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A METHOD OF THE DETERMINATION OF A
GEODESIC CURVE ON RULED SURFACE WITH
TIME-LIKE RULINGS

Emin Kasap'

Abstract. A non-linear differential equation is analyzed to determine
the geodesic curves on ruled surfaces with time-like rulings in R? When it
is assumed that curvature and torsion of the base curve and components
with respect to Frenet’s frame of time-like straight-line are constants,
for a special integration constant, it appears that the resulting non-linear
differential equation can be integrated exactly. Finally, examples are given
to show the geodesic curve on ruled surfaces with time-like rulings.
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1. Introduction

Most people have heard the phrase: A straight line is the shortest distance
between two points. But in differential geometry, they say the same in a different
language. They say instead: Geodesics for the Euclidean metric are straight
lines. A geodesic is a curve that represents the extremal value of a distance
function in some space. In the Euclidean space, extremal means 'minimal’,
so geodesics are paths of minimal arc length. In the 3-dimensional Minkowski
space, the extremal paths are actually ‘maximal’ arc length.

Geodesics are important in the relativistic description of gravity. Einstein’s
Principle of Equivalence, part of the General Theory of Relativity, tells us that
geodesics represent the paths of freely-falling particles in a given space. (Freely-
falling in this context means moving only under the influence of gravity, with
no other forces involved.)

Geodesics are the curves along which geodesic curvature vanishes. This is
of course where the geodesic curvature name comes from. Since Lorentzian
metric is not positive definite metric, the distance function dS? can be positive,
negative or zero, whereas the distance function in the Euclidean space can only
be positive. Thus, we have to separate our geodesics on the basis of whether
the distance function is positive, negative or zero. The geodesics with dS? < 0
are called space-like geodesics. The geodesics with dS? > 0 are called time-like
geodesics, while geodesics with dS? = 0 are called null geodesics.

10Ondokuz Mayss University, Faculty of Arts & Sciences, Department of Mathematics,
Samsun -TURKEY, e-mail: kasape@omu.edu.tr



104 E. Kasap

In this article, the basic concepts of 3-dimensional Minkowski space have
been first given. Using geodesic curvature, the differential equation of the geo-
desics on a time-like ruled surface with time-like rulings has been obtained and
solved under some conditions. Finally, examples have been given related to the
subject.

2. Preliminaries

Let us consider the Minkowski 3-space Ri’ [RB, (4,4, —)] and let the Lorent-
zian inner product of X = (21,22, z3) and Y = (y1,y2,y3) € R® be

< X,Y >=uwy1 + xT2y2 — T3Y3.

A vector X € R? is called a space-like vector when < )?, X >> 0or
X = 0. Tt is called time-like and null (lightlike) vector in case of < X , X > < 0
and < X, X >= 0 for X # 0, respectively.

The norm of X € R? is denoted by HXH and defined as HXH = ‘< X, X >‘.

For a regular curve in R?f, if its tangent vector at every point is space-like,
it is called space-like curve. Similarly, if its tangent vector is time-like and null
vector, it is called time-like and null curve, respectively,[3].

Let X = (21, 22,23) and Y = (y1,Yy2,y3) be any two vectors in R?. The
cross product of X and Y is defined by

(1) X A Y = (zzys — X3Y2, T3Y1 — T1Y3, T2Y1 — T1Y2 )7 [1]

A surface in R? is called a time-like surface if the induced metric on the
surface is a Lorentz metric, i.e. the normal vector on the time-like surface is a
space-like vector, [2].

Let & = d(s) be a unit speed space-like curve in Ri’. Consider the ortho-
normal Frenet frame {€ , €5, €3} associated with the curve & = @(s), such that
€1 = €1(s), €; = é>(s) and €3 = €3(s) are the tangent vector field, the principal
vector field and the binormal vector field, respectively.

In this study, €5 = €5(s) will be taken as time-like. If one takes it space-like,
similar procedures will be applied.

