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Primitivoids and inversions of plane curves

Shyuichi [ZUMIYA and Nobuko TAKEUCHI

October 26, 2019

Abstract

The pedal of a curve in the Euclidean plane is a classical subject which has a singular
point at the inflection point of the original curve. The primitive of a curve is a curve given
by the inverse construction for making the pedal. We consider relatives of the primitive of
a plane curve which we call primitivoids. We investigate the relationship of primitivoids
and pedals of plane curves.

1 Introduction

For a regular curve in the Euclidean plane, the pedal of a plane curve is the locus of the
points on the tangent line of the curve, which are given by the projection image of the position
vector of the curve along the normal direction. A point on the pedal determines the tangent
line of the original curve at the corresponding point. Therefore, the passage to the pedal is
sometimes called the formation of a “derivative”. The inverse operation is called the formation
of a“primitive”. The primitive of a curve in the plane is the envelope of the normal lines to
its position vectors at their ends (cf.[1, pp. 91]). It is known that the singularities of the
pedal correspond to the inflection points of the original curve. In this paper we introduced
the notion of the anti-pedal of a curve whose singularities also corresponding to the inflection
points of the original curve. Moreover, we show that the primitive is equal to the anti-pedal
of the inversion image of the original curve. In [7] we defined the ¢-pedaloid of a curve as the
locus of the points on the line with a constant angle ¢ to the tangent line of the original curve
which are given by the projection image of the position vector of the original curve along the
normal direction of the line. Therefore, the 7/2-pedaloid of a curve is the pedal of the curve.
Then the family of ¢-pedaloid is called the pedaloids. The notion of pedaloids is an analogous
notion of evolutoids in [6]. In [7] we investigated the relation between pedaloids and evolutoids
of a curve. In this paper we also introduce the notion of primitivoids of a plane curve, which
are relatives of the primitive. There are two ways to define the primitivoids. One is called a
parallel primitivoid. For r € R\ {0}, the r-parallel primitivoid of a curve is defined to be the
envelope of the family of normal lines to its position vectors at their r times the ends. Another
is called a slant primitivoid. For ¢ € R, the ¢-slant primitivoid of a curve is defined to be
the envelope of the family of lines with the constant angle ¢ to the position vectors at their
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ends. We give the exact parametrizations of both of the r-parallel primitivoid and the ¢-slant
primitivoid of the curve. In [7] we have drawn the pictures of pedaloids which have complicated
shapes. By definition, the shape of the primitivoids might be also complicated. However, we
show that the shapes of all primitivoids of a given curve are similar (cf. Theorems 3.1 and 4.4).
We remark that the primitivoids and the evolutoids of a circle around the origin are the same
(i.e. concentric circles). However, these are quite different for general curves. The notion of
primitivoids is deeply related to the notion of apertures of plane curves (cf. [8]). Finally we
extend the notion of primitivoids for a kind of singular curves (i.e. frontals) in the plane.

2 Pedals, anti-pedals and primitives

In this section we quickly review the properties of pedals and primitives. Moreover, we introduce
the notion of anti-pedals which plays an important role in this paper. Let v : I — R? be
a unit speed plane curve, where R? is the Euclidean plane with the canonical scaler product
(a,b) = aib; + asby for a = (ay,a2),b = (by,b2) € R The norm of a is defined to be
la|l = v/(a,a) = \/a} + a%. Then we have the Frenet formulae:

{ t'(s) = r(s)n(s),
n/(s) = —k(s)t(s),

where t(s) = 4/(s) is the unit tangent vector, n(s) = Jt(s) is the unit normal vector and k(s) =

2 (s)xs(s) — 2 (s)xh(s) is the curvature of 4(s), where J = ((1) _01) and y(s) = (z1(5), z2(s)).

The pedal curve of v is defined to be Pe,(s) = (v(s),n(s))n(s) (cf. [3, Page 36]). Since
Pel () = —r(s)({(v(s), t(s))n(s) + ((s), n(s))t(s)),

