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Abstract: The approach of the paper is on spacelike circular surfaces in the Minkowski 3-space. A
spacelike circular surface is a one-parameter family of Lorentzian circles with a fixed radius regarding
a non-null curve, which acts as the spine curve, and it has symmetrical properties. In the study, we
have parametrized spacelike circular surfaces and have provided their geometric and singularity
properties such as Gaussian and mean curvatures, comparing them with those of ruled surfaces and
the classification of singularities. Furthermore, the conditions for spacelike roller coaster surfaces to
be flat or minimal surfaces are obtained. Meanwhile, we support the results of the approach with

some examples.
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1. Introduction

In spatial kinematic, the movement of the one-parameter family of circles with a fixed
radius generates a circular surface, while the movement of a one-parameter family of lines
generates a ruled surface. A circular surface has a spine curve, and a ruled surface has
a striction curve. The envelope of a set of circle planes is a tangent-developable ruled
surface. The characteristics of a tangent-ruled surface are straight lines, which are tangent
to the edge of regression. The edge of regression constitutes the singular points of the
tangent-developable ruled surface [1-6]. Because of this relationship between ruled and
circular surfaces, geometers have intention on circular surfaces in Euclidean and Minkowski
3-spaces. For example, Izumiya et al. [7] examined different geometric possessions and
singularities of circular surfaces by comparing with those of ruled surfaces. In [8], the
authors introduced great circular surfaces defined as a one-parameter family of great circles
in the three sphere, obtained a common classification of singularities of such surfaces,
and researched the geometric explanations from the viewpoint of spherical geometry.
In [9], a new category of circular surfaces in Euclidean 3-space defined by a curve and a
congruence of circles was constructed. The authors especially examine some geometrical
characterization of circular surfaces when the base curve is an algebraic curve. In [10],
Alluhaibi studied the singularity properties of circular surfaces in Euclidean 3-space. In [11],
spacelike circular surfaces in Minkowski 3-space defined by a smooth one-parameter family
of spacelike circles were investigated, and several geometric possessions were obtained.
Furthermore, the authors defined spacelike roller coaster surfaces, which are obtained
as spacelike circular surfaces whose generating circles are curvature lines, and obtained
a parametric equation of a spacelike roller coaster surface along a spacelike base curve
with spacelike principal normality. Tuncer et al. [12], reconstruct equations of spacelike
circular surfaces and spacelike roller coaster surfaces by using unit split quaternions and
homothetic movements. Furthermore, they parametrize timelike circular surfaces by using
unit split quaternions and homothetic movements and give the conditions for timelike
roller coaster surfaces to be flat or minimal surfaces. In [13], Abdel-Baky et al. considered
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the geometric properties of timelike circular surfaces in Minkowski 3-space. After that,
Yanlin et al. studied the timelike circular surfaces in Minkowski 3-space from the viewpoint
of singularity theory. They presented singularities and symmetry properties of timelike
circular surfaces in Minkowski 3-space [14]. Moreover, some of the latest connected studies
about symmetry and singularity can be seen in [15-23].

The present work includes the following: Section 3 gives definitions and studies the
geometry of spacelike circular surfaces with fixed radii that can be swept along a non-null
curve (the spine curve) via moving the position of a Lorentzian circle with its center as a
generating circle. Then, in analogy to [6,7], we characterize non-null curves as striction
curves on spacelike circular surfaces. Furthermore, we provide an investigation into local
singular points of spacelike circular surfaces. We also introduce roller coaster spacelike
surfaces as a special class of spacelike circular surfaces. Lastly, we give some examples of
roller coaster spacelike surfaces by using computer-aided graphics.

