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Differential invariants of a Lie group action:
syzygies on a generating set

Evelyne Hubert ®
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Abstract

Given a group action, known by its infinitesimal generators, we exhibit a complete
set of syzygies on a generating set of differential invariants. For that we elaborate
on the reinterpretation of Cartan’s moving frame by Fels and Olver (1999). This
provides constructive tools for exploring algebras of differential invariants.
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Introduction

A great variety of group actions arise in mathematics, physics, science and en-
gineering and their invariants, whether algebraic or differential, are commonly
used for symmetry reduction or to solve equivalence problems and determin-
ing canonical forms. Classifying invariants is consequently an essential task.
One needs to determine a generating set of invariants and their syzygies, i.e.
the relations they satisfy.

With minimal amount of data on the group action, we shall characterize two
generating sets of differential invariants. Though not computing them explic-
itly, we describe inductive processes to rewrite any differential invariants in
terms of them and their invariant derivatives. For one of those generating set
we determine a complete set of differential relationships, which we call syzy-
gies. The other generating set is of bounded cardinality and a complete set of
syzygies can be computed from the previous one by the generalized differential

elimination scheme provided by Huber{ (B0O05H).
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The results in this paper are constructive and our presentation describes very
closely their symbolic implementation in AIDA (m, m) They are in-
deed part of a bigger project the aim of which is to develop the foundations
for symmetry reduction of differential systems with a view towards differential
elimination. This is outlined in the motivational example of Huberf (R005H).
The computational requirements include four main components: the explicit
computation of a generating set of invariants (1), and the relations among
them (2); procedures for rewriting the problem in terms of the invariants (3);
and finally procedures for computing in the algebra of invariants (4). In this
paper we focus on (2) and (3) while (1) and (4) were consistently addressed
by Hubert and Kogai] (007a,) and Huber{ (R005H) respectively. This paper
thus completes an algorithmic suite. While component (4) has been imple-
mented as a generalization of the MAPLE library diffalg (Boulier and Hubert],
[998; Huberf, P0054)), components (1-3) is implemented in our Maple package
AIDA ([Hubert], P007H) that works on top of the MAPLE library DifferentialGe-
ometry (Anderson and et al], P007), as well as diffalg and Groebner. In this
paper we also use component (4) to reduce the number of generators, while
still providing the complete syzygies.

On one hand, the question of the finite generation of differential invariants was
addressed by [[ressd ([894)); Kumperd (1974, 19754 H); Munoz et al] (R00J), in
the more general case of pseudo-groups - see also Ovsiannikoy] ([989); Dlveq]
(1997) for Lie groups. On the other hand, [Griffithd’s (1974) interpretation of
Cartan’s ([[933; [937; [953) moving frame method solved equivalence prob-

lem in many geometries ([Green|, [979; Pensed, [977; [Gardner], [989; [vey and

Landsberg, P003)). Alternatively, the approach of [Gardney ([989) and its re-

cent symbolic implementation (Neuf, B00J) lead to computational solutions
for the classification of differential equations (Neut and Petitot], p003; Dridj

[and Neud, R006a,H). Besides [Fels and Olveq ([999) offered another interpreta-

tion of Cartan’s moving frame method, the application of which goes beyond

geometry (DOlver, R007). In particular it includes an explicit approach to the
generation properties.

The main original contribution in this paper is to formalize the notion of
differential syzygies for a generating set of differential invariants and prove the
completeness of a finite set of those. To this end we redevelop the construction
of normalized invariants and invariant derivations of [Fels and Olveq ([999) in
a spirit we believe closer to the audience of this journal. We offer alternative
proofs, and sometimes more general results. In particular we shall put the
emphasis on derivations, rather than differential forms.

One is interested in the action (effective on subsets) of a group G on a manifold
X xU and its prolongation to the higher order jets J¥(X,U). In other words, X
is the space of independent variables while I/ is the set of dependent variables.
The jet space is parameterized by the derivatives of the dependent variables
with respect to the independent variables. At each order k, a local cross-section



to the orbits defines a finite set of normalized invariants. Those latter form
a generating set for differential invariants of order k, in a functional sense.
Rewriting those latter in terms of the normalized invariants is furthermore
a trivial substitution. We review this material in Section 2.3, following the
presentation of [Hubert and Kogail (R007H).

As the orbit dimension stabilizes at order s the action becomes locally free and,
to any local cross-section, we can associate a moving frame, i.e. an equivariant
map p : J*(X,U) — G (Fels_and Olvel], [999). The moving frame defines in
turn a basis of invariant derivations. The great value of this particular set of
invariant derivations is the fact that we can write explicitly their action on
invariantized functions. This is captured in the so called recurrence formulae.
They are the key to proving generation, rewriting and syzygies. Fels and Olvei
([999) gave the recurrence formulae for the normalized invariants in the case
of a coordinate cross-section. We propose generalized recurrence formulae in
the case of any cross-section and offer an alternate proof, close in spirit to the

one of Mansfield (200F).

We can then show that normalized invariants of order s 4+ 1 form a generat-
ing set with respect to those invariant derivations. Rewriting any differential
invariant in terms of those and their derivative is a simple application of the
recurrence formulae (Section 4). By exhibiting a canonical rewriting, we can
prove the completeness of a set of differential syzygies for those differential
invariants, after giving this concept a definition (Section 5).

We formalize the notion of syzygies through the introduction of the algebra
of monotone derivatives. Along the lines of Huberf]l (R005H), this algebra is
equipped with derivations that are defined inductively so as to encode the
nontrivial commutation rules of the invariant derivations. The syzygies are
the elements of the kernel of the differential morphism between the algebra of
monotone derivatives and the algebra of differential invariants, equipped with
the invariant derivations. The type of differential algebra introduced at this
stage was shown to be a natural generalization of classical differential algebra
(Ritd, [L950); [Kolchin|, [973). In the polynomial case, it is indeed endowed with
an effective differential elimination theory that has been implemented (Hubert],
R0054.0).

For cross-sections of minimal order we can also prove that the set of edge in-
variants is generating. This latter set has a cardinality bounded by mr + dj,
where m, r are the dimensions of X and G while d; is the codimension of the
orbits on X x Y. This is a generalization of the result of (R007H) that
bears on coordinate cross-sections. The edge invariants then form a subset of
the normalized invariants of order s+ 1. [Fels and Olveq ([999) first conjectured
syzygies on this set of generating invariants. We feel that constructing directly
a complete and finite set of syzygies for the set of edge invariants is challeng-
ing, the problem bearing a high combinatorial difficulty. To obtain those, we
suggest to apply generalized differential elimination ([Huberf], P0054[H) on the




set of syzygies for the normalized invariants. This is illustrated in the examples
of Section 5, 6 and 7.

Similarly, to reduce further the number of generators for the differential in-
variants we can apply the same generalized differential elimination techniques
to the syzygies. This substantially reduces the work of computing explicitly a
generating set for a given action. This is an approach that was applied for sur-
faces in Euclidean, affine, conformal and projective geometry (Olvei, P0074;
Hubert and Olvey, P007).

Let us stress here the minimal amount of data indeed needed for the determi-
nation of a generating set, the rewriting in terms of those and the differential
syzygies. All is based on the recurrence formulae that can be written with only
the knowledge of the infinitesimal generators of the action and the equations
of the cross-section. Furthermore the operations needed consist of derivations,
arithmetic operations and test to zero. Provided the coefficients of the in-
finitesimal generators are rational functions, which provide a general enough
class, we are thus in the realm of symbolic computation since we can indeed
always choose linear equations for the cross-section. On the other hand, the
explicit expression of the invariant derivations, or the differential invariants,
requires the knowledge of the moving frame. This latter is obtained by applica-
tion of the implicit function theorem on the group action. This is therefore not
constructive in general, but there are algorithms in the algebraic case (Huberf

and Kogarl, P0074,0).

In Section 1 we extract from the books of OIvey (984, [997) the essential ma-
terial we need for describing actions and their prolongations. In Section 2 we
define invariantization and normalized invariants for the action of a group on a
manifold along the lines of [Hubert and Kogar] (R007H). We then extend those
notions to differential invariants. In Section 3 we define invariant derivations
as the derivations that commute with the infinitesimal generators of the ac-
tion. We introduce the construction of invariant derivations of [Fels and Olver
([999) based on the moving frame together with the recurrence formulae. We
write those latter in a more general form (Theorem 3.6): the derivations of
the invariantization of a function are given explicitly in terms of invarianti-
zations. Section 4 discusses then the generation property of the normalized
invariants and effective rewriting. We furthermore show the generalization of
(R00T74]), the generation property of the edge invariants in the case of
minimal order cross-section. In Section 5 we emphasize the non uniqueness
of the rewriting in terms of the normalized invariants. We then introduce the
algebra of monotone derivatives, and the inductive derivations acting on it, in
order to formalize the concept of syzygies. We can then write a finite set of
syzygies and prove its completeness.

In the penultimate section we present geometric examples that many readers
are familiar with in order to illustrate our general approach: the action of the
Euclidean group on space curves and surfaces. In the last section we undertake



the challenging analysis for the action of the indefinite orthogonal groups on
three independent variables, and their affine extensions. To the best of our
knowledge, the structure of their differential algebra had not been explored
so far. Additional non trivial applications of the results in this paper, and the
related software, were developed by Hubert and Olved (R007).

1 Group action and their prolongations

This is a preliminary section introducing the definition and notations for Lie
group actions and their prolongation to derivatives. We essentially follow the

books of Plver ([[98G, [993).

1.1 Local action of a Lie group on a manifold

Pullbacks and push-forwards of maps

Consider a smooth manifold M. F(M) denotes the ring of smooth functions
on M while Der(M) denotes the F(M)-module of derivations on F(M).

If V is another smooth manifold and ¢ : M — N a smooth map, the pull-back
of ¢ is the map ¢* : F(N) — F(M) defined by ¢*f = fo ¢ ie. (¢*f)(z) =
f(¢(z)) for all z € M. Through ¢*, F(N) can be viewed as a F (M) module.
A derivation V : F(M) — F(M) on M induces a derivationV|, : F(M) — R
at z defined by V|,(f) = V(f)(z). The set of derivations at a point z € M
is the tangent space of M at z. Vector fields on M can be understood as
derivations.

The push-forward or differential of ¢ is defined by

(@.V)()(6(x)) = V(6™ f)(x)

The coordinate expression for ¢,V is given by the chain rule. Yet this star
formalism allows us to write formulae in a compact way and we shall use it
extensively.

Local action on a manifold

We consider a connected Lie group G of dimension r. The multiplication of
two elements A, € G is denoted as A - . An action of G on a manifold M
is defined by a map ¢ : G x M — M that satisfies g(\, g(, 2)) = g(X - i, 2).
We shall implicitly consider local actions, that is g is defined only on an
open subset of G x M that contains {e} x M. We assume that M is made
of a single coordinate chart. If (z1,..., 2x) are the coordinate functions then
g z; : G X M — R represents the ith component of the map g.

There is a fine interplay of right and left invariant vector fields in the paper.



We thus detail what we mean there now. Given a group action g : G x M — M
define, for A € G, g\ : M — M by gi\(2) = g(\, z) for z € M. A vector field
X on M is G-invariant if gy, X = X for all A € G, that is

Vi e FM), Vze M, X(fogr)(z) = X(f)(gr(2)).

A vector field on G is right invariant if it is invariant under the action of G
on itself by right multiplication. In other words, if r, : G — G is the right
multiplication by p~t, r,(A) = A - !, a vector field v on G is right invariant

if
v(for,)N) =v(f)(A-p7h), VfeF Q)

For a right invariant vector field on G, the exponential map €' : R — G is the
flow of v such that e¥(0) is the identity. We write e for e¥(¢). The defining
equation for eV is

d

V(NN =

f(etv . )\).

t=0

Similarly the associated infinitesimal generator V of the action g of G on M

is the vector field on M defined by

flg(e™,2)), VfeFM). (1.1)

Note that v is the infinitesimal generator for the action of G on G by left
multiplication. The infinitesimal generator associated to v for the action of G
on G by right multiplication, r : G x G — G, r(A,u) = - A7t is

FON-e™™), (1.2)

We can observe that v is a left invariant vector field on G.

A right invariant vector field on G is completely determined by its value at
identity. We can thus find a basis v = (vy, ..., v,) for the derivations on F(G)
made of right invariant vector fields. The associated left invariant vector fields

v = (V¥1,...,V,) then also form a basis of derivations on F(G) (Olvei], [997,
Chapter 2).

The following property is used for the proof of Theorem 3.4 and 3.6. What is
used more precisely in Theorem 3.6 is the fact that v(g*f)|. = V(f). This can
also be deduced from Theorem 3.10 by [Fels and Olveq ([999). In our notations
this latter reads as: v(g*z;) = ¢*V(z).