the singular points of the pedal of « is the point sy where y(sg) = 0 or k(sg) = 0 (i.e. the
inflection point). If we assume that - does not pass through the origin, the singular points of the
pedal Pey are the inflection points of 7. Therefore we assume that v does not pass through the
origin. By definition, Pe(s) is the point on the tangent line through ~y(s), which is given by the
projection image of 7y (s) of the normal direction. Thus, Pe(s) —=(s) generates the tangent line
at y(s). The primitive of a curve 4 in the plane is the envelope of the normal lines to its position
vectors 7(s) at their ends (cf.[1, pp. 91]). For a unit speed plane curve v : I — R?\ {0}, we
define a family of functions H : I x (R?\ {0}) — R by H(s,z) = (x — v(s),~(s)). For any
fixed s € I, hs(x) = H(s,x) = 0 is an equation of the line through ~(s) and orthogonal to the
position vector y(s). The envelope of the family of the lines {h;1(0)}.e; is the primitive of ~.
Since OH/ds(s, ) = (& — 27(s), t(s)), the primitive Pr, : [ — R?\ {0} of ~ is given by
[y (s)I?
Pr(s) = 2v(s) n(s), 7<S)>n(s).

The pedal and the primitive of a regular curve generally have singularities. Then the primitive
of the pedal and the pedal of the primitive for the regular part is well defined, respectively.
Suppose that Pe., and Pr,, are regular curves. Then we have Prp,_(s) = Pep,_(s) = v(s). These
arguments for singular cases can be naturally interpreted by using the notion of frontals in §3.

On the other hand, it is known that the pedal is given as the envelope of a family of circles
as follows: Let G : I x R? — R be a function defined by

z — 1n(s)

G(s,x) = 5

~ )P = (@~ (5).
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If we fix sg € I, G(so, @) = 0 is the equation of the circle with the center 37(s¢) which passes
through the origin.

For afixed s € I, gs(x) = G(s,x) = 0is an equation of a circle through the origin. Therefore
the inversion image of it is a line. We define the inversion ¥ : R*\ {0} — R?\ {0} at the origin

- ﬁ Then we have ¥(g1(0)) = {z | (z,v(s)) = 1}.
Thus, we define a family of functions F' : I x (R?\{0}) — R by F(s,x) = (x,v(s)) — 1. Then

we have

with respect to the unit circle by ¥ (x)

oF
%(Svm) = <$,t(8)>,

so that [ = 0F/0s = 0 if and only if

We define a mapping APe, : I — R?*\ {0} by
-
(v(s),m(s))

which is called an anti-pedal curve of . By definition or a straightforward calculation, we have
U o APe, = Pe, and ¥ o Pe,, = APe,. We have the following proposition.

APe,(s) = n(s),

Proposition 2.1. For any unit speed plane curve v : I — R?\ {0}, we have
Pry(s) = APeyoy(s) and Pryo(s) = APey(s).

Proof.  'We do not use the parametrization of the primitive and use the properties of the
envelope of the family of lines {h;(0)}ser. Since H(s,x) = (z,~(s)) — |[7¥(s)||?, H(s,z) =0
if and only if (x, U o ~(s)) = 1. Therefore, the envelope of the family of lines {h;'(0)}ses is
equal to the anti-pedal of W o«y. This means that Pr.,(s) = APeyo(s). Since ¥ o ¥ = 1g2\ 0y,
we have

APe,(s) = APegowoy(s) = Pryoy(s).

This completes the proof. a

Since WV is a diffeomorphism, the pedal Pe, and the anti-pedal APe, = WoPe,, have the same
singularities, which correspond to the inflection points of «v. Therefore, the singularities of the
primitive Pr, = APey., correspond to the inflections of the inversion curve ¥ o «. Therefore,
we now calculate the curvature of ¥ o ~.

Proposition 2.2. For a unit speed curve v : I — R*\ {0}, the curvature of Vo~ at s € I
is Kwoy(s) = —k(s) |7 ()1 = 2(v(s), n(s)).

Proof. We denote that v(s) = ¥ o ~(s). Since 4 = ”7”279#, |19l = 1/||v]]?. Let o be the

arc-length parameter of 4. Then do/ds = 1/|v||*>. We also have

c_dy Pt =20ty ()’ = ()t~ 20y ) (. m)m
do P2 v |

It follows that

5o p 2t nt +||<<W5 n)’ = (v.t))n.
Y



By the Frenet formulae and the relation v = (v, t)t + (v, n)n, we have

~ dtN th 2 2<7at><’7>n>t+ (<77n>2 — <’7?t>2)n
o = 5 = - = — 2 ) :
v = = [P = el + 26 o
This means that Kyoy(s) = —k(3)||7(s)||* — 2(v(s), n(s)). 0
Therefore, we have £, (s) = —+'(s)|[7v(s)||?, so that the following corollary holds.

Corollary 2.3. For a unit speed curvey : I — R*\{0}, #'(so) = 0 if and only if K., (s0) = 0.

