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Abstract Curves on surface are called osculating Darboux curve and rectifying Darboux curve if its position
vectors always lies in the osculating Darboux plane and rectifying Darboux plane which are spanned by Darboux
frame. We study the case that osculating Darboux curve and rectifying Darboux curve are geodesic, line of
curvature or asymptotic curve. In this case, we determine each curve is related to rectifying curve, spherical
curve and planer curve. Using this result, we also give the classification of a special developable surface under
the condition of the existence of osculating Darboux curve as a geodesic or a line of curvature. As a result, in
this case, we determine these developable surfaces become conical surfaces.
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1 Introduction

Geometric researches on the planes spanned by Frenet frame have been conducted [1,3-6,9,11-14,19]. It is
known that curves whose position vectors always lies in the normal plane and tangent plane are spherical curves
and planar curves, respectively. Chen [4] defined curves called rectifying curve whose position vectors always
lies in the rectifying plane and introduced the invariant of rectifying curve from the ratio of curvature and torsion.
The envelope of the plane spanned by Frenet frame is also being studied. The envelope of the normal plane
and the rectifying plane are called focal surface and rectifying developable, and are shown to be developable
surfaces. These envelopes have been studied in the field of singularities and are classified into cuspidal edge
and swallowtail using invariants of spherical curves and rectifying curves [9,13]. Moreover, it has been shown
that focal surface and rectifying developable are conical surfaces when the base curve is a spherical curve and
a rectifying curve, respectively. Using this result, Takeuchi and Izumiya [12] proved that a developable surface
with a geodesic as a rectifying curve is a conical surface.

By referring to studies on Frenet frame, recently many researches on planes spanned by Darboux frame have
been conducted [2,7,8,10, 15,16, 18]. The envelope of the plane spanned by Darboux frame is also being studied.
The envelope of the tangent plane and the rectifying Darboux plane are called osculating Darboux developable
and rectifying Darboux developable, and are shown to be developable surfaces [7,10,15]. Invariants §,, 0,, 8,
and o, along Darboux frame were defined, and it was proved that if the base curve satisfies §, # 0 and o, = 0,
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osculating Darboux developable becomes a conical surface, and the base curve satisfies §, # 0 and o, = 0,
rectifying Darboux developable becomes a conical surface [7, 10, 15]. Moreover, osculating Darboux developable
and rectifying Darboux developable were studied in the field of singularities and are classified into cuspidal edge
and swallowtail using these invariants [7, 10, 15]. Takahashi defined curves called osculating Darboux curve and
rectifying Darboux curve whose position vectors lies in the tangent plane and rectifying Darboux plane. From
the results stated in [7, 10, 15], he studied the relationship between 3, and o, and osculating Darboux curve, and
the relationship between §, and o, and rectifying Darboux curve. As a result, he proved that the curve satisfying
8o # 0 and o, = 0 is the osculating Darboux curve, and the curve satisfying §, # 0 and o, = 0 is the rectifying
Darboux curve (cf. Proposition 2.1, 2.2) [18].

In this paper, we study the geometric properties of osculating Darboux curve and rectifying Darboux curve
under the condition that these curves are geodesic, line of curvature or asymptotic curve, respectively. In this
case, we determine the osculating Darboux curve and rectifying Darboux curve are closely related to rectifying
curve, spherical curve and planar curve (cf. Proposition 3.1, 3.2, 3.3, 3.4, 3.5). From these results, we study
the classification of developable surface with osculating Darboux curve. Using Proposition 3.1, we find the
developable surface which have a curve with any two geometric properties of osculating Darboux curve, geodesic
and rectifying curve becomes a conical surface (cf. Theorem 5.3). Furthermore, we focus on a line of curvature.
As a result, using Proposition 3.3, we find the developable surface which have a curve with any two geometric
properties of osculating Darboux curve, line of curvature and spherical curve becomes a conical surface (cf.
Theorem 5.6).