Proposition 1.1 Letv be a right invariant vector field on G, v the associated
infinitesimal generator for the action of G on G by right multiplication and V
the associated infinitesimal generator of the action g of G on M.



When both v and V are considered as derivations on F(G x M) then

Vg )+ V(g f) =0 and V(g'f)(e,2) =V(f)(z), YfeFM).
As a particular case we have v(f)(e) = —v(f)(e).

PROOF: 7V is a linear combination of derivations with respect to the group
parameters, i.e. the coordinate functions on G, while V is a combination of
derivations with respect to the coordinate functions on M. By (1.1) and (1.2)
we have

U ICNICARED)

t=0

VD) = 5

and

d

o) = o

d

(G HA-e™2) = - —

o dt (g*f)()"etvvz)'

t=0

The conclusion follows from the group action property that imposes:

(9" /YN g(e™, 2)) = flg(A g(e™, 2)) = flg(A- e, 2)) = (g"f)(A- e, 2).

O

Example 1.2 We consider the group G = R% ;xR with multiplication (A1, A2)-
-1 _ (A 2

(ks pi2) ™0 = (G = AL 52 4 Ag).

A basis of right invariant vector fields is given by ([Olvet, [[993, Example 2.46)

A 0 +A 0 0

Vi = _— —_— Vo = ——.

S 2 ) VAR )W

The associated left invariant vector fields, i.e. the infinitesimal generators for

the action of G on G by right multiplication, are:
0 .

\71 = —)\1— Vo =

oM’

9
Lo,

If we consider the action g of G on R given by g*x = A\ x + \o, the associated
infinitesimal generators for this action are

Note that v;(g*z) = —V,(¢g*z) and V;|. = —v;]e.
1.2 Action prolongations

We shall consider now a manifold X xU. We assume that X and U/ are covered
by a single coordinate chart with respectively = = (xy,...,2,,) and u =



(uy,...,u,) as coordinate functions. The z are considered as the independent
variables and the u as dependent variables. We discuss briefly the prolongation

of an action of G on X' x U to its jet space following [Olvey (1986, [9973).

Notation 1.3 The m-tuple with 1 at the ith position and 0 otherwise is
denoted by €; . For a = (aq,...,a,) € N we note |a] = a; + ... + o If

D,,...,D,, are derivations we write D* for D{" ...D%". Similarly u, stands
a‘a‘u o a‘o“u
fo Dz T a0z

Total derivations

The k-th order jet space is noted J¥(X',U), or J* for short, while the infinite
jet space is J. Besides  and u the coordinate functions of J* are u,, for u in
{uy,...,u,} and o € N™ with |a| < k.

The total derivations with respect to the independent variables are the deriva-
tions on J defined by

0 0
= — << m. .
o + > ua“i@ua’ for 1 <i<m (1.3)

u€eU, aeN™

D;

In other words, D; is such that for any v € U and o € N, D;(u,,) = u
while D;z; = 1 or 0 according to whether ¢ = j or not.

a+e€;0

Pragmatically the set of total derivations is the free F(J)-module with basis
D ={Dy,...,D,,}. Geometrically one defines total derivations as the deriva-
tions of F(J) that annihilate the contact forms (DIvey, [997). Alternatively
they correspond to the formal derivations in (Kumperd, [[974, [9754a,H; Munog
BT al], P003). A total derivation D is of order [ if for all f € F(J'™*), k > 0,
D(f) € F(J"**+1). The total derivations of order [ form a F(J')-module.

Prolongation of vector fields

Vector fields on J* form a free F(J¥)-module a basis of which is given by
{ZlzeX}U{;E luecl, o] <k}

Definition 1.4 Let V° be a vector field on J°. The k-th prolongation V*,
k > 0, is the unique vector field of F(J¥) defined recursively by the conditions

VEH ey = VP, and VoD, —D;0V* is a total derivation for all 1 <i < m.

This definition is to be compared with (Olvel], [997, Proposition 4.33) given

in terms of contact forms. The explicit form of the prolongations are given in

Chapter 4 of (I999).



Proposition 1.5 The prolongations of a vector field VO = Y% &, 8%1- +

i1y % on J are the appropriate restrictions of the vector field
J

n 0 n
V=Y&Dit > DY) g~ where G =m— > &Di(w)
i=1 =1

1<j<n,ac€N™ Ja

Furthermore D;j o V. —VoD; => D;(&)D;, Vje{l,...,m}.

i=1

Action prolongations
Consider a connected Lie group G of dimension r acting on J* = X x U.

An action of G on J° = X x U can be prolonged in a unique way to an action
G x J¥ — J” that defines a contact transformation for each A € G. We shall
write g as well for the action on any J*. The explicit expressions for g*u, is

obtained as follows (Olveil, [98(, Chapter 4).

In order to obtain compact formulae we introduce vectorial notations. D de-
notes the vector of total derivations D = (Dy,...D,,)T on F(J). Define the
vector D = (Dy,..., D )7 of derivations on F(G x J) as

D=A"'D where A= (Di(g7x5)),, - (1.4)

The total derivations D are here implicitly extended to be derivations on
functions of GxJ. The derivations D commute and are such that D, (g¥z;) = iy

and g*u, = D*(g*u) (Olvel, [999, Chapter 4). The prolongations are then
given by:

g"(Df) =D(g"f), Vf € F(I). (15)
If VO = (VY,...,VY) are the infinitesimal generators for the action of g on J
then their k-th prolongations V¥ = (V¥ ... V¥) are the infinitesimal genera-

tors for the action of g on J*.

Example 1.6 We consider the group of Example 1.2, G = R{, x R and
extend trivially its action on X' x U" as follows:

gJr=MNz+ Xy, g'u=u.

The derivation D = 1 D allows to compute the prolongations of the action:
grup = )\’“ The 1nﬁn1tes1mal generators of the action were given in Exam-

ple 1.2. The1r prolongations are:
0 0 0

0
—2D — Y DX =z——k = .
Vi=a ,;) xul)@uk x@:}c uk@uk Va or



2 Local and differential invariants

We first define the normalized invariants in the context of a group action on a
manifold M. We then generalize those concepts to differential invariants. The
material of this section is essentially borrowed from [Fels and Olvel (I999) and
Hubert and Kogar] (R007H), following closely this latter. We refer the readers
to those papers for more details and a substantial set of examples.

2.1 Normalized invariants

We consider the action g : G x M — M of the r-dimensional Lie group G on
the smooth manifold M.

Definition 2.1 A smooth function f, defined on an open subset of M, is a
local invariant if V(f) = 0 for any infinitesimal generator V of the action g of
G on M. The set of local invariants is denoted F9(M).

This is equivalent to say that, for z in the definition set of f, g5 f(z) = f(2)
for all A in a neighbourhood of the identity in G.

The orbit of a point z € M is the set of points O, = {g(\, 2)|\ € G}. The
action is semi-regular if all the orbits have the same dimension, say d. For those
a maximally independent set of local invariants is classically shown to exist
by Frobenius theorem (Olveq, [995, Theorem 2.23 and 2.34). Alternatively, a
geometric method was described for free action based on a moving frame by
[Fels_and Olveq ([999) and extended to semi-regular actions with the sole use
of a cross-section by Hubert and Kogan (ROO7TH).

Definition 2.2 An embedded submanifold P of M is a local cross-section
to the orbits if there is an open set U of M such that

- P intersects O? NU at a unique point Vz € U, where O? is the connected
component of O, NU, containing z.

- forall z € PNU, O° and P are transversal and of complementary dimen-
sions.

Most of the results in this paper restrict to ¢/. We shall thus assume, with no

loss, that U = M.

An embedded submanifold of codimension d can be locally defined as the zero
set of a map P : M — R? where the components (py,...,py) are independent
functions along P. The transversality and dimension condition in the definition
induce the following necessary condition for P to define a local cross-section

2

the rank of the r x d matrix (V, (pj))z;lf equals to d on P. (2.1)

10



When G acts semi-regularly on M there is a lot of freedom in choosing a
cross-section. In particular we can always choose a coordinate cross-section
(Hubert_and Koga], P007H, Theorem 5.6).

A cross-section on M defines an invariantization process that is a projection

from F(M) to F9(M).

Definition 2.3 Let P be a local cross-section to the orbits of the action
g:GxM — M. Let f be a smooth function on M. The invariantization
tf of f is the function defined by tf(z) = f(zo) for each z € M, where
20 = Og NnP.

The invariantization of the coordinate functions on M are the normalized
invariants. [Fels and Olveq (1999, Definition 4.9) explain how invariantization
actually ties in with the normalization procedure in Cartan’s work. The follow-
ing theorem ([Hubert and Kogar], P007H, Theorem 1.8) entails that normalized
invariants form a generating set that is equipped with a trivial rewriting pro-
cess.

Theorem 2.4 Let a Lie group G act semi-regularly on a manifold M, and
let P be a local cross-section to the orbits. Then the invariantization tf of
f : M — R is the unique local invariant whose restriction to P is equal to the
restriction of f to P. In other words tf|p = f|p.

Contained in this theorem as well is the fact that two local invariants are equal
if and only if they have the same restriction on P. In particular if f € F9(M)
then zf = f. Now, by comparing the values of the functions involved at the
cross-section, it is furthermore easy to check that:

Corollary 2.5 For f € F(M), if(z1,...,2n) = f(tz1,...,02).

Thus for f € F9(M) we have f(z1,...,2,) = f(iz1,...,12,). Therefore the
normalized invariants {izq,...,7z,} form a generating set of local invariants:
any local invariant can be written as a function of those. The rewriting is
furthermore a simple replacement: we substitute the coordinate functions by
their invariantizations.

The normalized invariants are nonetheless not functionally independent. Char-
acterizing the functions that vanish on (zz1,...,7z,) amounts to characterize
the functions the invariantization of which is zero. The functions that cut out
the cross-section are an example of those.

Proposition 2.6 Assume the cross-section P is the zero set of the map
P = (p1,...,pq) : M — R?¢ which is of maximal rank d along P. The in-
variantization of f € F (M) is zero if and only if, in a neighbourhood of each
point of P, there exist aj, ..., aq € F(M) such that f = >%, a; p;.

11



PROOF: Taylor’s formula with integral remainder shows the following (Bour]

[ baki, [967, Paragraph 2.5). For a smooth function f on an open set I; x ... X
I; x U C R? x R!, where the I; are intervals of R that contain zero, there are
smooth functions fo on U, and f; on Iy x ... x I; x U, 1 < i < d such that
f(te, ... tg,x) = fo(x) + Zé’:1 tj fi(t1, ..., tj,x) where fo(x) = f(0,...,0,z).
Assume that tf = 0 < f|p = 0. Since (p1,...,pq) is of rank d along P
we can find, in the neighbourhood of each point of P, x4, 1,...,x, € F(M)
such that (p1,...,p4, Tar1,-..,Ty,) is a coordinate system. In this coordinate
system we have f(0,...,0,2441,...,2,) = 0. The result therefore follows from
the above Taylor formula. O

When G is an algebraic group and ¢ a rational action, the normalized invariants

(tz1,...,1z,) are algebraic functions and their defining ideal can be computed

effectively (Hubert and Kogari, P0O07H, Theorem 3.6). The method of
[ OlIveq ([999) proceed through the moving frame.

2.2 Moving frames

Invariantization was first defined by [Fels_and Olvey ([999) in terms of an
G-equivariant map p : M — G called a moving frame in reference to the
repére mobile of [Cartan ([[937, [937) of which they offer a new interpreta-
tion. As noted already by [Griffithy ([974); [Green] ([[978); Pensed ([977); [vey]
bnd Landsberg (R00J), the geometric idea of classical moving frames, like the
Frenet frame for space curves in Euclidean geometry, can indeed be understood
as maps to the group.

An action of a Lie group G on a manifold M is locally free if for every point
z € M its isotropy group G, = {\ € G|\ z = z} is discrete. Local freeness
implies semi-regularity with the dimension of each orbit being equal to the
dimension of the group. [Fels_and Olver (1999, Theorem 4.4) established the
existence of moving frames for actions with this property. It can indeed then
be defined by a cross-section to the orbits.

If the action is locally free and P is a local cross-section on M, then the
equation

g(p(2),z) € P for ze M and p(z) =e,Vz P (2.2)

uniquely defines a smooth map p : M — G in a sufficiently small neighborhood
of any point of the cross-section. This map is seen to be equivariant: p(\-z) =
p(2) - A7t for ) sufficiently close to the identity.

If P is the zero set of the map P = (p1,...,p,) : M — R" then pi(g(p, 2)) =
0,...,p:(g9(p,z)) = 0 are implicit equations for the moving frame . If we can
solve those, p provides an explicit construction for the invariantization process.
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To make that explicit let us introduce the following maps.

oo M— GxM and w=goo: M— M (2.3)
z = (p(2), 2) z = 9(p(2), 2)

Proposition 1.16 of [Hubert and Koganl (PO07H) can be restated as:

Proposition 2.7 if =n*f, that is tf(z) = f(g9(p(2), 2)) for all z € M.

