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Evolutes of framed immersions in the Euclidean space

Shun’ichi Honda and Masatomo Takahashi

September 9, 2016

Abstract

We consider a smooth curve with singular points in the Euclidean space. As a smooth
curve with singular points, we have introduced a framed curve or a framed immersion. A
framed immersion is a smooth curve with a moving frame and the pair is an immersion.
We consider an evolute and a focal surface of a framed immersion in the Euclidean space.
The evolutes and focal surfaces of framed immersions are generalizations of each object
in the case of a regular space curve. We investigate relationships between singularities of
the evolutes and of the focal surfaces. Moreover, we give properties of the evolutes and
repeated evolutes.

1 Introduction

For regular space curves, the evolutes and focal surfaces are classical objects in differential
geometry (cf. [3, 4, 7, 10]). The evolute is given by the locus of the center of the osculating
spheres and the focal surface is given by the envelope of normal planes. The evolute is also given
by the set of singular values of the focal surface. Moreover, these are given by bifurcation sets
of distance squared functions. However, the evolute and focal surface may have singularities,
even if the space curve is regular. Furthermore, the evolute may not be able to have the Frenet
frame, we can not consider not only the curvature and torsion of the evolute but also repeated
evolute.

In this paper, we consider an evolute and a focal surface of a space curve with singular
points. In order to define the evolute and focal surface of a space curve with singular points,
we apply a framed curve (a framed immersion) (cf. [8]). A framed curve is a smooth curve
with a moving frame. If a framed curve is an immersion, we call a framed immersion. In §2, we
give the definition of framed curves and basic notations. In §3, we define an evolute and a focal
surface of the framed immersion under a condition. The evolutes and focal surfaces of framed
immersions are generalizations of each objects in the case of regular space curves. We give
properties of the evolutes and focal surfaces. For example, the evolute of a framed immersion
is also a framed immersion, see Proposition 3.5. In addition, we give relationships between
singularities of the evolutes and of the focal surfaces by using the criterion of singularities of
smooth mappings (cf. [9]), see Theorem 3.10. In §4, we give properties of the evolutes of
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framed immersions. In particular, we introduce support functions and parallel curves. The
discriminant and secondary discriminant sets of the support function are given by the focal
surface and the evolute of the framed immersion, respectively. Moreover, the evolutes of the
framed immersion and of the parallel curves coincide. We also give a relationship between the
framed curves in the sphere and the evolutes. Furthermore, we consider contact between space
curves and evolutes. Since the evolute of the framed immersion is also a framed immersion,
we give the k-th evolute of a framed immersion in §5. We give examples of evolutes and focal
surfaces of framed immersions in §6.
All maps and manifolds considered here are differential of class C'*.

Acknowledgment. The second author was supported by JSPS KAKENHI Grant Number
26400078.

2 Basic definitions and notations

Let R? be the 3-dimensional Euclidean space equipped with the inner product a - b = a;b; +
asbs + azbs, where a = (ay, as, az), b = (b1, by, b3) € R3. The norm of a is given by |a| = \/a - a.
We define the vector product of @ and b by

€ € €3
axb= ay az as |,
by by b3

where e, ey, e5 are the canonical basis on R?. We define a set

A={v=(,m R’ xR |v-vi=vy-1,=1, v -1, =0}
— v = (o) €8 x 5% | 1y vy = O},

where S? = {x € R?® | || = 1}. Then A is a 3-dimensional smooth manifold.

We quickly review on the evolutes and focal surfaces of regular space curves. Let I be an
interval or R. Let v : I — R3 be a regular space curve with linear independent condition,
that is, 4(¢) and 5(t) are linear independent for all t € I, where §(t) = (dv/dt)(t) and 5(t) =
(d*v/dt?)(t). We have an orthonormal frame

@) (@) xA@) xA(E)  A({E) X H(t) }
@13 (#) x 5(8) x O] [3(2) x 5 ()]

along (), which is called the Frenet frame. Then we have the following Frenet-Serret formula:

{6(6).m(0),b(1)} = {

£(t) 0 [7(8)]%(2) 0 t(1)
n(t) | = | —H@lk(E) 0 ()7 () n(t) |,
b(t) 0 (@) () 0 b(t)

where

woy = OO aetG0.50),7()
FOT. A(0) x A0

We call k(t) the curvature and 7(t) the torsion of . Note that the curvature x(t) and torsion
7(t) are independent on the choice of a parametrization.
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In this paper, we consider evolutes of space curves. The evolute Ev(y) : I — R3 of a regular
space curve -y is given by

1 k(1)
[ (@)R2(E)7(t)
away from the points where 7(t) = 0 (cf. [3, 4]). The evolute Fv(y) of a regular space curve

is given by the locus of the center of the osculating spheres. A regular space curve and its
osculating sphere have contact of order at least three at a point.

b(t),

However, we can not construct the Frenet frame at a singular point or a point which does
not satisfies the linear independent condition. Moreover, the curvature and torsion may vanish
at a singular point. It follows that if 7 is not a regular curve with linear independent condition,
then we can not define the evolute as the above. In this paper, we define an evolute of a space
curve with singular points in the Euclidean space, see Definition 3.1. It is a generalization of
the evolute of a regular space curve, see Example 3.2.

Moreover, the focal surface F'S(v) : I x R — R3 of a regular space curve v is given by
FS()(t,A) =~(t) + —=n(t) + Ab(1).

If 7(t) # 0 for all ¢ € I, then the image of the set of singular points of the focal surface coincide
with the image of the evolute. In this sense, the evolute and focal surface have an important
relationship.

A framed curve in the Euclidean space is a curve with a moving frame (cf. [8]). It is a
generalization of not only regular curves with linear independent condition, but also Legendre
curves in the unit tangent bundle (cf. [5]).

Definition 2.1 We say that (v,vi,v) : I — R3 x A is a framed curve if ¥(t) - v1(t) = 0 and
() - va(t) = 0 for all t € I. Moreover, if (v, 11, %) is an immersion, we call (v, v1,15) a framed
immersion. We also say that v : I — R? is a framed base curve if there exists (vi,v) : I — A
such that (v,v1,14) is a framed curve.

We have the Frenet-Serret type formula of a framed curve (7, v, 1) as follows. We put on
p(t) = vi(t) X va(t). It follows that {4 (t), v2(t), p(t)} is a moving frame along the framed base
curve y(t). By the standard arguments, we have the Frenet-Serret type formula:

Proposition 2.2 ([8]) Let (y,vi,v5) : I — R3 x A be a framed curve. Then we have
vi(t) 0 £t) m(t) vi(t)
() | = —tt) 0  n) va(t) |,
(1) —m(t) —n(t) 0 p(t)

where L(t) = vy (t) - 1a(t), m(t) =

v1(t) - p(t) and n(t) = vo(t) - pu(t). Moreover, there exists a
smooth function a( ) such that 5(t) =

a(t)p(t).

