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1 Introduction

The curves theory of Minkowski spacetime (or called Minkowski space) is very important and interesting
in both physics and mathematics. Locally, there exist spacelike curves, timelike curves and null curves
(lightlike curves) in Minkowski space. For the study of the curves in Minkowski space, there are many more
differences between the null curves and the spacelike curves or timelike curves. A. Nersessian etc. studied
geometrical particle model associated with null paths (null curves) in Minkowski spacetime ([11]-[14]).
W. Bonnor, G. Clément, A. Ferrandez etc. studied the null curves in Minkowski space ([1], [3]-[8]). In
this paper, we consider the null curves in three dimensional Minkowski spacetime (simply, Minkowski
3-space). At first we deal with the null arc length parameter and the relation with the arbitrary parameter
of the null curve. Then we give a kind of representation formula for the null curve with the null arc
length parameter in Minkowski 3-space E3 and define structure function of such null curve. Using this
representation formula and the characters of the structure function of the null curve, by solving certain
differential equations, we characterize some special null curves and obtain certain classification results.

This paper is arranged as follows. In Section 2 we discuss the arc length parameter of the null curve
and define the null curvature function and null Frenet frames of the null curve. Then we give the relation
of the null arc length parameter and the arbitrary parameter of the null curve. In section 3, using the
tangent indicatrix of the null curve we give a kind of representation formula for the null curve with the
null arc length parameter in Minkowski 3-space and define the structure function of the null curve. Then
the relation between the null curvature function and the structure function is given. In section 4 we
discuss some special null curves, for examples, helix, rectifying curves etc. and obtain some classification
results.

2 Null Curves in Minkowski 3-space E3

Let r(t) be a null curve in Minkowski 3-space E$ with the indefinite Minkowski inner product

(a, b> = a1by + agby — azbs, (1)
for a = (a1,as,a3) and b = (by,ba,b3) € E3. Putting d:'l(tt) = r/(t), since (r'(t),7'(t)) = 0, we have
(r"(t),r'(t)) = 0. In the following we always assume that r”(¢) }f +/(¢). In this case, r’/(¢) is spacelike, so
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we can choose the parameter ¢ such that (r”(t),r”(¢t)) = 1. By the parameter transformation s = s(t),

putting dz(;) = 7(s), we have
i) = (0
ds ) &
. dt t
P(s) = r"(t) (ds) + r’(t)@, (2)

(s) = (1) (iﬁ)?) + 30" (t) (ji) <ji§) + r’(t)j—;.

(i) = .00 () -

Then

Hence

/), 7(5))ds = /07(0), (o)t W

V(' (), r(2))dt ()

is an invariant of the null curve r(¢) in Minkowski 3-space E3. Therefore the parameter s of the null curve
r(s) is uniquely defined such that (#(s),#(s)) = 1 in the sense of the parameter change s — —s.

yields that

Definition 2.1. Let r(s) be a null curve in Minkowski 3-space E3 with parameter s. If (i*(s),7(s)) = 1
we call s null arc length parameter (simply, arc length parameter) of the null curve r(s) in E3.

Let r(s) be a null curve in Minkowski 3-space E3 with the arc length parameter s. Putting 7(s) = z(s),
7(s) = 2(s) = a(s) and

y(s) = —i(s) - %(i?(S),i(S)M(S) = —T(s) = 5(7(5), 7' (s))7(s), (6)

we have
{ (x(s),z(s)) = (y(s),y(s)) = (x(s),a(s)) = (a(s),y(s)) =0, -
(2(5),y(s)) = (a(s),a(s)) = 1.

Therefore we know that {z(s), a(s),y(s)} forms an asymptotic orthonormal frame along the null curve
r(s) and the Frenet formulas of r(s) are given by

e
a(s) = r(s)2(s) - y(s), ®
3(s) = —r(s)als)

Definition 2.2. The function k(s) defined in (8) is called standard null curvature function or null
curvature function (simply, curvature) of the null curve r(s) with the null arc length parameter s in E3.
The frame {x(s), a(s),y(s)} is called null Frenet frame of the null curve r(s).