2.3 Differential invariants

We consider an action g of G on J® = X x U and its prolongations to
the jet spaces J¥. The prolongations of the infinitesimal generators on J*
are denoted V¥ = (VK ... VF¥) while their prolongations to J are denoted
V=(V,...,V,).

Definition 2.8 A differential invariant of order k is a function f of F(J¥)
such that V() =0,...,VE(f)=0.

A differential invariant of order £ is thus a local invariant of the action pro-
longed to J*. The ring of differential invariants of order k is accordingly de-
noted by F9(J¥). The ring of differential invariants of any order is F9(J).

The maximal dimension of the orbits can only increase as the action is pro-
longed to higher order jets. It can not go beyond the dimension of the group
though. The stabilization order is the order at which the maximal dimension
of the orbits becomes stationary. If the action on J° is locally effective on
subsets (Fels_and Olver}, [999, Definition 2.2), i.e. the global isotropy group
of any open set is discrete, then, for s greater than the stabilization order,
the action on J* is locally free on an open subset of J* (Dlvel, [993, Theorem
5.11). We shall make this assumption of an action that acts locally effectively
on subsets. The dimension of the orbits in J* is then r, the dimension of the
group.

For any k, a cross-section to the orbits of g in J* defines an invariantization and
a set of normalized invariants on an open set of J*. As previously we tacitly
restrict to this open set though we keep the global notation J*. Let s be equal
to or bigger than the stabilization order and P?® a cross-section to the orbits
in J°. Its pre-image P*™ in J*** by the projection map 7st* : J5* — J* is a
cross-section to the orbits in J¥**. It defines an invariantization 7 : F(J***) —
F9(J5t%). The normalized invariants of order s + k are the invariantizations
of the coordinate functions on J***. We note the set of those:

T = {Txy, .. T} U{Tug |u € U, |a| < s+ k}.

13



We can immediately extend Theorem 2.4 and its Corollary 2.5 to show that
Z°** is a generating set of differential invariants of order s 4+ k endowed with
a trivial rewriting.

Theorem 2.9 Let s be equal to or greater than the stabilization order and
let P* be a cross-section in J°. For f € F(J***%), k € N, ¢f is the unique
differential invariant (of order s + k) whose restriction to P*** is equal to the
restriction of f to P**k.

Corollary 2.10 For f € F(J**%), if (z,us) = f(iz, tu,).

In particular, if f € F9(J*™) then tf = f and f(x,u.) = f(ix, tuy).

We furthermore know the functional relationships among the elements in Z**.
They are given by the functions the invariantization of which is zero. Those
are essentially characterized by Proposition 2.6.

Proposition 2.11 Let s be equal to or greater than the stabilization order.
Consider the cross-section P° in J° that we assume given as the zero set
of P = (p1,...,p,) : J° — R", a map of maximal rank r along P*. The
invariantization of f € F(J¥**), for k € N, is zero iff, in the neighbourhood of
each point of PSF, there exists ay, ..., a, € F(J*t*) such that f = 37_ a; p;.

Example 2.12 We carry on with Example 1.6.

We can choose P = (x,u; — 1) as cross-section in J'. This already implies that
tx = 0,1ug = ug,tu; = 1. The associated moving frame p : J'* — G is then
defined by p*A\ = uy, p*Ao = —x uy so that tu; = Z—; since g*u; = %

1 1

Example 2.13 We consider the action of G = R% R? on J° = X2 x U*,
with coordinate (x,y,u), given by:

gri=Mz1+ X, gr2=MT2+XN; gJu=u
The derivations D, = )\%Dl and D, = A%DQ allow to compute its prolongations:

. Uy

o = N

The action is locally free on J* \' S where S are the points where both uyg
and ug; are zero. The moving frame associated with the cross-section defined
by P = (1’173727%0 - 1) is p*A1 = g, P A2 = —T1 U0, PTA3 = —Taup. It is
defined only on a proper subset of J' \ S, as are the normalized invariants:
_ g4

Luij = .

it
Ui

On the other hand, if we choose the cross-section defined by

1 1
P = (5617 T2y 5~ Q(U%OjLugl))

14



the associated moving frame is well defined on the whole of J* \ S:

sy _ [ 2 £y 2 2 Yy 2 9
pPAL = \Jufp +uf,  pTA = —xi\Juig tug, pA3 = —a2\/uip + uj.

as are the normalized invariants:

_ _ _ Uiy
ix; =0, iry=0, and tu;; = —————.
2 2
(uo + ug) 2

This shows that a nonlinear cross-section might have some desirable proper-
ties.

3 Invariant derivations

An invariant derivation is a total derivation that commutes with the infinites-
imal generators. It maps differential invariants of order k to differential invari-
ant of order k+1, for k large enough. Classically a basis of commuting invariant
derivations is constructed with the use of sufficiently many differential invari-
ants (Olvet, [[995; Ovsiannikow, [983; Kumperd, [974, [9754H; Munoz et al],
R003). The novel construction proposed by [Fels and Olveq] ([999) is based on
a moving frame. The constructed invariant derivations do not commute in
general. Their principal benefit is that they bring an explicit formula for the
derivation of normalized invariants. This has been known as the recurrence
formulae (Fels and Olvel), [[999, Section 13). They are the key to most results
about generation and syzygies in this paper. All the algebraic and algorithmic
treatments of differential invariants and their applications (Mansfield], EO0T;
Olvel], P007d; Hubert and Olvel, P007; [Huber{, P00]) come as an exploitation

of those formulae.

In Theorem 3.6 we present the derivation formulae for any invariantized func-
tions. For the proof we take the dual approach of the one of [Fels and Olvei|

(I999) which is therefore close in essence to the one presented by
(R00Y), based on the application of the chain rule.

We always consider the action g of a connected r-dimensional Lie group G on
JO = X x U and its prolongations. We make use of a basis of right invariant

vector fields v = (vy,...,v,) on G, and the associated infinitesimal generators:

o V= (V,,...,V, )T is the vector of infinitesimal generators for the action g
of GonJ

o v = (V1,...,V,)T is the vector of infinitesimal generators for the action of

G on itself by right multiplication.
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3.1 Infinitesimal criterion

Recall from Section 1.2 that total derivations are the derivations on J that
belong to the F(J)-module with basis (Dq, ..., D,,), the total derivations with
respect to the independent variables x1, ..., z,.

Definition 3.1 An invariant derivation D is a total derivation that commutes
with any infinitesimal generator V of the group action: DoV =V o D.

As an immediate consequence of this definition we see that if f is a differential
invariant and D an invariant derivation then D(f) is an differential invariant.

Proposition 3.2 Let A = (a;;) be an invertible m x m matrix with entries in
F(J). A vector of total derivations D = (Dy, ..., D,,)" defined by D = A~'D
is a vector of invariant derivations if and only if, for all infinitesimal generator
V of the action,

m

V(ai;) + Z D;(&) ar; =0,  where § = V(xy), 1<i,j<m.
k=1

PROOF: For all 7 we have D; = >0, a;; D;. By expanding the equality
[D;, V] = >, Di(&) Dy (Proposition 1.5) we obtain, for all ¢,

i ai; [Dj, V] = i <V(%‘) + i Di(fk)akﬂ‘) D;

j=1 k=1

Since A is of non-zero determinant [D;, V] = 0 for all j if and only if V'(a;;) +
Zzlzl Dl(fk)akj = 0, VZ,j O

As illustration, a classical construction of invariant derivations is given by
the following proposition (Kumpera, [974), [[975a.H; Olved, [[993; [Ovsiannikoy,
[[982; Munoz et al], P003):

Proposition 3.3 If fi, ..., f,, are differential invariants such that the matrix
A = (Dy(f;))i; is invertible then the derivations D = A~'D are invariant
derivations.

PROOF: If a;; = D;(f;) then, by Proposition 1.5,

V(aij) = V(D;(fi) = Dj(‘/(fi))_zk:Dj(fk) Di(fi) =D;(V(£:))—>_ Dj(&) .

k

By hypothesis V'(f;) = 0 so that the result follows from Proposition 3.2. O

The above derivations commute. They can be understood as derivations with
respect to the new independent variables fy, ..., fm.

16



As a side remark, note that Definition 3.1 is dual to the infinitesimal condition
for a 1-form to be contact invariant (, 1997, Theorem 2.91). The invari-
ant derivations of Proposition 3.3 are dual to the contact invariant 1-forms

dg fi, .-, dg fm.

3.2 Mowing frame construction of invariant derivations

Assume that there exists on J° a moving frame p : J* — G. As in Section 2 we
construct the additional maps

o: TP 5 Gx It and m=goo: Jth - Jotk (3.1)
z = (p(2), 2) z = g(p(2), 2)

Theorem 3.4 The vector of derivations D = (6*A)™' D, where A is the
m x m matrix (D;(g"z;)),;, Is a vector of invariant derivations.
The matrix A has entries in F(G x J!). Its pull back o* A has entries in F(J*).

The above result is proved by checking that the formula of Proposition 1.5
holds.

PROOF: The equivariance of p implies p(g(e', 2)) = p(2)-e™™ so that p,V = 7.
Thus 0.V = v+V thatis 0.V (a;;) = v(D;(g*z;))+V (D;i(g*x;)). As derivations
on F(G x J°), D; and ¥ commute while the commutator of D; and V is given
by Proposition 1.5. It follows that 0.V (a;;) = Di(v(g*x;)) + Di(V(g*z;)) —
>ty Di(&k) Di(g*x;). By Proposition 1.1 the two first terms cancel and since
V(c*a;j) = o*(0.V)(a;;) we have V(o*a;;) = — >3 Di(&) 0% ag;. We can
conclude with Proposition 3.2. O

Example 3.5 We carry on with Example 1.6 and 2.12.

We found that the equivariant map associated to P = (x,u; — 1) is given by
PN = uy, p* Ao = —z uy. In addition D = /\—IID while V, = x % =2 k>0 kuk%
and V, = a%'

Accordingly define D = --D. We can then verify that [V,,D] = 0 and

[V,, D] = 0. The application of D to a differential invariant thus produces
a differential invariant. For instance

D <Uz> Ut Uj U — Uj+1 Ui U2
P T TS A, bl N N A
Uy Uy Uq Uy Uy uy

Remembering that tu; = -+ we can observe that D(tu;) = tuiyq — tug tu;. This
1
shows that D(tu;) # tu;y1 in general. The relationship between these two

quantities is the subject of Theorem 3.6 below. We shall furthermore observe
that nonetheless D(2+) = 1(D(5+)) (Corollary 3.7).
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3.3  Deriwation of invariantized functions.

An essential property of the invariant derivations of Theorem 3.4 is that we
can write explicitly their action on the invariantized functions. Theorem 3.6
below is a general form for the recurrence formulae of [Fels_and Olveq ([999,
Equation 13.7).

Assume that the action of g on J® is locally free and that P = (p1,...,p,)
defines the cross-section P. Let p : J* — G be the associated moving frame.
We construct the vector of invariant derivations D = (D,,...,D,,) as in The-
orem 3.4.

Denote by D(P) the m x r matrix (D;(p;)), ; with entries in F(J**1) while
V(P) is the r x r matrix (V;(p;)), ; with entries in F(J*). As P is transverse to
the orbits of the action of G on J*, the matrix V(P) has non zero determinant

along P and therefore in a neighborhood of each of its points.

Theorem 3.6 Let P = (pi,...,p,) define a cross-section P to the orbits
in J°, where s is equal to or greater than the stabilization order. Consider
p:J* — G the associated moving frame and t : F(J) — F9(J) the associated
invariantization. Consider D = (Dy,...,D,,)" the vector of invariant deriva-
tions constructed in Theorem 3.4. Let K be the m X r matrix obtained by
invariantizing the entries of D(P)V(P)~!. Then

D(if) =uDf) = Ku(V([)).
PROOF: From the definition of o : z — (p(2), z) and the chain rule we have
D(if)(2) = D(a"g"[)(2) = D(g"f)(p(2), 2) + (p:D)(g"f)(p(2),2).  (3.2)
Recall the definition of D in Section 1.2 that saitisﬁes ﬁj(g* ) = g¢"(D,f) for
all f & F(J). We have D(g"f)(p(2),2) = (¢"D(g°f))(2) = 09" (Df)(2) =
(D f)(z) and (3.2) becomes

D(ef)(z) = tD[f)(2) + " (p.D)(g"[)(2). (3-3)

Since ¥ = (¥1,...,¥,) form a basis for the derivations on G there is a matrix '
K with entries in F(G x J®) such that p.D = K¥.