We call the quadruplet (¢,m,n,«) the curvature of the framed curve. Note that ty is a
singular point of ~ if and only if a(ty) = 0. Moreover, we define a smooth function f: I — R

by
F(t) = L) (m*(t) +n*(1) + m(t)n(t) — m(t)n(t).
If f(t) =0 and m?(t) + n?(t) # 0 for all t € I, 7(¢) is contained in a plane (cf. [8]).
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Definition 2.3 Let (v,v1,1») and (3,71,) : I — R? x A be framed curves. We say that
(v,v1,12) and (7,14, 1) are congruent as framed curves if there exists a rotation A € SO(3)
and a translation @ € R? such that ¥(t) = A(y(t)) + a, v1(t) = A(v1(t)) and Da(t) = A(va(t))
forallt e 1.

We have the existence and uniqueness for framed curves similarly to the case of regular
space curves.

Theorem 2.4 (The Existence Theorem, [8]) Let ({,m,n,a) : I — R* be a smooth mapping.
There exists a framed curve (v,vi,vs) : I — R3 x A whose curvature is (€, m,n, a).

Theorem 2.5 (The Uniqueness Theorem, [8]) Let (v,v1,10) and (V,01,72) : I — R3 x A be
framed curves with the curvature (¢, m,n,a) and (¢, m,n,a), respectively. Then (v, 11,1v2) and
(4,71, s) are congruent as framed curves if and only if ((,m,n, o) = (¢, m,n, Q).

Let I and I be intervals. A smooth function s : I — I is a change of parameter when s
is surjective and has a positive derivative at every point. It follows that s is a diffeomorphism
map by calculus. For framed curves (v,v1,15) : I — R3 x A and (7,71,7,) : I — R® x A with
the curvatures (¢,m,n,a) and (¢, 7,7, @), respectively. Suppose that (v, v1,v,) and (7,7, 7s)
are parametrically equivalent via the change of parameter s : I — I, that is, (3,7, 75)(t) =
(v,v1,12)(s(t)) for all t € I. By differentiation, we have

Therefore, the curvature of a framed curve is depend on a parametrization.
We give a relationship between regular space curves and framed curves.

Example 2.6 One of the typical example of framed curves is regular curves with linear inde-
pendent condition. Let v : I — R3 be a regular curve with linear independent condition. If we
take v1(t) = n(t) and vy(t) = b(t), then (y,v1,10) : I — R3 x A is a framed curve. It follows
that p(t) = v1(t) X va(t) = ¢(t). In this case, (v, V1, 1) is a framed immersion, since 7 is regular.
Moreover, the relationships between the curvature of the framed curve (¢(t), m(t),n(t), a(t)),
the curvature x(t) and the torsion 7(t) of the regular curve are given by

()] (1) = /m2(t) +n2(t), a(t)(m*(t) +n’(t))7(t) = f(t).

Let (v, v1,12) : I — R3x A be a framed curve with the curvature (¢, m, n, «). For the normal
plane of y(t), spanned by v4(t) and 14(t), there are other frames by rotations and reflections.

We define (71(t),75(t)) € A by

(200) = (ot iy (o)),

where 0(t) is a smooth function. Then (v,71,75) : I — R3 x A is also a framed curve and

B(t) = 71(t) X Ua(t) = 11(t) X va(t) = p(t). The curvature (£(t), m(t),n(t),a(t)) of (v,71,72)
is given by

(E(t) —0(t), m(t) cos O() — n(t) sin O(t), m(t) sin O(t) + n(t) cos B(t), a(t)) .



We call the moving frame {7 (t),72(t), u(t)} a rotated frame along ~(t) by 0(t). If we take
a smooth function @ : I — R which satisfies §(t) = ¢(t), then we call the rotated frame
{71(t),72(t), u(t)} an adapted frame along ~(t) by 6(t) (cf. [2, 8]).

On the other hand, we define (7(¢), 7»(t)) € A by

(5 )= (o ) (as ot ) ().

where 6(t) is a smooth function. Then (v,71,7) : I — R?® x A is also a framed curve and

p(t) =v1(t) X Ua(t) = va(t) X 11(t) = —p(t). The curvature (€(t), m(t),n(t),a(t)) of (v,v1,vs)
is given by

(—e(t) 4 0(t), —m(t) cos B() + n(t) sin B(t), m(t) sin 0(t) + n(t) cos O(t), —a(t)) .

We call the moving frame {7 (t), 72(t), —pu(t)} a reflected frame along ~(t) by 6(t). By a direct
calculation, we have the following result.

Proposition 2.7 Under the above notations, we have the following:
(1) m?(t) + n?(t) = m2(t) + m*(t) = m(t) + n2(t),

(2) f(t) = F(t) = = f(1).

We now consider a special moving frame along a framed base curve under a condition.
Let (v,v1,10) : I — R® x A be a framed curve with the curvature (¢,m,n,a). Suppose that
m?2(t) + n?(t) # 0 for all t € I. Then we define (n;(t), na(t)) € A by

1
M) = s (O () % (1),
na(t) = L (Caym(t) + m(tm()).

m2(t) + n?(t)

By a direct calculation, (v,m1,m2) : I — R*x A is a framed immersion and n, () xn(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) n(t)
ny(t) | = —L{E) 0 0 ny(t) |, () = a)u(t),
alt) “M(t) 00 u(t)
where
f(@t)

L(t) = 200 + 20 M(t) = /m2(t) + n2(t).
Therefore, the curvature of the framed immersion (v, n1,ns) is given by (L, M, 0, a).

Since the original frame {vy(t), v5(t), u(t)} and the Frenet type frame {n,(t), no(t), u(t)}
have the common unit vector p(t) and the orientation, the Frenet type frame is one of a rotated
frame along ~(?).

Let v : I — R3 be a regular curve with linear independent condition. If we take vy (t) = n(t)
and v5(t) = b(t), then (v, v1,15) : [ — R3x A is a framed curve. By a direct calculation, we have
{ni(t),na(t), u(t)} = {—n(t),—b(t),t(t)}. This is the reason why we call {n,(t), no(t), u(t)}
the Frenet type frame along 7(%).



3 Evolutes and focal surfaces of framed immersions

In this section, we consider evolutes and focal surfaces of framed immersions. Let (v, v4,15) :
I — R3 x A be a framed curve with the curvature (¢, m,n,«). Suppose that f(t) # 0 for all
t € I. Tt follows that m?(t) +n?(t) # 0 for all t € I and hence (7, vy, 1) is a framed immersion.

Definition 3.1 The evolute Ev(v) : I — R3 of the framed immersion (7, vy, vs) with f(t) # 0
is given by

f(t)
Example 3.2 Let v : I — R3? be a regular space curve with the Frenet frame {#(t), n(t), b(t)}
and the torsion 7(¢) # 0. If we take v4(t) = n(t) and v»(t) = b(t), then (y,v1,11) is a
framed immersion with f(t) # 0, see Example 2.6. By a direct calculation, we have Ev(v)(t) =
Ev(v)(t). Hence, the definition of the evolute of a framed immersion is a generalization of the
definition of the evolute of a regular space curve. Moreover, (E,(7),t,n) is a framed immersion.

