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In this work, we find position vectors of non-null helices in the n-dimensional Minkowski spacetime. We present
methods to generate helices from polynomial curves. We also present methods to generate helices from other
helices which lie in different dimensional Minkowski spacetime.

1. Introduction

Helices are very interesting curves that attracted attention in a wide
range of disciplines such as mathematics, physics, architecture, en-
gineering and biology. Therefore, a rich literature exists [2,3,5-7,16].

In 3-dimensional Euclidean space, a helix is a curve whose tangent
vector field makes a constant angle with a fixed direction called the axis
of the helix. This definition suggests that a curve is a helix if and only if
x/7 is constant, where x is the curvature and 7 is the torsion of the curve
[9,14]. The notion of helix can be extended to higher dimensional
spaces using the same definition [7,12].

The notion of helix in 3-dimensional Minkowski spacetime is de-
veloped similarly and it can be extended to higher dimensions. Many
different characterizations of helices in Minkowski spacetimes have
been built, based on this definition, researchers gave many character-
izations of these curves in 3-dimensional Minkowski spacetime.

Pythagorean-hodograph (PH) curve notion is introduced by Farouki
and Sakkalis in [4]. Helical polynomial curves in Euclidean spaces are
studied in [4,13]. PH curves in 3-dimensional Minkowski spacetime are
studied in [10].

In this paper, we study position vectors of non-null helices similar to
[1] in which Altunkaya and Kula studied polynomial helices in n-di-
mensional Euclidean space by using the PH curve notion. Although,
there is a rich literature about helices in 3-dimensional Minkowski
spacetime has been created, there are only a few papers discussing
helices in n-dimensional Minkowski spacetime when n > 3. To the best
of our knowledge, no example or application of position vectors of
helices in n-dimensional Minkowski spacetime has been studied in the
literature when n is even. The methods presented here can also be
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further used for finding different families of curves e.g. timelike poly-
nomial helices with spacelike axis, etc.

2. Preliminaries

Let X = (4, %, ..,x,) andY = (3, ¥,, ...,)},) be nonzero vectors in the
n-dimensional real vector space R" and f{ej, e,,...,e,} be the standard
orthonormal basis of this vector space. For X, Y € R"

n—1
g(X, Y) =)0 Xy — XY,
i=1

is called Minkowski inner product. The couple {R", g(,)} is called
Minkowski space(time) and denoted by R{[15]. The vector X of R} is
called (see [11])

o timelike if g(X, X) <0,
e spacelike if g(X, X) >0 or X =0,
o lightlike or null vector if g(X, X) =0, X # 0.

For a given curve 8: I C R — R}, we call the curve f is spacelike (resp.
timelike, lightlike) if 8’ is spacelike (resp. timelike, lightlike) at any
t € I, where 8’ = dp/dt [15].

The Frenet curvatures and Frenet equations of the curve f can be
defined as follows.

Let B: I — R be a non-null curve. The curve f8 is called Frenet curve
of asculating order d if its higher order derivatives ', §’, ...,%, B4+! are
no longer linearly independent for all t € I. For each Frenet curve of
order d, one can associate an orthonormal d-frame V;, V5, ...V; along 8

(such that ¥ = Hg—:”) called the Frenet frame and d — 1 functions
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B. Altunkaya
ki, ks, ...,kq_1: I — R called the Frenet curvatures. For n = d, the Frenet
formulae are defined in the usual way:

Vi = vek Vs,

Vy = —vakiVi + vek V3,

Vi = —vg ki Viey + veakiVigs,

Vo= =Ve_1kn1Via @
where v = I8l = 1g (B, BHIY? and g = g(Vi, V) for1 < i < n [8].

Definition 2.1. A curve f: I C R —» R} is called helix if and only if
there exists a constant vector U € R} with g(4, U) # 0 is constant [5].
U is called the axis of the curve S.