In Sect. 2, we describe the basic notions and properties of space curves and review the osculating Darboux
curve and rectifying Darboux curve. In Sect. 3, we study the geometric properties of osculating Darboux curve
and rectifying Darboux curve when these curves become geodesics, line of curvatures and asymptotic curves. In
Sect. 4, we show how to construct the osculating Darboux curve and rectifying Darboux curve. In Sect. 5, using
osculating Darboux curve, we study the case that developable surface becomes a conical surface. In Sect. 6,
using Proposition 4.3 and Theorem 5.6, we give examples of osculating Darboux curve and rectifying Darboux
curve. All manifolds and maps considered here are of class C* unless otherwise stated.

2 Preliminaries

Lety:1 —> E3bea regular curve, ie., ||y'(s)|| # 0, where I is subset of real numbers set R. y (s) is called unit
speed curve if ||y/(s)|| = 1. Then, parameter s is called arc-length parameter. We denote by {e}(s), e2(s), e3(s)}
the Frenet frame along y (s), where e (s) is the unit tangent vector field, e>(s) the unit normal vector
field and e3(s) the unit binormal vector field of y(s).Let k(s) and 7(s) be the curvature and the torsion of
y at s. Then, we have the Frenet-Serret formulas:

el (s) = k(s)ea(s)
ey (s) = —k(s)er(s) + t(s)ez(s) 2.1
ey(s) = —T(s)ea(s),

where « (s) and t(s) are the curvature and the torsion of y at s. It is possible in general, that e’l (s) = 0 for some
s, however, we assume that this never happens. The osculating plane, rectifying plane and normal plane
are defined as planes spanned by {e;(s), e2(s)}, {e1(s), e3(s)} and {e2(s), e3(s)}, respectively. It is known that
a space curve is congruent to a curve whose position vector always lies in the osculating plane if and only if a
curve is a planar curve and that a space curve is congruent to a curve whose position vector always lies in the
normal plane if and only if a curve is a spherical curve. A curve is a spherical curve if and only if it consists
that (z/k)(s) + ((1/x)’(1/7))'(s) = 0. Chen [4] defined a space curve whose position vector always lies in
the rectifying plane as rectifying curve. Furthermore, he found interesting properties of rectifying curve and
showed that a curve is congruent to a rectifying curve if and only if it consists that (/)" # 0 and (t/x)” = 0.

Let M be a regular surface and y : I C R — M be a unit speed curve on the surface. Then, the Darboux
frame {e1(s), B(s) = ny,(s) x e1(s),ny,(s)} is well-defined along y, where e;(s) is the unit tangent vector
of y(s) and ny, (s) is the unit normal vector of M along y. Here, “x" is the cross product in R3. We denote
by kn(s), kg (s) and T4 (s) the normal curvature, geodesic curvature and geodesic torsion of y (s). Then,
Darboux equations of this frame are;

e} (s) = kg(s)B(s) + kp(s)ny (s)
B'(s) = —kg(s)ei(s) + 1o (s)ny (s) (2.2)
n,(s) = —kn(s)ei(s) — 7 (s) B(s),
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It is known that: if k, = 0 then y (s) is a geodesic; if T, = 0 then y (s) is a line of curvature;if k, = 0 then
y(s) is an asymptotic curve of M. If ¢ (s) denotes the angle between the unit normal vector of M along y and
the unit normal vector field of y (s). Then, the following equations hold true:

12 (s) = Ky (s) + 15 (5)

Ko(s) = Kk(s)sing(s)

n(s) = (s) cos b (s) 23
To(s) = 1(s) +d(s)/ds,

B(s) = sin¢(s) - e2(s) — cosp(s) - e3(s) 2.4)
ny(s) =cos@(s) - ex(s) +sing(s) - e3(s). ’

For arbitrary parameter ¢, we have the following equations as:

_ det(y (1), ¥ (1), ny (1)) o (f) = (Y1), ny (1))
Iy oI’ ’ Iy @)1
det(y (1), ny, ny (1))
B Iy ()1

