Smooth and Algebraic Invariants of a Group
Action: Local and Global Constructions.

Evelyne Hubert Irina A. Kogan
INRIA Sophia Antipolis North Carolina State University
www.inria.fr/cafe/Evelyne.Hubert www.math.ncsu.edu/"iakogan

Submitted for publication January 2006

Abstract

We provide an algebraic formulation of the moving frame method for
constructing local smooth invariants on a manifold under an action of
a Lie group. This formulation gives rise to algorithms for constructing
rational and replacement invariants. The latter are algebraic over the field
of rational invariants and play a role analogous to Cartan’s normalized
invariants in the smooth theory. The algebraic algorithms can be used for
computing fundamental sets of differential invariants.
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Introduction

Group actions are ubiquitous in mathematics and arise in diverse fields of sci-
ence and engineering, including physics, mechanics, and computer vision. A
central problem is to compute a generating set of invariants and the relations
(syzygies) among them. Algebraic invariant theory studies polynomial or ratio-
nal invariants of algebraic group actions [1, 17, 21, 41]. A typical example is the
discriminant of a binary form as an invariant of an action of the special linear
group. The differential invariants appearing in differential geometry are smooth
functions on a jet bundle that are invariant under a prolonged action of a Lie
group. A typical example is the curvature of a plane curve, invariant under the
action of the group of the isometries on the plane. Motivated by a wealth of



applications,' both algebraic and differential invariant theories have become in
recent years the subject of computational mathematics [46, 12, 14, 10, 31]. Dif-
ferential invariants are intimately linked with physics, and more generally with
the study of differential systems, while algebraic theories give proper setting to
symbolic algorithms.

The ambition of our work is to provide algebraic foundations to the moving
frame construction of differential invariants. The present paper deals with non-
differential aspects of the moving frame construction so that we avoid explicit
introduction of jet bundles. We provide a novel presentation of the moving
frame construction of Fels & Olver [12] for local smooth invariants (Section 1).
It applies to a more general class of actions. For this presentation we can provide
a parallel algebraic construction (Section 2) that produces algebraic invariants.
Note that classical differential invariants, like curvarures, are algebraic functions
and we use algebraic invariants accordingly. The parts concerning the smooth
and local construction on one hand and the algebraic and global construction
on the other hand can be read independently, one shedding light on the other.
We then show that the algebraic setting offers a computational solution to the
geometric construction (Section 3). Two geometrical examples illustrate the
application of our algebraic approach to the computation of the fundamental
set of well known differential invariants (Section 4).

In the differential geometric approach we consider actions of Lie groups on
smooth manifolds. We assume the action to be semi-regular, i.e. that all orbits
have the same dimension. We consider the class of locally smooth functions, that
is, functions which are smooth on some open subset of the manifold. The local
invariants are locally smooth functions invariant with respect to transformations
by the elements of the group close enough to the identity.

In the algebraic setting we consider rational actions of algebraic groups on an
affine space. We consider rational and algebraic functions. Algebraic invariants
are understood as elements that are algebraic over the field of rational invariants.
To connect the smooth and the algebraic approaches we consider rational actions
of real algebraic groups.

In both settings we construct tuples of invariants that have replacement proper-
ties and known relations on their components. The replacement property means
that we can rewrite any other invariants in terms of the components of the tu-
ple by a simple substitution of the coordinate functions by the corresponding
element of the tuple. This thus provides canonical representations for invari-
ants. Both constructions rely on a choice of a cross-section to the orbits. The
cross-section can be chosen with ample freedom, and it determines the relations
on the constructed invariants. It is shown that invariants can be identified with
the functions on the cross-section. The invariantization process is based on this
identification. It is a projection from the set of functions to the set of invariant
functions.

IHere are a few reference in different application fields that can serve as pointers:
(33],[34],[6], [14],[30], [4].[43], [38],[10, Chapter 5]



In the geometric approach (Section 1) we start by defining the invariantization
process from the choice of a cross-section. We show that the local invariants
can be identified with the functions on the cross-section. The invariantization
of a function is then the local invariant that has the same restriction to the
cross-section as the function. Invariantized coordinate functions are showed to
have the replacement property, and to contain a fundamental set of invariants.

In the algebraic setting (Section 2) we start by defining the replacement invari-
ants as tuples of algebraic invariants. They depend on the cross-section. They
are the zeros of the graph-section ideal, i.e. the ideal of the intersection of a
generic orbit with the cross-section. The graph-section ideal is proved to be
prime when considered over the field of rational invariants. We can then de-
duce that the field of algebraic invariants is isomorphic to the field of algebraic
functions on the cross-section. The isomorphism is computable by algebraic
elimination. This is the basis of the invariantization process.

