TWO ALGORITHMS FOR A MOVING FRAME
CONSTRUCTION.
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ABSTRACT. The method of moving frames, introduced by Elie Cartan, is a
powerful tool for the solution of various equivalence problems. The practical
implementation of Cartan’s method, however, remains to be challenging, de-
spite its later significant development and generalization. This paper presents
two variations on the Fels and Olver algorithm, which under some conditions
on the group action, simplify a moving frame construction. In addition, the
first algorithm leads to a better understanding of invariant differential forms
on the jet bundles, while the second expresses the differential invariants for
the entire group in terms of the differential invariants of its subgroup.

1. INTRODUCTION

Elie Cartan’s method of equivalence [5] is a natural development of the Felix
Klein Erlangen program (1872), which describes geometry as the study of invariants
of group actions on geometric objects. Classically, a moving frame is an equivariant
map from the space of submanifolds (or more rigorously, from the corresponding
jet bundle) to the bundle of frames. Exterior differentiation of this map produces
a number of differential invariants. Differential invariants provide a key to the
solution of many equivalence problems and are also used in the process of reduction
of differential equations and variational problems (see for instance [6], [12], [17], [19],
[2] and [18]).

Considering moving frame constructions on homogeneous spaces, Griffiths [15]
and Green [14] observed that a moving frame can be viewed as an equivariant
map from the space of submanifolds to the group itself. Adopting this observation
as a general definition of a moving frame, Fels and Olver [10], [11] generalized
the Cartan’s method to arbitrary, not necessarily transitive, finite-dimensional Lie
group actions on a manifold, introducing a simple algorithm for constructing moving
frames and differential invariants. Following this algorithm, one prolongs the action
to a jet space of sufficiently high order to obtain a system of algebraic equations on
the group parameters, whose solutions lead to a moving frame. This last step might
become trivial or very difficult depending on the group action we consider. In the
earlier methods [15] and [14], however, the moving frame is constructed gradually —
at each order of prolongation one normalizes some of the group parameters at the
end obtaining a moving frame for the entire group. We combine the advantages of
both approaches in the recursive algorithm presented here. This approach, along
with the known result [23] cited in Proposition 3.8, leads to a description of the
structure of invariant differential forms on the jet bundles, the question raised in
[9].

Supported in part by NSF Grant DMS 99-83403.
1



2 IRINA A. KOGAN

Not surprisingly, the construction of moving frames and differential invariants
is simpler when the acting group has fewer parameters. Thus, it is desirable to
use the results obtained for a subgroup A C G to construct a moving frame and
differential invariants for the entire group G. The inductive algorithm presented
here allows us, in the case when the group G factors as a product, to extend a
moving frame for a subgroup to the entire group. As a byproduct one obtains
at the same time the relations among the invariants of group G and its subgroup
A. It worth remarking that, in order to obtain such relations, the algorithm does
not require the explicit formulae for the invariants of either G or A, but only the
corresponding moving frames (or normalizations) which lead to these invariants.
We illustrate the algorithm by making an induction from the Euclidean action
on plane curves to the special affine action, and then to the action of the entire
projective group, which leads to the expression of the affine invariants in terms of
the Euclidean ones and the projective invariants in terms of the affine ones. These
are classical actions whose differential invariants are well known (for instance, see
[3], [7], [10]). The actions of all three groups play an important role in computer
image processing [8], [22]. We also include the derivation of the affine invariants in
terms of the Euclidean for curves in R3.

2. THE METHOD OF MOVING FRAMES

Given a manifold M of dimension m and an integer 1 < p < m, we let J* =
JF(M,p) denote the k-th order jet bundle, whose fiber over z € M consists of
equivalence classes of p-dimensional submanifolds of M under the equivalence re-
lation of k-th order contact at z. The infinite jet bundle J> = J*°(M,p) is de-
fined as the inverse limit of the finite jet bundles under the standard projections
7r],z+1: JEHL — JF. We will identify functions and differential forms on J* with
their pull backs to any higher order jets including J°°.

Let U be a coordinate chart on M. We arbitrarily divide the set of coordinate
functions on U into two subsets: the set of independent variables z!,...,zP and
the set of dependent variables u!,...u?, where p + ¢ = m. The k-th jets of all
submanifolds S C U which satisfy the transversality condition dx' A --- A dzP|g #
0 form a coordinate chart U¥ C J*¥ which can be parameterized by coordinate
functions z', ..., 2P, u%, where i = 1,...,p,a =1,...,q and J = (j1, ..., ji), with
0 < j, <p, is a symmetric multi-index of length |J| = k.

The cotangent bundle over J* has a distinguished sub-bundle C, whose sections
are identically zero when restricted to a jet of any p-dimensional submanifold of
M. Tn local coordinates C is spanned by the forms 65 = du§ — Y7 u§,dz’, a =
1,...,q, 0 < |J|. The differential ideal generated by one-forms in C is called contact
ideal. On a local chart we can define a complementary horizontal sub-bundle H
spanned by the forms dz!, ..., dzP. This splitting induces a bigrading on the algebra
of differential forms A T*J*°. For any differential form A\, we let 7z denote its
purely horizontal component and 7y A denote its purely contact component. There
is also a corresponding splitting of the tangent bundle over J°°. In particular, the
vector fields on J°°, which are annihilated by any contact form, form a sub-bundle
of total (or horizontal) vector fields.

A smooth action of a Lie group G on M can be uniquely prolonged to a smooth
action on J* under the condition that it preserves contact ideal. By definition, a
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k-th order differential invariant of G is a function on J* which is invariant under
the prolonged action.

We will review the basic steps of the moving frame construction presented in
[11] by Fels and Olver.

Definition 2.1. A k-th order (right) moving frame is a smooth right G-equivariant
map p¥) from an open subset of J* to G:

(1) pB(g - 2) = g () g,
for all g € G such that z(*) and g - 2(®¥) € J* are in the domain of definition of p.

The existence of a moving frame on a jet bundle can be deduced from the fol-
lowing two theorems. See [11] for a proof of the first theorem and [21], [20], for a
proof of the second one.

Theorem 2.2. Let a Lie group G act on a manifold N. Then there exists a smooth
G-equivariant map from a neighborhood of each point in N to the group G if and
only if G acts freely and regularly.

The regularity condition in the above theorem means that every point of N has
arbitrarily small neighborhoods whose intersection with each orbit is a connected
subset thereof.

Theorem 2.3. Let G be a Lie group that acts locally effectively on each open subset
of M. Then there is a minimal order n < r = dim G, such that the prolonged action
of G on J* is locally free on some open and dense subset VX C J* for each k > n.

By definition, local freeness of the action means that the isotropy group of each
point is discrete. The order n in the theorem above is called the order of stabilization
and the subsets V¥ are called regular.