The point sg € I with £'(sg) = 0 is called a vertex of . Thus the above corollary asserts that
the vertices of v and W o v are the same. It is known that the vertex of a curve is the point
where the osculating circle has four point contact with the curve. Since the inversion ¥ is a
conformal diffeomorphism, it sends the osculating circle of 7 to the osculating circle of W o ~.
Therefore the above result is reasonable. By definition, a point sy € [ is an inflection point of
~ if and only if k(sg) = 0. We also have the following corollary.

Corollary 2.4. For a unit speed curve v : I — R?*\ {0}, so € I is an inflection point of ¥ o~y
if and only if k(s0)||v(s0)||* + 2(~v(s0), n(s0)) = 0.

We now consider the geometric meaning of the condition (sg)||7(s0)||* + 2{~(s0), n(s0)) = 0.
We assume that (y(so),n(s9)) # 0, so that x(sg) # 0. The center of the curvature at sq is given
by

1
o = ’7(80) + /1(80) n(So).
The osculating circle of v at sqg is defined by the equation
1
K(s0)?

Therefore, the osculating circle contains the origin if and only if

lz — zo]|* =

2
1
2
|| 0” KI(SQ)Z

The last condition is equivalent to x(so)||v(s0)]|* + 2(7(s0),(s0)) = 0. Therefore, we have
shown the following lemma.

Hm) bl

Lemma 2.5. With the same assumptions as above, an inflection point of ¥ o~ corresponds to
the point of ~v such that the osculating circle of the point passes through the origin.

We remember that the osculating circle of a curve at a point is the circle which has three
points contact with the curve at the point. If the osculating circle passes through the origin,
the inversion image is a tangent line of the inversion curve which has three points contact. This
means that the point is an inflection point of the inversion curve. Therefore the above result is
also reasonable.

We now consider the singularities of primitives. By Proposition 2.1, we have Pry(s) =
APeyoy(s) = W o Peyoy(s). Since ¥ is a conformal diffeomorphism, the singularities of the
primitive Pr, are equal to the singularities of the pedal Pey.~ of the inversion curve W o ~.
Here, s¢ € [ is a singular point of Pego if and only if kgoy(s9) = 0. Therefore, we have shown
the following proposition.



Proposition 2.6. Let v : I — R?\ {0} be a unit speed curve such that sy € I satisfies
(Y(s0),m(s0)) # 0. Then so is a singular point of the primitive Pro if and only if sy is an
inflection point of the inversion curve Wo=. Moreover, such a point satisfies the condition that
the osculating circle at the point ~(sg) passes through the origin.

As an application of the unfolding theory of functions of one-variable, we have the following
proposition (cf. [3, Page 166]).

Proposition 2.7. The pedal Pe, of a curve v around Pey(sq) is locally diffeomorphic to the
ordinary cusp C = { (z,y) € R | o =12,y =13} if and only if k(so) = 0 and K'(so) # 0.

We say that v(so) is an ordinary inflection of v if k(sg) = 0 and £’(sg) # 0. Then we have
the following theorem.

Theorem 2.8. Let v : I — R?\ {0} be a unit speed curve such that sy € I satisfies
(7¥(s0),m(s0)) # 0. Then the following conditions are equivalent:

(1) The primitive Pro, around Pry(so) is locally diffeomorphic to the ordinary cusp,

(2) the pedal Pegoy of W oy around Peyo(so) is locally diffeomorphic to the ordinary cusp,
(3) K(s0)llv(s0)[I* + 2{v(s0),m(s0)) = 0 and r'(s0) # 0,

(4) the point v(so) is not a vertex «y and the osculating circle of v at ~(so) passes through the
origin,

(5) the point W o ~y(sg) is an ordinary inflection of W o ~.

Proof. By Proposition 2.7, conditions (2) and (5) are equivalent. By Corollaries 2.3 and 2.4,
conditions (3) and (5) are equivalent. By Corollary 2.3 and Lemma 2.5, conditions (4) and (5)
are equivalent. By Proposition 2.1, APey., = Pr,. Since ¥ is a diffeomorphism, the pedal Pego~
around Peyo,(so) is locally diffeomorphic to the ordinary cusp if and only if APeg., = VoPey,,
around APey.~(s¢) is locally diffeomorphic to the ordinary cusp. Thus conditions (1) and (2)
are equivalent. This completes the proof. a