In Section 3 we show how algebraic invariantization, for which we provide an
algorithm, gives a computational solution to smooth invariantization in the
case of a rational action of a real algebraic group. This provides an explicit
connection between Cartan’s moving frame method for the construction of local
invariants [5, 20, 18, 12], and the algebraic theory for rational invariants and
the algorithms to compute them [42, 41, 32, 23].

We conclude the paper with two geometric examples (Section 4). They illustrate
how a fundamental set of differential invariants can be computed using the
algebraic algorithms presented in the paper. The actions of the Euclidean and
affine groups on plane curves are investigated through the prolongation of the
action on the plane to the jet bundle. The Euclidean and affine curvatures,
which are algebraic functions, naturally arise in the replacement invariants for
those actions.

Background for the paper

Building on works [20, 24, 18], it was clearly established in [12] that Cartan’s
moving frame construction relies on a local group-equivariant map from a jet
bundle to the group itself, and that Cartan’s normalization procedure corre-
sponds to choosing a local cross-section to the orbits.? A moving frame map
defines an invariantization process. Invariantization of coordinate functions pro-
duces a set of normalized invariants, which contains a fundamental set. More-
over, any smooth invariant can locally be written in terms of the normalized
invariants by a simple substitution. There are two main drawbacks associated
with this construction. First, the local freeness® assumption on the group action
is necessary for the existence of the moving frame map. Although this assump-
tion is always satisfied on an open dense subset, when the action is prolonged
to the jet bundle of sufficiently high order, it becomes an obstacle when one is

2This equivariant map is called moving frame in [12], and is called moving frame map in
this paper.
3local freeness means that the dimension of each orbit equals to the dimension of the group.



interested only in the differential invariants of low order. Secondly, the proof of
the existence of a local moving frame map relies on the implicit function the-
orem and is non-constructive. The moving frame map might not be explicitly
computable.

Both difficulties are circumvented in Section 1 by defining invariantization as
a projection from the set of smooth functions onto the equivalence classes of
functions with the same value on the cross-section. We give a constructive
proof for the existence of a local coordinate cross-section through every point,
provided the action is semi-regular?. We show that in the case of locally free
actions our definition of invariantization is equivalent to the definition in [12].

An application of the moving frame method to classical invariant theory [1, 21,
46] was proposed in [37, 26, 3, 27]. In these works, however, the geometric
formulation of the method is used without adapting it to the algebraic nature
of the problem. A purely algebraic formulation of the moving frame method
opens new possibilities of its application in classical invariant theory.

Section 2 is an algebraic formulation of the moving frame construction. It can
also be seen as a constructive counterpart to results in [41]. It is closely related
to the constructions introduced in [23] to provide an algorithm for computing
a generating set of rational invariants. The cross-sections that we introduce
correspond to the quasi-sections in [41] and extend the notion of cross-section
that appears in [42]. We indeed associate to a cross-section a degree that is
the number of points of intersection with a generic orbit. Popov and Vinberg
[41] show that the field of rational functions on the cross-section is an algebraic
extension of degree d of the field of rational invariants. The field of algebraic
functions on the cross-section is thus isomorphic to the field of algebraic in-
variants. We retrieve this result through the use of the replacement invariants.
The new invariantization process provides a computational counterpart to this
isomorphism. The replacement invariants furthermore provide a generating set
of algebraic invariants with known relations among them and a canonical rep-
resentation of algebraic invariants.

Differential invariants play a crucial role in solving a variety of problems in
geometry and differential equations [29, 39, 20, 13, 25, 36]. The present paper
is actually part of a bigger project, in the line of [30, 22], where the algebra of
differential invariants and its application to differential elimination of symmetric
differential systems is investigated.

Outline of the paper:

In Section 1.1 we give a definition of a local action of a Lie group on a smooth
manifold. In Section 1.2 we define local invariants and discuss the existence of
a fundamental set of those. In Section 1.3 we show that a local cross-section
passing through any given point can easily be constructed. In Section 1.4 we
show that given a cross-section one can define an invariantization process, that
is a projection from the set of smooth functions to the set of local invariants. In

4semi-regularity means that all orbits have the same dimension.



Section 1.5 we show that invariantization provides a set of normalized invariants
from which we extract a fundamental set of local invariants. In Section 1.6 we
review the Fels-Olver invariantization process for free actions that is based on
the moving frame map [12]. We show that our cross-section-based definition is
equivalent.

