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Abstract

We present a fundamental theory of curves in the affine plane and the affine
space, equipped with the general-affine groups GA(2) = GL(2, R)xR? and GA(3) =
GL(3,R) x R3, respectively. We define general-affine length parameter and curva-
tures and show how such invariants determine the curve up to general-affine motions.
We then study the extremal problem of the general-affine length functional and de-
rive a variational formula. We give several examples of curves and also discuss some
relations with equiaffine treatment and projective treatment of curves.

1 Introduction

Let A" be the affine n-space with coordinates = (x!,... 2"). It is called a unimod-
ular affine space if it is equipped with a parallel volume element, namely a determinant
function. The unimodular affine group SA(n) = SL(n,R) x R™ acts as

v=(2") —rgr+a= (Zgj-xj+a"), 9= (g;) € SL(n,R), a = (a') € R",
J

which preserves the volume element. Study of geometric properties of submanifolds in
A" invariant under this group is called equiaffine differential geometry, while the study
of properties invariant under the general affine group GA(n) = GL(n,R) x R™ is called

2010 Mathematics subject classification. Primary 53A15, 53A55, Secondary 53A20

Keywords. plane curve; space curve; general-affine group; general-affine curvature; variational prob-
lem.

*The first named author is partially supported by Kakenhi 26400059 and Deutsche
Forschungsgemeinschaft-Collaborative Research Center, TRR 109, “Discretization in Geometry and Dy-
namics”.



general-affine differential geometry. Furthermore, the study of the geometric properties
of submanifolds in the projective space P™ invariant under the projective linear group
PGL(n) = GL(n + 1,R)/center is called projective differential geometry. Equiaffine
differential geometry, as well as projective differential geometry, has long been studied
and has yielded a plentiful amount of results, especially for curves and hypersurfaces; we
refer to [Bl, Sc, NS] and [Wi, La, Bol] to name a few references. However, the study
of general-affine differential geometry is little known even for curves. The purpose of
this paper is to present a basic study of plane curves and space curves in general-affine
differential geometry by recalling old results and by adding some new results. In addition,
we relate them with the curve theory in equiaffine and projective differential geometry.
Although study of invariants of curves of higher-codimension could possibly be given
by a similar formulation used in this paper, it probably requires a more complicated
presentation and is not attempted here. For the studies of submanifolds in the affine
space which correspond to other types of subgroups of PGL(n), we refer to, e.g., [Sc|.

Let us begin with plane curves relative to SA(2). Let A? be the unimodular affine
plane with the determinant function |z y| = z'y* — 2%y for two vectors x = (x!, 2?) and
y = (y',9?), and let z(t) be a curve with parameter ¢ into A2, which is nondegenerate in
the sense that |2' | # 0. When |2’ 2| = 1, furthermore, the parameter ¢ is called an
equiaffine length parameter. In this case, it holds that |z’ ”’| = 0, namely z" is linearly
dependent on 2’ and we can write this dependence as

:B/// — _kax/’
where k, is a scalar-valued function called the equiaffine curvature. Conversely, given
a differential equation of this form, the map defined by two linearly independent non-
constant solutions defines a curve whose equiaffine curvature is k,.

With reference to this presentation of equiaffine notions, we first define the general-
affine length parameter and the general-affine curvature relative to the full affine group
GA(2) for a nondegenerate curve in Section 2. In contrast to the differential equation
above, we have

2 2 2

where k is the general-affine curvature and ¢ = +1 denotes additional information of
the curve; see Section 2.3. Conversely, for a given function k and ¢ = £1, there exists a
nondegenerate curve x for which x satisfies the above equation and the curvature of x is k,
uniquely up to a general-affine motion (Theorem 2.5). We then give remarks on the total
curvature of closed curves and on the sextactic points (Corollary 2.7), and we study how
to compute the curvature. In particular, we give an expression of the curvature of graph
immersions and classify plane curves with constant general-affine curvature (Proposition
2.15), and discuss some relations with equiaffine treatment and projective treatment of
plane curves.

We next consider an extremal problem of the general-affine length functional and
derive a variational formula, a nonlinear ordinary differential equation that characterizes
an extremal plane curve, as

1 1
x/// — —§/€l‘” _ (€+ _k/ + _kQ) xl7

K"+ ;kk + %kﬂ + %ka’ ek =0



(Proposition 3.1). Here we give remarks on the preceding studies: the formulation used
to define general-affine curvature of plane curves in this paper is very similar to that in
[Mil]. For example, the ordinary differential equation above for z and Theorem 2.5 were
already given in [Mil]. The formula of the general-affine plane curvature was given also
in [Sc, OST] in a different context. The variational formula above for k was first given
in [Mi2, (33)], though some modifications are necessary. The same formula for € = 1 was
then rediscovered by S. Verpoort [Ve, p.432] in the equiaffine setting. Furthermore, the
author of [Ve| gave a relation of solutions of this nonlinear equation with the coordinate
functions of the immersion; we reprove this relation in Corollary 3.2.

We then remark that the differential equation above is very similar to some of the
nonlinear differential equations of Chazy type. Furthermore we derive the variational
formula for a certain generalized curvature functional (Theorem 3.6).

When the curve is given as a graph immersion, the general-affine curvature is written
as a nonlinear form of a certain intermediate function. It is interesting to obtain a graph
immersion from a given curvature function, which is treated in Section 4: We see that its
integration can be reduced to solving the Abel equations of the first kind and the second
kind (Theorem 4.1).

The second aim of this paper is to study general-affine invariants of space curves. The
procedure is similar to that for the plane curves. We give the definition of general-affine
space curvatures of two kinds k£ and M, and the ordinary differential equation of rank
four

" = —3ka" — <2k’ + ey e) z" — (M + kg Ly Ly + §k;3> '
4 2 2 4 4

(Lemma 5.3), which defines the immersion. Then we show how to obtain curvatures, and
discuss relations with the equiaffine and projective treatment of space curves. In particu-
lar, we give a list of nondegenerate space curves of constant general-affine curvature and a
new proof of the theorem that a nondegenerate curve in the affine 3-space is extremal rel-
ative to the equiaffine length functional if and only if the two kinds of equiaffine curvature
vanish, due to [Bl] (Theorem 5.13).

Finally, we solve the extremal problem of the general-affine length functional: a non-

degenerate space curve without affine inflection point is general-affine extremal if and only
if the pair of ordinary differential equations

3 1 1 1 6

Ckk" 4+ KK 4+ K~ Zek + M =0
ghie T+ 5 58 T g !
2 5 3

K+ gkk’ T 6ezc’M - 5esz’ —eM" =0

k_/// +

are satisfied (Theorem 6.1). Then, we discuss a similarity amongst the nonlinear differ-
ential equations for the curvature functions, one for plane curves, and the other for space
curves belonging to a linear complex, i.e., M = ek (Corollary 6.3, 6.4).

In Appendix, we discuss the projective treatment of plane curves and space curves and
present the variational formula of the projective length functional by use of the method
in this paper. Theorem A.2 reproduces the variational formula for projective plane curves
due to E. Cartan, and Theorem B.1 gives the variational formula for projective space
curves, which is essentially due to [Ki]. Furthermore, we treat nondegenerate projective
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homogeneous space curves, called “W-Kurve”. The list of such curves may be found
elsewhere, but nonetheless, we give here a list in Appendix C for later reference.

In this paper, we use the classical moving frame method; refer to [Ca2, ST]. For the
equiaffine differential geometry and its terminologies, we refer to the books [NS, Bl, Sc],
and, for the projective treatment of curves, to E. J. Wilczynski [Wi], E. P. Lane [La].

2 General-affine curvature of plane curves

Let z : M — A? be a curve into the 2-dimensional affine space, where M is a 1-
dimensional parameter space. Let e = {e1, ex} be a frame along z; at each point of (M)
it is a set of independent vectors of A? that depends smoothly on the parameter. The
vector-valued 1-form dx is written as

dr = w'e; + w’ey, (2.1)

and the dependence of e; on the parameter is described by the equation

de; = waej, (2.2)
J

where w’/ and w’ are 1-forms, and the matrix of 1-forms

is called the coframe.

2.1 Choice of frames for plane curves and general-affine curva-
ture

We now reduce the choice of frames in order to define certain invariants. First, we assume
w? = 0, which means that e; is tangent to the curve, and we set w! = w for simplicity.
The vector es is arbitrary at present, as long as it is independent of e;. Let é = {€é1,é5}
be another choice of such a frame. Then, it is written as

€1 = Aeq, €y = ey + veg,
where Av # 0. The coframe is written as @ and &Jf , which satisfy

J

Then we certainly have
0 =\"lw. (2.3)

Since dé; is represented in two way, one being
dé; = (d\)er + AMwier +wiey)
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and the other being
dé, = D (Ner) + TR(per +ve),

by comparing the coefficients of e; and e, in these expressions, we get

Aw? = vl (2.4)
A\ + Ml = Ao 4 p@?. '
Similarly, by considering deés, we have
pwi + dv + vws = vas, (2.5)

dp + pwi + vwy = A0s + 3.

Since the immersion is 1-dimensional, we can set w? = hw and ©? = h®, and then the
first identity of (2.4) implies that 3
h=v"'N\h.

Hence the property that h is nonvanishing is independent of the frame and we assume in
the following that it is nonvanishing. Such a curve is said to be nondegenerate. Geomet-
rically, this property means that the curve is locally strictly convex at each point. By the
identity above, provided that h is nonzero, we can choose a frame ¢ so that h = 1 and we
treat such frames with A = 1 in the following. Then v = A\? immediately follows. Next,
we see from (2.4) and (2.5) that

O] = wi + A\ — pAw,

~2 2, -1 -1
Wy =ws +v dv+ ur w.

Hence,
207 — 2 = 2wl — w2 — 3uA"2w,

which means that we can choose p so that 20} — @3 = 0, and, by considering only such
frames in the following, we must have y = 0. Thus, we have determined the frame e up
to a change of the form

él = /\61, ég = )\262.

We call the direction determined by e, the general-affine normal direction. Furthermore,
we have
@) = dlog A + wy, Qg = Awy.

From the first identity, we can choose X so that @} = 0. Hence, we consider the frame
with w{ = 0 and A is assumed to be constant. From the second identity, by setting

1
wy = —lw,

and, similarly, @) = —l, we get

(= N\t (2.6)

We call this scalar function ¢ the equiaffine curvature, see Section 2.5, or affine mean
curvature, in analogy with equiaffine theory of hypersurfaces, though it still depends
on the frame chosen. A point where ¢ = 0 is called an affine inflection point. For its



geometrical meaning, we refer to Section 2.4 and [IS]. Thus, we have seen that, given a
nondegenerate curve z, there exists a frame e with coframe of the form

w 0
0 w (2.7)
—lw 0

and that such frames are related by €, = Ae; and é, = M%e, for a nonzero constant \.
In the following, given a curve z = x(t) with parameter ¢, we assume that the vector e;
is a positive multiple of the tangent vector dx/dt. Then, the choice of A is limited to be
positive and the form w is a positive multiple of dt.

We now assume ¢ # 0 and let € denote the sign of ¢:

€ = sign(?).

It is a locally defined invariant of the curve called the sign of the curve. Then we define
a form

ws = Velw, (2.8)

which is uniquely defined, independent of the frame, in view of (2.3) and (2.6). We call
this form the general-affine length element and call the parameter s such that ds = wy
the general-affine length parameter, determined up to an additional constant.

Definition 2.1 We call the scalar function k defined as

- = kww

14

the general-affine curvature. In other words,

dlog ¢

k:
ds

. (2.9)

We define a new frame {E;, Es} by setting

1 1
€1, E2 = JGQ. (210)
Then,

dr = w.F].

