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Abstract

In a Riemannian manifold M, elastica are solutions of the Euler-Lagrange equation of the following
second order constrained variational problem: find a unit-speed curve in M, interpolating two given
points with given initial and final (unit) velocities, of minimal average squared geodesic curvature. We
study elastica in Lie groups G equipped with bi-invariant Riemannian metrics, focusing, with a view to
applications in engineering and computer graphics, on the group SO(3) of rotations of Euclidean 3-space.
For compact G, we show that elastica extend to the whole real line. For G = SO(3), we solve the
Euler-Lagrange equation by quadratures.

2000 Mathematics subject classification: primary 49K99, 49Q99.

1. Introduction

Let M be a finite-dimensional C*® Riemannian manifold. Let (-, -) denote the Rie-
mannian metric, || - || the corresponding Riemannian norm and V the corresponding
Levi-Civita covariant derivative (see [3, 6] for background). GivenT > Oand p; € M,
v; € T,,M fori =0, 1, let %,,,, be the space of C* curves x : [0, T] — M satisfying
x(iT) = p;, x(iT) = v; for i = 0, 1, where ¥ = dx/dt, and define a functional
& : Gy, = [0, 00) by

T
dx) = [ ”Vd/d,x'uzdt.
0

The critical points of ®, Riemannian cubics, are studied in [7-9, 11] and references
therein. When v and v, are unit vectors, the elastic problem is to minimise ¢ over
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curves x € %, subject to the nonholonomic constraint
. 2
(1.1 x@I° =1,

for all ¢+ € [0, T]. That is, the curves are required to have unit speed; in this case,
|| Vg4, % ||? is the squared geodesic curvature of x. The first order necessary conditions
for x € %,,., to solve the elastic problem are given in the following theorem, which
can be proved using the Pontryagin Maximum Principle (which can be found in [5]).

THEOREM 1.1. A curve x € b, solving the elastic problem satisfies, for all
t € [0, T), the constraint (1.1) and the (Euler-Lagrange) equation

(1.2) V3 ik + R (Vapuk, ) & + Vg (A1) = 0,
for some C* function . : [0, T} > R

Here R is the Riemannian curvature of M, defined, with opposite sign convention
to [3, 6], for C* vector fields X, Y, Zon M by

R(X,Y)Z = VyVy Z ~ Vy Vs Z — Vixn Z,

where [-, -] is the Lie bracket. We call any C* curve x : I — M (where [ is an open
interval) satisfying (1.1) and (1.2) on I, for some A, an elastic curve.

‘Elastic curves, or elastica, in simply-connected 2 and 3-dimensional spaces of
constant curvature have been studied by Jurdjevic [4,5]. In the present paper, we
investigate elastica in the Lie group SO(3) of rotations of Euclidean 3-space E*,
equipped with a bi-invariant Riemannian metric. As in previous work on Riemannian
cubics [7-9, 11], we have in mind applications to engineering and computer graphics,
including trajectory planning for rigid body motion (as a set, the configuration space
of a rigid body is SO(3) x E?).

Since the unit 3-sphere S* C E* with standard Riemannian metric double-covers bi-
invariant SO(3) by a local isometry, our elastica are locally equivalent to the symmetric
elastica in S* studied in [5]. Jurdjevic’s construction of symmetric elastica in S* in
terms of quadratures was obtained using optimal control theory and the Hamiltonian
formalism, and extends naturally to spheres of arbitrary dimension. We use an
essentially different approach to study the locally equivalent elastica in SO(3). First
we reduce the Euler-Lagrange equation (1.2) to a second order differential equation
for an auxiliary curve V = x~'x in the Lie algebra of SO(3). Once V is known,
the first order equation X = xV can be solved for x. This approach has previously
been used to study Riemannian cubics in SO(3) {7-9, 11]. While it relies in a crucial
way on the geometry of SO(3), it is arguably more elementary than Jurdjevic’s. Our
resulting global construction (by quadratures) of elastica of a bi-invariant Riemannian
metric on SO(3) is a useful alternative to the local construction of [5].
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We begin with the following generally applicable result, which characterises elas-
tic curves as solutions of an unconstrained differential equation, subject to initial
conditions of a particular form. It will be used in section 3.

THEOREM 1.2. A C* curve x : I — M is an elastic curve if and only if
3 . o« e\ . 3 .12 ~\ .
(13) Vd/d,x + R (Vd/d,x, x) X + Vd/dr 5 " Vd/d,x" +b}x}) =0

for some constant beRandallt € I and, forsomety € 1,

(1.4) 1= @),
(15) 0=(Vaal,_, . i),

2
(1.6) 0= (V3] » £0)) + | Vsl _, | -

PROOF. First suppose x is an elastic curve. Then (1.1) holds on I, and the firsttwo
derivatives of ||x||?> vanish on I, giving the following identities:

(L.7) (Vd/drfc, x) =0,
(1.8) (Vi 2) + | Vaax|* = 0.