In Section 2.1 we give a definition of a rational action of an algebraic group.
Section 2.2 discusses rational and algebraic invariants. In Section 2.3 we intro-
duce the graph of the action, the cross-section and the graph-section ideal. The
replacement invariants are defined, in Section 2.4, as the zeros of this ideal. In
Section 2.5 we prove that algebraic closure of the field of rational invariants is
isomorphic to the field of algebraic functions on the cross-section. In Section 2.6
we use the replacement invariants to define an algebraic invariantization map
that is computable by algebraic elimination.

In Section 3.1 we give an algebraic description of the moving frame map and
argue in favor of the cross-section based approach to smooth invariantization of
Section 1.4 as an appropriate setting for algebraic algorithms. We prove that
normalized invariants of Section 1.5 are local smooth representatives of the ele-
ments of the replacement tuple of Section 3.2 and that algebraic invariantization
provides a computational approach to smooth invariantization in Section 3.3.

In Section 4 we illustrate on classical examples how our algebraic construction
can be used to compute differential invariants.
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Szanto for discussing the ideas of the paper during the workshop ” Differential Algebra
and Symbolic Computation” in Raleigh, April 2004, sponsored in part by NSF grants
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discussion of the project and a number of valuable suggestions. The first author
would also like to thank Jean-Baptiste Pomet for his interest and the discussions. The
second author thanks Bojko Bakalov for the discussions of the paper.

1 Local invariants

We consider a local action of a Lie group on a smooth manifold and define local
invariants. A fundamental set of invariants is defined as a minimal functionally
generating set of invariants whose existence classically follows from Frobenius
theorem. We extend the notions of cross-section and invariantization of [12]
to semi-regular action. By basing the definition of invariantization directly on
the cross-section alone we remove the necessity of a free action. Besides that
allows a reformulation in the algebraic context in Section 2. The invariantization
process allows us to produce a set of normalized invariants, which contains a
fundamental set. Normalized invariants have the replacement property: any
invariant can be written in terms of them by substitution of each coordinate
function with the corresponding normalized invariant. We conclude this section



by making an explicit comparison with the Fels-Olver moving frame construction
[12].

In this section we consider real smooth manifolds. All statements and construc-
tions from this section are applicable to complex manifolds. In the latter case
all maps and functions are assumed to be meromorphic.

1.1 Local action of a Lie group on a smooth manifold

We consider a Lie group G, with identity denoted by e and dimension k, and
a smooth manifold Z of dimension n. Points on G and Z are noted \ =
(M-, M) and 2 = (Z1,..., 2,) while A = (Aq,...,\e) and z = (21,...,2,) de-
note the coordinate functions. We first review the necessary facts and terminol-
ogy from the theory of Lie group actions on smooth manifolds. Our presentation

is based on [16, 35].

DEFINITION 1.1 A local action of a Lie group G on a smooth manifold Z is a
smooth map g: Q@ — Z where Q0 D {e} x Z is an open subset of G x Z and g
satisfies the following two properties:

1. g(e,z) =z, Vz € Z.

2. g(fi,g(\, 2)) = g(fi- A\, 2), forall Z € Z and A\, ji € G s. t. (X, 2) and (fi- ), 2)
are in Q.

The orbit of z € Z is the image O of the smooth map gz: G — Z defined by
gz(A) = g(\, 2). The domain of gz is an open subset of G containing e.

For every point z € Z the differential dgz : TG|. — TZ|; maps the tangent
space of G at e to the tangent space of Z at the point zZ. The tangent space
TG|. can be identified with the Lie algebra g of G. If © € g then v(Z) = dgz(0)
is a smooth vector field on Z, called the infinitesimal generator of the G-action
corresponding to 0. The set of all infinitesimal generators for a G-action form a
Lie algebra, such that the map v — v is a Lie algebra homomorphism.

By exp(ev, 2): R x Z — Z we denote the flow of v. It is defined as the integral
curve of the vector field v with initial condition Z. Every point of the connected
component of the orbit O2 3 z can be reached from z by a composition of flows
of a finite number of infinitesimal generators.

Let ©1,...,7, be a basis of the Lie algebra of G. Then the infinitesimal genera-
tors vy, ..., v, span the tangent space to the orbits at each point of Z.

DEFINITION 1.2 An action of a Lie group G on a smooth manifold Z is semi-
regular if all orbits have the same dimension.

Throughout this section the action is assumed to be semi-regular. The dimen-
sion of the orbits is denoted by s.



1.2 Local invariants

We give definitions of local invariants and fundamental sets of those. We discuss
how the existence of a fundamental set of local invariants follows from the
existence of a flat coordinate system.

DEFINITION 1.3 A smooth function f, defined on an open subset U C Z, is a
local invariant if v(f) = 0 for any infinitesimal generator v of the G-action on

Uu.