We notice that the conclusion of the second theorem is weaker than the assump-
tion of the first one. It guarantees, however, that all orbits on V™ have the same
dimension r = dim G. Using the Frobenius’ theorem, one can construct a sub-
manifold ™, which is transversal the orbits on an open neighborhood of a point
2" e V" and has complementary dimension. Such manifold is called a cross-
section to the orbits. (See the proof of Theorem 4.4 for a similar construction.) If
the action is regular then by shrinking ™ we can make it intersect each orbit no
more than once. Let us assume for a moment that the action is free and regular.
Then the moving frames (1) near K" is defined by the condition

p(zM) . 2" e Kk
Since each orbit intersects K™ at a unique point, then

(2) p(zM) -2 = p(g - 2M) - (g2

and this leads to the right equivariance condition (1) due to the freeness assumption.
The cross-section K™ and the moving frame p can be extended to any higher

order regular set V¥, including V> C J*, by defining KF = {z®)|zk2(k) ¢ K}

and p(z%)) = p (7k(2()) for k =n,...,o0.

Remark 2.4. For a locally free, not necessarily regular action on V", which is
guaranteed by Theorem (2.3), a moving frame can be defined in a similar fashion.
In this case, however, the equivariant condition (1) will hold only when g belongs
to some open neighborhood of the identity in G which may depend on (™).



4 IRINA A. KOGAN

Remark 2.5. Despite the locality of the moving frame definition, we will adopt a
global notation, therefore writing p: J*° — G, while, in fact, the domain and the
range of p are some open subsets of J° and G respectively.

Moreover, the differential invariants and invariant differential forms which ap-
pear further might be defined only locally, on an open subset of J°°, and be invariant
only with respect to group elements in some open neighborhood of the identity. Such
invariants are often referred as infinitesimal invariants, since they can be defined by
the condition that their Lie derivatives with respect to any infinitesimal generator
of the action vanish.

Given a moving frame, one can define a process of invariantization (see [11], [18])
which will project the space of differential forms (in particular functions) on J*°
onto the space of invariant differential forms (functions). We start by lifting the
prolonged G action to the space B=G x J*>:

h - (g,Z(OO)) = (gh_lah : Z(OO))v

where g, h € G. We also introduce maps w: B — J* to be defined by the prolonged
group action: w(g,z(oo)) = ¢-20) and o: J® — B to be defined via a moving
frame: o (2(°)) = (p(2(>)), 2(>)). We note that w is a G-invariant map, while o
is a G-equivariant map. Thus their composition w o o(2(°)) = p(2()) . 2(>*) is a
G-invariant projection J° — K.

The cotangent bundle T*B over B is a direct sum of the bundles T*G and
T*J°. This induces a bigrading on A T*B. For a differential form X on B we let
7\ denote the purely group component of A and 7\ its purely jet component. If
\ is a one-form then \ = WGS\ + 7TJ5\ = 7TG5\ + TN+ 7TV5\.

Definition 2.6. The invariantization of a differential form A on J°° is the invariant
differential form

(3) UA) =o" (mr(wA)).

In the case of functions (zero forms) (3) reduces to

(4) UNE) = o w (1)) = £ (p(z0)) - 2)).

Geometrically, invariantization of a differential form A (or function f) is the unique

invariant differential form (function) which agrees with A (or f) on the cross-section

K. We note also that both w*\ and wyw*\ are invariant forms on B.
Invariantization of the coordinate functions:

Hi=(z%,i=1,...,p, I =(u%), a=1,...,q,

provide a complete (or fundamental) set of local differential invariants on J*°, in a
sense that every other local differential invariant can be expressed as a function of
these invariants.
Invariantization of the basis one-forms dz?, ..., da?, 6%:
@' = (d2") = dyjw* (2), i=1,...,p,
95 = (09)=c"myw" (09), a=1,...,q

produces an invariant coframe on J°°. We note that invariantization preserves the
contact sub-bundle C of T*J°°, but the horizontal sub-bundle H is not generally
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preserved under invariantization. We can decompose w' = i(dz?) = w’ 4+ n', i =
1,... where the non-zero horizontal forms
b b b

(5) w'=o* g w*(de') = o* dg w* (z')

are invariant up to a contact form, that is, ¢*w? = w? + ©, for some contact one-
forms ©'. Forms with such transformation property are called contact invariant.
By adding contact forms 7* to w® one obtains fully invariant forms w’. Forms w*, ¢ =
1,...,p are linearly independent. The total vector fields D;,i = 1,...,p, dual to

w', form a complete set of invariant differential operators, which map differential
invariants to differential invariants of higher order. See [19] for further details.

Example 2.7. Let us consider the action of the special Euclidean group SE(2) =
SO(2) x R? on plane curves u = u(x). Its first prolongation, given by

x — cos(@)x —sin(d)u + a,
(6) u +—  sin(é)z + cos(d)u + b,

sin(¢) + cos(¢)u,

cos(¢) — sin(¢)uy

defines a free action on J!(R?,1). A moving frame on J*(R? 1) can be obtained
by choosing a cross-section {x = 0, w = 0, u, = 0}. Then an equivariant map
JY(R?,1) — SE(2) is found by setting expressions (6) equal to zero and solving for
the groups parameters:

Uy Ld

Uy U + T U — U
V1tu2’ NAERT2

The corresponding element of the special Euclidean group can be written in a
matrix form:

(7) ¢ = —arctan(uy), a=—

Uy _ uug+w
\/1+u2 V/1+u2 V1t+u2
— 1 TUy—U
P \/1+u2 \/1+u§ \/lJrui
0 1

A fundamental set of k-th order differential invariants can be obtained by prolonging
the action to J* and normalizing the group parameters, that is by substituting (7)
into the formulae. For instance, the forth order prolongation is given by:

quE
uzx — AS 9
Atyyy + 3sin(g)u?,
® e - T
A%Uppze + 108i0(0) AUpplpry + 15 sin® (p)us,

where A = cos(¢) — sin(¢)u,. Substitution of (7) into (8) produces fourth order
differential invariants:

e — Uz
2 (1 +u2)3/2’
) e — (1 + U2 ) Ugae — Suzu,
3 (14 u2)? ’

(1 4+ u2)  Upprr — 10U UL UL (1 4+ u2) + 15u2u 2o
(1 +u2)
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We note that I§ = &, the Euclidean curvature, I§ = k, = %, where ds =

/1 + u2dz is infinitesimal arc length, but I§ = ks + 3x3 (instead of just ry),
according to recurrence formula (13.4) in [11]. The contact invariant differential
form equals to w = o*(dy w*x) = /1 +u2dx = ds. The dual total vector field

D= L_pD,= 4 hrovide an invariant differential o erator, such that any other
el 25 P P y
uI

invariant can be expressed as a function of x and its derivatives with respect to D.

Remark 2.8. Lack of space precludes us from a detailed comparison of the clas-
sical method of moving frames as presented, for instance, in [5] and [16], with its
generalization [11] described above. We note, however, that all classical moving
frames lead to equivariant maps from a jet bundle to the group under considera-
tion, while certainly not every such map can be described as an invariant section
of a frame bundle. Classical differential invariants are obtained by pulling back the
invariant coframe on G under this equivariant map, which may lead to a different
(but equivalent) set of fundamental invariants.