_ For another frame {1,652} where é; = \e; and é; = A\2ey, we similarly define E, and
FE5. Then we can see that

~ 1 1
E; = €] = ey =
and . .
Ey=—6y=—Ney=F
2 6662 VY] €2 2

Thus, we have proved the following.



Proposition 2.2 Assume ¢ # 0. Then, the frame {Ey, Es} is uniquely defined from the
immersion and it satisfies a Pfaffian equation

T P Ws 0
d El = < ' ) ) 0= _lkws Ws ’ (211>

Es

where wg is the general-affine length form, k is the general-affine curvature and € is sign(?).

By use of this choice of frame, we have the following lemma.

Lemma 2.3 The immersion x satisfies the ordinary differential equation
3 1 1
"+ §kx" + (e + 5/{' + 5]62) ' =0, (2.12)

relative to a general-affine length parameter.

Proof. The equation (2.11) shows that ' = Ey, E] = —%kEl + Fy, and By = —eE) — kE,
where the derivation {'} is taken relative to the length parameter. Then, combining these
derivations, we easily obtain the differential equation above.

Remark 2.4 The definition of the curvature depends on the orientation of the parameter

t. If we let the parameter be u = —t and denote by an overhead dot the derivation relative
to u, then we have
P Ski 4 Lir L) i —o
——ki - = = z=0.
2 T2V

Namely, the curvature changes sign and its absolute value is a true invariant independent
of the orientation of the parameter.

With this remark in mind, we have the following theorem.

Theorem 2.5 ([Mil]) Given a function k(t) of a parameter t and e = £1, there exists
a nondegenerate curve x(t) for which t is an length-parameter, k the curvature function
and € the sign of £, uniquely up to a general-affine transformation.

Proof. Given k and €, we solve the ordinary differential equation in (2.12) to get the
vector x'(t), which is determined up to a general linear transformation. Then, we get x(t)
up to an additional translation by a constant vector; that is, the curve z(t) is determined
up to a transformation in GA(2).

Theorem 2.5 and the ordinary differential equation (2.12) were first given by T.
Mihailescu in [Mil], to the authors’ knowledge; refer also to [Mi2] and [CG].

Example 2.6 FEllipse and Hyperbola. Let = denote an ellipse (a cos @, bsin ) or a hyper-
bola (acosh8,bsinh#). Then, 2 = —ex’, where ¢ = 1 for the ellipse and € = —1 for the
hyperbola. It is easy to see that 6 is a general affine length, see (2.18). Hence, k = 0.

According to this example, we may call a nondegenerate curve is of elliptic (resp. hyper-
bolic) type if € =1 (resp. e = —1).

We call the vector Es, uniquely defined when ¢ # 0, the general-affine normal and the
map t — FE5 the general-affine Gauss map. Then, by an analogy with affine spheres in

7



equiaffine differential geometry, it is natural to call a curve such that the map Es passes
through one fixed point a general-affine circle. For the ellipse or the hyperbola, Ey = x”
and it holds that

r+eby =0,
and thus it is a general-affine circle. Conversely, for a curve x to be such a circle, there
exists a scalar function r(¢) and a fixed vector v such that

T +rEy, =w.

However, this implies that dx + drFEy + rdFEy = 0, which induces, by the identity (2.11),
(1 — er)wEy + (dr — krw)Ey = 0. Hence, r = € is constant and k& = 0. Then, by
integrating the differential equation (2.12) when k& = 0, we see that any general-affine
circle is general-affinely congruent to (a part of) an ellipse or a hyperbola. We also refer
to Example 2.12.

2.2 Total curvature and sextactic points

The formula (2.11) implies the identity

E
dlog ( det ( E; ) D = —gkws, (2.13)

where det is taken relative to a (any) unimodular structure of the space R?. This formula
shows the following corollary immediately.

Corollary 2.7 Assume that the curve C' is nondegenerate and closed, and has no affine
inflection point. Then, the total curvature fc kws vanishes. In particular, such a curve
has at least two general-affine flat points.

As we will see in Section 2.6, any general-affine flat point, where £ = 0 by definition, is
nothing but a sextactic point. We know a classical theorem due to Mukhopadhayaya, also
due to G. Herglotz and J. Rado, we refer, e.g., to [ST, TU], that the number of sextactic
points of a strictly convex simply closed smooth curve is at least six. In other words, on
such a curve there are at least six general-affine flat points.

Furthermore, as an analogue of the Euclidean plane curve, it is natural to introduce a
notion of a general-affine vertex where k is extremal. The corollary above says that any
nondegenerate closed curve without affine inflection point has at least two general-affine
vertices. In fact, the example 2.10 shows that there exists a plane curve which has two
general-affine vertices.

2.3 Computation of general-affine curvature of plane curves

In this subsection, we will see how to obtain the curvature of a curve given relative to a
parameter not necessarily a length parameter.

Let t — x = x(t) € A? be a nondegenerate curve so that the vectors 2’ and z” are
linearly independent. Then the derivative x’” is written as a linear combination of ' and
z”": there are scalar functions a = a(t) and b = b(t) such that

1

2" = ax" + ba'. (2.14)



Since dx = 2’ dt, the frame vector e; is a scalar multiple of z’:
do = we;; er =M\, w=\"dt (2.15)

Then, the derivation
de; = A Az" + N2 )w

implies that the second frame vector is
e = A" + Na').

In order for the frame {e;,es} to be chosen as in Section 2.1, the vector de; must be a
multiple of e;. Since

dey = AA22" +3\Nz" + (AN + X)) w
= {N2(Na+3N)z" + AN+ AN + X' w,

we have .
Aa+3N =0, e \=e s/alb)d (2.16)

up to a positive constant multiple, and by definition,
0= —(Nb4+ A\ + \?). (2.17)

We now assume that ¢ # 0 and recall that € = sign(¢). Then, we have
)\/\// )\/2
ds® = —¢ (b + )\—_’2_) dat?.

In terms of a and b,

9 3

Hence, a length parameter s which is a function of ¢ is obtained by solving the equation

ds\? 2., 1,
(%) ——e(b+§a—§a)

If in particular t itself is a length parameter, then we must have

2 1
(= N, —b— §a2 + ga/ = e (2.19)

2 1
ds* = —¢ (b + Za® — —a’) dt?. (2.18)

Assume now that the curve x(t) is given relative to a length parameter t. Then the
differential equation (2.14) is written as

1 2
" = az’ + (ga’ — §a2 — e) 7, (2.20)

and the curvature is o )\2) )
og(e
— o\ 2 2.21

which agrees with the expression of the coefficient in the equation (2.12).

k

9



For another parameter o = o(t), we write

where
Alo) = (a - 3;7,// & (2.22)
B(o) = (b + aC;—,// — %/) %. (2.23)
We note that there holds a covariance relation:
Bt oA - A= (b+§a2_ %a) =

Thus, we have the following procedure to obtain curvature:

Procedure for computing curvature
1. Given a curve xz(t), derive the differential equation (2.14).
2. Compute L = (—b — 2a® + 3a) and define € by ¢ = sign(L).
3. Compute the length parameter o by solving do = v/eLdL.

4. Compute A by (2.22); then, —2A is the curvature.

Example 2.8 A logarithmic spiral is the curve z(t) = e (cosat,sinat). It is easy to
see that 2" = 2va” — (v* + a?)2’. Hence, a = 27, b = —? — a?, and L = +%/9 + o?;
hence, € = 1. The length parameter is s = \/72/9 + o2t and, by rewriting the equation
with this s, the coefficient a is multiplied by 1/1/92/9 + a2. Hence, the curvature is the
constant —4v/+/7% 4+ 9a?. We require here that v # 0, since the curve when v = 0 is
a circle, which we will consider in Example 2.12, and also o # 0, because the curve is
nondegenerate. Then, it is easy to see that the possible values of k range in 0 < |k| < 4.

Example 2.9 The catenary curve is defined as x(t) = (¢, cosh(t)). The equation is
2" = tanh(t)z".

Then L = —(2cosh(t)®> — 5)/(9cosh(t)?), which vanishes at 2cosh(t)> —5 = 0 (¢t =
+1.031...) , where the curvature is undefined. For the value ¢t where L < 0, on the
dotted curved of the left-hand side picture in Figure 1, ¢ = 1 and, elsewhere e = —1. As
the picture shows, it is difficult to “see” where L vanishes and how e changes the value.

10
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Figure 1. Catenary (left) and rose curve (right)

Example 2.10 The curve z(t) = (cos(nt)cos(t), cos(nt)sin(t)) is called a rose curve.
Now choose n = 1/3 with the range ¢ € [0, 37]; shown in Figure 1 (right). It satisfies the
equation

8sin(t/3)T , 4(7+8T?) ,

3(1+472)" ~ 9(1+4T2)"

where T' = cos(t/3). A computation shows that L > 0, ¢ = 1 and the length parameter

o is defined by do = 2 25%?;:3%@?“69 dt, and the curvature k(t) is defined for all value

t. It vanishes at t = 0,37/2. Moreover, it is easy to see that the number of general-
affine vertices is two. Thus the rose curve with n = 1/3 attains the minimum number of

general-affine vertices amongst general-affine plane closed curves.

" o__

2.4 General-affine curvature of a graph immersion

Let us consider the nondegenerate curve given by a graph immersion z(t) = (¢, f(t)).
We will find the formula of the curvature given by the function f and show fundamental

examples of graph immersions.
Note that since z is nondegenerate, " = (0, f”) # 0, we can assume f” > 0 in the
following. Since 2" = (0, "), the coefficients of the differential equation (2.14) are

f///

a

Hence,
A\ = ef%fa(t)dt _ (f//)fl/?)

up to a constant multiple. With this A, we have
(=—(N"+(\)?)
and the length element is

ds® = —eA (AN + (\)H)dt?.

11



If we set u = A2 = (f")~%/3, then

0= —%, ds? = —%dt? (2.24)
Hence, we have the formula
dlog/ —2ep 1"
k=t = R (2.25)
s T

Lemma 2.11 The quantities ds®> and k?* are expressed by use of the function f as follows:

_ |3f//f//// i 5(]“”)2’

9(f//)2
|9(f//)2f///// . 45f//f///f//// + 40<f///)3 |2 .
|3f//f//// _ 5(f///>2‘3

This is seen by expressing i and p” explicitly in terms of derivations of f. As we will see
in Section 2.5, —pu” (= 2¢) equals the equiaffine curvature up to a multiplicative constant.
The factor in the right-hand side of the first expression is known, see [Bl, p. 14]. The
second expression of k% was already presented in [Sc, p. 54|, which was proved from
a different point of view. We refer also to [OST, p. 343] and [CQ]. The differential
polynomials in the numerator and denominator in the right-hand side of k? are known
classically; Berzolari [Be| stated that those go back to G. Monge in 1810: Sur les Equations
différentielles des courbes du second degré, Corresp. sur I'Ecole imp. Polytechn., Paris,
Ne 11, 1810, pp. 51 54.

ds?

dt?,
(2.26)
k* =

We consider a nondegenerate curve around the point ¢ = 0. For appropriate affine
coordinates, we have an expression

1
f:_t2_|_£t4_|_ qt5+..._

R TR
Then, we see
MZl—BtQ—gtS—l—---

3 9
and 5 5
" p
R . PR 2.27
p 3 ~ gt t (2.27)

Hence, the property ¢ = 0 at ¢ = 0 means that p = 0 and, hence, that the osculating
parabola touches the curve to at least 5-th order. In particular, ¢ = 0 for any parabola.
Conversely, we have the following example.

Example 2.12 Curves with constant ¢. We first let ¢ = 0. Then, p = at +b or p =
a, and it follows that f = ci(at + b)Y/ + cot + 3 or f = cit? + cot + c3 for certain
constants a, b, ¢1, ¢z, c3. Namely, the curve z(t) = (¢, f(t)) is (general-affinely equivalent
to) a parabola.