In particular, (1.4)—(1.6) hold for any #y € I. It remains to show that
3 . -
(1.9) A= 2 | Vai ] +5

for some constant b. For this, take the inner product of (1.2) with x and use (1.1),
(1.7), the fact that (R(X, Y)Z, Z) = OQforall X, Y, Z, and (1.8) to give

d /1 ) o 3d .
dr (5 | Vasack|* = (V3% x)> =3 | Vo]

Now suppose x satisfies (1.3) for some b and (1.4)-(1.6) for some t,. Then (1.2)
holds on / with A defined by (1.9), so we just need to show that ||x(#)]|* = 1 for all
t € I. Write I = (51, 5,). We show that ||x(¢)||> = 1 for all ¢ € [, s5,) (the proof
for (sy, 1] is similar). Suppose not, and write .% = {t € [t, 5,) : ||X(t)||* = 1} and
T = sup(.¥). We show that in fact ||x(#)]|?> = 1 on some open interval containing t;
this contradicts T = sup(.¥), and it follows that ||X(¢){|> = 1 on [t, ;). Write x; = x,
X2 =X, x3 = Vgux and x; = Vf/d,fc. Then (1.3) can be written as the following
system:

h=—(V] % %)=

X1 = X2, Vd/drxz = X3, Vd/d1x3 = X4,

(1.10) 3 , -
Vd/d1x4 = —R(x3, x2)x2 — 3 (x4, x3) X2 — 5 lxs11° + b ) x3.
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Take a coordinate chart U € M containing x(t) and let U € R™ be the image of U
under the chart diffeomorphism (here m is the dimension of M). Let J be the maximal
open sub-interval of I containing T and with x(J) € U. We show that ||x (¢)||*> = 1 for
allt € J. Let T be the C* map that takes each & € U to the Christoffel transformation
I': : R" x R™ — R™ (we avoid coordinate notation for the sake of presentation).
Then, in U, for any vector field  defined along the curve x, forall ¢ € 1,

(1.11) V| =00 + T (200, 50).

where V, Q, % are the images of V, 2, x under the chart diffeomorphism. Write

N := U xR™ x R™ x R™ and define X : N - R™ x R™ x R™ x R” to be the mapping

T
Y2

- =Ty, (y2, y2)
X (1, Y2, y3, Ya) > ya— ri.m ¥2)

=Ry, (33, y2)92 — 3 (94, ¥3),, Y2 — (zllyall2 +b) ¥s — Ty (s, y2)

where R is the image of R under the chart diffeomorphism and the inner product and
norm are now computed in the chart. Then, by (1.10)—(1.11), the differential equation
(1.3) is described in U by the vector field corresponding to X. That is, denoting the
1mage of x; under the chart diffeomorphism by X; and writing X = (X;, X,, X3, X4), we
have ¥ = X(%). Since [1X(®)])?> = 1on [t, T), (1.7) and (1.8) hold on [t, T). By
the smoothness of x, these equalities also hold at ¢+ = 7. That is, X(7) lies in the
submanifold of N given by

N, = {(yl, Y2, ¥3, ¥8) € Nt yall2 = 1, (33, y2), =0, (yar y2),, + I35l = 0} :

We now show that X is tangent to N,. It then follows that the image of the integral
curve ¥ : J — N of X lies in N,; in particular, ||x()||> = 1 for all t € J,
as claimed. Differentiating the constraints that define N, and applying (1.11), we
find that the tangent space to N, at y = (1, Y2, Y3, Ya) € N, is the set of all
(z1, 22, 23, 24) € R™ x R™ x R™ x R" satisfying

0={z+T, 02 ), )’z)yl v 0=(x+T,0s 2), )’2)yl +{y3, 22+ Ty, 2, Zl))yl ,
0= (Z4 + Iy, (34, 21)s )’2)yl + ()’4, 2+ Ty, (2, Zl))yl + 2(23 + Ty, (3, 21), )’3)yl

A short calculation shows that X (y) lies in this space, as required. O

The rest of the paper is organised as follows. In section 2 we take M to be an
arbitrary Lie group G with (-, -) bi-invariant. In this setting, solutions of (1.3) with
(1.1) (elastic curves) satisfy a system consisting of a first order equation relating x to
an auxiliary curve V in the unit sphere of the Lie algebra of G, and a second order
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equation for V. In section 3 we show that if G is compact, (1.3) subject to (1.4)—(1.6)
is solvable on the whole real line. We then take G = SO(3) and construct the elastic
curves x : R — SO(3) in terms of quadratures: V is found in sections 4 and 5, and x
in section 6.

2. Elastica in Lie Groups

From now on, suppose the manifold M is a Lie group G and assume the Riemannian
metric (-, -) of G is bi-invariant, that is, invariant with respect to both left and right
multiplications (note that any Lie group admits a left-invariant metric, and any compact
Lie group admits a bi-invariant metric). Let e be the identity of G, 4 = T,G the Lie
algebra and [, -] the Lie bracket. Let || - || : ¢4 — [0, 0o) be the norm corresponding
to the restriction of (-, -) to ¢. Recall (see [3]) that bi-invariance of a left-invariant
metric {-, -) is equivalent to the condition

2.1) ([X,Y),Z)=([Z,X],Y), forallX,Y,Ze¥.

