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Abstract. In this paper, using the classical methods of differential geometry, we define invariants of timelike
circular surfaces in Lorentz-Minkowski space IR?, called curvature functions, and show kinematic meaning
of these invariants. Then we discuss the properties of these invariants and give a kind of classification
of the surfaces with the theories of these invariants. Besides, to demonstrate our theoretical results some
computational examples are given and plotted.

1. Introduction

A circular surface is a special surface generated by a continuously moving of a circle with its center
following a curve, which acts as the spine curve. Circular surfaces have the most important positions and
applications in the study of design problems in spatial mechanisms and physics, kinematics and computer-
aided design. Also, circular surfaces are one of the important topics of differential geometry. Because of
this position, geometers have been studied on these surfaces in Euclidean and Minkowski 3-spaces and
they have investigated many properties of these surfaces. R. Lopez[27] presented the Weingarten surface
includes circular surface when its Gaussian curvature and mean curvature satisfy the formula: aK +bH = ¢
(a,b, c are all constants). M. P. Do. Carmo [4] discussed several geometric features of circular canal surfaces
and proved two important theorems in the differential geometry concerning the total curvature of space
curves, namely, Fenchel’s theorem and the Fary—Milnor theorem. Lu and Pottmann [29] verified that
a circular surface with a rational spine curve always admits a rational parametrization and proposed
an algorithm for its computation. Patrikalakis and Maekawa [30] provided a thorough representation
of local and global singularities of a circular surface. Luo [13, 14] delineated the characteristics of the
double envelope of circular surface of constant diameter by means of concepts of parallel surfaces and
parallel conjugate tooth surfaces and investigated systematically two examples which are the Riemann
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worm drive and arc surface worm drive with the double envelope of cylindrical surface. Izumiya et al.
[10, 11] applied the method of moving frames to investigate the circular surfaces with various radii, their
work concentrated on some corresponding properties of circular surfaces with classical ruled surfaces, and
explored the singularities of circular surfaces. In addition, a team of researchers referred to as Li et al.
[15-26] carried out theoretical research and advancement on submanifold theory, soliton theory, and other
related areas. Additional motivations can be found in the papers referenced [1-14, 27-35]. Their work has
contributed to the advancement of related research topics. Inspired by the above studies, the geometric
properties of circular surfaces are helpful to the trajectory planning of the cutting tool and the determination
of the radius of the cutter head in the processing of circular surfaces or the envelop surfaces of circular
surface. By paying attention to this fact, Lei et al. [3] introduced differential geometry to analyze and
synthesis of spatial mechanisms and studied extensively the invariants of some typical constraint circular
surfaces. W. Wang, and D. Wang [32] extend the Serret-Frenet frame of ruled surface to that of circular
surface, and the kinematic invariants introduced to show the differential structure of circular surfaces. It
is well known that, Minkowski geometry provides the theoretical model in mathematics for Einstein’s
relativity theory. Especially, R} (Minkowski space-time) has a solid physical background. The Lorentz-
Minkowski space R} C R} has many properties which are different from Euclidean 3-space. Some basic
concepts, such as vector, frame, and the motion of point, have qualitative changes. Since the metric in R? is
not positive definite metric, the distance function ¢, ) can be positive, negative or zero, whereas the distance
function in the Euclidean space can only be positive. Therefore, the vectors in R? can be classified into three
types: spacelike, timelike and lightlike vectors according to the sign of the distance function. Especially,
emergence of lightlike vectors makes the results of some problems are surprising. As the spatiotemporal
model of relativity theory, Minkowski space gains much attention in the field of mathematics and physics.
However, the differential geometry of the ruled and circular surfaces in the Minkowski space has been
studied thoroughly [1, 2, 5, 6, 12, 28, 31, 33].

This paper aims to study geometric properties and singularities of timelike circular surfaces with
constant radius in Minkowski 3-space R3. We classify such timelike circular surfaces into a timelike canal
surface, a Lorentzian sphere, a special kind of timelike surfaces or a timelike surface that is smoothly
connected to three surfaces. The third surface in the classification is called a timelike tangent circular
surface which is analogue to the tangent developable of a space curve.

