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Abstract

In this paper, the stationary acceleration of the spherical general helix in a
3-dimensional Lie group is studied by using a bi-invariant metric. The relationship
between the Frenet elements of the stationary acceleration curve in 4-dimensional
Euclidean space and the intrinsic Frenet elements of the Lie group is outlined. As a
consequence, the corresponding curvature and torsion of these curves are
computed. In Minkowski space, for the curves on a timelike surface to have a
stationary acceleration, a necessary and sufficient condition is refined.
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1 Introduction

Rigid body motion has attracted continuous attention since the time of Galileo and
Bernoulli, and recently, the subject has generated a renewed interest in differential ge-
ometry. SE(3) is the space of all rigid body motions, and the motions can be described as
curves in this space [1]. In 1989, Noakes, Heinzinger and Paden [2] derived the equations
for the minimum acceleration curve by using positive definite bi-invariant metrics on the
rotation group SO(3). By Noakes et al. [2], the specification of spline curves was extended
to curves in groups associated with robotics. By using left-invariant metrics, Zefran and
Kumar [3] in 1998 used the same acceleration definition for the rigid body as the covariant
derivative of the motion, and so the jerk is the second covariant derivative. In 2007, Selig
[4] repeated the analysis by using bi-invariant metrics on the rigid body motion group
SE(3). Since these metrics are not positive definite, the curves specified by differential
equations are derived only stationary, not minimal. In 1990, Bottema and Roth [5] studied
a number of spatial motions by using the 4D representation of SE(3), one of which is the
Serret-Frenet motion. Finding the curve with given curvature and torsion functions in-
volves solving a system of differential equations given by the Serret-Frenet relations. This
is not straightforward, and solutions are only known in a very few cases as studied by Lip-
kin [6] in 2005 and Selig [4] in 2007. In this work, the ideas of Zefran and Kumar [3] and
Selig [4] are revisited. Kula et al., in [7], investigated the relations between a general helix
and a slant helix. By using the Serret-Frenet frame in a 3-dimensional Lie group with a
bi-invariant metric, the stationary acceleration of the spherical general helix is studied. It
is proved that the normal curvature, geodesic curvature and geodesic torsion functions of
the curves on a timelike surface in the Minkowsky space are linear.
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2 General helix in a Lie group

Let G be a 3-dimensional Lie group with the bi-invariant metric (-,-). Suppose V is the
corresponding Levi-Civita connection. If ¢ denotes the Lie algebra of G, then the isomor-
phism g >~ T,G holds, where e is the identity element of G. As is known,

1
(X, [v,Z])=([X,Y],Z) and VxY= S XY
hold for all X, Y, Z € g. Also, for any X, Y € g, the vector product X x Y is defined by
(Z,X xY)=det(Z,X,Y) forallZeg.

Definition 2.1 (General helix, see [8], Definition 1) Let « : I — G be a parameterized
curve, where I C R. Then « is called a general helix if it makes a constant angle with a
left-invariant vector field.

IfICRand o : I — G is a curve parameterized with arc length and if the Frenet struc-
ture of « is denoted by (¢,7,b,«,7), then

G = %([t, n],b).

Theorem 2.2 (Lancret, see [8], Theorem 1) A curve is a general helix in G if and only if
T = ¢k + TG, Where c is a constant.

Definition 2.3 (Left shift, see [8], Definition 3) Let/ C R and « : I — G be an arc length
parameterized curve. Then a curve 8 : I — g, where g is the Lie algebra of G, for which
B'(s) = dLy1 50/ (s) for all s € I, is called the left shift of a.

Definition 2.4 (Spherical curve, see [8], Definition 4) « is called a spherical curve if 8 lies
on the unit central sphere, i.e., (8(s), B(s)) =1 forall s € I.

Theorem 2.5 (See [8], Proposition 2) A curve « is the spherical general helix with t =
¢k + tq if and only if

1 c

L O
V1 —c2s? 1—c%s?

K(s) = +1g.