3 Parallel primitivoids

In this section we give a parametrization of the r-parallel primitivoid of 7 for r € R. We consider
a family of functions H : I x (R\ {0}) — R defined by H(s,x) = (x — ry(s),~(s)). Then
{h;1(0)}ser is a family of lines which are orthogonal to ~(s) through rv(s), where hy(x) =
H(s,x). By definition, the envelope of this family of lines is the r-parallel primitivoid of .
Since {t(s),n(s)} is an orthonormal frame along =, there exist A, u € R such that & —rvy(s) =
At(s) + un(s). We have

55 (8:@) = {=1t(s),7(s)) + (& = 77(s), t(s)) = (@ — 2r(s), 2(s))-
We also have
(@ —2ry(s),t(s)) = (—ry(s) + M(s) + un(s), t(s)) = —r(v(s),t(s)) + A,

so that 0H/0s(s,x) = 0 if and only if A = r(vy(s),t(s)). Moreover, F(s,x) = 0 if and only if
AE(s),v(s)) + pu(n(s),v(s)) =0. Thus F(s,x) = dH/Is(s,x) = 0 if and only if

= (r(t(s),v(s))t(s) + pm(s),y(s)) = r(t(s),7(s))* + p(n(s), v(s)).
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Suppose (n(s),v(s)) # 0. Then F(s,x) = 0H/0s(s,x) = 0 if and only if

= ry(s) +r{t(s),v(s)t(s) -

(o

Since y(s) = (v(s),t(s))t(s) + (v(s),n(s))n(s), the last expression equals to

o ). AE)Y(E) — () A(5) + (). A(5) ()
(’“ )+ (n(s)7(s)) )
o (A5 + (A

- (2”” (7)) “)

AN O
- (27“ (), 1) ”)'

Therefore, the r-parallel primitivoid is parametrized by
v (s)II?
r 27(‘9) - TL(S) )
( (n(s),v(s))

which is denoted by r-Pr,(s). Since

Pr. (s) = 2v(s) —

we have the following theorem.
Theorem 3.1. Suppose (n(s),~y(s)) # 0. Then we have r-Pry(s) = rPr,(s) = Pr,,(s).

Proof.  For rv(s), the unit tangent vector is rt(s)/||rt(s)| = t(s), so that n(s) is the unit
normal vector of ry(s). Thus, we have

I

Pr (s) = 2ry(s) — —IP) ls) =7 (27(5) - M)H»n(s)) .

(n(s), ry(s (n(s), (s
This completes the proof. O

4 Slant primitivoids

Following the definition of the evolutoids of curves in the plane [6], we introduced the pedaloids
of curves in [7]. For ¢ € R, define

Pelt)],(s) = (v(s),cost(s) + sinyn(s))(cosPt(s) + sinyn(s)).

We call it a ¢-pedaloid of ~v. If ¢ = 7/2 + nmw,31/2 + nw for n € Z, then Pe[y)],(s) = Pe,(s).
If = nw for n € Z, then Pe[y)],(s) = (v(s),t(s))t(s), which is known as a contrapedal (i.e.
a C-pedal for short) (cf. [10]). The C-pedal is denoted by CPe,(s). Analogous to the notion
of pedaloids, we define a ¢-slant primitivoid as the envelope of the family of lines with the
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constant angle ¢ to the position vector of the curve. Therefore, if ¢ = 7/2 4+ nxw for n € Z, it
is the primitive of the curve. We now give the precise definition as follows: For a unit speed
curve v : I — R?\ {0}, we have v(s) = (v(s), t(s))t(s) + (v(s),n(s))n(s), so that w/2-couter
clockwise rotated vector is Jy(s) = —(y(s),n(s))t(s) + (v(s), t(s))n(s). For ¢ € R, we define

N[g](s) = cosdvy(s)+sindJy(s)
= (y(s), cos ¢t(s) — sin gpn(s))t(s) + (y(s), sin pt(s) + cos ¢pn(s))n(s).
We now consider a function F': I x R*\ {0} — R defined by F(s,z) = (x — ~(s), N[¢|(s)).
For any s € I, fs(x) = F(s,x) = 0 is a equation of the line through ~y(s) orthogonal to N[¢|(s),
which means that the angle between the line and the position vector ~(s) is ¢ + 7/2. The
envelope of the family of lines {f;1(0)}scs is called a ¢-slant primitivoid of . By definition,

the n-primitivoid is the primitive of 7. We consider a parametrization of the ¢-slant primitivoid
of «v. The ¢-slant primitivoid of « is denoted by Pr[¢],(s).

