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The generalization of Bertrand curves in Galilean 4-space is introduced and the characterization of the generalized Bertrand curves
is obtained. Furthermore, it is proved that no special curve is a classical Bertrand curve in Galilean 4-space such that the notion of
classical Bertrand curve is definite only in three-dimensional spaces.

1. Introduction

The geometry of curves has long captivated the interests of
mathematicians, from the ancient Greeks to the era of Isaac
Newton (1643-1727) and the invention of the calculus. It is
a branch of geometry that deals with smooth curves in the
plane and in the space by methods of differential and integral
calculus. The theory of curves is simpler and narrower in
scope because a regular curve in Euclidean space has no
intrinsic geometry. One of the most important tools used
to analyze curve is the Frenet frame, a moving frame that
provides a coordinate system at each point of curve that is
“best adopted” to the curve near the point.

Bertrand curves discovered by J. Bertrand in 1850 are one
of the important and interesting topics of classical special
curve theory. A Bertrand curve is defined as a special curve
whose principal normal is the principal normal of another
curve. It is characterized as curve whose curvature and
torsion are in linear relation. There are many works related
with Bertrand curves in the Euclidean space and Lorentzian
space [1-7].

Galilean 3-space Gj is simply defined as a Klein geometry
of the product space R x E* whose symmetry group is
Galilean transformation group which has an important place
in classical and modern physics. A curve in Galilean 3-space
G, is a graph of a plane motion. Note that such a curve
is called a world line in 3-dimensional Galilean space. It is
well known that the idea of world lines originates in physics
and was pioneered by Einstein. The term is now most often

in relativity theories, that is, general relativity and special
relativity.

From the differential geometric point of view, the study
of curves in Gj has its own interest. In recent years, many
interesting results on curves in G; have been obtained by
many authors (see [6-10]).

In 4-dimensional Euclidean space, generalized Bertrand
curves are defined and characterized by [5]. Moreover, in
4-dimensional semi-Euclidean E; and also E:’“ (n > 3)it
is proved that there is no timelike curve which is Bertrand
curve [4]. Also, generalized Bertrand curves in 5-dimensional
Euclidean and Lorentzian space are defined and characterized
in [6, 11, 12].

In [8], the author constructed Frenet-Serret frame of a
curve in the Galilean 4-space and obtained the mentioned
curve’s Frenet-Serret equations.

However, to the best of our knowledge, special Bertrand
curves have not been presented in the Galilean 4-space G;.
Thus, the study is proposed to serve such a need. In this
regard, we prove that there is no Frenet curve which is a
classical Bertrand curve in G,. We define and characterize
(n, e)-Bertrand curve in four-dimensional Galilean space G,.

2. Preliminaries

In this section, some fundamental properties of curves in 4D
Galilean space are given for the purpose of the requirements

(8].
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In affine coordinates the Galilean scalar product between
two points

P, = (piys Pia> Pizs Pia)» 1= 1,2, @
is defined by
g (Pppz)
|P21 - P11| > if py1 # pu1s )

= ('(Pzz - Plz)2 +(pos — 1713)2

1/2 )
+(Pas — P14)2|) > if pyy = pi1-

The Galilean cross product in G, for the vectors ii =
(Up, Uy Uz, Uy), V= (], V5, V3, V), and @ = (wy, wy, Wy, wy)

is defined by

0 e e e
U, U, U; U
GAVAW =—| b 72 73 "4 (3)
Vi Va2 V3 Wy
W) W, Wi Wy

where e;, 1 < i < 4, are the standard basis vectors.
The scalar product of two vectors U = (u;, t,, s, 11,) and
V = (v}, vy, V3, v,) in G, is defined by

- o u,v
<U,V> _ "
G, UyVy + UsVs + UV,

The norm of vector U = (u4,, ty, U, t4,) is defined by

. \/|<U,U>G4 : ()
See [8].

Leta : I ¢ R — Gy afs) = (s, p(s),2(s), w(s)) be a
curve parametrized by arclength s in G,. The first vector of the
Frenet-Serret frame, that is, the tangent vector of «, is defined

by

itu, #0orv, #0,
ifu; =0, v, =0.