Remark 3.3 Let s : I — I be a change of parameter, where I and I are intervals. Let
(v,v1,10) : I — R® x A and (7,71,75) : I — R3® x A be framed immersions with f(t) # 0.
Suppose that (v, 11, 12) and (7, 71, V5) are parametrically equivalent via the change of parameter
s, that is, (,71,79)(t) = (v,v1,10)(s(t)) for all t € I. By equation (1), we have f(t) =
(5())3f(s(t)) # 0 and Ev(7)(t) = Ev(y)(s(t)). Hence, the evolute of a framed immersion is
independent on parameterizations.

Remark 3.4 Let (v,v1,15) : I — R3 X A be a framed immersion with f(¢) # 0. We consider
a framed immersion (v,71,72) : I — R3 x A, where {71(t),72(¢), u(t)} is a rotated frame by
O(t). Since Proposition 2.7, we have f(t) # 0. By a direct calculation, the evolute of (7, v, )
coincide with the evolute of (vy,71,72). Moreover, we consider a framed immersion (v, 7, %),
where {7 (t), 7a(t), —p(t)} is a reflected frame by 6(t). Since Proposition 2.7, we have f(t) # 0.
By a direct calculation, the evolute of (v, v, 112) coincide with the evolute of framed immersion
(7,71, 19). Hence, the evolute of a framed immersion is independent on rotations and reflections
of a moving frame.

Proposition 3.5 Let (y,v1,15) : I — R® X A be a framed immersion with the curvature
(¢,m,n,a) and f(t) # 0. Then the evolute Ev(vy) is also a framed base curve. More precisely,
(Ev(y), m,my) : I — R3 x A is a framed immersion with the curvature (—M,0, L, ag,), where

1 /
_ _ 2 2 _
n; = —m2+n2(mvl+nl/2), M =Vm? +n?, L_ijLn27
q n + alm C.Y m ’—Ozﬁn
1 d a n & m

- |n[= ,

Ogy
M2 dt f f

a n

— aln + alm




Proof. By using the Frenet-Serret type formula of a framed curve in Proposition 2.2, we have

a n a m
. + alm . | —aln
. d a n a m
Ev(y) = 7 7 7 (lwn
q m —abln q " + alm
i a m a n ol (2>
T 7 ¥ 2

It follows that Ev(v)(t) - w(t) = 0 and Ev(v)(t) - m1(t) = 0. Moreover, since pu(t) - n(t) = 0 for
all t € I, (Ev(y), p, 1) is a framed curve. Then we have a moving frame {u(t), n1(t), no(t)}
along Ev(7), where ny(t) = p(t) x my(t). Since Ev(Y)(t) = agy(t)na(t), the curvature of the
framed curve (Ev(y), p, 1) is given by (=M (t),0, L(t), ag,(t)). By the assumption, we have
M(t) # 0 and L(t) # 0. Therefore (Ev(7), p,my) is a framed immersion. O

By Proposition 3.5, ¢y is a singular point of the evolute Ev(7y) if and only if ag,(ty) = 0.
Moreover, since fe,(t) = —L*(t)M(t) # 0, the framed immersion (Ev(y), u,my) : I — R3 x A
has the evolute Ev(Ev(7)), see §5.

On the other hand, for a framed immersion (v, vy, 5) : I — R® x A with m?(t) +n?(t) # 0,
we define a focal surface.

Definition 3.6 The focal surface FS(v) : I x J — R3 of the framed immersion (v, vy, vs) is
given by
FS()(t,a,b) = y(t) — ar(t) — bra(t),

where J = {(a,b) € R? | a(t) —am(t) —bn(t) =0 for all t € I}.

At least locally, we may assume m(t) # 0 or n(t) # 0. If m(t) # 0, the focal surface
FS(v): I x R — R3 is given by
aft) —, n(t)

FS()(t,0) = y(t) <— - b—) () — bia(t).

m(t) m(t)

If n(t) # 0, the focal surface FS(7) : I x R — R? is given by

a(t) _ m(t)

FSO)(t.0) = 7(0) — an() ~ (27 - a0 ) )
Remark 3.7 Let v : I — R3 be a regular curve with the Frenet frame {¢(¢),n(t),b(t)}. If
we take v (t) = n(t) and v5(t) = b(t), then (7,14, 1) is a framed immersion, see Example 2.6.
Since m(t) = —|¥(t)|x(t), n(t) = 0 and «a(t) = |¥(¢)], the focal surface FS(y) : I x J — R3
is given by FS(7)(t,a,b) = v(t) — an(t) — bb(t). Here J = {(a,b) € R? | a = —1/k(t) for all
t € I}t. Thus, FS(7)(t,a,b) coincides with F'S(y)(t, ). For this reason, the definition of the
focal surface of the framed immersion is a generalization of the definition of the focal surface
of the regular curve.

Remark 3.8 Let (v,vy,15) : I — R? x A and (3,7,,7,) : I — R3 x A be framed immersions
with m?(t) + n*(t) # 0. Suppose that (v,v1,12) and (7,7;,7,) are parametrically equivalent

7



via a change of parameter s : I — I, that is, (7,71, 72)(t) = (v, 11, 0)(s(t)) for all t € 1. Since
m2(t) + m2(t) # 0 and

J = {(a,b) € R? | a(t) — am(t) — bn(t) = 0 for all t € I}
= {(a,b) € R?* | a(s(t)) — am(s(t)) —bn(s(t)) = 0 for all t € T},

we have FS(7)(t,a,b) = FS(v)(s(t),a,b). Hence, the focal surface of a framed immersion is
independent on a parameterization.

Remark 3.9 Let (v,v1,15) : I — R? x A be a framed immersion with m?(t) +n?(t) # 0. The
focal surface of (v, v1,14) is R-equivalent to the focal surface of (v,71,Vs), where {Vy, Vs, p} is
a rotated frame by 0(¢). In fact, if we take a diffeomorphism ¢ : I x J — I x J defined by

(t,c,d) — (t,ccosO(t) + dsinf(t), —csinO(t) + dcosb(t)),

then FS(v)(é(t,c,d)) = FS(y)(t,c,d). Here J = {(c,d) € R? | a(t) — cm(t) — dn(t) = 0 for
all t € I} and FS(Y)(t,¢,d) : I x J — R3 FS()(t, ¢, d) = v(t) — cvy(t) — dva(t).

On the other hand, the focal surface of (7,11, 1s) is R-equivalent to the focal surface of
(v, 71, 2), where {11, 75, —pu} is a reflected frame by 0(t). In fact, if we take a diffeomorphism

¢: I xJ—1IxJ defined by
(t,c,d) — (t,ccosO(t) —dsinf(t), —csinO(t) — dcos(t)),

then FS()(d(t, ¢, d)) = FS()(t, ¢, d). Here J = {(c,d) € R? | — a(t) — em(t) — dii(t) = 0 for
allt € I} and FS(Y)(t,c,d) : I x J — R3 FS(7)(t,c,d) = v(t) — ey (t) — din(t).
For simplicity, we consider a framed immersion with the Frenet type frame. Let (v, 1, 15) :

I — R? x A be a framed immersion with the Frenet type frame {n,(t), ny(t), u(t)} and f(t) =
L(t)M?(t) # 0. By Definitions 3.1 and 3.6, we have Ev(y) : I — R?,

o 20 )
« Q M
£00)(0) = (0) — () + LD

and FS(7) : I x R — R3,

a(t)
M(t)

FS)(t,A) =(t) — ny(t) — Ana(t).

