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THE TOTAL ABSOLUTE CURVATURE OF CLOSED CURVES
WITH SINGULARITIES

ATSUFUMI HONDA, CHISA TANAKA, AND YUTA YAMAUCHI

ABSTRACT. In this paper, we give a generalization of Fenchel’s theorem for
closed curves as frontals in Euclidean space R™. We prove that, for a non-
co-orientable closed frontal in R"™, its total absolute curvature is greater than
or equal to 7. It is equal to w if and only if the curve is a planar locally
L-convex closed frontal whose rotation index is 1/2 or —1/2. Furthermore, if
the equality holds and if every singular point is a cusp, then the number N
of cusps is an odd integer greater than or equal to 3, and N = 3 holds if and
only if the curve is simple.

1. INTRODUCTION

We fix an integer n greater than 1. Let ~(s) (s € [0,L]) be an arclength
parametrization of a closed regular curve in Euclidean n-space R™, where L is
the length of v(s). Denote by k(s) (> 0) the curvature function of v(s). Then,

L 2
d™y
(7) /O () ds ( ’dSQ)
is called the total absolute curvature. The following holds:
Fenchel’s theorem ([11, 12| [ [I7)). The total absolute curvature of a closed regular

curve in R™ is greater than or equal to 27. It is equal to 27 if and only if the curve
is an oval.

Here, an oval is a locally convex simple closed plane curve. We remark that a
locally convex closed plane curve is simple if and only if its rotation index is equal
to 1 or —1. So far, several generalizations of Fenchel’s theorem have been obtained:
knots in R3 [10} [16]; curves in a non-positively curved Riemannian manifolds [22] [5];
curves in a sphere [20, 21]; open curves in R™ [9]; curves in the Lorentz-Minkowski
space [3]; curves in CAT(k) space [I§]. See also [2]. Furthermore, Chern-Lashof
[7, [8] generalized Fenchel’s theorem to closed submanifolds in R™. The lower bound
of the total absolute curvature is related to topological invariant of the submani-
fold. Therefore, Fenchel’s theorem is one of the main results in global differential
geometry. In this paper, we extend Fenchel’s theorem for curves with singular
points.

1.1. Statement of results. For a smooth map v : I — R” defined on a non-empty
interval I, a point ¢ € I is called a regular point (resp. a singular point) of v if the
derivative 7/(¢) does not vanish (resp. does vanish), where the prime ' means d/dt.
In this paper, a curve is a smooth map

v: I — R"

Date: March 4, 2024.

2020 Mathematics Subject Classification. Primary 53A04; Secondary 57R45, 53C65, 53C42.

Key words and phrases. Fenchel’s theorem, total absolute curvature, wave front, non-co-
orientability, singular point.

The first author is supported by JSPS KAKENHI Grant Numbers 19K14526, 20H01801 from
Japan Society for the Promotion of Science.


http://arxiv.org/abs/2403.00487v1

whose regular set Reg(y) is dense in I. A curve v : I — R” is called a frontal
if there exists a smooth map e : I — S™~! such that 4/(t) and e(t) are linearly
dependent for each t € I, where S™~! is the unit sphere in R™. Such an e(t) is said
to be a unit tangent vector field along v. Moreover, a frontal -y is said to be a wave
front (or a front, for short), if L = (v, €) is a regular curve in R™ x S"~1,

On the regular set Reg(y) of a frontal v : I — R"™, the curvature function is

defined as

_ VIVIPIIE = (272
112 '
Here, we denote by |la|| the norm ||a|| := v/a - a of a vector a € R™, and a- b is the
canonical Euclidean inner product of a,b € R™. Since e(t) = +7/(¢)/||7/(¢)|| holds
on Reg(), the curvature function k(t) is written as

k(t) = [l€'ON/17 ®)1-
In general, the curvature function k of a frontal may diverge at a singular point.
However,

(1.1) kds=|e€'(t)| dt

is a bounded continuous 1-form even at a singular point, where ds = ||7/(¢)|| dt is
the arclength measure. We call kds the curvature measure.