2. Basic Concepts

The Minkowski 3-space denoted by E3 is defined as the real vector space R® with the
metric [24-26]
(dx,dx) = dx? 4 dx3 — dx3; (x1,x2,%3) € R,

A vector x € E? is said to be spacelike if (x,x) = 0 or x=0, timelike if (x,x) < 0, and
lightlike or null if (x,x) = 0 and x # 0. A timelike or light-like vector in E? is said
to be causal. For x € E3, the norm is defined by ||x|| = /|(x,x)[; then, the vector x
is called a spacelike unit vector if ||x||> = 1 and a timelike unit vector if ||x[|* = — 1.
Similarly, a regular curve in [ can locally be spacelike, timelike, or null (lightlike) if all
of its velocity vectors are spacelike, timelike, or null (lightlike), respectively. For any two
vectors x = (x1,x2,x3) and y = (1,2, y3) of E3, the vector product is defined by

i -k
xxy=|x x x5 |=((y2x3 —ysx2), (y3%1 — y1x3), — (Y132 — y2x1)),
i Y2 Y3

where i, j, k is the canonical basis of E3. The angle between two vectors in Minkowski
space is defined as follows.

Definition 1. (i) Spacelike angle: Let x and y be spacelike vectors in E3 that span a spacelike vector
subspace; then, we have |(x,y)| < ||x||||y||; hence, there is a unique real number ¢ > 0 such that
(x,y) = ||x|||ly|| cos ®. This number is called the spacelike angle between the vectors x and y.

(ii) Central angle: Let x and y be spacelike vectors in E3 that span a timelike vector subspace;
then, we have |(x,y)| > ||x||||y||; hence, there is a unique real number ® > 0 such that (x,y) =
lx||||y|| cosh ®. This number is called the central angle between the vectors x and y.

(iii) Lorentzian timelike angle: Let x be spacelike vector and y be timelike vector in E3. Then,
there is a unique real number & > 0 such that (x,y) = ||x||||y|| sinh 8. This number is called the
Lorentzian timelike angle between the vectors x and y.

The hyperbolic and Lorentzian unit spheres, respectively, are
H2 ={x€E} |24+ x3—x}=-1x3>1},

and
Si={x€E | +x3 -3 =1}

We denote a surface M in E? by

M:Q(s,9) = (x1(s,0),x2(s,8),x3(s,8)), (s,8) € D C R 1)
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Let ¢ be the standard unit normal vector field on a surface M defined by &(s, ¥) = Q,

xQy 11Q; X Qﬁ\rl, where, Q; = aa—? Then, the metric (first fundamental form) I of a
surface M is defined by
I = g11d52 + 2g12dsdl9 + g22d192, (2)

where g11 = (Qs, Qs), 812 = (Qs, Qp), 822 = (Qyp, Qp). We define the second fundamental
form II of M by
II = hy1ds? + 2hypdsd® + hypd®?, (3)

where h11 = (Q,,, &), h12 = (Qyp, &), Mo = (Qpy, &). The Gaussian curvature K and the
mean curvature H are

_ g —2hingin + haago
2(g11822 — §3,)

hi1hyy — W2
€ 117422 12

K(s,9) = >
811822 — 81>

H(s, 8) , 4)

where (g, &) = e(+1). A surface in the Minkowski 3-space E? is called a spacelike (resp.
timelike) surface if the induced metric on the surface is a positive (resp. negative) definite
Riemannian metric. This is equivalent to saying that the normal vector on the spacelike
(resp. timelike) surface is a timelike (resp. spacelike) vector [1-3].

3. Spacelike Circular Surfaces

In this section, we first introduce spacelike circular surfaces in E3. Then, we give
some possessions of these surfaces and define the concept of the spacelike roller coaster
surface as a special class of spacelike circular surfaces, given a timelike spherical curve
e: ] — S? C E? parameterized by its arc-length s. Then, there is a unique Blaschke frame

e; =e(s),exs) = e’(s)||e’(s)\|_1,e3 = e; X ey along e(s) € S?. This yields

(e3,e3) =1, 5)
e Xep) =e3, €1 Xe3 =ep, e X e3 = e].

From now on, this paper assumes such a parametrization and indicates its differentia-
tion with respect to s with primes. Then, the Blaschke formulae is

e 0 1 0 e
e, | = -1 0 Kg e |, (6)
e} 0 —x; O e3

where x,(s) is the spherical (geodesic) curvature function of e1(s) € S?. Let a(s) be a
non-null space curve represented by

o'(s) = y(s)er +6(s)ez +1(s)es. ?)