We show that the image of the set of singular points of the focal surface coincide with the
image of the evolute. Moreover, we give relationships between singularities of the evolute and
of the focal surface.

Theorem 3.10 Let (v,vi,v) : I — R® x A be a framed immersion with f(t) # 0. Then we
have the following:

(1) The image of the set of singular points of FS(v) coincide with the image of Ev(7y),

(2) The focal surface FS() is locally diffeomorphic to the cuspidal edge CE at (to,ag,bo) if
and only if to is a regular point of Ev(7y),



(3) The focal surface FS(7) is locally diffeomorphic to the swallowtail SW at (ty, ag, bo) if and
only if the evolute Ev(7y) is locally diffeomorphic to the 3/2-cusp C at ty.

Here, CE : (R%0) — (R3,0), (u,v) — (u,v* v3) is the cuspidal edge (Figure 1), SW :
(R%,0) — (R3,0), (u,v) — (3u? + w?v,4u?® + 2uv,v) is the swallowtail (Figure 2), and C' :
(R,0) — (R3,0), ¢~ (¢3,t3,¢*) is the 3/2-cusp (Figure 3).

Figure 1: The cuspidal edge Figure 2: The swallowtail Figure 3: The 3/2-cusp

Proof. Since Remarks 3.4 and 3.9, it is enough to consider the Frenet type frame. By a direct
calculation, we have

i) i)
OFS(7) OFS(7) a(t) Mt
A x S = | R L) | )

Therefore, (ty, \g) € I x R is a singular point of FS(v) if and only if
alty) Mito) '

a(to) M(to)

L(to) M? (o)

Ao = —

This means that (1) holds.

By the above calculation, FS(y) : I x R — R3 is a wave front (cf. [1, 9]). The assertions
(2) and (3) can be proven by using the criterion for the cuspidal edge C'E and swallowtail SW,
see [9]. We consider a function A : I x R — R defined by

alt) M(1)
at) M(t)
M)

A(t,N) = ' +AL(L).

Since Ax(t,\) = L(t) # 0, FS(v) has only non-degenerate singularities. Moreover, we consider
the singular curve ¢: I — I x R C R? of FS(v) by

alt) Mt
) M(

ot

ct)y= 1|t —



and a null vector field  : I — R? along c(t) by n(t) = (1, —a(t)L(t)/M(t)) .
On the other hand, by using the Frenet-Serret type formula of the evolute, we have

o0 )
: & M a
ot =| 4 L(ft))Mz(g - OOLO ) = et

Ev(Y)(t) = — ag,(t) L(t)na(t) + deu(t)na(t),
Ev()(t) = = g () LM (D) p(t) + (—2d, (£ L(t) = aga(t) L(E))n1 (1)
+ (oo (t) — ae () L7 (1)) a(t).

By using the criterion in [9], the focal surface FS(7) is locally diffeomorphic to the cuspidal
edge C'E at (to, \o) if and only if

a(to) M(to) ‘
(

o _Lalt) M)
0 L(to) M?2(to)
and
a(to) Mi(to) ‘
Q 0 M 0 (0¥ 0
det(eto)nft)) = 5 | LGP | ) ) 20

This condition is equivalent to tq is a regular point of Ev(7y), hence we have the assertion (2).

Moreover, the focal surface FS(7) is locally diffeomorphic to the swallowtail SW at (¢g, \o)
if and only if

N = — d(to) M(to)

L(to) M>?(to)
agy(to) = 0 and dg,(to) # 0. On the other hand, the evolute v(y) is locally diffeomorphic to
the 3/2-cusp C' at t, if and only if Ev(y)(ty) = 0 and

a(to) M(to) '

rank(Ev(7) (to), £0(7)(to)) = 2,

that is, ag,(to) = 0 and dg,(to) # 0. It follows that (3) holds. This completes the proof of
Theorem. a

4 Properties of the evolutes of framed immersions

In this section, we consider properties of the evolutes of framed immersions.

4.1 Support functions

Let (v,m,m3) : I — R?® x A be a framed immersion with f(t) = L(t)M?(t) # 0, where
{ni(t),na(t), u(t)} is the Frenet type frame and (L(t), M(t),0,«(t)) is the curvature. We

10



define a family of functions F), : I x R®* = R, F,(t,x) = (y(t) — ) - p(t). We call F, a support
function of ~ with respect to p. We denote F,(x¢)(t) = F,(t,xo) for any x, € R3 Then we
have the following proposition.

Proposition 4.1 Under the above notations, we have the following:

(1) Fu(xo)(to) = 0 if and only if there exist A\;, s € R such that v(to) — xo = Anq(ty) +
)\Qng(to).

(2) Fu(x0)(to) = Fu(xo)(to) = 0 if and only if there exists A € R such that

a(to)
M (to)

Y(to) — o = n(to) + Ana(to).

(3) Fiu(®o)(to) = Fiu(wo)(to) = Fy(wo)(to) = 0 if and only if
alty) Mi(to) ’

_ alt) alto) M(to)
Y(to) — o = mnl(tO) - L(to)M2(t) s (to).-
Proof. Since F,(x0)(t) = (v(t) — o) - p(t), we have the following calculations
(i) Fu(wo) = (v — xo) - 1,
(it) Fu(mo) = a + (v — 20) - (~Mm)
(iid) F(x0) = & + (v — o) - (~Mmny — LMny — M?p).

By (i), the assertion (1) holds.
By (ii), Fu(20)(to) = Fyu(x0)(to) = 0 if and only if there exist A, Ay € R such that (to) —
ro — )\1’)’111(750) + )\Qng(to) and Of(to) — M(tg))\l = 0. Since M(to) 7& 07 we have

a(to)
M (to)

’y(to) — XLy = nl(t0> + /\’I’Lg(t())

Therefore the assertion (2) holds.

By (iii) and a direct calculation, F,(o)(to) = Fj,(20)(to) = F,.(0)(to) = 0 if and only if
a(to)  M(to)
a(to) a(to) M(to)
_ = t to).
Y(to) — xo M{(to) 1(to) — L{to) M2(t0) 2(to)
Therefore the assertion (3) holds. O

For the support function of v with respect to p, the discriminant set of F),
3 . OF,
Dp, = {x € R” | there exists ¢t € I such that F), = o = 0at (t,x)}

coincide with the image of the focal surface FS(v). Moreover, the secondary discriminant set
of F,

oF, O*F,
D%,M = {x € R’ | there exists t € I such that F, = a—t“ = at; =0at (t,z)}

coincide with the image of the evolute Ev(7).
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4.2 Parallel curves

We consider parallel curves of a framed curve and its evolute. Let (v,v1,15) : I — R3 x A
be a framed curve with the curvature (¢,m,n,«). Let 6 : I — R be a smooth function which
satisfies 6(t) = £(t) for all t € I. The parallel curve Yap) : I — R? of the framed curve (v, vy, v2)
is defined by

Yap)(t) = y(t) + (acosO(t) + bsinf(t)) v1(t) + (—asind(t) + bcos O(t)) vo(t),
where a,b € R. Then we have the following results.

