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Abstract

A Bertrand curve is a special class of space curves that the principal normal line of the
curve and the principal normal line of another curve are the same. On the other hand, a
Mannheim curve is also a special class of space curves that the principal normal line of
the curve and the bi-normal line of another curve are the same. By definitions, the other
curves are parallel curves to the direction of the principal normal vector. Even if regular
cases, the existence conditions of the Bertrand and Mannheim curves seem to be wrong.
Moreover, parallel curves may have singular points. As smooth curves with singular
points, we consider framed curves in the Euclidean space. Then we define Bertrand and
Mannheim curves of framed curves. Moreover, we clarify the Bertrand and Mannheim
curves are depend of the moving frame.

1 Introduction

Bertrand and Mannheim curves are classical objects in differential geometry ([1, 2, 3, 4, 7,
17, 18, 19, 22]). A Bertrand curve is a special class of space curves that the principal normal
line of the curve and the principal normal line of another curve are the same. On the other
hand, a Mannheim curve is also a special class of space curves that the principal normal line
of the curve and the bi-normal line of another curve are the same. Bertrand curves have
been applied in computer-aided geometric design (cf. [21]). Moreover, there are a lot of
investigations for other space form (for instance, [8, 16, 20]). By definitions, the other curves
are parallel curves to the direction of the principal normal vector. Even if regular cases, the
existence conditions of the Bertrand and Mannheim curves seem to be wrong. In order to
define principal normal vector, the non-degenerate condition is needed. The non-degenerate
condition is equivalent to the condition that the curvature does not vanish. Parallel curves does
not satisfy the non-degenerate condition in general. We clarify existence conditions of Bertrand
and Mannheim curves of regular space curves in §2. Moreover, parallel curves may have singular
points. The locus of the singular points of parallel curves is the evolute of the original curves,
see [6, 9, 10, 13]. We consider smooth curves with singular points. As smooth curves with
singular points, we introduced framed curves in the Euclidean space in [12]. Then we define
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Bertrand and Mannheim curves of framed curves in §3 and §4, respectively. We give existence
conditions of Bertrand and Mannheim curves of framed curves, respectively (Theorems 3.3 and
4.3). Moreover, we clarify Bertrand and Mannheim curves are depend of the moving frame
(Remarks 3.7 and 4.8). We also give a difference between non-degenerate regular space curves
and framed curves (Theorem 4.5).

All maps and manifolds considered in this paper are differentiable of class C*°.

Acknowledgement. The second author was partially supported by JSPS KAKENHI Grant
Number JP 17K05238.

2 Preliminaries

Let R? be the 3-dimensional Euclidean space equipped with the inner product a - b = a;b; +
asby + asbs, where a = (ay,as,a3) and b = (by,by,b3) € R3. The norm of a is given by
la] = v/a - a and the vector product is given by

€| €9 €3
a x b=det ap Qo as
bi by b3

where {e1, €5, e3} is the canonical basis of R3. Let S? be the unit sphere in R3, that is, S? =
{a € R3||a|] = 1}. We denote the 3-dimensional smooth manifold {(a,b) € S* x S*la - b = 0}
by A.

We quickly review the theories of regular cases of Bertrand curves, Mannheim curves, and
framed curves.

Since almost classical books does not treat singular points, they imply regularity and non-
degenerate conditions. Therefore, even if regular cases, the existence conditions of the Bertrand
and Mannheim curves seem to be wrong in classical (and recent) books [1, 2, 3, 7, 18, 22]. We
clarify existence conditions of Bertrand and Mannheim curves.

2.1 Regular space curves

Let I be an interval of R and let v : I — R3 be a regular space curve, that is, §(¢) # 0 for
all t € I, where 4(t) = (dvy/dt)(t). We assume (t) x J(t) # 0 for all t € I and say that 7 is
non-degenerate (or, a non-degenerate condition). The non-degenerate condition is equivalent
to the condition that the curvature of ~ is non-zero.

If we take the arc-length parameter s, that is, |7/(s)| = 1 for all s, then the tangent vector,
the principal normal vector and the bi-normal vector are given by

_ ")
()]

where 7/(s) = (dv/ds)(s). Then {t(s),n(s),b(s)} is a moving frame of y(s) and we have the
Frenet-Serret formula:

t(s) =7'(s), n(s) b(s) = t(s) x n(s),

t'(s) 0  w(s) O t(s)
n'(s) | =| —x(s) 0 7(s) n(s) |,
b'(s) 0 —7(s) O b(s)



where

fi(s) — |7//(S>|, T(S) _ det(ry’(s);{zzét;)’7///(8)).

If we take a general parameter ¢, then the tangent vector, the principal normal vector and the
bi-normal vector are given by

t0) = 1 i) =b00) < 00, b0 =

RIClk IGCEEC
Then {t(t),n(t),b(t)} is a moving frame of v(¢) and we have the Frenet-Serret formula:
t(1) 0 7 (8)]5(t) t(1)
n(t) | = =30k 0 (@) (#) n(t) |,
b(t) 0 —[y@)I7(#) 0 b(t)
where

y(t) x (¢ det(§(t), 5(¢), V(¢
oy = BOOL ) detG0,50).70)
7(2)] [3(2) < 4(2)]
Note that in order to define ¢(¢),n(t),b(t), k(t) and 7(t), we assume that v is not only
regular, but also non-degenerate.

2.2 Bertrand curves of regular space curves

Definition 2.1 Let v and 7 : I — R? be different non-degenerate curves. We say that + and 7
are Bertrand mates if there exists a smooth function A : I — R such that 5(¢) = v(¢) + A(t)n(¢)
and n(t) = £n(t) for all t € 1.