The four functions x(s), d(s), and 7(s) constitute a Lorentzian complete system of
the curve «(s). Thus, for a positive number r > 0, and by means of the solutions of the
differential system (8), a spacelike circular surface M can be defined as follows:

M : Q(s,0) = a(s) + r(cosh dep(s) + sinh dez(s)), s€ I, ¥ € R, 8)

where «(s) is called the spine curve, and & — «(s) + r(cosh de,(s) + sinh de3(s)) are called
generating circles. In this work, we exclude circular surfaces with constant vector e,
whose geometric possessions are not so much interesting and to a certain extent are easier
to explore.

It is clear that Equation (8) offers a way for constructing spacelike circular surfaces
with a given radius r > 0 through the equation

S
u(s) =ag+ (/0 e + dey + 17e3>ds. 9)
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Direct computation gives

Qg = r(sinh de; + cosh de3), (10)
Q, = (7 +rcoshd)e; + dey +nes +xgQy.
Then,
g1 = (rcosh® + )% — (8 + rig sinh 9) + (7 + rig cosh )2, 1)
g12 = r(ncosh® — dsinh & +rkg), g =12
The timelike unit normal vector is
2(s,9) = Qs xQy  (dcosh® —ysinh®)eq + (rcosh & + &) (cosh de; + sinh de3) ' (12)

Qs x Qoll —(6cosh® — 57 sinh )2 + (rcosh @ + v)?
Ul

By a straightforward calculation, we obtain:

Qg9 = r(cosh de; + sinh de3),
Q,s = rsinh de; + rxg(cosh de; + sinh de3), (13)
Qs = (7' +0)er + (v + 0"+ nyxg + rcosh ®)ey + (dxg +17')es + kg Qp + K5 Qs

so,

(rcosh® + 6)[(dxg + 1) sinh & — rxg — (7 + 8" + g + r cosh 8) cosh 8]

b - +(7' + 0 + rig sinh @) (§ cosh & — 17 sinh 9)
o \/—(8cosh® — 7sinh 8)2 + (rcosh & + )2 '

[ r(6 cosh® — 7 sinh ¢) sinh & — rxg(r cosh ¥ — &)
7o \/—((5cosh19—;751nh19)2—|— (rcosh & + )2 ’

 — —r(rcosh ¥ + 6) (14)
2 /= (6 cosh® — 17sinh 8)2 + (rcosh & + )2

Definition 2. Let M be a spacelike circular surface with the standard Equation (8). Then, at
s € I C R, the following holds:

(1) M is called a spacelike canal (tubular) surface if the spine curve is orthogonal to the circular
plane, that is, &/ (s), e1(s), ex(s), and e3(s) satisfy that

7(s) = (e1, &) # 0, and (e, &') = (e3,8") = 0 & d(s) = 7(s) = 0. (15)

(2) M is called a spacelike roller coaster (or tangent) surface if the spine curve is tangent to the
circular plane, that is, «' (s), e1(s), ex(s), and e3(s) satisfy that

v(s) = (e, &') = 0,and §(s) = (ey,&’) = 0o0rn(s) = (es,a’) = 0. (16)

It is well known that lines are considered as the simplest examples of curves, and
circles with a fixed radius give another simple example of curves. Ruled surfaces are
characterized out by a family of lines and circular surfaces by a series of circles with a fixed
radius. Ruled surfaces have striction curves, while circular surfaces have spine curves.
Therefore, it is normal to study circular surfaces compared with the class of ruled surfaces.
The following subsections give some geometrical possessions of the spacelike canal and
the non-canal spacelike surfaces.

3.1. Striction Curves

In the Euclidean 3-space, the striction curves of the circular surfaces are defined by
Izumiya et al. [7]. We devised a new definition of striction curves, as follows: the curve
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c(s) = a(s) + r(cosh ¥(s)ex(s) + sinh d(s)es(s)) (17)

is the striction curve if and only if ¢(s) satisfies
(c/,cosh®(s)ey(s) + sinh ¥(s)es(s)) =0, Vs €  C R.