2. Basic concepts

In this section, we list some notions, formulas and conclusions for curves and surfaces in ]R? which can
be found in the textbooks on differential geometry (See for instance [4, 28, 33-35]). Let R® denote the real
vector space with its usual vector structure. We denote (x1, x2, x3) the coordinates of a vector with respect
to the canonical basis of R3. The three-dimensional Minkowski 3-space is the metric space ]R:l3 = (R3,(,)),
where the metric (, ) is

(X, ¥) =x1y1 + XoY2 — X3Y3, X =(xX1,%2,%3), ¥ = (Y1, Y2, Y3)

which is called the Lorentzian metric. A vector x € ]R‘;’ 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 ]R“;’ is said to be causal.
We point out that the null vector x = 0 is considered as a spacelike type although it satisfies (x, x) =0.

For x e]Ri’ the norm is defined by [|x|| = V[{x, x)|, the vector x is called a spacelike unit vector if (x, x) =1
and a timelike unit vector if (x,x) = —1. Similarly, a regular curve in R} 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 = (y1, y2, y3) of R3, the vector product is defined by

x Xy = ((xays — x312), (X311 — x1Y3), —(X12 — Xa11)) -

The angle between two vectors in ]Ri’ is defined by [28, 33]:
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Definition 2.1. i) Spacelike angle: Let x and y be spacelike vectors in R? that span a spacelike vector subspace; we

have |<x, y)| < IxI| ”y , and hence, there is a unique real number 6 > 0, such that (x, y) = ||x| ||y|| cos 6. This number
is called the spacelike angle between the vectors x and y.

ii) Central angle: Let x and y be spacelike vectors in RS that span a timelike vector subspace; we have |(x, y>| > |Ix|l Hy
and hence, there is a unique real number 6 > 0, such that (x,y) = ||x| “yH cosh 6. 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 R3. Then, there is a unique real

7

number 6 > 0, such that (x,y) = ||x|| “yH sinh 0. This number is called the Lorentzian timelike angle between the
vectors x and y.

The hyperbolic and Lorentzian unit spheres, respectively, are:
Hi = {(x1,x2,x3) € ]R? | x% + x% - xg =-1, x3 > 1},
and
S% ={(x1,x2,x3) € ]Rcl5 | x% + x% - xé =1}.
We denote a surface M in R? by

(1, 0) = (x1 (1, 0),x2 (1, 0),x3 (,0)), (u,0) €D R

Ty Xtg
[lr 7ol

Let N be the standard unit normal vector field on a surface M defined by N =
Then the metric (first fundamental form) I of a surface M is defined by

where, r; = %(i =u,0).

I= gnduz + Zgudude + gzzd62,
where g11 = (ry, 1), g12 = {tu, 19), g = (rg,tg). We define the second fundamental form II of M by
II = hnduz + ZhududG + hzzd@z,

where hyy = (ryy, N), hia = (ruo,N), hoo = (ree, N).

M is called a timelike (spacelike) surface if the induced metric on M is a Lorentzian (Riemannian) metric
on each tangent plane. This is equivalent to saying that the unit normal vector N is spacelike (timelike) at
each point of M. Moreover, the Gaussian curvature K and the mean curvature H are given by

hithyy — 12 I _op ‘o
K= (N,N>—_;2, H = (N,N) 11!71; 12912 ' 22g22.
J11922 = 91, (11922 — 92,)

Since Brioschi’s formulas in Euclidean and Minkowski 3-spaces are the same, we are able to define the
second Gaussian curvature Ky by [1, 2, 12]:

h11,22 hap11 g hi1p
-==+ h12,1hz -5 5 hpi -5
22,1
hi22 — == h11 h12
h
K = 1 = h12 hay 1)
=72 0 lmz ’
2 2
| M2 h h
== hn 12
I
2L hp hy
Jhij P h;; ..
where h = det(h;;), hijo = 57, and hijap = Sa Furthermore, the second mean curvature Hy; is given by:

Hy=H- %A(ln VIKI), )
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where A is the Laplacian with respect to the second fundamental form of M, expressed as:

1 4 i d . -1
A=—-———|vhh—|, ()= (hj) .
= || () = ()
As it is known, a timelike canal surface in R} satisfying the Jacobian equation f(K,H) = 0 is called a

Weingarten surface or a W-surface. Also, if a surface satisfies a linear equation with respect to K and H, that
is,aK+bH =c(a,b,c € R, (a,b,¢c) # (0,0,0)), then, it is said to be a linear Weingarten surface or a LW-surface.