We also say that v : I — R?® is a Bertrand curve if there exists another non-degenerate
curve 7 : I — R3 such that v and 7 are Bertrand mates.

If v and 7 are Bertrand mates, then the principal normal line of v and the principal normal
line of 7 are the same for each points. Note that if we take —\ instead of A, then we may
assume that n(t) = n(t).

By a parameter change, we may assume that s is the arc-length parameter of ~.

Lemma 2.2 Let v : I — R?® be non-degenerate with the arc-length parameter. Under the
notation in Definition 2.1, if v and % are Bertrand mates, then X\ is a non-zero constant.

Proof. By differentiating 7(s) = v(s) + A(s)n(s), we have
[F()[E(s) = (1= A(s)s(s))t(s) + N (s)n(s) + A(s)7(5)b(s)-

Since n(s) = m(s), we have N'(s) = 0 for all s € I. Therefore A is a constant. If A\ = 0, then
(t) = ~(t), so A is a non-zero constant. O

Theorem 2.3 Let v : I — R3 be non-degenerate with the arc-length parameter. Suppose that
7(s) # 0 for all s € I and A is a non-zero constant. Then v and 7 are Bertrand mates with
F(s) = v(s) + An(s) if and only if there exists a constant B such that Ax(s) + Bt(s) =1 and
Br(s) — At(s) # 0 for all s € 1.



Proof. Suppose that F(s) = v(s) + An(s) and n(s) = n(s) for all s € I. Note that s is not
the arc-length parameter of 7. By differentiating 7(s) = v(s) + An(s), we have

[7(s)[E(s) = (1 — Ar(s))t(s) + A7 (s)b(s)-

Since n(s) = n(s), there exists a smooth function 6 : I — R such that

(B )= (gl i ) (o).
Then [F(s)|sin6(s) = Ar(s) and [7(s)|cosf(s) = 1 — Ax(s). It follows that
—Acosf(s)7(s) + (1 — Ar(s)) sinf(s) = 0. (1)
By differentiating £(s) = sin 6(s)b(s) + cos 0(s)t(s), we have
7(s)|R(s)T(s) = 6'(s) cos B(s)b(s) — 0'(s) sin O(s)E(s) + (— sinO(s)7(s) + cos 8(s)r(s))n(s).

Since n(s) = m(s), #'(s) = 0 for all s € I. Therefore 6 is a constant. By 7(s) # 0 and
7(s)|sin@ = A7(s), we have sin 6 # 0. By the equation (1), we have Ax(s)+A(cos 6/ sin0)7(s) =
1. Hence, if we put B = Acosf/sinf, then Ax(s) + Br(s) = 1 for all s € I. Moreover,

sin 0
A
Since %(s) # 0, we have Br(s) — A7(s) # 0 for all s € I.

Conversely, suppose that there exists a constant B such that Ax(s) + B7(s) = 1, Bk(s) —
AT1(s) # 0 and 7(s) = v(s) + An(s) for all s € I. It follows that

¥(s)[R(s) = —sin07(s) + cos Ok(s) = (—A7(s) + Brk(s)).

7(s)[E(s) = (1 — Ak(s))t(s) + AT(s)b(s) = 7(s)(Bt(s) + Ab(s)).

Since [¥(s)| = VA2 + B2|7(s)|, we have (s) = sgn(7(s))(1/v A%+ B2)(Bt(s) + Ab(s)), where
sgn(7(s)) = 1if 7(s) > 0 and sgn(r(s)) = —1if 7(s) < 0. By differentiating #(s), we
have |[7(s)[R(s)m(s) = sgn(7(s))(1/V A% 4+ B?)(Br(s) — A7(s))n(s). By the condition, we have
n(s) = +n(s) for all s € I. 0

By a direct calculation and the proof of Theorem 2.3, we have the curvature and the torsion
of %

Proposition 2.4 Let v and 7 : I — R? be different non-degenerate curves. Under the same
assumptions in Theorem 2.3, suppose that v and 7 are Bertrand mates with 5(s) = v(s)+An(s)
and Ak(s) + Bt(s) = 1 for all s € I, where B is a constant. Then the curvature & and the
torsion T of 7 are given by

z@):’B”@»_ATQH T(s) = 1 :
(A2 + B?)|7(s)|’ (A2 + B2)7(s)

Proof. Since J(s) = v(s) + An(s), we have

F(s) = (1 — Ar(s))t(s) + Ar(s)b(s) = 7(s)(Bt(s) + Ab(s)).



Therefore,
7(8) = 7'(s)(Bt(s) + Ab(s)) + 7(s)(Br(s) — A7(s))n(s),
F(s) = 7(s)(Bt(s) + Ab(s)) + 27(s)(Br(s) — A7(s))n(s)
+7(s)(Br'(s) — AT'(s))n(s) + 7(s)(Br(s) — A1(s))(—r(s)t(s) + 7(s)b(s)).

T = [r(s)l(A2+ BY
() <) = (s
)

det(F(s),7(s), ¥ (s)) = 7(s
we have the curvature and the torsion as

[7(s) x Y(s)| _ |Br(s) — Ar(s)]

= TR T @Bl
P 10 ) B W
[7(s) x A(s)[? (A% + B2)7(s)

O

As a corollary of Proposition 2.4, we have a well-known result that 7(s)7(s) is a positive
constant.