Equivalently f(exp(ev, z)) = f(z) for all Z € U, all infinitesimal generators v,
and all real ¢ sufficiently close to zero. If the group G is connected, the function
f is continuous on Z, and the condition of Definition 1.3 is satisfied at every
point of Z then f is a global invariant on Z due to [35, Proposition 2.6]. In
what follows we neither assume f to be continuous outside of U, nor G to be
connected.

A collection of smooth functions f, ..., f; are functionally dependent on a man-
ifold Z if for each point z € Z there exists an open neighborhood U and a
non-zero differentiable function F' in [ variables such that F(f1,...,f;) =0 on
U. From the implicit function theorem it follows that fi,..., f; are functionally
dependent on Z if and only if the rank of the corresponding Jacobian matrix
is less than [ at each point of Z. We say that functions fi,..., f; are indepen-
dent on Z if they are not dependent when restricted to any open subset of Z.
Equivalently, the corresponding Jacobian is non-zero on Z except, possibly, on a
discrete set of points. As it is commented in [35, p85] functional dependence and
functional independence on Z do not exhaust the range of possibilities, except
for analytic functions. Throughout the section the term independent functions
means functionally independent functions. Finally we say that f1,..., f; are in-
dependent at a point zZ € Z if the rank of the corresponding Jacobian matrix is
maximal at z. Independence at Z implies independence on some open neighbor-
hood of this point. If I/ is an open subset of Z and f1,..., f,, are independent
at each point of Z, then these functions provide a coordinate system on .

DEFINITION 1.4 A collection of local invariants on U forms a fundamental set if
they are functionally independent, and any local invariant on U can be expressed
as a smooth function of the invariants from this set.

If the action is semi-regular and the orbits are of dimension s, a fundamental set
consists of n — s local invariants. The proof of existence of a fundamental set of
invariants relies on the following line of argument. The Lie algebra of infinites-
imal generators provides an integrable distribution® of smooth vector fields on
Z, whose integral manifolds are connected components of the orbits. For a semi-
regular action this distribution is of constant rank s, equal to the dimension of

5 An integrable distribution is a collection of smooth vector fields, whose span over the ring
of smooth functions is closed with respect to Lie bracket.



the orbits. It follows from Frobenius theorem that on an open neighborhood U
of each point there exists a coordinate system 1,...,Zs,y1,--.,Yn_s such that
the connected components of the orbits on U are level sets of the last n — s co-
ordinates [44, p. 262] and [35, Theorem 1.43]. Such coordinate system is called
flat, or straightening. The coordinate functions yi,...,yn_s are thus local in-
variants. Using the fact that they are part of a coordinate system, one shows
that they form a fundamental set (see for instance [35, Theorem 2.17]).

One can thus obtain a fundamental set by finding n— s independent solutions for
the system of linear, first order partial differential equations v;(f) =0, i = 1..x,
where v1,...,v, is a basis of infinitesimal generators. The invariantization pro-
cess described in Section 1.4 provides an approach for obtaining a fundamental
set of invariants that does not require integration. Invariantization, and there-
fore fundamental sets of local invariants, can be effectively computed either by
the algorithms of Section 2.6, in the case of a rational action of an algebraic
group (see Section 3), or by the moving frame method of [12], in the case of a
locally free action of a Lie group (see Section 1.6).

1.3 Local cross-section

We define local cross-sections to the orbits. We show that a local cross-section
passing through any given point can be easily constructed. As suggested in [12,
Section 4], the definition and results are generalized to semi-regular actions.

DEFINITION 1.5 An embedded submanifold P of Z is a local cross-section to
the orbits if there is an open set U of Z such that

- P intersects O2 NU at a unique point ¥z € U, where 02 is the connected
component of Oz NU, containing Z.

- for allz € PNU, OY and P are transversal and of complementary dimen-
sions.

The second condition in the above definition is equivalent to the following con-
dition on tangent spaces: T:Z2 =T:P ®T:05,VZ € PNU.

An embedded submanifold of codimension s can be locally defined as the zero
set of s independent functions. Assume that hq(2),...,hs(z) define P on U.
The tangent space at a point of P is the kernel of the Jacobian matrix Jj at
this point. As a basis of infinitesimal generators vy,...,v, span the tangent
space to the orbits at each point, the submanifold P is a local cross-section if
and only if the span of vq,...,v, has a trivial intersection with the kernel of Jj
on P. Equivalently:

the rank of the s X k matrix (”uj(hl-))j:l”“ =Jp -V equals to son P, (1)

i=1..s

where V' is the n X k matrix, whose i-th column consists of the coefficients of
the infinitesimal generator v; in a local coordinate system. In the next theorem



we prove the existence of a local cross-section through every point. The first
paragraph of the proof provides a simple practical algorithm to construct a
coordinate local cross-section through a point.