If ¢ is a nonzero constant: £ = —c # 0, then p = ct? + at + b, and f(t) = ¢;(ct® + at +
b)'/2 4 ¢yt + c3 for constants a, b, c, ¢1, ¢z, c3. This implies that the curve is an ellipse or a
hyperbola. Thus, we have seen that the curve with constant ¢ is a quadric and hence the
curvature satisfies k = 0.

12



For the ellipse f = —(a? — t?)"/2 and the hyperbola f = (a? + t?)'/2, we can see that

= a *3(? £1?) and ds* = mdtQ. Relative to the reparametrization by use of
o

angular variable t = a'sinf or asinh #, we have ds?> = df?; namely, ds is independent of
a, the “size” of the curve in euclidean sense.

Example 2.13 For the curve f = e, we see that ¢ = —1 and k = —/2. For the curve
f=tlogt (t >0), we have e = 1 and k = —4.

Example 2.14 For the curve f = t*, we see that the curvature is

—2(a+1)
VI2a =T)(a-2)]

Here we assume o # 0, £1, 1/2; 2 so that the curve is neither trivial nor quadratic. Since
p" = (1/9)(2a — 4)(2a — 1)t~ 2@+D/3 we have € = 1 when 1/2 < a < 2, and € = —1 when
a > 2or a < 1/2. Note that k(1/a) = k(a) when o > 0, and k(1/a) = —k(«) when
a < 0. By this symmetry, in order to know the possible values of k = k(«), it is sufficient
to consider the case —1 < a < 1. Then, ¢ = —1 and k € (—o0, —+/2) for a € (0,1/2);
e=—1and k € (—/2,0) for a € (=1,0); e =1 and k € (—oc, —4) for a € (1/2,1).

k(o) =

Due to Theorem 2.5, the curves with constant curvature are obtained by solving the
equation (2.20) for constant a:

" = ax”—i— <_§a2 . 6) .

The case where a = 0 is the case ¢ = 0: Example 2.12. When a # 0 we have the following:

Proposition 2.15 When the curvature k is a nonzero constant, the curve is general-
affinely congruent to one of the curves in Examples 2.8, 2.13 and 2.14: e"*(cost,sint),
(tvet)7 (tatlogt); (tata) (a 7é 07 ila 27 1/2)

Proof. We set u = e~*/22'. Then u satisfies the equation u” + pu = 0, p = ¢ — a?/36.
According to p = 0, p < 0, p > 0, a set of independent solutions gives a map x which
is congruent to the curves (¢,tlogt), (¢t,t*) and (¢,€'), and e**(cost,sint) with parameter
renewed appropriately. More precisely, when € = 1, we have the curve (¢,t%) (1/2 < a <
1), (t,tlogt), and e*(cost,sint) according to k € (—oo0,—4), k = —4, and k € (—4,0),
respectively. When € = —1, we have (¢,t%) (0 < a < 1/2), (¢,€"), and (¢,t%) (=1 < a < 0)
according to k € (—o0, —v/2), k = —v/2, and k € (—/2,0), respectively.

We remark that any curve with constant curvature is an orbit of a 1-parameter sub-
group of GA(2), because of the unique and existence in Theorem 2.5.

Table 1 is the classification of general-affine curves with constant curvature k. We
let £ < 0, see Remark 2.4, and note that the case k = —oo corresponds to the parabola
defined in Example 2.12.
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curvatures curves with e = +1 Examples

k=0 (t, —(a® — t?)1/%) 2.12

—4<k<0 e(cosat,sinat) (y#0,a#0) 2.8

k=—4 (t,tlogt) (t > 0) 2.13

—00o < k<-4 (ttY) (e e (1/2,1)) 2.14
curvatures curves with e = —1 Examples
k=0 (t, (a® +2)1/2) 2.12
k=—2 (t,e') 2.13

—00 <k <0, k# -2 (t,1*) (a €(0,1/2) or (a € (—1,0)) 2.14

Table 1: Plane curves with constant general-affine curvature

2.5 From equiaffine to general-affine

Since the group of equiaffine motions SA(2) = SL(2, R) x R? is a subgroup of the general-
affine group GA(2) = GL(2, R) x R?, any general-affine invariant is obviously an equiaffine
invariant. In this subsection, we give the expression of the general-affine length param-
eter and the general-affine curvature by use of the equiaffine length parameter and the
equiaffine curvature.

Let us consider the coframe (2.7):

w 0
de = 0 w |e (2.28)
—lw 0

for e = {e1, e2}. In the equiaffine treatment, it is enough to consider only the unimodular
change of frame, i.e. \v = 1. Because v = A2, we have \*> = 1. Thus / is an absolute
invariant. The scalar ¢ is usually denoted by k, and called the equiaffine curvature of
a plane curve. The parameter t for which w = dt holds is called the equiaffine length
parameter. Let z(t) be a curve with equiaffine length parameter ¢. Then, it is easy to see
by (2.28) that x satisfies

2" = —k,a'. (2.29)
On the other hand, when the curve is given by a graph immersion z(t) = (¢, f(t)), where ¢
is a parameter that is not necessarily equiaffine, the equiaffine length element is (f”)'/3dt

and the equiaffine curvature is k, = —1p” for p = (f”)~%/%. As we have seen in (2.24),
the equiaffine curvature is nothing but ¢ up to a constant multiple. We refer to [BI, p.
13-14].

Now we consider the curve in view of the group GA(2). Then, the differential equation
(2.29) above shows that the general-affine length element is

ds = |kq|"/2dt.

We rewrite the differential equation using the parameter s = s(t): we set y(s) = z(t) and
let {} denote the derivation relative to s. Then, we get the equation:

Y= A(s)j + B(s)y,

14



where A(s) and B(s) are given by use of (2.22) and (2.23). For simplicity, we set K = |k,|.
Since s’ = ds/dt = K'/? and 8" = 1 K'K 7'/, we see that A(s) = —2K'K /2. Therefore,
the general-affine curvature of x(¢) is

k=KK??

The quantity of this form was already treated in [Bl, p. 24] by dimension considerations
to get an invariant relative to similarity transformation. There a remark was given that

the curves with constant K’K~3/? consist of parts of curves called “W-Kurve”, discussed
by Klein and Lie [KLJ.

2.6 From general-affine to projective

It was G. H. Halphen [Ha] who began a systematic study of projective curves in view
of ordinary differential equations. Later, E. J. Wilczynski gave a classical treatment of
projective curves in the book [Wi]. Also, the books by E. P. Lane [La] are standard
references for this subject. In this subsection, we recall the definition of the projective
length element and the projective curvature, and give the expressions of such invariants
in terms of general-affine invariants.

A nondegenerate curve in P? with parameter ¢ is described by an ordinary differential
equation of the form

y”’ + PQy/ + ng = 0, (230)
such that a set of three independent solutions, say, z', z?, 2® defines a map t —
[z, 2%, 23] € P?, where [ | denotes homogeneous coordinates. For this equation, the
form )

PY3dt, where P = Pj— 5 s (2.31)

is called the projective length element. Furthermore, when ¢ itself is a projective length
parameter, the equation can be transformed by a certain change of variables from y to
z = Ay into the equation of the form

2" 4 2ky + (14 K,)z =0, (2.32)

which is called the Halphen canonical form. Then, the coefficient £, is called the projective
curvature and is given by the formula

1, 1P 7 (PN’
L —=p23_p _-___ 4+ __ [__ : 2.33
P (22 3P+18(P>>’ (2:33)

we refer to [Ca2, p. T71]. In particular, when k, is constant, the curve is called an
anharmonic curve and is obtained by integrating the differential equation 2" 4 2k,2' + 2 =
0; we refer to [Wi, p. 86-91]. The list of anharmonic curves is the same as the list of plane
curves with constant general-affine curvature in Section 2.4, up to projective equivalence;
we note that the sign e plays no role in the projective classification.

In the general-affine setting we had a differential equation (2.20), which can be trans-
formed into the equation of the form (2.30) by changing z into y = e~3/adty The result

1S
1 2 1 1 1
y'= (5"2 T30 ) v (5 —37 - 5“) v
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Hence, we can see

1
P = 306

this implies that the projective length element is a/3dt up to a scalar multiple, while —%a
is the general-affine curvature. In particular, the point where the general-affine curvature
vanishes is the point where the invariant P vanishes, which is classically called a sextactic
point.

We remark that, in [SS], S. Sasaki showed how to obtain the projective length param-

eter and the projective curvature directly from the equiaffine curvature.

3 General-affine extremal plane curves and the asso-
ciated differential equation

In Section 2.1, we have defined the general-affine length element wy; = Velw with ¢ =
sign(¢). It defines the length functional for general-affine curves, and in this section we
consider the curves that are extremal with respect to this functional. First, we prove the
variational formula, which is a nonlinear differential equation relative to the general-affine
curvature, then discuss some special solutions with reference to Chazy equations. Second,
we compute the variational formula for a more generally defined curvature functional.

3.1 Extremal plane curves relative to the length functional

We have shown that there exists a unique frame e = {x, Ej, E2} such that (2.11) holds. Re-
call that © denotes the 3 x 2 matrix in (2.11). Let z,(¢) be a family of curves parametrized
by n around 1 = 0 and zy = . We assume that z, () = z(t) outside a compact set C' and
xo(t) is parametrized by general-affine arc length. For simplicity, we further assume that
x, does not have an affine inflection point, i.e., the invariant wy does not vanish anywhere
for all n. The length functional L is given by

L(n) = /C wa().

For the sake of brevity, we use the notation J to denote the derivative with respect to n
evaluated at n = 0:

dn

Then the curve x is called general-affine extremal if

=0

0L =0

for any compactly supported deformation of x.
We want to derive a differential equation for affine extremality. Since {F;, E»} are
linearly independent, there exists a 3 x 2-matrix 7 such that

x o T

£, 1 .2

O|E | =71 T=\|1 T
) 1 1

E, 1 .2

Ty Ta
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holds. Components of Q and 7 are denoted by w? and 77, where a = 0,1,2 and 8 = 1, 2.
Since dde = dde with e = {x, £y, Es}, we have

ow? — drb = Z Iwf —W)rh.

aty a'y
v=1,2
In terms of entries of 2 and 7, we have
1
dws — dry = — <§k7'& + eTg + 7'11> Ws, (3.1)
—dry = (19 — 1 — k73) ws, (3.2)
1
—55(16%) —dr} = — (et} + 1) ws, (3.3)
1
Sws — dri = (7’11 - —k‘7'12 - 7'22> Ws, (3.4)
—ebws — dTy = € (7’1 + 2k7'2 — 7'2) Ws, (3.5)
—b(kws) — dry = (13 + €11) w. (3.6)
Here we use wy = wi = —ewy = wy, wi = 0, wi = —1/2kws, and w3 = —kw,. Then adding

(3.4) and —e(3.5),
20wy — dri + edry = —%/{I(Tf + €75 )ws
holds. Then adding (3.6) and —2(3.3), we have
2dr] — dr3 = 3e(17 + €7y )ws. (3.7)
Combining these equations, we have

20w, = dri — edry + %k(—?dﬁl + dr3). (3.8)

Recall that the deformation is compactly supported. Then by using Stokes’ theorem and
integration by parts, we have

€
OL = 1/, (=27 +73) dk.