On the other hand, Ax(s) + B7(s) = 1 and Bk(s) — A7(s) = 0 for all s € [ if and only if
k(s) = A/(A? + B?) and 7(s) = B/(A% + B?). Tt follows that v is a helix up to congruence,
that is, v(s) is given by

(s) = (Acos; Asin i Bs )
= i " Urip VELR)
By a direct calculation, we have n(s) = (—cos(s/v A2 + B?), —sin(s/v A% + B?),0). Hence

~(s) = = — COS; — A)sin i Bs
Y(s) =7(s) + An(s) = ((A A) JAZ+ B (A=) VAZ ¥ B2 /A2 & Bz) ’

where ) is a constant. If A = A, then 7(s) = (0,0, Bs/v/ A% 4+ B?). Then 7 is degenerate, that
is, B(s) = 0 for all s € I. In this case, if A\ # A, then 7 is non-degenerate and v and 7 are
Bertrand mates, since

s s
—7_5. —70 Y
VA% + B2 o VA% + B2 )
where sgn(A —X) =1if A > Xand sgn(A— ) =—-1if A<\

7i(s) = sgn(A — \) (- cos

2.3 Mannheim curves of regular space curves

Definition 2.5 Let v and 7 : I — R? be different non-degenerate curves. We say that v and ¥
are Mannheim mates if there exists a smooth function A : I — R such that 7(¢) = y(t)+A(t)n(t)
and n(t) = £b(t) for all t € 1.



We also say that v : I — R? is a Mannheim curve if there exists another non-degenerate
curve % : [ — R3 such that v and 7 are Mannheim mates.

If v and 7 are Mannheim mates, then the principal normal line of v and the bi-normal line

of 7 are the same for each points. Note that if we take —A instead of A, then we may assume
that n(t) = b(t).
By a parameter change, we may assume that s is the arc-length parameter of ~.

Lemma 2.6 Let v : I — R3 be non-degenerate with the arc-length parameter. Under the
notation in Definition 2.5, if v and % are Mannheim mates, then \ is a non-zero constant.

Proof. By differentiating 7(s) = v(s) + A(s)n(s), we have
[F()[E(s) = (1= A(s)s(s))t(s) + N (s)n(s) + A(s)7(s)b(s).
Since n(s) = b(s), we have X(s) = 0 for all s € I. Therefore \ is a constant. If A = 0, then

(t) = ~v(t), so A is a non-zero constant. O

Theorem 2.7 Let v : I — R3 be non-degenerate with the arc-length parameter. Suppose that
7(s) # 0 for all s € I and A is a non-zero constant. Then v and 7 are Mannheim mates with
(s) = v(s) + An(s) if and only if A(k*(s) 4+ 72(s)) = k(s) and k(s)7'(s) — k/(s)7(s) > 0 for
all s € I.

Proof. Suppose that F(s) = v(s) + An(s) and n(s) = b(s) for all s € I. Note that s is not the
arc-length parameter of 7. By differentiating 7(s) = v(s) + An(s), we have

[7(s)[E(s) = (1 — Ar(s))t(s) + Ar(s)b(s).
Since n(s) = b(s), there exists a smooth function ¢ : I — R such that
(o )= (ot ) (),
Then [7(s)| cosf(s) = Ar(s) and —[F(s)|sinf(s) = 1 — Ax(s). It follows that
A7(s)sin0(s) + (1 — Ar(s)) cosf(s) = 0. (2)
By differentiating #(s) = cos 0(s)b(s) — sin 6(s)t(s), we have
7 (s)[F(s)7(s) = —0'(s) sin(s)b(s) — 0'(s) cos O(s)t(s) — (cos O(s)7(s) + sinb(s)r(s))n(s).
Since n(s) = b(s),
cos O(s)7(s) + sin 0(s)k(s) = 0 (3)
for all s € I. By 7(s) # 0 and [7(s)| cos (s) = Ar(s), we have cos §(s) # 0. Hence sin(s) # 0.
(S;lciv eﬁfa)ve: sin0(s)b(s) + cos O(s)t(s), we have [F(s)[R(s) = —€'(s). By the equations (2) and

A(r*(s) + 7%(5)) = 1(s). (4)



By differentiating (3), we have
—0'(s)sinf(s)7(s) + cosO(s)7'(s) + 6'(s) cos 0(s)k(s) + sinO(s)x'(s) = 0.

Hence 0'(s) = (—r(s)7'(s)+x'(5)7(s))/(k%(s)+72(s)). Since [7(s)|R(s) > 0, we have x(s)7(s) —
K'(s)T(s) > 0 for all s € [.

Conversely, suppose that A(k*(s) + 72(s)) = (s), (s)7'(s) — &'(s)7(s) > 0 and F(s) =
v(s) + An(s) for all s € I. By differentiating 7(s) = v(s) + An(s), we have

5(5) = RO = (1= An(s)t(s) + Ar(9)b(s) = AL (F(53t(5) + K(5b(5)

V(s) = %(W(S)!)E(S)Jr|’%(S)|2%(S)ﬁ(8)
= ﬁlrss k(s)b(s ET/SS k' (s)b(s
= A(Z3) )+ w6061 + AT (98L5) + 1 5)005)
Therefore, |7( VPR(s)b(s) = A%(7(s)/k(5))?(k(s)7'(s) — &/'(5)7(s))n(s). By the condition, we
have n(s) = b(s). It follows that v and 7 are Mannheim mates. O

By a direct calculation and the proof of Theorem 2.7, we have the curvature and the torsion
of %

Proposition 2.8 Let v and 7 : I — R? be different non-degenerate curves. Under the same
assumptions in Theorem 2.7, suppose that v and ¥ are Mannheim mates with 5(s) = v(s) +
An(s) and A(k*(s) + 72(s)) = k(s) for all s € I. Then the curvature & and the torsion T of 7
are given by

r(s) = FEE)T () — W (5)7(5)

AreleE T eeE O A T )
Proof. Since J(s) = v(s) + An(s), we have

7(s) = (1 — Ar(s)t(s) + A7(s)b(s) = AE(T(S)t(S) +£(s)b(s)).