Now let I € R be an open interval. Given any C* curve x : I — G, we can define
aC%curve V: I —> ¥ by

2.2) V() = (dLsr1) ) ¥,

where L, : G — G is left multiplication by g € G, namely L,(h) = gh, and
dLg)y : ThG — TG is the derivative of L, at h € G. As noted in [7], allowing
for the opposite sign convention to [6] for the Riemannian curvature R, [6, Theorem
21.3] gives the following result.

LEMMA 2.1. Let x : I — G be a C™ curve, with'V : I — ¥ defined by (2.2).
Then, forallt € I,

) @Lxy-)xyVayaX = 1 @),

(ii) (dL,q- n)x(,)Vd/d,x = V(t) + 1/2[V (@), vVl

([i) (@Leo)s Vijak = 240 + V@), VO1+ 14V, V@), VO],
(V) (@Ley)xiy R(Vapaex, X)x = —1/4[V (), [V (@), vl].

We now obtain the following characterisation of elastic curves in G.

THEOREM 2.2. A C*® curve x : I — G is an elastic curve if and only if the curve
V . I — 9 defined by (2.2) satisfies

2.3) Ve =[ve, vl - (||V(t) I+ (v, C)) V) +C,
(2.4) vl =1,

for some constant C € Y and allt € 1.
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PROOF. First suppose x is an elastic curve. Since x satisfies (1.1), left-invariance
of the Riemannian metric gives (2.4):

2
@5) L= O = |([@Lao), 50| = IVOI.

By Theorem 1.2, x satisfies (1.3) for some b. Applying (d L)1)z to (1.3) and using
(2.2), Lemma 2.1(j,iii,iv) and left-invariance, we find

d*v . d 3. 2 -

—5 = [v,v] - ((E vl +b) v) .
Integrating once, we have, for some constant C € ¢,
26) V[V, V]—(% ||V||"‘+5)v+c.

It remains to write (2.6) in the form (2.3). First note that, by (2.4), the first two
derivatives of || V|| vanish. So

@7 (v,v)=0,
(2.8) (V, V) + |V]* =o0.

Taking the inner product of (2.6) with V and applying (2.1) and (2.7), we have
(V, V) =(V, C). So for some constant b € R,

(2.9) IVI*=2(v,c)+b.
Similarly, taking the inner product of (2.6) with V gives
(V.v)= =2 VI -6+ v.0.
Therefore, and by (2.8) and (2.9), we have b = —b/2 and thus
(2.10) %HV(r)||2+I3= Vol + e, c.

Substitution into (2.6) gives (2.3), as required. Now suppose V satisfies (2.3) and
(2.4). Then (1.1) holds, by (2.5), and it remains to show that x satisfies (1.2) for
some A. Writing A = ||V||? + (V, C) and differentiating (2.3) gives

d*v
dr?

Applying (2.2) and Lemma 2.1(i,iii,iv), we have, for allt € I,

.. d
(2.11) =[V,V]- - &Y

(de(t)")x(t) (ngi + R (Vd/d,i, X) x + Vd/dt (Ai)) = 0

Since (d L)1)z is an isomorphism, x satisfies (1.2), as claimed. O
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By analogy with the Lie quadratics of [7-9] and [11] (unconstrained solutions of
V=I[V,V1+C) acurve V : I — ¥ satisfying (2.3) and (2.4) for some C € ¢
and all t+ € I will be called an elastic Lie quadratic with constant C. If x : I - G
is an elastic curve, the curve V defined by (2.2) is an elastic Lie quadratic; it will be
called the elastic Lie quadratic associated with x. For later reference, we re-state the
observation (2.9) from the preceding proof.

COROLLARY 2.3. Let V : I — % be an elastic Lie quadratic. Then for some
constantb € Rand allt € 1,

b=|vo)| -2V, ).

COROLLARY 2.4. LetV : I — ¥ be an elastic Lie quadratic and define W : I -~ ¢
by W(e) = V@) + (IIVOIIP + (V (@), C))V (t). Then

(2.12) W@ =W, VOl
forallt € I, and ||W (t)]| is constant.

PROOF. As noted in the proof of Theorem 2.2, differentiating (2.3) gives (2.11)
(with A = ||V|[* + (V, C)), which can be written in the form (2.12). Therefore, and
by (2.1), d||W|P/dr = 2({[W, V], W) = 0. =

Differential equations of the form (2.12) are called Lax equations. They are
important in the theory of integrable systems, since if a matrix differential equation
can be written in the form W = [W, V] then the spectrum of W is preserved by the
flow (see [2]). In the present situation, the Lax equation (2.12) is crucial to the solution
of (2.2), or equivalently

(2.13) x(t) = (dLxw), V),

for an elastic curve x in terms of its elastic Lie quadratic V. In section 6, we construct
this solution in the case G = SO(3), using results of our related paper [12], in which
(2.13) is solved in both SO(3) and SO(1, 2) subject to an arbitrary constraint of the
form W = [W, V]. Solutions of (2.13) subject to W = [W, V]in arbitrary semisimple
Lie groups have been developed in [10].