We now compute —27 + 73 as follows. From (3.1) and (3.4), we have
1
dTol —dr? = (2711 — T2+ 67’5) Wy + §k‘ (Tol — 712) Ws.
Inserting (3.2) into the above equation, we have
72" 3 2 Lo /) 2
211 4T = k €+ 51{; -k |75 (3.9)

Here {'} denotes the derivative with respect to the general-affine arc length wy, i.e. @’ =
da/ws for a function a. Finally, using integration by parts again,

L = — 162 (k:’”+3kk”+ g k’le‘Fek)Tows (3.10)
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holds. If we now take z(t) +n {v'(t,n)E1(t) + v?(t,n) Ea(t)} for the family of curves x,(t),
where v! and v? are arbitrary smooth functions with compact support relative to ¢, then
dz = v'(t,0)E; +v*(t,0) Ey. This means that 73 = v?(¢,0) is arbitrary for this family and
the vanishing of the integral implies the following proposition.

Proposition 3.1 ([Mi2]) A nondegenerate plane curve without affine inflection point is
general-affine extremal relative to the length functional if and only if

3

1 1
K" 4 SRR+ 5k:’2 + kK ek =0 (3.11)

holds. In particular, any curves of constant general-affine curvature are extremal.

We remark here that the differential equation (3.11) was first given in [Mi2, (33)], though
some modifications are necessary. The formula for ¢ = 1 was then rediscovered by S.
Verpoort in [Ve, p.432] by making use of his general variational formula of equiaffine
invariants: The differential equation is written in terms of both of the equiaffine curvature
and the general-affine curvature, and looks much simpler than (3.11). As a result, he
proved the following corollary, which we now state in our setting.

Corollary 3.2 ([Ve]) Let x(t) = (x1(t), z2(t)) be a curve parametrized by general-affine
parameter t. Assume that it is general-affine extremal. Then, there exist constants ¢y, o
and c3 such that the general-affine curvature k can be written as

k = c1x1 + cows + cs3.
Proof. Let us consider the ordinary linear differential equation
3 1 1
n _k " _k/ _kQ /:0
27+ 5% + e+ 5 + 5 z )
with unknown function z. We note that this is nothing but of the same form as the
equation (2.12), therefore, x1, x5 are solutions. Also any constant is obviously a solution.

On the other hand, if z is extremal, then the equation (3.11) shows that k(t) itself is a
solution. Therefore, k£ can be expressed as claimed.

We also have the following property on the curvature integral.

Proposition 3.3 The variation of total curvature on any compact interval always van-

ishes, i.e.,
5/ kws, =0
c

holds.
Proof. Adding (3.3) and (3.6),

—25(/%)5) —drf —dr; =0

holds. Then Stokes’ theorem implies the proposition.
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Remark 3.4 The differential equation (3.11) associated to general-affine extremal plane
curves is the third order nonlinear differential equation of Chazy type. It is known that
J. Chazy [Ch] classified third order nonlinear ordinary differential equations of Painlevé
type, i.e. the solutions only admit poles as movable singularities. Then Chazy equations
are classified into I to Xl classes of equations and the full list of equations can be found
in [Ba]. We here cite Chazy equations for IV, V and VI, which are respectively given by

K"+ 3kk" + 3K + 3k k' — Sk — S'k — T =0, (3.12)
K"+ 2kk" + 4K + 2k*K' — 2Rk — R'k = 0, (3.13)
K" + kK + 5K + 2K — 3QK — Q'k+ Q" =0, (3.14)

where S, T, R, are certain analytic functions of ¢, [Ba]. Then (3.11) is clearly of the
form of the above Chazy equations with the coefficients of kk”, k'* and k2k’ replaced by
the half integers 3/2, 1/2 and 1/2, respectively, and with S, T', R or () chosen properly.

Example 3.5 We can see that the following k(t) are solutions of (3.11):
k(t) = 3v/2tanh(vV2(t — ¢)) and k(t) = 3v2coth(v2(t — ¢))

for e = 1 ([Ve, Example 14]), and
K(t) = 3V tan(Va(t — o)), k(1) = 3VEcot(Va(t — ) and k() = V34

for e = —1. For each of these solutions, we can compute the associated plane curve by
integrating the differential equation, using computer software. Since the expression is not
simple, we give here one example for the case e = —1 and k(t) = v/2+3/t, and the curve
is written as (1, x9) for t > 0:

1
x1=3vV2— -,
t

V3m(v/2 — 6t) erfi (2—g§’§> 6214 exp <\?}—%)

Ty = -+

/ i

where erfi is the error function defined by

2 x
erfi(x) = ﬁ/ e dt.
0

3.2 Extremal problem for a generalized curvature functional

More generally, one can consider a variational problem for the following curvature func-
tional:

Fn) = /C F (k) (3.15)

where f is a smooth function of one variable and 7 is the parameter for the variation of
curves. Then we have

5F — /C P (0F)ws + F(R)ows. (3.16)
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The computation of dk is done as follows: Adding (3 4) and €(3.5), we have

—dr? — edry = 2(1} — 73)ws — 5/{:( — €Ty )ws.

By taking a derivative of this equation and by using (3.7), we have
% (—27f + 7'22)/” =2(rf —72) — —k‘ (17 —emy) — —k;( —ery). (3.17)
Subtracting (3.6) from (3.3), we have
%(61{:)@05 + %k‘dws —dri 4+ di = =2(7} + emd)ws.
Then, using (3.8) we see that

1
0k = —k (5 (7'12 — 67’21)/ + ik:(—2711 + 7'22)') +2(1f — 72) — 4(1y +eTd).

12
Again, by using (3.7),

1 4
M_fakﬁﬁwﬁY+(5—%ﬁ>@@ﬁ+ﬁY+%ﬁ—ﬁ%
and finally, by using (3.17), we have
1 4
ok = Qk/ (11 —ery) + % (—27 + 7'22)”/ + (5 — 1—€2k2) (—27 + 7'22)/. (3.18)

Then, by inserting the expressions dw, (3.8) and 0k (3.18) into (3.16), and by using
integration by parts, we get

kK 4
oF = [ fo {5 (-2t +7)" + LA (4ﬁ+@}%
12 3
Again applying integration by parts, we have
€

oF = —— G(—27’11 + 7'22)ws,
12 /.

where
G=4F (KK +12F (KKK + f(k)(4k" — K'k> + 16¢ek') — f(K)kK + f(K)K'.  (3.19)
Thus, by use of (3.9), we have the following theorem.

Theorem 3.6 A plane curve without affine inflection points is general-affine extremal
with respect to the curvature functional (3.15) if and only if

3 1 1
G" + §G’k: + éGk;’ + §Gk2 +eG =0 (3.20)
holds, where G is the function defined in (3.19).

Remark 3.7 Variation of energy integral. When f = %/{;2, the integral F' may be called
the energy integral. For this f, we see that

G =4k" — gkzk’ + 16¢k’

and the equation (3.20) give an extremal curve relative to the energy functional.
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4 How to find plane curves with given general-affine
curvature

In Section 2.4, we have derived the expression (2.25) of the general-affine curvature for a
graph immersion z(t) = (¢, f(¢)) with u = (f”)~2/% > 0. Making use of this expression, we
study how to find a graph immersion of plane curves with given general-affine curvature,
by considering the following nonlinear differential equation directly,

k’2

Pl = e

5 (") (4.1)

We regard the function ' of ¢ as a function of y and set

dp
/
p— t p—y —_.
w(p) =4 (1) = —
Then, by the chain rule, we have

HH — ww’ //” — wu-)2 + U)%I).
Hence, the equation (4.1) is written as

k,2
pw? (? + wi)? + e—wi® = 0, (4.2)

2

which can be reduced to the Abel equation as follows:
(i) First reduction: We introduce s by setting

w(r) = £ exp (—e/s%zx) :

Here we choose the sign properly, depending on the function w. Then, we get the equation
8x(—es + 5°)2 — k?*s* =0, (x >0). (4.3)
Therefore, the original differential equation (4.1) is equivalent to

k
2V 2x

which is an Abel equation of the first kind.
It is easy to see that for constant £ < 0 with e = —1 or £k < —4 with € = 1, the
solution s of (4.4) can be explicitly obtained as

€$ = s*+ 87, (4.4)

a , —k £ v/ —16€ + k2
s(r) = — with a= :
V2zx 4

The corresponding curves are given in Examples 2.13 and 2.14. Moreover, in the case of
k =0 (both e = £1), the solution s can be obtained as



where a is some constant. The corresponding curves are given in Example 2.12. On the
contrary, in the case of —4 < k < 0 for € = 1, the solution s of (4.4) is not easy to write
down explicitly. The corresponding curves are given in Example 2.8.

(ii) Second reduction: We define s by

w(z) = £exp (—6/3_2dx> ,

by choosing the sign properly. Then a straightforward computation shows that the equa-
tion (4.2) is transformed to
—k?s? + 8x(e + 55)* = 0,

which is equivalent to
k

2V 2x

This is a particular case of the Abel equation of the second kind. We refer to [PZ, Section
1.3.2] for integrable Abel equations.

§$ =

S — €. (4.5)

Theorem 4.1 For any general-affine plane curve with graph immersion (t, f(t)), there
exists a function s given as above such that s satisfies the Abel equation of the first kind or
second kind, (4.4) or (4.5), respectively. Conversely, for given any function k, a solution s
of (4.4) or (4.5) gives rise to a plane curve of graph immersion (t, f(t)) with general-affine
curvature k.

5 General-affine curvature of space curves

The equiaffine treatment of space curves as well as the projective treatment of space curves
are classically known. However, it seems that a general-affine treatment of space curves is
not fully developed. In this section, we will introduce several notions such as curvature,
length parameter and ordinary differential equation associated with space curves from a
general-affine point of view.

5.1 Choice of frames for space curves and general-affine curva-
tures

Let x : t — z(t) € A3 be a curve in a 3-dimensional affine space with parameter ¢ and
let e = {e1,e0,e3} be a frame along z; it is a set of independent vectors of A3. The
vector-valued 1-form dx is written as

dr = w'e; + w’eq + wies, (5.1)

and the dependence of e; on the parameter is described by the equation

de; = ngej, (5.2)
J

where 'wj and wg are 1-forms as before in the 2-dimensional case and 1 <, 5 < 3. We call
{w',w!} the coframe.
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We assume in the following that the curve is nondegenerate in the sense that the
vectors 2/, 2 and 2 are linearly independent and that w? = w? = 0 and w} = 0, so that
ey is tangent to the curve and that {ej, es} is the first osculating space of the curve. We
write w! = w for simplicity.

Let é = {é;, é3, €3} be another choice of such a frame. Then, it can be written as

€1 = Aey, €a = ey + ves, e3 = aey + Peg + ves,

where Ay # 0. The associated coframe is written as @ and &7, which satisfies
de = @é,  dé =) e
J

Then we have
0=\ (5.3)
Since dé; is represented in two ways, one being

dé; = (d\)er + AMwier +wies)

and the other being
de; = @7 (Ner) + @ (pey + vey),

by comparing the coefficients of e; and e; in these expressions, we get

vo? = Iwi, .
O] + p@? = d\ + Awi. (5.5)

Similarly, by considering dé,, we have

Y03 = vws, (5.6)
Vs + Bas = dv + pw? + vws,

O + @2 4+ a@3 = dp + pwt + vwi,

and by des we have

V03 = dy + fuwi + w3, (5.9)
Vo2 + fad = df + aw? + fwi + yw?, (5.10)
A0z + p@3 + awi = da + awi + fw;y + Yw3. (5.11)

First note that, from the generality assumption, we have w? # 0 and w3 # 0. Then, by
an appropriate choice of v and v, in view of (5.4) and (5.6), we can assume that @? = @
and @3 = @. Hence, we can restrict our consideration to the case

wi=w and w;=w
in the following. In particular,

v=X\ and y=\ (5.12)
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are necessary. We next see that, from (5.5), (5.7) and (5.9), we have

207 — @5 = 2w} — wa — 3A " 2uw + A7 Bw,

Thus an appropriate choice of the parameters p and 3 makes the identities @2 = 3w} and
@3 = 21 hold. To keep this condition it is necessary to have y = 3 = 0. Now (5.8) can
be rephrased as

Ay + ady = Nw,
and we choose a so that @) = 0. Thus, we can assume that wi = 0 and @ = 0 in the

following. Moreover (5.5) is
B = A A+

and we can choose A so that @} = 0. Therefore w{ = 0, and to keep this condition, ) is
a non-zero constant. With these considerations, the last identities (5.10) and (5.11) turn
out to be

0 = i and @3 = N,

respectively. We set

wi = —tw, w;=—Mmw, (5.13)

w N

and similarly for ©3 and @i. Then, we have the covariance

e

=), and m=\m. (5.14)

Thus, we have seen that, given a nondegenerate curve x, there exists a frame e with the
coframe of the form

w 0 0
0 0

“ (5.15)
0 0 w

—mw —fw 0

We remark here that, in the equiaffine treatment of space curves, the scalars ¢ and
m above are known to be absolute invariants, called the equiaffine curvature and the
equiaffine torsion, respectively; we refer to Section 5.4. In this paper, we call the point
where ¢ = 0 an affine inflection point.