)
Therefore,
) = A (T (6)t) + w6006 + AT 0805) + #5006
76 = 4 (2) 9806+ tsipts)) +24 (T21) (9806) + 60005)
FAT P (SR(E) K (5)7(s)m (o)
By the proof of Theorem 2.7, we have #(s)7'(s) — #/(s)7(s) > 0 for all s € T. Since
fel = B+ re)!
W@x%@|—ﬂﬂ(§3fwwwwww%w@»
det(3(5),3(5), 5 (s)) = ﬁ(%%)?awm@—w@w@f



we have the curvature and the torsion as

R(s) = W(S) X 7(8)| _ k(s)(k(s)T'(s) — K'(s)7(s))
’7(5)’3 \AT(S)|(/€2(S)+T2(3))% )

o) = Bt 5 ) w(s) _ re) + 7
[(s) xA(s)F - A(s) ()

O

Note that A(k?(s) + 7%(s)) = k(s) and k(s)7'(s) — £'(s)7(s) = 0 for all s € I if and only if
there exists a constant B such that x(s) = 1/(A(1+ B?)) and 7(s) = B/(A(1+ B?)). It follows
that v is a helix up to congruence, that is, vy(s) is given by

(s) = (A cos ———— Asin i Bs )
)= AV1+ B2’ A1+ B2 Vi+B2)’
By a direct calculation, we have n(s) = (— cos(s/Av1 + B?), —sin(s/Av1 + B2),0). Hence

N _ _ 5 — in i bs
F(s) = v(s) + An(s) = ((A A) cos FWiE (A-A)s AVI+ B2 1+ B2) ’

where A is a constant. If A = A, then 7(s) = (0,0, Bs/v/1+ B?). Then 7 is degenerate, that
is, ®(s) = 0 for all s € I. If A # A, then 7 is non-degenerate. However, in this case, 7 and 7
are not Mannheim mates, since

1 (Bsin; B cos i A_/\)
B2+ (43%)2 AVI+B T AVI+B A )

b(s) =

Remark 2.9 If there exist non-zero constants A, C' and a constant B such that Ax(s)+B7(s) =
1 and C(k%*(s) + 7%(s)) = k(s), then x(s) = (1 — B7(s))/A and

(A% + B*)C7*(s) + (—2BC + AB)7(s) + C — A = 0.

If there exists a solution, then 7(s) and k(s) are constants. Hence, k(s)7'(s) — k'(s)7(s) = 0
for all s € I. It follows that there is no Bertrand and Mannheim curves of regular space curves
(cf. Theorem 4.5 and Remark 4.8).

2.4 Framed curves in the 3-dimensional Euclidean space

A framed curve in the 3-dimensional Euclidean space is a smooth space curve with a moving
frame, in detail see [12].

Definition 2.10 We say that (v, v1,15) : [ — R3 x A'is a framed curve if 4(t) - v1(t) = 0 and
Y(t) - vo(t) = 0 for all t € I. We say that v : I — R?® is a framed base curve if there exists
(v1,15) : I — A such that (v, v, 1) is a framed curve.

We denote p(t) = v1(t) x vo(t). Then {v/(t), v2(t), p(t)} is a moving frame along the framed
base curve y(t) in R® and we have the Frenet type formula,

V1(t) 0 ot)  mi(t) 1 (t)
nt) | = 0 0w || w) |, 50 =atww),
Alt) —m(t) —n(t) 0 ul)

8



where £(t) = vy (t) - vo(t), m(t) = vy (t) - p(t),n(t) = va(t) - p(t) and a(t) = §(t) - p(t). We call
the mapping (¢, m, n, ) the curvature of the framed curve (v, v1,v5). Note that ty is a singular
point of « if and only if «a(ty) = 0.

Definition 2.11 Let (v,v1,15) and (3,71,%) : I — R3 x A be framed curves. We say that

(7,11, 12) and (7,11, 05) are congruent as framed curves if there exist a constant rotation A €
SO(3) and a translation @ € R? such that J(t) = A(y(t)) + a, v1(t) = A(v1(t)) and 25(t) =
A(vy(t)) for all t € 1.

We have the existence and uniqueness theorems for framed curves in terms of the curvatures
n [12], also see [11].

Theorem 2.12 (Existence Theorem for framed curves) Let ({,m,n,a) : I — R* be a
smooth mapping. Then, there exists a framed curve (y,vi,vs) : I — R3 x A whose curvature is
given by (L,m,n, ).

Theorem 2.13 (Uniqueness Theorem for framed curves) Let (v, vy, 15) and (7,04, 1s) :
I — R3 x A be framed curves with curvatures (£, m,n,a) and (Z, m,n,a), respectively. Then
(v, v1,2) and (7,11, 2) are congruent as framed curves if and only if the curvatures (¢, m,n, c)
and (Z, m,n,q) coincide.

