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Abstract: In this paper, new types of associated curves, which are defined as rectifying-direction,
osculating-direction, and normal-direction, in a three-dimensional Lie group G are achieved by
using the general definition of the associated curve, and some characterizations for these curves
are obtained. Additionally, connections between the new types of associated curves and the curves,
such as helices, general helices, Bertrand, and Mannheim, are given.
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1. Introduction

Many authors have made significant contributions to the theory of curves from past to present.
Some of these studies indicated that the relationships between the curvatures of the space curves
are quite remarkable, and the new special curves are also defined via these relations [1-5]. Helices,
one of these special space curves, have been studied by many researchers [6-9]. In addition to special
space curves, some of the relationships between the curve pairs are also particularly interesting.
The curve pairs are obtained by using the Frenet vectors or curvatures. In this respect, involute-evolute,
Bertrand, and Mannheim curves are well-known examples of curve pairs, and many studies have been
performed on this topic [10-16].

The Riemannian geometry of a Lie group was studied in [17]. Here, the rich collection of examples
that are obtained by providing an arbitrary Lie group G with a Riemannian metric invariant under left
translations was given. The semi-Riemannian geometry of a Lie group was examined in [18]. They also
obtained the sectional curvature in terms of Lie invariants based on the semisimple case. Furthermore,
the curves mentioned above have been handled in Lie group theory by many authors [14,19-22].

In [23], the authors explained the notions of both the principal (binormal)-direction curve and
principal (binormal)-donor curve of a Frenet curve in E3. They characterized some special curves in E3
by using the relationships between the curves.

In this study, within the framework of the definition of associated curves, we introduce new types of
direction curves in a three-dimensional Lie group G, and we characterize these curves. Finally, we determine
the relationships between the new types of direction curves (rectifying-direction, osculating-direction,
and normal-direction curve curves) and the curves (Bertrand curve, involute-evolute, rectifying curve, etc.).

2. Preliminaries

Suppose that G is a Lie group such that (, ) is a bi-invariant metric on G. If the Lie algebra of G
is given by g, the Lie algebra g is isomorphic to T,G, where ¢ is a neutral element of G. Since (, ) is a
bi-invariant metric on G, we get:

(X [y, z]) = (X, Y], 2), 1)
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and: 1
51X Y], )

where X,Y, Z € g and D is the Levi-Civita connection of G [20].
Let us assume that « : I C R — G is a curve parameterized by arc-length and {Xl, Xy, .y Xn} is

DxY =

an orthonormal basis of g. Now, we consider vector fields V = Z w;X;and Z = Z z; X; throughout
i=1
the curve a such that w;,z; : I — R are smooth functions. It is well known that the Lie bracket of V

and Z can be written as: .
[V/ Z] = 2 Wiz; [Xi/ X]]/
i=1
and D,V is obtained as:
1
DyV=V+ §[T’ V], 3)

. n
where T =&/, V = ¥ w;X; and D,/V is the covariant derivative of V throughout the curve a [24].
i=1
For the given curve « in G, the Frenet formulae are:

DyT = kN, DyN = —«T + B, DyB = —tN,
where x = || T||. If « = || T|| # 0, a is defined as a Frenet curve [22].

Proposition 1 ([21]). Suppose that the curve a(s) is a curve in Lie group G such that the parameter s is the
arc length parameter of «(s), and the Frenet apparatus of a(s) is (T, N, B, «, T). Then,

(4)

[T, N] = ([T,N],B) B = 215B,
[T,B] = ([T, B],N) N = —21GN.

Consider that the curve a(s) is a curve in G such that the parameter s is the arc length parameter
of «(s). In this case, from (3) and (4), the Frenet formulas are found as follows:

I 0 « 0 T
”fi—zj = —x 0 T—1g N |,
a8 0 —(t—1) 0 B

where (T, N, B, «, T) is the Frenet apparatus of « in G, 7 = 5 ([T, N], B) [14].