3. Compact G: Extendibility of Elastica to R

In this section we prove the following result.
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THEOREM 3.1. Suppose G is compact. Then for any b,ty € R, xy € G, and
v, Uy, V2 € T, G satisfying

(3.1) luoll> =1, (v, 0 =0, (v, v) +lluil*> =0,

there exists a unique solution x : R — G of (1.3) satisfying

(32)  x(t) =x0, () =vo, Vaai|,_, =v. Viail_ =v
The proof is by means of two lemmas, the first of which applies to any G.

LEMMA 3.2. Given b, 1y € R, xo € G and vy, vy, v2 € T,,G satisfying (3.1), there
exists a constant K > O such that, for any open interval I containing t, and any
solution x : I — G of (1.3) satisfying (3.2), we have

(3.3) 1 Vaat], | Vesat] < K.
forallt € 1.

PROOF. Let I be an open interval containing #, and x : I — G a solution of (1.3)
satisfying (3.2). By Theorem 1.2, x isan elastic curve. Let V be the associated elastic
Lie quadratic. By Corollary 2.3 and (2.4), we have, for some constants b € R and
CeY,

(34) V| =v2(V,C) + b < V2IICI + bl.
So by Lemma 2.1(i) and left-invariance of the Riemannian metric,

|Vasaix| < V2IICII + 1B1.

By Corollary 2.4, ||V + (|IVI]* + (V, C))V|| = o for some constant o > 0. In
particular, o > ||V|| — ||(I|V|> + (V. C))V||. So by (2.4) and (3.4),

(3.5) V] <o+ |V| +1ICll <o+ bl +3lICII.
By (2.3), (2.4), (3.4) and (3.5),
V. VI < VI + V17 +1v, O+ 1ICH < o + 2{b] + TIICII.

Therefore, and by Lemma 2.1(ii), left-invariance and (3.5), we have

.1 . " 1 . 1
92051 = |7+ 3 1v. V1] < 190+ 11V, VIl = 3o -+ 41+ 1301
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Setting K = max {+/2[[CIT+ 8], 1/2(30 + 4|b| + 13||Cl{)}, (3.3) holds on I. It
remains to show that KX depends only on b, X, Vo, V1 and v,, so that the same bounds
(3.3) hold for any solution x : I — G of (1.3), (3.2) defined on any open interval
I 3 t5. By (2.2) and Lemma 2.1, V (&), V(to) and V (f) depend only on xg, vy, 1
and v,. Therefore, and by (2.3) and (2.10) (which holds here, as in the proof of
Theorem 2.2), C depends only on b, xo, v, v, and v,. Similarly, b, o and therefore K
depend only on b, x, vy, v; and v,. |

LEMMA 3.3. Suppose G is compact. Then for any | > 0, there exists §; > 0
such that given any b, t, € R, xo € G and v, vy, v € T,,G satisfying (3.1) and
Huill, Hlva)l < I, there exists a unique solution x : (tg — 8,1t + &) — G of (1.3)
satisfying (3.2).

PROOF. Picard’s theorem on local unique solvability of ordinary differential equa-
tions almost asserts this, but with §; depending on x, vy, v; and v,. But x; and v, lie
in compact sets, so restricting v; and v, to also lie in a compact set permits a uniform
choice of §;. O

PROOF OF THEOREM 3.1. By Picard’s theorem, for some § > 0, there exists a
unique solution x : I — G, where I = (tp — 6, 1o+ ), of (1.3) satisfying (3.2). Let K
be given by Lemma 3.2, so that (3.3) holds on /, and let ¢ be given by Lemma 3.3.
Then, taking € > O with € < §, 8x and setting zy := f, + § — €, Lemma 3.3 says
that x can be extended uniquely to the interval (f, — 8, #;” + 8x), which contains .
By Lemma 3.2, this extension also satisfies (3.3). It follows that x can be extended
uniquely to (o — &, 00). Similarly, x can be extended uniquely to (—o00, # + 8) and
thus to R. O

By Theorems 1.2 and 3.1, when G is compact all elastic curves in G extend uniquely
to R. So there is no loss of generality in restricting our attention to elastic curves
defined on the whole real line. The rest of the paper constructs the elastic curves
x : R — SO(3) in terms of quadratures.

4. G = SO(3) : Solution for (V (¢), C)

From now on we take G = SO(3). Then ¥ = 50(3), the set of all skew-symmetric
real 3 x 3 matrices. Recall that E? is a Lie algebra with Lie bracket the cross product x.
The map B : E3 — s0(3) defined by B(v)w = v x w is a Lie algebra isomorphism.
Since the Euclidean inner product is, up to a positive multiple, the unique inner product
on R3 satisfying (2.1), we can assume without loss of generality that B is an isometry.
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Let us also denote the Euclidean inner product and corresponding norm on E3 by (-, -)
and || - ||. For later reference, recall that, for all w,, w,, w; € E?,

4.1 (wy X wy) X w3 = (w;, ws) wy — (Wy, w3) wy.