THEOREM 1.6 Let G act semi-regularly on Z. Through every point zZ € Z there
is a local cross-section that is defined as the level set of s coordinate functions.

PROOF: Let V be the n x k matrix of the coefficients of the infinitesimal genera-
tors vy, ..., v, relative to a coordinate system zp, ..., z,. The rank of V equals
to the dimension of the orbits s. Thus there exist s rows of V that form an
s X k submatrix V of rank s at the point z, and therefore it has rank s on
an open neighborhood U; > Z. Assume that these rows correspond to coordi-
nates z;,,...,2;,. Let (c1,...,c,) be coordinates of the point Z, then functions
hi =z, —¢Ciyy...,hs = z;, — ¢;, satisfy condition (1). The common zero set P
of these functions contains Z.

s

It remains to prove that there exists a neighborhood U > Z such that P in-
tersects each connected component of the orbits on U at a unique point. Let
T1,---,Ts,Y1,--->Yn—s be a flat coordinate system in an open neighborhood
Uz > Z. Due to [35, Theorem 2.17] y1,...,yn—s are independent local invari-
ants. We will show that functions z;,,...,2i,,¥1,...,Yn—s provide a coordinate
system an open set U = U; NUs containing Z. Without loss of generality we may
assume that {z;,,...,2;.} = {21,...,2s} are the first s coordinates. In terms
of flat coordinates z; = F;(x,y), i = 1..s, where F; are smooth functions on Us.
Since v;(y;) = 0 for i = 1.k, j = 1..n — s, then

. OF: r=1..s -

=1..k i =1..k

= (50) et )
T/ i=1.s

We note that (UZ(ZJ));zllz = V is s x s matrix of rank s at each point of

U. Matrix (vj(z,))’=; " also has maximal rank s on U. Therefore the matrix

r=1..s

(gf . ) is invertible on Y. By looking at the rank of the corresponding Jaco-
"/i=1..s

bian matrix in flat coordinates, we conclude that functions z1, ..., 25, Y1, ., Yn—s

are independent at each point of U, and therefore define a coordinate system on

Uu.

By construction all points on P have the same z-coordinates. Thus two distinct
points of P must differ by at least one of the y-coordinates. Since y coordinates
are constant on the connected components of the orbits on U, distinct points of
‘P belong to distinct connected components of the orbits. [J



1.4 Invariants as smooth functions on the cross-section

As introduced in [12], an invariantization process is a projection from the set of
smooth functions on U to the set of local invariants. A cross-section on U defines
an invariantization process: a local cross-section defines equivalence relationship
on the ring of smooth functions any class of which has a single representative
that is a local invariant. The present definition of the invariantization process
differs from the one in [12] in that it depends directly on the cross-section and
consequently does not require the action to be free.

DEFINITION 1.7 Let P be a local cross-section to the orbits on an open set U.
Let f be a smooth function on U. The invariantization tf of f is the function
on U that is defined by if(z) = f(2o) for each z € U, where zg = O2N P.

In other words, the invariantization of a function f is obtained by spreading the
values of f on P along the orbits. The next theorem shows that ¢f is the unique
local invariant with the same values on P as f.

THEOREM 1.8 Let a Lie group G act semi-regularly on a manifold Z, and let
P be a local cross-section. Then tf is the unique local invariant defined on U
whose restriction to P is equal to the restriction of f to P. In other words

tflp = flp-

PROOF: For any z € U and small enough e the point exp(ev, z) belongs to
the same connected component OY. Let zp = O2 N P. Then if (exp(ev,z)) =
f(z0) = 7f(2), and thus 7f is a local invariant. By definition 7f(Zy) = f(Zo) for
all 2, € P.

In order to show its smoothness we write Zf in terms of flat coordinates z1, ..., zg,
Yls---,Yn—s. DBy probably shrinking i/, we may assume that P is given by
the zero-set of smooth independent functions Ay (1, ..., Ts, Y1, -+ Yn—s)s-- -
hs(®1,. .., s, Y1, -, Yn—s). From the transversality condition (1) and local in-
variance of y’s, it follows that the first s columns of the Jacobian matrix J;, form
a submatrix of rank s. Thus the cross-section P can be described as a graph
21 = p1(Y1y - Yn—s)s---sTs = Ps(Y1, -+, Yn—s), Where p1,...,ps are smooth
functions. Then the function

Zf(wh o Ty Yty 7ynfs) = f (pl(y1> e 7yn78)7 e 7ps(y17 e 7yn75) sy Y1y .o 7ynfs)
is smooth, as a composition of smooth functions.

