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We first recall the classical fundamental theorem of space curves,
i.e., curves in Euclidean 3-space E°.

(i) Let o' =12%s) (1 =1,2,3) be a curve of class C°, where s is
the arc-length parameter. Moreover we assume that its curvature x(s)
does mot vanish anywhere. Then there exists an orthonormal frame
{ei(s)} which satisfies the Frenet-Serret equation

de,/ds = ke,
(1) de,/ds = —ke, + Te,
de,/ds = —re,

where e,, e, and e, are the tangent, principal normal and binormal unit
vectors, respectively, and z(s) is the torsion.

(ii) Given a function x(s) of class C' and a continuous function
7(s), there exists a curve of class C® which admits an orthonormal frame
{e;} satisfying the equation (1) with given £ and 7 as its curvature and
torsion, respectively. Such a curve is uniquely determined up to a
motion of E°.

In this paper we shall study the fundamental theorem of analytic
space curves of which curvatures have discrete zero points. At zero
points of the curvature, principal normal and binormal vectors are
discontinuous in general (e.g., y =%, 2z =0 in (z, y, z)-space; by the
definition, e, = (—3«*/(Jz|(1 + 92*)"?), z/(Jz|(1 + 92*)'*), 0), e, = (0, 0, 1) for
x>0 and =(0,0, —1) for x < 0) and the curvature is not always dif-
ferentiable even if the curve is analytic. This fact shows that, for
instance, when such a function £ and any analytic function ¢ were given,
it is hard to see whether the curve determined by those is analytic or
not (if £ is merely continuous, a solution of the equation (1) exists; in
case £ > 0, see Hartman and Wintner [1]).

On this problem there are several investigations (e.g., [2], [5] and [6]).
Especially, Nomizu [2] studied Frenet curves in detail and showed that
an analytic curve is always a Frenet curve. Though his work extremely
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clarifies the ambiguities of the classical theorem stated above, there are
still some indefiniteness on the choice of normal vectors, the sign of the
curvature and the torsion (in [2], two invariants k, = +« and k, = £7
were taken instead of £ and 7, see also, Wong and Lai [6], p. 9).

In this paper we shall take a length-varying frame of which normal
directions coincide with those of the classical frame at non-zero points
of k£ and shall assert that the essential invariants for analytic curves
are k%s) and 7(s). A similar method is useful for investigating analytic
curves with singularities [3]. Our main results are Theorem A in §1
and Theorem B in §3 which correspond to (i) and (ii) above, respectively.
In §1, we shall define an orthogonal frame and shall obtain a formula
which corresponds to the Frenet-Serret equation. In §2, we shall solve
it by a method in the theory of regular singularities in the complex
domain and shall show the existence of curves and frames. In the last
section, we shall prove orthogonality of frames.

I would like to exress my thanks to my colleague, S. Tsuchiya, for
his kind advice.

1. Orthogonal Frame and Theorem A. Let ' (i =1, 2,3) be co-
ordinates in E®. Let C be an analytic curve defined by z° = z%(t), where
t runs through some interval and «'(t) be analytic in . We assume that
C is non-singular, i.e., >}, (dx'(¢)/dt)* is nowhere zero. Therefore we
can parametrize C by its arc length s. From now on, we only consider
C in the following form:

C: x = x(s) = (x'(s), x*(s), 2%(s)) , selL,
where xz(s) is analytic in s and L is a non-empty open interval. We

assume that the curvature £(s) of C is not identically zero.
Now we define an orthogonal frame {E(s)} as follows:

E, =dx/ds, E,=dE/ds, E;=E X E,,
where E, X FE, is the vector product of F, and E,. The relations between
those and the classical Frenet frame {e,(s)} at non-zero points of £ are
1.1) E =e, E,=ke, E, =cke,.
Thus E,(s,) = Ey(s,) = 0 when k(s,) = 0 and squares of the length of E,

and E; vary analytically in s. By the definition of E; or (1.1), a simple
calculation shows that

E, 0 1 0 E,
(1.2) (d/ds)| E,| = | —&* (log £?)'/2 T E, |,
E, 0 -7 (log £%)'/2 || E,
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where a dash denotes the differentiation with respect to the arc length
s and 7 = 7(s) = det (dx/ds, d*x/ds*, d’x/ds®)/k* is the torsion of C. From
the Frenet-Serret equation, we know that any zero point of «® is a
removable singularity of z. The equation (1.2) corresponds to the Frenet-
Serret equation in the classical case. Moreover, {E,} satisfies:

(E, E)=1, (&, &)= (E, E)=~r",

1.3
(1.3) (B, E)=0 for ©+£7,

where (, ) denotes the inner product of E?. We note that the essential
quantities in (1.2) and (1.3) are £%s) and z(s) which are analytic in s.
Thus we conclude:

THEOREM A. Let x2(s) be an analytic space curve of which curvature
does not vanish identically. Then there exists an orthogonal frame {E(s)}
which satisfies the equation (1.2) and (1.3).