Let x : R — SO(3) be an elastic curve and V : R — so(3) the associated elastic
Lie quadratic. Let € be the constant of V. Now define V = B~'(V) : R — E? and
C = B"(C‘). This change of notation is made for convenience. Since B is a Lie
algebra isomorphism and isometry, V satisfies (2.4) and

4.2) Vo =ve < ve - (Vo' +ve, o) ve +c,

forallz € R. Thatis, V is an elastic Lie quadratic, with constant C, in the Lie algebra
(E3,x). We work with V rather than V, solving (4.2) with (2.4). The following result
is easily verified.

LEMMA 4.1. For any A € SO(3) and any t € R,

(i) t > A(V()) is an elastic Lie quadratic in E* with constant A(C),
(ii) t +— V(t — t) is an elastic Lie quadratic in E* with constant C.

So we can assume without loss of generality that
4.3) c=[0 0 ¢]° forsomeceR, Vi(0)=
where, here and throughout, we write V(¢) = [V,(t) Vo(t) Vi()]”.

EXAMPLE 1. Suppose C =[0 O c¢]” and, forsome h € R, V(h) =[0 0 1]
and V(h) = 0. Set Vo®) = [0 O 1}7 forall t € R. Then V,(¢) satisfies (4.2) for
all ¢t € R, with ||Vo(0)||2> + (Vo(2), C) = ¢, Vo(h) = V(h) and Vo(h) = V(h). So
V(t) = Vy(¢) for all ¢ sufficiently near h, by local uniqueness in Picard’s theorem.
Since neither (4.2) nor the values of Vy(h) and Vo(h) are affected by the choice
of h, V(t) = Vo(¢) = [0 O 1]7 for all + € R. Similarly, V(¢) is constant if
Vihy=[0 0 —1]"and V(h) =

When C = 0, V is said to be null. Null Lie quadratics in E* (solutions of
V = V x V) have been studied by the second author in [7]. Null elastic Lie
quadratics in E? admit a much simpler, closed form description.

PROPOSITION 4.2. Suppose V is null and satisfies (4.3). Then
V() = [asin (@) acos(wr) T—a?]
forallt € R, wherea = /b/(b+ and w = 1//1 — a2
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Here, as before, b is the constant of Corollary 2.3. For the rest of this section and
the next, assume C # 0, so that ¢ # 0 in (4.3). Set

y@) =(V(@®),C),

for all t € R. By (2.4), |y(2)| < |IC||, and by (4.3), V5(t) = y(t)/c. If y is known,
(4.2) reduces to the following system of linear differential equations:

(4.4) Vi) = Vz(t)g - Vz(t)g — By + Vi),
(4.5) V) = -V, (ﬂ@ + Vl(t)g - Gy(®) +H)V,2 (o).

We now show that y satisfies a differential equation from the theory of elliptic func-
tions. First, we have an additional integral for elastica in SO(3).

LEMMA 4.3. (V (1) x V(1), C) + y(¢) is constant.

PROOF. Take the cross product of (4.2) with V. Then by (2.4), which also implies
{(V,Vy=0,and 4.1), wehave Vx V+V =C x V. So

d .
E(va+v,c)=(va,C)=o. |
Now define two constants (note that the second is just b + 1):
(4.6) k= (V(t) x V(1),C)+ y(&) + ICII%,

kb= |ve| 250+ 1.
THEOREM 4.4. The function y : R — [—]|C]], ||C||] satisfies
4.7) Y = 23 + 2k y(0) — kay (1) = 2y(8)’,
for some constant ky € Rand all t € R.

PROOF. Recall that ||V||* + y = 3y + k, — 1 and take the inner product of (4.2)
with C, giving ¥ + (3y + k,)y = k;. Now integrate to get (4.7). O

By left-invariance of the Riemannian metric, Lemma 2.1(i) and since B is an
isometry, ||V||? is the squared geodesic curvature of the elastic curve x:

2 12 . .
[Vt = | (@Lar)o @] = |V] = 1B = 1VI

By Corollary 2.3 and Theorem 4.4, ||V ||? also satisfies a differential equation of the
form (4.7). So we recover Jurdjevic’s prior result for the squared geodesic curvature
of elastica in S [5, Chapter 14, Theorem 3]. If y is constant then so is ||V||2, and V
admits a closed form description.
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PROPOSITION 4.5. Suppose V satisfies (4.3) and y(t) is constant. Then

(4.8) V() = [asin (@) acos (@) V20)],
forallt € R, where a = /T — V3(02 and w = ||V (0)||/a. O

To find y when y is non-constant, we first consider the possible roots of the cubic
polynomial in y given by the right hand side of (4.7). Define p : [—||C||, ||C|]] = R
by p(z) = 2k; + 2kz — kp2? — 22°.

LEMMA 4.6. If y(t) is non-constant then p has three real roots.