3. Spacelike helices in R
Now, we study spacelike helices with a spacelike axis.
3.1. Spacelike helices in R} when n is even

Theorem 3.1. Let
B:ICR = R},

be a curve defined by

C C. C
D=lan 26, S0+ S S|
B® (1 20, 204 2 2

If

a=—dy, cf =2dids, c3=—dy, ¢y = ds, ¢ = 2did,

with 1 <j <
axis
v
ol

3, d; € R*, d} < 4d,d;, then f is a spacelike helix with the

and the tangent vector

1
Vi(t) = ———————(c1, C2t2, c3t? + cut?, cst)
! dot* —dpt?+dy 0T T

where
U=(-1,0,1,0).
Proof. If necessary calculations are executed, we get

1

nH=——-——
i{® dat* — dyt? + dy

(c1, Cat?, 382 + c4t?, cst).
Additionally, since

(KDHMJ j%

and g(W;, 1) = 1, we conclude that §8 is a spacelike helix where
U=(-1,0,1,0). O
Example 3.1. If we choose d; = 1, d, = d; = 2 in Theorem 3.1, then it is

¢ = —1ic; = 2503 = —2;¢4 = 2;¢5 = 2 and we have
2 2 2
n=\-t0--r+ 20, tZ),
O ( 3 3 5
Vi(t) = ! (=1, 2t%, 2t* — 2t%, 2 )
204 =22 4+ 1

ONDH;J j%'

Given the necessary calculations are made, we obtain

gB®,B@)=0t*-2t2+1)?>>0,VtER,
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then the curve § is a spacelike helix.

In RS, we can obtain a spacelike helix as follows.
Theorem 3.2. Let
B:(a,b))CR—-RE b>a>1,

be a curve defined by

3 Ca Cs Ce C7
1) =|ept, 23, 24, 25, 54 8y7, g2
pO) (1 3 °4 "5 5 7 2
For2<i<3,¢€eR—-{0}, if

¢ =d, 022 = d22 — 2dids,
i =2drydy, 5=,

¢} = 2d,d; — 2dyd,,

Co = d4, c72 = Zdle’

with 1<j<4,d;€RY, m<2@@:¢+¢+mﬁ:m&m@>
dyd,, then (3 is a spacelike helix with the spacelike axis
U
o
and the tangent vector
1

Vi(t) = (c1, cat?, c3t3, cut?, cst* + ct®, cot)
! dat® + dst* + dyt> —dy 0 0 T o

where

U= (—1, %, 0,0,1, OJ.
C

Proof. We omit the proof since it is quite similar to the proof of

Theorem 3.1. [
Theorem 3.3. Let n > 8 be an even number and
B:(a,b)cR—->R}, b>a>1,

be a curve defined by

B(t) =|eut, Gy a2y Cnol ynor G pnn Sntd o]
3 ‘n—1 n—-1 n+1 2
For2<i<n—4,¢eR —-{0}, if
¢ =d, 022 = d22 — 2d,ds, c,f,z = 2dn-2dn+2,
2 2
Ch-1 = d;, Cp = dn+2, Cr%+1 = 2d,d,,
2
k
—4
o = Ay — 2y ey + 2 Z didy_jy2, 2<k< n2 ,
j=2
!
-2
€31 = —2dydy + 2 Z didy_jr1, 2<1< n2
j=2
n+2
with1 <j < "+2, d; e R*, dnts = dnss = .=dy 2 = 0, and Y};2, d; > d, then
Bisa spacellke helix with the spacellke axis
Uy
1Tl
and the tangent vector
1 2 n—-2 n
o = TS €1 Cat?, s Co1 "2 4 Cut", Cpyat
2
—di+ Y d;t?0V
j=2
where
dn
=-et Z Com-2 + — €1
Com—2 n—1

m=2
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Proof. We can write

_ B
W = H[s"(t)\l
= (t)\l —(C1, Co 12,0y Cna 172, 1 12+ Cut", g )
n—2 n—2 n
”ﬁ ([)“ (dl, Czt Cp—at s d%t + dnT+2t s Cnl t)

Therefore, we have

n+2 2

g|B @, B |=]-d + i ;20

j=2

and since g(f', B’) > 0, B is a spacelike curve, then

( IUH) \JH

Consequently, § is a spacelike helix. []

= constant.

