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ON CHARACTERIZATIONS OF SPHERICAL CURVES
USING FRENET LIKE CURVE FRAME

KEMAL EREN, KEBIRE HILAL AvvAacr*, AND SULEYMAN SENYURT

Abstract. In this study, we investigate the explicit characterization of
spherical curves using the Flc (Frenet like curve) frame in Euclidean 3-
space. Firstly, the axis of curvature and the osculating sphere of a poly-
nomial space curve are calculated using Flc frame invariants. It is then
shown that the axis of curvature is on a straight line. The position vector
of a spherical curve is expressed with curvatures connected to the Flc
frame. Finally, a differential equation is obtained from the third order,
which characterizes a spherical curve.

1. Introduction

The theory of curves is one of the most important research topics in dif-
ferential geometry. Characterizations of curves are given with the help of the
orthonormal Frenet frame in 3-dimensional Euclidean space. Also, the curva-
ture of a curve and its torsion gives information about the local behavior of
this curve in space. The curvature of a curve indicates the amount of deviation
from the tangent line of the curve and as the amount of deviation gets smaller,
the curve has a closed appearance. In case of the curvature of a space curve
is non-zero, its torsion measures the amount of deviation from the osculating
plane determined by the tangent and normal vectors of the curve. Thus, we can
say that a moving curve is characterized with the help of a differential equation
involving the curvature and torsion of the curve. If the second derivative of a
space curve is zero, then the Frenet frame cannot be defined. Therefore, alter-
native frames are needed to solve this problem. One of these alternative frames
is the Flc frame defined by Dede et al. [11]. The Flc frame is advantageous if
the second or higher-order derivatives of the curve are zero. For this reason,
the characterizations of spherical curves according to the Flc frame are inves-
tigated in this study. The differential equation characterizing a spherical curve
is first given by Wong [16, 17]. Later, in 1971, Breuer and Gottlieb work on the
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solvability of the differential equation which characterizes a spherical curve [8].
Dannon searches that the spherical curves in E* are expressed with Frenet-like
equations. Therefore, finding an integral characterization for a spherical curve
in E4 is the same as finding for the Frenet curve in E3 [10]. Mehlum and Wimp
investigate in 1985 that the position vector of any spherical curve can be given
as the solution of a third-order linear differential equation [14]. The spherical
curves have been examined from different perspectives [13, 15, 9]. Also, some
studies of spherical indicatrices which generalizing the concept of the spherical
indicatrix to the involute of a curve and Bertrand mate of a curve are given by
[1,2,3,4,5,6, 7.

The aim of our study is to characterize spherical curves when the higher order
derivatives of the space curves are zero. First of all, the geometrical location of
the center of the spheres with sufficiently close common three points and suf-
ficiently close common four points with a given curve according to this frame
is found and defined as the axis of curvature and the sphere of curvature, re-
spectively. It is then shown that the axis of curvature of the given curve is
on a straight line. Then the position vector of a spherical curve is expressed
in terms of Flc frame invariants. Finally, using the Flc frame, it is concluded
that the position vector of any spherical curve can be given as the solution of
a third-order differential equation.

2. Preliminaries

In this section, we express some basic concepts that are used throughout
the paper. Let o = «(s) be a differentiable curve. The Frenet vectors of a
space curve « = «(s) are defined by

/ ’ 1"

a(s)ANa (s)

T(s) = m7B(s) = T A ()] and N(s) = B(s) AT(s).

Also, the Frenet formulas are given as follows:
T'=kvN, N'=—xvT +7vB, B'=—1vN , ||| =v,

where k and 7 are the curvature and torsion of the curve a [12]. But if the
second or higher order derivatives of the curve are zero, then Ha/ (s) Ao (s) H =

0. Therefore, the Frenet frame cannot be defined. To solve this problem, an
alternative frame defined on the curve is needed. Therefore, in 2019, Dede et
al. defined a new frame called "Flc frame” along a polynomial curve [11]. With
the help of this Flc frame, it has become possible to make calculations on the
curve.