Theorem 4.1. Let v : I — R?\ {0} be a unit speed curve such that (v(s),n(s)) # 0. Then
we have

Pr[¢](s) = cos ¢ (cos ¢pPr(s) + sin ¢Pr s (s)) .

Proof.  Since N[¢|(s) = cos ¢y(s) + sin ¢ Jv(s), we have N[¢|'(s) = cos ¢t(s) + sinpJt(s) =
cos pt(s) + sin ¢pn(s). Therefore, F(s,x) = 0 if and only if there exits A € R such that  —
~v(s) = A(cos pJv(s) —sin ¢y(s)). We remark that (Jv,n) = (v, Jn) = —(v, Jn) = (v,t) and
(Jv,t) = (v, Un) = —(v, Jt) = —(v,n). With the condition F(s,x) =0, we have

O (s,) = (8. N[6]) + { — 7, N[6]') = —(cos £, 7) — sin o, 7)) — Aly,m).

Therefore, F(s,x) = 0F(s,x)/0s = 0 if and only if
(v(s), cos ¢t (s) — sin gn(s))

zr—(s)=— ~(5).n(5) (cos pJy(s) — sin ¢y(s)).
Since v = (v, t)t + (v,n)n, we have Jy = —(v,n)t + (v, t)n. Moreover, we have ||y(s)||* =
(7(5), t(s))* + (v(s), n(s))?, so that

(
__(s)cosdtls) —sinon(s))
r = ). (cos ¢J(s) ¢v(s)) +(s)
cos ¢

:W“ cos ¢((s), t(s)) + sin o(y(s),n(s)))J¥(s)
+(sing((s), t(s)) + cos ¢(y(s), n(s)))¥(s))

_& COoS s s),n(s sin s s))2 — $). n(s)2)E(s
= <7(S),n(s)><(2 ¢{v(5), t(s))(7(5), (s)) +sin ((v(s),8(5))" = (v(s),n(s))")E(s)

+(cos p((v(s), m(s))* = (v(s). £(5))*) + 2sin G (y(5), £(5)) (7(s), n(5)))n(s))
(

cos ¢

= m( (7(5),t(s))(v(s), n(s))(cos pt(s) + sin pn(s))
+sin G (2(v(s), £(5))* — [V (s)|2)E(s) + cos (2(v(s), m(s))® — [7(s)|*)m(s)
50 cos g(2(y(s), n(s))v(s) — [¥(5)]P(s))

~ (v(s),n(s))

1 sin (2 <,t< 7()—||7( )124(5))
o sl ||2 g (2D O
- d’( ¢(27“ (s)m) )* ¢( ) <v<s>7n>t“))'



2

Here, Pry(s) = 27(s) — %n(s), J7(s) is a unit speed curve such that the tangent vector
is Jt(s) = n(s) and the normal vector is Jn(s) = JJt(s) = —t(s). Therefore, we have

1T (s)I? v (s)
(J7(s), Jn(s)) {(v(s),n(s))

Since Jy = —(v,n)t + (v,t)n and v = (v, t)t + (v, n)n, the last formula is equal to

[

Prjy(s) =2J~(s) — Jn(s) =2Jv(s) + t(s).

2= (), m()E(s) + (v(s), t())m(s)) + ATy,

s

o (—(y(), () 28(5) + (¥(5), ) (v(5). E(5)) () + )

A, E) A, n(E) )
= 2 S S S) — S S S) — S), (s 2 S M S
— gy (O () = (9, e E(s) — (r(s)mPe(s) + TNt
2 &

B N o7,
L0 IR,
=2y " T ) m )

Thus we have

(v(s),8()) oo &I
EGOEIOIACTE R
This completes the proof. O

Prjy(s) =

Example 4.2. We consider the ellipse defined by 22 + 322 = 1. By Theorem 4.1, the ¢-slant
primitivoid is parametrized by

Pri¢l,(t) = (CO; ¢ (—2 cost(—4 + cos 2t) cos ¢ + V/3(— sint + sin 3t) sin q§) ,

(CO§¢(4 costsin ¢ — cos 2t(\/§COS ¢sint + costsin (b)))) '

b&:/@

Fig. 1 : The ellipse Fig. 2 : The O-primitivoid=the primitive

Fig. 3 : The w/10-primitivoid Fig. 4 : The x/4-primitivoid
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Fig. 5 : The 7 /3-primitivoid Fig. 6 : The ellipse and primitivoids
We observe in Fig. 6 that these primitivoids might be similar in shape.