2.5)

where (a, b) is inner product in R3. The rangent plane, rectifying Darboux plane and normal plane are
defined as planes spanned by {e; (s), B(s)}, {e1(s), ny (s)} and { B(s), ny, (s)}, respectively. Otani and Izumiya [10]
defined a special vector field on tangent plane : D, (s) = (tge1 —k, B)(s), called Osculating Darboux vector,
and the normalized osculating Darboux vector field as D, = (tge1 — KnB)/(K,% + 1.;)1/2‘ Furthermore,
they defined two invariants associated with the Darboux frame as follows:

nT IC T
8o(s) = Kg(s) + (#j)m, (2.6)
T Kn

Hananoi and Izumiya [7] defined a special vector field on the rectifying Darboux plane : D,(s) = (tge; +
Kgn y)(s), called Rectlfylng Darboux vector, and the normalized rectifying Darboux vector field as
D, = = (tge1 +Kgny)/ (/c + 12)1/ 2. Furthermore, they defined two invariants associated with the Darboux frame
as follows:

T
() = ten(s) — (%)m 2.8)
or(s) = <%><‘> + (%) (). (2.9)
(k2 +HY 8 (kZ + Tl

Takahashi [18] defined the curves whose position vector always lies in the tangent plane and rectifying Darboux
plane as osculating Darboux curves and rectifying Darboux curves, and found the following properties.

Proposition 2.1 [18] Let y (s) be a curve on surface. Then, y (s) is congruent to an osculating Darboux curve
only in the following two cases.

1) Ifk,(s) =0, y(s) is a plane curve.
(1) Ifkn(s) # 0, y(s) is a curve with §,(s) # 0 and o,(s) = 0.

Proposition 2.2 [18] Let y (s) be a curve on surface. Then, y (s) is congruent to a rectifying Darboux curve only
in the following two cases.

() Ifkg(s) =0, y(s) is a plane curve.
(i) Ifkg(s) #0, y(s) is a curve with §,(s) # 0 and o,(s) = 0.
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3 The properties of osculating Darboux curve and rectifying Darboux curve

In this section, we study the relationship between the osculating Darboux curve and geodesic, line of curvature,
and asymptotic curve, and the relationship between the rectifying Darboux curve and geodesic, line of curvature,
and asymptotic curve. Camci et.al [2] showed that : if an osculating Darboux curve is a geodesic, it is a rectifying
curve; if an osculating Darboux curve is a line of curvature, it is a spherical curve; if an osculating Darboux curve
is an asymptotic curve, it is a planar curve. By the same method, they showed that; if a rectifying Darboux curve
is a geodesic, it is a planar curve; if a rectifying Darboux curve is a line of curvature, it is a spherical curve; if a
rectifying Darboux curve is an asymptotic curve, it is a rectifying curve. Takahashi [18] showed that a curve that
is a line of curvature and a circle on surface was an osculating Darboux curve and a rectifying Darboux curve.
From these results, we study whether the converse of the result shown by Camci et.al holds true. First, we show
properties of osculating Darboux curve.

Proposition 3.1 Let y (s) be a curve on surface M with i, (s) % 0. If y (s) satisfies two of following conditions,
the remaining condition holds up.

(1) y(s) is a geodesic of M.
(i1) y(s) is congruent to an osculating Darboux curve on M.
>iii) y(s) is a rectifying curve.

Proof We show that if (i) holds up, (ii) and (iii) are equivalent. Since y (s) is a geodesic of M, using (2.3)
and (2.4), sing(s) = 0, so B(s) = =*e3(s). It is equivalent that y (s) always lies in the plane {e;(s), B(s)}
and y (s) always lies in the plane {e;(s), e3(s)}. Therefore, (ii) and (iii) are equivalent. After that, we show
(ii)(iii) — (i). Since y (s) always lies in {e1(s), e3(s)} and {e1(s), B(s)}, it follows that e3(s) = +B(s). By
(2.3)and (2.4), sin¢(s) = 0 and k4 (s) = 0, so ¥ (s) is a geodesic of M. This completes the proof of Proposition
3.1. O

Proposition 3.2 Let y (s) be a curve on surface M with k4(s) # 0. If y (s) satisfies two of following conditions,
the remaining condition holds up.