(4)

[o

t=a'(s)=(Ly (5,2 (),w' (9)). (6)
Since t is a unit vector, we can express
<t, t>G4 =1. (7)

Differentiating (7) with respect to s, we have
!
(t' ), =0 )

The vector function t' gives us the rotation measurement
of the curve a. The real valued function

k@ = [ O = VO @ + @O + @' ) O

is called the first curvature of the curve a. We assume that
k(s) # 0, forall s € I. Similar to space Gj, the principal vector
is defined by

n(s) = = (10)

:K(S);
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in other words
1 " n "
n(s) = @ (O,y (8),z (s),w (s)). 11)

See [8].

By the aid of the differentiation of the principal normal
vector given in (11), define the second curvature function that
is defined by

7(s) = “n'(s)”q ) (12)

This real valued function is called torsion of the curve «. The
third vector field, namely, binormal vector field of the curve
«, is defined by

" ! " ! " !
b(s) = 1 o2 (s) (z (s) (w (s) . (13)
7(s) x(s) x(s) x(s)
Thus the vector b(s) is perpendicular to both ¢ and n. The
fourth unit vector is defined by

e(s)=ut(s)An(s)Ab(s). (14)

Here the coefficient y is taken +1 to make +1 determinant of
the matrix [t,n, b, e].

The third curvature of the curve « by the Galilean inner
product is defined by

o= <b,>e>c4 . (15)

Here, as well known, the set {t,n,b,e,k, 1,0} is called the
Frenet-Serret apparatus of the curve . We know that the
vectors {t,n, b, e} are mutually orthogonal vectors satisfying

(tt)g, = (mn)g, = (b,b)g, = (ee)g, =1,
<t> n>G4 = (t) b>G4 = (t’ e>G4 = <n’ b>G4 (16)
=(ne)g, = (b.e)g, = 0.

For the curve « in G,, we have the following Frenet-Serret
equations:

t' = x(s)n(s)
n =1(s)b(s),
(17)

b= —1(s)n(s)+o(s)e(s),
e = —a(s)b(s).

See [8].

3. Bertrand Curves in 3-Dimensional

Galilean Space

Definition I. Let o and o be the curves with x,(s) # 0, k(s) #
0, 7,(s) # O, anil T,(s) # 0 for each s € I in G; and
{T,,N,, B,}and {T,, N, B,} the Frenet frames in G, along



Mathematical Problems in Engineering

and @, respectively. If {N,, N} is linearly dependent, in other
words, if the normal lines of o and & at s € I are parallel,
then a pair of curves («, @) is said to be a Bertrand pair in G;.
The curve « is called a Bertrand mate of « and vice versa. A
Frenet framed curve is said to be a Bertrand curve if it admits
a Bertrand mate.

Let («, @) be Bertrand pair in G5. Then we can write
a(s)=a(s)+u(s)N,(s). (18)
See [7].

Theorem 2. Let («,«) be Bertrand pair in Gs. Then the
function u defined in the above relation is a constant [7].

Theorem 3. Let o be a curve in G5. Then o is a Bertrand curve
if and only if « is a curve with constant torsion T, [7].

Definition 4. A C*-special Frenet-Serret curve « in 4-
dimensional Galilean space G, is called a Bertrand curve if
there exist a C*°-special Frenet-Serret curve &, distinct from
o, and a regular C*-map ¢ : I — IG= @(s), do(s)/ds 0
forall s € I) such that curves « and & have the same principal
normal line at each pair of corresponding points «(s) and
a(s) = &(¢(s)) under ¢. Here s and Sare arclength parameters
of a and &, respectively. In this case, & is called a Bertrand
mate of @ and the mate of curves («, &) is said to be a Bertrand
mate in G,.

Let (&, &) be Bertrand mate in G,. Then we can write
as)=a(s)+u(s)n(s). (19)

Theorem 5. There is not any Bertrand curve in 4-dimensional
Galilean space G,.