3. RECURSIVE CONSTRUCTION OF MOVING FRAMES.

Assume that a smooth action of G on M is regular but not free. Using Frobenius’
theorem, one can still find a local cross-section K to the orbits of G and define a local
map po: M — G by the condition pg(z) - z € K for z € M. Then the non-constant
coordinates of po(z) - z provide a complete set of zero order differentials invariants.
We remind the reader that despite our global notation, the whole construction is
in fact local (see Remark 2.5). At the next stage we would like to obtain invariants
of strictly higher order and also to use the map py as a building block for the
moving frame. The recursive algorithm presented here allows us to do so, provided
we require each point of K have the same isotropy group. The obvious necessary
condition for the existence of such cross-section in a neighborhood U of 2y € M is
that the isotropy groups of any two points in U are conjugate by an element of G,
or in other words, all orbits are of the same type. There is a simple counterexample
of this phenomenon ([24], Example 1,§ 7).

Example 3.1. Let R? act on R? by
T — x+au+ b, U — U

The isotropy group of a point (xg,ug) is defined by the condition aug+ b = 0. The
orbits are lines parallel to the z-axis. All the points that lie on the same orbit
have equal isotropy groups. On the other hand the isotropy groups of two points
from different orbits are not equal and they are not conjugate because the group is
commutative.

In the case when all orbits are of the same type, the cross-section K with the
same isotropy group at each point, satisfies a more general definition of slice (see
Bredon [4] definition 4.1 and theorem 4.4). For this reason we will call K an isotypic
slice. When G is a compact Lie groups theorem 5.4 in [4] implies the existence of a
slice. It can be generalized to the case of a proper action of a non-compact group
[13].

Definition 3.2. The action of G is called proper if the map 6 : G x M — M x M
defined by 6(g,z) = (g - 2, 2) is proper. In other words if K C M x M is compact
then so is 0~ 1(K) C G x M.
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It is not difficult to prove that any continuous action of a compact group is
proper. Since 0~ !(z,z) = (H, z) where H is an isotropy group of z, if the action is
proper, then the isotropy group of each point is compact. The following proposition
can be deduced from theorems 4.4 and 0.9 in [4].

Proposition 3.3. Let the action of G on M be proper with all orbits of the same
type. Then a slice exists and is isotypic. In othere words a slice provides a local
cross-section IC with the same isotropy group at each point.

We assume further that an isotypic slice exists at each order of prolongation.
Our algorithm is based on the following observation.

Proposition 3.4. Let G act regularly on a manifold M and let K be a slice. Then
the condition p(z)-z € K for z € M defines a smooth G-equivariant map [p] : M —
H\G.

Proof. Let group elements ¢g; and go be such that ¢g; -z € K and g5 - z € K.
Since each orbit intersects the slice K at one point, then ¢g; - z = g2 - z and so
g;lgl belongs to the isotropy group G, of z. On the other hand, since H is the
isotropy group of g5 - z € K, then G, = gz_ngg. Thus 92_191 € g{ngg. Hence
g1 € Hga, or equivalently [g1] = [g2]. We have proved that the map [p] is well
defined. The smoothness of [p] follows from the smoothness of the group action
and the smoothness of the standard projection G — H\G.

To show the equivariance of [p] we need to prove that [p](g - z) = [p](2)g~!. Let
us choose ¢1 € [p](z) and g2 € [p](g - z). By construction of [p] one has

@ (9-2)=qn-z€K.
It follows that ¢; lpgeq, = q YHgq,, or equivalently

¢ € Hpug .

Since [p](2) = Hqy and [p](g9-2) = Hqa we have proved that [p](g-2) = [p](z)g~ . O
Note that we can extend [p] to a G-equivariant map on J* for any k by [p](z(*)) =

[p] (6 (=)

Algorithm 3.5. On the zeroth step we consider the action of the group G on M,
such that there is an isotypic slice Ky with a constant isotropy group Hy. According
to Proposition 3.4, the condition py(z) -z € Ky defines a smooth G-equivariant map
[po] from M to the right cosets Ho\G. The non-constant coordinates of po(z) - z
provide a complete set of the zeroth order invariants. The first prolongation of the
Hy-action on J* can be restricted to the set K§ = {z(V|x§(zM) € Ko} € J*.

On the first step we look for a cross-section K; C K for the Hyp-action on K§
with a constant isotropy group Hi; C Hy. We use this cross-section to define an
Hy-equivariant map [r1] : K§ — Hy\Hp, by the condition 7 (2(V)) - 2(1) € K for
2 € [C}. Then the map

(10) 1) (=) = [ (po(z1) 20 po(=)]

is a G-equivariant map from J! to H;\G. Here 71 and py denote representatives
of the cosets [r1] € H1\Hy and [pg] € Ho\G respectively, multiplied as elements
of the group G. Since K! is a isotypic slice for the first prolongation of the G-
action with the isotropy group Hi, then p1(2) = 71 (po(2(1)) - 2()) po(2V)) satisfies
the conditions of the Proposition 3.4 and thus the map [p1] is well defined (does
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not depend on the choice of representatives 7 and p) and G-equivariant. One can
also verify the correctness of definition (10) directly. It is clear that the coset
[p1] € H1\G does not depend on the choice the representative 7y € Hi\Hy. Let
hopo(2™1), where hg € Hy, be another representative of the coset [pg] € Ho\G.
Due to the Hyp-equivariance of 71 we have

T (hopo(z(l)) 'Z(l)> hopo(zV) = 7 (Po(z(l)) : Z(l)) hg  hopo(21)
= n (po(zm) : Z(l)) po(zM).

The non-constant coordinates of p1(z") - 2(1) provide a complete set of the first
order invariants.

We continue by prolonging the action of H; to the next order, or we may prolong
by several orders at once if we wish. Thus we start the k-th step with a G-equivariant
smooth map [px_1] : J¥1 — Hy_1\G which projects J*~! to the cross-section
Kr—1 with a constant isotropy group Hy_1. We prolong the action of Hx_1 to JE
and then restrict it to the Hy_j-invariant set Kf | = {z®|zk_ (:)) € Kp_1} C
J*. For this restricted action of Hj_; we find an isotypic slice kCj, C IC’l,j_1 with a
constant isotropy group Hy. This isotypic slice furnish a smooth Hy_; equivariant
map [7%] : IC,’§71 — Hy\H_1. The map

(1) (=) = [ (puoa () - 29) s (=)
is a G-equivariant map from J* to Hy\G. The non-constant coordinates of
(12) pr(z®) -2

provide a complete set of k-th order differential invariants.

The algorithm terminates at the order where the isotropy group becomes trivial
(or at least discrete). The next propostion shows that for regular jets this happens
at the order n of stabilization.

Proposition 3.6. Let n be the order of stabilization. Then on the n-the step of
the above algorithm we will be able to find a local cross-section IC,, with a discrete
1sotropy group.