(i) y(s) is a asymptotic curve of M.
(1) y(s) is congruent to an osculating Darboux curve on M.
(iii) y(s) is a planar curve.

Proof We show that if (i) holds up, (ii) and (iii) are equivalent. Since y (s) is an asymptotic curve of M,
using (2.3) and (2.4), cos¢(s) = 0, so B(s) = =ex(s). Then, it is equivalent that y (s) always lies in the
plane {e;(s), B(s)} and y (s) always lies in the plane {e;(s), e2(s)}. Therefore, (ii) and (iii) are equivalent.
After that, we show (ii)(iii) — (i). Since y (s) always lies in {e1(s), e2(s)} and {ej(s), B(s)}. It follows that
ex(s) = £B(s). By (2.3) and (2.4), cos¢(s) = 0 and «,(s) = 0, so y(s) is an asymptotic curve of M. This
completes the proof of Proposition 3.2. O

Proposition 3.3 Let y (s) be a curve on surface M with k, (s) # 0. If y (s) satisfies two of following conditions,
the remaining condition holds up.

(1) y(s) is a line of curvature of M.
(i1) y(s) is congruent to an osculating Darboux curve on M.
(iii) y(s) is a spherical curve.

Proof We show (i)(ii) — (iii). Since y (s) is a line of curvature of M, using (2.6) and (2.7), it follows that
30(s) = kg(s) and 0,(s) = :t(/c;,//cg)(s). By Proposition 2.1, we get k, = nonzeroconst. Using (2.3), it follows
thatx (s) = (kg/sin ¢)(s) and 7 (s) = —¢'(s). By straight computation, we get (z /x) (s)+((1/x) (1/7))'(s) = 0.
Therefore, y (s) is a spherical curve. We show (ii)(iii) — (i). Since y (s) is a spherical curve and congruent
to an osculating Darboux curve, y (s) always lies in planes {e(s), B(s)} and {ex(s), e3(s)}. The coefficient of
e1(s) becomes 0, then, y (s) is given by y (s) = u(s)B(s). Differentiating y (s) with respect to s and comparing
the coefficients, the equations become:

() (s) = —1,
w(s) =0, (3.1)
u(s)tg(s) =0.
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Using the first and second equations of (3.1), it follows that u(s) # 0, so we get t,(s) = 0. Therefore, y (s)
is a line of curvature of M. After that, we show (iii)(i) — (ii). Since y (s) is a spherical curve, it follows that
(t/K)(s) + ((1/x) (1/7))'(s) = 0. Solving this equation, we get

T(s) = ¢ (("—/> (s), 3.2)

k(ck? —1)1/2

where ¢ = £1(ex > 0) and c is a constant. Since y (s) is a line of curvature, using (2.3), it follows that ¢ (s) =
[ —t(s)ds = e arctan(1/(cx*(s) — 1)1/2). Therefore, we get sin ¢ (s) = (1/c'/?k(s)) and k4 (s) = (1/c'/?). By
(2.6) and (2.7), we get 8,(s) = kg (s) and 0, (s) = :I:(/cé//cz)(s), so it follows that §,(s) 7# 0 and o,(s) = 0. By
Proposition 2.1, y (s) is congruent to an osculating Darboux curve. This completes Proposition 3.3. O

After that, we focus on the rectifying Darboux curve. Propositions 3.4, 3.5 and 3.6 are proved with similar
techniques of the previous proofs.

Proposition 3.4 Let y (s) be a curve on surface M with «, (s) # 0. If y (s) satisfies two of following conditions,
the remaining condition holds up.

(1) y(s) is a geodesic of M.
(1) y(s) is congruent to a rectifying Darboux curve on M.
(iii) y(s) is a planar curve.

Proposition 3.5 Let y (s) be a curve on surface M with k4(s) # 0. If y (s) satisfies two of following conditions,
the remaining condition holds up.

(1) y(s) is a asymptotic curve of M.
(1) y(s) is congruent to a rectifying Darboux curve on M.
(iii) y(s) is a rectifying curve.