3. Circular surface

In this section, we define the notion of circular surfaces in Minkowski 3-space IR?: Given a non null

curve y = p(u); that is, a smooth regular curve whose tangent vectors t = 3’ such that Hy || # 0 for every u
€ I, and a positive number r > 0, a circular surface is defined to be the surface that is swept out by a set of
circles with their center points following the curve y. Each circle is called a generating circle, which lies on
a plane named circle plane.

Let e; be the timelike unit normal vector of the circle plane and u be the arc length of the spherical image
curve e (1) € H2. We can get: e = e/l(u), and e3 = e; X e5. S0 e, and e3 constitute orthogonal vectors lies
on the circular plane. The Blaschke moving frame {e; (), e»(u), e3(u)} whose origin point is on the spine
curve, is set up, the differential operation equation is:

’

e 01 O e
A
e, 0 -y 0 e3

where y(u) is called the geodesic (spherical) curvature function of the spherical curve e; (1) € H2. From
now on, we assume such a parametrization and indicate its differentiation with respect to # with primes.
One can easily have:

(e1,€1) = =1, (ez,€2) = (e3,e3) =11, @
e Xey =e3,e3Xe1 =6,y Xe3 =—e1.

Let the vector equation: y = y(u), u1 < u < up be the general equation of the spine non-null curve. In this
work we will assume that M is a timelike surface, we can get the vector equation of the circular surface:

@

M : r(u, 0) = y(u) + r (cos Oes(u) + sin Oez (1)),
U <u<iu, 0560 <2n,

where the positive number r > 0 is the radius of the generating circle. The tangent vector y’ can be expressed
by the moving frame attached to each of its points as

y/ = aeq + oer + 1es. (5)

The four functions y(u), a(u), o(u) and n(u) constitute a complete system of curvature functions (invariants)
of the surface M. When a # 0, and 0 = n = 0, the spine curve is perpendicular to the circular plane and
when @ = 0, and 0, 1 don’t equal to zero simultaneously, the spine curve is tangent to the circular plane. It
is easily checked that the two tangent vectors of M are given by:

(6)

1, = (rcos 0 + a)e; + (0 — rysinO)ep + (n + ry cos O)es,
ro = r(—sin He, + cos Hes).

Thus, we have

g11 = —(rcos 0 + a)* + (0 — rysin 0)* + (11 + ry cos 6)?,
g12 =r(ry —osin0 + ncos 6), gn =12, @)
g9 — 95, =1 {—(az +7cos 6)? + (0 cos 0 + 17sin 6)2} )
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So, the unit normal vector is:

N(u, 0) = —(0cos O +1sin O)e; — (rcos O + a) (cos Oey + sin 9e3).

\/|—(a cos 0 + nsin )% + (a + r cos 6))2(
By a straightforward calculation, we get:

tuu = (@ —0)e; + (0" +7cos 0 +a)ey + (1 +0y)es + yrou,
ryp = —r(sin Oe; + y cos Oep + Y sin Oes), )
rop = —r(cos Be; + sin Hes).

Then, the coefficients of the second fundamental form are:

(rcos @ +a)[ry — (1 +0y)sinO — (@ +rcos 0 + o) cos 0]

+(a' — 0 —rysin 0)(nsin O + o cos O)
h = , (10)

\/|—(a cos 0 + nsin )% + (a + r cos 9)2‘

I r[—(0 cos 6 + 11sin 0) sin 6 + y(r cos O + a)]
12 = ,

\/|—(0 cos 0 + 1sin 0)? + (« + 7 cos 9)2|

r(rcos 6 + a)
hy = .

\/|—(ac056 + nsin 0)? + (& + r cos 6)2|

It is well known that, one can give a classification to the circular surfaces M into timelike or spacelike
surfaces if 91192 — g3, < 0 or g1192 — g3, > 0 is satisfied.

3.1. Local singularities and striction curves

Singularities and striction curves are essential for understanding the properties of circular surfaces and
are investigated in the following.
It can be seen that the circular surface M has singularities if and only if

|lr, X 7ol = \/)—(ocose + 118in 0)? + (& + r cos 6)2| =0.