As before let V™ C J™ denote an open dense subset of regular jets. This means
that the prolonged action is locally free on V™. In order to find a desired cross-
section /C,, it sufficient to show that the set K, = {z(™|x"_;(2(") € K,_1} N
V" #£ (). We first note that since all points on the same orbit have isomorphic
isotropy groups, the sets V" and J"\V" are G-invariant. Thus, if the intersection
above is empty, then £?_; € J*\V" and hence G-K?_; = {g-z("[z(™ e K*_,, g €
G} C J™\V"™. On the other hand, n7_, (G-KI_,) =G (a?_K'_,) = G- Kp_1
is an open subset of J"~1. Since 7”_; is continuous it follows that G - K_; is an
open subset of J” that belongs to J*\V". We arrive to a contradiction because V"
is dense. ]

The algorithms resembles in many ways the one presented by M. Green [14] for
constructing moving frames for curves in homogeneous spaces. However, taking
advantage of the generalized approach by Fels and Olver [11], we can apply our
algorithm to construct a moving frame for submanifolds of any dimension under
more general (not necessarily transitive) group actions.
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The algorithm produces the tower of the isotropy groups: Hy D H1 D --- D H,,
where H,, is at most discrete and the sequence of cross-section KC;, ¢ = 1..n, such
that 7T’I§_1]Ck is an open dense subset of Kj_;. Moreover, J* splits into the product
of the cross-section K and the homogeneous space Hy\G. This splitting commutes
with projections to the lower jets:

Jn ([on]s tn) (H\G) % K
Tp_1 l l53—1

| |

([p2], t2)

J? (H2\G) x Ko
| |5
g _pd) | (H,\G) x K,
| | o}
M (Ho\G) X Ko>
([Po], Lo)

where 7F | are the usual jet projections, the maps te(zF)) = pr(z®) - 2(F) and
61 ([glk, 2™) = ([g]k—1,7F_,(2®))). Here by [g]x we mean the image of g under
the standard projection G — Hp\G. Since Hy_1 D H}, the maps 0 are well defined.

It turns out that the above splitting induces a splitting of the space of invariant
differential forms on J*. Note that invariant differential forms on J* form a module
over the ring of k-th order differential invariants.

Proposition 3.7. Let G be a group acting regularly on a manifold M, let IC be
an isotypic slice, that is a cross-section with the same isotropy group H at each
point, and let [p] be a G-equivariant map M — H\G defined by the condition
W(z) = p(z) -z € K, where z € M and p(z) belongs to the coset [p(z)]. Then the
module of invariant differential one-forms on M splits into a direct sum of the
submodule Qfo =" (T*K) of the pull-backs of differential one-forms on K under ¢

and submodule ngl = [p|* (T*H\G)G of the pull-backs of invariant differential one-
forms on the homogeneous space H\G under [p]. This induces the following splitting

G
in the space of invariant k forms: (/\k T*M) =6 Qgt, where s+t =k, s,t>0
G
and 0, = \° 0%, @l (N'T*H\G) ",

Proof. We first note that the map ¢ : M — K is G-invariant and the map [p] : M
— H\G is G-equivariant. Thus ¢*(w), where w is any form on K, and [p]*(u), where
@ is an invariant form on H\G, produce invariant forms on M. We conclude that
forms in Qfo and le are indeed invariant.

Let Q4,0 = ¢* (T*K) be the subspace of the cotangent bundle T* M spanned over
the ring of all differentiable functions on M by the forms ¢*(w), where w € T*K.
Similarly, let Qg1 = [p]* (T H\G) be the subspace of T*M spanned [p]*(x), where
u is any one-form on H\G. Note that ¢ is a projection from M onto K, whose fibers
are the orbits, so the restriction of any form from 2 ¢ to an orbit is zero. On the
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other hand, the map [p] restricts to a local diffeomorphism between an orbit O and
H\G and hence it induces ismorphism between the space of forms on O and on
H\G. Thus the restriction of the [p]*(1) to O is non-zero, unless p € T*(H\G) is
a zero form. It follows that ;o and ¢ ; have trivial intersection. By dimension
count we conclude that T*M = Qo ® 1. Since Qfo is a subset of €4 o and le
is a subset of 2 1 their intersection is also trivial. As a side remark, we notice that,
since the map [p] is constant along the leaves of the foliation {g - Klg € G}, then
the forms from {1y ; annihilate the tangent spaces to this foliation.

We now prove that any invariant form A on M is in Qfo ® QS’: 1- Any one-form A
can be uniquely decomposed into two components A = A; + A2, where A\; € 0 ¢ and
A2 € Q1. Moreover, the subspaces €, and g ; are preserved under the action
of G because ¢ is G-invariant and [p] is G-equivariant. Thus if A is invariant, then
A=g"X=g"Ai + g* A, where g*A\; € Q19 and g* Ay € Qp 1. From the uniqueness
of the decomposition it follows that g*X\; = X\ € Qf ) and g*Ay = Xy € Q(C)’:l.

We are now turning to the description of the invariant k-forms on M. We first
note that the G-invariant splitting of T*M = € o ® Qo,1 induces a G-invariant
bigrading AT*M = @s,t>0 Q,; of the algebra of differential forms on M, where

Qs =N Q0 & (/\t 90,1)- Since the above bigrading is G-invariant, it induces

a bigrading of the ring of invariant k-forms: (/A T*M)G = D..>0 Qgt, where
o >

Qgt = (A\° QLO)G X (/\t Qo,l) C ;. Since Qfo is spanned by the differentials

of the complete set of independent invariant functions on M and has the same
dimension over the ring of invariant functions as €2; ¢ over the ring of all functions

G
on M, then (\° Ql,o)G = N\°Qf. The space (/\t Qo,1> is obtained by pulling

back the space of G-invariant ¢ forms on H\G under a G-invariant map [p]. O
Invariant forms on H\G are described by the following proposition in [23], ch. 13.

Proposition 3.8. If 7: G — H\G is the natural projection, then the map w
— *w is a one-to-one correspondence between the invariant k-forms on H\G and
the right-invariant, Ad(H) invariant k-forms on G, which annihilate the Lie algebra
h of H.

Returning to the jet bundles J* we can describe, in the case when the group
action admits isotypic slices Iy with the isotropy group Hj, the structure of in-
variant differential forms, answering the question raised in [9]. Indeed, the maps
1, and [pg] defined by (12) and (11) satisfy Proposition 3.7. Note also that once
the action becomes locally free on J”, then H,\G islocally diffeomorphic to G and
so admits an invariant coframe. The pull-back of this coframe under [p,]* along
with o (T*K,,) form a local coframe on J" in agreement with more general result
of the existence of maximal number of relative invariants for locally free actions

([19], Theorem 3.36 and [9]).

Example 3.9. Let the special rotation group G = SO(3,R) act on M = R3\{0} x
R by rotations on the independent variables x,y, z and the trivial action on the
dependent variable .

The action of SO(3,R) on R? is not free. The isotropy group of every point
on the positive half of the z-axis consists of the rotations around the z-axis. On
the other hand, each orbit of SO(3,R) intersects the positive half of the z-axis at
a unique point, and hence it can serve as an isotypic slice Ky with the isotropy
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group Hy = SO(2,R). We note that the quotient Hp\G = SO(3,R)\SO(2,R) is
diffeomorphic to a two dimensional sphere.