Proposition 3.6 Let y (s) be a congruent to a rectifying Darboux curve on surface M with k4 (s) # 0. Then, the
followings are equivalent.

(i) y(s) is a line of curvature of M.
(ii) y(s) is a spherical curve.

Remark 3.7 Proposition 3.6 shows that even if y is a line of curvature and a spherical curve, it is not necessarily
a rectifying Darboux curve.

4 The method of making osculating Darboux curve and rectifying Darboux curve

In this section, we study how to construct the osculating Darboux curve and the rectifying Darboux curve.
Deshmukh et al. [6] studied how to construct rectifying curve, and found that D(s) = (1/x(s))(t(s)er(s) +
k(s)e3(s)) : dilated centrode(modified Darboux vector field [12]) became a rectifying curve. Takahashi
[18] applied this result and found how to construct the osculating Darboux curve from D,, and rectifying Darboux
curve from D,. In this section, we study how to construct the osculating Darboux curve and the rectifying
Darboux curve from various Darboux vectors on the plane spanned by Darboux frame. As a result, we obtain
how to construct an osculating Darboux curve and rectifying Darboux curve from D, (s) and D, (s). First, paying
attention to the normal direction of surface, we show how to construct the osculating Darboux curve.

Proposition 4.1 Let y (s) be a curve on M with (K,% + ‘L';)(S) # 0 and 8,(s) # 0, and D,(s) be an osculating
Darboux vector along y (s). If the normal vector along D,(s) on M coincides with ny (s), Dy (s) is congruent to
an osculating Darboux curve on M.

Proof We denote by ik, (s), k,(s) and T4 (s) the geodesic curvature, normal curvature and geodesic torsion along
D, (s) on M, respectively. Differentiating D, (s) with s, we get the following equations:

Djs) = (4 + Kgrn) ()e1(5) + (k) + Tgkg) ()Bs). @.1)

D)(s) = (r; + 2ucghey, + Knky — K;‘Eg) (s)ey(s) + (K,% + ng) (5)80(s)ny, (s)
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(=t + 2mky + Ty + ar?) ()B). 4.2)

Since the normal vector along D, (s) on ‘M coincides with ny (s), using (2.5), the equations became:

(k2 +12)8
&) = T 5) ), (4.3)
(rg + Knkg)® + (=K}, + Tgky)
To T, + Kk,
7o) = (o 5) ), (4.4)
(Tg + knkg)” + (=K + Tgkg)
) = ((rg, + kgkn)(—kK), + ZTéKg + rg/cé + /c,,/cgz)
N (A kakg)? + (=, Tgkg)?)
(k) + Tokig) (7] + Uiy, + Kkl — Kérg))( ) “5)
((tf + Kknkg)? + (—k) + Tgkg)?)3/? )

We denote by 5,(s) and &,(s) the invariants along D,(s) on M. Using (2.6) and (2.7), we get the following
equations:

8o
((zp + Knkg)? + (—k)) + Tokg)?)

5o(s) = ( 7)), Go(s) =0. (4.6)
From (ic; + 75)(s) # 0 and 8,(s) # 0, it follows that ic, (s) # 0, §,(s) # 0 and &, (s) = 0. By Proposition 2.1
(i), D, (s) is congruent to an osculating Darboux curve on ‘M. This completes the proof of Proposition 4.1. 0

Proposition 4.2 Let y (s) be a curve on M with (K§ + tg)(s) # 0 and 5,(s) # 0, and D, (s) be a rectifying
Darboux vector along y (s). If the normal vector along D, (s) on M coincides with B(s), D,(s) is congruent to
an osculating Darboux curve on M.

Proof We denote by ic,, (s), 8, (s) and &, (s) the normal curvature and the invariants along D, (s) on M, respectively.
Then, we get the following equations with similar techniques of the previous proof.