If a frontal v : R — R”™ is a periodic map, ~ is called a closed frontal. By
multiplying the parameter by a constant, we may assume that v is 27-periodic.
Then, the domain of definition of + is regarded as S = R/27Z. For each a € R,
we represent the 27-periodic closed curve y(t) by the restriction |4 q427-

If e is also a 27-periodic map, that is, if

e(t+2m) =e(t) (t eR),

then + is said to be co-orientable. Then, the domain of definition of e is regarded
as S'. On the other hand, if

e(t+2m) = —e(t) (t € R),

then ~ is called non-co-orientable. In this case, e is a 4m-periodic map, and hence,
the domain of definition of e is regarded as 51 = R/4nZ.

For a closed frontal v : S — R", as the curvature measure is a continuous
1-form on S*,

(1.2) K('y)/51kds

is a bounded non-negative number. We call K () the total absolute curvature.

We remark that, in general, the total absolute curvature K () does not possesses
a non-trivial lower bound. In fact, the line segment () = (cost,0) is a closed
frontal with vanishing total absolute curvature K(y) = 0. Similar examples exist
even when restricted to wave fronts, see Example [£]]

k(t)

FIGURE 1. A co-orientable closed front having arbitrary small to-
tal absolute curvature (Example [£]).

Hence, in this paper, we deal with non-co-orientable closed frontals in R™. More
precisely, we prove the following Fenchel-type theorem.
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Theorem A. The total absolute curvature of a non-co-orientable closed frontal in
R™ is greater than or equal to w. It is equal to m if and only if the curve is a planar
locally L-convex frontal whose rotation index is equal to 1/2 or —1/2.

Here, the definitions of the local L-convexity and the rotation index are given in
Section Pl In the case of regular curves, Fenchel’s theorem says that every closed
regular curve having minimum total absolute curvature 27 must be a simple closed
curve. However, in the case of frontals, there exist non-simple examples having
minimum total absolute curvature K(vy) = m, see Figure

(a) (b) (c)

F1GURE 2. Closed non-co-orientable fronts with total absolute cur-
vature K(y) = 7 in R%. All curves (a), (b) and (c) are given by
hypocycloids (Example [d£2]). Although the leftmost (a) is a simple
closed curve, the others, (b) and (c), are not simple. All the sin-
gular points of these curves are cusp.

Thus, a natural question to consider is when a non-co-orientable closed frontal
with minimum total absolute curvature becomes a simple closed curve. In this
paper, we solve this question when the singularities are all cusps. Here, for a
smooth map ~ : I — R?, a singular point ¢ € I of ~ is called cusp if the map-germ
v : (I,¢) = (R%,v(c)) is right-left equivalent to the map-germ ¢ > (t2,¢3). It is
known that the cusp singularity is stable among the singularities of plane curves.
We have the following.

Theorem B. Let v : S' — R? be a non-co-orientable closed front with minimum
total absolute curvature K(vy) = m. Suppose that every singular point is a cusp.
Then the number N of cusps is an odd integer satisfying N > 3. Moreover, N = 3
if and only if v is simple.

On the other hand, for a given convex closed curve, its focal set (i.e., the image
of the caustic) admits singular points. Gounai-Umehara [I4] classified the diffeo-
morphic type of focal sets of convex curves which admit at most four cusps under a
generic assumption. Such the caustics are wave fronts having no inflection points.
Theorem [B] can be regarded as a generalization of Gounai-Umehara’s classification
theorem in the case that the focal sets have exactly three singular points.

1.2. Organization of the paper. This paper is organized as follows. We prove
Theorem [A] in Section 2] and Theorem [B] in Section Bl In Section @] we exhibit
some examples. In particular, we show an example of a co-orientable closed wave
front with arbitrarily small total absolute curvature (Example [£1]), and non-co-
orientable closed hypocycloids with total absolute curvature 7w (Example [£.2)), as
shown in Figure

2. PROOF OoF THEOREM [A]

In this section, we give a proof of Theorem [Al First, we prove that for a non-co-
orientable closed frontal v : ST — R", the total absolute curvature K (v) satisfies
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K (v) > 7, and that K(v) = 7 implies v(¢) must be planar (Proposition 24]). Next,
after introducing the definitions of the local L-convexity and the rotation index,
we prove that a non-co-orientable closed frontal v : S' — R? with total absolute
curvature K (y) = m must be locally L-convex and the rotation index is +1/2, and
vice versa (Proposition 7).