From (8) we have

1..
K(s) = —5(7(s), 7 (s)), 9)
and
T(s) — 26(s)F(s) — k(s)r(s) = 0. (10)
Then by (2), (#(s),7(s)) = 1 and (6), for the arbitrary parameter ¢ of the null curve r(t), we get
dt 1
Y_ et
2 .
((i;) — _%<,',,//7 T‘//>—%<,r,//’ ,r‘///), (11)
<d3t> _ §<T‘” T//>7%<7,// 7,,///>2 o l<7”” 7’/I>7%[<7’W ///> + < ” 7,,////>]
ds3 2 ) ) 2 ) ) ) )
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and
—QK(t) _ <T”I,TW><T”,7‘”>_% + %<T‘”,T”>_g<7‘”,7“m>2
73(7"” T//>—g<ru T///>2 + <T” 7,//>—%[<T/// ’I"”,> + <7,// T”H>]
—3(7“” ’I“”>_%<7“” r///>2
that is
_ "o =2 5, 0 n—s, 2 "o =51
—26(t) = 2(r" ")y "2 (" >—Z<r T2 e 4 (Y TR e, (12)

Proposition 2.1. Let r(t) be a null curve in Minkowski 3-space E3 with arbitrary parameter t. The null
curvature function k(t) of r(t) is given by
_8<,r// ,,,//><,r/// ,r///> + 15<,r/l 7,,///>2 _4<7,,I/ ,,,//> <7,,I/ ,,,////>
) ) ) ) )

Kk(t) = = . 13
(t) 8<7n//, 7a//> 5 ( )

3 Representation Formulas of the Null Curves

Let r(s) : I — E? be a null curve in Minkowski 3-space E? with the arc length parameter s. Since 7(s) is
lightlike, we know that (r(s),7(s)) = 0. Then putting r7(s) = (£1(s), &2(s), &3(s)) we have

g+8-g=0
From &2 — €2 = —¢2 we get

G+& & G+8& &
&2 & — &' —&a & — &

Without loss of generality, for a null curve z : I — E$ with 7(s) = z(s) = (£1(s), &2(s), £3(8)), we may
assume that

e O] (14
and
2 = 2p(s). (15)
From (14) and (15) we get
61 + €3 = pr?
§1—&=—2pf, (16)
§2=2p,
therefore,
G=p(f =),
52 = 2/77 (17)
E=p(f+ 7).

That is, the null curve r(s) : T — E$ can be written as

o) = [#ods= [ = [@o) (o baloDds = [ o7 =172 f + 7 s (9

In the following, for the convenience we use
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From (18) we have

T(S) = QL'(S) = ps(f_ f71a21f+f71) +pfs(1 +f72a031 - fﬁz)'

Since s is the null arc length parameter of the null curve r(s), we have

471272 = 1. (19)
Therefore we know that fs # 0 and by an appropriate transformation, if necessary, we may assume that
f(s)
s) = . 20
o) = 50 (20)

Then we get the following conclusion.

Theorem 3.1. Let 7(s) : I — E3 be a null curve in E3 with the null arc length parameter s. Then
r(s) = (x1(s), 22(8), 23(s)) can be written as

1) = [ =g (1)
:/Qfgl(f2_lv2fvf2+1)d3 (22)
or ) - 1
f%f)s(S) )ds’
s
ACTAN (2)
( 2 )
fs(s) *
for some non constant function f(s). Here, fs = ds

Definition 3.1. The function f(s) in Theorem 3.1 is called structure function of the null curve r(s) :
I — E3 with the null arc length parameter s.

In the following, we discuss the relations between the structure function and null curvature function
of the null curve. From (21) we have

2i(s) = 2i(s) = —f, 2 fos (f* — L2f, f2 4+ 1) + 2(£,1, f),
27 (s) = 28(s) = (215 2 f2, — [ 2 fess) (fP = L2, f2 + 1)
_2fs_1fss(fa 17 f) + 2f8(1) 07 1)
Then

(7(5), () = (&, &) = £ = 2fs I 2 = £ fsss) (24)
- Klog fs)s]2 + 2[(10g fs)s]s-

From (6) we have
y(s) = =7(s) = %(7’(5), 7(5))7(s) (25)
=—*fs @ [T s (F 1) = £5(1,0,1).
Definition 3.2. Let 7(s) : I — E3$ be a null curve in E3 with the null arc length parameter s. Then
5) = [ ws)ds, (20)

where y(s) is defined by (6), and is also a null curve in E3 and is called associated null curve (or dual
null curve) of the null curve r(s).
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From (9) and (24) we know that the null curvature function x(s) of the null curve r(s) satisfies

k(s) = —5(7(s), 7(s)) (27)
[(log fs)s]2 - [(log fs)s]s~

This is a Riccati equation of £(s) = (log fs)s and the linear term of it is zero.