Example 3.2. If we choose n=8d=d;=d;=ds=1,d,=2 in
Theorem 3.3, then it is ¢ =1;c,=+2;c3=+2;cs =+/3;
cs = /636 = V237 = 155 = 1;c0 = 2 and we have
28 2t 385 210 217 0 7
s = [t f_,f_,f_,f_,f_,_+_,tz ,
4 5 6 7 9 7
Vi)

1
R

(‘0) IIUII) %

where

1, V212, V283, 314, 615, V218, 8 + 19, 21),
1

L
5

Given the necessary calculations are made, we obtain

= (_1, J2,0, 0,0,1, 0).

gB M, W)=+t +t*+22-12>0,VtER,
then the curve f8 is a spacelike helix.

In the rest of the paper, the proofs are similar to the proofs of the
Theorem 3.1 or Theorem 3.3, therefore we will omit the proofs.

3.2. Spacelike helices in R} when n is odd

Theorem 3.4. Let
B:(a,b)CR =R}, b>a>1,

be a curve defined by

<]
H=|en 28 S|
B(®) (01 305 )

If
a=d, =d, cf =2dd
with di, d, € RY, d; < d,, then f3 is a spacelike helix with the axis

v
ol

and the tangent vector

1
Vi(t) = ——(cy, cot%, cst
1(0) dztz—dl(l 212, c3t)

where
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U=(-1,1,0).
Theorem 3.5. Let
B:(@a,b)CR =R}, b>a>1,

be a curve defined by

- 2,3 B4 Cays G
0 =|et, 263, 24, 25, B2,
O (1 374 75 2)

Forc; € R

- {0}, if
c=d, ¢} =d} —2dids, ¢ = 2dyd;, ¢y = ds, ¢ = 2d,d,

with1 <j < 3,d; € R*, d; < d, + d;, then § is a spacelike helix with the
spacelike axis

b

1ol

and the tangent vector

1
Vi(t) = ——————(c1, &t 313, cat?, cst)
dat* + 1> — d; ’

where

U=(—1 % ,0,1, 0)
Cz

Example 3.3. If we take d; = d; = 1, d, = 2 in Theorem 3.5, then it is
c1 =15, = /2303 = 2;c4 = 1;¢5 = 2 and we have

(t,ﬁ 1

— 3, —t4 lt5, 2|
2 75

The curve § is a spacelike helix with the spacelike axis

L2 Lol
ol ("2 V22

and the tangent vector

1
Vi(t) = ————— |1, V22, 283, ¢4, 2t |.
i t4+2t2—1(

Besides,

U 1
i), — | = =.
g( 1(8) HU\I) >

Theorem 3.6. Let n > 7be an odd number and

B:(@b)cR >R}, b>a>1,
be a curve defined by

_ € 3 Cn-1.n Cn 2
t) =|ct, =1t ..,—t", —t°|.
b= o 20 50)

n

For2<i<%l,cie[R—{0},if

ci=dy, ¢} =d? —2dds, cp_y = dn;l, ¢} = 2d,d,,

n—3

2<k< ",

k
2d1dyqr + 2 Z djdo_js2,
=2
I

—1
iy = —2didy + 2 Z didoji1, 2<1<7

2 _ g2
Cok = dip1 —

j=2
with 1<j<——,d €R*, dn+3—dn+5— =d,_1 =0, ZJ ,dj > d,
then the curve 5 is a spacelike helvc with the spacelike axis

Un

1Tl
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and the tangent vector

1
Vi) = ] 1, Cot?, ey Caot "N, Cyt
2
—di + ), d;t20-Y
j=2
where
n+l
Uy=—e1 + Z €m—2
m=2 Cam-2

Example 3.4. If we taken = 7;d; = d3 = dy = 1, d, = 2 in Theorem 3.6,

then it is ¢; = 1;¢c, = /2303 = V2500 = V5505 = V236 = 1;¢; = 2 and we
have
3 4 5 6 47
By = [0 Y28 20 V5P 200 0 )
3 4 5 6 7

The curve S8 is a spacelike helix with the spacelike axis

HUTH=(\21\/ﬁ J_ \/21 ]

and the tangent vector

Wt) = ;1(1, V212, V283, 514, V285, 19, 21).

to + t* + 212

Besides,

5
(Vl(f) m) a1

As a result of Theorem 3.3, we have the following corollary.