Let (y,v1,v2) : I — R?® x A be a framed curve with the curvature of the framed curve
(¢,m,n,«). For the normal plane of v(¢), spanned by v4(t) and v,(t), there is some ambient of
framed curves similarly to the case of the Bishop frame of a regular space curve (cf. [5]). We

define (,ﬁl(t),,ljg(t» € AQ by

n(t) ) [ cos@(t) —sinf(t) v (t)

Us(t) )\ sinf(t) cos6(t) vo(t) )7
where 6(t) is a smooth function. Then (v,71,7) : I — R?® x A is also a framed curve and
p(t) = p(t). By a direct calculation, we have

() = ((t) —0(t))sin O(t) (1) + (£(t) — O(t)) cos O(t)a(t)

. +(m(t) cos O(t) — n(t) sin 0(t)) p(t),

va(t) = —(U(t) = 0(t)) cosO(t)r(t) + (E(t) — 6(t)) sinO(t)va(t)
+(m(t) sin6(t) + n(t) cos O(t))p(t).

If we take a smooth function 6 : I — R which satisfies §(t) = £(t), then we call the frame
{v1(t), a(t), u(t)} an adapted frame along the framed base curve 7(t). It follows that the
Frenet-Serret type formula is given by

v (t) 0 0 7m(t) 71 (t)
Uo(t) | = 0 0 n) n(t) |, (5)
() —m(t) —n(t) 0 p(t)

where m(t) and n(t) are given by

(5 )= (ot s ) ()

9



We also consider a special moving frame along a framed base curve under a condition.
Let (y,v1,10) : I — R3 x A be a framed curve with m?(t) + n*(t) # 0. Then we define
(nl(t), ’ng(t)) €A by
~ m(t)v(t) + n(t)va(t) na(t) = —n(t)vi(t) + m(t)a(t)

) 2 - .
m2(t) + n?(t) m2(t) + n?(t)
By a direct calculation, (v, m1,m5) : I — R3XA is a framed immersion and n, () X no(t) = p(t).

We call the moving frame {n(t), ns(t), u(t)} a Frenet type frame along v(t). Then the Frenet-
Serret type formula is given by

1 (t) 0 L(t) M(t) n4(t)
at) | = —L) 0 o na(t) |, A(0) = aldn(t), (6)
All) “M@t) 00 u(t)

where

L(t) = m(t)n(t) — m(;i?((;)):sgzgm%t) + n2(t)), M)

Therefore, the curvature of the framed immersion (v, n,n9) is given by (L, M, 0, «).

= /m2(t) + n(t).

Since the original frame {v;(t), v2(t), u(t)} and the Frenet type frame {n, (), na(t), pu(t)}
have the common unit vector p(t) and the same orientation, the Frenet type frame is one of a
rotated frame along (t).

Let v : I — R? be non-degenerate. If we take v (t) = n(t) and 1/2( )=
I — R3 x A is a framed curve and we have n,(t) = —n(t), ny(t) = —b(t),
the reason why we call {n,(t), ny(t), p(t)} the Frenet type frame along (¢

As a special case of a framed curve, let us consider a spherical Legendre curve, in detail see
[23]. We say that (v,v) : I — A C 5% x S? is a spherical Legendre curve if 4(¢) - v(t) = 0 for
all t € I. We call v a frontal and v a dual of ~.

We define p(t) = v(t) x v(t). Then p(t) € S?, v(t) - w(t) = 0 and v(t) - p(t) = 0 for all
t € I. Tt follows that {~(¢),v(t), u(t)} is a moving frame along the frontal ~(t).

Let (y,v) : I — A be a spherical Legendre curve. Then we have

b(t), then (v, v,15) :
,()1,( ) = t(t). This is

(1) 0 0 m(t) ()
o(t) | = 0 0 n(t) vit) |, (7)
p(t) m(t) —n(t) 0 p(t)

where m(t) = §(t) - p(t) and n(t) = v(t) - p(?).
We say that the pair of functions (m,n) is the curvature of the spherical Legendre curve

(v,v): I — A.

3 Bertrand curves of framed curves

Let (v, v1,1,) and (3,71,73) : I = R® x A be framed curves with the curvature (¢,m,n, a) and
(,m,n a) respectively. Suppose that v and 7 are different curves, that is, v # 7.

—~

Definition 3.1 We say that framed curves (v,v1,12) and (3,71,72) are Bertrand mates (or,
(11, 71)-mates) if there exists a smooth function A : I — R such that F(t) = ~v(¢) + \(¢t)v1(t)
and v (t) = 71(t) for all t € I.
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We also say that (v,vy, 1) : I — R3 x A is a Bertrand curve if there exists another framed
curve (3,71,7s) : I — R® x A such that (vy,v1,15) and (7,7, 7,) are Bertrand mates.

Lemma 3.2 Under the notation in Definition 3.1, if (v,v1,v2) and (7,71,73) are Bertrand
mates, then X\ is a non-zero constant.

Proof. By differentiating 7(t) = v(t) + A(t)v1(t), we have

a()(t) = (alt) + Ae)m(t)p(t) + AEE)ra(t) + At (1)

for all t € I. Since 7, (t) = vy (t), we have A(t) = 0 for all t € I. Therefore X is a constant. If
A =0, then ~(t) = 7(t) for all ¢t € I. Hence A is a non-zero constant. O

We give a necessary and sufficient condition of a Bertrand curve for a framed curve.

Theorem 3.3 Let (y,v1,15) : I — R3 X A be a framed curve with the curvature (£, m,n, ).
Then (v,v1,s) is a Bertrand curve if and only if there exist a non-zero constant A and a smooth
function 0 : I — R such that

M(t) cosO(t) — (a(t) + Am(t))sinf(t) =0 (8)
forallt eI.