Definition 1. Suppose that the curve a(s) is a curve in G such that the parameter s is the arc length parameter
of w(s), and the Frenet apparatus of a(s) is (T, N, B, «, T). In this case, the harmonic curvature function of a(s)

can be given by [21]:
T—1G
—

H= ®)

Theorem 1. Suppose that the curve a(s) is a curve in Lie group G such that s is the arc length parameter of a(s)
and the Frenet apparatus of a(s) is (T, N, B, «, 7). The curve a is a general helix if and only if T = ck + ¢,
where c € R [20].

Thus, the following corollary can be written:

Corollary 1. Suppose that the curve « is a curve in G. Being a general helix in G of « is a necessary and
sufficient condition of being H = constant.
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Theorem 2. Suppose that the curve a is an arc length parameterized curve with (T, N, B,«,T) in G and H is
the harmonic curvature function of «. Then, w is a slant helix if and only if the function:

x(1+ H?)3/2
o= ML) ©)

is a constant [21].

3. Main Results

In this section, firstly, we mention the existence and definition of a V-direction curve. Then,
we introduce the concepts of osculating-direction, normal-direction, and rectifying-direction curves in
G. We also give some theorems and results characterizing the curves.

Theorem 3. Suppose that M is an n-dimensional Riemannian manifold and a(t) : I — U C M is a curve
on a local chart U of M. Then, for a continuous vector field V.= V(t) on U C M along «, there exists a curve
y(t) : I C R — M on the neighborhood U such that «'(t) = V (t) [25].

Remark 1. For any point p = a(ty), there is | C I including to and the curve y(t) on neighborhood U
satisfying y(tp) = p and %'y(t) = V(t)|yforallt € J[25].

Definition 2. Suppose that « is a curve in M and p is any point on «. In this case, the above-mentioned curve
7y is named as the V-direction curve passing the point p of a, and also, a is named as the V-donor curve passing

the point p of .

Since a Lie group is a differentiable manifold in terms of structural properties, Definition 2 can be
handled in G. Then, we take into account a Frenet curve a in G with the Frenet frame {T, N, B} and a
unit vector field V given by:

V(s) =u(s)T(s) +v(s)N(s) +w(s)B(s), (7)
where:
u?(s) +0%(s) + w?(s) = 1. 8)
s is the arc length parameter of «, and u, v and w are arbitrary differentiable functions [25].

3.1. Osculating-Direction Curves

Definition 3. Suppose that « is a Frenet curve in G and W is a unit vector field lying on the osculating plane
of a and defined by:

W(s) = u(s) T(s) + 0(s)N(s), u(s) 0, o(s) #0 ©)
such that the vectors W'(s) and B(s) are linearly dependent. Let vy : I — G be an integral curve of W(s).

In this case, vy is defined as an osculating-direction curve of a, and the curve  is defined as an osculating-donor
curve in G.

Since W(s) is a unit vector field and ¢ : I — G is an integral curve of W(s), without loss
of generality, we can take s as the arc length parameter of 7, and we can give the following
characterizations in view of these facts.

Theorem 4. Suppose that w is a Frenet curve in G and the curve vy is an integral curve of W = u(s)T(s) +
v(s)N(s). Then, -y is an osculating-direction curve of « if and only if:

u(s) = sin (/ de) #0, v(s)=cos </ KdS) # 0. (10)
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Proof. Since v is the osculating-direction curve of «, from Definition 3, we have:
W(s) = u(s) T(s) + 0(s)N(s), a1

and:
u?(s) + v*(s) = 1. (12)

By differentiating (11) according to s, we get:
—W(s) =u'(s)T(s) +0'(s)N(s) + u(s) <DTT — %[T, T]) +v(s) <DTN - %[T, N]> . (13)
Furthermore, from the Frenet formulas and (13), we obtain:

W(s) = (u' —ovx)T + (v + ux)N + vkHB, (14)

where H is the harmonic curvature function.
Since W’ ¢ Sp{T, N}, we have that W’ and B are linearly dependent. From (14), we can write:

vkH # 0,
u — ok =0, (15)
v +ux = 0.

The solutions of last two differential equations are:

u(s) = sin </ KdS) #0, v(s) = cos (/ de> #0

respectively, which completes the proof. [

Theorem 5. Suppose that o« : I — G is a Frenet curve in G. If the curve vy is the osculating-direction curve of
«, then vy is a Mannheim curve of «.