The Frenet formulas are given by

/

(2) € (s) = K(s)é(s), & (s) = —r(s)éi(s) +7(5)E(s), €& (s)=7(s5)é(s)

where k(s) and 7(s) are the curvature and torsion of &(s), respectively.
It is easy to see from (1) that

(3) €L N€=—€3 , €1 N€3=—€y , €éxNe3=e¢e]

A time-like straight line X in R?, such that it is strictly connected to Frenet’s
frame of the space-like curve & = @(s), is represented uniquely with respect to
this frame, in the form
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—

3
(4) X(s) = sz(s)é;(s), <X(s),X(s)><0

As X moves along & = a(s) it generates a time-like ruled surface given by
the regular parametrization

pls,v) = a(s) +vX(s)
w34ai-—a2=—-1, X(s)#0

where the components z;(s) (i = 1, 2, 3) are scalar functions of the arc-length
parameter of the curve & = a(s)

This ruled surface will be denoted by M. The curve & = a(s) is called a base
curve and the various positions of the generating line X are called the rulings
of the surface M.

If consecutive rulings of a ruled surface in Ri’ intersect, then the surface
is said to be developable. All other ruled surfaces are called skew surfaces. If
there exists a common perpendicular to two constructive rulings in the skew
surface, then the foot of the common perpendicular on the main ruling is called
a striction point. The set of striction points on a ruled surface defines the
striction curve, [5].

The striction curve, § = 3(s), can be written in terms of the base curve @(s)
as

B(s) = a(s) — ¢(s)X (s) where

1}/1—372%
5 S)= —= =
(5) (s) BSOS O

The unit normal vector 7i on the time-like ruled surface M is given by

QL

(6) il =

(s) A X(s) +vX (s) A X(s)
& (s) A X(s) +vX'(s) A X(S)H

From (3) and (4) the unit normal vector to the ruled surface M at the point
(s,0)is

I3€2 + $2€3

3l

ii(s, 0) = 22—z
2~ T3

Thus, if o = 0, 3 # 0 then the base curve of M is a geodesic curve.

In this paper, the striction curve of the ruled surface M will be taken as the
base curve. In this case, for the parametric equation of M, we can write

p(s,v) = dls) +vX(s) , X'(s) #0
2423 —ai=-1 1‘,1—$2/€:0
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3. Geodesic Curvature

Let ¥ = 4(s) be a curve on the ruled surface M. Then it can be written as

—

(7) Y(s) = a(s) + v(s) X (s)

Using (2), for the unit tangent vector along the curve ¥(s), we get

T(s) = i(s) _ M1 €1 + 1262 + 13€3
7 (sl VR

where

77121/+U/$1 ) 7]2=U/$Uz+v<el . M3 =0 3 + Vs
Y1 =Ty +T1K+T3T , Y2 =Ty + T2T and
R=|ni+n5 —n3].

Thus, we obtain

T(s) = R®? ( [(ni — MoR)EL + (1 + ik 4 137) @ + (3 + nzf)é’s} R

’

R . o o
- 7(77161 + 1262 + 13€3) )

From (6), the unit normal vector field on the ruled surface M along the curve
7 =(s) i

(s, v(s)) = v(T301 — T2p2)€1 + (=23 + vT1P2)E + (—x2 + vE101)E3
, \/U2($3801 — Zop2)? + (—x3 + vx1902)% — (—22 + vX1001)?

Hence, the geodesic curvature of the curve ¥ = 4(s) is obtained as

1 n 2 T3
8 k = — - —
ks = Rl ooy | 1 b e sT o b
v(T3p01 — Tag2) T3 + VvT1P2 To + vT1p1

Then, the differential equation of the geodesic curves on the ruled surface
M is given by

(9) f(s, v)v” + h(s, v)(v/)2 +g(s, v)v +r(s, v)v — x9k =0,
where

f(s,v) =1+a1 +0%(e - ¢3),

h(s, v) = v [%05 — ¢ — @1 + Tapa + aTir — (w1K + x?ﬂ’)@l} ;

g(s,v) = wr1 |Top1 — T2y + T3Py — T3P
2 2
—  27(x2p2 — T31) + 2T1KP1 + @7 — <P2}

+ 2200 — P190)) — T1T2K
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and
r(s,v) = _37290/1 + 56390/2 + Z1KP1 — T2Tp2 + T3TP1
+ v |:'r1(30190l1 — p2py) + T2k (0F — w?)}
+ v [(@ésﬁl — g2 (w301 — 2202)
(10) + (0} = e16B) @i+ 297) + 2am(] — o)

If kK =0, then & = a(s) is a line. In this case, since the ruled surface M is a
part of Lorentzian plane, the geodesics on the surface M are straight lines. In
this paper we assume that x # 0.