REMARK 1.1. For the next section we note the following fact: Let
s, be a zero point of k. Let us represent E, by the Taylor series at
s =8, Since Eys) =0, it can be written as E, = >, a.s — s,
a, # 0 (n > 0). Therefore, by the formula £* = (E,, E,), we obtain

(1.4) £ = (a, a,)(s — s)™ + -+« .

This shows that the first non-vanishing term of the power series
expansion of £? at s = s, has an even power of s — s,.
Next, by a rotation of E®, we may assume that

(1.5) E(s) =(1,0,0).

Thus, by the definition of {E,}, the following must be satisfied;
(1.6) a, = (0, @, @)

(1.7) E, =0, —a, ad,y)(8 —8)" + - .

2. Existence of Curves and Regular Singularity. Let L be a non-
empty open interval. For simplicity we may assume that L contains
the origin s = 0 at which a given analytic function K vanishes. Though
a negative arc-length is curious, no absurdity occurs in mathematical
meaning.

Now we take two real analytic functions K(s) =0 and z(s) on L,
and consider natural extensions of those and the equation (2.1) below
into the complex domain.
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0 1 0
(2.1) dE/ds = | —K (log K)'/2 T K,
0 -7 (log K)'/2

where FE = Y, E, E;,). Let D be a sufficiently small disk with center
s =0 on which K and 7z are holomorphic and s = 0 is the only zero
point of K. The power series expansions of K and 7 on D can be taken
as follows (ef., Remark 1.1):

Kzzxksk’ IC2n>O, %21,
k=2n

2.2) N
TZZTkSk, ICk,’Z'kGR.
k=0

Let us find a solution of the equation (2.1). We may assume E,(0) =
(1,0, 0) which is obtained by a motion (especially, a rotation) of E°.
Consequently, our problem is to obtain a real solution of (2.1) which,
from (1.5), (1.6) and (1.7), satisfies:

1 00
(2.3) E0)=(0 0 0f,
0 0O
0 0 0
(d"E(0)/ds™)/n! = |0 3 H(ky — €9
0 F(k — &) 3
where
(2.4) el =k, ¢EeR.

Obviously, the linearity of the equation (2.1) and the condition (2.3)
show that, by a rotation of the (x*-x°)-plane, one solution is obtained
from another of which sign of (x,, — &)"* in (2.3) is opposite to the
former. There is still an indefiniteness depending on &, but, for two
solutions E;, (¢ =1, 2) (& # &, |&] < ki) corresponding to &, there also
exists a rotation of the (a*-2%)-plane

1 0 O
(2.5) E,=|0 o —-b|E,,
0 b a

where

a = [5152 + (K:2'n. - 5%)1/2(/:2" - 52)1/2]/’5271 ’
b= [El(ﬁzn - Eg)lﬂ - 52(’527; - Ef)m]/’cn .
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LEMMA 2.1. The equation (2.1) has a regular singularity at s =0
and has characteristic exponents (0, n, n).

ProoF. From (2.2), (log K)'/2 has a pole of order 1 with residue =
at s = 0 and the other components of the coefficient matrix of (2.1) are
holomorphic. Thus s = 0 is a regular singular point of (2.1) (Sauvage
[4]). Let us rewrite (2.1) in the vector form:

(2.6) s(de/ds) = Ae

where ¢ is a 3-dimensional vector °‘(e, e, ¢;). Then, A = >, As"
satisfies:

000 010 000

@n  A=|0 n 0|, A =0 y Ay A, =10
* *

00 n 0 | 0

By definition, the characteristic exponents of (2.1) are the roots o of
det (4, — pI) = 0, where I is the identity matrix. Lemma follows from
2.7). q.e.d.

Now we determine a solution of (2.1), namely, three independent
solutions of (2.6). Let e, e, and &, be solutions corresponding to the
characteristic exponents 0, » and one more 7, respectively (Lemma 2.1).
First, we determine e, and ¢,.