For ¢ € [0,27), we denote the rotation matrix by

_ [cos¢p —sing
R(¢) = (singb ) '

cos ¢

Let v : I — R?\ {0} be a unit speed curve. We denote the ¢-rotated curve by ~4(s) =
R(¢)~(s). Since ¢-rotated curve is also a unit speed curve, we have t4(s) = v4(s) = R(¢)t(s

and n,(s) = Jty(s) = JR(¢)t(s) = R(¢)Jt(s) = R(¢)n(s). It follows that
Py, () = R(6)Pry(s).
Moreover, we have the following lemma.
Lemma 4.3. With the same notations as above, we have
JPL(5) = Pry(s).

Proof. We have

I~ (S = S —Mns
TP (s) ‘](2”” )@ ”)

I (s)1”
{(v(s),n(s))

In the proof of Theorem 4.1, we have shown that

I

= 2Jv(s) — Jn(s) = 2Jv(s) + elC]

I ()I*

{(v(s),n(s))

This completes the proof. O

Pry,(s) =2Jv(s) + t(s).

Then we have the following theorem as a corollary of Theorem 4.1.

Theorem 4.4. With the same notations as above, we have
Pr[¢],(s) = cos pR(¢)Pr(s) = cos PPT, (5) = Preos gy, (5)-
Proof. 1t follows from Theorem 4.1 and Lemma 4.3 that

Pr[¢],(s) = cos ¢ (cos ¢Pr.(s) + sin ¢pPrs,(s)) = cos ¢ (cos ¢pPr,(s) + sin pJPr,(s)) .



Moreover, for a € R? \ {0}, if we set b = Ja, then we have
cos pa + sin pb = cos gpa + sin pJa = (cos pI +sinpJ)a = R(¢p)a.

Therefore, we have
Pr[¢],(s) = cos ¢R(¢)Pr(s).
This completes the proof. a

We now consider the relation of primitivoids with pedals. For A € R\ {0}, we consider
Ay(s). Since (Ay)'(s) = At(s), we have ||[At(s)|| = ||, so that t)y(s) = t(s) for A > 0 and
Ny (s) = Jt(s) = n(s). We also have t)y(s) = —t(s) for A < 0 and ny,(s) = J(—t(s)) =
—n(s). Thus, we have Pey,(s) = APey(s). Then we have the following proposition.

Proposition 4.5. With the same notations as above, suppose that Pe, and Pr[¢|, are regular
curves. Then we have

Pr[¢]pe, (s) = Pepyg), (s) = cos R($)y(s) = cos ¢ys(s).
Proof. By the above arguments and Theorem 4.4, we have

PePr[(ﬁ]-y (S> - Pecos ¢Pr‘,¢ (8) = Cos ¢PePr~,¢ (S) = COs ¢7¢(S)

and
Pr(¢]pe, (s) = cos 9R(¢)Prpe, (s) = cos pR(¢)¥(s) = cos ¢y,(s).
This completes the proof. O

We now consider relations of primitivoids with anti-pedals and parallel primitivoids. As a
corollary of Theorem 4.4, we have the following proposition.

Proposition 4.6. Let v : [ — R?\ {0} be a unit speed curve such that (n(s),~(s)) # 0.
Then we have

Pr[¢](s) = cos pAPeyo,(s) = R(¢)(cos ¢-Pr,)(s).

Proof. By Proposition 2.1 and Theorem 4.4, we have

Pr[¢](s) = cos ¢Pr,,(s) = cos pAPeyo,(s).

By Theorem 3.1, we have

cos P14, (s) = cos pR(¢)Pry(s) = R(¢) cos ¢Pr,(s) = R(¢)(cos ¢-Pr,)(s).

5 Pedals and primitivoids of frontals

In the previous sections we investigated pedals and primitivoids of regular curves. However,
pedals and primitivoids generally have singularities even for regular curves. In the last section
we consider the pedal (respectively, the primitivoid) of the primitivoid (respectively, the pedal)
of a curve. Therefore, we need to generalize the notions of primitivoids (respectively, pedals)
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of certain singular curves. One of the natural singular curves in the Euclidean plane for which
we can develop the differential geometry is the notion of frontals [4, 5].