In general, the non-linear differential equation (9) can not be solved ana-
lytically. Moreover, since we do not have any boundary condition, we can not
use any numerical method. Hence, let curvature and torsion of the base curve
& = d(s) be constants and X be fixed in {€1, €5, e} such that x; = 0. Under
this assumption, the differential equation (9) takes the form

(11) F" +h(@)(©)? + (v =0

where

(12) f(v) =1+v°¢1, h(v) = =2v0¢%, 7(v) = ¢} (1+0°0]), @1 =a37

If 7 =0, from (11) we obtain v = as +b, a,b € R. Therefore, from (7) the
equation of a geodesic curve on the space-like ruled surface M is

F(s) = a(s) + (as +b) X (s)
We assume that 7 # 0.

By using the substitution p = p(v) = v = %, we find that equation (11)
takes the form

d
(13) F@pSE + h(w)p? +r(v)v =0
Putting 2%3 = H(v) and — 2;%1) = R(v) in (13), we have the following
representation for (13):
d,
2p50 + H(o)p” = R(v)

Now, by making the substitution ¢ = p?, we have that the last equation
reduces to

(14) FAl H(v)q = R(v)
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This is a linear differential equation. It is RWell known that solution of the
equation (14) is ¢ = e~ H@)dv [01 + [ R(v)e H(”)d”dv} ,where ¢; is an arbi-
trary constant.

Since [ H(v)dv = —1In(1+v?p7)? and [R(v)e
obtain the following solution for the differential equation (11):

R
H(v)dv
dv = 1+U2 T we

d
s = :l:/ v
Ver(l+v293)% + (1 + v2¢3?)

It is well known that the left-hand side of (15) is the elliptic integral (see for
example [4]) which can not be integrated exactly except for the following case:

(15)

If case ¢; = 0, we have

1
(16) v = +— sinh(p1s)
P1

From (7) and (15), the equation of a geodesic curve on the surface M is

(17) F(s) = @(s) + — sinh(p15) X (s)
(25}

Since the tangent vector of the geodesic curve 7 = 7(s) is

Ve = €1 + vp1€3 + v'x3€3, we have the following result:

Corollary 1.
i) If 1+ 0%} —x ( )2 >0, then ¥ = J(s) is a space-like curve,
i) If 1 +v%p3 — o (v )2 <0, then 5 = 7(s) is a time-like curve,
i) If 1 +v?p3 — 23(v')? = 0, then ¥ = 7(s) is a null curve.

Example 1. Let @(s) = (2\f$ cosh(‘[ ), sinh(@s))be a space-like curve
such that K = 1/3 and 7 = 2 / 3. The short calculations give

& = (Q\T, \fsmh(‘f ), \gcosh(‘[ )), Gy = (07 cosh(?s), sinh(?s))

and €3 = (—@, 2‘fsmh(‘f ), — 2‘fcosh(‘f ))

Let (0, 0, 1) be expression of unit time-like vector X = X (s) with respect
to the orthonormal frame {€; , €&, €3}. Therefore, we have a ruled surface given
by the parametric equation

pi(s, v) = (%S—vg, cosh(?s)—v%\/gsinh(gs),
V3 203 V3

sinh(— 3 s) — vTcosh(?s))

It is clear that ¢ is a time-like ruled surface with time-like rulings. From
(16), it follows that the equation of a geodesic curve on the surface ¢ is
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v(s) = (?s — ? sinh(%s), COSh(?S) - \/§sinh(§s) sinh(?s),
sinh(?s) - \/gsinh(gs) cosh(?s))

Because of Corollary 1, 5 = 7 (s) is a null curve (Fig. 1).
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Fig. 1. Ruled surface ¢; and its geodesic curve

Example 2.

2v/5

wa2(s, v) = (—cosh( s)—i—vg\/gs' 2\/58 3\/53— 2V5
T 5

h
5 Simh(=5=s), —pms - v,

- sinh(z\;gs) + v3\5/5 cosh( 2\5/58))

is a time-like ruled surface with time-like rulings. A geodesic curve on the
surface s is

v(s) = (- cosh(%\/gs) + ? sinh(gs) sinh(QT\/gs)7 :%/55 - ? Sinh(gs),
— sinh(%\/gs) + ? sinh(gs) COSh(%s))

Because of Corollary 1, % = 7 (s) is a null curve (Fig. 2).
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Fig. 2. Ruled surface @9 and its geodesic curve
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