In the following we assume ¢ # 0 and let € denote the sign of ¢:

€ = sign(?).
It is an invariant of the curve. Then we define the general-affine length element by
ws = Velw, (5.16)

which is well-defined independent of the frame in view of (5.14), and a parameter s for
which ds = w, holds is the general-affine length parameter determined up to an additive
constant.
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Definition 5.1 We call the scalar function k defined by

7 = /{;ws
the first general-affine curvature. In other words,
dlog/
k= ;’f . (5.17)
We call the scalar function M defined by
m

the second general-affine curvature of the space curve.

Both curvatures defined above are absolute invariants.
We next define a new frame {E), Ey, E5} by setting
1 1 1
E,=—¢ Ey, = —¢ By = ———e3.
It is easy to see that this frame does not depend on the choice of \; hence, it is determined
uniquely.
Thus we have proved the following:

Proposition 5.2 Assume ¢ # 0. Then, the frame {Ey, Es, E3} is uniquely defined from
the immersion and it satisfies the Pfaffian equation

T Wy 0 0
B Er —Lru w 0
d — Q E2 5 Q — 2 s s 5 (5 . 1 9)
FEs 0 —kwy Wy
by 3
Es —Mws —ews —3kws

where wy 1s the general-affine length form, k and M are the first and second general-affine
curvatures, respectively, and e = sign(f).

By use of this choice of frame, we can see the following lemma, by a similar reasoning
to that for Lemma 2.3.

Lemma 5.3 The immersion x satisfies the ordinary differential equation

11 1 1 7 3
" + 3ka" + (Qk’ + Zkz + e) z" + (M + éek + §k:” + Zkk’ + st) 7' =0, (5.20)

relative to a general-affine length parameter.

In the definition of the curvature, we had an ambiguity of orientation of the chosen
parameter: by the change of the parameter from ¢ to —t, the equation transforms to

11 1 1 7 3
/l//_ " _2 / - 2 /! _M_ - _ = /i _ /_ e 3 /: .
T 3kx —|—( k+4k —|—e>ac —|—( 2ek 2k +4kk 4k)x 0

Namely, the transform (k, M) — (—k, —M) keeps the form of the equation.
Thus, up to this ambiguity, we have the following theorem.
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Theorem 5.4 Given functions k(t) and M(t) of a parameter t, and € = 1, there ezists
a nondegenerate space curve x(t) for which t is a general-affine length parameter, k is the
first general-affine curvature, M 1is the second general-affine curvature, and € is the sign
of £, uniquely up to a general-affine transformation.

Analogously to the case of plane curves, we have the following property on the total
general-affine curvature:

Corollary 5.5 Assume that the curve C' is nondegenerate and closed, and has no affine
inflection point. Then, the total curvature fc kws vanishes. In particular, such a curve
has at least two general-affine flat points.

5.2 Computation of general-affine curvatures of space curves

Let t — x = z(t) € A3 be a nondegenerate curve such that the vectors 2/, z” and x””
are linearly independent. Since z’” is written as a linear combination of x’, z” and 2,
there are scalar functions a = a(t), b = b(t) and ¢ = ¢(t) such that

" = az™ + ba" + ca. (5.21)

We give a formula to compute these coefficients by use of the general-affine curvatures of
such a curve. The method is similar to that used for plane curves.
Since dx = 2’ dt, the frame vector e; is a scalar multiple of z’:

dr = wey; e1 = A1, w=\"ldt. (5.22)

Then, the differential
de; = (N2" + M2\ w

implies that the second frame vector is
ey = N2 + M\
The derivation of ey is
dey = (N2 + 3NN 2" + (NN + AN w,
which is equal to wes:
ez = (A2 + 302N 2" + A2\ + I\?)2).

Its derivation is

dey = ((A?’a AT+ (A3h -+ TANZ 1+ NN 2"+ (\e 4 AN+ 2N 4 )\’3)x’> dt
by use of (5.21). Since des has no ez-component, we have

Aa+6)N =0, ie \=e ofodd (5.23)

up to a multiplicative constant. Then, des is written as

des = (A2 + TA? + 40N Ywey + (X3¢ — A2Nb — 61 + X2N"we,.
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By the definition in (5.13), we have
0= =N+ TN +40)"). (5.24)

Also, by the definition of m, we have

m = —Xc+ N2Nb+ 6% — A2\ (5.25)
We now assume that ¢ # 0 and recall that ¢ = sign(¢). Then, we have

A2 "
ds® = elww = —¢ (b + 7? + 47> dt?.

In terms of a and b,

11 2
ds* = —¢ <b + %aQ - ga’) dt?. (5.26)

Hence, a length parameter s which is a function of ¢ is obtained by solving the equation

ds\’ 1., 2,
(&) ——e(b%—%a—ga)

If, in particular, t itself is a length parameter, then we must have

0= eX?, b= —e— %az + ga’. (5.27)

By definition, the first curvature k is
k=—1q (5.28)

3
We next treat the second curvature M defined in (5.18): From the formula (5.25) above,
M:—c+%’b+6(§)3—%ﬁl. (5.29)
Hence, by (5.23), we can see that
c=—M + —ae+ =a" laa' + ia?’ (5.30)
6 6 36 36

Thus, we have seen that the differential equation (5.21) agrees with the equation (5.20).
For another parameter o = o(t), we write

y(o) = x(t).

Then, using the notation {"} for the derivation by ¢ and {’} for the derivation by ¢, we
see that

¥ = yo,
2" = o + o’
2" = Yo+ 3jo’'c" + o,
2" = Yot +6Yo?%" + :Q(3a”2 +40'd") + yo™.

27



Making use of these formulas, we can show that
Y= A(o) Y +B(0)ij+ C(0)y, (5.31)

where

Alo) = (a - 60—//) L (5.32)

o'
e - 2 o 1
o g o 1

The differential polynomials that appeared in the representation of b and ¢ in (5.27)
and (5.30) have a covariant property with respect to this change of parameters:

Lemma 5.6 By the change of parameter, the following covariant relations hold.

2. 11 2, 11 ,\ 1
B-ZA+—A = (b-Zd+=a®)—
347 36 3a+36a)a’2’
1. 7 .. 1 1, 7 1) 1
C— A+ Ad— A = (c— "+ —ad — —d® ) — 5.35
6" " 36 36 CTE" T3 36a)0’3 (5.35)

Thanks to the formulas above, we can compute curvatures according to a procedure
similar to that in Section 2.3.

Example 5.7 Viviani’s curve. This curve is given by the mapping
(1 + cos(2t),sin(2t), 2sin(t)).
The associated differential equation is
2" = —tan(t)z" — 42" — 4 tan(t)2’,

which is singular at ¢ with cos(t) = 0; in the left figure, this corresponds to z = +2. A
simple calculation shows the identity

b 1_1@2 N ga’ _5(31 cos(t)®> — 7).
36 3 36 cos(t)?

hence, at the values ¢ with cos(t)* = 7/31, the general-affine length parameter cannot
be defined, namely, £ = 0 at these values; in the left figure, there correspond to the four
points with z = +1.75.... Except for these six values of ¢ (we marked these points as dots
in the figure), € is determined and the curvatures are computable. The first curvature k
has the absolute value

2| sint[(49 — 31 cos®t)

/5|31 cos? t — 7|3/2
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Viviani’s curve Torus knot

Example 5.8 Torus knot. The mapping
x = ((4+ cos(3t)) cos(t), (4 + cos(3t)) sin(t), sin(3t))

defines one of the torus knots. The equation is computed as

- —3sin(3t) (1272 — 1527 — 35) ,,  2(52T% — 178T? + 562T — 891) ,
T = T+ T
P P
12sin(3t)(872 + 827 + 281)
+ T,
P
where

T =cos(3t) and P =4T*— 76T — 35T + 198.

Since P > 0 for all value t, the equation is non-singular. With computer assistance, we
can see that the length parameter is well-defined and € = 1, and that k has period 27/3
and symmetry k(t) = —k(27/3 —t) = —k(—t), with values —4 < k < 4.

5.3 Space curves with constant curvatures

The curves with constant k£ and M have a special interest, because such a curve is an orbit
of a 1-parameter subgroup of general-affine motions. In [Sc, p. 36-39] a classification of
such groups is given. We here give a list of such curves by use of the differential equation
treated in the previous subsection.

If the curvatures are constant, then the differential equation

x//// — az//l+bw//+cw/’

has constant coefficients a, b and ¢. Conversely, assume that a curve satisfies a differential
equation with constant coefficients. Then, the length parameter s is obtained by the
identity

11
ds? = —e [ b+ —a? ) dt?
S €(+36a> ,
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where

11
— si —b—=a4%).
€ 81gn( 36a)

11
=4/—€lb+ =—=a?).
q \/6(+36a>

We set

Then, the first curvature is

and the second curvature is

c € (a 1 /a\?®
M=——+—|- — (=) .
q3+6(q)+36 (q)

Therefore, any differential equation of the form above with constant coefficients defines a
curve with constant general-affine curvatures. It is sufficient to solve

yl// — @y//+by/+cy

At

and integrate it to get x. If the function y = e is a solution of the equation, then A is a

root of the algebraic equation
N —aX? — b\ —c=0.

Depending on whether ) is a single or multiple root or a real or imaginary root, the form
of the solution varies. Without showing detailed computations, we list the result of the
classification as follows, which agrees with the classification of the 1-parameter subgroup
of general-affine motions. First, we start with some examples.

Example 5.9 Curves with £k = M = 0. The equation is

n "
r = —€r .

When € = 1, the curve is x = (¢, cost,sint) called a circular helix and, when € = —1, the
curve is x = (¢, cosh ¢,sinht), called a hyperbolic helix.

Example 5.10 Logarithmic spiral. This curve is given by # = (e =2, e* cos pt, e sin pt).
The equation is

" = (3)\2 _ p2)x” . 2/\(]92 4 )\2)x/.
We see that € = 1 (resp. ¢ = —1) when 3\* < p? (resp. 3A\* > p?), k = 0, and
M = 2\(p? 4+ N\?)[3A2 — p?|73/2.

Example 5.11 Curves given by x = (e, e# e), where the values of \, u, v are distinct,
satisfy

"

" =N+ p+v)d" — A+ v+ )" + v,
where € takes both +1. When, in addition, A + 4 4+ v = 0, we have k = 0, ¢ = —1,

q= /A2 4+ M+ p?, and M = Au(N+ p)/¢>.
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Example 5.12 For curves given by x = (¢, e, te), the equation is
x//// — 2)\:6/// _ A2x//7

and € = —1, k = —/2sign()\), M = +/2sign()\). In particular, the identity M — ke = 0
holds.