To prove the uniqueness, assume that an invariant function ¢ has the same
values on P as f, then the invariant function h = 7f — ¢ has zero value on P. A
point z € U can be reached from zy = P N O by a composition of flows defined
by infinitesimal generators. Without loss of generality, we may assume that it
can be reached by a single flow zZ = exp(ev, %), where exp(ev,zg) C 02 for all
0 < e <e. From the invariance of h it follows that h (exp(ev, Zp)) = h(Z) = 0.
Thus ¢q(2) =tf(2) on U. O

10



Theorem 1.8 allows us to view the invariantization process as a projection from
the set of smooth functions on U to the equivalence classes of functions with
the same value on P. Each equivalence class contains a unique local invariant.
The algebraic counterpart of this point of view is described in Section 2.6.

The invariantization of differential forms can be defined in a similar implicit
manner. It has been shown in [12, 28] that the essential information about
the differential ring of invariants and the structure of differential forms can be
computed from the infinitesimal generators of the action and the equations that
define the cross-section, without explicit formulas for invariants.

1.5 Normalized and fundamental invariants

The normalized invariants are defined in [12] as the invariantizations of the
coordinate functions. They are proved to have the replacement property: every
invariant can be rewritten in terms of them by substituting coordinates functions
by the corresponding invariants. Since our definition of invariantization differs
from [12] we restate and prove the replacement theorem. We then show that a
set of normalized invariants contains a fundamental set of local invariants.

In the algebraic context the set of normalized invariants corresponds to a re-
placement invariant defined in Section 2.6. This correspondence is made precise
by Proposition 3.6.

All results of this subsection are stated under the following assumptions. The
manifold P is a local cross-section to the s-dimensional orbits of a semi-regular
G-action on an open U C Z. The corresponding invariantization map is . The
set U is a single coordinate chart on Z with coordinate functions z1,...,z2,. By
possibly shrinking &/ we may assume that P is the zero set of s independent
smooth functions.

THEOREM 1.9 If f(z1,...,2,) Is a local invariant on U then f(iz1,...,0z,) =
f(Zl, ey Zn)

PROOF: Sinceiz1|p = z1|p, ..., 02n|p = zn|p, then f(Tz1,...,72,)|p = f(21,.. .,
Thus functions f(zz1,...,02z,) and f(z1,...,2,) are both local invariants and

have the same value on P. By Theorem 1.8 they coincide. [J

LEMMA 1.10 Let P be a local cross-section on U, given as the zero set of s inde-
pendent functions hy,...,hs. Then hy(tz1,...,12,) = 0,..., hs(t21,...,02,) =
0 on U. If for a differentiable n-variable function f we have f(tz1,...,12,) =0
on an open subset of U, then there exists an open set W C U such that WNP # ()
and at each point of W NP the functions f, hy, ..., hs are not independent.

PROOF: Since h(zz)|p = th(z)|p and both functions are invariants, one has

h(tz) = th(z) by Theorem 1.8. The latter is zero since h|lp = 0. Assume now
that there exits a differentiable function f and an open subset of V C U such

11



that f(zz1,...,72,) =0 on V. Then f(zz1,...,2z,) = 0 at every point obtained
from point in V by the action of an element in G. Thus there exists an open
W DV such that f(zz1,...,22z,) =0 on W and WN P # (. We conclude that
f(z1,...,2,) =0 0on PNW. In this case f cannot be independent of hy, ..., hs
at any point of P N W since otherwise this would imply that P is of dimension
less then n — s. OJ

THEOREM 1.11 Let P be a local cross-section on U. The set {tz1,...,1z,} of
the invariantizations of the coordinate functions z1, . . ., z, contains a fundamen-
tal set of n — s local invariants on U.

PROOF: Due to the implicit function theorem, after a possible shrinking ¢/ and
renumbering of the coordinate functions, we may assume that P is the zero set
of the functions hi(z) = 21 — p1(Zs41s- -5 2n)s -« - hs(2) = 26 — Ps(Zst1y -+ -5 2n)-
Therefore 721 = p1(T2s41, -+, 02n), -« -5 02s = Pk(LZs41, - - -, £2n) by Theorem 1.8.
From Theorem 1.9 we can conclude that any local invariant can be written in
terms of 72541, . . ., Lz,. For every differentiable non-zero (n—s)-variable function
f, the functions f(zs41,...,2n), h1(2),...,hs(z) are independent at every point
of U. By Lemma 1.10, 72541, .. ., 2, are thus functionally independent on &/. UJ

EXAMPLE 1.12 ROTATION. We consider the linear action of SO(2), the group of
2 x 2 orthogonal matrices with determinant 1, on R2. The action of an element
of the group is a rotation with the origin as center. The orbits are the circles
centered at the origin, and the origin itself. The action is thus semi-regular on
Z =R?\ {(0,0)}.