We can write (3.3) as D(if)(z) = t«(Df)(z) + o* (f(\?(g*f)) (z) so that, by

1 With D known explicitly, we can write K explicitly in terms of coordinates A =
(A1, ..., A\). K is the matrix obtained by multiplying the matrix D(p) = <Dj(p*)\l-))

with the inverse of ¥()\) = (¥;();)). Yet 0* K needs not have differential invariants

as entries and we shall seek 7(0*K) in a more direct way. See Example 3.9.
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Proposition 1.1,
D(f)(z) = iDf)(z) — 0" (KV(g'f)) (). (3.4)

This latter equation shows that o* (RV (g*f)) = (D f)—D(zf) is a differential
invariant. As such it is equal to its invariantization and thus

0" (KV(g"f)) = t(o"K) (o™ V (g f))-

For all z € P, p(z) = e and therefore o*V (¢g* f) and V(f) agree on P: for all
ze€ P, V(g*f)(2) =V(g*f) (e,z) = V(f)(2) by Proposition 1.1. It follows
that 2(c*V (g*f)) = t(V(f)) so that (3.4) becomes

D(tf)(z) = dDf)(2) — e(a"K) e(V(f)). (3.5)

To find the matrix K = 7(0*K) we use the fact that ip; = 0 for all 1 < i < r.
Applying D and (3.5) to this equality we obtain: ¢(Dp;) = K #(V(p;)) so that
(D(P)) = Ki(V(P)). The transversality of P imposes that V(P) is invertible
along P, and thus so is 7(V(P)).

We thus have proved that D(if) = (D f) — K 2(V(f)) where K = i(¢*K) =
(DP)V(P)™hH. O

If f is a differential invariant, D(f) is also a differential invariant, while D(f)
need not be. But if we invariantize this latter though we find nothing else than
D(f) . This follows immediately from the above way of writing the recurrence

formulae yet we have not seen the following corollary in previous papers on
the subject.

Corollary 3.7 If f is a differential invariant then D(f) = t(D(f)) .

PROOF: If f is a differential invariant then ¢f = f and V(f) = 0. The result
thus follows from the above theorem. O

By deriving a recurrence formula for forms, ([Fels and Olved, [999, Section 13)
derived explicitly the commutators of the invariant derivations . It can actually
be derived directly from Theorem 3.6 through the use of formal invariant

derivations (Huberf], 00Y).

Proposition 3.8 For all 1 < 1,7 <m, {Di,D]} = Z Aiji D, where
k=1

zyk - ZKZC gck ) ( (éck» S fg(Js+1)7

K=1(D(P)V(P)™), and &4, = V (z1).
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Example 3.9 We carry on with Example 1.6, 2.12, and 3.5.

We chose P = (z,u; — 1) and showed that D = =D while tu; = “4. We
1 Uy
computed

D(ZUZ) = % —1 Z-%Z-; = Zui—l—l — ’iZUQ LU
T —Uq
We have D(P) = (1 uy) and V(P) = . The matrix K of Theo-
1 0

rem 3.6 is thus K = 1 (D(P)V(P)™') = (—tu, 1) and the formula is verified:

o Vi(w) ) g
D(tu;) = tuiyy — (—tuy 1) since tV (u;) = (—i U; O) .

What we shall do next is illustrate the proof by exhibiting the matrix K that
arises there. It is defined by p,D = K ¥ and the fact that c*KV (g*f) is an
invariant for any f € F(J).

We have v, = —)\15%17 Vg = —)\18%2 and saw that p*\; = u; and p*ly =
—xuy. Thus
e ¥
p.D = (D(pA) Dphg) ) | 2 | = (2 mzzm L) |
: P P 9 ul A1 uy A1 N
2y V2

So here o* K = (—”—%, %) We indeed have that ioc* K = K as used in the
1

proof. We verify here that o* (I? V(g™ f )) is a vector of differential invariants.
We have
N T R
Vig'z) = » Vi(g"u) = 1
A 0

so that 0* KV (g*z) = 1 and 0* KV (g*u;) = i 9 U = g ug ;.
1 1

Example 3.10 We carry on with Example 2.13.

We chose

1

1
P = <$1,$2, 5 5(“%0 +U31)> .

On one hand the prolongations of the infinitesimal generators to J are

0 0 0 0
Vo=7—, Vyg=x — +29-— — (i +J)

V, = ——
! 81’1’ 2 8372’ 8.’171 61’2 i,j>0

J 8’&@']'
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so that

10 0
10w
V(P)=|0 1 0 while D(P) =
01w
T Ty uly + ud;
where
v = —(ugoUag + upru11) and w = —(ujpUiy + Up1Uo2)-

Since 1z = 0, txy = 0 and i(u?, +ud;) = 1, tV(P) is the identity matrix so
that

10 w
01w

On the other hand the normalized invariants and invariant derivations are

ij . 1 .
% o7 Vi, J; D; = —————=—=D;, 1 =1,2.

9 9 P 9
(ufp + ugy) 2 \/ UTo + Uy

Zuij =

We can thus check that

0
D (tuy) _ H(Wiv1) K 0 ’
Do (tuyy) t(uij+1) (i + ) 7u
_ y

as predicted by Theorem 3.6, and that [Ds, D1| = tw Dy — tv Dy, as predicted
by Proposition 3.8.

4 Finite generation and rewriting

The recurrence formulae, Theorem 3.6, together with the replacement the-
orem, Theorem 2.10, show that any differential invariant can be written in
terms of the normalized invariants of order s 4+ 1, where s is the order of the
moving frame, and their invariant derivatives. The rewriting is effective.

In the case of a cross-section of minimal order, we exhibit another generating
set of differential invariants with bounded cardinality. This bound is mr in the
case of an action transitive on J°. When in addition we choose a coordinate
cross-section, this set consists of normalized invariants and we retrieve the
result of (ROO7H). This was incorrectly stated for any cross-section by
[Fels"and Olveq ([[999, Theorem 13.3).
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4.1 Rewriting in terms of normalized invariants of order s + 1

Let s be equal to or greater then the stabilization order and let P be a cross-
section to the orbits in J* defined by P = (py,...,p,) with p; € F(J*). Recall
from Section 2.3 that

T =iy, .. i, } U {Tug |u €U, |a| < s+ k},

where 7 : F(J*tF) — F9(J*+*) is the invariantization associated to P, forms a
generating set of local invariants for the action of g on J***. Those invariants
have additional very desirable properties: we can trivially rewrite any differ-
ential invariants of order s+ k in terms of them. Yet it is even more desirable
to describe the differential invariants of all order in finite terms.

Theorem 3.6 implies in particular that

T
{(Dita) = Di(tug) + > Kia t(V,(ua))
a=1

where K = (D (P)V(P)™') has entries that are function of Z**1. Tt is then an
easy inductive argument to show that any zu, can be written as a function of
75t and their derivatives of order max(0,|a| — s — 1). Combining with the
replacement property, Theorem 2.10, we have a constructive way of rewriting
any differential invariants in terms of the elements of Z°*! and their deriva-
tives: A differential invariant of order k is first trivially rewritten in terms of
Z* by Theorem 2.10. If k£ < s + 1 we are done. Otherwise, any element 7, of
T* with |a| = k is a 2(D,ug), for some 1 < i < m and |8] = k — 1. We can
thus write it as:

g = t(Dyug) = Ditug) + > Kia T (V,(ug)).

This involves only elements of Z#*~! and their derivatives. Carrying on recur-
sively we can rewrite everything in terms of the elements of Z°™! and their
derivatives.

This leads to the following result that will be refined in Section 5. Indeed the
rewriting is not unique: at each step there might be several choices of pairs
(i, 3) such that u, = D,ug.

Theorem 4.1 Any differential invariant of order s+k can be written in terms
of the elements of T°T' and their derivatives of order k — 1 and less.

4.2 Case of minimal order cross-section

A natural question is to determine a smaller set of differential invariants
that is generating. DIve] (BO07H) proved that when choosing a coordinate
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cross-section of minimal order the normalized invariants corresponding to the
derivatives of the coordinates functions which are set to constant form a gen-
erating set of differential invariants. Here we generalize the result to noncoor-
dinate cross-sections. The proof is based on the same idea.

Let s be equal to or greater than the stabilization order. A local cross-section
P in J* is of minimal order if its projection on J*, for all k < s, is a local
cross-section to the orbits of the action of g on J* (DIvel, B007H). Assume
P = (p1,...,p,) defines a cross-section P of minimal order. Without loss of
generality we can assume that P, = (py,...,Dp,,) where 7 is the dimension of
the orbits of the action of g on J*, defines the projection of P on J*.

Theorem 4.2 If P = (py,...,p,) defines a cross-section for the action of g
on J such that P, = (p1,...,pr,) defines a cross-section for the action of g on
JE, for all k, then & = {t(Di(p;))|1 <i < m, 1 < j < r} together with Z°
form a generating set of differential invariants.

PROOF: The minimal order condition imposes that the r x r; matrix V(FPy)
has maximal rank r; on P, and therefore on an open neighborhood of each
point of P. As V¥ has rank ry, for any f in F(J¥), V(f) is linearly dependent
on V(p1),...,V(pr,). In a neighborhood of each point of P* there is thus a
relation

V(f) = ﬁ:azv(pi), where a; € F(JF).

On one hand, by Theorem 3.6, we have ¢(Df) = D(if) + K(V(f)) so that
uDf)=D(f) + >k, tla;) Kie(V(p;)). On the other hand #(p;) = 0 so that
!(Dp;) = Ki(V(py)). It follows that

Tk

(Df) =D(f)+>_ ila;) o(Dpy).

=1

Note that z(a;) can be written in terms of the z(ug) with |G| < k. So the
formula implies that any tu,, with || = k + 1, can be written in terms of
{t(MDp;) | 1 <i<r,}and {i(ug) | |B] < k} together with their derivatives
with respect to the invariant derivations D. By induction, it follows that any
tu, can be written in terms of the zero-th order normalized invariants together
with the elements of £ and their derivatives. O

In the case of a coordinate cross-section £ is a subset of the normalized invari-
ants Z°*! that (RO07TH) named the edge invariants for the representation
of the derivatives of a dependent function on a lattice. We shall extend this
name in the case of non coordinate cross-section though the pictorial repre-
sentation is no longer valid.

Minimality is necessary for the edge invariants to be generating in general.

(P0074) exhibits a choice of non minimal (coordinate) cross-section for
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which the edge invariants are not generating. We review this example in Sec-
tion 6.2.

A consequence of Theorem 4.2 is that we can bound the number of differential
invariants necessary to form a generating set. The bound is mr + dy, where
dy = m +n — 1y is the codimension of the orbits of the action of g on J°.
Transitive actions on J? are of particular interest. There dy = 0 and the bound
is simply m 7. Huber{ (B007d) exhibits a generating set of such cardinality even
in the case of non minimal cross-section.

Example 4.3 Consider Example 3.10 again. The chosen cross-section is of
minimal order. Specializing Theorem 3.6 we obtained

fuipry) | Daleusy) | Gy |
- y
o(Uij+1) Dy (tui;) w

from which it is clear that all the normalized invariants can be inductively
written in terms of tugy, v and tw, i.e the non constant elements of Z° U &,
and their derivatives.

5 Syzygies

Loosely speaking, a differential syzygy is a relationship among a (generating)
set of differential invariants and their derivatives. A set of differential syzygies
is complete if any other syzygies is inferred by those and their derivatives. In
this section we formalize a definition of syzygies by introducing the appropriate
differential algebra. We then show the completeness of a finite set of differential
syzygies on the normalized invariants of order s + 1.

Fels and Olver (M999, Theorem 13.2) claimed a complete set of syzygies for
edge invariants, in the case of coordinate cross-section. It has so far remained
unproven 2. As we are finishing this paper DIver and Pohjanpeltd (B007) an-
nounce a syzygy theorem for pseudo-groups. The symbol module of the in-
finitesimal determining system takes there a prominent place: on one hand it
dictates the coordinate cross-section to be used and, on the other hand, its
(algebraic) syzygies prescribe the syzygies on the differential invariants. Let
us note here two immediate advantages of our result for Lie group actions: we
do not need to have any side algebraic computations (over a ring of functions)
nor are we restricted in our choice of cross-section. In particular we are neither
restricted to minimal order nor coordinate cross-section. Even if those latter
are often the best choice, there are needs for more options. Such is the case in

the symmetry reduction considered by Mansfield (B00T]). Also in Example 2.13

2 An necessary amendment of the statement is that K might be taken as the empty
set in (iii).
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the nonlinear cross-section is defined for the whole open set where the action
is regular, while a linear cross-section is only defined for a subset.

The commutation rules, Theorem 3.8, imply infinitely many relationships on

derivatives of normalized invariants. [Fels and Olveq (1999), as well as

Pohjanpeltd (R007), considered those as syzygies. Our approach is in the line of

Huber{ (R005H). We encapsulate those relationships in a recursive definition of
the derivations to work exclusively with monotone derivatives. The differential
algebra of monotone derivatives that arises there is a generalization of the
differential polynomial rings considered by Ritf ([950) and Kolchin ([973) to
model nonlinear differential equations. Of great importance is the fact that
it is endowed with a proper differential elimination theory ([Hubert], BOO5H).
This generalization is effective and has been implemented (Huberi], 20054).