Let @ = «(s) be a polynomial curve. The tangent vector, the binormal-like
vector, and the normal-like vector of the Flc frame along the curve « are defined
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by

o (s) A a™(s)

o (s) _
T(s) , Di(s) = HO/(S) Aa(")(S)H

Tl ()]

respectively, where ’ is denoted derivative of the curve in terms of s parame-
ter and also, (™ is denoted n. order derivative of the curve. The curvatures
dy,ds, ds of the curve are

and Da(s) = D1(s) ANT(s),

T',D T',D Dy, D
d1:< . 2>7 d2:< . 1>7 d3:< 2 1>7
v v v
where ||o/|| = v. The derivative formulas of the Flc frame are called the Frenet-

like derivative formulas and are as follows:
(1) T, = I/(dlDz + dle), D/2 = I/( — le + dg.Dl)7 Dll = —l/(dQT + ngg).

Definition 2.1. Let « be a curve given with coordinate neighborhood (I, &)
in E3. If « C S then the curve « is called a spherical curve of E3 [16, 8, 9].

Definition 2.2. The geometric locus of centers of the spheres having suf-
ficiently close common three points with curve a C E? at the point a(sg) € «
is called axis of curvature at the point a(sg) € « [16, 8, 9].

Definition 2.3. The sphere having sufficiently close common four points
at a(sg) € a with the curve o C E3 is called the osculating sphere or curvature
sphere of the curve a at the point a(sg) € a [16, 8, 9].

3. Characterizations of Spherical Curves using Flc Frame

In this section, let’s examine the characterizations of spherical curves ac-
cording to the Flc frame. First of all, with a polynomial curve given according
to this frame, the geometric locations of the centers of the spheres with suf-
ficiently close common three points and sufficiently close common four points
are be found. Then the position vector of a spherical curve is expressed by
the curvatures connected to the Flc frame. Finally, a third-order differential
equation characterizing a spherical curve is obtained using the Flc frame.

Theorem 3.1. Let o C E? be a polynomial curve with coordinate neigh-
borhood (I, ) in E3. Then, the geometric locus of centers of the spheres having
sufficiently close common three points with curve o C E® at the point a(s) are
determined by

M = a(s) + maDs(s) + msD1(s),
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where

_dy Fdo/—1+ d3r? + d3r?
B d3 + d3 ’

ma(s)

ma(s) = do F di\/—1+ d2r2 + d3r2
5(s) =

d3 + d3
such that m; : I — R for all s € 1.

Proof. Let a C E? be a polynomial curve with coordinate neighborhood
(I,a) in E3. Let also M be the center and r be the radius of the sphere having
sufficiently close common three points with «, then we can define the following
function:

(2) f:1I—R
s —f(s) =< M —a(s), M — a(s) > —r?
such that
f(s)=Ff'(s) =f"(s)=0.
From Egs. (1) and (2), we obtain
f(s)=0=< —d/(s), M —a(s) >+ < M — a(s),—d(s) >= 0,
=< vT,M — a(s) >=0,
= v<T,M—-a(s)>=0, (v#0)
(3) =< T, M — a(s) >=0.
Taking the derivative of Eq. (3), we have
<T''M—a(s) >+ <T,—d(s) >=0.
Also, considering Egs. (1) and (3), we find
<v(diDy +doD1),M —a(s) >+ < T,—vT > =0,
v < (diDy +d3D1),M — a(s) > =v,
(4) <diDy+doe Dy, M — as) > = 1.

On the order hand, from the linear combination of the Flc frame’s vectors T,
Dy and D, we can easily express

(5) M — a(s) = my(s)T + ma(s)D2 + ms(s) Dy,
where m1, ma, m3 € R. Considering Eqgs. (3) and (5) together, it is found as
(6) mi(s) =<T,M — a(s) >=0.
Similarly, considering Eqs. (4) and (5) together, we get
(7) ma(s) =< Do, M — a(s) >,
ms(s) =< Dy, M — a(s) >
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so, there is

(8) dimo + doms = 1.

Since f(s) =0 and from Egs. (2) and (5), we calculate
(9) m3 +m3 = r?.

The desired solution is obtained from the common solution of Egs. (8) and
9). O

Corollary 3.2. Let a C E?® be a polynomial curve with coordinate neigh-
borhood (I, ) in E3. Then the center M of the sphere having sufficiently close
common three points with « is on a straight line.

Proof. From Theorem (3.1), we can write
M = a(s) + maDs(s) + msD1(s).