2.1. Length of tangent indicatrix. By (LI and (2]), we have the following.

Lemma 2.1. For a closed frontal 7 : [0,27] — R™, the length

L(e) = / " e de

of e : [0,27] — S™~! as a spherical curve in ST coincides with the total absolute
curvature K(v) of the frontal .

The non-co-orientability yields the following.

Lemma 2.2. Let v : [0,27] — R™ be a non-co-orientable closed frontal with a unit
tangent vector field e : [0,2n] — S™~1. Then, every great hypersphere of S™~*
intersects the image e([0,27]).

Proof. Let G be a great hypersphere of S?~!. Then there exists a vector £ € §"~!
such that G = {x € S"'; - ¢ = 0}. Hence, it suffices to prove that there exists
to € [0,27] such that e(tg) - £ = 0. We set f:[0,27] — R by f(t) = e(t) - £&. Since
~ is non-co-orientable, e(0) = —e(27) holds and hence, we have f(0) = —f(2m).
If f(0) = 0, then the claim is true, so let us assume that f(0) # 0. Since f(0)
and f(27) have the opposite sign, the intermediate value theorem yields that there
exists to € [0, 27] such that f(to) = 0, which proves the assertion. O

We use the following fact called the Rutishauser-Samelson lemma [I7]. This
lemma is also introduced in an expository article written by S.S. Chern [6].

Fact 2.3 ([I7], see also [6]). Let ¢ : S* — S™! be a C! closed curve of length
L(c). We denote by T the image c(S*'). Suppose that, for any great hypersphere G
of S"1, the intersection T NG is non-empty. Then L(c) > 27 holds. Moreover, if
L(c) =27, then T' consists of two half-arcs of great circles.

Now we have the following.

Proposition 2.4. Let v : S' — R" be a non-co-orientable closed frontal. Then,
K(v) > 7 holds. Moreover, if the equality holds, then ~y is planar.

Proof. Let 7 and € be the extensions of v and e so that their domains of definition
are [0,47]. Then, the domain of definition of & is regarded as S' = R/4nZ, and
the image T' = &(S") defines a closed curve in S”~!. From Lemma 22 T intersects
with any great hypersphere of S"~!. Therefore, Fact yields K (%) > 2. Since
K(5) = 2K (v), we have K (v) > 7. The equality holds if and only if I consists of
two half-arcs of great circles, that is, I' = e([0, 27]) is a half-arc of a great circle.
Therefore, the image of v(¢) is a subset of a 2-dimensional subspace of R™, which
proves the assertion. O

2.2. Local L-convexity of planar frontals. On the regular set Reg(y) of a
frontal v : I — R?, we set

1
[Iv[I?
4
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To distinguish between k(t) and k(t), we call k(t) the oriented curvature function of
~(t). Since e(t) = £7'(¢)/||¥'(¢)|| holds on Reg(7), the oriented curvature function
k(t) is written as x(t) = R(t )/||7 (t)]|, where we set

(2.1) f(t) = det(e(t), €'(t)) (€' = de/dt).
Letting ds = ||7/(¢)] dt is the arclength measure of v, we have that
(2.2) Kkds = Rdt

is a bounded smooth 1-form even at a singular point. We call xds the oriented
curvature measure.

Definition 2.5. A frontal v : I — R? is called locally L-convez, if either & > 0 or
% <0 holds on I, where # is the function defined by (2.1J).

Since the oriented curvature function s is written as k = 5/||y’|| on the regular
set Reg(), the local L-convexity condition is a generalization of the local convexity
of regular curves. We remark that Li-Wang [15] defined ¢-convex curves, cf. [13].
An (-convex curve is a closed wave front in R? such that % has no zeros, and hence,
{-convex curves are locally L-convex.

Let 7 : S* — R? be a non-co-orientable closed frontal with a unit tangent vector
field e : [0,27] — S*. We set a smooth function 6(t) as

(2.3) e(t) = (cosf(t),sind(t)).

We call 0(t) the angle function. Since e : [0,27] — S satisfies e(27m) = —e(0),
there exists an integer m € 7Z such that 0(27) — 6(0) = (2m + 1)7 holds. We call

the half-integer

1
il’ldv =m—+ 5
the rotation index of y(t). We remark that 27 ind, = 0(27) — 0(0).