Corollary 3.1. If dn+2 = 0 in Theorem 3.3, then the curve {3 lies in the (n-
2

1)-dimensional hyperplane of R}. So it can be considered as a spacelike helix
yin (n-1)-dimensional Minkowski spacetime.

4. Generating spacelike helices from spacelike helices that lie in
different dimensional Minkowski spacetime

4.1. Generating spacelike helices in R} from spacelike helices in R}

Let dl, dz S IR+,

7 () = dit,

d
AQOEE
B©) = “zi‘dz t2

Then, y(t) = (5, (1), % (1), 15 (t)) (see Fig. 1) is a spacelike helix in R} and
the Minkowski scalar product of tangent vector of y with the spacelike
vector — = (—i !

. 1 —
nUu NN 0) 57 where U= (=1, 1, 0).
Let B(t) = (B, (1), B, (1), B5 (), B, (1)) be a curve in R} denoted by

B (1) = (D),

By (£) = A(O)n (6),
B3 (6) = (), (),
B, (t) = A(D)y; (0).

with the Minkowski scalar product of tangent vector V of § with the
spacelike vector — | H (0, —%, % 0) is constant (equal to the corre-
sponding of y), where A(¢) is a real valued function. Thus, we have
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—=

NL

Fig. 1. For d, = 1, d, = 2, the spacelike helix y lieson y = %xz

1
g((t), v) = Nk

By solving this equation, we find

C

At) = ————
® didyt* + 6

where ¢ € R — {0}. Then, we have

1/2d1d2 ﬂ),

dz
t—i dt,
FO didy t* + ( b3t 2

The curve 8 is a spacelike helix and the Minkowski scalar product of
tangent vector of 8 with the spacelike vector

A~

LA
[1Ul|
is constant where

U=(0,-1,1,0).

4.2. Generating spacelike helices in R; from spacelike helices in R}

Let di, d,, d; € RY,

7 () = —dit,

B0 = L% g

B = —? 2+ ?tS,
AV *@tz.

From Theorem 3.1, y (t) = (1, (t), %, (2), 5 (1), %, (t)) is a spacelike helix in

R} the Minkowski scalar product of tangent vector of y with the

spacelike vector — HU” ( -, 0, r’ O) is %, where U = (-1, 0, 1, 0).
Let B(t) = (B, (), ﬁz(t), [33 (), B, (), Bs(¢)) be a curve in R; denoted

by

B, () = A(p),

B, (1) = 2(O)n (©),

Bs(6) = A()n (0),

B, (1) = 2Oy (1),

Bs(0) = 2Oy, (©)

with the Minkowski scalar product of tangent vector V] of 8 with the

spacelike vector (0 -1 0, % 0) is constant (equal to the cor-

L
responding of y) where A(t) is a real valued function. Thus, we have

1
(10) ||U||) 2

By solving this equation, we find
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B(®

T T16dyds 15 + 15dydy £ + 90 3

af b szldzﬂ)

J2dids 13
¢ (1’ _dl t, #

5

3 5 2

where c € R — {0}.
The curve f is a spacelike helix and the Minkowski scalar product of
tangent vector of 8 with the spacelike vector

A~

U

10y
is constant where
U=(0,-1,0,1,0).