We start by constructing a map [po] : M — Hp\G such that po(z) -z € Ky for
any z € M. Each coset G\Hy can be represented as a product of two rotations:
Ry (o) with respect to the z-axis and R, (/) with respect to the y-axis. In matrix
form this can be written as

( cos 3 0 —sin 3 ) ( 1 0 0 > ( cos 3 —sinBsina —sinBcosa >

(13) 0 1 0 0 cosa —sina = 0 cos —sina .

sin 3 0 cos 3 0 sina cos o sin 8 cos Bsin cos 3 cos

We choose the first rotation R, («) so that it brings an arbitrary point z = (x,y, z)
to the upper xz-plane. It can be achieved by choosing the angle «, such that
cos(a) = ——=— and sin(a) = =, with 0 <a <7, wheny >0 and 7 < <

y
/y2+z2 /y2+z
27, when y < 0. Then R,(a) -z = (x,0,+/2% 4+ y2). The latter point can moved
to the positive z-axis by the rotation R,(5), where 8 = arctan(—=2—). Then

V22 4y?
the only non-constant coordinate of R, (3)R;(c) -z = (0,0, /2% + y2 + x2) and the
coordinate function u provide a fundamental set of zero order invariants. In the

matrix form

_ yx _ zT
r 'r\/22+y2 T\/Zz+y2
z Y

(14) po(z) = Ry Ry = 0 -
Y /22 442 /22 442 ’
z Yy z
T T T
where r = /22 + y? + 2. We note that the above matrix provide a local descrip-

tion of the map [pg] : M — Hp\G on the coordinate chart which does not include
the z-axis. On the complementary coordinate chart, that excludes the y-axis the
same map is described by the matrix:

z 0 __ =z
V2422 V2422
 yz Vva?422  _ yz
rvz2+22 r rvx2+22 ’
z Yy 4
T T T

that belongs to the same coset of Hy as (14).

Since it will be useful for next step, we compute the first jet coordinates of
po(z) - z(1) by prolonging the action (13) to the first order and then substituting
elements of (14):

22+ 12 Yy 2T
Ur = Uy — 5 2uy* 5 Uz;
r rvz% +y ry/ 22 +y?

ZUy — YU,
15 v, = L=
(15) ) e
U, = E% + guy + —u,
r

On the next step we consider the action of the isotropy group Hp on the set
K§ = {zMW]z = 0,y = 0,z > 0} C J'. We note that on K} the expressions
r,u, Uz, Uy, U, are equal to z,u, ug, uy, u, repectively. Thus the former set can be
considered as a coordinate set on K and will be used to describe the action of Hy



12 IRINA A. KOGAN

on K}:

(16) T U — U U, — U,
Uy — cosyUy —sinyUy; Uy = siny U, + cosy Uy,

obtained by prolonging the action of

cosy —siny 0
siny cosy O
0 0 1

to the first order and then restricting it to Kj. We observe that Hy acts freely

on K} and choose the cross-section K!' = {z(*) € K}|U, = 0}. This yields a map

711 K§ — Hp defined by the equation tan~y = g—: and the first order invariants:

(17) u, T, Iy: \/U12+Uy27 Iz:Uz;

Substitution of (15) into (17) is equivalent to computing the coordinates of
pr(zM) = 71 (po(2M) - 27 po (21)) - 2V

and thus yields four fundamental first order invariants of SO(3,R):

VZ22+y2+aZ=r, U
Yy

x z
\/(yuz - Zuy)2 + (zuy — zu.)* + (zuy — yug)’, s + Uy + [ Uas

The corresponding local moving frame p;: J' — SO(3,R), defined where I, is
non-zero, is given by the product

U, U, 0 /22+y2

_ _ yT _ 2T
I \/Ugj-U,f \/gf+U5 . T r\/§2+y2 7.\/z;+y2
Lo \/U%+U§ \/U%+U5 0 Va2 ty? B V2 +y?
z Y z
T T T

where Uy, U, and r should be replaced by their expressions in terms of the initial
coordinates.

Let us now look at the invariant differential forms, first on M = R*, and then
on the jet spaces. From Proposition 3.7 we know that the module of invariant one-
forms on M is a direct sum of the submodules Qf of the pull-backs of one-forms on
Ko under the map 1o(z) = po(z) -z, and QF of the pull-backs of invariant one-forms
on Hy\G under the map [pg]. Thus Qf is spanned by dr and du which are the
differentials of the fundamental zero order invariants. These forms actually span
the whole module of invariant one-forms on M, because there is no invariant one
forms on Hy\G, which is isomorphic to the two-dimensional sphere S2, and so QF
is empty. There is however a non-trivial invariant two-form cos3d3 A do on S2.
Its pull-back under [po] produces an invariant two-form w = 29 dy+y dié\d1+x dyndz
on M = R3\{0} x R, which along with the form dr A du spans the submodule of
invariant two-forms on M. The basis for invariant three-forms is given by w A dr,
which is invariantly proportional to dx A dy A dz, and w A du. Invariant four-forms
are spanned by w A dr A du, which is invariantly proportional to dz A dy A dz A du.
The action is free on J*, for all ¥ > 0 and hence J* admits an invariant coframe
spanned by the differentials of fundamental invariants and the pull-back of invariant
coframe on G.
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4. A MovING FRAME CONSTRUCTION FOR A GROUP THAT FACTORS AS A
ProDUCT.

We say that a group G factors as a product of its subgroups A and Bif G = A-B,
that is, for any g € G there are a € A and b € B such that g = ab. We reproduce
two useful statements from [13].

Theorem 4.1. Let G be a group, and let A and B be two subgroups of G. Then
the following conditions are equivalent:

a) the reduction of the natural action of G on G/B to A is transitive,

b)) G=A-B,

¢c)G=B"-A,

d) the reduction of the natural action of G on G/A to B is transitive.

Corollary 4.2. The reduction of the natural action of G on G/B to A is free and
transitive if and only if G =A-B (orG=B-A) and ANB =e.

Remark 4.3. If G = A- B and AN B = e, then for each g € G there are unique
elements @ € A and b € B such that g = ab. In this case the manifolds A x B and
G are diffeomorphic (although they are not in general isomorphic as groups). In
the case when A N B is discrete then A x B is locally diffeomorphic to G.

The following theorem plays a central role in our construction.

Theorem 4.4. Let A and B act regularly on a manifold M, and assume that in
a neighborhood U of a point zg € M the infinitesimal generators of the A-action
are linearly independent from the generators of the B-action. Then locally there
exists a submanifold IC4 through the point zy, which is transverse to the orbits of
the subgroup A and is invariant under the action of the subgroup B.

Proof. Let a be the dimension of the A-orbits, b be the dimension of the B-
orbits on U and m = dim M. By Frobenius’ theorem we can locally rectify the
orbits of B, that is, we can introduce coordinates {y1,...,yp, T1,...,Tm—p} ON an
open chart U C M such that the intersection of the B-orbits with U are defined
by the equations xz; = k;, i = 1,...,m — b, where k; are some constants. The
orbits of B are integral manifolds for the distribution {8%1 e Biyb}‘ The functions
x; are invariant under the B-action. Let vector fields Xq,...,X, and Y7,...,Y,
be a basis for infinitesimal generators of the action of A and B respectively in a
neighborhood U containing zg . The vector fields Y;,i = 1,...,b and %,j =
1...m — b are linearly independent by the choice of coordinates, and their union
forms a basis in TU. We can choose ¢ = m — b — a vector fields 33]‘1 e % which
are linearly independent from Xi,...,X, in TU. Let K be an integral manifold
through the point zg for the involutive distribution A = {65‘11 . 620 , 8%1 e B%b .
By construction K 4 is a union of orbits of B and thus is invariant under the action
of B. On the other hand, the distribution A is transverse to the infinitesimal
generators Xi,..., X, of the A-action, and so is transverse to the orbits of A. [

With this result we construct a moving frame for a product of groups A and B

as follows.