Lemma 2.6. For a frontal v : I — R2, we set a smooth function 0(t) as [Z3).
Then 0'(t) = k(t) holds.

Proof. Substituting (Z3)) into (ZT]), we obtain the desired result. O
Proposition 2.7. Let v : S' — R? be a non-co-orientable closed frontal. Then,

the total absolute curvature K(v) is greater than or equal to w. It is equal to 7 if
and only if v is an L-convex frontal whose rotation index is equal to 1/2 or —1/2.

Proof. Let e : [0,27] — S be a unit tangent vector field along v(t). We set 0(t) the
angle function of e(t) as in ([2.3). The rotation index is written as ind, = m+1/2,
where m € Z is an integer. By the triangle inequality, we have

K(fy)/ow|9’(t)|dt2 /Oﬂe’(t)dt

The equality holds if and only if 6’(¢) has constant sign and m = 0, —1. Lemma
yields that K(y) = m holds if and only if v(¢) is locally L-convex and ind, =
+1/2. O

= 10(2m) — 0(0)| > |2m + 1|7 > 7.

Proof of Theorem[4l. By Propositions 2.4l and 27, we have the assertion. O

3. Proor oF THEOREM [B]

In this section, we prove Theorem [Bl First, in subsection 3.1 we discuss the
sign function of frontals having cusp singularities. Next, in subsection B2l several
estimates of the total absolute curvature are given. Finally, in subsection B3] we
give a proof of Theorem [Bl



3.1. Sign function. Let~ : I — R? be a smooth curve. Then a singular point ¢ = ¢
is called cusp, if there exist a coordinate change ¢t = t(s) and a local diffeomorphism
® of R? such that t(0) = ¢, ®(vy(c)) = (0,0) and ® o y(¢(s)) = (s, s*) hold.

It is well-known that a plane curve y(t) has cusp at ¢ = ¢ if and only if

(3.1) V() =0 and  det(+"(c),7"(¢)) £0
hold (cf. [23, Theorem 1.3.2]). It is known that the curvature function x diverges
at cusp [23, Corollary 1.3.11].

Let v : I — R? be a frontal equipped with a unit tangent vector field e, On
the regular set Reg(y), we set T =~'/|7/||. Then, we define a continuous function
e : Reg(y) = {1,—1} as

e(t) =T(t)-e(t).
We call €(t) the sign function.

Lemma 3.1. The sign function e(t) changes its sign across cusp singularities.

Proof. Let v : I — R? be a frontal having a cusp at ¢ € I. Without loss of
generality, we may assume that ¢ = 0. The criterion for the cusp (B yields that
7/(0) = 0 and ~”(0) # 0 hold. Therefore, there exists a smooth map x : I — R?
such that 7/(¢t) = ta(t). Since 7v(0) # 0, we have x # 0 on a neighborhood of
t=0. We set E =a/||z|. Then T'=~'/|7|| is written as T'(t) = sgn(t) E(¢). On
the other hand, either

(i) e(t) = E(t) or (i) e(t) = —E(t)

holds. In the case (i), we have e(t) = sgn(¢). In the case (ii), we have e(t) = — sgn(t).
Therefore, the assertion holds. O

Corollary 3.2. Let y(t) be a front in R? defined on a bounded closed interval
[a,b] (a < b), and let j be a positive integer. Suppose that every singular point
is cusp, and the restriction |y has exactly j singular points. Then the sign
function €(t) satisfies e(a) = (—1)7¢(b), where we set e(a) = limy_q10€(t) and
e(b) = limsyp—0 €(t).

Proof. By Lemma[31] we have that €(t) change its sign at cusps. Hence, €(a) = €(b)
(resp. €(a) = —e(b)), if j is even (resp. odd). O
Lemma 3.3. Let y(t) be a frontal in R? defined on a bounded closed interval [a, b]
(a < b), Then it holds that K(vy) > arccos(e(a) - e(b)).

Proof. By a proof similar to Proposition [27] We have K(v) > |0(a) — 6(b)|. Since
|0(a) — 0(b)| > arccos(e(a) - e(b)), we have the desired result. O

3.2. Angle at the endpoints of frontals. The following fact is known (see [T}
Proposition 3.21], for example), cf. Figure B

Fact 3.4. Let v(t) be a frontal in R? defined on a bounded closed interval [a,b]
(a <b). Ify(a) = y(b), and the restriction ¥|(4p) is a regular curve, then K(vy) > 7
holds.