So, we can say that this equation is defined as a line parallel to Dy and passing
through point ¢(s) = a(s) + maDs(s). O

Theorem 3.3. Let o C E3 be a polynomial curve with coordinate neigh-
borhood (I, ) in E3. Then, the geometric locus of centers of the spheres having
sufficiently close common four points with curve a C E® at the point a(sg) € «
are

M = a(s) + maDs(s) + msD1(s)

such that
ma(s) = dy + vdyds
T (R & v vdy(d o+ d)
dods — d,
ms(s) = P !

() d3 + vds(d? + d3)’
where m; : I — R, for all s € I.

Proof. Since the sphere, which is called the osculating sphere, having suffi-
ciently close common four points with curve «, we have

f(s)=f(s)=f"(s) = f"(s) =0.
Also, from Eq. (4),
< d1Dy+doDy, M — a(s) >=1.

From the differential of this last equation with respect to s and considering Eq.
(1), we find as

—v(d3+d3) < T,M — a(s) > +(dy — dedsv) < Dy, M — a(s) >
+ (dy + dydsv) < D1, M — a(s) >= 0.
Substituting Eqgs. (6) and (7) in this last equation, we determinate
(10) (d} — dodsv)ma + (dy + didzv)ms = 0.



396 Kemal Eren, Kebire Hilal Ayvaci, and Silleyman Senyurt

If the equations (8) and (10) are solved together, the desired is found. O

Corollary 3.4. Let a C E? be a polynomial curve with coordinate neigh-
borhood (I, ) in E3. Then the radius r of the osculating sphere having suffi-
ciently close common four points with curve « at point a(s) € « is

_ V(dy +vdids)? + (vdads — dy)?
(42)'d} + vds(di + d3)

Proof. If the center M of the osculating sphere at point «(s) € « is
M = a(s) + maDs(s) + msD1(s),

r = M = als), M — a(s)l| = y/m3 + m3.

Substituting the values mo and mg in the last equation, the desired is found. O

we can write

Theorem 3.5. Let o C E? be a polynomial curve lying on a sphere with
the center M and the radius r > 0, then the relation between the curvature d;
and ds of « and the radius r of the sphere is given by

1
di +do > —.
r

Proof. The sphere with the center M and the radius r can be represented
by
lov = M| =r
or
<a—M,a—M>=r%
Taking the derivative of this equation, we find
v<T,a—M >=0,
and since v # (0, we obtain
<T,a— M >=0.
Taking the derivative of this equation again, it is found as
<T,a—-M>+<T,a >=0,
v<diDs+deDi,a— M >4v =0, (v#0)
< dyDs +dyDi,a0 — M > +1=0.
Considering Cauchy-Schwartz inequality, we get
1 <||d1 D3 + d2D1]].[[a — M|
1 <(d1[| D2l + da|| D17
1 <(dy + dao)r.



On Characterizations of Spherical Curves using Frenet Like Curve Frame 397

So, we have

<d; +ds.

S| =

O
Theorem 3.6. Let Sg be a sphere centered at point 0 and (I,«) C S3 be
a spherical curve. Then the following equations are satisfied
< afs),T(s) >= —mu(s),
< a(s), Da(s) >= —ma(s),
< a(s),Di(s) >= —ms3(s),
where T', Dy and Dy are the Flc frame’s vectors, m; : I — R for all s € I.

Proof. Let o C SZ be a spherical curve with he arc-length parameter s and
be S2 a sphere with the radius r. Then we can write

10a(s)]| = [la(s)l| =,

< as),a(s) >=r,
(11) < afs),as) >=r?.
From derivative of Eq. (11) in terms of s, it is obtained
< d(s),a(s) > =0,
v<T(s),a(s)>=0, (¥v#0)
<T(s),a(s) >=0.
Also, if a(s) is a point on the spherical curve «, the position vector of the
spherical curve is written as
a(T)O> =mT 4+ maDy + msDy,
—a(s) = ma(s)T(s) + ma(s)Da(s) + ms(s)Di(s),
a(s) = —my(s)T(s) — ma(s)Da(s) — ms(s)D1(s).
From the Euclidean inner product of the last equation and the vectors T'(s),

Dy(s), D1(s), the proof is completed. O

Corollary 3.7. Let S2 be a sphere centered at point 0 and «a be a curve
on S3. Then the osculating sphere of o is S3 dir.