This condition is analogous to the condition on the striction curve of a ruled surface.
Then, after simple computations, we obtain that c(s) is a striction curve on the spacelike
circular surface if and only if

1(s) sinh ¥(s) — (s) cosh d¥(s) = 0. (18)

Then, the striction points only occur when

O ROV 10 N
sinhd(s) = o) —20) d coshd(s) ) 20 (19)

From Equations (8) and (19), we have

€(s) = #(5) & e (r(s)eals) + (e)eals). 20)

According to Equations (15) and (19), any curve on the spacelike canal surface trans-
verse to the generating circle satisfies the condition of striction curve, thatis, ¢(s) = «(s).

Therefore, the class of canal surfaces is an analogous class to the class of cylindrical surfaces.
From the above analysis, the following conclusion can be reached.

Proposition 1. Any non-canal spacelike circular surface has one striction curve.

3.2. Curvature Lines and Singularities

Curvature lines and singularities are fundamental for aspects of circular surfaces and
are addressed as follows: from Equations (10) and (12), it can be seen that all generating
circles are curvature lines if and only if

&5)1Qo & 27| Qs x Qgl[*(ry + ¥ sinh & — 1 cosh @) = 0.

We will now study this condition in detail: if 7 = 0, then M cannot be generated (in
fact, we have imposed r > 0). Therefore, if ||Q, X Q|| = 0, the surface M is not regular.
According to the assumption of M being regular, we have

r(s) + y(s)d(s) sinh @ — y(s)n(s) coshd =0, (21)

for all values of 9. Thus, we have three cases:

Case (1) When 7(s) = 7(s) = é(s) = 0, the tangent vector of the spine curve is equal to 0,
that is, the spine curve is a fixed point. This means that the spacelike circular surface is a
Lorentzian sphere with radius r, namely, M = {Q € E3 | |Q — « 12 =12}

Case (2) When 6(s) = 7(s) = 0, the spine curve is orthogonal to the spacelike circular plane,
that is, &’ is parallel to e;. Then, the spacelike circular surface becomes a spacelike canal
surface with spacelike spine curve.

Case (3) When (s) = 7(s) = 0, the tangent vector a’ is parallel to e;. Hence, the tangent
vector of the spine curve lies on the spacelike circle plane at each point of M, namely,
¢/ = de;. When ¢ is constant, it follows that

x = ay + deq, (22)
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where «( is a constant vector. From Equations (8) and (22), it can be found that
1Q — gl* = 6* 2. (23)

This means that all the circle points lie on a Lorentzian sphere of radius /6% — r? with
6| > |r|, and ay is its center point in E3.

Theorem 1. In the Minkowski 3-space IE3, besides the general spacelike circular surfaces there are
two families of spacelike circular surfaces whose generating circles are curvature lines. These two
families are the spacelike roller coaster surfaces and the Lorentzian spheres with a radius smaller
than that of the generating circles.

Singularities are fundamental for the possessions of circular surfaces and are investi-
gated as follows: it is interesting to note that the singular points on a generating circle are
at one-point generality. From Equations (7) and (17), we can show that M has a singular
point at (so, 9) if and only if

(e1,&' + rcosh ¥e) + rsinh ¥e}) = 0, and (a’, 7 cosh de, + rsinh de3) = 0,
which gives
v(so) + rcoshdy = 0,and — &(sg) cosh ¥y + 17(sg) sinh ¥y = 0. (24)

Then, we have (sg) # 0, which yields coshdy = —7(50). Then, from the second
equation in Equation (24), we find —M](SO)
following possible cases.