Proposition 4.2 Under the above notations, the parallel curve vy is also a framed base
curve. More precisely, (Yap),1,v2) @ 1 — R3 x A is a framed curve with the curvature

(0(t),m(t),n(t), a(t) + a(m(t) cos6(t) — n(t) sinO(t)) + b(m(t) sin 6(t) + n(t) cos O(t))).
Proof. Since

p(t) + ( O(t) sin O(t) + bo(t) cosQ(t)) (1)
+ (acosO(t) + bsin 0(2)) (€()va(t) +m(t)p(t))

+ ( ab(t) cos O(t) — bA(t) sin O(t )VQ (1)
+

(=asinf(t) + beosO(1)) (—£()v(t) +n(t)p(t))
= (a(t) + a(m(t) cos (1) — n(t) sin6(t)) + b(m(t) sin () + n(t) cos 6(t))) p(t),

we have Y(qp) (t) - v1(t) = 0 and ) (t) - v2(t) = 0 for all ¢ € I. Hence (Y(a,), 1, v2) is a framed
curve. It follows that (t) and 7.4 (t) have the same frame {v4(t),v5(t), p(t)}. Therefore,
we have the curvature (¢(t), m(t), n(t), a(t) + a(m(t) cos0(t) — n(t) sin0(t)) + b(m(t) sin6(¢t) +

n(t) cosd(t))). O

Proposition 4.3 Let (vy,v1,15) : I — R? x A be a framed immersion with f(t) # 0. Then
(Yap), V1, v2) = I — R x A is also a framed immersion with fp(t) # 0 and Ev(Yap)(t) =
Ev(y)(t) for any a,b € R.

Proof. By Proposition 4.2, (Y(ap),v1,v2) : I — R? x A is also a framed curve and we have
fan(t) = f(t) # 0 for all t € I. It follows that (y(p),v1,v2) is a framed immersion. By a
direct calculation, we have Ev(7y(ap)(t) = Ev(y)(t) for any a,b € R. O

Proposition 4.4 Let (v,v1,10) : I — R3x A be a framed immersion with f(t) # 0. The image
of the set of singular points of parallel curves vyap) s contained in the focal surface FS(v) for
any a,b € R.

Proof.  We put A (t) = acosf(t) + bsinf(t) and B, (t) = —asiné(t) + bcos(t), where
0(t) satisfies O(t) = £(t) for all t € I. In this case, Yap(t) = Y(t) + Awp ()11 (t) + Blap (t)va(t).
If ¢, is a singular point of 7, ), then we have a(to) n m(to)A((z b (to) + n(to) Bap)(to) = 0. This
means that v (to) € FS(v)(I x J) for any a,b € R. O
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Example 4.5 Let (y,v1,1) : [0,27) — R3 be
y(t) = (Cy cos t, Oy sin® t, Cy cos 2t),
v1(t) = (—sint, — cost, 0),

va(#) L

VIC? + 16C2

where C] and Cy are non-zero constants. We call v an astroid. Then (v,v1,15) is a framed
immersion with the curvature

(—4Cy cost, 4Cy sint, 3CY),

(t) = 1 , m(t) = 3¢y , n(t) =0, at)=4,/9C%+ 16C2 costsint.
VOC? + 1603 JOC? + 1603

If we take 6 : [0,2m) — R,0(t) = (4Cy//9C? + 16C3)t, then 0(t) satisfies the condition
9(t) = £(t). In the case of Cy = Cy = 1, the parallel curve 7 is given by

(t) = [ cos’t +a —sintcos4t+4costsin4t +b —sintsin4t—4costcos4t
Hat)E) = 5 5 5 5 5 5 )
L 4 4 4 4 4 4
sint+4+a | —costcos -t — —sintsin -t | +b | —costsin -t + —sintcos =t | ,
5 ) ) 5 5 5)
3 . 4 3 4
cos2t — —asin —t + —bcos =t |,
5) 5} 5} 5}

see Figure 4. The evolute Ev() and focal surface FS() of (v, v, 12) see Example 6.1 below.

In the case of a = 0. In the case of a = b. In the case of b = 0.

Figure 4: v and 7y(qz) of 4.5 for C; = Cy = 1.

4.3 Evolutes of framed immersions and spheres

For a regular space curve v : I — R3 with the Frenet frame {¢(¢),n(t),b(t)} and 7(t) # 0,
we have (d/dt)E,(v)(t) = 0 for all ¢ € I if and only if there exist a constant vector ¢ € R3
and a positive real number r € R such that y(t) € S*(c,r) for all t € I, where S%(c,7) =
{x €eR3 ||z —c|=r} (cf. [3,7]). We consider relationships between the evolutes of framed
immersions and spheres. Let (v, vy, v5) : I — R? x A be a framed immersion with f(¢) # 0.

Proposition 4.6 If (d/dt)Ev(vy)(t) = 0 for allt € I, then there exist a constant vector ¢ € R?
and a non-negative real number r € R such that y(t) € S*(e,r) for allt € 1.

13



Proof. Since (d/dt)Ev(y)(t) = 0 for all t € I, we put ¢ = Ev(7)(t). By equation (2), we have

a(t) (1 aft) m(t) |_ o
d [ | a) aw ’+a(t>£(t>m(ﬂ ] aw ‘ (B)E)n) o
dt ) B f(t) ’

odt) nlt) a(t) n(t)
L 022( ()nw+awammw)d( M)7w)+cwvmm@)
dt f(t) dt 10
a(t) m(t) — n a(t) m(t) W ,
y a(t) m(t) ' (t)e(t)n(t) a (| at) ) ‘ (H)e(t)n(t)
f(@) dt Ft)
=0

for all t € I. Hence there exists a non-negative real number r = |y(¢) — ¢| such that v(t) €
S%(c,r) for all t € I. O

Lemma 4.7 (d/dt)Ev(7y)(t) =0 for all t € I if and only if there exist functions u,v : I — R
and a constant ¢ € R? such that y(t) — ¢ = u(t)v1(t) + v(t)va(t) for allt € I.

Proof. If (d/dt)Ev(v)(t) = 0 for all ¢t € I, then we can write v(t) — ¢ = u(t)vy(t) + v(t)a(t),
where ¢ = Ev(7)(1),

Conversely, there exist functions u,v : I — R and a constant ¢ € R? such that v(t) — ¢ =
u(t)vi(t) + v(t)ve(t) for all t € I. Taking the derivative of the both side, we have

a(t)p(t) = (a(t) = v(®)e(t))n(t) + (0(t) + u()e(t))va(t) + (u(t)m(t) + v(t)n(t)) p(t).