Refining the discussion of Section 4, we first observe that any differential
invariant can be written in terms of the monotone derivatives of the normalized
invariants of order s + 1. The rewriting is nonetheless not unique in general.
The syzygies can be understood as the relationships among the monotone
derivatives that govern this indeterminacy.

For the normalized invariants of order s+1 we introduce the concept of normal
derivatives. They provide a canonical rewriting of any differential invariant.
The set of differential relationships that allows one to rewrite any monotone
derivative in terms of normal derivatives is then shown to be a complete set
of syzygies for the normalized invariants of order s + 1 (Theorem 5.14).

To prove these results we formalize the notion of syzygies by introducing the
algebra of monotone derivatives. We endow this algebra with derivations so as
to have a differential morphism onto the algebra of differential invariants. The
syzygies are the elements of the kernel of this morphism. It is a differential
ideal and Theorem 5.14 actually exhibits a set of generators.

5.1 Monotone and normal derivatives

In Section 4 we showed that any differential invariant can be written in terms
of Z*™! and its derivatives. However, this rewriting is not unique. We can
actually restrict the derivatives to be used in this rewriting, first to monotone
derivatives, then to normal derivatives. Normal derivatives provide a canonical
rewriting.

Definition 5.1 An invariant derivation operator Dj, ...D;, is monotone if
Jj1 < ... < jg. Such a monotone derivation operator is noted D* where o =
(o, ..., ) € N™ and «; is the cardinality of {j; | ji = i}.

There is an inductive process to rewrite any normalized invariants, and there-

fore any differential invariants, in terms of the monotone derivatives of Z5%1.
For the inductive rewriting of zug, for |§| > s+ 1, in terms of the monotone
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derivatives of 75! we can proceed as follows: split § in § = B + 3 where
3] = s+ 1 and then rewrite fug — D”(iug) which is of lower order. There
might be several ways to split 3, each leading to a different rewriting. The
following definition imposes a single choice of splitting 3.

Notation 5.2 For 3 = (f1,...,0n) € N™, we denote

pif|g <s+1
5 (0,...,0,0., Bis1,- .., Bm) otherwise
withi =max {j | Bj + ...+ By > s+ 1}
and i = (s + 1) = Bix1 — ... = B
andB:ﬁ—B.

With those notations, § = 0 when || < s+ 1 and || is always less or equal
to s + 1.

Definition 5.3 The normal derivatives of 75! are the elements of the set
N =1 U {DP(iug) | BeN™, 5] > s +1}.

lihe set N'¥ of the normal derivatives of order k is the subset thereof with
18] < k.

We introduce a further notation to deal with tuples that is used in the com-
ing inductive proofs and in the description of a complete set of syzygies in
Theorem 5.14.

Notation 5.4 For f € N™, || > 0, we define f(3) and [(3) respectively as
the first and last non zero component of [3, i.e.

f(B) =min{j|3; #0} and I(5) = max{j|5; # 0}.

~ —

Note that the splitting of Notation 5.2 is such that () < f(5) for all 5 # 0.

Proposition 5.5 Any differential invariant is a function of the normal deriva-
tives N of Z5+1.

This result follows from an easy inductive argument on the following lemma.

3 The idea is reminiscent of involutive division. Originally introduced by
([910) and ([929) for the completion of partial differential systems, gener-

alizations and algorithmic refinements have been worked out by several authors in
the past decade for polynomial systems as well within the framework of computer
algebra.
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Lemma 5.6 For all 3 € N, 3 # 0, tug — D?(iu 5) € FO(JIAIL).

PROOF: This is trivially true for |3| < s + 1 since then 3 = (0,...,0). We
proceed by induction for || > s + 1.

Assume the statement is true for all § with s + 1 < || < k. Take 5 with
1Bl = k+ 1. Let i = f(B) andﬁ'—ﬁ—eZ We have 3 = 3, B = 3 — ¢
and DP = D, D? so that tug — DB(LUB) = i(D;(ug)) — DiDﬁl(Luﬁl). Thus, by
Theorem 3.6,

ug — DB<ZUB) =D, (Zugl Dﬁ (ug ) + Z Kot (V,(ug)).

The entries of K are functions of Z**!, while the entries of 7 (V(ug)) are
functions of Z*. By induction hypothesis D” (tug) — tug € F9(J*~1) and thus
D, (D% (up) — tug) € FO(I*). O

Following the induction on Lemma 5.6, rewriting any tug in terms of the nor-
mal derivatives of Z°*! is an effective process. Now, the normalized invariants
lug are in one-to-one correspondence with the normal derivatives D”(tug)
of Z°*!. Extending Proposition 2.11, which bears on normalized invariants,
we show that the rewriting of any differential invariants in terms of normal
derivatives A of Z"! is unique, modulo P.

Proposition 5.7 Assume P = (py,...,p,) are the r independent functions
of F(J*) that cut out the cross-section P* to the orbits on J*. Let F' € F(J*F)

be a function such that F(ix, DB(ZUB)) = 0. Then, in the neighborhood of each
point of P, there exist ay, . ..,a, € F(J**) such that F = ¥!_, a; p;.

PROOF: By Lemma 5.6, for |3| < s+ k, there exists (5 in F(JI#I=1) such
that Dﬁ(ZUB) — tug = tCz. We choose such a family of (g with (g3 = 0 for
3] < s+ 1. The map 6 : F(J**) — F(J***) then defined by 0(ug) = ug + (s
is an automorphism of F(J***). Tt satisfies F(tx, D’tuj) = 0(F)(ix, tug) and
its restriction to F(J**1) is the identity. In particular 6(p;) = p;.

If F(Zx,DB(ZuB)) = 0 then, by Proposition 2.11, there exist by,...,b. €
F(J*+*) such that O(F) = Y7_, b;p; in the neighborhood of each point of
P. Let a; € F(J***) be such that b; = 0(a;). We have F =37 a;p;. O

5.2 The differential algebra of monotone derivatives

When we apply the invariant derivation D, to a monotone derivative D”(iu,,)
we do not obtain a monotone derivative unless i < f([3). Yet the obtained re-
sult can be written in terms of monotone derivatives. This comes as a result of
the general Proposition 5.5, but we could also deduce it from the commutation
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rules on the derivations, Proposition 3.8. This is detailed by Huber{ (P005H)
and leads to an appropriate definition of differential algebra in the presence
of non trivial commutation rules for the derivations. *

We shall accordingly define a differential algebra where the differential in-
determinates are in one-to-one correspondence with the elements of Z°t! =
{tay, .. xy} U{tug |u € U, |af < s+ 1}. They are noted {zy,...,1,,} U
{u, ||a| < s+1}. The monotone derivatives D?(ix;) and D?(iu,,) are then rep-
resented by the double-scripted indeterminates pf and u?. The correspondence
is encoded with a natural morphism from this differential algebra to F9(J)
given by 1’ — DP(iz;) and ug — D(tu,). We shall then define D,,...,D
acting on the ;iﬁ and ug so that this becomes a differential morphism, i.e.
@jxf — D,;D(ix;) and D uj — D;D"(tu,). The key idea comes from

[ Derf (ROO5H): the formal invariant derivations @, ..., D, are given a recursive
definition.

m

We develop here the formalism to incorporate the functional aspect, as op-
posed to the polynomial case developed by [Huber (P0O05H). We thus define
first a sequence (%), of manifolds® that correspond to the spaces of the
monotone derivatives of Z5*! of order k. A% is isomorphic to J**! and there-
fore of dimension N = m + n(m+s+1). The coordinate function on A% are

s+1
noted {r¥,...,2% } U {ul||a] < s+ 1}. Then, for each k, 2* is a submani-

fold of A**1 and A¥ is of dimension N (k;m) A coordinate system is given by
{P118] < k}u{u? ||| <k, |a| < s+ 1}. We actually focus on the algebras
of smooth functions F(A*) and F(2), where A = Uy, A".

We can go back and forth from F(2() to F(J) and this is expressed with the
maps ¢ and 1 introduced in the next proposition. This latter is nothing else
than the statement that any differential invariants can be written in terms of
the monotone derivatives of Z5*! (Proposition 5.5).

Proposition 5.8 On one hand the ring morphism ¢ : F(UF) — F9I(JstF+1)
defined by

o(r*) =D(tx) and  ¢(uz) = D*(tup), for all « € N™ and |3| < s+ 1,

is surjective.

On the other hand there exists a ring morphism 1 : F(J*T1Hk) — F(AF) such
that ¢ o ¥(u,) = tu,. We can furthermore choose ¥ so that ¢ (x;) = 1 and
P(ug) =ul, for |a] < s+ 1.

4 The difficulty, and major difference, compared with the case considered for in-
stance by [Kolchid ([973) or [Yaffd (B001)) is that the coefficients of the commutation
rules are themselves in the polynomial ring to be defined as opposed as to be in the
base field.

5 We shall simply think of them as open subsets of R for the right I.
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In other words, 1 (u,) is a function that allows one to rewrite tu,, in terms of
the monotone derivatives of Z**1.

We proceed now to define on F(2) the derivations ®1,...,9,, that will turn
¢ into a differential morphism.

Definition 5.9 Consider the maps ¢ and v as in Proposition 5.8. We define
the formal invariant derivations ., ...,D,, from F(A¥) to F(A*1) by the
following inductive process:

3, ifi < f(B)
ngi(zﬁief) + Zciﬂ@l(gﬁfef), where f = f(8), otherwise,

=1

9;(3”) =

where

e ; ranges over the differential indeterminates {g,...,r,,}U{u,||o| < s+1}

o ciji = Y(Nij) € F(AY), for all 1 <, j,l < m, where {A;ji}1<iji<m are the
commutator invariants defined in Proposition 3.8.

Endowed with the derivations (Dq,...,9,,), F(2) is the differential algebra
of monotone derivatives of T5*1.

Taking the notation D% = D ... D% of Definition 5.1 we have D%(3%) = 3“
but in general D% (37) # 327, unless I(a) < f(3). We nonetheless have the
following property® that allows to show that ¢ is a differential morphism,
thus justifying the definition of the formal invariant derivations. The proofs of
the two next results are reasonably straightforward inductions exploiting the
definition of the derivations.

Lemma 5.10 ©°(3%)—3° € F(QUoP=Y) forany; € {x,,..., 1, }U{u, | |a| <
s+ 1}.

PROOF: By definition of the derivations @, this is true whenever « or (3 is zero

and when [(«) < f(f). It is in particular true when [(o) = 1 or f(3) = m.
The result is then proved by induction along the well-founded pre-order:

ﬁ,-<f501‘
f(B") = f(B) = f and B} = By and o </

g =<0 <

6 which is expected for a differential elimination theory.
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and
, l(a) < l(a) or
o <] =
(o) =1(a) =1 and o] < o.

Assume the result is true for all (¢/, ") < («, 3). We only need to scrutinize
the case [ = l(a) > f(B) = f. By definition of ® then:

D7) =D (9,2,679)) + X apD,(" ).
k

We have 3—¢; <; (3 and thus, by induction hypothesis, D, (3°¢/) = 37~/ T+
F where F € F(A), for all k, and in particular for k& = [. We apply then
the induction hypothesis on D ;(37~/*<) and on D (37*), observing that
B —¢€r+e <5 B whilea—¢ <0 O

Proposition 5.11 The map ¢ : F(A) — F9(J) defined in Proposition 5.8 is
a morphism of differential algebras i.e. po®, =D, 0 ¢, for all 1 < < m.

PROOF: We need to prove that

H(i )0 ¢(D;(%) = Dy(0(3%))

for all & € N™. If this is true for all |a| < k then ¢(D,(F)) = D;(¢(F)) for all
F € F(A¥). The proof is an induction along the well founded pre-order:

(G,8) < (i,0) < { 18] < |a or

|B| = |a| and j < 1.

H(i, ) is trivially true when « is zero or when i < f(«). It is therefore true
whenever ¢ = 1.

Assume H(j, ) holds for any (j,5) < (i,a). Only the case i > f(a) = f
needs scrutiny. We have D,(3%) = D, (D,(3%7%)) + Xk cipx®,,(3%7). Since

D,(337¢) € F(All) while f < i, the induction hypothesis implies that ¢ (’Df (Di(ga*f)))

Dy (¢ (D,(3%7)))- And since |a —ef| < [al, ¢ (Dy(377)) = Dy(0 (3*)), for

any k and in particular for k£ = i. Therefore
6 (D,(3") = DD, (%) + X AipsDy (66" ) -
k
This is equal to D, (¢(3*)) by Proposition 3.8. O

Example 5.12 We carry on with Example 2.13, 3.10 and 4.3.