In the Lie group G, a spherical motion is determined by a unit speed space curve «(s).
In the Serret-Frenet motion, a point on the moving body moves along the curve and the
coordinate frame on the moving body remains aligned with the tangent ¢, normal # and
bi-normal b of the curve. Using the 4D representation of G, the motion can be specified
as

G(s) = (R(()S) a?) , (2.1)

where « is the curve, and the rotation matrix has the unit vectors ¢, # and b as columns of

R=(t|n|b).
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Set Vyx = &’ for all x € {¢, n, b}. Now the intrinsic Serret-Frenet formulas are
t' =kn, n =—Kkt+1h, b =-1n,

where « and T are the curvature and torsion functions of the curve, respectively. The Dar-

boux vector w = tt + kb has the properties
!=wxt, n=wxb, b =wxn,
see [6], Section 10.2. This means that
R = Qu,R

can be written for the 3 x 3 anti-symmetric matrix €2,,, which is corresponding to w. Since

« is a unit speed curve, we have o’ = ¢, and hence

Vegalo Q, —wxXa
- “\o 0 ’

Using the Serret-Frenet relations, the derivative of the velocity can be calculated as

V- Qy t'-o xa
0 0 ’

where o’ = T't + k’b. Hence, the second derivative of the velocity is

V- Qy —0"xa-k'n
0 0 ’

where n=b x tand " = t"t + (t'k — k't)n + k”b. Finally, G' V"G is computed as

0 -«" tk-k't 0
" 0 __(// _ /
¢c'vig=| 7 “ (2.2)
K't—-tk T 0 0
0 0 0 0
Since the curve « is a stationary acceleration curve,
G'W'G=C
holds, see [4]. Thus, there exist constants ¢, ¢a, ¢3, ¢4 such that
0 —C1 Cy 0
c 0 -c3 -c
G'W'G=c=|" B (2.3)
—Cy C3 0 0

0 0 0 0
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By setting up this equation for the two unknowns « and 7, the system of differential equa-
tions

k" =¢, Tk —K'T =y, v’ =cs, k' =cy
holds, and as a consequence, the following theorem is true.

Theorem 2.6 The general spherical helix is a stationary acceleration curve in a Lie group
G with the bi-invariant metric if and only if k =1 and t is linear.

Proof Let the curve o be a general spherical helix in the Lie group G. Then 7 = ¢k + g,
where c is a constant. « is a stationary acceleration curve, and due to (2.2) and (2.3), ¥’ =
¢y is satisfied. Therefore, « = c4s + ¢5, and from «(s) = ﬁ, ¢ = 0 is obtained. Hence,
k =1,and so ¢, = T’k — k't = 1. Therefore, Tg = c25 + c6, Where c¢ is a constant. Finally,
T=c+1Gg=a+bs, wherea =c+cgand b = ¢, are constants and t” = 0. Hence, x =1 and
7 is linear. Conversely, if k =1 and 7 is linear, then obviously « and 7 satisfy the stationary

acceleration curve condition (2.2). a

3 Spherical general helix

For I C R, o : 1 — S3, the unit sphere with the center at origin in R* is an immersed curve
in a 3-dimensional real space form. Therefore, any curve on S can also be considered to be
a curve in R*. In this paper, the goal is to obtain the relationship between the Frenet frame
(e1] ez | es | e4) in 4-dimensional Euclidean space with the curvature functions k; = (€}, e;41)
for i = 1,2,3 and the intrinsic Frenet frame (¢ | # | b) with the curvature « = (¢,n) and

torsion 7 = (#/, b) of the curve «. Set ¢ = e;. By using the Gauss map of the sphere,

K =kI-1 (3.1)
and
K2k
r= —122 (3.2)

hold, see [9].

Theorem 3.1 A unit speed space curve a : I C R — S® parameterized with arc length is a

stationary acceleration curve if and only if
ki=+(as+b)? +1

and

_(as+Db)*(ps +q)

> (as+b)2 +1

)

where a, b, p, q are constants and k; is the ith principle curvature of the curve o fori =1,2
in 4-dimensional Euclidean space.
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Proof Suppose « is a unit speed space curve on S, It is known that, in the Frenet-Serret
motion, a point on the moving body moves along the curve o and the coordinate frame
in the moving body remains aligned with the tangent ¢, normal # and bi-normal b of this
curve. By using the 4D representation, the motion can be specified in the form (2.1) such
that the corresponding rotation matrix of motion is R = (¢|n|b). The curve « is a stationary
acceleration curve if and only if G'V”G = C, where C is the 4 x 4 constant matrix as
n (2.3). By substituting k; = x in (3.1), ¥ = Vx2 —1 is obtained, and from (3.1), we get

k' = c4. From
k' =ca, ' =cs, Tk —Kk'T = ¢y,
we have
c=Tk—-c;t and 0=1"k +1'k' —c4t’ = 3.
Since k¥ # 0, we get c3 = 0. Hence,
Kk=cys+b and tT=ps+gq.
On the other hand, it is clear that

