are written
k1 = kcosh@, ko = ksinh 0 ve k3 = —df — 7

[i9).
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Definition 5. Let a: I C R — R be a spacelike curve with arc-length parameter
when k1 > 0 and ks # 0. The curve « is called the Tzitzeica curve if the a satisfies

the condition
k3

42
qos
with the distance dqos of the curve from the origin of the g-osculator plane at the
arbitrary point o(s). Here, a # 0 is a constant.
Using definition 4 and bq=t X ng, one can write
d(0,qos) = dgos
{afs), t x ng)
[t X ng]|

{a(s), bg)
gl |

Since the timelike binormal vector b is a unit vector, from which the distance of the
g-osculator plane to the origin is found in the form of

dgos = [(a(s), bg)l - (1)

=a

g-Osculator  Osculator
plane plane

FIGURE 3. The distance dgos of the g-osculator plane to the origin

Theorem 2. Let a: I C R — R? be a unit spacelike curve in R3. The curve a is
called Tzitzeica curve when the following equality satisfies

K, (by, @) + 2kaks (t,a) + 2k3 (ng, ) = 0.
Proof. Let o : I C R — R} be a unit spacelike curve in R3. Assume that the curve

« is Tzitzeica curve. Using definition 5 and equation (1), one can get



962 G. UGUR KAYMANLI, G.N. SEN, C. EKiCi

Derivative of the last equation gives us
Ky (bg, a)® — k(2 (bg, a) (b, @)
(bg, )" -
When the necessary simplifications are made, we can conclude
2k3 (ng, @) + 2kaks (t,0) + K (bg, o)
(bq, a>3
This gives us a proof of theorem. O

=0.

The spacelike spherical curve is written
a(s) = s1t(s) + sang(s) + ssbq(s)
with respect to g-frame vectors. One can write

[os] =+

for the sphere with radius 7. Using a(s) € S7, the properties of symmetry of scalar
product and the curve being unit speed, we obtain

s1 = (t,a) =0.
The first and second partial derivatives of this equation are as follows
3} <nq,a> — ko <bq’a> =0 (3)
and
(ng,a) (K} + koks) — (bg,) (k3 + kiks) =0 (4)

respectively. When the equation (3) is multiplied by —k} + k1 k3 and the equation
(4) is multiplied by ks, and added together, the equation
1
(ng.) = k(M T koky)
YR 4 Kk
is obtained. Similarly, multiplying the equation (3) by —k{ — k2k3 and the equation
(4) by k1, and adding together, we can get

1
(ba) = ECET)
2 VR koks
Taking derivative of (ng,a) = s2 gives us
/
(bg,a) = 12 =55
Since (ng,o) = s9, one can get
kb + Kk

%27 jkh + K2k — kokl — K2k
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Now, to find s3, it is enough to take the square of the above equation, and divide
by k3. In these settings, we are able to find

1

3 = s (=K1 (ks (kT + k3) + Kk
(32 + (0 — ) ?
+k1k2k3’ + kgké/) i k‘é/ﬂg(?klkg + klll + kzk‘é)

k'3 /4}3
—ka((k1)? = 2(k5)? — k{'k1 + kgka)].

Corollary 1. Let a: I C R — R} be a unit speed spacelike curve in R}. o is a
spherical Tzitzeica curve if and only if

K} (bg, @) + 2k3 (ng, o) = 0.

Theorem 3. Let M C R? be a spacelike curve with coordinate neighborhood (I, ).
The geometric location of the centers of the spheres, which are the three common
points of M and infinity, is

a(s) = a(s) + s2(s)nq(s) + Abg(s),
so that the g-vectors at the point a(s) corresponding to the point s € I are

{t(s),nq(s),bq(s)} where A € R and so : I — R is the same as the coefficient of
ng in the equation of the spherical curve.

Proof. Let f : I — R, f(s) = {a— a(s),a— a(s)) — r?. Since there are three
common points with the spheres
Si={z|xzcR} (x—ax—a)=r"}

of the point a(s) of M, there must be

fls)=f'(s) = f"(s)=0.
Since f(s) = 0, the equality (a — a(s),a — a(s)) = r? must be satisfied. Using this
equality, we can get

(t(s),a — a(s)) = 0.
With the help of derivation of the last equality and f’(s) =0,
ki(s) (ng(s),a — a(s)) — ka(s) (bq(s),a —a(s)) +1 =10

is found. On the other hand, since {a — a(s),t(s)) = s1(s), we have s1(s) = 0.
Similarly, we can get

(a — a(s), ng(s) = s(s)
and

(@ —a(s),bg(s)) = —s3(s).
In this setting, we are able to obtain

s1(s) + s5(s) — s3(s) =17,
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Using the equalities of s; and so, it is easily found as
a = a(s) + s2(s)ng(s) + Abg(s).
O
Theorem 4. Let M C R? be a spacelike curve with coordinate neighborhood (I, ).