Proof. Since 7 is an integral curve of W, we have v/ = W. Let {T, N, B} be the Frenet frame of 1.
Differentiating 7/ = W according to s, we get:

d oo 1o
%W(s) = T =D;T E[T,T], (16)
W' = T =&N. (17)

Moreover, we know that W’ and B are linearly dependent. From (17), N and B are linearly
dependent, i.e., v is a Mannheim curve of x. [

Theorem 6. Suppose that o : I — G is a Frenet curve in G. If the curve vy is the osculating-direction curve of
«, the curvature & and the torsion T of the curve y can be written, respectively,

ik = xH cos </de>, T — Ty = —xHsin (/de). (18)

Proof. From (14) and (17), we have:
&N = vkHB. (19)

By considering (10) and (19), we obtain:

#N = xH cos (/ de> B, (20)
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which gives us:

& = xH cos (/de).

Besides, from (20) and (21), we can write:
N = B.

Then, we have:

BZTXNZWXBZCOS(/KdS)T—Sin(/KdS)N.

Differentiating (23) according to s, we have:

A1 .
%B =D:B— E[T’B] = kH sin (/de) B,
where H is the harmonic curvature function. Since 4B = — (7 — 7,) N, Equation (24) gives us:

T—1Tg = —xHsin </de>

Hence, the proof is completed. [

50f12

(21)

(22)

(23)

(24)

(25)

Theorem 7. Suppose that « : I — G is a Frenet curve in G. If the curve vy is the osculating-direction curve of

«, the relations between the harmonic curvature functions are given as follows:
Hl
H = — 7_3/2,
% (1+ H2)

where H and H are, respectively, harmonic curvature functions of a and y.

Proof. Using (21), (25) and the equation H = % we easily get:

K

kH =&/ (14 H?).

Substituting (27) into (21) and (25), it follows:

sin</de> ——K\/’%——\/llzﬁ,

cos (/de) = k\/(lkJr ) = \/1—1i-H21

respectively. From (28):

A1+ H? - H. e
K COS /de = — - 1HH-
1+ H2

Substituting (29) into (30), we obtain:

(26)

(27)

(28)

(29)

(30)

(31)
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and from (27) and (31), it follows:

Hl
H=- 3/2

k(14 H?)
which finishes the proof. [

Thus, Theorem 7 immediately gives the following conclusion.

Corollary 2. Suppose that o : I — G is a Frenet curve in G and the curve vy is an osculating-direction curve
of a. Then:

(i) wisageneral helix in G.
(ii)  a is an osculating-donor curve of a slant helix.
(iii) 7y is a slant helix.

3.2. Normal-Direction Curves

Definition 4. Suppose that « is a Frenet curve in G and X is a unit vector field lying on the normal plane of «
and defined by:

X(s) = 1(s)N(s) + 8(s)B(s), 11(s) # 0, 8(s) # 0 (32)

such that the vectors X'(s) and T(s) are linearly dependent. Let vy : I — G be an integral curve of X(s). In this
case, vy is defined as a normal-direction curve of a, and the curve w is defined as a normal-donor curve in G.

Theorem 8. Suppose that « is a Frenet curve in G and the curve vy is an integral curve of X = 1(s)N(s) +
®(s)B(s). Then, vy is a normal-direction curve of w if and only if:

7(s) = sin (/ KHdS) #0, 9(s) =cos (/ KHdS> # 0. (33)
Proof. Since 1y is a normal-direction curve of &, we obtain:
X(s) =n(s)N(s) + 8(s)B(s), (34)
and:
7%(s) +0%(s) = 1. (35)

Differentiating (34) with respect to s:

TX() = W 6ING) + 0 (5)B(s) 36)

+1(s) <DTN - N]) +8(s) (DTB -3 B])
and by using the Frenet formulas, we get:
X'(s) = —nqxT + (' — 9cH)N + (¢ + nxH)B. (37)
Since X' ¢ Sp{N, B}, we have that X" and T are linearly dependent. Then, from (37), we can write:

—nx # 0,
n' —9kH =0, (38)
¢ +nxkH =0.
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The solutions of last two differential equations are:

7(s) = sin (/ KHdS> #0, 9(s)=cos (/ KHdS) #0,

respectively, which completes the proof. [

Theorem 9. Suppose that « : I — G is a Frenet curve in G. If y is the normal-direction curve of w, the curve y
is an evolute of a.