Case (a). Let 57(sg) = 0; then, we have d(sgp) = 0. Thus, the singular point of M
is at (sg, 99) such that 1(sg) = d(sp) = 0, which gives a’(sg) = y(so)e1(so), and ¥ =
cosh™? (@)

Case (b). If 7(sg) # 0, then one can easily see that %) = — sinh_l(%). Thus, the
spacelike circular surface is a non-canal spacelike circular surface By using the definitions
of hyperbolic cosine and sine functions, we obtain

= 11(sg) sinh &. Thus, we consider the

r="(s0)4/1—

Hence, we can say that the spacelike circular surface M has a singular point at (sg, %)
such that y(sg) > 0, and |7(so)| > |6(s0)]-

3.3. Spacelike Canal (Tubular) Surfaces

In this subsection, we investigate and construct spacelike canal surface (d(s) = #(s) =
0), whose parametric curves are curvature lines. Therefore, from Equations (11), (14), and
(15), it follows that g1, = h12 = 0 and k¢ = 0. If we substitute this into the Equation (6),
we obtain

e 010 e
e, |=(100 e |. (25)
e} 0 00 e3

The curve that satisfies the condition found in Equation (25) is a timelike great circle
on S2. For example, a timelike great circle can be expressed as e;(s) = (coshs, 0, sinhs).
The tangent vector can be found from e; = €] as e;(s) = (sinhs, 0, coshs). Thus, e3 has the
form e3(s) = (0, —1,0). Choosing integral with zero integration constants yields

u(s) = /OS 7(s)(sinhs, 0, cosh s)ds. (26)



Symmetry 2023, 15,173 7 of 13

Let us choose y(s) = s. Then,
«(s) = (scoshs — sinhs,0,ssinhs — coshs). (27)

It is clear that «(s) has a singular point at s) = 0 (cusp), see Figure 1. Hence, the
spacelike canal surface M with the spacelike spine curve «(s) is given by
M : Q(s,¥) = (scoshs — sinhs + rcosh # sinh s, —rsinh 8, s sinh s — cosh s + r cosh & cosh s).

Clearly, M has a singular point at (sg, 99) = (0,0) from the case(a) of singularity. For
r=02,with—4<d9<4,and -1<s<1.

Figure 1. «(s) has a cusp at sp = 0.

Example 1. A non-canal spacelike circular surface can be represented as: let e;(s) € S7 as
indicated in the Equation (8). Take y(s) = —&(s) = 1, and 5(s) = /2. Then,

&' (s) = a4 e1 — er + V2e3.
Tnking integral with zero integration constants yields
a(s) = (coshs — sinhs, —V/2s,sinh s — cosh s).

One can easily see that a(s) has no singular points. According to the conditions of Case(b), we
have r = ﬁ, and the striction curve is

c(s) = (ZSinhs—coshs,—\st—f— ,2coshs—sinhs).

S
V2
The spacelike circular surface M with the spine curve a(s) is given by

(1 + L cosh 19) sinh s — coshs

V2
M:Q(s,9) = —ﬁs—%sinhz‘}
(1 + \% cosh 19) coshs — sinh s

which has different singularities that appear on the striction curve (green), see Figure 2.

Now, we give parametric representation of a spacelike canal (tubular) surface with a spacelike
spine curve. Let u be the arc-length parameter of a and {t(u), n(u), b(u)} be its Serret—Frenet
frame. Then, we have

! dt

_* _ _ _du _ —
t(u) - ||“/|| = ey, 1’1(1/[) - ‘ % = ey, b(u) = €3. (28)
u

Then, the Serret—Frenet equations are written as
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g [t 0 x(u) 0 t
= w(u) O (u) n |, (29)
"\ b 0 T(u) 0 b
where x(u) and T(u) are the natural curvature and torsion of the spine curve a(u), respectively,

x(u :L T(u . wi u
(0) = Ty YW = gy with 8(w) 0. (30)

It is interesting to note that as long as t(u) is orthogonal to the circle planes at each point of
the spine curve, the canal surface can thus be parametrized as

M:Q(u,9®) = a(u)+r(coshdn +sinh 9b), s € I, 9 € R. (31)
The partial derivatives Q,, (1, ®) and Qg(u, 9) can be computed as
Q.(u,0) = At+ 1Qyp, and Qy(u, ¥) = r(sinh dn + cosh 9b), (32)
where A = 1+ rx cosh . The components of the first and second fundamental forms are
g11(u,0) = A2+ 1272, g1o(u,9) = r*7, g (1, 9) = 1°. (33)
The unit normal vector is
&(u,9) = cosh 9n + sinh 9b. (34)
By simple computations, we have