Remark 3.1. For the Riccati equation

g5 = L = Ler w(o), (28)
putting
o) =ex (- [ Jeas). (29)
the equation (28) can be written as
0(5) = 3ls)(s) = 0. (30)

This is a linear equation of second order for 7(s).

Remark 3.2. Using Theorem 3.1 and the relation (27) we can study the properties of the null curves and
construct certain null curves with some characters.

4 Some Special Null Curves in E?

In this section we consider some special null curves in Minkowski 3-space. The null curvature functions of
such null curves also give the solutions of the Riccati equation (27) (or liner equation of second order

(30)).

Theorem 4.1. Let r(s) : I — E3$ be a null curve with the null curvature function k(s) = constant and
the null arc length parameter s. Then r(s) can be written as the following

(i) 7(s) = C18% + Ca8% + Css, for k = 0;
(ii) r(s) = C} sinh (v/2k)s + Cy cosh (v/2k)s 4 C3s, for k > 0;
(133) 7(s) = Cysin(v/—2k)s + Cacos (v —2k)s + Css, for k < 0;

where Cy, Cy, C3 € E‘;’

Proof. From (8) and the null curvature function x = constant, we have
T(s) = 2K7(s).

Solving this equation we obtain that

7(s) = C18° + Cps® + C3s +Cy, K =0,
r(s) = Cysinh (V2k)s + Cy cosh (V2k)s + C3s + Cy, k>0,
r(s) = Crsin(vV—2k)s + Cacos (V—2k)s + C3s + Cy, £ <0,

where Cy, Cy, C3, C4 € E3. By a translation in E3 we get the conclusion of this theorem. O

Corollary 4.2. Let r(s) : I — E3 be a null curve in E3 with the null arc length parameter s and structure
function f(s). If the null curvature function k(s) of r(s) is constant, the structure function f(s) of r(s)
satisfies

[(log fs)s]* — 2(1og fs)ss = 2k(s) = ¢ = constant, (31)

and can be written as
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2
1. when —a® = ¢ <0, f(s) = = tan %;
a

o

when ¢ =0, f(s) = ;a;
s

2
3. when a* = ¢ >0, f(s) = = tanh %.
a
Proof. Solving the equation (31) we can get the conclusion ([10]). O

Theorem 4.3. Let r(s) : I — E3 be a null curve with the null arc length parameter s, null curvature
function r(s) and null Frenet frame {x(s), a(s),y(s)}. If there exists some constant vector 0 # Cy € E$
such that (a(s), Cy) is constant, r(s) is called a slop null helix and can be written as the curves given in
Theorem 4.1 or the following

(i) r(s) = Cis® + CasHVIF20) o O35(2=VI+20) - for 90 > —1;
(“) 7‘(8) = 0182 + 0252 log s + 0382 10g2 s, for 2a = —1;
(iii) r(s) = C1s* + Cas?sin[(v/—1 — 2a) log s] + C3s% cos[(v/—1 — 2a) log s], for 2a < —1;

where Cy, Cy, C3 € E3.
Remark 4.1. In [9], situation like case (iii) is inadvertently missed out.

Proof. From (8) and (a(s),Cy) = constant, by a calculation we know that the null curvature function

k(s) is constant or satisfies
AN A
() -(2) = 2

that is

The solution of (32) is
K(s) = als +b) 7%, (33)

where a and b are integral constants. By a parameter transformation we may put b = 0. From (10) we get
s3% (s) — 2asi(s) + 2ax(s) = 0. (34)
The solutions of the Euler equation (34) are

(i) x(s) = Bys + Bys(1HV1+20) 4 Bas(1=vVI+2a) for 9q > —1;
(ii) z(s) = B1s + Baslogs + Bsslog® s, for 2a = —1;
(i4i) x(s) = B1s+ Bassin[(v/—1 — 2a)log s] + Bsscos[(v/—1 — 2a) log s], for 2a < —1;

where By, Bs, Bs € E3. With 7(s) = z(s) we get the conclusion of this theorem. O

Corollary 4.4. Let r(s) : I — E3$ be a null curve in E3 with null arc length parameter s and structure
function f(s). If the curve r(s) is a slop null helix, the structure function f(s) of r(s) satisfies