Proof. Since 1 is an integral curve of X, we have 7/ = X. Denote the Frenet frame of y by {T, N, B}.
Differentiating 4" = X according to s, we have:

LX) = T'=D;T—LT,T], (39)
X = T =zN. (40)

Furthermore, we know that X’ and T are linearly dependent. From (40), we get that N and T are
linearly dependent, i.e., y is a space evolute of «. [J

Theorem 10. Suppose that o : 1 — G is a Frenet curve in G. If vy is the normal direction curve of a,
the curvature & and the torsion T of the curve vy can be written, respectively,

szsin(/KHdS), T — Tg = Kcos (/KHdS). 41)

Proof. From (37), (38), and (40), we have:
kN = —y«T. (42)

By considering (42) and (33), we obtain:

#N = —xsin ( / KHdS) T, 43)

& = xsin (/ KHdS) . (44)

Moreover, from (43) and (44), we can write:

which gives us:

N=T. (45)

B=Tx N = cos </KHds>N—sin </KHdS> B. (46)

By differentiating (46) according to s, we have:

Then, we have:

iE’ = DyB - 1[N, B] = —kcos /KHdS T. (47)
ds 2
Since £B = — (% — %) N, Equation (47) gives us:

T — Tg = KOs (/ KHdS) , (48)
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which finishes the proof. [

Theorem 11. Suppose that « : I — G is a Frenet curve in G. If y is the normal-direction curve of «,
the relations between the harmonic curvature functions are given as follows:

Hl
H=— T ~o\3/2/ (49)
& (14 H?)
where H and H are, respectively. harmonic curvature functions of « and .

—
3

K = /R2(1 + H2). (50)

Substituting (50) into (44) and (48), it follows:

Proof. From Equations (44) and (48), and H =

, we easily get:

K 1
sin xHds | = — = — 51
</ ) VEE(1+H?) 1+ H? Gh
cos (/KHdS) = KH — = H —, (52)
VE2(1+H?)  V1+A?
respectively. Differentiating (51) with respect to s, we get:
a.f
xH cos (/ KHdS) = 7@ (53)
Substituting (52) into (53), we obtain:
Hl
kH = — T2 (54)
and from (50) and (54), it follows:
Hl

He - — 2
& (14 H2)%2,

which finishes the proof. O

Thus, the above theorem gives the following result.

Corollary 3. Suppose that « : I — G is a Frenet curve in G and <y is a normal-direction curve of . Then:

(i)  wisageneral helix in G.
(ii)  a is a normal-donor curve of a slant helix
(iii) 7y is a slant helix.

3.3. Rectifying-Direction Curves

Definition 5. Suppose that a is a Frenet curve in G and Y is a unit vector field lying on the rectifying plane of
« and defined by:

Y(s) = ¢(5)T(s) + @(5)B(s), ¢(s) £0, @(s) #0 55)

such that the vectors Y'(s) and N(s) are linearly dependent. Let vy : I — G be an integral curve of Y (s). In this
case, 7y is defined as a rectifying-direction curve of «, and the curve a is defined as a rectifying-donor curve in G.
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Theorem 12. Suppose that a is a Frenet curve in G and vy is an integral curve of Y (s) = ¢(s)T(s) + @(s)B(s).
Then, vy is a rectifying-direction curve of w if and only if:
Y(s) = c1T(s) + c2B(s), (56)
where c1, ¢y are non-zero constants.
Proof. Since v is a rectifying-direction curve of &, we have:
Y(s) = ¢(s)T(s) + @(s)B(s), (57)

and:
¢%(s) + @*(s) = 1. (58)

By differentiating (57) according to s, it follows:

Dy(s) = ¢(5)T(s)+@'()B(s) (59)

ds
1 1
() (DTT i T}) als) (DTB - B])
and by using the Frenet formulas, we get:
Y'(s) =¢'T+ (¢k — @xH)N + @'B. (60)

Here, Y/ and N are linearly dependent. From (60), we can write:

¢'=0,
¢k —wxkH #0, (61)
@'= 0.