Algorithm 4.5. Let G = A - B and let AN B be discrete.
Then, as a manifold, G is locally diffeomorphic to A x B. Let n be the order of
stabilization of the G-action. Since both A and B act locally freely on V™ C J™ and
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their intersection is discrete then the infinitesimal generators of the A-action and
the B-action are linearly independent at each point of V™ and hence they satisfy
the conditions of Theorem 4.4. Thus there exists a local cross-section K% C V" for
the action of A which is invariant under the action of B. We use this cross-section
to construct a moving frame p 4 for A. The map pa (z(”)) - 2" projects V" on the
cross-section K7, which is invariant under the action of B. Moreover the action
of B on K7 is locally free and hence we can choose a cross-section K™ C K7 that
defines a moving frame pp : K’y — B. We can extend pp to a map pp : V" — B
by the formula

(18) pi(=") = p (pa(z0) - 2.

The map pp is A-invariant but, in contrast to ppg, it is not B-equivariant. The
cross-section K" is transversal to the orbits of G and the map pg defined by

(19 pale™) =5 (=) paGz") = ps (pa(z) -2 pa(z)

satisfies the condition pg(2(™) - 2(" € K", and hence is a moving frame for the
G-action.

Remark 4.6. We emphasize that G-equivariance of the map pg, claimed above,
follows from the correspondence between cross-sections to the orbits of G and G-
equivariant maps from J™ to G, discussed on page 2. On the other hand, it can be
established explicitly using B-equivariance of the map pp and the following lemma.

Lemma 4.7. Let G = A - B act freely on a manifold N and let K4 be a local
cross-section for the action of A, invariant under the B-action. Then the map
pa: N — A C G defined by the condition pa(2) -z € K4 is G-equivariant up to the
action of B, that s, for any g € G there exists b € B such that
palg-z) =bpa(z)g".
Proof. Let z1 = pa(z) -z and zo = pa(g - 2)g - z. By the definition of p4, both
z1 and 29 belong to K4 and hence from the freeness of the action it follows that

pa(z1) = pa(z2) =e € G. Let
(20) h=palg-z)gpa(z)"' €G,

then z9 = h - z1. Since G = A - B, there exist a € A and b € B, such that h = ab.
Then

(21) e=palz2) = palab-z) = pa(b-z1)a™".

The last equality follows from A-equivariance of p 4. On the other hand, b-z1 € K4,

since K4 is invariant under the action of B, and thus pa(b- z1) = e. We conclude

from (21) that a = e and hence h = b. The lemma now follows from (20). O
The cross-section K7 and K™ and the maps p4 and pp can be extended to higher

order jet bundles as it was done in Section 2. The non-constant coordinate functions
of

(22) pa(zE) 2B = pp (pA(Z(k)) . Z(k)) pa(z®) 20 kg
provide a complete set of k-th order differential invariants for G.

Remark 4.8. We notice that the coordinates of pa(z(*)) - z(*) are invariant under
the A-action and thus the formula above expresses the invariants of the G-action
in terms of the invariants of its subgroup A.
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We can summarize our construction in the following commutative diagram, re-
minding the reader again that although all maps are written as if they were global,
they might be defined only on open subsets of the manifolds appearing in (23).
(23)

G x J*®

e

J> B x J® Bx Ax oA o px jo B
where the maps w are defined by the prolonged group action:
wa(b,a z(oo)) = (bya- z(oo)),
wp(b,2(>)) = b2,
we (g, 2>)

JOO

= g- Z(OO) = wpgp o U)A(bv a, Z(OO)) when 9= ba.

The maps o are defined using the moving frames for A, B and G:

aa(b,2%) = (b,pa(z1™)),2>),
on(z0) = (5p(=),2) = (pa (pa(z>) - 2) 29
aG(z(oo)) - (pg(z(‘”)),z("o)):voaB(z(‘X’)).

The maps w4 and wg are A-invariant, whence the maps o4 and o are A-equivariant,
with respect to the A-actions on B x A x J*°, B x J* and G x J*° defined respec-
tively by:

a-(b,a, z("o)) = (baa ',a- z("o))7
a- (6,20 = (ba- 2>,
a-(g,2) = (ga~ta-z°).

The manifolds B x A x J* and G x J* are locally diffeomorphic, and this diffeo-
morphism is A-equivariant. We note that neither 04 nor o are B-equivariant, but
their composition is. As it has been discussed in the previous section (see formula
(5)) the forms

(24) wh = o dgwh(zh), i=1,...,p,

produce a contact G-invariant coframe on J°°. Since A is a subgroup of G then
the forms w¢, retain their invariant properties under the action of A. On the other
hand, the moving frame p4 provide us with another horizontal coframe which is
contact invariant under the action of A:

wh = o dgwi(z), i=1,...,p.

These two coframes are related by a linear transformation wg, = Y%, L’ w’,, where
L’ are functions on J°° invariant under the A-action. In fact, L} can be explicitly
expressed in terms of the fundamental invariants of A:

(25)  wh =ogohdywiwg(@) =ogoimrwidax (by,. .. b, xt . 2P uS),
where y' = w’éxi is a function on B x J°°, written in local coordinates b4, ..., b,
zl, ... 2P, u$. The forms o 7y wh dyx' are obtained from dyx* by replacing
forms dz? with w’; and coordinate functions ', , ..., 2P, u$ with their invariantiza-
tions HW1 . HAp, ISA)Q. These forms provide a horizontal coframe on B x J*°
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which is contact invariant with respect to the action of A. The final pull-back o}
is equivalent to the replacement of parameters by, ..., b; with the corresponding co-
ordinates of pg(pa(2(°)) - 2(>)). The latter are expressed in terms of invariants of
the A-action.

In many situations the following reformulation of Theorem 4.1 enables us to
enlarge a moving frame for a transformation group A to a moving frame for a
larger group containing A.

Theorem 4.9. Let O C M be an orbit of G and let A be a subgroup which acts
transitively on O. Then G = B - A, where B is the isotropy group of a point in O.
If in addition A acts locally freely on O then AN B is discrete.

Let n4 be the order of stabilization for A, then the action of A is (locally) free
on a subset V4 C J"4(M,p). Assume that the action of A can be extended to
the action of a group G containing A, so that there is a point zg € V4 such that
the orbits of A and G through zy coincide. If this is the case, then let B be the
isotropy group of the point zg. Due to the theorem above G = B- A and AN B is
discrete, and so Algorithm 4.5 can be applied. An especially favorable case is when
the action of A on the regular set V4 C J"4(M,p) is transitive. Then a moving
frame for A can be extended to a moving frame for any group G containing A.