This is equivalent to

a+rcosO =0, } (11)

ocosO+nsin0 =0.

There are three cases for Eq.(11) to be discussed for all values of 0 as follows:

Case 3.1. : a # 0, and 0 = n = 0, the tangent vectors of the spine curve y are always perpendicular to the circle
planes. Hence, the circular surfaces become timelike canal surfaces, which have been extensively studied in [2]. In
this case, if |a| > 7, there are no singular points, and If || < r, the singular points occurring at 6 = +cos™ (a/r).

Case 3.2. : a = 0, for a circular surface to have singular points, it is necessary that cos @ = 0, and = 0. Hence,
there are two singular points on the generating circle, occurring at 6 = +m /2.

Case 3.3. : 0 # 0, and n # 0, the singular points occur at 0 = sin™(ac/nr). If |a| > r, there are no singular points.
If a = +r, the singular points occur at 0 = +sin™*(a/n).

We now define striction curves of circular surfaces compared with those of ruled surfaces [4, 11]:
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Definition 3.4. A curve is given by

&(u) = y(u) + r(cos Oey(u) + sin ez (1)), (12)
is a striction curve of the circular surface M, if y’, e», and es satisfy:

(e2,7")=(e3,y)=00=1=0, (13)
forallu el

This definition means that any curves on the circular surface M transverse to generating circles satisfy
the condition of striction curves. So, the class of the circular surfaces M is an analogous class to the class of
cylindrical surfaces. A thorough treatment on timelike canal surfaces will be given in Section 4.

We can also define the notion of non-canal circular surfaces analogous to that of non-cylindrical ruled
surfaces.

Definition 3.5. A circular surface M is a non-canal surface of radius v, if y’, e1, e», and e satisfy:
(e,y)=a#0,and(er,y’) =0 #0o0res,y’)=n+0, (14)

forallu e L

4. Timelike canal surface

Timelike canal surfaces are defined to be those that the tangent vectors of spine curve are always
perpendicular to the circle planes. This section examines in details the properties of timelike canal surfaces.
Let s be the arc length parameter of the timelike spine curve y(u), then

u

o= [

0

/

Y| du,

and {t(s), n(s), b(s)} is the moving Frenet frame along y(u). Then, we have:

/

£s) = ”7/—” — ey, n(s) = €3, b(s) = £(s) X n(s) = e3. (15)
yl

It is interesting to note that as long as e; is perpendicular to the circle planes at each point of the spine curve
y(u). Depending on the causal character of the curve @ = a(s), we have the following Frenet formulae:

d t(s) 0 x(s) O t(s)
E[ n(s) J:[ x(s) O 7(s) ][ n(s) ], (16)
b(s) 0 -1(5) O b(s)

where the curvature «(s), and torsion 7(s) of y(u) are given by:

1 14
==, 15)=<, a>0. 17
x(s) " 7(s) o 17)
Then, a timelike canal surface of radius r about y(u) is the surface with parametrization

M : r(s, 0) = y(s) + r(cos On(s) + sin Ob(s)). (18)
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4.1. The relation among the curvature functions

We now study timelike canal surfaces satisfying some equations in terms of the Gaussian curvature, the
mean curvature, the second Gaussian curvature, and the second mean curvature as follows:
Firstly, the Gaussian curvature K and the mean curvature H are, respectively

x cos O 2rkcos B + 1
G and H(s, 0) = T,

where C =1 + rkcos 0. From Eq. (19) it is interesting to note that K, and H are independent of 7. In other
words, if a family of timelike canal surfaces has the same value of «, then the values of their Gaussian,
and mean curvatures are the same at the corresponding point which is a fact is geometrically nontrivial.
Moreover, we also have

PK+2rH-1=0, (20)
and this means that M is a W-surface. On the other hand, from Egs. (1), (2), (18), it follows that

K(s, 0) = -

(19)

Ky = o C2 (6r1<c0s9 4r*1% cos® 0 — sec26—1),
Hy = ;[a +mr? 0 — 2a,7%x* sec? O + azri> sec O
I = 4C4 5 2 0 17K COS 21" K™ SeC 3VK™ seC
+a47°%? sin 6 + a5k tan 0], (21)

where ag, a1,..., a5 are

ay = ke — 37kt = 2rc? + 1’21<2 -2,

g = 102+t + 3r1<2 — T’KKSS,

ay = 9+ 7rkcos6 —2r*k?cos? 6,

a3 = 3k —2r7x1? + rPxt? cos20 + r’sec O,
ag = 4KT — KTs,

as = 7’2’1'5 + tan 0.