Proof. Suppose that (v, 11, 1) is a Bertrand curve. By Lemma 3.2, there exist another framed
curve (7,71, 72) and a non-zero constant A € R such that 7(t) = v(t) + vy () and vy (t) = 7y (¢)
for all t € I. By differentiating 7(t) = v(¢) + Avy(t), we have

a(t)p(t) = (alt) + Am(t))pu(t) + A(t)v(t).

Since v (t) = 7(t), there exists a function 6 : I — R such that
(70) = (ol st ) (0, o

a(t)sinf(t) = M(t), a(t)cosd(t) = a(t) + Im(t). (10)
It follows that A((t) cos6(t) — (a(t) + Am(t))sinf(t) = 0 for all ¢ € I.
Conversely, suppose that M(t) cos0(t) — (a(t) + Am(t))siné(t) = 0 for all t € I. We define
a mapping (7,71,7s) : [ — R? x A by
F(t) = y(t) + A (t), 71(t) = vi(t), Da(t) = cosO(t)va(t) — sinO(t)u(t).

Then (7,71,75) is a framed curve. Therefore, (7,11, 1v5) and (7,71, 7;) are Bertrand mates. O

Then we have

Proposition 3.4 Suppose that (vy,vy,v2) and (3,71,V2) are Bertrand mates, where 5(t) =
Y(t) + Avi(t) and M(t) cos O(t) — (a(t) + Am(t))sinf(t) = 0 for allt € I. Then the curvature
(évm)ﬁ’a) Of (7a 51752) is given by

0(t) = £(t)cosf(t) —m(t)sinf(t),

m(t) = e(t)sing(t)+m(t)cos0(t),

nt) = n(t)—0(), (11)
a(t) = M(t)sinf(t) + (a(t) + Am(t)) cos(t).
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Proof. By the equation (9), we have 75(t) = cos 0(t)ro(t) —sin(t)u(t). By differentiating, we
have

— (o (t) +n(t)m(t) = (—f(t) cos 0(t) + m(t) sin 0(t)) vy (t) '
+(—0(t) + n(t)) sin0(t)va(t) + (n(t) — 6(t)) cos O(t) ().

Since 14 (t) = 71 (t), we have 0(t) = ((t) cos (t) —m(t) sin§(t). Again by (9), 7i(t) = n(t) — 0(¢).
Moreover, by differentiating fi(t) = sin 0(t)vs(t) + cos 0(t)u(t), we have

—m(t)v1(t) — n(t)va(t) = (—E(t) sin@(t) — m(t) cos O(t))v(t) .
+(0(t) — n(t)) cosO(t)va(t) + (n(t) — 0(t)) sin () p(t).

Since v (t) = 71 (t), we have m(t) = £(t)sin(t) + m(t) cos #(t). By the equation (10), we also
have @(t) = M(t)sin0(t) + (a(t) + Am(t)) cos 6(t). 0

By Theorem 3.3, we have the following result.

Corollary 3.5 Let (v,v1,v5) : I — R® x A be a framed curve with the curvature (¢, m,n,a).
(1) If £(t) = 0 for all t € I, then (v, v1,12) is a Bertrand curve.
(2) If there exists a non-zero constant A such that a(t) + Am(t) = 0 for all t € I, then
(v, v1,12) is a Bertrand curve.

Proof. (1) If we take 6(t) = 0, then the equation (8) is satisfied. (2) If we take 0(t) = 7/2,
then the equation (8) is satisfied. O

Let (v,v1,15) : I — R3 x A be a framed curve with curvature (¢,m,n,«). If we take an
adapted frame {7y, V5, pu}, then the curvature is given by (0,m,n, ), see (5). By Theorem 3.3
or Corollary 3.5, we have the following.

Corollary 3.6 For an adapted frame, (v,v1, ) is always a Bertrand curve.

Remark 3.7 By Corollary 3.6, we found that the notion of Bertrand curves depend of the
moving frame. Even if regular space curves, the same phenomenon occurs when we consider
the other moving frames (for instance, Bishop frame [5]).

Next we consider the principal normal direction like as regular cases. Let (y,v1,10) 1 [ —
R3 x A be a framed curve with the curvature (¢,m,n,a). Since (t) = a(t)u(t), p(t) is the
unit tangent direction and

() = au(t) — at)ym@)mn(t) — alt)nt)vs(t),
Y() x 5(t) = a*(B)n(t)r(t) — o (B)m(t)ra(t),
(3(t) x 5()) x (1) = —a’(Oym(t)n(t) — o (t)n(t)ra(t),

the principal normal direction is given by +mn4(t) away from singular points of v (that is,
a(t) # 0). Hence we consider Frenet type frame {n, no, u}, see (6) in §2.4.

Corollary 3.8 Let (v,vi,v5) and (7,71,72) : I — R3 x A be framed curves. Then (7,11, no)
and (7,71, Ty) are Bertrand mates if and only if there exists a constant A such that the equations
(8) and (11) are satisfied, where 0(t) is a constant.
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Proof. Since the curvature n(t) = 7i(t) = 0 and Proposition 3.4, 8(t) = 0 for all t € I. It
follows that 6 is a constant. By Theorem 3.3, we have the result. a

Remark 3.9 When (m(t),n(t)) = (0,0) at some points, if there exist a non-negative smooth
function r : I — R and a smooth function ¢ : I — R such that m(t) = r(t) cos ¢(t),n(t) =
r(t) sin ¢(t), then we can consider the same result for Corollary 3.8.

We give a construction of Bertrand curves of framed curves by using spherical Legendre
curves, see (7) in §2.4. For regular cases see [17].