The stabilization order was s = 1 and we took a cross-section of that order.
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According to Theorem 4.1, or Proposition 5.5, the set 7% below forms a gen-
erating set of differential invariants:

9 _ _ _ _ _ _ _ _
1= {L.Tl, L2, LU, LU10, LUOT, LU0, LU, Lu02}-

We accordingly introduce 2A° with coordinates

0. 00 ..00
2" <F1 , &g au007u107u017u207u117u02)

The coordinates on A* are the 37 where i + j < k and 3 ranges over the
differential indeterminates { ty, &y, Ugg, Uygs Uoys Uags g, Uog J-

A (oo ugh, b, ugh, wh, uit, uih), i+ <
Their images through ¢ : F() — F9(J) are the monotone derivatives of T*:
o(t7) = DiDy(ix1), 6(xs) = DiD3(ixs), d(ugh) = DiD3(cu),
¢(uiy) = DiDy(Tur), -, ¢(ugh) = DiDh(Tues).
Given that [DQ, Dl] = (Zum[qu + ZumZun) D2 - (ZumZUH + ZumZuOQ) Dl we
define on F (1) the derivations ®, and D, recursively as follows.
DY) =3,
D,(3™) =3,
Dy(3"1) = DD, (3") + (wiguis + ugiud)) Do (57) — (uiguiy + ugiugy) D:(3").

According to Proposition 5.11, ¢ 0 ®, = D, o ¢. We have for instance, with
a+b<2:

$(Dy(ugy)) = DyDyDy(Tuia)
while

6(D,(u31)) = Dy DD (i) = D D) (1) = By ).
5.3 Complete set of syzygies

As a rather immediate consequence of Theorem 3.6, the following differential
relationships hold among the first order derivatives of Z°*!:

D,(tz;) = ZKWL z;)), 1<i,5,<m
D,(tug) = Waye, — Z Kot (V,(ua)), la <'s
D;(tua) — D, (Tug) Z ug)) — Kial (V,(ua)), a+€6=0+¢;,
la| =B8] =s+1,
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where 6;; = 1 or 0 according to whether ¢ = j or not while ¢; was defined in
Notation 1.3.

The first two sets of equations describe how the invariant derivations act on the
elements of Z* in terms of Z°T!. The last set of equations describes the cross-
derivatives of the elements of 71\ Z%. The indices o and 3 and the derivations
D, and Dj are chosen so that u, and ug have a common derivative u, = uqye, =
ugyc;- The idea here is that there are more than one way to rewrite tu.,, in terms
of the monotone derivatives of Z**1: on one hand tu., = D, (tus)+ Kiat (V,(ua))
and on the other hand tu, = D,(tug) + >, Kjat (V,(ug)); both should be
equivalent.

Using the setting introduced in the previous subsection we formalize and prove
that those relationships form a complete set of differential syzygies for 75+
We actually prove the result for a subset obtained by restricting the range of
(i, 7) for the third type of relationships which bears on Z*7*\ Z¢. Indeed, some
of those relationships can be deduced from the others. More specifically, if we
write Tg‘; for this latter relationship and if v + €, = a + ¢ = (8 + ¢; then

a7i —_— a7i ﬁ?]
Toj =T — Thk-

Definition 5.13 Let ¢ : F(AF) — F9(J****+1) be as in Proposition 5.8. An
element of F(AF) is a (differential) syzygy on the monotone derivatives of T5+!
if its image by ¢ is zero on the cross-section in J*.

Since differential invariants are locally determined by their restriction to the
cross-section, this is the same as requesting that the image is zero on an open
set that contains the cross-section. Furthermore, by Proposition 5.11, the set
of syzygies is a differential ideal: if f is a syzygy then so is ©,(f), for all
1<1<m.

Theorem 5.14 Let s be greater or equal to the stabilization order” and
assume a cross-section is defined as the zero set of P = (py,...,p,;) : J* — R".
Let F(2) = Up>oF (A¥) be the differential algebra of monotone derivatives of
Z5+!, the normalized invariants of order s + 1.

Consider the map ¢ : F(A) — F9(J) defined by ¢ (z*) = D(ix), and
10) (ug) = D*(tug), Vo, f € N™, |3 < s+1. It is surjective and its kernel is a dif-
ferential ideal for the formal invariant derivations, ®,...,®,. (Definition 5.9).
Let o : F(J*T) — F(A°) be the morphism define by ¢(x) = 1°, 1(ug) = uj.
A generating set for the kernel of ¢ is given by the union of the three following
finite subsets of F(2A')

e R={p (" u)),....,p.(:%u)) } € F(A")

7 Under our assumption of a locally effective action on J?, the generic orbits in J*
are of the same dimension 7 as the group.
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e 6={5 [1<i,j<m}u{S, [la]<s 1<i<m} C FA') where

Sf;j =1 — 0 — Y U (K Va(x)))
a=1

and
Sia = uz - ungrei - Z w (KiaVOL(ua))
a=1

e T = {Téﬁ |18l =s+1and f(B) <i<m} C FA') where, with f = f(3),

TZ,B - ueﬁi B u;{ﬁz’*ef - le (Kiava(uﬁ—l—ei—sf) - KfaVa(u5)) .

The result is deduced from the following lemma. It shows that any monotone
derivative of Z5T! can be rewritten in terms of the normal derivatives modulo

GU%.

Lemma 5.15 For any o € N™ and |y| < s+ 1 there exists a linear operator
L3 of order la] =1 in ®q,...,9D,, such that, for f = a+ 7,

—ul - L2 (8,9) € F(a ),

u 3

«
v

PROOF: We consider first the case where |y| = s+1 and prove that there exists
a homogeneous linear operator Hy of order la] =1 in ©4,...,9,, such that

u® — ug - H3 (%) eF (A81=1). The proof is by induction along the following
well founded pre-order on N:

vl < 1]
=7 e § or |yl =] and i(y) <U(Y)
or [y| =yl and I =i(y) = I(7') and v <

Let Eg = {y'| |7/| = s+ 1, Ja' such that o/ ++' = 3}. Note that v € E3 and
that (3 is the minimal element of Ej according to <.

If I(o) < f(v) then § = a and § = ~ and the result needs no further argument.

Otherwise assume the result is true for all v/ € Ejg with 4" < 7. Let [ = [(«) >
f(v) = f. We have:

uy =D (u;l)

= D2 (4 + T+ S ¥ (Kol yi) = K paVa(us)))
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On one hand, the argument of 1) belongs to F(J**1) so that its image belongs
to F(2°). On the other hand D~ (uff,eﬁq) —u:j:;;:f c F(Al*=1) according
to Lemma 5.10. Thus

g —ul T — Do (T ) e Fallt),

Y—€epte
Since v — € + ¢ < v we can conclude our induction argument.

We are left to prove that, for all |y] < s and o € N, there is a p € N™ with
|u| =s+1—|y] and a differential operator Lj; such that

ul —uSel — Ly (&) e F(lh).

For that it is sufficient to lead an inductive argument on the fact that
« a—e € ueTe a—e l
=20 () = s+ 8L+ 30 (KVau)).

where [ = [(«). O

PROOF: (of the theorem). Taylor’s formula with integral remainder shows the
following (Bourbaki, [[967, Paragraph 2.5). For a smooth function f on an
open set U x I} x ... x I; C R¥ x R, where the I; are intervals of R that
contain zero, there are smooth functions fo on U, and f; on U x I{ X ... X I,
1 <i <lsuch that f(z,t1,....4) = folx) + iy t; fila, t,. .. t)).

Let us restrict the 2A* to appropriate neighborhoods of the zero set of &, T
and their derivatives. Take f € F(2A*1). By first applying Lemma 5.15 for
o+ 7| = k + 1, we can first write it as:

f(uwuy ) fl(ugauz’l)+ Z Lg,y(sz) in,

|oy|=k+1

where (7, o) range over |o + y| = k + 1 while (7', /) range over |o/ +7/| < k
so that § ranges over |3| = k + 1 and Fg € F (A1), We can iterate this
process on the uf;‘,/ , with |/ + /| =k, in f;. Induction then shows that

[ =F@)+ Y LR

la+v|<k+1

where now (a,7y) range over |+ | < k+ 1 and (§ over || < k + 1.
Thus ¢(f) = ¢(F). By Lemma 5.7, if f belongs to the kernel of ¢ then F is a
linear combination of elements of k. O
Example 5.16 We carry on with Example 2.13, 3.10, 4.3 and 5.12.
Recall that
0 0 0 0

o 0
a—xl, V2:— V =T =— +To—— — (Z—i—j)umﬁw

V, = ,
! 8372 oxr T1 61’2 i,j>0
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while P = (azl,:cg, T —2(udy + ugl)), so that

10w
= where v = —(u10u20 + U01U11) and w = —(U10U11 + U01U02).
01w

According to Theorem 5.14 a complete set of syzygies on I?, i.e. a basis for
the kernel of ¢ : F(A) — FY9(J), consists of the following elements.

R, the functional relationships implied by the choice of the cross-section.

1 1
0 8 5 -5 () + (G)?)

G, the relationships describing the derivations of the elements of Z°:

SIS 1% SZo
Sy, SZ !
Sago * U0 — 410, Sioo U0 — U017,
Saro * Wio — u9g +ujgo,  Si o ufp — i) +ujg o,
Sy Moy — w9y +uglo, 2 ugn — ugd -+ ug) o,
where
b= —ufpugy — ugy uf) = (v), W= —ufful) —ug ug, = P(w).

T, the relationships obtained by cross-differentiating the elements Z°1 \ Z°:

2 . ,,01 10 00

u20
72, - g - 2o+ 24
Yet from Theorem 4.2 we know that {tu, tv, tw} form a generating set. As tv
and tw are the coefficients of the commutation rules, we can perform a differ-
ential elimination to obtain a complete set of syzygies bearing on {tu, tv, tw}

(Huberd, P003, PO05H). We obtain:
@1(1’0) — @2(0) =0, @1(11)2 + ©2<U)2 =1.

6 Classical examples

We treat two very classical geometries, curves and surfaces in Euclidean 3-
space, in order to illustrate the general theory of this paper on well-known
cases.
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For surfaces we shall use the classical cross-section, show how the mean and
Gauss curvature relate to the exhibited generating set of differential invariants
and how the Gauss-Codazzi equation on the principal curvatures arises as the
SyzZygy.

For curves we shall choose some non classical cross-sections that can come of
use. We first illustrate Theorem 4.2 for a cross-section of minimal order that
is not a coordinate cross-section and therefore not covered by (R0OO7H).
The edge invariants are explicitly shown to form a generating set of differential
invariants and endowed with a rewriting procedure. The syzygies there are
trivial.

We then consider the cross-section introduced by (R00TH) to show that
the minimal order condition on the cross-section is necessary for Theorem 4.2
to hold, i.e. for the edge invariants to be a generating set of differential invari-
ants. There are then non trivial differential syzygies on the generating set of
normalized invariants. Elimination on those allows to diminish the number of
generators.

As should come clear from those examples, the only data we start with are the
infinitesimal generators of the action and a choice of cross-section. Of course,
the art of choosing the appropriate cross-section for a given application should
not be underestimated.

For the benefit of a lighter notation system, we skip the Gothic notation of
the formalism introduced in Section 5 when formalizing the notion of syzygies.
Therefore iu, will in turn represent a local invariant, i.e. an element of F9(J),
or the coordinate function uY of 2.

6.1 Surfaces in Euclidean geometry

We shall show how to retrieve the Codazzi equation as the syzygy between
the two generators for the differential invariants.

We choose coordinate functions (zy, zo,u) for R?* x R. We consider 1, x5 as
the independent variables and u as the dependent variable.

The infinitesimal generators of the classical action of the Euclidean group
SE(3) on R? are:

B ) B
0 __ 0 _ 0 __
8 Val 8.’171 ’ VQ 61’2 ’ 8\/3 3u’ 8 a
Vi=a1——u—=—,V} —u=—, Vg =2 —— — 1y —
! TR B L ML I ML I W



so that their prolongations are

0 0 0

V. =— V,=—_ V,= —
1 a 83:17 2 ax27 3 8u7 8
V,=> D*(z1 + ugouio) D Voo Dy, V5 => D22 + uoouor) . Voo Do,
[e% « o a a
VG =T D2 — T2 D1 -+ Z Da<l’2ulo — .§L’1U(]1) 67

Let us choose the classical cross-section defined by P = (21, x9, ugo, U109, Uo1, U11)-
The Maurer-Cartan matrix of Theorem 3.6 is

100 ZUQ(] 0 %

LU20 — LUp2

K=

010 0 fugy ——2

LU0 — LUp2

Applying Proposition 3.8 we have
L L
D, D))= — 2L p M2 p (6.1)

— — 1 — —
LU0 — LUp2 LU0 — LUp2

Given that rxq, txa, tugg, Lu1g, U1, tu1; = 0 the non zero elements of & in
Theorem 5.14 are

Sl = D1 (ZUQO) — ZUgQ, 5320 = DQ(ZUQO) — ZU21,

Sy = Di(tuge) — tuia, 5302 = Dy (tugz) — tugs,

while the elements of ¥ are

_ _ Zu12 -~ B
Tilg - DQ(LU12) - Dl(buog) — m (LU21 + LUO3),

_ _ LU B B
Tigo = Dy(tugy) — Dy (tugy) — m (Turg + tusp),

L9y LUg3 + LU1o LUZ0 — 2 Zu212 -2 Zu122

T2 = D2<ZU21) — D1<ZU12) — + (ZUQ(] — ZUOQ) LUp2 LU .-

Z’Ugo — ZU(]Q

Theorem 4.2 predicts that {tugg, tugg, tusr, tuie} form a generating set. From
S we see furthermore that all the third order normalized invariants can be
expressed as derivatives of {tusg, tuge }. This latter set therefore already forms
a generating set of invariants. Indeed, with Theorem 2.10, we can write the
Gauss and mean curvatures in terms of {iug, tuge} (Berger and Gostiauy,
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[98Y, (10.6.5)), ([vey_and Landsberg, R003, (1.3))

2
o= Uagtioz — Uy = LUgp LU
= = LUy LUo2,
(14 uiy + ugy)?