5. EXAMPLES: EUCLIDEAN, AFFINE AND PROJECTIVE ACTIONS ON THE PLANE.

The group of Euclidean motions on the plane is a factor of the group of special
affine motions. In turn, the group of special affine motions is a factor of the group
of projective transformations on the plane. Applying the Inductive Algorithm 4.5
we express projective invariants in terms of affine, and affine invariants in terms of
Euclidean. We also obtain the relations among the Euclidean, affine and projective
arc-lengths, and the corresponding invariant differential operators.

Example 5.1. Let us use the moving frame for the special Euclidean group SE(2,R)
acting on curves in R? obtained in Example 2.7 to build a moving frame for the spe-
cial affine group. We recall that the moving frame for SE(2,R) has been obtained
on the first jet space by choosing the cross-section {z = 0,u = 0,u, = 0}. The
special Euclidean group acts transitively on J!(R?,1) and the first invariant, the
Euclidean curvature x, appears on the second order of prolongation. The normal-
ization of uzqy and ugys, yields the third and the fourth order invariants I§ = ks
and I = kg5 + 3k3.

The special affine transformation SA(2,R) on the plane is the semi-direct prod-
uct of the special linear group SL(2,R) and translations in R2. We prolong it to
the first jet bundle and notice that the isotropy group B of the point z(()l) ={z =
0,u = 0,u, = 0} is given by all linear transformations of the form

T A

0o+ )
Due to Theorem 4.9 we obtain a product decomposition: SA(2,R) = B - SE(2,R)
and BN SE(2,R) is finite. In fact BN SE(2,R) = {I,-I}. Now we prolong the



TWO ALGORITHMS FOR A MOVING FRAME CONSTRUCTION. 17

action of B up to fourth order:

r — Tr+ Au,
1

U - —u,
T

u(E
T T )
uZL’CL‘
qu’CL‘ — m7
(7 + Mg JUzz — Z‘])\uiﬂc
foee 7 (T + Aug)® ’
u _ (T + M) 2Upzrr — 10(T + Mig) MigzUgrr + 150203,

(T + Aug)”

and restrict these transformations to the Euclidean cross-section
Ki = {zW|ri (W) = zél)} ={z@W|z = 0,u = 0,u, = 0}, obtaining

Ugy
Ugq - 7_3 i
— 3Au?
TUgzz Uz
Ugzx - 7_5 i
T2 Upze — 10T Migptpge + 15A2ud
Ugxxx - .

7
-
The above action is free on the open subset {z(*) € K4 |u. # 0}, where we choose
a cross-section
KW = {2(4) € Kiluge = 1, Uppe = 0}
to the orbits of B on K. This produces a moving frame pgp: K3 — B:

- 1/3 - Ugzx
T = (Ugz) /" and X = TOM R

The corresponding fourth order invariant for the action of B on K% is

(26) I4 = (UII)S/S

We note that K* can be viewed as a cross-section to the orbits of the entire group
SA(2,R) on the open subset of J* where u,; # 0, and that due to formula (22) the
fourth order special affine invariant can be obtained by invariantization of I? with
respect to Euclidean action, that is, by substitution of the normalized Euclidean
invariants (9) into (26). Thus we obtain the expression of the lowest order special
affine invariant p in terms of Euclidean invariants:

115 — 3(15)?
(I5)8/3
One can rewrite the normalized Euclidean invariants in terms of the Euclidean

curvature and its derivatives: IS = k, I§ = kg and I§ = ks + 3x3, which leads to
the expression:

(27) p=1I3 =

K(kKss + 3’433) - %’ff
w= 1873
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Remark 5.2. The reader might notice that the affine invariant obtained above
differs by a factor of 3 from the classical affine curvature (see, for instance, [3]

p.14). The appearance of this factor can be predicted from the recurrence formulae
(13.4) in [11].

In accordance with (19) the moving frame for the special affine group corre-
sponding to the cross-section K% is the product of two matrices:

1/3 1 1 Uy _ UUgp+x
K
K 357 0 Vituz o 1tu2 V/1+u2
0 1 i 0 _ Ug 1 TUp —U
K1/3 \/1+ui \/1+ui \/l—i-ug
00 1 0 0 1

Using formula (25), one can obtain an affine contact invariant horizontal form do
in terms of the Euclidean arc-length ds:

da=ocpopmgwydywg(x),

where the Euclidean invariantization of dy wyg (z) = (7 + Aug) dx equals to 7ds
and hence

(28) do = UE(T ds) — (I2e)1/3d8 — /fl/Sds.

The form do is called the affine arc-length. Written in the standard coordinates

do = ul/>dz. The relation (28) between the affine and the Euclidean arc-lengths

provide a natural explanation for the affine curve evolution equation in [22]. The
relation between invariant differential operators follows immediately:

d 1 d
da  k'/3ds’
which enables us to obtain all higher order affine invariants in terms of the Euclidean
ones.

Example 5.3. Let us now use the moving frame for the special affine group to
build a moving frame for the projective group PSL(3,R), whose local action on the
plane is given by the transformations:

axr + Bu+y
T - —
ox 4+ eu+ ¢
A +vu+T
U - —
0x + eu+ ¢

where the determinant of the corresponding 3 x 3 matrix equals to one. The affine
moving frame above corresponds to the cross-section

z(()s) ={z=0,u=0,u; =0,uy = 1,u3 =0} € J>.

The isotropy group B of z(()g) for the prolonged action of PSL(3,R) consists of the

transformations:
ab

1
0 a
b ¢

Q= O O

Due to Theorem 4.9 we obtain a product decomposition: PSL(3,R) = B-SA(2,R)
and BN SA(2,R) is finite. The affine cross-section

/CZ = {2(7)|W§(z(7)) — z(()?»)} — {2(7)| r=0,u=0u; =0,Upz = 1,Upzz = 0}
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is invariant under the action of B. The seventh order prolongation of the B-action
on J7 has been computed using the MAPLE package VESSIOT [1]. The restriction
of this action to K7 is given by

ug — 3a%b? + 6ac

Uy - 2 ’

a
Us
us — Ea
ug + 3abus + 30uy(2ac — a?b?) 4 180a’c(c — ab?) + 45a2b?
ug — 4 )
a
uy + Tabug + us(105ac — 42b%a?) — 35(uy)%ab
uy — .

ad

The above action is free on the open subset {z(7) € K7|us # 0}, where we choose
a cross-section

K" = {2 e KT |ug = 0,u5 = 1,ug = 0}

to the orbits of B on K. This produces a moving frame pp: K7, — B given by

a = (U5)1/3,
b 5(uq)? — ug
3(us)d/3 7
. (u8)? — 10ug(ug)? — 3ug(us)? + 25(uq)*

18(u5)7/3
The corresponding seventh order differential invariant (for the B-action on K%) is

(20) o Burus — 7(ug)? + 70(us)?us — 105u4(us)? — 175(ug)?
7T 6(u5)8/3 :

We note that K7 can be viewed as a cross-section to the orbits of the entire group
PSL(3,R) on the open subset J7, where us # 0. Due to formula (22) the lowest
order projective invariant can be obtained by invariantization of I¢ with respect
to the affine action, that is, by substitution of the normalized affine invariants
I§ = p, I¢I¢ and I¢ in (29). Note that we do not need the explicit formulae for
these invariants. Thus we obtain a seventh order projective invariant n in terms of
the special affine invariants:

61818 — 7(18)? 4+ 70(1$)?1¢ — 10514 (12)? — 175(1F)*
6(1g)8/3 '

Using the recursion algorithm from [11] we can express the higher order affine

invariants in terms of p and its derivatives with respect to affine arc-length da =
1/3

Uzy dT.