FIGURE 3. A frontal having the same endpoints but with no sin-
gular point in the interior.



We generalize Fact B4 to frontals (Propositions and B.7).

Definition 3.5. Let y(t) be a frontal in R? defined on a bounded closed interval [a, b]
(a < b). Suppose that y(a) = 7(b), and the restriction 7|, has finite singular
points. Then the number ¢ € [0, 7] defined by

o = arccos (—T'(a) - T'(b))
is called the angle at the endpoints of v, where T = ~'/||+'|| and
T(a)= lim T T(®) = lim T(t).
(a) =, lim T(t), (b) = lim T(t)

Proposition 3.6. Let v(t) be a frontal in R? defined on a bounded closed interval
[a,b] (a < b). Suppose that every singular point is cusp, v(a) = ~(b), and the
restriction ¥|(qp) has evactly two singular points. Then K () > m — ¢ holds, where
p € [0, 7] is the angle at endpoints of .

Proof. By Corollary B:2] we have e(a) = €(b). Since T'(t) = e(t)e(t), it holds that
T(a)-T(b) = (e(a)e(a)) - (e(b)e(b)) = e(a) - e(b). Hence we have

o = arccos(—T'(a) - T'(b)) = arccos(—e(a) - e(b)) = m — arccos(e(a) - e(b)).

Since the length L(e) of e satisfies L£(e) > arccos(e(a) - e(b)), Lemma [ZT] yields
that K(y) = L(e) > m — ¢. O

FIGURE 4. A frontal having the same endpoints but with two sin-
gular points in the interior.

Proposition 3.7. Let v(t) be a frontal in R? defined on a bounded closed interval
[a,b] (a < b). Suppose that every singular point is cusp, v(a) = v(b), and the
restriction 7y|(ap) has evactly one singular point. Then K(v) > ¢ holds, where
v € [0, 7] is the angle at endpoints of .

Proof. Let ¢ € (a,b) be the singular point of v(t). By Corollary B2 we have
€(a) = —e(b). Since T'(t) = €(t)e(t), it holds that

¢ = arccos(—T'(a) - T'(b)) = arccos(e(a) - e(b)).

If necessary, by a rotation and translation of R?, we may assume that y(c) =
(0,0) and e(c) = (0,1) hold. We denote by v(t) = (x(t),y(t)). Since z(t) is
a continuous function on a closed interval [a,b], there exist ¢1,t2 € [a,b] such
that max;c(q 5 (t) = x(t1) and mingep,p2(t) = x(t2) hold. If t; = to, then
maxye(qp) (t) = mingeq ) 2(t) holds. Hence we have x(t) is identically zero, and
the image of y(¢) is a subset of the y-axis. Then the curvature function is identically
zero, which contradicts the fact that the curvature diverges at cusps (|23, Corollary
1.3.11]). Hence t; # to holds. If necessary, by changing the orientation of ¢, we
may assume that t; < to.

Also we have that t1,t2 # ¢. In fact, if t; = ¢, then 2(¢) < 0 holds. The tangent
lind] of y(t) at the cusp t = ¢ divides the curve ~(¢) into two parts, one on each

IThe tangent line of a front at a cusp is also called the centerline [23, Corollary 1.3.11].
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side ([23} Corollary 1.3.11]). Since the centerline of y(t) at t = ¢ is the y-axis, [23]
Corollary 1.3.11] yields a contradiction, and hence t; # ¢. Similarly, we have to # c.
We set
arccos(e(a) - e(c)) = ¢q, arccos(e(b) - e(c)) = vp.
Then, ¢, + ¢ > ¢ holds.

(I) The case of a < t; < ¢ <ty < b. The total absolute curvature K(v) is di-
vided into

(3.2) K(v) = K(Vlia,t)) + KOlitr,e) + KVjesta)) + K (Vjo,0))-
Then it holds that
(3.3) K(7|[t176]) >0 and K(7|[Cyt2]) > 0.