Qyg = r(cosh 9n + sinh 9b),
Q. = rxsinh 8t + r7(cosh dn + sinh 9b),

Qs = (' cosh ® + kT sinh @)t + r[Ax + r(7' sinh & 4+ T cosh 8)|n (35
[Ax + r(T' cosh ¥ + Tsinh 8)]b.
This leads to
hy1 = —rt — Axcosh @, hip = —r1, hpy = —71.
Therefore,
x cosh ¢ 1/1
K(u,9) = — = ,and H(u,9) = _2<r+ﬂ<>' (36)
Since every generating circle is a curvature line, the value of one principal curvature is
- 1
x1(u,9) = [|Qp x Qoslll|Qoll > = - (37)

The principle direction of x1 points in the direction of the generating circle, and this curvature
is constant along the generating circle. The other principal curvature is easy to obtain

K(u,8) xcosh?d
u,0) = = . 38
x2(u,0) P 1 (38)

Corollary 1. The principal curvature of a spacelike canal surface is constant along each generat-
ing circle.

Example 2. In this example, we construct a spacelike canal surface family in which all of the
surfaces share a spacelike circular helix represented as

b
a(u) = (asinh %,Tu,acosh%), —3<u<3,
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where a,b,c € R, and b*> + a> = c2. After simple computation, we have

(sinh %,0,cosh %),

u a b U
cosh,4 Zsinh %),

(% cosh & b Zsinh %), }

Figure 2. M has singularities along c(s).

Thus, the spacelike canal surface family is given by

0 bu " % cosh & % Zsinh &
M : Q(u,8) = (asinh AT cosh E) +7(0,coshd,sinh¢)| sinh% 0 cosh% |.
% cosh# 1@ % sinh &

Ifwetakea=0b=1, -7 <9 < 7andr = 1, then we immediately obtain a member of this
family. It is clear that a(s) has no singularity. M has a singular point at (0,0), see Figure 3.

Figure 3. M has a singular point at (0, 0).

3.4. Spacelike Roller Coaster Surfaces

Spacelike roller coaster surfaces are defined to be those that the tangent vector of
spine curve « lies in the spacelike circle plane at each point of a. This means that y(s) = 0,
and J(s), 17(s) do not equal to zero simultaneously. Through this work, we will consider
v(s) = n(s) = 0,and é(s) # 0. In this case, we call this surface a spacelike roller coaster
surface with timelike spine curve, that is, a’(s) = d(s)e,. Therefore, we have

M : Q(s,9) = a(s) + r(cosh dey(s) + sinh de3(s)), s € I, ¥ € R. (39)
The Gaussian and mean curvatures, respectively, are:

(6> —1?) cosh & + 16’
(62— 2)% cosh &

(62 —7%)(1 +r?) cosh & + 26’

2r(62 — r%) cosh ¥ (40)

K(s,8) = ,and H(s,0) =
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Theorem 2. If a family of spacelike roller coaster surfaces has the same radius r, scalar function
8(s), and derivative &' (s), the Gaussian and the mean curvatures at corresponding points are the
same. In addition, these values are independent of the geodesic curvature of the timelike spherical
curve e1(s) € S2.

In order to discuss the possessions of roller coaster surface, the Serret-Frenet of the
timelike spine curve a(s) needs to be built. So, let v denote the arc-length of the spine curve
«(v) and {T(v), N(v), B(v)} be the moving Serret-Frenet frame along «(t). Then, we have

-1

o dT||dT e +Kge3 Kge1 — e3

T(v) = —— =e(s),N(v) = —||— =—°" B(v)=*——". (41)
[la’]| dou || dv /14«2 /1 + %2
8 8

Thus, we obtain

( T(v) ) ( 0 1 0 ) ( e1(s) )
N({@w) | = cosp 0 sing ex(s) |, (42)
B(v) sinpg 0 —cosg e3(s)

where
cosp = ——, sing = —=
\/1+x3 14x3

_<T/T> = <N/N> = <B/B>
TxN=B,BXxT=N,NXB=-T.