Together with these examples, the curves in the next table exhaust the list of nonde-
generate curves with constant general-affine curvatures. Note that the hyperbolic helix in
Example 5.9 is listed also in the class of curves numbered 1, and Example 5.10 is in the
class numbered 7 below. We list also the associated differential equations.

curves differential equations
1 (t, e)\t’ e,ut) " = ()\ 4 ,u)x/// _ )\qu//
2 (et tel, eM) " =A+2)2" — 2\ + 1)z" + A\
3 (t, %t2, eAt) " = A"
4 <€t, tet’ t2€t) 'I//// — 31'/// _ 33:// _|_ $/
5 (t, e cos(pt), e sin(pt)) " = 22" — (p* + 1)a”
6 (e, cosh(pt),sinh(pt)) 2" = X" + pPa” — \pPa
T (e, et cos(pt), et sin(pt)) @ = (A+ 20)a" — (0° + p(2\ + W))a" + A(p? + )
8 (t, %t2’ %t?)) Jf”// =0

5.4 From equiaffine to general-affine for space curves

Let us pay some attention to the equiaffine theory of space curves in comparison with the
general-affine treatment. Recall the choice of the frame e = {ej, €5, €3} and the scalars ¢
and m in Section 5.1, (5.14).

T w 0 0
0 w 0 “
€1
d = ) 5.36
€9 0 0 w 2 ( )
€3
es —mw —fw 0

In the equiaffine treatment, it is enough to consider only the unimodular change of frames:
i.e. vy = 1 and e takes values in SL(3,R). By (5.12), we have A = 1. This means
that the scalar ¢ is an absolute invariant and the scalar m is an invariant determined
up to £1 by (5.14). As was remarked in Section 5.1, the scalar ¢ is usually called the
equiaffine curvature of the space curve and the scalar m is called the equiaffine torsion;
we refer to the books [Bl, Sc|. The invariant ¢ measures how the space curve differs from
the osculating cubic parabola, which is defined to be the curve (¢,1?/2,13/6) relative to
certain affine coordinates.

The parameter ¢ for which w = dt holds is called an equiaffine length parameter. Then
the equation (5.36) implies that the immersion x(t) satisfies the differential equation

2" + 02" + ma’ =0, (5.37)
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which is written in the form of equation (5.21) where a =0, b = —¢, ¢ = —m. By (5.16),
the general-affine length parameter o is determined by use of the equiaffine curvature ¢
as

do* = Ldt?, where L =¢€l, e=sign({)

and, by (5.17) and (5.18), the first and second general-affine curvatures are given as

k=LL73?  M=mL®"?

in terms of equiaffine curvature and equiaffine torsion. Relative to the parameter o, the
map y(o) = x(t) is seen to satisfy the equation (5.31) whose coefficients are given by

3L

A(U) = _L3/27
L 2L
Blo) = —e+qm— I

el L 3L'L" 3L°
> T or 4z 8L3)’
by use of (5.32) — (5.34).
The curves for which ¢ and m are constant can be listed, by solving the equation
(5.37), as follows; see [Sc, p.75].

1. (eM ert e=OHmt) 9 (teM oM em2M) 3. (e729 e cos(ft), e sin(fSt)),
4. (t,cosht,sinht), 5. (¢, cost,sint), 6. (¢, 512, §t%),

where A\, u, o, § are nonzero constants. They are homogeneous under equiaffine trans-
formations. The value m is nonzero for the first three and is zero for the last three. The
value £ is —1, 1 and 0 for the last three, in this order. Except for the last example, the
general-affine curvature k is defined, and it is vanishing because ¢ is constant. The listed
curves are general-affinely equivalent to some of the examples in the previous section.

5.4.1 Extremal equiaffine space curves

W. Blaschke [Bl] gave a variational formula of the equiaffine length and showed that
extremal curves of this variation are the curves with £ = m = 0; hence, the cubic parabola.
This will be seen as follows in the present setting.

Theorem 5.13 ([Bl]) A nondegenerate curve in the affine 3-space is extremal relative
to the equiaffine length functional if and only if the equiaffine curvatures ¢ and m are
vanishing.

Proof. Let x,(t) denote a family of curves parametrized by 1 around n = 0 and zo = = as
before. We assume that z,(t) = z(t) outside of a compact set C' and x(t) is parametrized
by equiaffine arc length, and that w does not vanish anywhere for all 7. The equiaffine
length functional is given by

L = [ wlo.

Then the curve z is equiaffine extremal if L = 0. Let e = {z, ey, e2,e3} be the frame
defined as in (5.36), and set §2 to be 4 x 3 coefficient matrix. Since {ey, e, €3} are linearly
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independent, there exists a 4 X 3-matrix 7 such that

x
€1
€1
) =T €2
€2
€3
€3

We denote the components of Q and 7 by w? and 77, respectively, where 0 < o < 3 and
1 < B < 3. Since dde = dde, we have dw? — drf = T;/wf — wgrf; in terms of entries of (2
and 7, we have

dw—dry = —(m7s + 1)), (5.38)
—drd = (13 — mw, (5.39)
dw—dri = (1} — 1} — w, (5.40)
dw—dry = (15 — 73w (5.41)
First, note that since {eq, es, €3} takes values in SL(3,R), we have
T+ =0 (5.42)

Adding (5.38), (5.40) and (5.41), we have
30w — dry — d7i — dry = —(m7p + 471 + 73)w.
On the one hand, subtracting (5.38) from (5.41), we have
—dry +dry = (m7y — 2735w,

where we use the relation (5.42). Thus we have

1
30w = drl + drt + dry — (m7d + 07w — 5(d¢§) —dry +mTyw),

30L = / (—§m7'03 - fo) w
2
c

holds. Finally, using (5.39) and integration by parts, we obtain

3 /
35L:/C{—§m7'03—€<7'03 +T02>}w
:/{(—§m+€'> Tg—ﬁTg}w,
c 2

where the {'} denotes the derivative with respect to the arc length. Since 7§ and 73 are
independent variation vector fields, we have completed the proof.

and therefore

33



5.5 From general-affine to projective for space curves

A space curve in P is given by the immersion ¢t — x(t) € A* in homogeneous coordinates
satisfying an ordinary differential equation of the form

="+ 4p193/" + 6p2$” + 4p3x' + pyx = 0.

By multiplying a nonzero factor to the indeterminate z, the equation is transformed to
the equation
2" + 6Pyx” + 4Psa’ + Pyx = 0,

where

Py = py—pi—ph,

Py = p3—3pips +2p7 — pf,

Py = py—4pips + 6pips — 6pypo — 3pi + 6pipy +3(py)* — pl'-
Then, the two forms @s;dt® and 0,dt*, where

05 = Py—3P)
_ 52) 1/ 81 p2 / <5'43)

are fundamental invariant forms: [La]. Provided that 65 # 0, the parameter s defined as
ds = 63/%dt

is called the projective length parameter. Relative to this parameter, we can define
projective curvatures; we refer to Appendix B.1. When 03 = 0, the curve = has a special
property that the curve formed by the tangent vectors to the curve x, which lies in the
5-dimensional projective space consisting of lines in P3, is degenerate in the sense that
it belongs to a 4-dimensional hyperplane. Such a curve was said to belong to a linear
complex and is named Gewindekurve in [Bl].

Given a nondegenerate curve x(t) in the affine space A3, which is described by the
differential equation (5.20), we associate a curve in P? by a mapping ¢t — (1,z(t)) € A%,
where 1 is a constant function. Then, the projective invariants are computed by the
definition above. In fact, a straightforward computation shows that

1
3 1 1 3 9

00 = — kM — M + —ek/ + —ek? — ——, 4

4Ty M 5T 10 T 100 (5.45)

In particular, when #3 # 0, the projective length parameter s is given as above by use
of the general-affine curvatures £k and M. When M = €k, the curve belongs to a linear
complex. Example 5.12 in the previous subsection is such an example.

6 General-affine extremal space curves and the asso-
ciated differential equations

In Section 5.1, we have defined a frame for a general-affine space curve under the condition
that the curve has no affine inflection point. In this section, we obtain the condition under
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which a space curve is extremal relative to the length functional and, in particular, show
that any curve with constant general-affine curvatures is extremal.

Let z,(t) be a family of curves parametrized by n around n = 0 and z; = x. We
assume that x,(t) = z(t) outside a compact set C', and that the invariant w, does not
vanish anywhere for all 7. Then z, and the corresponding frame {Ey, Es, E3} satisfy the
equation in (5.19). Then the length functional L is given by

L(n) = /Cws(n),

and the curve x = xg is said to be general-affine extremal if

dL

0L = —

dn

holds for any compactly supported deformation of x.
We now consider the variation

n=0

Ly

E =
0 El =7 E |, 7 = (75)0<axs,1<8<3-
2 B,
o

Then the compatibility condition dé = dd implies that

5w§ — dT(f = Tgwf — ngf,

Il B

by

1

Sws — dry = <—§k:75 — M1 — T11> Wy, (6.1)
—drd = (19 — k71 — €19 — TL)ws, (6.2)

3
—dr} = <7’02 — 51{;7’5’ — Tf’) Ws, (6.3)

1
dws — d7'12 = (7‘11 — §k7'12 - 67'13 - 722) Ws (6.4)
—dr} = (1§ — kr¥ — 73) ws, (6.5)

1

—dry = <§k7'21 — M7} - 7'?}) Ws, (6.6)

1
Swy — drs = (722 - 51{:723 - Tg’) W, (6.7)
—eéws—d@?: <—6(T§’— 22)+731+ kTg—i-Mle) Ws, (6.8)

1

—55(kw5) —dri = (=M1} — 7))ws, (6.9)
—6(kws) — dri = (1y — €Ty — T3)ws, (6.10)
—gé(kws) —dry = (13 4+ M1} + e15)ws, (6.11)
—6(Mw,) — drd = (kma + M(7{ — 73) + em))ws. (6.12)
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Adding (6.7) and —€(6.8), we have
1
20w, — dry + edri = (—ik‘(Tg +eTy) — €Ty — €M7'12> Ws.

Then, by Stokes’ theorem, we have

1
25/ ws = / (——k:(TQ?’ +erd) — €Ty — eMTf) Ws. (6.13)
c c\ 2

Next, from (6.9) + (6.10) —(6.11), we get
(7 b 7Y = et 4 ) 20,

which is written as

1 1 1
—§k(7'32 + €735) = —Zek(ﬁl +m—T) + §ek]\/[7'13. (6.14)

Here the {'} denotes w%‘ On the one hand, by (6.6),
1
=1l + 5/{;7'21 — M7} (6.15)
and (6.10)4(6.11)—5(6.9) implies that

(=15 — 75 +571) = 6(ry + M7}). (6.16)

Then by use of (6.5) and (6.16), (6.15) can be rephrased as

1 1
=+ kot = =y = 0 (47t - et (6.7

Finally (6.14) and (6.17) implies that

25/ Wy = — <—k (874 + 22 — 473)" + 12M713’> W
C 12 C

_ % <k’ (87) + 272 — 47%) + 12M713'> Wi (6.18)
C

Here we use integration by parts for the second equality.
We now compute —6(6.1)+2(6.4)+4(6.7). A straightforward computation shows that

871 + 2715 — 475 = (67 — 211 — 4713) — 3kTy — 6M7TS + kT + 2€7} + 2k T
= 6X' —4Y" — 3kX +2kY — 6M 73 + 27y

Here X = 70 — 7f and Y = 7 — 2. Thus (6.18) can be again rephrased, by using

integration by parts, as

24¢€6 / Wy = / {(—=6K" — 3K'k)X + (4k" + 2K'k)Y — 6k’ M7
C C

+(2ek’ — 12M") 7} w,. (6.19)
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Then by (6.5) and (6.2) we have
X:T&—Tf:—73/+k7()2+673, Y:TQ?’—Tf:Tf’,—k:TIS.