PROOF. Suppose p has only one real root. Then by (4.7), y(¢) = O for at most one
value of y(z). Since y(¢) is not identically 0, y(t) = O for at most one value of ¢,
say y(t,) = 0. Without loss of generality, we can assume y(t) < O for all ¢t > ¢,.
Therefore, and since |y(t)| < ||C]| for all t € R, the limit L = lim,_, o y(t) exXists.
We claim that for any m € Z*, there exists t,, such that —1/m < y(¢t) < O for all
t > t,. If not, there exists € > 0 with y(t) < —e for all + € R. But then the Mean
Value Theorem gives y(n + 1) < y(n) — € for all n € Z*, which is a contradiction
since y(¢) is bounded below. So the claim is true, and thus lim,.. y(t») = O.
Taking ¢t = ¢, in (4.7) and letting m — o0, we have 0 = p(lim,_ . y(t»)). So
L =1lim,_ o y(t) = lim,,_, y(#,) isaroot of p. But L # y(t,) since y(¢) < Oforall
t > t,. This contradicts our assumption, so p must have three real roots. O

We now use Theorem 4.4 to find y. Denote the roots of pby ¥y < 8 < . We
consider the four possible cases for these inequalities separately.

PROPOSITION4.7. If y = B =a ory < B = «a then y(t) is constant.

PROOF. If y = B = «a then Lemma 4.6 applies. If y < B8 = «a then (4.7) reads
¥ = -2y +a)’(y — y). So y(t) <y forallt € R, and thus y(¢) = O for at most
one value of y(¢t). Now the same argument as in the proof of Lemma 4.6 shows that
y(t) is constant. O

EXAMPLE 2. Suppose V(0) =[1 0 0)",V@©) =[0 1 0] and C=1[0 0 177.
Then ky = 2, k; = k3 = 0 and thus y(¢)* = —2y(@)*(y(t) + 1) forall t € R. So
y(t) = 0 and thus V(¢) = [cos(t) sin(z) 0] foralltz € R.

PROPOSITION 4.8. Suppose y = B < a. If y(0) = B then y(t) is constant.
Otherwise, for some real constant k and allt € R,

4.9) y(t) = (8 — ) tanh? (: a;ﬂ+k>+a.

In this case, lim,_, o V3(t) = B/c andlim,_ o ||V (1)||> = 28 + b.

https://doi.org/10.1017/51446788700036417 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700036417

[13] Elastica in SO(3) 117

PROOF. Equation (4.7) reads
(4.10) ¥ = =20y() —a)(y(1) — B)*.

If y(0) = B then y(¢) is constant. Otherwise, integrating (4.10) shows that y(¢) is one

of
y+(t) = (B — a) tanh? (it‘/# + k) +a,

where (y(0) — a)/(B — a) = tanh?(k). We can choose y = y, and k such that
v+(0) = y(0). Since y(t) < a, by (4.10), k is real. So y(¢) can be written in the form
(4.9). The limits follow from (4.3) and Corollary 2.3. O

Soif y(0) = B then V is given by (4.8). If 8 < y(0) < a thenast — o0, V()
converges either to a constant (if 28 + b = Q) or (otherwise) to the curve given by

@4.8)witha = /1 — (B/c)* and w = /28 + b/a.

EXAMPLE 3. Suppose V(0) =[1 0 0], V(O) =[010"andC =10 0 1/2]".
Then ky = —1/4, k;, = 2and k3 = O, giving y = 8 = —1/2and @ = 0. So
lim,_,0 y(t) = —1/2. Also b = ||V(0)|]* — 2y(0) = 1. Thatis, 28+ b = 0. So
im0 V(@) =[0 0 —1]7,since ||V ()|| = 1.

EXAMPLE 4. Suppose V(0) =0 0 1]7,C=[0 0 c]" #0andy =8 < c.
Then y(0) = 0 since (V, V) = 0. So y(0) € {a, B}. If c < 0then y(0) = B and
y(t) is constant by Proposition 4.8. We claim that ¢ > 0 contradicts the assumption
y = B < «a. After evaluating the k;, (4.7) reads

Jer = (VO -2c-1) +2(c+ )y - (VO -2+ 1)y@)? = 2y¢)’.

But y(0) = « since ¢ > 0. So y(t)? = —2(y(t) — ¢)(y(t) — B)®. Comparing
coefficients, B2 = c((IVOI? + 1)/2 — ¢ — 1) and 28 = —(IVO)I* + 1)/2.
So (UIV©@)I2 + 1)/2 — 2¢)’ + 4c = 0, contradicting ¢ > 0. Similarly, if V(0) =
[0 0 —1]"and y = B < a then ¢ > 0 and y(¢) is constant.

When y < B < a, y can be expressed in terms of the Jacobi elliptic function
sn(u|m), where u € R and 0 < m < 1 (see [1] for the definition).

m) + «,

forallt € R, wherem = (x — B)/(x — y) and k is a real constant.

PROPOSITION 4.9. Suppose y < B < a. Then

-y

k
2 +

4.11) y(t) = (B — a) sn? (:
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PROOF. Equation (4.7) reads
¥y = =200 - )y (®) — B — ¥).

Since y < B < a, we have 0 < m < 1. So, by integrating, we find that y(¢) is one of

m) + «,

where (y(0) — a)/(B — a) = sn?(k|m). We can again choose y = y, and k such that
¥+(0) = y(0). Since y < B8 < y(0) < a, k is real. O

2 Y 4k

yﬂ0=(ﬂ—ahﬁ(it

If y is known, V can be found, as shown in the next section.