Corollary 3.8. Let S? be a sphere centered at point 0 and o be a curve
on S2, then the position vector of the spherical curve «

a(s) = —ma(s)Da(s) —ms3(s)D1(s)

vdyds — d;
(92)'d3 + vds(d? + d3)

dy + vdyds
- da ’d2 d d2 d2 DQ(S)i
() di + vds(di + d3)

D1 (S)
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Theorem 3.9. Let X = X(s) be a curve lying on a sphere with the center
0 and the radius r, then the differential equation characterizing the curve X =
X (s) is represented as

v? (did) + dads) X" — <v2 ((d2dsv — d1)? + (didsv + d5)*) + 3vv' (dady + dgdg)> X"
+ <(d1d’1 + dady) (v*(d} + d3) + 3(v")? — wv"') + v ((dadsv — di)? + (drdsv — d’Q)Q))X’

_ <U4(d§d3v + di (—dsv + (Z—f)’))) (d%dgv + da(dedsv — df) + dldg)x =0
where d1,ds and ds are the curvatures of the curve.
Proof. From Corollary (3.8), the position vector of the spherical curve X =
X (s) can be written as
dy + vdyds
() d} + vds(di + d3)

vdyds — dy

(12) X(e) =~ (&Y E + viy(& + )

D2 (8) -

D1 (S) .
On the other hand, taking the first, second, and third derivatives of the curve
X = X (s), we obtain

X'(s) = oT(s),

!
(13) X"(s) = vv’XT(S) +v%dy Dy (s) + v2dy Dy (),

X/
(14)  X"(s) = (v —v*d} —v’d3) X'(s) + (3vv'dy +v3d — v3dads) Da(s)

+ (3vv'ds + v3dids + v3dy) Dy (s).

Considering Eqgs. (13) and (14) together, we calculate

d3 X"t — v(dydsv + db) (X "v — X'0')
Fdo (X2 + X0 53X (0)2 + 0(3X "0 + X'0"))

Dy(s) = —
2(s) v (Bdsv + dy(dadsv — d}) + dyd)) ’
d3 X"t + v(dadzv — d))(X"v — X'0')
D ( ) +d1 (X///,UQ + d%X’U4 + 3X’(U/)2 _ U(3X”Ul + X/,U//))
1\s) = —

vi(d3dsv + da(dadsv — dy) + dydh)

Substituting the values D; and Ds in Eq. (12), the differential equation char-
acterizing the curve X = X(s) is found. So the proof is completed. O
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4. Examples

Let us consider a helical polynomial curve parameterized as a(s) = (6s, 352, s%).
Then the Flc frame elements of « are given by

2 2s s2 s —1
T(s) = D = 0
(s) <82+2782+2782+2>’ 1(5) (\/m’ 2+ 1 >’

Dy (s) 52 53 2vs2 +1
s)=1\— y y
? V2 +1(s2+2) Vs +1(s2+2) s2+2
and the corresponding curvatures according to Flc frame are as following:

S 1 52

—, do(s) = ——, d3(s) = ———.
v 2= e e
The center of the osculating sphere of the curve is the center of the sphere in
which it is located. If the center and radius of the osculating sphere are found

for any point, it is seen that this point satisfies the equation ||a(s) — M||? = R?
for Vs € I. For s = 1, we find

T(1)<§,§,;>, D1(1)(;,;,0), Dy(1) = (3\1/53\1/52\3@)

If the curve is a spherical curve, we obtain

ma(s) = 2(32 +2)2, my(s) = 3s(s + 2)2

and for s = 1, we can write

d1 (S) =

m3(1) = 27.
Thus, the center of the osculating sphere is

M = a(1) + ma(1)D2(1) + m3(1)D4(1)

21
=16,———,28
( ’ 2 ’ )
275

and the radius of the osculating sphere is R = =5~.

5. Conclusion

In this study, spherical curves are redefined according to the Flc frame and
the characterizations of spherical curves are reconsidered in terms of Flc frame
invariants. The axis of curvature and curvature of the sphere (osculating sphere
) of the polynomial curve is found and it is shown that the axis of curvature
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is on a straight line. Finally, the differential equation characterizing a given
spherical curve is found.
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