We say that (y,v) : I — R? x S' is a Legendrian curve if (v,v)*0 = 0, where 0 is
the canonical contact 1-form on the unit tangent bundle T1R? = R? x St (cf. [2]). The last
condition is equivalent to (%(t),v(t)) = 0 for any ¢ € I. We say that v : I — R? is a frontal if
there exists v : I — S! such that (v, v) is a Legendrian curve. If (v, v) is an immersion, ~ is
said to be a front. A differential geometry on frontals was constructed in [5]. For a Legendrian
curve (v,v) : I — R? x S', we define a unit vector field u(t) = J(v(t)) along v. Then we
have the following Frenet type formulae [5]:

{ v(t) = () (),
p(t) = =Lt (1),

where £(t) = (v(t), u(t)). Moreover, there exists 5(t) such that 4 (t) = S(¢)u(t) for any t € I.
The pair (¢, ) is called a curvature of the Legendrian curve (7y,v). By definition, ¢ty € [ is a
singular point of -+ if and only if 5(ty) = 0. Moreover, for a regular curve v, u(t) = t(t) and
0(t) = || (t)||k(t). The Legendrian curve (v,v) is immersive (i.e. - is a front) if and only if
(0(t), B(t)) # (0,0) for any ¢t € I. So the inflection point ¢ty € I of the frontal v is a point
{(tp) = 0. For more detailed properties of Legendrian curves, see [4, 5].

In [7, 9], the pedal of a frontal - is defined by

Pey(t) = (v(1),v(8))v ().

We have shown that if there exist §(¢) and o : I — S'such that ~(t) = 6(t)o (¢) for any ¢ € I,
the pedal Pe,(t) of v is a frontal. Moreover, the anti-pedal of - is defined to be

-
{(v(1), v(1))

As we remarked for a regular curve v in §1, the anti-pedal of a frontal + is the envelope of the
family of lines {x | (z,v(t)) — 1 = 0}4er.
On the other hand, for a frontal v with (v(¢),v(t)) # 0, we define the primitive of v by

I~ ()"
{(v(1), v(1))

We remark that the primitive of « is the envelope of the family of lines
{z | (& —~(t),7(t)) = O}rer.
Since (x—(t), (1)) = (&, v(#)) — 7@, (x—7(t),7(t)) = 0if and only if (x, Toy(t))—1 = 0,

where ¥ : R?\ {0} — R?\ {0} is the inversion defined by ¥(x) = ez Lherefore we have
the following lemma.

APey(s) = v(t).

Pro(t) = 29(t) — u(t).

Lemma 5.1. Let (v,v) : I — (R?\{0}) x S be a Legendrian curve such that {(~(t),v(t)) # 0.
Then we have

Pro(t) = APeyoy(t) = U 0 Pegor (1).

Then we have the following lemma.

11



Lemma 5.2. Let (v,v) : I — (R?\{0}) x S be a Legendrian curve such that {(~(t),v(t)) # 0.
Then the primitive Pr~ of v is a frontal.

Proof. Since «(t) # 0, ¥ o «(t) is well defined and it is not equal to the origin. Thus, Peyoy
is a frontal. By Lemma 5.1, we have Pr.,(t) = ¥ o Peyo,(t). Here, ¥ is a diffeomorphism, so
that ¥ o Peg. is a frontal. O

Once we obtained parametrization of primitivoids of regular curves, we can generalize these
notions for frontals. Following Theorems 3.1 and 4.4, we respectively define the r-parallel
primitivoid and the ¢-slant primitivoid of a frontal v with (v(¢),v(t)) # 0 by

r-Pry(t) = rPry(t) and Prp|(t) = cos pR(p)Pr(t).
Since (R(¢)y(t), R(@)v (1)) = (v(t),v(t)), we have

v @)1 _
<7(t)7 V(t))y(t)> - PTR(@’Y(t)'

A rotated frontal v is defined to be v4(t) = R(¢)v(t). Thus, we have R(¢)Pr,(t) = Pry,(t).
Then we have the following theorem.

R(6)Prs () = R() (2'7(75) -

Theorem 5.3. Let (v,v) : [ — (R?\{0}) x S* be a Legendrian curve such that {(~(t),v(t)) #
0. Then both of the r-parallel primitivoid r-Pr(t) and the ¢-slant primitivoid Pr(pl~(t) of v
are frontals.