5. G =S0(3) : Solution for V(¢)

When y(2) is constant, V is given by (4.8). We now assume y(¢) is non-constant,
continue with the assumption C = [0 0 c¢]7 # 0, but drop the assumption that
V1(0) = 0. As before, forallt € R,

vy = [ e 2],

with y(¢) given by either (4.9) or (4.11). In this section we solve the system (4.4),
(4.5) by quadratures for V; and V,. Let || - || denote the Euclidean norm on either R?
or R3, as necessary. Set

zny =iy o],

(5. rit)y=41-

for all ¢ € R, so that ||Z(t)||*> = r(¢)* by (2.4).

First, suppose I € R is an open interval with r(z) # O forall t € I. If we
choose #, € I and 8, € R such that Z(t)) = r(t)[cosf, sin6y]” then, since
r{t) # 0 on [, there exists a unique C*° map @ : I — R satisfying 6(t) = 6
and Z(t) = r(t)[cosO(t) sinf(r)])7,forallt € I. By (4.6),

y) -k

(5.2) %) = iV - Vin () = ——— +¢,
and thus
_ "1 y() — k
¢9(t)—(9o-i~[o r(t)z( - +c)dt,
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forall t € I. In particular, if the set
cry={teR:r()=0)

is empty then we can solve (4.4), (4.5) on the whole real line in this fashion. If ¢ (r) is
non-empty we also need another method, described after the following two lemmas.

LEMMA 5.1. Suppose ¢(r) is non-empty. Then

i if Z (h) = 0 for some h € R then V (¢) is constant,
(i) ify = B < «a then y(t) is constant.

PROOF. Choose ¢, € ¢£(r). Then V(r,) = [0 O =£1]7. First suppose V(z,) =
[0 O 1]7. Then taking ¢t = ¢, in (4.6) gives

(5.3) ki =c+c

Since (V, V) =0, y(h)y(h) = 0. If y(h) = O then k; = c? by (4.6), contradicting
¢ # 0. So y(h) = 0 and thus k; = y(h) + c2. So by (5.3), y(h) = c and thus
Z(h) = 0. Therefore, V (¢) is constant by Example 1 and Lemma 4.1(ii). Similarly,
V(t) is constant if V(¢,) = [0 O —1]7, completing the proof of (i). For (ii), if
y = B < a then y(¢) is constant by Example 4 and Lemma 4.1(i). [

Now let x : R — [0, 00) be the curvature of Z, regarded as a function of ¢ (not of
arc length).

LEMMA 5.2. If V(t) is non-constant and § (r) is non-empty then, for allt € R,
I—%”’ + (& =) By +b)‘

|z’ |
PROOF. Since Z(¢) # 0, by Lemma 5.1(i), we have

_ [hovae - v o)
lzol’

(5.4) K(t) =

k(1)

forallt € R. By (4.4) and (4.5),
Wv,— W, = ”2"2% - (Vl i+ Vzvz) % + By +b) (VIVZ‘- Vi Vz) .
By Corollary 2.3, || Z||> = 2y + b — y?/c2. Since (V, V) = 0 we have
yy

V]V] + V2V2 = —?.

Together with (5.2), these give (5.4). O
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Now assume £ (r) is non-empty. Suppose I € R is an open interval with k(t) # 0
for all ¢t € 1. Choose t, € I and define § : I — [0, 00) to be the arc length of Z, that
is, set

5(1) = / 1z®)| d¢.

Reparameterise Z by arc length and let ’ denote differentiation with respect to arc
length. By Lemma 5.1(i), Z(t) # 0 for all ¢+ € I and thus ||Z'(s)|| = 1 for all
s € 5(I). Definek : §(I) = [0,00) by k o5 = k. Then ik (s) # Oforall s € §(1). So
the (planar) Serret-Frenet frame of Z, namely

T'(s)

=27 N = —,
T(s)=2Z'(s), N(s) O]

is defined on 5(I), and K (s) = ||T’(s)|| by definition. Therefore, the (planar) Serret-
Frenet equations

(5.5) T'(s) =k(s)N(s), N'(s) = —k$)T(s)
hold for all s € §(I). Write 5o = s(t), T(s) = [Ti(s) Ta(s)]" and N(s) =
[Ni(s) Ny(s)]”. Then the Serret-Frenet equations have solution

Ti(s) = a; cos(p(s)) + b; sin(p(s)),  Ni(s) = bi cos(p(s)) - a; sin(p(s)),
forall s € 5(I), where i = 1, 2, the q;, b; are constants, and

o(s) = / 7(£) dE.

So

Then, forall s € 5(1),
Z(s)=/ T(&)d&.

So

The following result guarantees that, given any 7, € R, one of the above methods may
be used to solve (4.4), (4.5) near t = 1;.

LEMMA 5.3. Suppose y(t) is non-constant and ¢ (r) non-empty. Then there exists
& > O such that given any t, € R, either

r(t) #0 forallt e (t—8,10+68), or k(@)#0 forallt e (t— 8,1+ 3).