Differentiating K, Kj;, H, and Hy with respect to s and 6 respectively, then after straightforward calculations,
we get

(K)s — _KsCOSG/ (K)G — _xsinf

,Cz 0 ,Cz 7
__ T'KsCOS _ ksin@
(H) - 52,,@2 (H)Q - 2z
(87713 cos® 0—18122 cos? O+12rk cos® O+cos? 6+1)
(Kir)s =
s 4&2 cos? 6 22
_ x(8r%3 cos® 0-1812k? cos? B+12rk cos® B+sin® O+2rk cos 6) sin 0 (22)
K
( H)G - 12 cos2 0 s

(Hu), = gagreozg Lpi cos' 6,
i=

and where the coefficients p; are

po = 31(2’[(1{5’[ — 2KTy),
1= 2K (2Ks(KsT — KTs) — KTkss) Sin 0 + 6113t (3kTs — 2ksT),
P2 = 21k? (ks(KsT — KTs) + 2KTkys) sin O + 612k 1(3xT, — 2k, T)

+1<S(9K§ — 10KKks) + K2T(2KTs — ko),
p3 = 2113 (s (16ksT — 7KTs) — 4KTkes) SN O +

2rk [151{1{51{55 - (151{‘52 + 1<4)1<S + sz(ZTKS - 5KTS)] ,
ps = 2r°%? [51<S(31<§ - 2KKs) + 2K*T(2TKs — 5KTS)] - 2K%Ks,

ps = 611K, Pe = —47r% 18k,



J. Li et al. / Filomat 38:4 (2024), 1423-1437 1430

And, we have

6

(Hi)g = m;#i cos' 6, (23)
where the coefficients y; are

o = —9x2T sin o,

g1 = 213 (1 + 157’27.'2) sin 0 + 4rk(xts — ksT),

U = 1 [ZKKSS — 8x* + «?73(1 - 30r°k?) — Kf] sin 6 + 612 K*(3kTs — KsT),

Uz = 477k [21<4 — 72%% — DKo + 31<§] sin O +

2rk [K’Zs — KT + 41212 (kT — 41<57)] ,
Uy = 2173 [31’2(21(21 — %+ Ke) + K] sin 0 + 21712 [4(1<Ts — KsT) — 9r1<§’] ,
Us = 61213 [r(41<’[s — KsT) — x2 sin 6] , He = 4r3° sin 0.

Now, for the timelike canal surface M, one can obtain the following:

(i) f(K,Hn) = (K); (Hi)g — (K)g (Hi)s =0,

(i) f(H,Hy) = (H)s (Hi)g — (H)g (Hi)s =0,

(i1i) f(Ki, Hi) = (Ki)s (Hi)g — (Ki)g (Hpp)s = 0.

From (i) — (iii), one can get the Jacobian equations which are equivalent to 7; = x; = 0. Therefore, «, T are
constants. Consequently, we have the following theorem:

Theorem 4.1. Let X,Y € {K, Ky, H, Hy}, and let M be a timelike canal surface defined by Eq. (18) with non-
degenerate second fundamental form. Then M is a (X, Y)-timelike canal W-surface if and only if M is a timelike canal
surface around a timelike circle or a timelike helix.

Secondly, we study (K, Hy), (H, Hyy), (Hp, Kn), (K, H, Hy), (K, H, Ky7), (H, Ky1, Hy),
(K, Ky, Hyp), and (K, H, Kj;, Hyj)-timelike canal surfaces in IRi, whereas (K, H), (K, Kj;), and (H, Kjj)-timelike
canal W/LW-surfaces are studied in [32].
Let ay, a», a3, a4, and b are constants, a linear combination of K, Kj;, H , and Hj; can be constructed as:

m K + arKyp + asH + a,Hyy = b. (24)
After some algebraic manipulations, we can give the following theorems:

Theorem 4.2. Let X,Y € {(K, Hy), (H,Hy), (Hpu, Ki)). Then, there are no (X, Y)-timelike canal LW-surfaces M
defined by Eq. (18)with non-degenerate second fundamental form.