2
k=yk?-1 and r:% (3.3)

are satisfied. Therefore, for ¢4 = a, we obtain

ki=4vVi2+1=4/(as+b)? +1 (3.4)
and
w?  t?  (as+b)?(ps+q)
= L - , 35
2T kP41 (as+bp+1 35)

and by using ¢3 = 0, we get

0 0 ¢ O

VG- 0 0 0 -
-c 0 0 O
0 0 0 O

where C is a 4 x 4 constant matrix such that k; and k, satisfy the stationary acceleration
condition of «. Conversely, if k1 and k; satisfy (3.4) and (3.5), then, from (3.1) and (3.2), we
have k = as + b and t = ps + q. Thus, from (2.2), G'V”G is a 4 x 4 constant matrix, and
so « is a stationary acceleration curve. 0

4 Curves on a timelike surface
The Minkowski spacetime R? is the Euclidean space R? with the inner product

(%,9) = =191 + Xoys + x3y3,  where x = (x1,%9,%3),y = (y1,¥2,y3) € R®.
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A vector v € R? \ {0} is spacelike, timelike or lightlike if (v,v) > 0, (v,v) < 0 or (v,v) = 0.
The vector v = 0 is spacelike. Also, the norm of a vector v is given by [|v|| = /|(v, V).

Let X : U — R? be a timelike embedding, where U is an open subset of R2. The tangent
space T, M is a timelike plane at any p € X(U), where M = X(U). Let y : I — U be aregular
curve and define the curve y : I — M C R} on the timelike surface by y(s) = X(¥). Let y
be spacelike or timelike on the timelike surface M with the unit tangent vector £(s) = y'(s),
where s is the arc-length parameter. Since M = X(U) is timelike, a unit spacelike normal
vector field n on M = X(U) is defined by

Xy (u) x Xy, (1) B
n(p) = Xy () X Xy @] for all p = X(u).

Then n, = noy is a unit spacelike normal vector field along y. The bi-normal vector field
is defined by (¢ 0 )b = n, x t. It is known that

(t,t)y=¢covy, (ny,m,) =1, (ny,,b) =0, (b,b) = —(e o y),
where € o y = sgn(t) which equals 1 when y is spacelike and equals —1 when y is timelike.

When &(y (s)) = 1, the semi-orthonormal frame s (b(s) | 1, (s) | £(s)), and when e(y (s)) = -1,

the semi-orthonormal frame is (£(s) | b(s) | n, (s)). Therefore, we have
b(s) x ny,(s) = —s(y(s))t(s) and £(s) x b(s) = —-n,.
For

ka(s) = (1, (), £ (5)),  kels) = (b(s),£'(s)),  T4(s) = (1, (5), 6 (s)),
the Frenet equations are

t' =—(e0y)keb + kyny, n;, = (e 0 y)teb — (e 0 ¥)knt,

b =1gn, — (g0 y)ket,

and these are called normal curvature, geodesic curvature and geodesic torsion, respec-
tively [9]. Now we suppose t/(s) # 0. The Darboux vector field in two cases e(y (s)) = £1

is
w(s) = —T4(8)t(s) — ko (s)m,, (s) + kiu(5)D(s).
Therefore,

woxb=b.

/ /
wXt=t, WX ny =N,

Also, we have

;) / / /
W' =Tt — ke, + kb



Abazari et al. Journal of Inequalities and Applications (2017) 2017:92 Page 7 of 13

and

o' = (_T; +(go y)k;kn —(eo J/)k;,kg)t
+ (=K} — tokn + Ky, 7g)my
+ (K, + (g 0 ¥)15kg — (£ 0 ¥ )y ) b

= Ait + Ayny, + Asb,
where

A= —r; +(go y)kék,, — (e o)k, kg,
Ay = —kg - Ték,, +k,tg,

A=k +(co )/)‘L'ékg — (g0 y)kérg.