Finally, making use of (6.3) to erase the 73-term, we can see that the 78 part of the
integrand of (6.19) is computed as

—10k" — 15k"k — 5k'k* — 5K'> + 2¢k’ — 12M". (6.20)
Similarly the 73 part of the integrand of (6.19) can be computed as
AR 412K k+ (11K + 10K —8€) k" + Tk k — 6k k+ 3k k> — 6k’ M +12M" + 18 M'k. (6.21)

Theorem 6.1 A nondegenerate space curve without affine inflection point is general-
affine extremal if and only if the following pair of ordinary differential equations is satisfied:

3 1., 1 1 6
n = 1 - / = 2 /__ / _M/: 22
k—|—2kk+2k +2kk 5ek+5 0 (6.22)
and
" 2 / 5 / 3 / " _
k +§kk+66kM—§ekM —eM" =0. (6.23)

In particular, all space curves which have constant general-affine curvatures are general-
affine extremal.

Proof. Inserting (6.20)= 0 into (6.21)= 0, we have the differential equation (6.23).

Example 6.2 FEztremal curves with constant M. First, assume M = 0. Then (6.23) can
be easily integrated as

k(t) = —3atan(at) and 3atanh(at),
where a is constant. Inserting this expression into (6.22), we get solutions
k(t) = —3atan(at), a=+/2/5 when e=1

and
k(t) = 3atanh(at), a=+/2/5 when €= —1.

Second, assume M is a nonzero constant. Then
5
k(t) = —ZEM + 3a tanh(at)

is a solution of (6.23) and it satisfies (6.22) if and only if
a®(80a® — 12562 M? + 32¢) = 0.

Thus, except for a constant solution, we have the above k(t), where a = v/—32 + 125M2/(41/5)
when ¢ = 1 and a = /32 + 125M2/(4v/5) when € = —1. If we started with —5/4eM —
3atan(at), an another solution of (6.23), then a turns out to be pure imaginary and we
get the same curvature function.
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We here recall the invariant 5 given by the equation (5.44):

1
93 = Z__L(M — EIC)

Then, the differential equations (6.22) and (6.23) are written as

1 1 24
K"+ ;kk” + §k/2 + §k2k/ + ek + geé =0, (6.24)
9" + §k9/ _ §/€/¢9 =0 (6 25)
I '

Since 3 = 0 characterizes a curve belonging to a linear complex, see Section 5.5, in view
of the equation (3.11), we have the following corollary.

Corollary 6.3 The general-affine extremal space curve belongs to a linear complex if and
only if M = ek and k satisfies (3.11).

Since the differential equation (3.11) is the equation for the plane extremality, we
have the following method of constructing an extremal space curve belonging to a linear
complex:

Corollary 6.4 Let k be the general-affine curvature of an extremal plane curve without
affine inflection point. Let € denote the sign of this curve. Then, the set {k, M, €}, where
M = €k, defines a space curve that is general-affine extremal and belonging to a linear
complex.

Thanks to Example 3.5, we can give concrete examples of such curves in Corollary
6.4. The explicit integration of the associated differential equation can be carried out
with computer assistance. For example, when € = —1 and k(t) = v/2 + 3/t, we get the
curve (x1,xq,z3) for t > 0, where

1
331:;,
o V3E)  1-v23t 3
Ty =2 ﬁerf<21/4> e exp _\/Et )

. :/{g/H(t) dt—i-mexp (—%t)} it

_ 2 [ B 1 o (3
with erf(z) = ﬁ/o e " dtand H(t) = —\/f(\/ﬁjt e p ( ﬂt)
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Appendix

A Projective treatment of plane curves

A study of basic notions such as projective length parameter and projective curvature of
projective plane curves by use of moving frames was originally done by E. Cartan in [Cal],
[Ca2, Chapitre 2|; nonetheless, in this appendix, we recall how to define such notions in
a fairly detailed way because to the authors’ knowledge it may not be so familiar in the
present day and it is useful for comparison with the general-affine treatment.

By a projective plane curve we mean a nondegenerate immersion into P?: ¢t — z(t) €
P2. We denote its lift to the affine space A% by t — z(t) € A3 — {0}.

Let e = {eg, e1,e2} be a frame along x; at each point of x it is a set of independent
vectors of A® which depends smoothly on the parameter. We choose eq = x for simplicity.
Then, the vector-valued 1-form deg is written as

0 1 2
deg = wyep + wyer + wyes,

and the dependence of e; on the parameter is similarly written as

2
de; = E wie;, i=1,2.
Jj=0

In the following, we consider frames such that the space generated by ey and e; is the space
generated by the vector z(t) and the tangent vector z’(¢). Then, w := w} is nontrivial
and w? = 0. We consider furthermore frames such that the condition wl + wj + w? = 0
always holds. Thus, we have the equation

deg wy w0 €o

dey | =1 ¥ wi Ww? er |, (A1)
0 1 2

dey Wy Wy W €2

where the matrix (w’) is called the coframe.

Once we choose a frame e with the required property, then another frame é is given

as
€0 A0 0 €o
e |=| p a0 er |, (A.2)
€2 ZN €2

where Aay = 1.

We write the coframe for the frame é by @!. Since the derivation déy has two expres-
sions déy = w)éy + wey and déy = d(Neg) = dheg + A(wdep + wey), we get the identities

aw = \w, (A.3)
A + @ = Awl + dA. (A4)
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Similarly considering the frames é; and é,, we get

Yo = aw?, (A.5)

a®i + fo? = aw! + pw + da, (A.6)

A + uo] + vd = awl + pwl + dp, (A7)
VW3 = yws + Bwi + dy, (A.8)

aw; + B3 = ywy + Pwi + vw + dp, (A.9)
DY + pis + v = ywl + Bu? + vw + dv. (A.10)

A.1 Projective curvature of plane curves

Making use of these identities, we reduce the freedom of choice of frames by a stepwise

procedure. First, by (A.3),
A

W= —w.
a
If we set w? = hw and @? = h@, then by (A.5), we have
h = a’h.

We assume that the curve is nondegenerate: h # 0. Then, by a choice of o, we see that
there is a frame with h = 1. Then, we can restrict our consideration to frames with A =1
and, therefore we necessarily have that & = 1 and Ay = 1. This means that

wi = w, W= \w, 0 = Iw.

By (A.4), we can choose p so that @) = 0 and to keep this condition for all frames, w) = 0,
we have

d\ = \uw.

Also by (A.8), we can assume w3 = 0 and

dy = —fw.

Since w) +w; +w3 = 0 by assumption, we conclude that w] = 0, and by (A.6) we see that

1= AS.

Now (A.7) reduces to @y = yw? — vw + vdp and (A.9) reduces to @i = ywi + vw + dB;
1 1 2 2

therefore

&) — @y = y(w) — wy) — 2vw + ydp — dp.

Then, by a choice of v, there exists a frame with @) = ©3. Assuming this identity for all
frames, we necessarily have
2vw = ydp — dp.

Using the formulas of d\ and dvy above, and the identity Ay = 1, we see that

2v = up.
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Finally, by simplifying (A.10) using (A.7), we see that
A9 = Y.

We set

Wy = pw
and @9 = pw, and then we have p = v3p. Here we have two cases p = 0 and p # 0. In the
latter case, we can find a frame with p = —1 and, therefore, we can restrict the change
of frame to the case v = 1. In this case, by the formulas already obtained above, we see
that A = 1, p = v = f = 0; namely, we have uniquely determined the form w and the

identity (A.7) implies @ = w?. If we set

W = —kyw, (A.11)

and @) = —k,@, then it turns out that k, = k,,.
Now, we call w the projective length element and k, the projective curvature. Thus
we have the following:

Lemma A.1 Assume that the curve is nondegenerate and the scalar p is nonvanishing.
Then, the frame is uniquely defined such that the coframe has the form

0 w 0
Q= —kw 0 w [, (A.12)
—w  —kw 0

where k, is the projective curvature and the 1-form w is the projective length element.

E. Cartan [Ca2| called this coframe the formula of Frenet.

When p = 0, the form w? is not uniquely determined and we need a separate consider-
ation. The condition p = 0 is equivalent to P = 0, where P is defined in (2.31) in Section
2.6.

A.2 Extremal projective plane curves

In this subsection, we derive the differential equation of an extremal projective plane curve
according to [Cal]. Let z,(¢) be a family of projective plane curves such that =, = z,
and let w be the projective length element of ;. Assume that x = x( is parametrized
by projective arc length, xz,(t) = z(t) outside a compact set C' and w does not vanish
everywhere for all 77. Consider the length functional

L= [ .

It is natural to call the curve x = xy projective extremal with respect to the length
functional if §L = 0 holds. In the following we compute the associated differential equation
for an extremal projective plane curve. Let k denote the curvature £, in this subsection.
Let e = {eqg,e1,e2} be the frame for a family of projective plane curves defined as in
(A.12). Then the variation of the frame e can be defined as

€0 €0
dler|l=71e |,
€2 €2
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where 7 is a 3 x 3 matrix. Denote the entries of Q and 7 by w? and 77. Here the Greek
letters run from 0 through 2. Then the compatibility dde = dde implies that

bw —dry = (19 — k1§ — 7w, (A.13)
—drg = (15 — )w, (A.14)
—d7’11 (T{) — k;7'12 + k‘Tol — 7'21)w, (A.15)
dw — dri = (1} + k1§ — 73w, (A.16)
—dw — d720 = (—szl - T22 + 78 + kJT{))w (A.17)
We first note that since the frame e = {eq, 1, €2} takes values in SL(3,R),
T +T +T5 =0 (A.18)
holds. Now adding (A.13), (A.16) and —1(A.17), we have
30w — dry — dri +dry = k(1y — 77)w. (A.19)
Then by (A.15) and (A.14)
7'21 — T{) = 7'11/ — kTg/ (A.20)

holds. Here the {’} denotes the derivation with respect to the projective length element,
i.e. d =% for a function a. Moreover, subtracting (A.13) from (A.16) and using (A.18),

we have
d(Tol — 712) = (3711 + ZkToz)w.

Rephrasing the above equation by using (A.14), we have
311 = —2k7d + (19 — 1) = —2kTE — 7'3”. (A.21)

Inserting (A.21) and (A.20) into (A.19), we have
1 2 0 2,009 9.9 o L om
0w = dry +dry —dry + —gkk: Ty — §k Ty — gk‘TO w. (A.22)
Finally, by integration by parts and Stokes’ theorem,
9L = / (K" + 8kK') 5 w.
c

Therefore we have the following:

Theorem A.2 [Cal] A plane curve without inflection points is projective extremal rela-
tive to the length functional if and only if

K" +8kk' =0

holds.
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B Projective treatment of space curves

We give a summary on how to define two kinds of projective curvatures of space curves in
projective 3-space. We recall the normalization of frame by use of the Halphen canonical
form of the differential equation, [La], and another normalization by G. Bol [Bol]. Then,
following M. Kimpara [Ki], we compute the variational formula of the projective length
functional for the curve with 63 # 0, according to which we can see that such a curve is
extremal if and only if both projective curvatures are constant; such curves are classified
in Appendix C.