Proof. Let{t,n,b, e} and {f, 7, b, €} be the Frenet-Serret frames
in G, along o and &, respectively. Since («, &) is a Bertrand
mate, from (19), it holds that

&(s) =a(s) +u(s)n(s). (20)
By differentiation of (20) with respect to s, we obtain
@)@ ()=t +u (s)n(s)+un’ (s). (1)
From the Frenet-Serret equations, it holds that
E(p(s)- ¢ (5)=t(s)+u (hn(s) +urb.  (22)
Since (#(¢(s)), 7i(p(s))) = 0 and 7i(g(s)) = £n(s) we get
u' (s) = 0; (23)

that is, u is a constant function on I with value u (we can use
the same letter without confusion). Thus (19) is rewritten as

T(E) =a(p(s)=als)+u-n(s) (24)
and we get

@ ()T (@ (s)) = t(s) +ur(s)b(s) (25)

for all s € I. By (25), we can set

(¢ (5)) = (cosO(s))t(s) + (sin6 () b (s), (26)

where 0 is a C*-function on I and

cosf(s) = ﬁ, (27)
. ut (s)

sinf (s) = ———=. (28)
@' (s)

Differentiating (26) and using the Frenet-Serret equations, we
obtain

@' (5)% (9 (9))7i(p(s))

_ d(cosf (S))t

I (s)

+cosO(s)k(s)n(s) +

d (sin@ (s))
d—b (s)

N

+sin 0 (s) (-t (s)n(s) + o (s)e(s))

¢ ()R (p(s) (e ()

_ d(cosB(s)) ;
- ds

+ (k (s) cos B (s) — T (s)sinB (s)) n(s)

d (sin 0 (s))
" ds

(29)

(s)

b(s)+a(s)sinf(s)e(s).

Since 7i(@(s)) = tn(s) for all s € I, we obtain
o (s)sinf(s) = 0. (30)

By a(s) # 0, for all s € I and (30), we get that sin0(s) = 0.
Thus, by 7(s) > 0 and (27), we obtain that u = 0. Therefore,
(24) implies that & coincides with «. This is a contradiction
which completes the proof. O

4. Special Bertrand Curves in G,

In this section, we give the notion of special Bertrand curve
which is called (n,e)-Bertrand curve in four-dimensional
Galilean space G,. We obtain a characterization of (n,e)-
Bertrand curve.

Definition 6. Let o and & be C*-special Frenet-Serret curves
inG,and ¢ : I — Taregular C*-map such that each point
a(s) of a corresponds to the point &(5) = &(¢(s)) of & for
all s € I. Here s and § are arclength parameters of o and
@, respectively. If the Frenet-Serret Sp{n, e}-normal plane at
each point a(s) of « coincides with the Frenet-Serret Sp{#, &} -
normal plane at corresponding point &(5) = &(¢(s)) of & for
all s € I, then « is called an (n, e)-Bertrand curve in G, and &
is called (n, e)-Bertrand mate of «.



Theorem 7. Let oo be C™-special Frenet-Serret curves in G4
with curvature functions x, 7, and o. Then « is an (n,e)-
Bertrand curve if and only if there exist constant real numbers
A, w, y, and 8 satisfying

AT (s) — po (s) #0, (i)
YAz (s) —po (s)) = 1, (i)
y(s) —7(s) =80 (s), (iii)

foralls el

Proof. We suppose that « is an (1, e)-Bertrand curve para-
metrized by arclength s. Then (#, e)-Bertrand mate & is given

by
aB) =a(p@s)=as)+A(s)n(s)+u(s)e(s) (31

forall s € I, where A and y are C*-functions on I and §is the
arclength parameter of &. Differentiating (31) with respect to
s and using the Frenet equations, we obtain

¢ ()T (9(s)) =t(s) + A (s)n(s)

+ (M) T(s) = p(s)a(s)b(s)+u (s)e(s)

(32)

foralls € I.
Since the plane spanned by #n(s) and e(s) coincides with
the plane spanned by 7i(¢(s)) and &(¢(s)), we can put

(g (s)) =cosO(s)n(s) +sinf(s)e(s),
e(@(s)) =—sinf(s)n(s) +cosO(s)e(s),

and we notice that sin0(s) # 0 for all s € I. By the following
facts:

0=(9' ()T (p(s),7i(9())
= A (s)cos @ (s) + ' (s)sinB (s),

(34)
0=(¢' (), 2(p(s))
= -1 (s)sin 6 (s) + ' (s) cos B (s),
we get
M)=0,  p(s)=0; (35)

that is, A and y are constant functions on I with values A and
s, respectively. Therefore, for all s € I, (31) is rewritten as

A =alp(s

and we obtain

@' ()E(p() =t(s)+ (At (s) — po (s)) b (s). (37)

Here we notice that

) = a(s) + An(s) + pe(s) (36)

(') =1+ (\1(s) o (5)) #0 (38)
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for all s € I. Thus we can set

£(p(s)) = cos B(s)t(s) +sinB(s)b(s), (39)

1
cosB(s) = m,
A (40)
sinf(s) = 2L HITS) (S(;I_( S" ()

where f3 is C®-functions on I. Differentiating (39) with
respect to s and using the Frenet equations, we obtain

¢ ()R (9 (9)7(e(s)

_dcosf(s)
B ds

+ (x (s) cos B (s) — T (s) sin B(s)) n(s)
d sin ﬁ (s)

t(s)
(41)

————b(s)+o(s)sinf(s)e(s).