Let ©,, be the anti-symmetric 3 x3 matrix corresponding to the Darboux vector field w,

SO

0 -k, —kg

Qu=1|k, O Ty

kk -1, O

and

0 -As A,
Qo =1 Az 0 -A
A, A 0

By using the 4D representation of SE(3), the motion can be specified as

G5 - <R<s> y(s)))
0 0

where

R(s) = () 1 b(s) | my(s) ife(y(s) =1
and

R(s) = (b(s) | ,(5) | £9) i (3 (6)) = +1.

From the properties of the Darboux vector, we can write R’ = Q,R. Hence, we have

VeGga!- Q, t—-wxy .
0 0
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Therefore,

V- Qy -0'xXy-o xt
0 0

Qo —0" Xy —ky(eoy)b-k,n,
\o 0 ’

and thus

GG - R" —R'y\ (Qu -o"xy-k(eoy)b-km\ (R v
0 1 0 0 0 1

ZCRMR-MNW—WW%Nﬁ
0 0 '

By using the standard formulas for the scalar and vector products of ¢, n,, and b, we can

write
0 -A; A, 0
G—l V//G — A3 O _A1 _k}/1
Ay AL 0 —(eoy)k, |’
0 0 0 0

where A;, Ay and A3 are as mentioned above. From G™'V”G = C, where C is a 4 x 4
constant matrix, we obtain

ki(s)=c¢; and ké’,(s) =c.
Then

k. (s) = c15 + a1, kq(s) = cas + ay, kg(s) =0, k!(s) = 0.

Also, from

—77 () + £ (y () Ky ()kn(s) — & (1 (5)) K, (8)kg () = €3,
~Ty(8)kn(s) + K, (8)74(5) = ca

£ (7)) 7Lk (5) — £ (¥ )R, (5)7(6) = 5,
we can obtain 74(s) = as + b. Hence, we have the following result.

Theorem 4.1 A curve on the timelike surface in Minkowski space is a stationary accelera-

tion curve if and only if its normal curvature, geodesic curvature and geodesic torsion are
linear functions.



Abazari et al. Journal of Inequalities and Applications (2017) 2017:92 Page 9 of 13

5 Curves on Minkowski spacetime

The Minkowski spacetime R is the Euclidean space R* with the inner product
(x,9) = =11 + X2)2 + X3Y3 + x4ys, where x = (x1,%2,%3,%4),¥ = (y1,2,¥3,4) € R,

Avector v € R} \ {0} is spacelike, timelike or lightlike if (v, v) > 0, (v,v) < 0 or (v,v) = 0. The
vector v = 0 is spacelike. Also, the norm of a vector v is given by [|[v|| = /[{v,}]. Let « be a
unit speed timelike or spacelike curve with (e; | e, | e3 | e4) as the Frenet frame in R} and
set (e, e;) = &; € {-1,1}, i = 1,2, 3,4. We can define the curvature functions by &; = (€], e;,1)
for i =1,2,3. Therefore, the Frenet equations are

e/l 0 k182 0 0 €1
6/2 _ —k181 0 k282 0 ey
€é 0 —k282 0 —k38182€3 e3
e; 0 0 —k383 0 €4
Also, the vector x x y x z is defined by
-i j k1
X1 X2 X3 X4
XXYyXz= )
Y1 Y2 Y3 Ya
21 22 Z3 Z4
here {i,j, k, I} is the canonical basis of R} and
x = (%1, %2, X3, X4), ¥=01273)4) z=(z1,22,23,24) € R%.

Then, for any ¢ € R}, we can write (£,x x y x z) = det(¢,x,9,z). Thus, x X y x z is semi-
orthogonal to x, y and z. A normal curve in R} is a curve whose position vector always lies
in its normal space e = {w € R} : (w,e;) = 0}.