Theorem 3.10 Let (y,v) : I — A be a spherical Legendre curve with the curvature (m,n).
Suppose that \, ¢ are non-zero constants with sinp # 0, ¢ € R? is a constant vector. Set

y(t) = /m dt—i-)\cotgo/m (t)dt + c,

n(t) = = (1) x v(1),

Uo(t) = cos gpv(t) + sin pv(t).
Then (3,01,0) : I — R3 x A is a framed curve with the curvature (Z, m,n,q),

B{t) = —cos pm(t) + sin gn(), m(t) = — sin pm(t) — coson(t), i) = 0,a(t) = ),

Moreover, (7,v1,1) is a Bertrand curve.

Proof. By definition, | (t)| = [va(t)] = 1 and 74(t) - 75(t) = 0 for all ¢ € I. By a direct
calculation, we have

B(t) = 11 (t) x va(t) = pu(t) x (cos py(t) —sinpr(t)) = sinpy(t) + cos W(t)~

Since Y(t) = Am(t)y(t) + Acot om()v(t) = (Mm(t)/sinp)@(t), F(t) - 7
for all ¢ € I. Therefore, (7,71,7,) is a framed curve. By 1/1( ) = —m(
Us(t) = (cos pm(t) — sinn(t))u(t), we have the curvature of (7,71, 14) by

!

t

v

t) - Uo(t) = — cosem(t) 4 sin pn(t),

(
(t) -
(1) -

(t)
m(t) ?1 t) = —sinpm(t) — cos pn(t),
n(t) Uo(t) - p(t) =
3(1) = 300)-Rlr) = 2?;;)

If we take 6(t) = —¢, then we have

A(t) cos O(t) — (a(t) + An(t)) sin 6(t)

Amy(t
= A(—cos pm(t) + singn(t)) cos ¢ + < m( ) + A(—sinm(t) — cos gon(t))) sin ¢
sin
=0,
for all t € I. By Theorem 3.3, (7,71, ) is a Bertrand curve. a
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4 Mannheim curves of framed curves

Let (v,v1,12) and (7,71,79) 1 [ — R3 x A be framed curves with the curvature (¢, m, n, «) and
(¢,m,n, @), respectively. Suppose that v and 7 are different curves, that is, v #Z 7.

Definition 4.1 We say that framed curves (v, v, 1) and (7,71, 7s) are Mannheim mates (or,
(11, 2)-mates) if there exists a smooth function A : I — R such that F(¢) = ~(¢) + A\(¢)v4(t)
and v (t) = y(t) for all t € I.

We also say that (v, v1,v5) : I — R3 x A 'is a Mannheim curve if there exists another framed
curve (3,71,7s) : I — R® x A such that (v,v1,10) and (7,71, 7,) are Mannheim mates.

Lemma 4.2 Under the notation in Definition 4.1, if (y,v1,v2) and (7,71, Vs) are Mannheim
mates, then \ is a non-zero constant.

Proof. By differentiating 7(t) = v(t) + A(t)v1(t), we have

a(m(t) = (alt) + AOmO)u(t) + MO U (t) + AE)w(t)

for all t € I. Since Ty(t) = vy(t), we have A(t) = 0 for all t € I. Therefore \ is a constant. If
A =0, then () =7(t) for all t € I. Hence A is a non-zero constant. O

We give a necessary and sufficient condition of a Mannheim curve for a framed curve.

Theorem 4.3 Let (v,v1,15) : I — R3 x A be a framed curve with the curvature (€,m,n,a).
Then (v,1v1,v2) is a Mannheim curve if and only if there exist a non-zero constant A and a
smooth function ¢ : I — R such that

M(t)sin @(t) + (a(t) + Am(t)) cos ¢(t) =0 (12)
forallt e I.

Proof.  Suppose that (v,v1,1v5) is a Mannheim curve. By Lemma 4.2, there exist another
framed curve (7,7;,72) and a non-zero constant A € R such that F(t) = ~(t) + A1 (t) and
v1(t) = Da(t) for all t € I. Then we have a(t)(t) = (a(t) + Am(t))pu(t) + M(t)v2(t). Since
v1(t) = Ty(t), there exists a function ¢ : I — R such that

() = (et “met ) (). 5

a(t)cosp(t) = M(t), —a(t)sing(t) = a(t) + Am(t). (14)

It follows that A(t)sin ¢(t) + (a(t) + Am(t)) cos ¢(t) = 0 for all t € I.

Conversely, suppose that Al(t) sin ¢(t) + (a(t) + Am(t)) cos ¢(t) = 0 for all t € I. We define
a mapping (7,71,7s) : [ — R? x A by

F() = 7(t) + A (t), Ta(t) = sin (D) (t) + cos S(O(L), Ta(t) = 1(t).

Then (7,71,72) is a framed curve. Therefore, (v, v, 15) and (7,7;,72) are Mannheim mates.
]

Then we have
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Proposition 4.4 Suppose that (v, v1,vs) and (7,71,V3) are Mannheim mates, where 5(t) =
v(t) + Avi(t) and M(t)sin (t) + (a(t) + Am(t)) cos ¢(t) = 0 for all t € I. Then the curvature

(ZJ m7ﬁ’a) Of (77 ﬁlavZ) is given by

= —{(t)sin¢(t) —m(t) cos p(t),

= () —n(t),

= ((t)cos (t) — m(t)sin o(t), (15)
= M(t)coso(t) — (a(t) + Am(t)) sin ¢(t).