Thus

n:Ip:

If = p, IS = pa,
Ig = oo t 5,“/27 I? = paaa + 17ppa-
This leads to the formula:

)= T30 + Bftatana — 31e
6us/®
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Remark 5.4. The above expression can be compared with analogous formula (61)
in [8]. Keeping in mind that the affine curvature used there differs from p by a
factor %, we notice that n differs from the classical projective curvature by a factor
of 67°/3,

The moving frame for the projective group is the product of the matrices:

1 _%m 0 1/3 1 ks 1 ug _ uug+w
Vs r 353 ° Vitug Vitui 1+ug
0 2}’4& 5 0 0 1 0 _ Ug 1 Tug —u
_ 1/3
_lnp 1K Sup 1 " Vitu2 142 14u2
3 f/as TR 7/3 * 1/3 0 0 1 0o 0o 1
mol nol bof

We can express the projective arc-length (that is, a horizontal form which is contact
invariant with respect to the projective action) in terms of the affine arc-length da.

We first lift the coordinate function = to B x J* by wj; (z) = % The affine

invariantization of dgy wy (z) produces a horizontal form ada on B x J*°, where
da is the affine arc-length (28). The projective arc-length equals to

do = oy ada = (I¢)3da = pl/?da.

The relation between invariant derivatives, d% = 11/3 %, allows us to obtain all
Ha

higher order projective invariants in terms of the affine ones.

6. EUCLIDEAN AND AFFINE ACTIONS ON CURVES IN R3.

More generally, the Euclidean group SFE(n,R) of orientation preserving rigid
motions in R™ is a factor of the n-dimensional special affine group SA(n,R). In
turn, the special affine group is a factor of the projective group PSL(n + 1,R).
Thus, the above procedure can be carried out in higher dimensions (computations
become quite difficult, however). In this section we use the moving frames and
invariants for the Euclidean action on curves in R? to build up the moving frame
and differential invariants for the affine action.

Example 6.1. The classical (left) moving frame for a curve in R?® consists of a
point on a curve with coordinates (z,u,v), the tangent vector at this point, the
normal and the binormal vectors. It is not difficult to verify that the cross-section
K% = {29z = 0,u = 0,v = 0,u, = 0,0, = 0,0, = 0} C J? gives rise to
the corresponding right moving frame. The latter produces normalized differential
invariants, which can be rewritten in terms of the classical Euclidean curvature and
torsion, and their derivatives with respect to the arc-length ds, using recurrence
formulae [11] :

I3 = &,
I3 = K,
I = kT,
(30) I} = ke +3K— KT
I = 2KsT+KTs,

u,e 2 2
I Ksss + 19Kks k° — 37T Ky — 3K T T,

I = 7ok +3THe +9K3T — k7% 4+ 35, 7.
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The isotropy group B of K% consists of upper triangular special linear transforma-
tions:

Due to Theorem 4.9 we obtain a product decomposition: SA(3,R) = B - SE(3,R)
and BN SA(3,R) = I. We prolong the action of B to the fifth order and then
restrict it to the Euclidean cross-section K3 = {z(5)|1; =0,u = 0,v = 0,u, =
0,v; = 0,0, = 0} C J°, which is invariant under the action of B. The action of
B on K%, is given by

fuz
T T
/
us — g(a2U3+ga21}3—3bfau§),
U3
vz —  —,
1
Uy — —7(—4ugvgcfa2+u4fa3+v4ga3+15b2u§fa—1Ou2u3fa2
a
—Eiuﬂ);ﬂ](ﬁb)7
1
v4 — W(—Gugvgazb—i—ma?’),
1
us — 8—f(45b2u%v3—10bu2v4a—10bv3u3a—101)§a0+v5a2),
a
T— —8(45u%v3gab2+105u§u;3afb2+60u§v30fab—15bu2fu4a2
a

—10ugv4ga2b—5ugv4cfa2 — 1051)31/2l — 1Ou3a203gb
—10u3a® fb—10uza*vzcf — 10v§azgc+fU5a3+gv5a3).

The above action is free on an open subset {2(®) € K%|uz vz # 0}. On the open
subset, where us v3 > 0 one can choose the cross-section

K5 = {2(5) € Kllug = 1,u3 = 0,v3 = 1,u4 = 0,v4 = 0}

to the orbits of B on K%. Assuming further that usvs > 0 (equivalently 7 > 0),
we note, however, that the cross-section {2(5) € ICZ‘|u2 =1l,us =0,v3 = —1,uqy =
0,v4 = 0} can be chosen on the subset where usv3 < 0 and similar computations
can be conducted.

The cross-section K° leads to the moving frame pp: K3, — B, given by

a = (ugv3)'/®,
po— LU
6(’&21}3)‘)/6
1 (ve U3)1/6(12u4u§ + 503 ug — 20 uz v3 v4)
c = — - ,
48 ug v
f - (U2U3)2/3,
1 —2wugvs + vq us
9 = S5 a3

2 U3(U2 ’03)2/3
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The corresponding fifth order differential invariants (for the B-action on K%) are
found by substitution of the group parameters in the transformation formulae for
us and vs.
90 vy v3(uz V4 — V3 ug) — 2503 Uz + 36 V3 (v3 U5 — Uz vV5) + 18 VsV3ULV4

36 ug/ ? vg/ ? ’
—351}2 Uz + 60 ug vg v3 — 60 uy v§ + 24 v5 v3 U2

24 ug/B U;/3

u,b
1,7 =

(31) P =

We note that X can be viewed as a cross-section to the orbits of the entire group
SA(3,R) on an open subset J°, where us v3 > 0. Due to formula (22) the two lowest
order affine invariants can be obtained by invariantization of I b and I, 5 b with
respect to Euclidean action, that is, by substitution of the normalized Euclidean
invariants I} for u; and I3 for v;, j =1,...,5in (31). Using formulae (30),
we obtain two fifth order affine invariant I;°“ and I."* in terms of the Euclidean
curvature, torsion and their derivatives with respect to the Euclidean arc-length
ds:

1,
L = —k 47772 (36/{272(711555 — KgsTs + 4K%TRy — KT2T, — 3137, + 273K,)

36
+ 6072k (K2Ts — 3Thsk) — 6K T(T] Ky — 3KTesTs) + 160k37° — 25K°77)
va 36K272 (K% + 72) — 20K272 — 8KTkTs — 35K2T2 + 1267 (Thgs + 2KTss)
I = .
24 k8/3 77/3

As before, one can express the affine arc-length in terms of the Euclidean arc-
length:

do = oads = (I3 195 ds = (k2 7)Y/5 ds,

and thus obtain all higher order affine invariants in terms of the Euclidean ones.
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