Let ¢, = 3=, B,s* and &, = >\, Bis*. From (2.6), we obtain

(2.8) [(n + k) — A)B,.. = H;‘:H A.B; .
1#0
Since
n 0 O
nl — AO =|0 0 O ’
0 0 0

we can determine B, and B, as follows (see (2.3)):

Bn = t(Or E) —'(Iczn - 52)1/2)

En = t(O, (’CZn - 52)1/2; 5) ’

where ¢ satisfies (2.4). For any integer k& = 1, the coeﬁicie~nt matrix on
the left hand side of (2.8) is non-singular. Thus B, and B, (k > n) are
determined uniquely by (2.9) and, from the theory of regular singularity,
e, and &, represent holomorphic functions on D. Moreover, they take
real values for real s, since the coefficient matrices of (2.8) and (2.9) are
all real.

(2.9)
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Next, we determine ¢, = >\, C,s*. C, also must satisfy
(2.10) (I — A)C, = >, AC;.

itj=k
1#0

From (2.4), we take
(2.11) C,=1%,0,0).

It satisfies (2.10), for A,C, =0 from (2.7). For any positive integer
k (<n), kI — A, is non-singular and the right hand side of (2.10) is zero
by (2.7). ThusC, =01 <k <n). In case k = n, (2.10) can be written
as follows (see also (2.7)):

n 0 0

0 0 0C,=0.

0 0 0

Thus C, = 0 satisfies (2.10). Since kI — A, is non-singular for k (>n),
C, is determined uniquely by (2.11) and C, = 0. The solution ¢, determined
as above becomes also a holomorphic function on D and takes real value
for real s. Obviously, from (2.9) and (2.11), the Wronskian W of the
solutions has the following power series expansion:

W = det (e, €., €,) = kg8 + + -+ .

Since W is not identically zero, they constitute a system of linearly
independent solutions of (2.6). Namely, “E, E,, E,) = (e, €., €,) is a
solution of (2.1) which satisfies (2.3). Since the solution was found in a
class of holomorphic functions on D, s = 0 is an apparent singularity
of (2.1). Restricting it to real s, we obtain a solution for which we
have originally searched.

Integrating E, with respect to s, we obtain:

LEMMA 2.2. Given two analytic functions K= 0 and 7, there exists
an analytic curve which admits three vectors E;, (t = 1, 2, 8) satisfying
the equation (2.1). It is uniquely determined up to a motion of E°.

3. Orthogonality and Theorem B. The purpose of this section is
to show that the solution {E;} of (2.1) satisfies (see (1.3)):

3.1 (E,E)=1, (E,E)=(FE,E)=K, (E,E)=0 for ¢+#7,
i.e., {E;} is an orthogonal frame.
Let F,; = (E, E;) 1,7 =1,2,3). Then, by (2.1),
dF,/ds = 2F,, ,
dF,/ds = —KF,, + (log K)'F,/2 + tF; + F,, ,
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dF/ds = —TtF, + (log K)'F,/2 + F, ,
dF,/ds = —2KF, + (log K)'F,, + 2tF,,,
dFy/ds = —KFy, — tF, + (log K)'F,, + ©F,,,
dFy/ds = —2tF,, + (log K)'F, .

We consider the natural extension of the equations (3.2) into the complex
plane. We rewrite (3.2) as follows.

(3.3) s(dF/ds) = GF, F =YFy, Fy, Fy, Fy, Fy, Fy,) .

Then G = 37, G.s* has the property that G, is a diagonal matrix
diag (0, n, n, 2n, 2n, 2n). We can easily show the following (cf.,
Lemma 2.1):

3.2)

LeMMA 3.1. The equation (3.3) has a regular singularity at s =0
with characteristic exponents (0, n, n, 2n, 2n, 2n).

From (1.8), we have to solve (8.3) under conditions (cf., (2.3));
F0)='10,---,00, (d"F(0)/ds") =0,
(d*F(0)/ds™)/(2n)! = ¥(0, 0, 0, k,,, 0, £.,) .

Thus the solution in question corresponds to the characteristic exponent
0 and must be determined uniquely by (3.4).

On the other hand, there exists a trivial solution F' = (1, 0, 0, K, 0, K)
of (3.3) which also satisfies (3.4). Thus they must coincide with each
other.

The above argument shows that {E,} is an orthogonal frame of the
curve obtained in Lemma 2.2. Then, by (2.1) and (3.1), K'* and 7
become its curvature and torsion, respectively. Therefore we obtain:

(3.4)

THEOREM B. When two analytic functions K= 0 and T are given,
there exists an analytic curve which admits an orthogonal frame {E}
satisfying (2.1) and (3.1) with given KY* and T as its curvature and
torsion, respectively. Such a curve is uniquely determined up to a
motion of E°.
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