In fact, if we suppose K (7|, ) = 0, then x(t) is identically zero on [t1, c], which
contradicts the fact that the curvature diverges at cusps ([23| Corollary 1.3.11]).
Hence, we have K (7], ¢) > 0. Similarly, K (v|c,,)) > 0 holds.
Since 2/(t1) = 2/(t2) = 0, we have e = (0,+1) at ¢1,t2, namely, e(t;) = +e(c)
holds (i = 1,2). Thus, either (I-i), (I-ii), (I-iii) or (I-iv) occurs, cf. Figure Bl
(I) If e(t1) = e(tz2) = e(c), K(V]ja,11)) = Pa and K (7¥|i,,0) = @ hold. By (3.2)
and @B.3), we have K(v) > K(Yl(a,11) + K(Vt2,0) = a0 + 06 = -
(I-ii) If e(t;) = —e(ta) = e(c), Lemma yields K (7|(e,t,)) > arccos(e(c) -
e(t2)) = m. By B2) and B3), it holds that K(y) > 7 > ¢.
(I-iii) If —e(t1) = e(t2) = e(c), as in the case (I-ii), we have K(v|y, ) > 7. By
B2) and 33), it holds that K(y) > 7 > .
(I-iv) Ife(t1) = e(t2) = —e(c), asin the cases (I-ii) and (I-iii), we have K (7|, ¢) >
7. By B2) and &3)), it holds that K(y) > 7 > .
Therefore, in all cases (I-i), (I-ii), (I-ii), and (I-iv), we have K (vy) > .

e(a)

Case (I-i) Case (I-ii) Case (I-iii) Case (I-iv)

FI1cURE 5. Frontals having the same endpoints but with one sin-
gular point in the interior, the case (I).

(IT) The case of a < t; <ty <c¢ <b. Thetotal absolute curvature K () is writ-
ten as K () = K(Vja,t11) T K V1, t2]) + K Vita,q) + K (V]ie,5))- As in B3), we have

(34) K(Vjt3,)) > 0.
Similarly,
(35) K(’Yhthtz]) >0

holds. Then either (II-i), (II-ii), (II-iii) or (II-iv) occurs, cf. Figure [6l
8
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(1) If e(t1) = e(t2) = e(c), K(Vl[a,1;]) = ¢a and K(7|(cp)) = @b hold. By @B.d),
we have K(7) > K(7|(a,t,)) + K(V[c,p]) = a + 06 = .

(I-ii) If e(t1) = —e(t2) = e(c), Lemma B3] yields K (7|, +,)) > arccos(e(t1) -
e(tz)) = ™ and K (7|[+,)) > arccos(e(c) - e(t2)) = 7. Hence, it holds that
K(y)>2m > .

(Il-iii) If —e(t1) = e(t2) = e(c), as in the case (II-ii), we have K (7|, +,)) > 7. By
B4), it holds that K(y) > 7 > ¢.

(II-iv) If e(t;) = e(t2) = —e(c), as in the cases (II-ii) and (II-iii), we have
K((Yits,q) > . By B3, it holds that K(y) >m > o.

Therefore, in all cases (II-i), (II-ii), (II-iii), and (II-iv), we have K(vy) > ¢.

e(c) e(c)
t
“ 2%&@;@1) FZ e(t)
e(ts)
e(b) (@) ’ e(p)Ve(a)
Case (II-i) Case (II-ii) Case (II-iii) Case (II-iv)

FIGURE 6. Frontals having the same endpoints but with one sin-
gular point in the interior, the case (IT).

(III) The case of a =t; < ¢ < ta <b. The total absolute curvature K () is writ-
tenas K (7) = K(V|[a,)) +E (Vje,t) +E (V]ta,51)- As in B3), we have K (v]jc,]) > 0
and K (7v|[q,q) > 0. As in the cases (I), (II), since 2’ (t2) = 0, we have e(t2) = +e(c).
Thus, either (ITI-i) or (I11-ii) occurs, cf. Figure [

(II-i) If e(t2) = e(c), K(V]ja,) = Pa and K(vlp,4)) = @b hold. By K(7[jc.,]) >
0, we have K(v) > K (Vlfa,e) + K(Vio.01) = ¢a + @6 = .

(ITl-ii) If e(t2) = —e(c), we have K(v][.,,)) > arccos(e(c) - e(tz)) = . Hence, by
K (Ylja,e)) > 0, we have K(v) > 7 > ¢.