Theorem 5.1 (See [10], Theorem 3.1) Let o be a unit speed timelike or spacelike curve with
non-lightlike vector fields ey, es, ey, lying in R}. Then o is congruent to a normal curve if

and only if

2 e ls () 2)]
k \k) HHik\k 7\ &k ‘
Theorem 5.2 (See [10], Formula (3.3)) Let « be a unit speed timelike or spacelike normal

curve with non-lightlike vector fields e, e3, es, lying in R}. Then its position vector satisfies

the equation

&1 8182(1 ! &1 /(2 + e (1 ! 1 !
a=——er——|—)es——— — ] —) )es
a2 Tk \k)7Z k\g P\ ) )t

Let M be a hypersurface in R} with the induced Levi-Civita connection V of R}. Let
a : I — M be a non-lightlike immersed unit speed curve in M, and let us denote the Frenet
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frame by (¢ | n | b). The Frenet equations are
' =Vit=«kn, n =Vn=gpt+Th, b =V.b=¢r1n,

where ex = (X, X) and «, T are curvature and torsion functions, respectively, and ¢, n, b
satisfy the equations

b x n=gt, txb=g¢g,n, nxt=egpb.
The Darboux vector field is w = —g, 7t — ¢, b. Therefore, we have
wxt=t, wxn=n, wxb=".
Also, we have
o =—gpT't —e,k'b
and
o =—-gpt"t - 8;,(1’/( - K/T)l’l —&,k"b.

If R = (t | n| D) is the rotation matrix and £2,, is the corresponding 3 x 3 anti-symmetric
matrix to the Darboux vector w, then

0 ek —gp(t'k - k'T)
Q= —g,k” 0 ept” ,
ep(t'c —k't) —gpt” 0

where o’ = t. Therefore, for the motion

Gls) = (R(()s) ais)) ’

from the properties of the Darboux vector, we have

R=QR and V=GG™

Hence,
Ve Qu 0" xa-o' xt\ [(Qp -0"xa-gx'n
0 0 0 0
and
0 ek —ep(t'k —K'T) 0
—euk” 0 ept” —guk’
G'V'G= o , b " l-c,
ep(t'k —k'T) —gpT 0 0

0 0 0 0
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where C is a 4 x 4 constant matrix, which is the necessary and sufficient condition for non-
lightlike immersed curves « : I — M in the hypersurface M C R} to be an acceleration

curve. Then, by G1V”G = C, we obtain
k=as+b and tT=ps+gq,

where a, b, p, q are constants and s is the arc-length parameter of the curve «
Let (e1 | e | e3 | e4) be the Frenet frame of the normal curve « as a unit speed timelike
ing in R,

or spacelike normal curve with non-lightlike vector fields e;, e3, es, lying in R}, Let the
curvature functions of « be ki, k3, k3. Then

¢ =e| —ele}, a)a = erki (€2 — £(er, a)cx)

where (v,v) = & with v the unit normal vector field to the hypersurface M in R} and (e;, e;)
{-1,1}, i =1,2,3, 4. Also, by using the Gauss map [11] and Theorem 5.1, we can write

t e, —eler,a)a

1] J/1-eler,a)?

and from Theorem 5.2, we can write
K= (t/,n) =kiv1-¢eley, )2 = [k} —&.

The bi-normal vector is

kl
o XtXn= 5 a X e Xey=
ki —¢ £

Therefore,
g2k
o X e Xes.

, 1 /
b= ——=)axexe+ -
1_ £ _ &

ki ki

) = 0. Finally,

83/(2 1 >
o X e Xes, —262
1/ /(2 V 1_8<62!a>

< e axe o)
=- o X e Xe3, ——
-5 o

e3ky
—(a X e X e3,e)

Then (V',a

=

Hence, we have proved the following result
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Theorem 5.3 Let M be a hypersurface in R} and I C R. Let « : I — M be a unit speed
timelike or spacelike normal curve with non-lightlike vector fields e,, es, ea, lying in R}.
Then « is an acceleration curve in M if and only if

ki=%(as+b)? +¢

and

e3(as + b)*(ps + q)
(as+b)? +¢

ko =

where a, b, p, q are constants and k; is the ith principle curvature of the curve o for i =1,2
in R} and (v,v) = & with v the unit normal vector field to the hypersurface M in R} and

(e3,e3) = &3.

6 Results and discussion

In this paper, it is proved that the general spherical helix is the stationary acceleration
curve in a Lie group with a bi-invariant metric if and only if its curvature is unit and tor-
sion is linear. The relationship between the Frenet elements of the stationary acceleration
curve in 4-dimensional Euclidean space and the intrinsic Frenet elements of the Lie group
is obtained. In other words, the necessary and sufficient conditions for stationary acceler-
ation of unit speed spherical curves are studied, and as a consequence, the corresponding
curvature and torsion of these curves are derived.
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