[(log fs)s]2 —2(l0g fs)ss = 2(s) = 2as~2 (35)
and can be written as (by an appropriate parameter transformation)

Case 1 f(s) =5 or f(s) =s7¢, forc#0, £1 and 2a = c® — 1;

Case 2 f(s) = or f(s) = log s for ¢ # 0 and 2a = —1;

log s c’

2 2
Case 3 f(s) = —tan (glogs) or f(s) = —= tan™! (glogs>, for ¢ #0 and 2a = —c? — 1.
c c

Proof. Solving the equation (35) we can get the conclusion ([10]). O

Remark 4.2. In [10], situation like case (3) is inadvertently missed out.
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Proposition 4.1. Let 7(s) : I — E$ be a null curve with the null arc length parameter s, null curvature
function k(s) and null Frenet frame {z(s), a(s),y(s)}. If there exists some constant vector 0 # Cy € E3
such that {x(s),Co) or (y(s), Co) is constant, k(s) is constant and r(s) can be written as the curves given
in Theorem 4.1.

Proof. From (8) and (z(s), Cy) = constant or (y(s),Cy) = constant, we can easily get that x'(s) =0. O

Theorem 4.5. Let r(s) : I — E3 be a null curve with the null arc length parameter s, null curvature
function k(s) and null Frenet frame {x(s), a(s),y(s)}. If the position vector field r(s) of the curve satisfies

r(s) = ai(s)z(s) + as(s)y(s), (36)

for some functions a1(s) and as(s), the curve r(s) is called a rectifying null curve. The null curvature
function k(s) of the rectifying null curve satisfies

k(s) = as+1b, (37)
where a # 0 and b are constants. And the curve r(s) can be written as
r(s) =y /uz(s)ds + Cg/u(s)v(s)ds—l— C3/U2(8)d8, (38)

where Cy, Cy, C3 € E$ and when a > 0

u(s) = /sJ1 ‘/z‘ls% )
N (39)
v(s) = \/EY% 3252 )
when a < 0
u(s)=Re (/521 (i¥522s2)),
v (40)

s)
[N

~

)

v(s)=1Im (v/sZy (i —

w

where Z,(s) is the cylinder function, J,(s) is the Bessel function of the first kind, Y, (s) is the Bessel
function of the second kind.

Proof. From (36) we have
T =ajr+ a1+ ayy — azka,

ah =1,
a; = ask,
ah = 0.

Therefore, the null curvature function x(s) can be written as (37) for some constants a and b. From (10),
when £(s) = as (by a parameter transformation we can put b=0), the curve r(s) satisfies

'(s) — 2asi(s) — ar(s) = 0. (41)

For the solutions u(s) and v(s) of the Airy-type equation ([15], 2.1.2-1.2, p213)

2g"(s) = asg(s), (42)
by a direct calculation we know that u(s)v(s) is the solution of the equation
f"(s) = 2asf'(s) — af(s) = 0. (43)

The fundamental solutions of (42) are

(),

g(s) = byu(s) + bav(s) = V/sZ 3

ol
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for a > 0;

g(s) = byu(s) 4 byv(s) = b1Re <\/§Z; (z ;2‘1 )) + byIm <\le < ;2“5» (45)

N\&v

for a < 0; where b; and by are constants. Where Z,,(s) is the cylinder function
Z, = bljy + bQYua (46)

and J,(s) is the Bessel function of the first kind

oo v+2k
Z l)k ( ) . (47)
—~ BT (w+k+1)
Y, (s) is the Bessel function of the second kind
Yo (s) = Ju(s) cos.wr - J,l,(s). (48)
sin v
Then the solutions of (43) can be written as
f(s) = biu?(s) + bau(s)v(s) + bsv?(s), (49)
where by, bs and bz are constants. O

Corollary 4.6. The structure function f(s) of the null curve r(s) in Theorem 4.5 satisfies

[(log £.)s]* — 2(log fs)ss = 2(s) = 2(as +b) (50)

and can be written as (by an appropriate parameter transformation)

/ fﬁ(s dsd
(51)

= 25 (nu(s)

/ f& s)dsd
(52)
E(s) = 2.0 (Inu(s)).