,,,,,,,,,,,,,,,,,,,,, M <)
e(t2) e(tg)
v \e(a) e(tz) ) e(a)
() e(b)
Case (II1-i) Case (I1I-ii) Case (IV-i) Case (IV-ii)

FIGURE 7. Frontals having the same endpoints but with one sin-
gular point in the interior, the cases (III) and (IV).
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(IV) The case of a =t; < t3 < ¢ <b. The total absolute curvature K (7) is writ-
ten as K (7v) = K (](a,t2]) + K (Vjt2,6) H K (V[c,p)- As in B3), we have K (v]jz,,¢) > 0
and K('Y|[c,b]) > 0.
As in the cases (I), (II), (III), since 2/(t2) = 0, we have e(t2) = £e(c). Thus,
either (IV-i) or (IV-ii) occurs, cf. Figure [
(IV-i) If e(t2) = e(c), K(V|ja,15)) = ¥a and K (V[(cp) = b hold. By K(v|s,,q) >
0, we have K(v) > K(Vat2) + K(e) = a+ 00 2 .
(IV-ii) If e(t2) = —e(c), Lemma B3 yields K(fyhtz,c]) > arccos(e(t2) - e(c)) = .
By K(Vl[e, b]) > 0, we have K(v) > 7 > .

(V) The case of a < t; < ¢ <ty =b. By an argument similar to the case (IIT),
we have K (v) > ¢, cf. Figure B

(VI) The case of a < ¢ <t; <ty =b. By an argument similar to the case (IV),
we have K (vy) > ¢, cf. Figure B

Case (V-i) Case (V-ii) Case (VI-i) Case (VI-ii)

FicURE 8. Frontals having the same endpoints but with one sin-
gular point in the interior, the cases (V) and (VI).

By the cases (I)—(VI), we have K(vy) > ¢. O

3.3. Simpleness and the number of singular points. Using the estimates of
the total absolute curvature in Fact 4] and Propositions B.6, B we prove the
following.

Theorem 3.8. Let v : S' — R? be a non-co-orientable closed front satisfying
K(y) = w. If every singular point of v is cusp, and the number of the singular
points of v is 3, then v is a simple closed curve.

Proof. Suppose t = 0,c¢1,¢2 (0 < ¢1 < ¢ < 2m) are cusps. We prove that ~ :
[0,27) — R? is injective by contradiction. So, we assume that there exists a,b €
[0,27) (a < b) satisfies y(a) = ~(b). By a translation of ¢, if necessary, we may
suppose that 0 < a < ¢;. Either one of the cases (1), (2) or (3) occurs, cf. Figure[dl

(1) In the case of a < b < ¢1, since the restriction 7|, 5 satisfies the assumption

of Fact B4l we have K(vy) > f || ds > . Similarly, in the cases of a = 0,
co<b<2mor0<a< cl, c2 < b < 2m, the restriction |[ 2r4.q) satisfies the
assumption of Fact B4] and hence, we have K () > . See Figure[d (1).

(2) In the case of 0 < a < ¢; and ¢; < b < ¢z, We set 1 = 7[q,p) and 72 =
Yip,27+a)- Welet ¢ € [0, ] be the angle at the endpoints of v;. By Proposition
B we have K (1) > ¢. On the other hand, the angle at the endpoints of o
is written as . Thus, by Proposition B.0] we have K(v2) > m — . Hence, we
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obtain K(v) = K(y1) + K(y2) > . The case of 0 < a < ¢; and ¢3 < b < 27
is proved in the same way. See Figure [ (2).

(3) In the case of a = 0 and ¢; < b < c2, we set 71 = Y|[q,p) and y2 = V[[p,24]. We
let ¢ € [0, 7] be the angle at the endpoints of 71. Then ¢ = arccos(—T'(a) -
T(b)). By Proposition B, we have K(y1) > ¢. On the other hand, the angle
at the endpoints of 75 is written as

arccos(—T'(b) - T'(27)) = arccos(T'(a) - T'(b)) =7 — .

Thus, by Proposition B.7l we have K(v2) > m — ¢. Hence, we obtain K(vy) =
K(y1)+ K(y2) > m. The case of 0 < a < ¢; and b = ¢y is proved in the same
way, by setting v1 = Y[[a.5), 72 = V|p,2n+q]- See Figure [ (3).