Theorem 4.3. Let X, Y, Z € {(K, H, Hy), (K, H,Ky;), (H, Ky, Hyp), (K, Kyp, Hyp)}. Then, there are no (X, Y, Z)-timelike
canal LW-surfaces M defined by Eq. (18) with non-degenerate second fundamental form.

Theorem 4.4. Let M be a timelike canal surface defined by Eq. (18) with non-degenerate second fundamental form.
Then, there are no (K, H, Kyj, Hyp)-timelike canal LW-surface in Minkowski 3-space ]R%.

Therefore, the study of timelike canal W/LW-surfaces in Minkowski 3-space IR? is completed with [2, 12].
In the following, we give simple examples.

Example 4.5. Suppose we are given a parametric timelike circular helix
y(s) = (acoss,asins,bs), a>0, b#0, a?—b*=-1,0<s<4n.
After simple computation, we have:
t(s) = (—asins,acoss,b), n(s) = (coss,sins,0), b(s) = (~bsins,bcoss,a).

Figure 1 shows a timelike canal W-surface with b = V3,a=V2,r=1,and0< 6 <2m.
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Figure 1: The timelike circular helix y(s) and corresponding timelike canal W-surface (s, 0).

Example 4.6. Given a parametric timelike curve,

y(s) = (0,coshs,sinhs), a >0, -1 <s<1.
By computing, we get:

t(s) = (0,sinhs, coshs), n(s) = (0, coshs, sinhs), b(s) = (-1,0,0).

Figure 2 shows a timelike canal W-surface with a timelike planar curve.

X

I.J|l;
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||."|Ir_

t

.\ralli f
_|.,\l_ '.;"fu

| /
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.|I%|‘H"" .’?I:
e et g },-‘
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Figure 2: The timelike planar curve and corresponding timelike canal W-surface.

5. Timelike tangent circular surfaces

Since the lines of curvature are geometric features of surfaces, it is interesting to know in what conditions
the generating circles are lines of curvature. This section will discuss these conditions for a timelike circular
[4, 28].

surface. For this purpose, we review a known theorem, which characterizes lines of curvature on a surface
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Theorem 5.1. A necessary and sufficient condition that a curve on a surface be a line of curvature is that the surface
normals along the curve form a developable surface.
According to Theorem 5, the circles are lines of curvature if and only if

IN(u, 0)
el L @5

for all the values of 0. After some algebraic manipulations, the following can be obtained

(@ +rcosB) [a(ncosO +osinf) —rn] =0,
(0 cos 0 +nsinO) [a(ncos B + osinB) —rn] = 0.

Then, for all non-singular points, we obtain
a(ncos 6 +osinf) —rn = 0. (26)

Since, singular points on a generating circle are at most two points, then by differentiating Eq. (26) with
respect to 6, we have

a(-nsinf + ocos 0) = 0. (27)

This is equivalent to n(u) = o(u) = 0 or a(u) = 0 for all u € I. From Eq. (27) we have two different cases:

(1) In the case of a@ = 1 = 0 = 0, the tangent vector of the spine curve is zero vector, that is, " = 0. Thus the
spine curve y is a fixed point. The circular surfaces become Lorentzian spheres with radii r.

(2) In the case of @ = 11 = 0, and ¢ # 0, the tangent vectors of the spine curve y lie on the circle planes at
each point of y. From Eq. (5), it follows that

y' =o0ey, (28)
when ¢ is a constant, integrating Eq. (28) gives

y = oe; + Yo, (29)
where y is a constant vector. From Egs. (I), and (29) it can be found that:

Ir=yoll* = ~o*+ 7, (30)

which means that all the circle points lie on a Lorentzian sphere of radius V—o? + r?> < r with y being its
center point in R3.