2 (s) = —(cg +1)8:

o= <(f§ — Kglen)* + (kg + rg/c,,)2>(s)’ 4.7)
5o(5) = ( 5 . o) =0 »
e ((Té - Kg’cn)2 + (Ké + ngn)Z)l/z §), 0p(s) = 0. )

From (k7 + 75)(s) # 0 and 8,(s) # 0, it follows that ic, (s) # 0, 8,(s) # 0 and &,(s) = 0. By Proposition 2.1
(i), D, (s) is congruent to an osculating Darboux curve. This completes the proof of Proposition 4.2. O

We denote by B-direction the direction perpendicular to the tangent and normal vectors along curve on the
surface. Paying the attention to the B-direction, we show how to construct a rectifying Darboux curve from D, (s)
and D, (s).

Proposition 4.3 Let y (s) be a curve on M with (K,f + tg)(s) # 0 and 8,(s) # 0, and D,(s) be an osculating
Darboux vector along y (s). If the B-direction along D,(s) on M coincides with ny (s), Dy(s) is congruent to a
rectifying Darboux curve on M.

Proof We denote by Tp, (s) and np, (s) the tangent vector and normal vector along D, (s) on ‘M. From the proof
process in Proposition 4.1, we get the following equation.

/ . _ ! B
(tg + Kgkn)er + (—k, + Tgkg) >(S) 4.9)

((tf + Kgkn)? 4 (=), + Tgkg) )1/

Tp,(s) = <
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Since the B-direction along D, (s) on M is ny (s), we get the following equation.

(—1y + Tekg)er — (v + Kghen) B )<s>. (4.10)

np,(s) =Tp,(s) x ny(s) = (((ré T+ Kgkn)2 + (k) + Tohg)D)1/2

We denote by i, (s), 8-(s) and &, (s) the geodesic curvature and the invariants along D,(s) on M. Using (2.5),
(2.8) and (2.9), we get the following equations.

. (ky +172)80

Kg(S) - <(Té +K,1Kg)2 + (_K-’/Z + rgKg)z)( )7 (411)
_ -8, B B
5.(s) = (((rg, Fa G rg,cg)Z)l/Z)(s)’ G(s) = 0. (4.12)

From (K,% + rg2)(s) # 0 and §,(s) # 0, it follows that k¢ (s) # 0, 8-(s) # 0 and &,(s) = 0. By Proposition 2.2
(ii), D, (s) is congruent to a rectifying Darboux curve. This completes the proof of Proposition 4.3. O
Proposition 4.4 Let y(s) be a curve on M with (K§ + rg)(s) # 0 and 5,(s) # 0, and D, (s) be a rectifying
Darboux vector along y (s). If the B-direction along D, (s) on M coincides with B(s), D,(s) is congruent to a

rectifying Darboux curve on M.

Proof We denote by kg (s), 8- (s) and &, (s) the geodesic curvature and the invariants along D, (s) on M. Then,
we get the following equations with similar techniques of the proof of Proposition 4.3.

(2 2 S
(g + 7g)0r )(s), (4.13)

Ko(s) =

g( ) <(7:é - KgKn)z + (Ké + TgKn)z
5,

((Té/' - KgKn)2 + (Ké + fg"n)z)

5 = ( 7)), 3:(5) =0. (4.14)

From (ng + rg)(s) # 0and §,(s) # 0, it follows that k4 (s) # 0, 8-(s) # 0 and &,(s) = 0. By Proposition 2.2
(ii), D, (s) is congruent to a rectifying Darboux curve. This completes the proof of Proposition 4.4. O