1(1+ u? —2 L+ uj !
T = 1 (1 + ugy Juso 10501U112+§( L = 5 (Cugo + Tugp).
2 (]_ + U7p + u01)2 2

Our generators {iugg, tuge} are thus the principal curvatures. Let us write
K = lugy and T = tuge. From & we have

ZU30 = ’Dl(/‘i), Lo = ’DQ(K/)’ LUy = Dl(T), and ZU03 = DQ(T).

Making the substitution in T we obtain

Di(T)

DQ(K/)

DyDy (1) — DiDo(1) — (Da(k) + Da(T))

DyDi(k) — DiDs(k) — —=2 (Dy(x) + Di(7))

_ Du(#) Di(r) + Do) Da(r) — 2 Do()” — 2Dy ()’

Di(x) - Di(r) 27

The two first functions vanish when one rewrites DyDy(7) and DDy (k) in
terms of monotone derivatives using (6.1). The last function provides the
Gauss-Codazzi equation ([vey and Landsberg, 003, Exercise 2.3.1).

6.2 Clurves in Fuclidean geometry

For this example we will first work with a cross-section of minimal order. The
edge invariants are then generating and submitted to no non trivial syzygies.
When we then use a cross-section that is not of minimal order, a non trivial
syzygie appears on the predicted generating sets.

We consider the classical action of SE(3) on space curves. We have JO =
X1 x U?* with coordinate (z,u,v). The infinitesimal generators of the action
are:

W=o, V=g, Vi=o

Ox o, o
Vo—vg—ua Vo—xﬁ—ua VO—IL‘Q—’UE
4 ou o’ P Tou  0x % Tov oz

+(k—T7)KT.



so that their prolongations are given by

0 0 0 0 0
V1—%, Vz—%, Vg_%a VA‘_;vkﬁ—uk_uk@—vk’
0 0
= —uyD D*(x — — - Y D* —
V5 Ug +; (I’ U Ul)aUk ; (UQ U1>8vk,
0 0
V6 = — D — zk:Dk:(UO Ul)a—Uk + ;Dk(aj‘ — U ’Ul)a—vk.

The action is transitive on J! and becomes locally free on J* with generic
orbits of codimension 1.

Minimal order cross-section

We choose a non classical cross-section of minimal order: P = (z, ug, vg, U1, V1, Vo —
ug). Then:

i(D(P)) = (1 00 tug tus t(vg — ug)) )

On one hand we know from Theorem 4.1 that Z° = {ix, tug, tuy, tvy, tus, tv3 }
is a generating set of differential invariants and rewriting any differential in-
variants in terms of them is a recursive process described in Section 4, or more
specifically by Proposition 5.5. One can check that the complete set of syzygies
on Z2 given in Theorem 5.14 boils down to R = {ix, tug, vy, tuy, L0y, Uy — s }
since & = {0} and T = 0.

On the other hand Theorem 4.2 implies that & = {tus, tw}, where w = v3—usg,
is a generating set of differential invariants. For the purpose of rewriting any
other differential invariants in terms of them we write every element of Z° in
terms of £.

From Theorem 3.6 we have D(tuy) = tuz — & tw since
Lw

K= (100 = g Lug)

LU9

T
while 7(V (uy)) = (o 00 us 0 o) . Thus

ZUQ = ZUQ, Zu3 = D(ZUQ) —+ %’ and Z’Ug = D(ZUQ) — %

Note that tus is a differential invariant of order 2 and is therefore a function
of the curvature, while 7(uz — v3), as a differential invariant of order 3 is
a function of the curvature x and the torsion 7. There are several ways to
compute the algebraic expression for tus, tus and w3 ([Fels and Olver, [999;
Hubert and Kogar], P0074,H). But conversely, given the analytic expression
for the curvature and the torsion (Berger and Gostiauy, [[98§, (8.4.13.1) and
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(8.6.10.2)) it is easy to write them in terms of tus, tug and vz thanks to

Theorem 2.10. B B
— LUz — LU3
pu— 2 2 pu— —_— .

k=1/2tu5, T i

Non minimal cross-section

We consider now the third order cross-section P = (z,ug, vg, v1,v2,v3 — 1).
(RO07H) introduced it to show that the minimal order condition is nec-

essary for Theorem 4.2.

As a consequence of Theorem 4.1, {tuy, tug, tus, tuy, vy} is a generating set
of differential invariants. According to Theorem 5.14 the following functions
form a complete set of differential syzygies.

14+ (T
D(Zlh) = LUy + _71 (—3 — Z’U4)
3 tuq

D(ZUQ) =2 ZUg — LUg LUy

4 T w2+ 1 4 wus®  tusiu
D(LU3):LU4—<§LU3+—2>W4+ - TR BT

LU Lo 3 Tusy LU
From the two first equations we can deduce tuz and v in terms of {tuy, tus}
and their derivatives. Substituting in the last equation we can do the same for
tuy so that {tuy, tus} is a generating set. Concomitantly, given their explicit
expressions, we can write the curvature and the torsion in terms of those
through Theorem 2.10:
3 1

" (1 + i)’ T (1 + tu?)’

7 Three independent variables

The indefinite orthogonal group O(mgy,ms) is defined as the subgroup of
G L(my+msy) that leaves the bilinear form z+.. .42, —a2 —...—22 ..
invariant. The groups O(mq, my) and O(my,mo) X R™*™2 arige as symme-
tries of physical differential systems. For instance, O(m, 0) x R™ is a group of
symmetry for the Laplacian, ug,., + ...+ gz, While O(m — 1,1) x R™ is
a symmetry group for the D’Alembert equation gy, — Ugpzy — - - - — Uz, z,, -

Their differential invariants of all orders were determined by Xy ([999).

In the case m = my; + my = 3 we offer here a classification of the generating
sets in the differential sense. As far as we know very few examples dealing with
three independent variables have been studied by a moving frame approach.
To provide those examples we have substantially applied our symbolic compu-
tation software AIDA ([Huberf, POO7H). The corresponding worksheet is avail-
pble athttp://www-sop.inria.fr/cafe/Evelyne.Hubert/aida/syzygies/|
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http://www-sop.inria.fr/cafe/Evelyne.Hubert/aida/syzygies/E3l.html
http://www-sop.inria.fr/cafe/Evelyne.Hubert/aida/syzygies/E3l.html
http://www-sop.inria.fr/cafe/Evelyne.Hubert/aida/syzygies/E3l.html

E31.html

7.1 Linear action of O(3 —1,1) on the independent variables

With the help of a parameter ¢ we shall treat both the orthogonal group
0(3,0) and O(2,1) at once. When we specialize ¢ = 1 we shall retrieve the
result for O(3,0) and when € = —1 we shall retrieve the result for O(2,1). The
moving frame approach was applied to this action of O(3,0) in ([Fels and Olvei,
[999, Example 15.3) which provides us with a double check while providing
the analysis for O(2,1).

From the knowledge of the infinitesimal generators for the action of O(3 —1,1)
and a choice of a (minimal order) cross-section we exhibit a complete set of
syzygies for the second order normalized invariants. This is a direct application
of Theorem 5.14. The set of second order normalized invariants is generating
but so is the much smaller set of edge invariants. This allows us to prove that
an alternative set of equal cardinality is also generating. This latter makes
computations easier. By differential elimination on the syzygies of the second
order normalized invariants we can retrieve a complete set of syzygies for this
new and smaller generating set.

Those above computations are performed without the knowledge of the moving
frame nor the explicit expression to the invariants. We nonetheless provide the
expressions for those latter elements for illustration.

7.1.1 Action

We accordingly define O(3—1,1), for [ = 0 or 1, as the subgroup of GL(3) that
preserves the bilinear form x? + 23 + e 3, where ¢ = (—1)". We consider its
linear action on the independent variables {x1, x5, x3}. The dependent variable
is left unchanged by those transformations.

The infinitesimal generators are then:

0 0 0 0 0 0
V=g — —0y — Vi=gs— — Vi =gs = — —_—
! 2 61’1 = 8372’ 2 s 8.’171 e 61’37 3 s 61’2 €2 8373
7.1.2 Generators

We choose the minimal order cross-section

P - :1:1:0, SL’QZO, qu:O.
The edge invariants: £ = {ixs, tugoo, Lo, LU110, LU101 } form a generating set
(Theorem 4.2). Furthermore, since ugg is invariant, and therefore V (ugg) = 0,

we deduce from Theorem 3.6 that tugg = Da(tuge) and tuge; = Ds(tugo). It
will be convenient to use the following set of generators:
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1 LU200 Luo01 U110 Lu101

p=——5 0=1lUgo, == —€ = =

— — — ) —_ b —
Lr3 Lup10 LUp10 LT3 LUp10 LUp10

as we can then write the matrix K of Theorem 3.6 as

¢p0
K=|¢0p

P 00

Huberf (R007d) actually shows that the entries of this matrix, the Maurer-

Cartan matrix, together with Z°, always form a generating set of invariants.
It is arguably a more appropriate generating set for practical purposes. Here,
for instance, it saves us dealing with denominators. We then deduce from
Proposition 3.8 that:

[D1,Ds] = ¢ D1 + ( Dy, [D1, D3] = pDy + 1Dy, [D3, Do) =1 Dy — pDs.

7.1.8  Syzygies

According to Theorem 5.14 a complete set of syzygies for Z? is given by:

and

‘ﬁ{ Lry = 0, Lry = 0, LU100 = 0,

Dl _.Tg) = 0, DQ(Z.T:;) = 0, ’D3<Z.§L’3) = 1,

tugoo) = 0,  Da(tugee) = tugro,  Ds(tugon) = Lugor,

I
<

S|

<
—
o
—

I

[\
e

|

=
o
=
—

= — U — 2 plugpr,

= —2( 119 — @ Luggo + @ Ligao + € p LUoi,

(¢uo11) (¢u002)
(u020) (cuon)
(tur01) — D1 (uon)
(tu101) (u002)
Dy(tur10) — D1 (tue0) = C tugoo — ¢ Lo — 2 @ Lurrg — € p Lutor,
(tur10) — D1 (uon)
(Zuz00) — D1 (Funno)
(Zuz00) (tur01)

= =29 tuy1o + ¢ Ltugrr — p Luzeo + € P LUooa-
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By differential elimination we can rewrite any normalized invariants of order
2 and less in terms of {p, 0,1, ¢,(} and find a complete set of syzygies for
those. The first part

LTy = 0, LTy = 0, LT3 = —, LUggp = O,

1
p
oo = 0, ugrg = Da(0), tuger = Ds(0),
tugoo = ¢ Da(0) + € pD3(0), tuig = ¢ Da(0), o = 9 Da(o),

LUy = D%(O‘) + Eng(O), LUp11 = DQDg(O’) — pDQ(O'), LUgo2 = Dg(O’)

allows us to rewrite any other differential invariants in terms of {p, 0,1, ¢, (}.
The second part provides a complete set of syzygies for {p, o, 1, ¢, (}:

Di(¢) — Do) = + ¢* + e p?,
Di(¢) — Ds(¢) =g p+ ¢,
D1(0> =0, Dl(p) =0, D2(p) =0, D3(p) = _p2

We observe that ¢ can actually be written in terms of {¢, 1, p, o} so that this
latter is already a generating set. The first two syzygies then become:

U (D) — DiD3(¢)) = Ds(¢)” + 2 D1 (¥)* — 3Dy (¥)Ds(8) + dp (2D3(¢) — 3D1(¥))
+1*Dy(p) + pD1(9) + % p* + € p* + ¢

since
Di(v) — D3(¢) — ¢p
1/1 )