The positive z1-axis, P = {(z1,22)|22 = 0,21 > 0}, is a local cross-section on Z.
The invariantization of the coordinate functions are the functions tz; and tz
that associate to a point (Z1, Z2) the coordinates of the intersection of its orbit
of with the cross-section. Thus

121 (21,22) > (/22 + 22 and 129 : (21,22) — 0.

By Theorem 1.11, all local invariants can be written in terms of \/z% + 23.

EXAMPLE 1.13 TRANSLATION4REFLECTION. We next consider the direct prod-
uct of the additive group R with the two element group {—1,1}. This is a
one-dimensional Lie group with two connected components.

We take its action on the plane as translation parallel to the first coordinate
axis and reflection with respect to this axis. It is defined by
g: (Rx{-1,1}) xR? — R?
(A1, A2), (21,22)) = (21 + A1, Aaza).
The action is semi-regular on Z = R?. The z-axis is an orbit and outside of it

the orbits have two components consisting of two straight lines parallel to the
21-axis.
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For any smooth function h : R — R the manifold P = {(h(22),22) |22 € R}
is a local cross-section on Z: it intersects each connected component of an
orbit once. More precisely, the point of intersection of the cross-section and the
connected component of the orbit containing (z1, Z2) is (h(Z22), Z2). Therefore

Tz1 : (21,22) — h(z2) and Tzz: (21,22) — 2a.

According to Theorem 1.9, any local invariant f : Z — R thus satisfy f(z1,22) =
f (h(22),22). We can conclude here that f does not depend on z;. Note that
zo Is invariant under the action of the connected component of the group that
contains the identity, and therefore is a local invariant of the group action. It
is not a global invariant, however, as it is not invariant under the action of the
entire group.

The previous two examples illustrate that computing normalized invariants
amounts to finding the intersections point of a generic orbit with the cross-
section. The approach introduced in [12] and reproduced in the next section
allows to do this in a systematic manner.

1.6 Moving frame map

We show that the invariantization map described in Section 2.6 extends the
invariantization process described in [12] to the case of non-free semi-regular
actions. The latter is based on a local G-equivariant map p: Y — G from an
open subset U C Z to an open neighborhood of e € G. If the action is locally
free the existence of p is proved by the implicit function theorem. This theorem
is not constructive and therefore the map might not be explicitly computable.
We review the Fels-Olver construction, and prove that in the case of locally free
actions it is equivalent to the one presented in Section 1.3.

DEFINITION 1.14 An action of a Lie group G on a manifold Z is locally free if
for every point z € Z its isotropy group Gz = {\ € G|\ - Z = z} is discrete.

Local freeness implies semi-regularity of the action with the dimension of each
orbit being equal to the dimension of the group. Theorem 4.4 from [12] can be
restated as follows.

THEOREM 1.15 A Lie group G acts locally freely on Z if and only if every point
of Z has an open neighborhood U such that there exists a map p: U — G that
makes the following diagram commute. Here the map fi — fi- A\~! is chosen for
the action of G on itself, and X is taken in a suitable neighborhood (depending
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on the point of U) of the identity in G.

Uu
|
g

A
—_—

Q<—=8
h)

_

A

The map p is locally G-equivariant, that is p(A-Z) = p-A~! for A sufficiently close
to the identity, and is called a moving frame map. If P is a local cross-section,
then the equation

p(z)-z€P, (3)

uniquely defines p(Z) in a sufficiently small neighborhood of the identity. In
particular, p(Zp) = e for all Z5 € P. Reciprocally, a moving frame map defines
a local cross-section to the orbits: P = {p(2) -z | Z € U}.

In local coordinates, condition (3) provides implicit equations for expressing the
group parameters in terms of the coordinate functions on the manifold. The
local existence of smooth solutions is guaranteed by the transversality condition
and the implicit function theorem when the group acts locally freely. Since the
implicit function theorem is not constructive, we might nonetheless not be able
to obtain explicit formulas for the moving frame map.

In [12, Definition 4.6] the invariantization of a function f on U is defined as the
function whose value at a point zZ € U is equal to f(p(Z) - Z). Next proposition
shows that this definition of invariantization based on a moving frame map is
equivalent to Definition 1.7 given in terms of a cross-section. The advantage of
the latter definition is that it is not restricted to locally free actions.