5 The classification of developable surfaces using osculating Darboux curve and rectifying Darboux
curve

In this section, we study the classification of developable surfaces under the condition of the existence of
osculating Darboux curve. A ruled surface in E3 is the map F(,¢) : I x R — R3 defined by F(, ¢)(s, u) =
y(s) + ué(s), where y : I — R3, & : — R3\ {0} are smooth mappings and / is an open interval or a unit
circle S'. We call y the base curve and & the director curve. The straight lines u — y (s) + u&(s) are called
rulings. Developable sur faces are ruled surfaces and have the vanishing Gaussian curvature on the regular
part. It is known that developable surfaces are classified in rangent developable, cylindrical surfaces and
conical surfaces. Furthermore, the necessary and sufficient condition for F(, ¢) to be developable surface
is det(y’(s), &(s), &'(s)) = 0. Izumiya and Takeuchi [12] studied rectifying developable : F, py(s,u) =
y (s) + uD(s) which is the envelope of the family of rectifying planes along the curve. It has been known that
y (s) is a geodesic of the rectifying developable of y (s). Izumiya and Takeuchi [12] showed that the converse was
also true (cf : Proposition 5.2). By Proposition 5.2, they studied the classification of developable surface from
the view points of a geodesic and they showed that developable surface is a part of conical surface if and only
if a geodesic is a rectifying curve. In this section, by Proposition 3.1, we extend this result using the notion of
osculating Darboux curve. Furthermore, from the result of Proposition 3.3, we consider classifying developable
surfaces from the view points of a line of curvature. As a result, we show developable surface is a conical surface
under the condition of the existence of a curve which is a line of curvature and a spherical curve. We extend
this result using the notion of osculating Darboux curve. First, we classify developable surface using a geodesic,
rectifying curve and osculating Darboux curve.
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Proposition 5.1 [12] For a unit speed curve y (s) with k (s) # 0, the following conditions are equivalent.

(i) The rectifying developable F(,, p) of y is a conical surface.
(1) y(s) is a rectifying curve.

Proposition 5.2 [12] Let M be a ruled surface and y (s) a regular curve on M with nonvanishing curvature.
Then, the following conditions are equivalent:

(1) M is the rectifying developable of y (s).
(1) y(s) is a geodesic of M which is transversal to rulings and M is a developable surface.

Using Propositions 3.1, 5.1 and 5.2, we have Theorem 5.3.

Theorem 5.3 Let M be a developable surface and y (s) a regular curve with k,(s) # 0 which is transversal to
rulings on M. Then, M is a part of conical surface if and only if y (s) satisfies two of the following conditions:

(1) y(s) is a geodesic of M.
(i) y(s) is congruent to an osculating Darboux curve on M.
>iii) y(s) is a rectifying curve.

After that, we study the classification of a developable surface using a line of curvature, a spherical curve and
an osculating Darboux curve. Before proving Theorem 5.6, we prove some preliminary results.

Proposition 5.4 [17] A curve y on M is a line of curvature if and only if the surface M formed by the normals
to the surface along y is a developable surface.

Lemma 5.5 The base curve of the rectifying developable F(, py is a rectifying curve if and only if line of
curvatures of F(, py are spherical curves.

Proof The normal of F(, p)(s, u) is calculated as e>(s). Then, we consider the condition that the surface M
1 x(s,u) = Fg, py(s) + uey(s) formed by the normals to F(, p)(s, u) along F(, py(s) = y(s) + u(s)D(s) is
developable surface. Then,

det(—dF(Zf) ©) ‘%, &) =0
> (—t(1 4 (ut/)) — k) (s) det(e1(s), e2(s), e3(s)) = 0, (5.1)

where « and 7 are the curvature and torsion of y (s), respectively. Solving this equation, we get

/)
¢+ [ ~arfemds

L+ f2spl2 7

where f(s) = (t/«)(s) and c is a constant. Using Proposition 5.4, line of curvatures of F(, p)(s, u) is expressed
by the following equation:

u(s) =

(5.2)

£)
BT O
1+ f2s)1/?

c
y(s)=y(s)+ (5). (5.3)

Then, we put

A+ 26N+ f1 o) e+ [~ (Hfz(s))l/zds)

h(s) = TESEIEE (5.4)
Differentiating 7 (s) with respect to s, we get
7'(s) = h(s)(e1(s) — f(s)e3(s)), (5.5)
and
7" (s) = H(s)e1(s) + (h(k + fr))(s)ea(s) — (fR' + f'h)(s)e3(s). (5.6)
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We denote by kg (s), £ (s), 8o(s) and &, (s) the geodesic curvature, normal curvature and invariants along y (s)
on F, p)(s, u), respectively. Using (2.5), the equations become:

. — det(7', 7", e2) _ 1’
¢ 1713 W+ 22
- L 7 ; (5.7)
A+ 2+ f(e+ [ —qrmmds)
" 241/2
Ke(s) = [Ox]) 7- (5.8)
R )
_ <]7//,€2> (K —+ f‘L’) K(l + f2)3/2
CEFE TR g g — (5.9)

It follows that f'(s) # 0 and f”(s) = 0 if and only if kg(s) % 0 and Eé(s) = 0. This shows that y(s) is
a rectifying curve if and only if k4(s) # 0 and Eg, (s) = 0. Since y(s) is a line of curvature of M, we get
8,(s) = kg¢(s) and ,(s) = :t(Eé /E;)(s). By Proposition 2.1, this shows that y (s) is a rectifying curve if and
only if y(s) is congruent to an osculating Darboux curve. Since ik, (s) # 0, by Proposition 3.3, it follows that

y (s) is a rectifying curve if and only if y (s) is a spherical curve. Therefore, this completes the proof of Lemma
5.5. m]

Theorem 5.6 Let M be a developable surface. Then, M is a part of conical surface if and only if there is a curve
y (8) with k,(s) # O that satisfies two of the following conditions:

(1) y(s) is a line of curvature of M.
(1) y(s) is congruent to an osculating Darboux curve on M.
(iii) y(s) is a spherical curve.

Proof Let y(s) be a geodesic of M which is transversal to rulings. By Proposition 5.2, we consider M as the
rectifying developable F(, p). By Proposition 5.1 and Lemma 5.5, F, p) is a conical surface if and only if line
of curvatures y(s) of F(, py are spherical curves. Using Proposition 3.3, we complete the proof of Theorem
5.6. |

6 Example

In this section, by Proposition 4.3 and Theorem 5.6, we give the examples of osculating Darboux curve and
rectifying Darboux curve. First, we show an example of osculating Darboux curve. We focus on a line of
curvature on a conical surface. By Theorem 5.6, line of curvatures of a conical surface are spherical curve and
osculating Darboux curve. We consider a conical surface defined by

x(t,u) = u(t?, sint, cos ). 6.1)

Using (2.5), if the curve y (¢) = u(t)(12, sint, cos t) on x becomes a line of curvature, y (r) can be expressed by
the following equation:

y () = 5(#%,sint, cos1) (6.2)

c
1+ 41/
where c is constant function. By straight computation, it follows that the invariants of spherical curve on y ()
becomes 0, so y(t) is spherical curve on x (¢, u). We denote by «, (), §,(t) and o,(¢) the normal curvature and
invariants along y (¢). Then, we get

2+ 12)(1 + 1432 1
c(1 + 412 432 So(t) = V= 0,(t) = 0. (6.3)

By Proposition 2.1 (ii), y(¢) is the osculating Darboux curve on x, so we obtain the example of an osculating
Darboux curve. From this result, we can confirm that Theorem 5.6 is true. Figure 1 shows osculating Darboux
curve y(t)(c = 1) on conical surface x.

Kkn(t) =
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Fig. 1 Osculating Darboux curve

Fig. 2 Rectifying Darboux curve

After that, using Proposition 4.3, we show an example of rectifying Darboux curve. We consider the surface
y(t,u) = Dy(t) + un, (t), where D, and n,, are osculating Darboux vector and normal vector along y on x.
By straight computation, it follows that B-direction along D, on y coincides with n,,. By Proposition 4.3, D,,
is congruent to a rectifying Darboux curve on y. We denote i (1), 8-(¢) and &, (1) the geodesic curvature and
invariants along D,. Actually, we get

Q@+ )L+ 472 (1 + 41 + 142

Ke(t) = — AT . (6.4)
< (LA 4 4% 4 1432

O N ©
(1) =0, (6.6)

where A(t) = 4 + 568t% 4+ 4953t* + 1409615 + 1431013 4- 8032110 4- 2513112 4- 536114 + 80¢16 + 16118, By
Proposition 2.2 (ii), D,(t) is congruent to a rectifying Darboux curve on y. Figure 2 shows rectifying Darboux
curve D,(t) on y.
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