The solutions of the first and third differential equations are:
¢(s) = c¢1 = constant, @(s) = cp = constant, (62)

respectively, which completes the proof. O

Since (56) is a unit vector, we can write:
Y(s) = cos8T(s) + sin6B(s), (63)
where 6 is the angle between unit vectors Y and T. Hence, we have the following corollary.
Corollary 4. The angle 6 between rectifying-direction curve vy and its rectifying-donor curve a is constant.

Theorem 13. Suppose that & : I — G is a Frenet curve in G. If 7y is the rectifying-direction curve of «,
the curve <y is a Bertrand curve of .

Proof. Since v is an integral curve of Y, we have o/ = Y. Let {T, N, B} be the Frenet frame of 1.
By differentiating 7/ = Y according to s, we get:

[T, T] (64)

Y =T = &N, (65)



Symmetry 2019, 11, 387 10 of 12

where  is the curvature of . Furthermore, we know that Y’ and N are linearly dependent. This means
that N and N are linearly dependent, i.e., 7y is a Bertrand curve of a. [

Theorem 14. Suppose that o : I — G is a Frenet curve. If vy is the rectifying-direction curve of «, the curvature
& and the torsion T of the curve <y can be written, respectively,

K =Kxcosf —xHsin0, T —Tg = xsinf — kH cos 6. (66)

Proof. From Theorem 13, we have:
Y' = &N. (67)

By differentiating Y (s) = cos 0T (s) + sin 6B(s) according to s, we obtain:
Y'(s) = (xcos® — kHsinf) N. (68)

Thus, from (67) and (68), we get:

& =xcosf —xkHsin6. (69)
Since:
N=N, (70)
from (63), it follows:
B=Tx N = —sinfT + cos B. (71)

By differentiating (71) according to s and using the Frenet formulas, we find:

B’ = (kH cosf — xsin6) N. (72)
Since %B = — (T — 1) N, we have:
T —Tg = xsinf — xH cos 0, (73)

where H is the harmonic curvature function. Hence, the proof is finished. O

Corollary 5. Suppose that -y is the rectifying-direction curve of the curve w. In this case, the relationship
between Frenet vectors can be written as:

Y =T =cos0T +sinfB, N=N, B= —sin6T + cos6OB (74)

or:
T =cosfT —sinB, N =N, B =sinfT + coséB. (75)

Corollary 6. Suppose that <y is the rectifying-direction curve of the curve a with & and T. Then,
K =FKcosf + (T — Tg)sinf, 7—1, = —&Ksinf + (T — T;) cos b, (76)
where k and T are the curvature and the torsion of «, respectively.

Theorem 15. The rectifying-donor curve  of the curve vy is not a general helix.

T
K

Proof. From the second system of Equation (61), we have that the function —=(s) is not a

constant. [J
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Now, we investigate the condition of the existence for rectifying-direction curve 7 to be a general
helix. If we assume that rectifying-direction curve 7 is a general helix, from Theorem 14,

-~ T—Tg, . ccosf—sinf
H= I3 (s) = csin@ — cos @ @n
is a constant. Then, from (77) and Corollary 4, it follows that the function:
T—T, cos@ —sinfH
H= £(s) = . 78
K (s) —sinf@ — cosH @8

is a constant, i.e., « is a general helix. By considering Theorem 14, we obtain a contradiction.
Thus, Theorem 15 gives the following conclusion.

Corollary 7. Suppose that « : I — G is a Frenet curve in G and vy is a rectifying-direction curve of «. Then,

(i)  waisnot a general helix in G.
(ii)  w is not a rectifying-donor curve of a general helix.
(iii) A rectifying-direction curve <y of w is not a general helix.

4. Conclusions

In this study, the new types of direction curves in a three-dimensional Lie group G are introduced.
The curvature and torsion functions are calculated via the Frenet frame expressed for these curves.
By using these curvatures, under what circumstances and conditions new types of direction curves
occut, such as helix, slant helix, Bertrand, Mannheim, and involute-evolute curves, are discussed.
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