Since 7(¢(s)) is expressed by linear combination of n(s) and
e(s), it holds that

d cos B (s) ~o dsin 3 (s)
ds o7 ds

that is, 8 is a constant function on I with value f3,. Thus we
obtain

=0; (42)

t(@(s)) = cos Byt (s) + sin Byb (s), (43)
(p' (s)cos By =1, (44)
(p' (s)-sin By = At (s) — po (s) (45)

for all s € I. Therefore we obtain

sin B = (A7 (s) — o (s)) cos fB, (46)

foralls e I.

If sin B, = 0, then it holds that cos §, = +1. Thus (43)
implies that #(¢p(s)) = *t(s). Differentiating this equality, we
obtain

@ ()R (9 (5))7i (e (s)) = +x (s) n(s); (47)

that is,

ii(p(s) =+n(s), (48)

for all s € I. By Theorem 5, this fact is a contradiction. Thus,
we must consider only the case of sin 3, # 0. Then (45)
implies

At (s) —

po (s) #0, Vsel (49)

Thus, we obtain relation (i).
The fact that sin 3, # 0 and (46) imply

Ho (9)) —2 cosho _ (50)

A
O (s) - in By
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and we obtain
Y(Ar(s) —po (s)) = 1, (51)

for all s € I, where y = cotf3, is a constant number. Thus we
obtain relation (ii).

Differentiating (43) with respect to s and using the Frenet
equations, we obtain

@' (5)% (¢ (s))7i (¢ (s)) = (i (s) cos By — 7 (s) sin ) 1 (s)

+ 0 (s)sin Bye (s),
(52)

foralls e I.
From (44) and (45) and (ii), we get

(¢ 7 (p ()
(¢ )k © -t M@ -po ) 63
+ [0 () (A (s) - po ()]}

foralls € I.
From (38) and (51), it holds that
2 1\
(¢ () =1+ <-> . (54)
4
Thus, we obtain
1

[¢' )(p(s))]” = [(y(s) = 7(5))* + (0(s))*] . (55)

P +1
By (44) and (45), we can set
fi(p(s)) = (cosn(s))n(s) + (sinn(s))e(s),  (56)
where
K(s) = 7(s) (M (s) ~ po (5))

(¢ )% (p ()
0 (s) (At (s) = po (s))

(¢’ @) & (p(s)

for all s € I, where 71 is C*°-functions on I.
Differentiating (56) with respect to s and using the Frenet
equations, we obtain

cos#(s) =

(57)

sin# (s) =

¢ ()T (9()b(p(s))
_ dcosn (s) dsin (s) 8
T ds )+ s © <) )

+cosn(s)T(s)b(s) —siny(s)o(s)b(s),
for all s € I. From the above fact, it holds that

dcosy (s) 0 dsin (s)

0; 59
ds ds (59)

that is, 7 is a constant function on I with value 7,. Thus we
obtain

¢ ()T (9 (5)b(9(s))

(60)
= (cos#,7 (s) — sinnyo (s)) b (s).
Since ¢’ (s)7(g(s))b(@(s)) # 0 for all s € I, it holds that
cos T (s) — sinnyo (s) # 0. (61)

Letd = cos,/ sin i, be a constant number. Then (51) and
(57) imply

_x (s) = 7(s) (AT (s) — o (5))
a(s) (At (s) ~po(s)) (62)

yK (s) = T(s) = 0o (s);

that is, we obtain relation (iii).