Since {v1(t), v2(t), p(t)} is an orthonormal frame, we have @(t) —v(t
a(t) =u(t)m(t) + v(t)n(t) for all t € I. Thus &(t) = w(t)m(t) + u(t)n
By a direct calculation, we have

o) e |+ aiomin = w0
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Hence
ag,y(t) = ! (n(t)(0(t) —v(@)(t)) — m(t)(0(t) +u(t)l(t)) =0

m2(t) + n?(t)
for all t € I. Tt follows that (d/dt)Ev(y)(t) =0 for all t € I. 0

Proposition 4.8 Suppose that the set of reqular points of v is dense in I. Then (d/dt)Ev(7)(t) =
0 for all t € I if and only if there exist a constant vector ¢ € R® and a positive real number
r € R such that (t) € S*(e,r) for allt € I.

Proof. Suppose that (d/dt)Ev(v)(t) = 0 for all t € I. By Proposition 4.6, there exist a constant
vector ¢ € R?® and a non-negative real number r € R such that v(t) € S*(e,r). If r = 0, then
7(t) = ¢ and hence 4(t) = 0 for all ¢t € I. Since the set of regular points of ~ is dense in I, the
case does not occur. It follows that r is positive.

Conversely, suppose that there exist a constant vector ¢ € R?® and a positive real number
r € R such that y(t) € S%*(e,r). By the assumption, we have |y(t) — ¢|> = 2. Taking the
derivative of the both side, we have a(t)u(t) - (7(t) —€) = 0. Since the set of regular points of
is dense in I, we have p(t) - (v(t) —¢) = 0 for all t € I. Then there exist functions u,v : I — R
and a constant ¢ € R? such that v(t) — ¢ = u(t)vi(t) + v(t)a(t) for all ¢ € I. By Lemma 4.7,
we have (d/dt)Ev(y)(t) =0 for all t € I. O

4.4 Contact between framed immersions and evolutes

We consider contact between framed immersions and its evolutes. We recall the notion of the
contact between framed curves, see [8]. Let (v,v1,10) @ I — R? x Ast — (y(t), v1(t), v2(t))
and (3,71,7) : I = R3 x Aju — (Y(w), 71 (u), va(u)) be framed curves with the curvatures
(0(t), m(t),n(t), a(t)) and (((u), m(w), 7i(u), &(u)), respectively. Let k be a natural number.
We denote F(t) = (£(t), m(t),n(t), a(t)) and F(u) = (0(u), m(u), 7i(u),a(u)) for convenience.
We say that (v, v1,19) and (3,71, V) have k-th order contact at t = to, u = ug if

d d d* v

g (v v)(te) = -5 (3, 71, Te) (o), = (7 v, v2) (to) # = (3, 71, 2) (o),
for i = 0,1,...,k — 1. Moreover, we say that (v,v1,15) and (7,71, 75) have at least k-th order
contact at t = tg, u = ug if

d’ d .~

%(% v, v2)(to) = T (¥, 71, v2) (uo),

fore=0,1,....k — 1.
In general, we may assume that (v, v1,15) and (7,74, ) have at least first order contact at
any point t = ty, u = ug, up to congruence as framed curves.

Theorem 4.9 ([8]) If (v,v1,v2) and (7,01, V) have at least (k + 1)-th order contact at t = to,
u = ug then ' '

d' d ~

i (o) = -2 F (uo), (3)
fori=20,1,....k — 1. Conversely, if conditions (3) hold, then (vy,v1,v5) and (¥,v1,Vs) have at
least (k + 1)-th order contact at t = ty, u = ug, up to congruence as framed curves.
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Proposition 4.10 Let (v,v1,15) 1 I — R3 x Ajt = (y(t),11(t), 10(t)) and (3,71,7) : I —
R3 x Aju — (F(u), 71 (u), Da(w)) be framed immersions with f(t) # 0 and f(u) # 0, respectively.
If (v,v1,v2) and (7,01, 72) have at least (k + 2)-th order contact at t = to, u = uy for k € N,
then (Ev(v), p,n1) and (Ev(F), p, 1) have at least k-th order contact at t = to, u = uy.

Proof. We give a proof by using the induction on k. First, we suppose that (v, v, v5) and
(7,71, ) have at least third order contact at t = ¢y, u = uy. By Theorem 4.9, we have

(71, v2) o) = (3,90, 22) ), (1, v2) ) = (3,71, 7))
3, ) (1) = 75 (7,71, Ta) o), Flto) = Fl), 5 0) = 5 Flug)

Therefore we have (Ev(7), p, n1)(to) = (Ev(7), @, 1) (uo)-

Suppose that the assumption holds for the case k + 2. We assume that (v,4,14) and
(3, 71, 2) have at least (k+3)-th order contact at t = to, u = ug and (d'/dt")(Ev(7), p, 1) (tg) =
(d'/du®)(Ev(T), @, 101)(ug) for i = 0,1,....,k — 1. By Theorem 4.9, we have (d’/dt")F(ty) =
(d'/du') F(ug) for i =0,1,....,k + 1. We put

(01(1), v2(1), v3(1)) = ((t), P (1), n2(1)), (V1(w), Va(u), v3(u)) = (B(w), (), T2 (u))

and Feo(t) = (L(t), M(t),0, eu(t)), Feu(u) = (L(u), M(u),0,dsy(u)) for convenience. It fol-
lows that

e = () vt + Zf (Fes) s G Peu) ) 0,
Geoi(0) = = (M) walo) + Zg (Fest) s Pelt)) wi)
5_;”2@ = (%M(t)) v (t) + (%L(t)) (1)

; zh (et A Felt 0) vt

for some smooth functions f;, g; and h; (i = 1,2,3). Moreover,

0 =0 (m)@) s mm©).
L0 = 05 (00 F O, )0

4’ i1 dit?
s = b (FO. PO, S )0

for some smooth functions o;, ¢;, and ¢; for j =0,1,...,k — 1. By the same calculations, we

16



have

and
&~ o &
i (u) = o ((m,n)(u), ,w(mﬂl)(u)) ;
&~ ~ &~ o
wL(u) :¢] (]—"(u),,@ ( ),dujJrl(m, )(U)),
%agv(u) Y, <.7?(u),,dd;—;lN( ); dci;':ﬂ (m, n, &>(U)>

It follows that (d* /dt*)(Ev(v), p,m1)(te) = (d¥/duF)(Ev(F), i, 121) (ug).
Therefore, (Ev(y), p,n1) and (Ev(7), ;r, 1) have at least (k+ 1)-th order contact at t = t,
u = ug. By the induction, we have the result. O

The following result is a different property between evolutes of framed immersions and
evolutes of Legendre immersions (cf. [6]).

Proposition 4.11 Let (y,n1,m5) : [ — R3XA be a framed immersion with f(t) = L(t)M?(t) #
0, where {my(t), na(t), u(t)} is the Frenet type frame. Then (y,nq1,ng) and (Ev(y), w, ) are
not congruent as framed curves.