(=

7.1.4  Generating differential invariants

For completion on this example, let us give the explicit expressions for a set of
generating differential invariants. We split that into giving the expressions for
{txs3, tugo1, tugip} as we can write {p, o, ¢, 1} in terms of them. To determine
{Txs, Tugor, tugro} we follow Hubert and Kogan| (20074,H) so as to compute
global invariants through algebraic elimination. We accordingly avoid intro-
ducing radicals by giving the algebraic combinations of {ixs, tugg1, tugro} that
are global invariants. The actual expression for {ixs, tugo1, tug10}, with sign
determination, should be deduced from those according to the point of the
cross-section in the neighborhood of which we wish to work. In this neigh-
bourhood ¢f and f must agree on the cross-section.
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Zx32 = x32 +exi?+ 6.%'22,

L3 tugpl = T3Uoo1 + T1U100 + T2U010,

3 tugo? = 212 (uoo12 + 6u0102) + z9? (uom2 + Eu1002) + x3? (uloo2 + U0102)
—2€x3x1U100U001 — 2 € T3T2UE1UO10 — 2 € T1T2 U100 U010,

132 Tug10%Tug00 = 217 (u0102U002 + uoo1 U020 — 2uoomonuow)
+x9% (ugo2t100® — 2 Ugo1u101U100 + U200t0012) + 3% (U200u010? + Uo20U100% — 2 U100U110U010)
—2ex3x1 (U100U001U020 + 1010107 — U110U001UO10 — UT00UOT0UO11 )
—2€x3m2 (U0111100% — U010U101U100 + U200U001 U010 — U100U110U001 )
+x21 (2u100U011U001 + 2 U010U101%001 — 2 U002U100U010 — 2 Ug01 *U110) 5

w32 Tugio turo = €12 (—u101u010 + Ur10uo01) — € T2? (U110Uo01 — Uo11100) + 32 (Wi01U010 — Uo11U100)
+x3 21 (U200U010 — € U002U010 + € U11UO0T — UT10U100)
+x3 w2 (U110U010 — U020U100 — € U101U001 + € U002U100)

—€T2T (u200u001 + Up11U010 — U020U001 — U101U100)

7.1.5 Invariant derivations

We can obtain an expression, depending on e for the moving frame of both
the action of O(3,0) and O(2,1). It is given by the matrix A, below

T3Up10 — €X2Upp1 €T1UO01 — L3U100 L2 U100 — L1UO10

Zuom Zl‘g Zuom Zl‘g [U()lo Zl‘g
Qe be Ce ;
€T €T T3
LT3 LT3 LT3

where
2 2
a (903 + €xo )Uloo — €X1 T2 Up10 — €1 T3Upo1
€ — —
5 5 L$32LU010
b — (237 + €x1°)ugro — €223 Ugpy — € T1T2U100
€ — —
5 5 LIL‘32LU010
o= € (22% 4 21%)ugor — T3 T1U100 — T3 T2 Ug10
. = — .
3% ug1o

When € = 1 the matrix belongs to O(3,0) so that A;* = A?. The invariant
derivations are then given by D = A;D. When € = —1 the matrix belongs to
O(2,1) and the invariant derivations are then given by D = A~TD.
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7.2 Affine action of O(3 —1,1) x R® on the independent variables

The action of E(3) = O(3,0) x R? was considered by Mansfield (R001) in the
context of the symmetry reduction for a differential elimination problem.

We show here that the differential invariants of second order are generating.
We provide a complete set of syzygies for a generating set of three second
order differential invariants.

7.2.1 Action

Compared with the action of O(3 — [,1) treated above, we have additionally
translation. The infinitesimal generators are then:

0 0 0 0 0 0
VW=gy— 21—, Vo=a3— —€x; —, Vi=103— —ex9 —
! 2 8.’171 = 61’2’ 2 s 8.’171 cn 61’37 V3 s 61’2 €2 8373’
Vo= vyl = i VO — i
4 61’1’ 5 61’2’ 6 61’3

7.2.2 (Generators

We choose the minimal order cross-section
P:xi=0,20=0,23 =0, uipo = 0, upro = 0, u110 = 0.

The edge invariants £ = {ZUOOO, ZU/QOO, ZUQQQ, Zulol, ZUQH, ZUQlo, Z’ulgo, [Unl} thus
form a generating set (Theorem 4.2). Furthermore, since ugq is invariant, and
therefore V (ugp) = 0, we know from Theorem 3.6 that tugy; = Ds(tuggo). It
will be convenient to use the following set of generators:

. _Lugoo _luoo Lu01 Lup11
U—LU000,¢—€7 ) =€z , K= = , T = )
LUpo1 LUpo1 LUpo1 LUpo1
r— LU200plUp11 — LU210LUQ01 A= LUp2plU101 — LUL20LUQ01 0 2 Tugy1tuigr — LUq11lUool
- — — — 9 - — — — 9 - — — —
LUpo1 (LU200 - LUOQO) LUpo1 (LU200 - LUOQO) LUpo1 (LUQOO - LUOQO)

as we can then write the Maurer-Cartan matrix K of Theorem 3.6 as

' ¢ 0100
K=1AO0O 4010
NQerxer 001
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We then deduce from Proposition 3.8 that:

D1, Dy) =TDy+ADy, [D1,Ds] =Dy +QDy — kDs,
[Dg,DQ] = QDl _wDQ —TDg.

7.2.8  Syzygies
According to Theorem 5.14 a complete set of syzygies for Z? is given by:

R { Lry = 0, LTy = 0, Lry = 0, LU100 = 0, L9 = 0, Lui1g = 0,

D (tuooo) = 0, D2 (tuoe0) = 0, D3(tugoo) = tugo,

D1 (tugor) = tuio1, D2(tugo1) = tuo11, D3 (Tugor) = tugo2,

D1 (tuz00) = tusoo — 2 ¢ € turor, Da(Tuggo) = Tuzio, Da(Tugno) = tugor — 2 k €*Tugo1,
Dy (tui01) = tugor — I' tup11 + ¢ fuge0 — ¢ € tugoz, D2 (tuio1) = tuinn — A tuort,

Ds(tur01) = tuioz — Qg + K € Tugon — K €2Tgpz,
D1 (tugz0) = tur20, D2 (Tuo0) = Tuogo — 2 € tugin, D3 (Tugzo) = +iuoar — 27 €2Tugr1
Dy (tupr1) = tuiny + I tuior, Do (Tugrr) = tuozr + A tugor + 1 tug2o — ¥ € tugoz,

Dy (tuor1) = tuorz + Qiuior + 7 € tugao — T €2TU002,

D (tugoz) = +iuioz + 2 ¢ tuor, Da(tupoz) = +iuoiz + 29 tugi,

'Dg(ZuOQQ) = +lugps + 2K €LtUp + 2T € Luo11,
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and

030

LU102

(Tuoz0) —
(tu102) —
Ds(tu102) —
(vur11) —
(tu

i) —

— — — — — 27 —
Dg(LU()lg) — DQ(AUQ()g) =0 102 + 2K €tuil + 27 €tugay — T €°LUQO3 — 31/1 Lup12,

Dg(ZU()Ql) — DQ(ZU(HQ) =2Qu111 + Keltuyog + Telugzg — 2T 62L_UO12 — A tuqoo

—21) Ttugzr + 9 € tugos,

DQ( ) =300 Lu120 — 37’6 LUQ21 — 2ALU111 — Ib LuUQ30 + 21/16LU012,
Dy (tuor2) = +29 tuinn — Atugrz — iugoe — 2 ¢ tuan,
D1 (tugo3) = —Qtuo12 + 2 K € lugor — K €2Tugo3 + 2T € urnr — 3 ¢ lupz,
D (tup21) = Atugor — ATugar + 1 tugog — 9 € tuoe — 21 tur11 — ¢ tug2o,
Dl( ) Q tuggr — Qiuger + K €lusig — K/EQZU(]12 + T etuyng

—7 €Tu102 — I tugge — 2 ¢ turiy,
Dl( ) 2AZu210 — AZUogo — 2¢ etugry — 3T L1920,
Dl( uO21) 20 Lu10 — Q Lup30 — IiEzL_U(pl — 27T 62Zu111 — 2T tuy11 — QSL_ulg(),
— D1(turnr) = Y iugio — 2 A turnn — I iugor + T luger — ¢ tugio + ¢ € tupiz,
Dl( ) = Kketuggy — 29 U111 — 2K €2 w102 + T €tugrg + I' Tugra

—2 ¢ Lugor + ¢ € Lugos,

— D1 (tu120) = Atugoo — 2 Atuizg — € tugor — 2T tugip + I tugso + ¢ € tugai

- Dy (Zuln) = Qtuzgg — 2Q tuysg — 2 /162[11,111 - T 62ZUQ01

—I"tugor + I' tuga1 — @ tuoig + ¢ € tupi2,

— D1 (tug10) = 2T turo0 + 2 p € tugnn — 3 Atugio — I' tusgo,

- Dy (ZUQ()l) =2d¢etuipgy — 3Qtusg — 3 HZGQZUQol 4+ 2T tuq11 — ¢ tusgo.

By differential elimination we can rewrite any normalized invariants of order
2 and less in terms of {Q, A, T',k, ¢, 7,1, 0} and find a complete set of syzy-
gies for those. It is nonetheless easier to obtain the syzygies for the Maurer-
Cartan invariants {Q, A, T, k, ¢, 7,1} from the structure equations (M d
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and van der Kamp, R000; Huberf, R0074). The first part

tugnr = Ds(0)
Lugge = ¢€D3(0), turgr = KD3(0), tugey = 1¥eD3(0), tugy = TD3(0), tugez = Di(0),
tugoo = €D3(0) (D1() + 3 k), tusio = €D3(0) (I'Y =T +79),
tuizg = €D3(0) (kY + AP — Ag), tuin = D3(0) (257 — Q2 + Q)

turoe = 2 KD3(0) + Dy(k)D3(0) + QD3(0) — ¢xDy(0),

tusor = ¢€eD3(0) + D3(0)Di(k) — €¢*Dy(0) + T'tDs(0) + £°Ds(0),
tugzo = €D3(0) (D2(¢) + 397),

tugar = D3 () + D3(0)Do(7) — epp*D3(0) — ArDs(0) + 7°D3(0),

tupiz = 27D5(0) + D3(7)Ds(0) — QkDs(0) — ¢¥7D3(0),

tugos = Di(0) — 2ex*D3(0) — 2em*Ds(0),

allows us to rewrite any other differential invariants in terms of {Q, A, ', k, ¢, 7,1, 0 }.
The second part consist of a complete set of syzygies for {Q, A, ', k, ¢, 7,9, 0}

Dy(I') = Di(A) = —eptp — T2 — A?

Di(Q2) —Ds(I) =QA+ oI+ Q+ o,

D3(A) —Dy(Q) =QT —p A — 7Q + Kk,

Dy(¢) = (=) T, Di(y) =¥ —9¢) A

Dy(k) =€) —p)Q—=TA+ KT, Di(1) =€) — ) QA+ kK + KT,
Ds(¢) — eDi(k) = €Tl —ek® — ¢,
Dy(7) — €D5(Y)) = K A+ 72 + €9,
Di(0) = 0, Dy(0) = 0.
We see that we can actually write the third order differential invariants {I", 2, A}

in terms of the second order differential invariants {¢, ¥, k, 7}, so that this lat-
ter is already a generating set.

_ TDi(¥) | Dsy(k) TR
=€ 5 € — €
W—-9¢) v-0 v-9¢
The coefficient of the commutation rules can now be expressed in terms of the
first order derivatives of {¢, 1, k, 7}. We can therefore still apply the differen-
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tial elimination of [Huber{ (B005H) to obtain a complete set of syzygies on the
generating set {¢, ¥, k, 7}. We obtain:

Dy(1) — e D3(h) = e® +7° + mpl(@/))
Di(k) — €Ds(¢) = € ¢ + K* — fpz(éf))a
D) |, Da(d)
D() DQ() w ¢+/€w_¢,
D3(0) - D) = LD DAODUS) L, DUSE DR,
5y _ DiDy(¢) |, Di(7)Di(¥) D3(¢)Da(¢)  Ds(v)Da(¢)
Di(1) — €DyD3(9) — +2 —, +2e€ — € o

DODA6) _y DIODAS) Do)’

857, T 58
—T¢_¢—27K¢_¢—Ew(¢ 2¢>)w 5 (1) +eTpp.

From the first equation we see that x can be written in terms of {¢, v, 7}.
Substituting the expression for x in the other three equations we obtain a
complete set of syzygies for those. As the expression grow considerably we do
not give them explicitly here.

We can actually compute the expressions for the normalized second order dif-
ferential invariants by algebraic elimination (Hubert and Kogan] (B0O07a,H)).
Alternatively [Fushchich and Yegorchenkd ([999); Ku (199§) provided a func-
tionally independent set of second order differential invariants for this action.
They can be easily rewritten in terms of Z2. With additional manipulation we
can then find the expression for our generating set.
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