Proof. By the equation (13), we have fi(t) = cos 0(t)vo(t) —sin 0(t)u(t). By differentiating, we
have

—m(7(t) +t)ra(t) = (=) cos §(t) +m(t) sin b(t)) (1)
+(=0(t) +n(1)) sin g () (t) + (n(t) — 6(1)) cos p(t)p(t).

Since 14 (t) = Ty(t), we have 7i(t) = £(t) cos ¢(t) — m(t) sin ¢(t). Again by (13), m(t) = ¢(t) —
n(t). Moreover, by differentiating 7y (t) = sin ¢(t)va(t) + cos ¢(t)p(t), we have
(=

) =
LOwa(t) +m(p) = (@) sing(t) —m(t) cos o(t))(t)
+(P(t) = n(t)) cos G(t)ra(t) + (n(t) — $(t)) sin $(t) u(t).

Since v (t) = Uy(t), we have £(t) = —£(t) sin ¢(t) —m(t) cos ¢(t). By the equation (14), we have
G(t) = M(t) cos o() + (a(t) + Am(t)) sin 6(t). 5

As a difference between non-degenerate regular space curves and framed curves, we have a
relation between Bertrand and Mannheim curves of framed curves.

Theorem 4.5 Let (y,v1,15) : I — R3 X A be a framed curve with the curvature (£, m,n, ).
Then (y,v1,1v9) is a Bertrand curve if and only if (v, v1, ) is a Mannheim curve.

Proof. Suppose that (v,v1,15) is a Bertrand curve. By Theorem 3.3, there exist a non-zero
constant A and a smooth function 6 : I — R such that M\(t) cos 0(t) — (a(t) +Am(t)) siné(t) = 0
for all t € 1. If ¢(t) = 0(t) + /2, then we have A(t)sin ¢(t) + (a(t) + Am(t)) cos ¢(t) = 0 for
all t € I. By Theorem 4.3, (v, v1,15) is a Mannheim curve.

Conversely, suppose that (v,v1,1») is a Mannheim curve. By Theorem 4.3, there exist
a non-zero constant A and a smooth function ¢ : I — R such that M(t)sin¢(t) + (a(t) +
Am(t))cosp(t) = 0 for all t € I. If O(t) = ¢(t) — 7/2, then we have M(t)cosO(t) — (a(t) +
Am(t))sin@(t) = 0 for all ¢t € I. By Theorem 3.3, (7,1, 1») is a Bertrand curve. O

If (y,11,12) is a framed curve, then (7,15, 11) is also a framed curve. Since we can choose
a moving frame, the above result immediately also prove by the definitions of Bertrand and
Mannheim curves of framed curves. On the other hand, for regular cases, the moving frame is
fixed. Therefore, the above result does not hold (cf. Remark 2.9).

By Theorem 4.3, we have the following result.

Corollary 4.6 Let (v,v1,v5) : I — R® x A be a framed curve with the curvature (€, m,n,a).
(1) If £(t) = 0 for all t € I, then (y,v1,12) is a Mannheim curve.
(2) If there exists a non-zero constant A such that a(t) + Am(t) = 0 for all t € I, then
(v, v1,12) is a Mannheim curve.
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Proof. (1) If we take ¢(t) = m/2, then the equation (12) is satisfied. (2) If we take 6(t) = 0,
then the equation (12) is satisfied. O

If we take an adapted frame {7, 7, pu}, then the curvature is given by (0, m,n, a), see (5).
By Theorem 4.3 or Corollary 4.6, we have the following.

Corollary 4.7 For an adapted frame, (v, v1,72) is always a Mannheim curve.

Remark 4.8 By Corollary 4.7, we also found that the notion of Mannheim curves depend of
the frame. By Corollaries 3.6 and 4.7, (v, 71, 72) is Bertrand and Mannheim curves (cf. Remark
2.9).

Next we consider the principal normal direction like as regular cases (see (6) and Corollary
3.8).

Corollary 4.9 Let (v,v1,v2) and (7,71,72) : I — R3 x A be framed curves. Then (v, my, 1)
and (7,m1, M) are Mannheim mates if and only if there exist a constant A and a smooth
function ¢ : I — R such that

AL(t) sin ¢(t) + (a(t) + AM(t)) cos ¢(t) = 0,
t)cosp(t) — M(t)sino(t) = 0,

t) = —L(t) sin o(t) — M(t) cos §(t),

(t) = (1),

(t) = AL(t) cos ¢(t) — (a(t) + AM(t)) sin ¢(t)

il =

=]

forallt e .

Proof. Since the curvature n(t) = 71(t) = 0 and Proposition 4.4, M (t) = ¢(t) and L(t) cos ¢(t)—
M(t)sing(t) = 0 for all ¢ € I. By Theorem 4.3, we have the result. O

However, if we consider (7,79, 71), we have the following result.

Corollary 4.10 Let (v,v1,v2) and (7,71,Us) : I — R3 x A be framed curves. Then (v, my, 1)
and (¥,m9,m1) are Mannheim mates if and only if there exists a constant \ such that the
equations (12) and (15) are satisfied, where ¢(t) is a constant.

Proof. Since the curvature n(t) = m(t) = 0 and Proposition 4.4, ¢(t) = 0. It follows that ¢ is
a constant. By Theorem 4.3, we have the result. a

By Theorem 3.10 and Corollary 4.10, we can construct Mannheim curves of framed curves
by using spherical Legendre curves.

As related topics, we investigate singularities of parallel curves (circler evolutes), see [14].
Also, the definition and properties of evolutes (spherical evolutes) of framed immersions are
given in [13]. Furthermore, we consider higher dimensional cases of Bertrand and Mannheim
curves of framed curves in [15].
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