PROOF. Since y(t) is non-constant, either y = B < ¢ ory < B < a, as noted
in Section 3. By Lemma 5.1(ii), we must have y < B8 < a. So y(t) has the
form (4.11), and is therefore periodic {1]. Thus for any value 7 in the range of y,
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the set {t+ € R|y(t) = n} is discrete and has no accumulation points in R. Write
g (k) = {t € R|k(t) = 0}. We claim that the (Euclidean) distance
D(r), &) =inf{|lty — 1| : 11 € &(r), 2 € $(K))

between & (r) and ¢ () is nonzero. By (5.1) and (5.4), ¢ (r) and ¢ (k) are both discrete
with no accumulation points in R. It remains to check that they have empty intersec-
tion. Lett, € £(r). Then V(z,) =[0 O £1]7. Suppose V(t,) =[0 O 1]7. Then
(5.3) holds. Therefore, and by Corollary 2.3, (5.4) reads

-2 syo+ Vol
lzol

Since yt) = ¢ we have «(t,) = |IVe)I/IIZ@)IP. Since |Z()|] # O and
thus ||V (#,)]] # O, by Lemma 5.1(i), «(z,) # 0. Similarly, «(z,) # 0if V() =
[0 0 —1]7. Sothe claim is true. Now take § = D({’(r),;(x))/Z. O

k@) =

With V known, it remains to solve V (£) = (d Ly )xnx () for x.
6. G = SO(3) : Solution for x(¢)

In this section, (-, -) and || - || denote the inner product and norm on either so(3)
or E3, as necessary. Define W : R — s0(3) by

W) = V@) + (”\7@)“2 + (V(:), c)) V().

By Corollary 2.4, IIW(t)H = o for some constant o > 0 and all # € R. Since B is
a Lie algebra isomorphism and isometry, the curve W = B-Y(W) : R —» E? satisfies,
forallt € R, (2.12) with [+, -] replaced by x, and ||W(t)|| = o.

First suppose 0 # 0. Let $? denote the unit sphere in E>. Then setting
Wi(t) = W(t)/o, for all t € R, defines a map W5 : R — S§2. There exists a C®
map W, : R — §? such that (W, (), W3(z)) is identically 0. To see this, note that
the set {(,v) € R x S?|(W;(¢), v) = 0} is a C* fibre bundle over R with fibre
S'. Since R is contractible, the bundle is trivial, and W, can be defined using any
cross-section. Having chosen W), define W, : R — §% by Wy(t) = W5(z) x W (2).
Now set ¢ (1) = [, (Wi(€), Wa€) + V(&) x Wa(§))dE,

U,(t) = Wi(t) cos(¢ () + Wa(t) sin{¢p(t)) and
Uy (t) = Wa(t) cos(@ (1)) — Wi (1) sin(@ (1)),

for all t € R. Finally, define U : R — SO(3) by U(t) = [U,(t) U,(t) W;()]. By
(2.12) and [12, Theorem 1], we have the following result.
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THEOREM 6.1. If o # O then x(t) = x(O)U QYU (1) forall t € R.

It remains to consider the case ¢ = 0. Given g € SOQ3), let L, and R, be
the left and right multiplications (respectively) by g. Define inner automorphisms
I, = L, o Rg-1 of SO(3) and Lie algebra automorphisms Ad, := (d1,). (here e is the
‘identity, as in section 2). Recall (see [13]) that the derivative ad at e of the adjoint
-representation Ad : g — Ad, of SO(3) is given by ad;(n) = [&, n], for &, n € s0(3).
Now define V* : R — so(3) by V‘(t) = —Adx(,)(/(t). Recall that an elastic Lie
quadratic is null if its constant is 0. By [12, Theorem 10], we have the following
result.

LEMMA 6.2. Suppose o = 0. Then V* is a null elastic Lie quadratic. The elastic
curve x* : R — SO(3) with associated elastic Lie quadratic V* and x*(0) = x;j is
given, forall t € R, by x*(¢) = xjx(0)x ().

Let C* be the constant of V*. By Corollary 2.4, the curve W* : R — so(3) defined
by

B . . 2. -\ -
We(e) = V* (1) + (’ V‘(t)” + (v*(z), c>) 70

satisfies o* = ||[W*(¢)|| for some constant o* > 0 and all ¢+ € R. By [12, Theorem
10], we have the following additional result.

LEMMA 6.3. Ifo = 0 and o* = O then V*(¢) is constant. a

So assume 0 = 0. Then, by Lemma 6.2, to find x it suffices to find x*. When
o*=0, V‘(t) is constant and it is straightforward to solve V‘(t) = (d L)1) X (1)
for x*. When o* # 0, the null elastic Lie quadratic V* is found as in section 4, and
then x* is given by Theorem 6.1.

EXAMPLE 5. Suppose
voo=[1 0 0], vo=[0 o -125]", c=[o o 1] .
Then y(t) = (V (), C) is given by (4.11) with (to 6 significant figures)
a =0.876515, B =-0.556701, y = —1.60106.

Suppose x(0) = e. Representing x locally by a curve in E? is problematic, especially
near singularities of the representation. Instead, Figure 1 shows the third column
x3: R — S2of x fort € [0, 26].
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FIGURE 1. x3(¢), for t € [0, 26], in Example 5.
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