Proof. By Lemma 5.2, the primitive Pr, is a frontal. Since linear map cos ¢R(¢) : R* — R?
is a diffeomorphism, Pr{¢|, = cos ¢R(¢p)Pr is a frontal. Moreover, if there exists ¢y € I such
that Pr,(tp) = 0, then we have

I (to) II?
P10 = )iy
Since ||v(to)]] = 1, we have [|v(to)|| = 2|(v(to), v (to))]|. It follows that
A(y(to), v(to))”
#rlto) = {(v(to), v(to)) V{to),

so that y(to) = 2(y(to), v(to))v(to). Thus, we have (y(to), v (to)) = 2{~(to),v(to)). This contra-
dicts to the assumption (y(t),v(t)) # 0. Therefore, Pr.(t) # 0. We now define ¢, : R\ {0} —
R?\ {0} by ¢.(x) = ra. Then 1, is a diffeomorphism and 1, o Pr., = r-Pr,. It follows that
r-Pr~ is a frontal. O

By the above theorem, we can consider the parallel primitivoids and the slant primitivoids
of r-Pr.(t) and Pr|¢], respectively. The normal vector fields of the above frontals are denoted
by v,-p, (t) and vp,), (t), respectively. We have the following lemma.

Lemma 5.4. Let (v,v) : [ — (R*\{0}) x S be a Legendrian curve such that (~y(t),v(t)) # 0.
For ¢ #mw/2+ nmw (n € Z), we have

(r-Proy(t), Vrpr, (1)) # 0 and (Pr[¢],(t), vpyg), (L)) # 0.
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Proof. By the definition of the primitive of -, the tangent vector of Pr,(t) at s is Jv(t). So
that the unit normal is

2
vpy (t) = iJJ||7||() im(t).

It follows that

_ el 7\ _
<Pr77VPr7> - <27 - <V >V :l:H ||> - :l:H’YH 7é 0.

Since r-Pr,(t) = rPry(t), we have v,-p, (t) = £v/|v||(t), so that the first assertion holds. If
we set v,(t) = R(¢)v(t), then we have (4, v4) = (R(¢)7Y, R(¢)v) = (¥,v) = 0. By definition,
we can show that Pr[¢], = cos ¢Pr,. Since (v4,v4) # 0, we have

<737"[qz5]7, Vpr[¢,}7> = <cos PP, Vprw> = cos ¢ <73r,7¢, Vpr7¢> #0.
This completes the proof. a
Then we have the following theorem.

Theorem 5.5. Let (v,v) : I — (R?*\{0}) x S* be a Legendrian curve such that {(~(t),v(t)) #
0. Suppose that ¢ # 7/2 4+ nw for n € Z. Then we have

cos(V + ) Prp]pyg), (t) = cos 1 cos ¢Pr[) + ¢l ().

Proof. By Theorem 5.3 and Lemma 5.4, Pr(¢], is a frontal. Therefore, Pr{y]p, 4, is well-
defined. By definition, we have

Priglprg), (t) = cos pR(Y)Pridly (t) = cos Y Praw)prisy, (1):

Here, we have
R(Y)Pr(gly(t) = R(¢) cos pR(@)Pro(t) = cos pR(Y + ¢)Pry(t) = cos ¢Pry ., , (1).

If Y+ ¢ # 7/2 4 nm, then

cos 1 cos ¢

mprw + ¢l4 (1),

oS YPTRp)Prigly (t) = cOS YPTeos OPra(y i) (t) =

so that we have

cos(1 + @) Prip]pig), (t) = costh cos ¢Priyh 4 ¢l (t).
If v + ¢ = /2 4+ nm, then the both sides are zero. O

Example 5.6. We give an example of a front and its primitive. We consider a curve defined
by

1
~(0) = (5(30 cos — 17 cos 360 + 3 cos 50), (sin#(23 + 4 cos 26 — 3 cos 49))) .

1
16v/2

We can show that this curve is a front, which is drawn in Fig. 7.
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Fig. 7: ~(0). Fig. 8 : The primitive of ~.

The picture of the primitive of « is given in Fig. 8. The both of the pictures of ~ and the
primitive in Fig. 9. We also draw the picture of the family of lines whose envelope is the
primitive in Fig. 10. of ~.

s
V
/%K
.
2

Fig. 9 : () and the primitive. ~ Fig. 10 : The primitive of v with the family of lines.

We can observe the aperture of the family of lines. Since pictures of all primitivoids are similar
to the primitive, we omit to draw these pictures here. We only remark that apertures of slant
primitivoids always shrink to the origin. This fact is related to the shape of distorted iris
diaphragms of cameras. We will discuss the relationship between iris diaphragms, evolutoids
(cf. [6]) and slant primitivoids in elsewhere.
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