Proof. If (v,my,ny) and (Ev(7y), p,ny) are congruent as framed curves, then (L, M,0,a) =
(—M,0, L, ag,) for all t € I since Theorem 2.5. It follows that M(t) = L(t) = 0 for all t € I.
By the assumption f(t) # 0, the case does not occur. O

Proposition 4.12 Let (y,ny, 1) : [ — R3XA be a framed immersion with f(t) = L(t)M?(t) #
0, where {ny(t), no(t), u(t)} is the Frenet type frame. Then we have the following:

(1) There exists a rotated frame {fu(t),m1(t), na(t)} along Ev(y)(t) by O(t) such that (v, 11, no)
and (Ev(y), , 1) are congruent as framed immersions if and only if L(t) = —M(t) and
a(t) = ag,(t) for allt € 1.

(2) There exists a reflected frame {p(t), n1(t), —ma(t)} along Ev(v)(t) by O(t) such that (v, ny,
1) and (Ev(7), p, 1) are congruent as framed immersions if and only if L(t) = M (t) and
at) = —ag,(t) for allt € 1.
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Proof. Suppose that there exists a rotated frame {f(t), 71 (t), n2(t)} along Ev(y)(t) by 0(t)
such that (v,n1,m9) and (Ev(7y), @, 71 ) are congruent as framed curves. By Theorem 2.5 and
Proposition 3.5, we have

(L@%Aﬂﬂﬁ¢uﬂ):<—Nﬂﬂ—QUL—L@ﬁmﬂ@LL@ﬁmﬁ@La&@»

for all ¢t € I. Since L(t) cos0(t) = 0 and L(t) # 0 for all t € I, we have cos0(t) = dé(t) = 0.
If sinf(t) = —1, then L(t) = —M(t) and M (t) = L(t). It follows that L(t) = ( ) = 0. Since
f(t) # 0, the case does not occur. It follows that sinf(¢) = 1. Hence, we have L(t) = —M(t)
and a(t) = ag,(t) for all t € I.

Conversely, suppose that L(t) = —M(t) a

nd a(t) = ag,(t) for all t € I. We take a
rotated frame {g(t),m.(t),na(t)} along Ev(y)(t) by 0(t) = w/2. Then, the curvature of
(Ev(v), m(t), m1(t)) is given by (—M(t),—L(t),0,asy(t)). By Theorem 2.5, (y,m1,m2) and
(Ev(7), @, 1) are congruent as framed curves. Therefore the assertion (1) holds.

By the similar arguments to the above, we have the assertion (2). O

5 The k-th evolutes of framed immersions

In this section, we consider repeated evolutes of framed immersions. Let (v, vy,10) : [ — R3x A
be a framed immersion with the curvature (¢,m,n,a) and f(t) # 0. By Proposition 3.5, we

have fe,(t) = —L*(t)M(t) # 0, where M(t) = /m2(t) + n2(t), L(t) = f(t)/(m?(t) + n?(t)).
Then the evolute Ev(7) has the evolute Ev(Ev(7))(t). We denote Ev°(7)(t) = (1), Ev(y)(t) =

Ev(y)(1),
(gl(t)7m1<t>’ nl(t)7 al(t)) = (_M(t)a 0, L(t)7 aSv(t))
and
{1 (), v (1), n' (1)} = {p(t), na(t), na(t)}

for convenience. We give the form of the k-th evolute of the framed immersion, where £ is a
natural number greater than or equal to 2. We define Ev¥(7)(t) = Ev(EvF1(7))(t) and

k(t) — { Vll(t) (k : Odd) k(t) — { Vzl(t) (k : Odd) k(t) _ k(t) k(t),

1 pl(t) (k:even) ' 2 —vi(t) (k:even) * H WM e
(t)  (k:odd) ni(t) (k:odd)
bl(t) = { ni(t) (k:even) ’ m(t) = 0, me(t) = { l(t) (k:even) ’
ety e | (06110
d O.ékflt nklt Oz_ltg_lt
%@:_E< (O () >+kn#£)

inductively.

Theorem 5.1 Let (y,v1,10) : I — R3 x A be a framed immersion with f(t) # 0 and k > 2.
Then (EvF(v), vE vh) : T — R3 x A is a framed immersion with the curvature ({y, my, ny, o),
where the k-th evolute of the framed immersion is given by

ag—1(t) np—1(t) | , 4 B a—1(t) k-1
U1 (t)nf_, (t) el 0

18
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Proof. We give a proof by using the induction on k. First we consider the case of k = 2. By
the definition of the evolute,

2 el a(t) m(t) | ai(t) 4
Since
) a0 ||, awoeso
d ., d || an(t) G |
dt&] (7)(@ - _E ﬁl(t)n% t) nl(t) 1(t)7

we have Ev2(y)(t) - pt(t) = 0 and Ev2(7)(t) - (—vA(t)) = 0. Hence, (Ev2(y),v2,12) is a framed
immersion. Moreover, we have l5(t) = ni(t), mo(t) = 0, no(t) = ¢1(t) and

Ofl(t) nl(t) ‘
o (t) _i CY1(t) nl(t) Ozl(t)gl(t)
T at G (t)n2(t) n1(t)

The assertion in the case of k = 2 holds.
Suppose that the assumption holds for the case of k-th evolute. By the definition,

a(t) ni(t)
dk t N t «
ErI0)(0) = o) - Lot k) - 2,
Since
e oo ||, et
d ) d ag(t) n(t ()l (t

we have 0" (7)(£) - (£) = 0 and E0™ " (7)(£)- (—1&(t)) = 0. Hence (EvF+1(7), v, A+ is a
framed immersion. Moreover, by a direct calculation, the curvature is given by (41 (t) = ng(t),
My41(t) = 0, ngy1(t) = Ce(t) and agqq(2). O

Proposition 5.2 Let (y,n1,n5) : I — R3Xx A be a framed immersion with f(t) = L(t)M?(t) #
0, where {ny(t), n(t), u(t)} is the Frenet type frame. Then (y,mq,my) and (Ev*(7y), vy, vE) are
not congruent as framed curves.

Proof. In the case when k is an odd number, if (v, 1, n5) and (Ev*(7), p, 1) are congruent as
framed curves, then we have L(t) = —M (t) and M (t) = 0 for all t € I, thatis, L(t) = M(t) =0
for all t € I. By the assumption f(¢) # 0, the case does not occur. On the other hand, in the
case when k is an even number, if (v,m1,n3) and (Ev*(v), ng, —m1) are congruent as framed
curves, then we also have M(t) = 0 for all ¢ € I. By the assumption f(¢) # 0, the case does
not occur. a
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Proposition 5.3 Let (y,n1,n5) : I — R3*X A be a framed immersion with f(t) = L(t)M?(t) #
0, where {ny(t), na(t), u(t)} is the Frenet type frame.

(1) In case when k is an odd number, then we have the following:

(a) There exists a rotated frame {@(t),m1(t),no(t)} along EvF(y)(t) by O(t) such that
(v,m1,m) and (Ev*(y),m, M) are congruent as framed immersions if and only if
L(t) = —M(t) and o(t) = ag(t) for allt € I.