For any s € I, when ko = 0 at the point «(s), the radius of osculating sphere is
constant if and only if the center of osculating sphere are the same such that s3 # 0,

ks # 0.
Proof. The center of osculating sphere is written
a(s) = a(s) + sa(s)ng(s) + s3(s)bg(s)
such that a(s) € M and the radius
ro=|lad]
la —a(s)|
= V/(s2(s)nq(s) + s3(5)bq(s), s2(s)nq(s) + s3(s)bq(s))
= V/s3(s) — s3(s).
Taking derivative of r? = s3(s) — s%(s), and using s3(s) = }28, we can found
ks(s)s2(s) — s3(s) = 0. ()
From the equation a(s) = a(s) + s2(s)nq(s) + s3(s)bg(s), we have
D.a(s) = (1 = s2(s)k1(s) — s3(s)ka(s))t(s) + (—s2(s)ks(s) + s5(s))bq(s)-
After using the equality of so,s3 and ko = 0, one can get
D a(s) = (—s2(s)ks(s) + s5(s))bq(s).

In the light of equation (5), for any s € I, that a(s) is a constant is obtained. On
the other hand, let a(s) be a constant for any s € I. Since = ||ad| , we have

(a(s) — a(s),a(s) — als)) = r*(s).

Taking derivative of this equation gives

<Dda(s), a(s) — a(s)> =r(s) %

We then have
arl _y
ds ’

S

r(s)

dr
Eith =0or —
ither r(s) or —

= 0 is provided. Being r(s) = 0 contradicts both sy =

S

d
s3 = 0. Therefore, disﬁ

= 0. We then conclude the proof by finding r(s) = 0 for

S

any s € I. (]
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FIGURE 4. Spacelike spherical curve with g-frame in Minkowski 3-space

3.2. Timelike Tzitzeica Curves with g-frame in Minkowski 3-space. In
this part, we work on the similar theorems in previous section for timelike curve
when the projection vector k is spacelike. Since the proofs are also made in similar
ways as in the case of the spacelike curve, we omit them in this case.

Theorem 5. The derivative formula of g-frame vectors for timelike curve when t
timelike, k = (0,1,0) spacelike, ngq spacelike and by spacelike is given

t/ 0 ki ko ¢
nlq = ]{1 0 ]Cg nq
b/, ky —ks O bq

The g-curvatures are written
k1 =kcosO,ko = —ksinf ks =do + 7

[19].
Definition 6. Leta: I CR — R‘;’ be a timelike curve with arc-length parameter
when k1 > 0 and k3 # 0. The curve « is called the Tzitzeica curve if the o satisfies
the condition

ks
42

qos

=a
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with the distance dgos of the curve from the origin of the g-osculator plane at the
arbitrary point «(s). Here, a # 0 is a constant.
Using definition 6 and bq=t x ng, one can write
d(0,qos) = dgos
{a(s),t x ng)
[t x ngq]|

{a(s),bq)
[[bg|

Since the spacelike binormal vector b is a unit vector, from which the distance of
the g-osculator plane to the origin is found in the form of

dgos = [{@(s), bq)| = |(bg, a(s))] .

Corollary 2. Let a: I C R — R} be a unit speed timelike curve in R}. a is a
spherical Tzitzeica curve if and only if

K} (by, a) — 2koks (t,a) + 2k3 (ng, o) = 0.

The timelike spherical curve is given
a(s) = s1t(s) + sanq(s) + s3bq(s)

with respect to g-frame vectors. In the light of recent calculations given above
section, one can find

s1 = (t,a) =0,
o Kl + ky ks
27 Thikh — k2ks + kok| — k2ks’
=2 1 [kékz(%lk% — ki + kaky)
By -+ k)2 ks

ks

kykh + kikoks' + kokl
ks

+ha(2(ky)? + (K7)? — k{ky — kY k)]

+k] (ks (kf — k3) + )

Corollary 3. Let a: I C R — R} be a unit speed timelike curve in R}. « is a
spherical Tzitzeica curve if and only if

K, (bg, @) + 2k3 (ng, o) = 0.
Theorem 6. Let M C R? be a timelike curve with coordinate neighborhood (I, ).

The geometric location of the centers of the spheres, which are the three common
points of M and infinity, is

a(s) = als) + s2(s)ng(s) + Abg(s),
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so that the g-vectors at the point «(s) corresponding to the point s € I are
{t(s),nq(s),bq(s)} where A € R and sg : I — R is the same as the coefficient of
ng in the equation of the spherical curve.

Theorem 7. Let M C R? be a timelike curve with coordinate neighborhood (I, ).
For any s € I, when ke = 0 at the point «(s), the radius of osculating sphere is
constant if and only if the centers of osculating spheres are the same such that
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