A timelike circular surface with a non-constant o, and a« = 1 = 0, is coined as the timelike tangent
circular, since it is analogous to the tangent developable of a space curve [2]. Moreover, in view of Egs. (6),
the singular points can be obtained as:

||ry. X #gll = |cos O] V—=a2 + 12 = 0. (31)

From Eq. (31) it follows that singularities only occur when 6 = +7/2 since V—02 + 12 # 0. Hence, there
are two singular points on every generating circle. Connecting these two sets of singular points gives two
striction curves that contain all the singular points of a timelike tangent circular surface. Further, from Eq.
(12) it follows that the expression of the two striction curves is

C1(u) = y(u) + res(u), Co(u) = y(u) — res(u). (32)
Obviously, their curvatures x; and torsions 7; (i = 1,2) can be obtained as
S N e e, S Y
= ap VT Y, T (1+2)(o-r7)’
2 = G VU = Gy

From Eq. (33) it follows that if y is a constant, then each of the torsions 7; equals zero. Thus the striction
curves are planar spacelike curves. Hence, the following conclusion can be reached.

(33)
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Theorem 5.2. In the Minkowski 3-space R3, besides the timelike circular surfaces there are two families of timelike
circular surfaces whose generating circles are lines of curvature. These two families are the timelike tangent circular
surfaces and the Lorentzian spheres with the radius being less than that of the generating circles.

Since @ = n = 0 in the timelike tangent circular surface, the Gaussian, and mean curvatures can be
obtained as:

-1 L __r

K(H, 6) — 122 + (rz,GZ)Z cos 67

— J 1
H(ul 9) B 2( \/rz—cz)s cos 0 " Vir—g?’

(34)

Because every generating circle is a line of curvature for a timelike tangent circular surface, the value of one
principal curvatures is:

1
k= -.
1= (35)
So, the other principal curvature is given by:
Kk r|(?—=0%)cos6+ro
ookl | -

k1 (r2 — 02)2 cos O

It is a remarkable fact that concepts such as Gaussian and mean curvatures whose definitions make essential
use of the position of a surface in the space, do not depend on geodesic curvature of the spherical indicatrix
of e, but only on 6 and ¢. In other words, if a family of timelike tangent circular surfaces has the same
value of y, then the values of their Gaussian, and mean curvatures are the same at the corresponding point,
a fact that is geometrically nontrivial. By the above calculation, we have the following Corollary.

Corollary 5.3. If a family of timelike tangent circular surfaces have the same radius, scalar o, and it is derivative
o', the Gaussian and the mean curvatures are the same at corresponding points. Furthermore, these values are
independent of the geodesic curvature of the spherical indicatrix of the vector e;.

However, in order to describe the kinematic geometry properties of timelike circular surface, the Serret—
Frenet of the spine curve y(u) is needed to be built. For this purpose, let s denote the arc length of the spine
curve y(u) and assume that o(1) > 0, at any u € I C IR, the Frenet frame of the spine curve can be obtained:

T(s)=y—=e2, N(s) T _ e tyes B(s) = yer+e3

0dl T a2 e

Consequently, the following relations exist:

T(s) 0 1 0 e1(s)
[ N(s) ]:{ sinhgp 0 coshe ][ ex(s) J, (38)

(37)

B(s) coshp 0 sinhe es(s)
where
coshp = _r sinh @ = ; >1
v \/—1+)/2, v \/—1+)/2, res

By taking the derivative of Eq. (38) with respect to s, and using the inverse transformation, we obtain:

4 T6) 0 x(s) 0 T(s)
d_{ N(s) ]:[ -x(s) O 7(s) ][ N(s) ], (39)
S\ B(s) 0 7(s) 0 B(s)
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where the curvature and torsion of spine curve y can be obtained in terms of ¢ and y as:

—1+)2 Ldp  dp Y

B A S e 40

That is

S

o(s) = —des + @o,

50

where s is the starting value of the arclength. In terms of the Frenet frame {T(s), N(s), B(s)}, the parametric
expression of the timelike tangent circular surface can be given as follows:

M :7(s,0) = y + r[cos OT + sin O(cosh N — sinh ¢B)], (41)

In the above equation, we do not only prove the existence of the timelike tangent circular, but also give the
concrete expression of the surface. This is very meaningful in practical application.

With the aid of Eqs. (34),(35),(36) and (40) we have the following theorem for timelike tangent circular
surfaces.