Then, the Serret-Frenet formulae read

(T 0 k(t) 0 T
dU(N):(—K(t) 0 T(S))(N), (43)
B 0 —7(t) 0 B

where «(v) and 7(v) are the natural curvature and torsion of the spine curve a(v), respec-
tively, given by

1 de de dig/dv
— 2 — = e _—
k(v) 7] V1+xs T(t) + To 0, 7o + N (44)
o\ 1+x5

From Equation (44), it follows that if ¢ (resp. k) is a constant, the torsion of the spine
curve vanishes. Thus, the spine curve is a timelike planar one.

Now, we investigate flat and minimal spacelike roller coaster surfaces. We know that
the necessary condition for M to be a flat surface is to satisfy the condition K(s, ) = 0. By
using the first equation of Equation (40), we obtain

K(s,0) =0« ((52 - r2> coshd +ré' = 0.
Hence, forall ¢ € I C R we have

9°K(s, 9)

g TK(s#) =0&d'(s) =0. (45)

From Equations (44) and (45), the expression of &' (s) in terms of the Serret-Frenet’s
invariants is

3'(s) =0 < x(v)T(v) sin @(t) + Z—Z cos p(v) = 0.

Thus, in a neighborhood of every point on M with «(v) # 0, we obtain that d’;(;) =

T(v) = 0. Therefore, a spacelike roller coaster surface whose Gaussian curvature vanishes
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identically is a part of spacelike plane. In the same manner, we obtain that M is a spacelike
minimal flat surface.

3.5. Examples

We now give some examples of spacelike roller coaster surfaces. They also serve to
verify the correctness of the formulae derived above.

Example 3. Given the timelike circular helix:
«(v) = (acosh %,b%,asinh%), a>0, b#0,a* 1> =2
The Serret—Frenet frame along the curve «(v) is obtained as

T(v) = (“sinh 2,2, 2 cosh 2),
N(v) = (cosh 2,0,sinh 2),
B(v) = (% sinh 2,2, % cosh 2),
and t(v) = — C%, and it follows that ¢(v) = C%v. Thus, the spacelike roller coaster surfaces family
is expressed as

Q(v,8) = (acosh g,b%,asinh ¢)

2sinh ¢ % Zcosh £
+7(cosh 8, sinh @ sin ¢, — sinh 9 cos ¢) cosh? 0 sinh?%
% sinh 2 2 % cosh £

So, if we choose a = \/2, b = 1, for r = 0.5, and special values of ® and v, the graph of the
surface is presented in Figure 4.

Figure 4. Spacelike roller coaster surface of the timelike circular helix.
Example 4. Suppose we are given a parametric timelike curve
«(v) = (0,coshv,sinhv), 0<ov<2.
Simple computations give
T(s) = (0,sinhv,coshv), N(v) = (0,coshv,sinhv), B(s) = (—1,0,0),

and T = 0, and it follows that ¢(s) = @q is a constant. Thus, the roller coaster spacelike surfaces
family is expressed as

0 sinhov coshwv

Q(v,t) = (0,coshv,sinhv) + r(cosh ¥, sinh ¥ sin ¢, —sinh dcosp)[ 0 coshv sinhv

-1 0 0
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So, for 9o = %, r = 1, and there are special values of ¢ and v ; the graph of the surface is
presented in Figure 5.

Figure 5. Spacelike roller coaster surface of the timelike curve.

4. Conclusions

For a given Lorentzian unit circle and a given non-null space curve (the spine curve),
a spacelike circular surface can be defined as system of Lorentzian circles with its center
points following the spine curve. This approach has simplified the study of spacelike
circular surfaces with regard to examining two curves: the Lorentzian spherical indicatrices
of unit normals of the given non-null space curve and Lorentzian circle planes. Some new
results and theorems relevant to spacelike circular surfaces are attained. This study has
given some geometric aspects such as striction curves, as well as singularities in comparison
with those of ruled surfaces. In addition, the conditions for spacelike roller coaster surfaces
to be flat or minimal surfaces have been obtained. Lastly, some illustrative examples have
been given. The authors plans to extend the study in different spaces and examine the
classification of singularities.
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