Remark 4.3. The Airy equation is given by
9"(€) = €9(8). (53)

= (3 (5

the equation (42) changes to the Airy equation (53). The solutions of the Airy equation (53) can be
written as

or

Putting

9(&) = a1 Ai(§) + a2Bi(¢), (54)

where Ai(¢) and Bi(€) are the Airy functions of the first and second kind, respectively. The Airy functions
can be represented by

Ai(¢) = 1 /OO cos (;t?’ + §t) dt, (55)
T Jo
Bi(¢) = i/ooo [exp (—;t?’ + gt) + sin (;tS + gtﬂ dt. (56)

(cf. [15], 2.1.2-1.2, p213)
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Theorem 4.7. Let r(s) : I — E3 be a null curve with the null arc length parameter s. If the null curvature
function k(s) of r(s) satisfies

Kk(s) = 2a(s® 4+ bs +¢) 72, (57)
where a, b, ¢ are constants and abc # 0, then the structure function f(s) of r(s) can be written as one of
the followings.

1. When the null curvature function k(s) can be written as 2a(s* + p?)=2, p> —a > 0, ap # 0, we have

7= [ oo ([ etsras)] as

>

S - arctan —

£(s) = —2 (52
n(s) = /s> +p?p(0), %)
p(0) = 1cos\/p —ab + cosiny/p? — al,

(s) =

2. When the null curvature function n(s) can be written as 2a(s* +p?)~2, p> —a <0, ap # 0, we have

1= [ Jew ([ ete1as)] as

£(s) = -2 (EI)

”9) = VETPel0), (59)
w(0) = 1 c¢1 cosh F@ + ¢y sinh \/a — p20),

0(s)=— arctan s

3. When the null curvature function H(S) can be written as 2a(s® +p*)~2, p*> = a, ap # 0, we have

- o 00

£(o) = -2 (B2 (60)
n(s) = /52 + p? <01]1) arctan > + 02> .

p

2

4. When the null curvature function k(s) can be written as 2a(s®> — p?)=2, p> +a >, ap # 0, we have

0 f 00

1
£(o) = -2 (B2

n(s)=ci|ls—p| = [s+p| 7 +e2|s—p| 7 |stp| T
= /| 82— p2 | (c1 cosh & + sinh £2) ,
[s—p|
0() log‘q_"_p"
k= 5+ 1.

(61)

5. When the null curvature function k(s) can be written as 2a(s®> —p®)~2, p*> +a < 0, ap # 0, we have

- o )
-2 (S5). (62
n(s)= (s +p)p(0) = /] 52 — p? [ (c1 cos EZ + ¢ sin &2) |
0(s) = log ‘|s+p|’
—k2= =+ 1
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2

6. When the null curvature function k(s) can be written as 2a(s*> — p?)~2, p?> = —a, ap # 0, we have

7= [ oo ([ etsras)] as.

dl
£(s)=—2 <O§Z(S) ; (63)
_ sf 1, ls—pl
n(s) = (| > - p? |) clplog|s+p|+cz).

7. When the null curvature function k(s) can be written as 2as~%, a # 0, we have

)= | {exp ( / £<s>ds>} ds,
e(s) = -2 (52 (o4
n(s) = /3 [clReZl (zi\/as%) + eslmZ, (21'\/65%)} .

Where c1, co are constant and Z,(s) is the cylinder function.

Remark 4.4. The case 7 in Theorem 4.7 is the same as Theorem 4.5.

Proof. When the null curvature function x(s) of the null curve r(s) is 2a(s? + bs + ¢) =2, we solve the
equation (27) according to the conditions b? — 4c < 0, b> — 4¢ > 0 and b — 4c = 0 as the following.

(a) When b? — 4c < 0, the null curvature function x(s) of the null curve z(s) can be written as
2a[(s + 3)2 +p2]_2, p?=c— %. By a parameter transformation s 4+ sy — s, the equation (30) becomes

(s* +p)*n" —an =0. (65)
Putting

n(s) = V/s% + pp(0),

ds 1 s
0= ﬁzfarctanf,
s*+p p p

by a direct calculation we have

e 2
T (p” —a)p =0.

Case 1. When p? = ¢ — % > a, we have ¢(0) = ¢1 cos @ + co sin 0. Therefore we get the conclusion (58)
of Theorem 4.7.