;,C z AA ‘A
) @ ®)

FIGURE 9. Possible curve shapes when having self-intersections.

Therefore, by the cases (1), (2) and (3), we have K () > 7, a contradiction. [

Proof of Theorem[Bl. Let v : S' — R? be a non-co-orientable closed front with
K (v) = 7. Suppose that every singular point is a cusp. By the non-co-orientability
of v, the number N of cusps is an odd integer (for example, see [23]). If N = 1,
then Fact 3.4 yields that K(vy) > 7, a contradiction. Hence, we have N > 3.

By Theorem [3.8] it suffices to prove that if v : S' — R? is simple then N = 3.
Denote by 2 the interior domain of 7. Changing the orientation of (¢), if necessary,
we may assume that the left-hand side of ~(t) is the interior domain Q. Let ¢; €
[0,27) (j = 1,...,N) be the singular points of v(¢), and ZC; be the interior angle
of y(t) at C; = v(¢;) for j = 1,...,N. Then, by the Gauss-Bonnet formula, we
have

(3.6) S 20 = (N -2 [ wis

a0
Since every singular point of v(¢) is cusp, we have ZC; = 0 for j = 1,...,N.
Moreover, as y(t) is locally L-convex, we have &(t) > 0 or #(t) < 0. Thus, we may
set R(t) = o|k(t)| where o € {4+, —}. Then

/IidS:/ F@dt:J/ || dt = o
[o19) St St

holds. Then, (36) yields that 0 = (N — 2)7 4+ ox. If 0 = +, we have N = 1. By
Fact B4l K () > m, a contradiction. Hence, we have 0 = —, and N = 3 holds. [

4. EXAMPLES

If a frontal v admits a cusp singularity, then « is unbounded, and hence, K (v) > 0
holds. However, there are examples of a closed front having cusps whose total
absolute curvature K (v) is less than a given positive number.

11



Ezample 4.1 (Eye-shaped closed frontal). For a positive number a, we set

1
(41) ’)’a(t) = m (3 cost — cos 3t, 4da sin3 t) .
Then, ~,(t) is a 2m-periodic front with unit tangent vector field
1
e(t) = ———— (— (2sin’t +sin*¢t + 1) ,asin 2t (sin®t + 1)),
G(t,a)

where we set H(t) = 4sin®t + 4sin® ¢ 4+ 5sin* t + 2sin*t + 1 and G(t,a) = H(t) +
4a?sin? t(—sin®t — sin® t 4 sin® t + 1). We remark that G(t,a) > 0 for each a > 0
and ¢ € R. Since e(t + 2m) = e(t) holds for each ¢, the front v, is co-orientable.
Every singular point is given by ¢t = mm for an integer m. Since «.(mn) = 0 and
det(v/ (mm),~ (mm)) = —36a, every singular point is cusp.

For a given positive number ¢, we set a = ¢/M, where M = f% f]%i) dt (> 0). We
also set F'(t) = |3cos2t — 1|(5 — 3cos2t). Since G(t,a) > H(t), the total absolute
curvature K (v,) satisfies

K(7a>:§ G(t,a)dt<§ | H()dt<

Therefore, ~y, is a closed co-orientable front whose singular set consists of cusps,
and its total absolute curvature K (v,) is less than a given positive number.

a /27r F(t) a [7" F(t)
0

Ezample 4.2 (Hypocycloid). Let m be a positive integer. We set v : R — R? as
¥(t) = (mcos(m + 1)t + (m + 1) cosmt, msin(m + 1)t — (m + 1) sinmt) .

For each singular point ¢ = ¢, it holds that 7/(c) = 0 and det(v”(c),~7"(c)) # 0.
Every singular point is a cusp. Hence, v is a closed front with period 27. Since
e(t) = (cos(t/2), sin(t/2)) gives a unit tangent vector field satisfying e(t + 27) =
—e(t), v is non-co-orientable. Then the total absolute curvature K () is given by

K() = / " el )] de = .

For the figure of these hypocycloids, see Figure2l Figure[2 (a), (b) and (c) are the
figures of the hypocycloids of m = 1,2 and 3, respectively. In these cases, the total
absolute curvature K (v) is 7.
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