Theorem 5.4. For the timelike tangent circular surface M expressed by Eq. (41), we have the following results:
1- The Gaussian K(s, 0) and mean H(s, 0) curvatures of M can be obtained as:

Kk sinh ¢ [(—1 + 12k2 cosh? @)k cosh ¢ cos O + r(i sinh @ + kT cosh (p)]

K(s, 6)

7

(—1 + 12k2 cosh? (p)2 cos 9

2121 sinh® ¢ cos O + k(2 sinh @ cos 6 + 7 cosh @) + ks cosh @
- .

H(s,0) =
2 ( \/—1 + 12k2 cosh? (p) cosh 0

2- The principle curvatures ky and k, are given, respectively, as:

inh
ki, 0) = ———
\/—1 + 122 cosh®
(=1 + 7?12 cosh? @)« cosh ¢ cos 6 — (ks sinh ¢ + k7 cosh ¢)
ko(u, 0) = :

3
( \/—1 + 12k2 cosh? (p) cos 6

In particular, the principle direction of ki points the direction of the generating circle and this curvature is constant
along the generating circle, i.e., ki(u, 0) = ky(u).
3- Two striction curves coincide singular locus and their curvatures k; and torsions t; (i = 1,2) are given as follows:

K T
K1 = T =
\/1—r1<cosh<pl \ll—rkcosh(p’
K T
Ky = —F/7/7/7mm——, T2 = —F/7—7.
2 \/1+r1<coshqo' 2 /1+rk cosh @

It is known that a regular surface is flat if and only if its Gaussian curvature vanishes identically.
Therefore, we immediately derive that:

K sinh [(—l + 12«2 cosh? @)k cosh @ cos 6 + (i, sinh ¢ + kT cosh (p)] =0. (42)
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Thus in a neighborhood of any point on M with x # 0, we get x; sinh ¢ + k7 cosh ¢ = 0 for any s € R. This
is equivalent to that x; = 7 = 0 which means that 7 is an identically zero function. By Egs. (42), we have
sinh@ = 0. A timelike tangent circular surface satisfying this condition is a part of a Lorentzian plane. In
the same manner, we get that M is a minimal flat surface.

Hence, we state that: Every flat (minimal) timelike tangent circular surfaces are subsets of Lorentzian
planes.
We now give some examples of timelike tangent circular surfaces. They also serve to verify the correctness
of the formulae derived above.

Example 5.5. Given a parametric spacelike helix, whose normal vector and binormal vector are spacelike and timelike
respectively,

y(s) = (acosh z,bg,usinh ;), a>0, b#0, b —a*>=c* -2<s<2.
After simple computation, we have

T(s) = (“sinh £, 2,9 cosh ¢),
N(s) = (cosh £,0,sinh 2),
— (b g b
B(s) = (—¢sinh 2, %, —2 cosh 2),
and T = —C%, then ¢@(s) = —C%s+(po. If we choose oy =0,a =1, b =2, and r = 1, then the timelike tangent circular
surface is shown in Figure 3.

Figure 3: The spacelike helix and corresponding timelike tangent circular surface.

Example 5.6. Suppose we are given a parametric spacelike curve
y(s) = (0,sinhs,coshs), -2 <s<2.
It is easy to show that
T(s) = (0, cosh s,sinhs), N(s) = (0, sinhs, coshs), B(s) = (1,0,0),

and © = 0 which follows @(s) = g is a constant. If oo = 3/2, and r = 1, the timelike tangent circular surface is
shown in Figure 4.
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Figure 4: The spacelike curve y(s) and corresponding timelike tangent circular surface.

6. Conclusion

In this paper, we extend the work of Izumiya et al. [11] to Minkowski 3-space R?, and derive the
invariants of circular surface, by setting up an orthonormal moving frame to each point of the spine curve
and applying the moving frame method. A new type of timelike circular surfaces was identified and
coined as the timelike tangent circular surface. The new timelike circular surface has the property that
all generating circles being lines of curvature and its Gaussian and mean curvatures being independent
of the geodesic curvature of the spherical indicatrix. This study is intended to clear away to conduct the

geometric analysis of circular surfaces through the spine curve and the spherical indicatrix of the normal
vector of circle planes.
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