Case 2. When p? = ¢ — % < a, we have () = ¢; cosh 6 + ¢ sinh 0. Therefore we get the conclusion (59)
of Theorem 4.7.

Case 3. When p? = c— 2 = g, we have ©(0) = c10 + co. Therefore we get the conclusion (60) of Theorem

1
4.7.

(b) When b2 — 4¢ > 0, the null curvature function x(s) of the null curve z(s) can be written as
2a[(s + 3)2 — pQ]_Q, p? = % — ¢. By a parameter transformation s 4+ sg — s, the equation (30) becomes

(s* =p*)*n" —an =0. (66)
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Putting

n(s) = (s +p)p(0),
s—p

ds
0= [ 5T =t

d2 d
4ﬁ(w_gﬁ_ﬂ¢:

by a direct calculation we have

de?  do

2
Case 4. When p* = & — ¢ > —a, we have

p

2 _ 2
w@:mmv+g+gwww%pzpﬂ

Therefore we get the conclusion (61) of Theorem 4.7.

2
Case 5. When p* = & — ¢ < —a, we have

1 _m2 _n2 _
p(0) = (eXp 29) |fﬁ cos <§pa> 0 + co sin (m

Therefore we get the conclusion (62) of Theorem 4.7.
Case 6. When p? = % — ¢ = —a, the equation (66) becomes
(s> = p*)*n" +p°n =0.
When s? — p? > 0, putting
n(s) = Vs> = p*p(0), (or (s+p)p(0))

d 1 —
0:2/78:710@9 p’
s2—p? p “s+p

by a direct calculation we have

d*p d*p  dp
¥ _ 4= =2 =0).
az 0 (o <d92 d6> =0

Then 1
p(@) =c10+co (or 659(0104—@)).

When s? — p? < 0, putting

n(s) = vp® = s?0(0), (or (s+p)p(0))

d 1
9:2/ . S 2:710gp+5,
pe—=s p p—s

by a direct calculation we have

a62 dez " do

Then 1
©(0) =c10+c2 (or 6_59(019—1—02)).

Copyright © 2017 Isaac Scientific Publishing

2 2
e _ 6 (or 4<d¢+d¢>+<p=O).
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Therefore we get the conclusion (63) of Theorem 4.7.

(c) When b — 4¢ = 0, the null curvature function x(s) of the null curve x(s) can be written as
2a(s + 2)~1. By a parameter transformation s + so — s, the equation (30) becomes

sn" —an=0. (68)
Case 7. The solutions of (68) can be given by the cylinder function as the following
n(s) = /s [clReZl (21‘\/55%) + coImZ; (21'\/&9%)} )
Therefore we get the conclusion (64) of Theorem 4.7. O

Theorem 4.8. Let 7(s) : I — E$ be a null curve with the null arc length parameter s and the null
curvature function r(s) = 2a(s? 4+ bs + ¢)~2. Then the tangent indicatriz x(s) = 7(s), as a spacelike curve
in E3, is a rectifying curve.

Proof. For the Frenet frame {«a(s), 5(s),v(s)} of a non planar spacelike curve z(s) in Minkowski 3-space,
we have the Frenet formulas

o) = )
B(s) = —eR(s)a(s) + 7()1(5), (69)
(s) = 7(s)B(s),

where

and &(s) > 0. We know that %(s) and 7(s) are the Frenet curvature function and torsion function of z(s)
in Minkowski 3-space E3. From (8) and (69) we have

T=a, a=R3=kKxr—Y.
Then

Rk =1+—2¢k, ek <0, (70)
(71)

and

If we take

v = 2H<I+Ky>, (72)
&l -

NHMP Copyright © 2017 Isaac Scientific Publishing

we get
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Therefore, the Frenet curvature function &(s), torsion function 7(s) of the tangent indicatrix x(s) = 7(s)
and the null curvature function (s) of the null curve r(s) in Minkowski 3-space E} satisfy

R(s) =v—2er, ek <O, (74)
%(s)z—%(log/@)':—g (’Z) =—g< ) (75)

31‘2&\2

When £(s) = 2a(s? + bs + ¢)72, by a direct calculation we have

= a5+ ag,

where a1 # 0 and ay are constants. The curve z(s) is a rectifying curve ([2], [8]). O
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