Conversely, we suppose that o is a C*-special Frenet
curve in G, with curvature functions «, 7, and o satisfying (i),
(ii), and (iii) for constant numbers A, ¢, y, and §. Then we
define a C*-curve & by

a(s)=a(s)+An(s) + pe(s) (63)

for all s € I, where s is the arclength parameter of .
Differentiating (63) with respect to s and using the Frenet
equations, we obtain

B 1+ (@ - @) 6D

for all s € I. Thus, by relation (ii), we obtain

da (s)
ds

1
=t(s)+-b(s). (65)
Y
Since relation (i) holds, the curve & is a regular curve. Then
there exists a regular map ¢ : I — T defined by

do (t)
dt

S=(s) = j H dt, (¥seD),  (66)

0

where § denotes the arclength parameter of &, and we obtain

¢ () = e\1+ Az (s) - o ()’ = s\jl " % e = 7,
(67)
for all s € I. Thus the curve & is rewritten as
§E)=a(p() = a(s) + () +pels)  (68)

for all s € I. Differentiating the above equality with respect to
s, we obtain

da(s)

ds ls=g(s

¢'(s) S () + %b(s). (69)



We can define a unit vector field 7 along & by #(5) =
das)/ds foralls e T. By (67) and (69) we obtain

7@ = s(l ; %)_l/z . <t(s) ; %b(s)) (70)

for all s € I. Differentiating (70) with respect to s and using
the Frenet equations, we obtain

di(3)
ds

¢'(s) )

5=¢(s)

=8<1+y_12>_1/2 ( (s) - “) (S)+¥e(5),

e©-COmMPre@n’

a5 Jegio @' (s) 1+ (1/y?)
(71)
By the fact that ¢'(s) > 0 for all s € I, we obtain
®(p(s) = = >0 (72)
5 ls=g(s)

for all s € I. Then we can define a unit vector field # along &
by

i(s) =7 (p(s))
1

s\/(x )= (t(s) /y))* + (o (s) [y) (73)

<(K( ) - %)n(s) 76, (s ))

for all s € I. Thus we can put

(@ (s)) =cos&(s)-n(s)+sin&(s)-e(s), (74)

where
cos& (s) = L0 (j) > (75)
k(9 - (1) /)" + (0 (5) /)
sin& (s) = g (76)

k() ~ (£ () /7)) + (0 () fy)’

forall s € I. Here & is a C*°-function on I. Differentiating (74)
with respect to s and using the Frenet equations, we get

) dn (3)
(8) —=—
v s ls=p(s)
=cos&(s)-T(s)b(s) + d cos f (s) n(s) (77)

+siné&(s) - (o (s)b(s)) + dSiI:l—f(S)e (s)
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Differentiating (iii) with respect to s, we obtain

y;c' (s) =1 (s) =80’ (s) = 0. (78)

Differentiating (74) and (75) with respect to s and using (78),

we get

dcosé& (s) ~o dsiné& (s)

0; 79
ds ds (79)

that is, & is a constant function on I with value &, . Thus, we
find

YK (s) = 7(s)
@) -t @) + (@@
o (s)
ey ()~ (5))* + (0 ()

From (74), it holds that

cosé, =

(80)

sin, =

7i(p(s)) = cos&yn(s) +sin&e (s). (81)
Thus we obtain, by (70) and (72),

V() = (2(5) 1)) + (0 () /y)?

R(9©))E(p(s) =
e’ (5) (1+ (1))’ (82)

X <t(s) + lb(s)).
Y
Thus we can define a unit vector field b(3) along & by

b(p(s)=¢ <1 + y—i)m (—%t(s) + b(s)) (83)

foralls € I.
Next we can define a unit vector field &(5) along & by

e() =2(p(s)) =—sin&yn(s) + cos&ye (s) (84)
for all s € I. Now we obtain, by (70), (74), (81), and (83),

det[F(9(9),71(¢(9)),b (¢ (9)),2 (¢ (5))]
=det[t(s),n(s),b(s),e(s)] =0,

(£7) = (1,b) = (£.e) = (71,8) (85)
= (mb) = (b,e) =0,
(£1) = @) = (b,b) = (&) = 1,

for all s € I. Thus the frame {7, 7, b, &} along & is orthonormal
and positive. Therefore the curve @ is a C*-special Frenet-
Serret curve in G, and it is obvious that the Frenet-Serret
Sp{n, e}-normal plane at each point «(s) of « coincides with
the Frenet-Serret Spi{#,é}-normal plane at corresponding
point &(5) of & Therefore « is an (n, e)-Bertrand curve in
G,. O
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