B.1 Projective curvatures for space curves

In Section 5.5, we introduced the differential equation
"™ + 6Py + 4Psa’ + Pyx = 0, (B.1)

which describes any nondegenerate space curve in projective space : t — x(t) € P?, and
defined two invariant forms 63dt* and 6,dt* in (5.43). We now assume 03 # 0 and choose
the parameter ¢ so that 63 = 1; namely, let ¢ be a projective length parameter. Then, the
equation is written as

"+ 6Pyx” +2(2 + 3Py)a’ + Pyx = 0, (B.2)

which is called the Halphen canonical form, and the two scalars P, and P, (or 64 instead
of P;) are called the projective curvatures; we refer to [FC, p.26]. For the sake of later
reference, we set

and call them the first projective curvature and the second projective curvature, respec-
tively. The curve with constant curvatures is called an anharmonic curve and we give
a complement to the study in [Wi, Section 3 of Chapter 14] by giving a classification of
such curves in Appendix C.

With this preparation, let us choose a frame (e, eq,e3,e4) = (x,2’,2”,2""); then the
coframe is given as

€1 0 1 0 0 €1
0 0 1 0
al @ | = at| (B.5)
€3 0 0 0 1 €3
€4 —P4 —4 — 6P2, —6P2 0 €4

On the other hand, in the book [Bol, Section 39|, another choice of frame was given
by directly using the invariants 05 and 6. It is done, for the differential equation (B.1),
by choosing {x,u,y, 2z}, where

9 12
u=21a, y=u+ gPﬂ, =19 + EPgu + 2037.
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In terms of the frame {ey, e, e3,¢e4}, it is given as

9 21 9
r=e€e, Uu==e9, Yy=e=e3 + 5P2€1,Z = ey + FPQGQ + (gPQ/ —|—293) €1. (BG)

Then, we can see that

T 0 1 0O O T
— 1
p N 3k 0 0 gt U
Y —205 —4k 0 1 Y
z —64 —203 -3k 0 z

When this choice of the frame is applied to the equation (B.2), the frame equation is

T 0 1 0 O x
—3k 0 1 0
al "= at| (B.7)
y 9 4k 0 1 y
z -6 -2 =3k 0 z

B.2 Extremal projective space curves

We now derive the differential equation of an extremal projective space curve according
to [Ki]. Let x,(t) be a family of projective space curves such that zo = x, and let w be
the projective length element of x;. Assume that x = x( is parametrized by projective arc
length, z,(t) = x(t) outside a compact set C, and that w does not vanish anywhere for
all n. Let ky and ks, respectively, denote the curvatures £ and # in this subsection. Let
e = {ey, e, e3,e4} be the frame for a family of projective space curves defined in (B.6).
Then, according to (B.7), we have

0 W 0 0
—3kiw 0 w 0
de = e.
—2w  —4dkw 0 w
—kow —2w =3kw 0

The variation of e can be computed as de = (TZ] Je. Then the compatibility condition
dde = dde is equivalent to

—drd = (=3ky7y — 273 — ko7p — T)w (B.8)

dw—dry = (19 — dky73 — 275 — T} )w (B.9)

—drg = (13 — 3k178 — THw (B.10)

—drd = (1 —Hw (B.11)

—30(kyw) — dr{ = (3k17) — 3k} — 277 — ko1 — 7w (B.12)
—dr{ = (3ky7g + 1) — 4ky78 — 270 — ) )w (B.13)

dw—dri = (3ki73 + 11 — 3k — 72w (B.14)

—dr = Bkymg + 1 — T)w (B.15)
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—20w — d7y = (279 + 4ky 7)) — 3k17'21 — 275 — koTy — T )W (B.16)
—40(kyw) — dry = (273 + 4ky7i + TQ 4T3 — 275 — 5w (B.17)
—dri = (278 + ki + 79 — 3kyTy — T)w (B.18)
dw —dry = (19 + 275 + 1} + 4k 70 4+ 272w (B.19)
—6(kow) — d78 = (2ko7d + 270 + kori + 3Ky 7Y + koTi — 3Ky — 272w (B.20)
—20w — dry = (270 + kory + A7) + 3k1Ty + 275 + 79 — 4ky 72w (B.21)
—36(k1w) — dri = (3ky7) + kome + 3ky7) + 277 4+ 6k175 + 73w (B.22)
—drd = (kotd + 278 4+ 3k 75 + 7w, (B.23)
Here we use the relation 75 = —70 — 7} — 72. First adding (B.10) and (B.15),
R _Tg’ Y
and by using (B.11), the above equation can be rephrased as
o — T8 = —273, — Tg”. (B.24)
Here the {'} denotes the derivation with respect to the arc length. Next by (B.13)
1= —7'11/ + 278 — k1(37'01 — 472)
=~ 4212 — ) + K27t + Ak (7 = 3ky7d),
where we use (B.11) and (B.10). Subtracting (B.9) from (B.14),
T4 =211 — T8 + Thi7e — 3ky7 + 275 + (77 — 7).
Then, by (B.10) and (B.11), we can rephrase the above equation as
72 = 21} — 70 4 Aky7d + 210 — 3kt — kg7 + 72 (B.25)
Subtracting (B.9) from (B.19), we have
1
T+ T = 5(7'01 — 1) =270 — 2k (77 + 13).
Then, by (B.24) and (B.11), we can rephrase the above equation as
1
=3 (-2 - A") -2 - 22l + ). (B.26)
Then, subtracting (B.26) from (B.25), we have
ol Vi 3 3/ 1 3///
31 — 1) = —8ki7g — 215 + 3k — 4)7d + dkyTy — 370 (B.27)
Now, adding (B.13) and (B.18),
7'32 — 7= (7'11/ + 7'22/) + 3k1(7'01 — ) =2 + 27'02.
By using (B.26) and (B.24), we can rephrase the above equation as
1
72— 70 = —dky'72 — 10k — " — 21 — 2k 7Y — 5ky 7 — 573””. (B.28)
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Adding 4(B.9), (B.16) and (B.21), we have
870 = — (415 + 79 + 75) + 16k 73 + 875 + 4k (15 — 17) — ka(7g — T3).
Then, by using (B.28) and (B.24), we can rephrase the above equation as

oM

1 1
—27) 21(4701 + 70+ ) Ak (k) — D1 + (10k:% - §k2) &+ ki

1 1
— 278 4 2k (L + k) 78 + (5kf —~ ZkQ) 4 §k17§”". (B.29)

Adding (B.29) and (B.27), we have

o

1 1
3(ri = 70) =5 (470 + 7+ 73)" + A (= 3)75 + <10k$ - 5/@) o =28 + ki

1 1 1
+ (3:]61/ - 6)7’5’ + 2k (3 + k‘ll)Tg/ + (5]{% — _) 7—5’” _ 57.3”’ + _klmng.

4 2
(B.30)
Therefore we have
Tg . — 27‘3’ — 4]{:17'5
= U ) — kT — LK — k) + o — L
—ha'n = Sk ) (20— k) Lk (B3

Finally, by using Stokes’ theorem, we obtain

4 1 1 2
5 / w = / —chiki T — 20K — k)75 — STy — kT — Sha(ky' 4+ 3)7
C C 3 6 3 3

1

" 1 n
Lo k)R L }w.

By using integration by parts, we finally obtain differential equations for an extremal
space curve as

1
kflm -+ 16]{31]{51/ - —]{52/ - O,

2 , 1 (B.32)
k" + 16k1k," +16(k1")” + 6k, — 51@” = 0.

From these equations, the following theorem holds.

Theorem B.1 ([Ki], pp. 233-234 in [Bl]) A space curve without inflection points is
projective extremal relative to the length functional if and only if the both curvatures are
constant.

Proof. Subtracting the derivative of the first equation from the second equation (B.32),
we have k;" = 0. Then k" = 0 follows immediately.
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C Classification of space curves with constant pro-
jective curvatures

In Section B.1, we have seen that any nondegenerate curve with constant projective
curvatures is defined by a differential equation

2" = az” + b’ + cx, (C.1)
where the coefficients a, b and ¢ are constants. Such a curve is described by linearly
independent solutions and we get a classification of such curves by listing such solutions.

Let e be a solution of the differential equation, then ) is a solution of the algebraic
equation

A —aX? —bA—c=0.

Since the sum of the four roots is zero, we have the following cases to consider separately.
1. four distinct real roots: N v, —( A+ p+v))

2. one set of double real roots: (2N, 24, — A — p, =X — 1)

3. one set of complex conjugate roots: (2X, 20, — ()\ +p) +ip,—( AN+ p) —
4. two distinct sets of complex roots: (A+ip, A —ip,— A+ iq, =\ — iq)
5. one set of complex roots and double real roots: (=X, =\, A +ip, A — ip)

6. two sets of double roots: (A=A =)

7. pure imaginary roots: (ip,ip, —ip, —ip)

8. triple roots: (A AN, 3)\)

9. trivial case: (0,0,0,0),

where A\, u, v, p, q are real constants. For each case above, we compute the set of
solutions to define the immersion: we denote by CVi the curve in the case i above. The
associated differential equation defining the immersion is also listed, where a, b, ¢ denote
the coefficients of the differential equation.

Curves mapping

Vi [ A+,u+u)t e,ut 6”t]

V2 Cn (A+p)t te™ (A+u) 2)\t Z;uf]

CV3 [P e21t o= (At cos(pt) ~ Ot gin(pt)]
Cv4 [eM cos(pt), eM sin(pt), e~ cos(qt), e A sin(qt)]
CV5 [eM cos(pt), eM sin(pt), e, te =]

V6 [e)‘t te/\t —At te—)\t]

Cvr [cos(pt), sin(pt), t cos(pt), t sin(pt)]

Vs [eM te>‘t e At 3>\t]

CV9 [1,t,12,13]
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Curves a b c

CVl N+ v+ +w+12 —(p+v)v+ NN+ p) M\ + p+v)

CV2  3A% 4 2\u + 3p? 20+ p)(—p + A)? — A (X + p)?

CV3  3A2 + 2 \u + 3u2 — p? 2N+ )N = 22+ g +p?)  —A (N + 20 4y + p?)
CV4a 202 — 2 —p? —2XMp —q)(p+q) ~(N+¢*) (N +p?)

CV5 222 —p? —2p%\ —A2(\2 4 p?)

CV6 2)\2 0 —\4

CV7  —2p? 0 —p?

CVs8 62 —8\3 3\

CvV9 0 0 0

All curves, except CV4 and CV7,

Table Al: Space curves of constant projective curves

listed in Section 5.3.

are general-affine homogeneous and already were
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C.1

Thanks to Theorem 5.4, each curve CVi is an orbit of a point p under a 1-parameter
subgroup G. We list them as follows:

l-parameter subgroups defining anharmonic curves

Curves 1-parameter subgroup G Point p
e—(A-HH-V)t 1
At
CVi ‘ !
et 1
eVt 1
e~ (At 0 0 0 1
C tef(/\“i’/’l‘)t 67()‘+ﬂ)t O O 0
V2 62)\t 0 1
0 o211t 1
o2\ )
2ut
CV3 ‘ . o !
e~ MWt cos(pt) e~ MMt sin(pt) 1
e~ tmtgin(pt) e~ AWt cos(pt) 0
eMcos(pt) —eMsin(pt) 1
eMsin(pt)  eM cos(pt) 0
Cv4 —At —At o 1
e Mcos(qt) e sin(gt)
e Msin(qt) e cos(qt) 0
eMcos(pt) —e M sin(pt) 1
ovs eMsin(pt) e cos(pt) 0
ef)\t 0 1
te At efx\t 0
e)\t 0 1
te)\t e)\t 0
CV6
e—)\t 0 1
te—)\t 6—>\t 0
cos(pt)  —sin(pt) 1
VT sin(pt) cos.(pt) ' 0
tcos(pt) —tsin(pt) cos(pt) sin(pt) 0
tsin(pt) tcos(pt) sin(pt) cos(pt) 0
e 0 0 0 1
Vs ter M0 0 0
%t2€>\t te}\t 6)\t 0 0
0 0 0 e 1
1 0O 0 O 1
t 1 00
CVo 1 0
2t 1.0 0
1,3 142
Pttt 1 0
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