We can similarly construct spacelike helices in upper dimensions.
5. Timelike helices in R}

In this section, we study timelike helices with null axis.
5.1. Timelike helices with null axis in R}

Theorem 5.1. Let
B:ICR >R} 0 ¢l

be a curve defined by
— ©2 .2 83
t) = t, te, >+t
B(®) (Cl 5 3 €1 J

If
C2
a=-2, o, sERY, o ER—{0},
2¢3
then (8 is a timelike helix with the null axis
U=(@1,0,1

and the tangent vector
2 2
) = ¢, G, Gttt e
C3 12

Besides,
g, U)=-1
Theorem 5.2. Let n > 4 and

Cn-1 -1
s
n-—1

_ 0226’33
) =|ct, 212, 263, ..,

C C Con—
et + 234 LS 2 g3
3 5 2n -3

be a curve in Ry withc; e Rt andc; e R — {0}, 2<i<n—11If

2
Cn-1

s
2(.'1

n= 7= Cn+1 5 ey C2p—3 =

_
2 C1 h 2 C1
then (8 is a timelike helix with the null axis
U=e +e,

and the tangent vector

2c1

N =5 e cat, 312, L cno 11"+ cnt? 4 cpp1tt + teon_3t? T

Z CJZ f2n—4

j=3
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5

Mg —5

10

—~10 |

5 [e] -5

Fig. 2. The timelike helix y lies on z = x(%y + 1).

Example 5.1. If we take n = 4, ¢; = ¢; = ¢3 = 1 in Theorem 5.2, then
we obtain

1 1 1 1
H=|[t, =2 =6, =+ =13+ t).
F) ( 2 3 10 6
The curve § is a timelike helix with the axis
U=(1,0,0,1)

and the tangent vector

2 1 1
nit) =—I1,1t, t2,1+—t2+—t4).
1o t4+t2( 2 2

Besides,

g, U) = -1

We can give the following corollary as a result of Theorem 5.2.

Corollary 5.1. If ¢,_; = 0 in Theorem 5.2, then the curve {8 lies in the (n-
1)-dimensional hyperplane of R}. So it can be considered as a timelike helix
in (n-1)-dimensional Minkowski spacetime.

6. Generating timelike helices from timelike helices that lie in
different dimensional Minkowski spacetime

6.1. Generating timelike helices in R} from timelike helices in R}

Let
}’1([) =t,
yz(t) = %tz,

1
n) = §t3 +t,

then y (t) = (5 (6), K, (1), i, (1)) (see Fig. 2) is a timelike helix in R3 and
the Minkowski scalar product of tangent vector of y with the null vector
U = (1,0, 1) is constant.

Let B(t) = (B, (1), B, (1), B (1), B, (1)) be a curve in R} denoted by

B, (®) = (1),

B, (1) = 2Oy (0),
By (1) = 2Oy (1),
IAOERIGIAG;

with the Minkowski scalar product of tangent vector V| of 8 with the
null vector U = (0, 1, 0, 1) is constant (equal to the corresponding of ),
where A(t) is a real valued function. Therefore, we have the differential
equation
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g, 0)= -1

By solving this differential equation, we find

Cc
t*—6

A(t) =
where ¢ € R — {0}. Then, we have

1, t, ﬁtz, lt3+r .
2 3

The curve § is a timelike helix with the null axis

U=(0,1,0,1).

B(®) =

t*—6

6.2. Generating timelike helices in R from timelike helices in R}

Let
K =1,
AGESTE
AOEET

1 1
) = Et5+ Er3+t.

From Theorem 5.2, y (t) = (3, (1), (1), 5 (t), 7,(t)) is a timelike helix in
R} and the Minkowski scalar product of tangent vector of y with the
null vector U = (1, 0, 0, 1) is constant.

Let B(t) = (B, (1), B, (1), B5(1), B, (), Bs(t)) be a curve in R; denoted
by
By (6) = (1),
By (1) = 2(On (),
By (1) = 2(O)n (0,
B () =1()p®),
Bs (1) = A(D)y, (1),
with the Minkowski scalar product of tangent vector V| of § with the
null vector U = (0, 1, 0, 0, 1) is constant (equal to the corresponding of

y), where A(t) is a real valued function. Therefore, we have the dif-
ferential equation

gvi(®), 0) = -1

Results in Physics 14 (2019) 102445

By solving this differential equation, we find

1 1 1 1

() = ¢ (1, 6L L Ly Et3+t)

16t° + 15t* — 180 2 3 10

where ¢ € R — {0}.
The curve § is a timelike helix with null axis

0=00,1,0,0,1).

We can similarly construct timelike helices in upper dimensions.
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