(b) There exists a reflected frame {p(t), 71 (t), —ms(t)} along EvF(v)(t) by O(t) such that

(7, m1,m2) and (EvF(7), ., 71) are congruent as framed immersions if and only if L(t) =
M(t) and o(t) = —ag(t) for allt € I.

(2) In case when k is an even number, then we have the following:

(c) There exists a rotated frame {m(t), —m,(t), u(t)} along Ev*(v)(t) by O(t) such that
(7,m1,m2) and (Ev*(7y), Mo, —T1) are congruent as framed immersions if and only if
a(t) = ag(t) forallt € 1,

(d) There does not exist a reflected frame {no(t), —m1(t), —p(t)} along EvVF(y)(t) by O(t)
such that (y,my, 1) and (EvF(vy), Mg, —1y) are congruent as framed immersions.

Proof. By the similar argument to proof of Proposition 4.12, we have the assertion (1). Here
we prove the assertion (2).

(c) Suppose that there exists a rotated frame {T(t), —711(t), u(t)} along EvF(7)(t) by 6(¢)
such that (v, m;,m2) and (Ev¥(7),T,, —;) are congruent as framed curves. By Theorem 2.5,

(L(t), M(1),0,a(t)) = (L(t) —G(t), M(t) sin 0(t), — M (t) cos 6(1), ak(t))

for all t € 1. Hence, we have 6(t) = 7/2 and «a(t) = ay(t) for all t € I. Conversely, suppose that
a(t) = ag(t) for all t € I. If we take a rotated frame {mo(t), =71 (t), u(t)} along Ev*()(t) by
(t) = 7/2, then the curvature of (Ev*(v), T, —71) is given by (L(t), M (t), 0, ax(t)). Therefore
the assertion (c) holds.

(d) If there exists a reflected frame {75(t), =101 (t), —p(t)} along Ev*(7)(t) by 0(¢) such that
(v,m1,m2) and (Ev*(y), Mg, —T1) are congruent as framed curves, then we have

(L(t), M(t),0,a(t))

(—L(t) 4 0(t), —M(t) sin 0(t), —M(t) cos 8(1), ak(t))

for all t € I. Hence, we have 0(t) = 37/2 and L(t) = —L(t) for all t € I. It follows that
L(t) = 0. By the assumption f(t) # 0, the case does not occur. 0

6 Examples

We give examples to understand the phenomena for evolutes and focal surfaces of framed
immersions.
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Example 6.1 Let (y,v1,15) : [0,27) — R3 be
y(t) = (Cy cos t, Oy sin® t, Cy cos 2t),
v1(t) = (—sint, — cost, 0),

va(#) !

VIC? + 16C2

where C and (5 are non-zero constants. By Example 4.5, we have

(—4Cy cost, 4Cy sint, 3CY),

36C2C,
(9C2 + 16C2)?

1) = 0.

The evolute and the second evolute of the astroid are given by

1 1 1
Ev(y)(t) = ( 3C, (12CF + 16C3) cos® ¢, 30 (12CF + 16C3) sin ¢, TN (9CT + 12C3) cos 2t>
and
2 Ol 4 2 2\ 2 1 2 2\ 2 3
Evi(y)(t) = 1507 1 1602 \ 302 (12C’1 + 1602) + E (9C’1 + 1202) cos” t,
1 2 1 2
Cl 4 2 .
1207 1 1602 (302 (12CF +16C3)" + 02 (9CT +12C3) ) sin’t,
Cy

12C% + 1602 9C? + 12()2 cos 2t ).
02

9C? + 1202 Tice

By the above calculation, we can be confirmed that the evolute of an astroid is also an astroid.
In the case of C; = Cy = 1, the astroid (blue curve) and the evolute (red curve), see Figure 5.
Moreover, the focal surface of the astroid is given by

4\ 25 t 3
FS(y)(t,\) = (cost (? +cos?t + 3 sin? t) Sllr; (70 — 12X\ + 55cos 2t) , —5/\ + cos 2t> :

see Figure 6.

<[

Figure 5: v and v(7) Figure 6: Ev(y) and FS(v)
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Example 6.2 Let (y,v1,10) : [0,27) — 5% x A CR3 x A be

3 1 3 1 3
~(t) = Zcost— ZCOS3t,ZSth— Zsin?)t,\/?_(:ost) ,

3 1 3 1 3
v(t) = Zcost— Zcos3t,zsint— Zsin?)t,gcost) ,

3 1 3 1 3
v(t) = Zsint + Z—Lsin?)t, ~1 cost — ZCOS?)t, —g sint) .

Then (v,v1,12) is a framed curve (cf. [11]). We call v a spherical nephroid. By definition,
w o [0,27) — S?is given by w(t) = ((v/3/2) cos 2t, (v/3/2) sin 2t, —1/2). By a direct calculation,
the curvature of (v, 1, 1) is given by £(t) = 0, m(t) = v/3sint, n(t) = v/3cost, a(t) = v/3sint.
It follows that f(t) = 3 # 0. The evolute of the spherical nephroid is a constant point (0,0, 0),
see Proposition 4.8. Moreover, k-th evolutes (k > 2) are also the constant point (0,0, 0).
The spherical nephroid and its evolute, see Figure 7. Moreover, the focal surface of spherical
nephroid is given by

cos 2t sin 2t

(A + cost),

FS()(t,\) = ( ()\+cost),\/7§()\+cost)> ,

see Figure 8.

Figure 7: v and v(7) Figure 8: Ev(y) and FS(v)

Example 6.3 Let (7,v1,15) : R — R? x A be

1
~(t) = ((t+ 1)sint + cost, — (t + 1) cost + sint, 5152 +t> ,

v1(t) = (sint, —cost,0),

(cost,sint, —1).

) =
=7
Since 4(t) = (t + 1)(cost,sint, 1), we have 4(t) - v1(t) = 0 and (t) - v»(t) = 0 for all

I. Therefore, (v,vi,1vs) is a framed curve. By definition, g : I — S? is given by (¢

S
( =
(1/4/2) (cost,sint,1). By a direct calculation, the curvature of (,v1,1,) is given by £(t

t
)
)
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1/v/2, m(t) = 1/v/2, n(t) = 0, a(t) = /2t + /2. Hence (v,v1,13) is a framed immersion with
f(t) =+/2/4 # 0. The evolute is given by

1
Ev(y)(t) = (—(t + 1)sint — cost, (t + 1) cost — sint, 5752 +t+ 2) .

Moreover, (Ev(y), p, 1) is a framed immersion with the curvature (—1/v/2,0,1/v/2, —v/2t —
v/2). By Proposition 4.12, there exists a reflected frame {—u(t), —u(t), —15(t)} along Ev(y)
such that (v, vy, 1») and (Ev(7y), —vi(t), —p(t)) are congruent as framed curves, see Figures 9
and 10. In fact, if we take

-1 0 0
A= 0 -1 0 | €S0(3), a=(0,0,2) € R?
0 0 1

then we have Ev(7)(t) = A(y(t)) + a, —v1(t) = A(vi(t)), —p(t) = A(va(t)) for all t € 1.

% N

Figure 9: The original curve =y Figure 10: The evolute Ev(7y)
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