PrROPOSITION 1.16 Let p be a moving frame map on U. Then

tf(2) = f(p(z) - 2).

PROOF: Local invariance of f(p(z) - 2) follows from the local equivariance of p,
i. e. for A sufficiently close to the identity:

Flp(N-2)-(A-2)) = f(p(2)A1 - (- 2)) = f(p(2) - 2).

Since p(z9) = e then f(p(Zo) - 20) = f(Zo) for all zy € P. Thus f(p(z) - 2) is
locally invariant and equals to f, when restricted to P. The conclusion follows
from Theorem 1.8. [J

EXAMPLE 1.17 ROTATION. We consider again the linear action of SO(2) de-
scribed in Example 1.12. A group element acts as a rotation in the plane with
the origin as center. The positive z1-axis, P = {(Z1, Z2)|z2 = 0,21 > 0}, is a lo-
cal cross-section on Z = R?*\ {(0,0)}. The associated moving frame map p takes
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a point (Z1,Z2) to the element of the group whose action is the rotation that
brings (z1, Z2) to the positive zj-axis. We described already in Example 1.12
the resulting normalized invariants.

In general though, when the geometry of the orbits is not simple, one relies on
a local parametrization of the group. Condition (3) can then be expressed in
terms of equations which are meant to be solved for the group-parameters.

More precisely, if ¢ : Q@ C G — R?, is a coordinate system on {2, an open set of
G that contains e, we introduce, often tacitly,

p=dop:U— R,

where the open set U is contained in the domain of definition of p. If the
local cross-section P is defined on U as the zero set of the independent smooth
functions hy, ..., hs then (3) translates into equations

EXAMPLE 1.18 ROTATION. We resume Example 1.12 using the usual local
parametrization of SO(2).

ot | —ma] — SO2)\{-Id}
0 cosf) —sind
sinf cosf )’
Then (3) becomes: z1 sinf + zo cos = 0. Taking in account that z; cos) —
2o sinf > 0, we obtain

—tan_l(z—f) for z1 > 0

—m/2 for z1 =0, 29 >0
p(z1,22) = - — tan_l(z—f) for z1 < 0,z9 >0

/2 for z1 =0, 20 <0

w—tan_l(g—f) for z; < 0,29 <0

In Section 3 we provide an algebraic approach to invariantization that applies to
rational actions. This example falls into this category if we consider the rational
parametrization of SO(2):

ot R — SO2)\{-Id}

-2 _
T+t2 T+22
t o= 2t 1-t2
T+2 T+¢2
Then
5 ) 0 when zog =0 and z1 >0
P \z1,22) = 21—/ 22422
1z7212 when z3 # 0
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In both cases the domain of definition of p is Z \ {(z1,0) | z1 < 0} while the
domain of definition of p is Z. Its expression is:

Z1 )
2, 2 2, 2
\/Zl +2z5 \/21 +z3
_ ) Z1
2, 2 2, 2
\/Zl +z3 \/Z1 +z3

From (7z1,129) = p(2) - z we retrieve

121 (21,22) /28 + 25 and 123 : (21, 22) — 0.

p(21, 22) =

EXAMPLE 1.19 SCALING. We consider the scaling action of the multiplicative
group R* on R?
g: R*xR? — R?
(N z1,22) —  (Az1, Aza).

The orbits consist of the punctured straight lines through the origin and the
origin itself. The action is free on Z = R?\ {(0,0)}.

The manifold P = {(1,22)|22 € R} C R? intersects each orbit of U = Z \
{(0,22) | 22 € R} once. It is a local cross-section on U. The condition (3)
becomes A z; = 1 and leads to the associated moving frame map

p: u — R
1
(Zl, 22) = I
The normalized invariants, i.e. the invariantizations of the coordinate functions,
are thus:

(21, 722) = g (p(z1, 22), (21, 22)) = (1, Z“') .

21

The invariantization of a function f on U is defined by tf(z1,22) = f(1, i—f) In
agreement with Theorem 1.8, tf is the unique smooth function that agrees with

f onP. In particular, for any local invariant f, f(z1,22) = f(1, 2).

If one is interested in having a local cross-section on the whole of Z we can
consider the unit circle P = {(21,22) € Z|2} + 25 = 1}. It intersects each
orbit of Z twice, but only once each connected component. The condition (3)
becomes \?(z% + 23) = 1. We have to choose the connected component of the
identity in G as the image of the moving frame map:

p: Z — RY,

The resulting normalized invariants are defined everywhere on Z, yet are invari-
ant only under the action of R, the connected component of identity in the

(21,22) —
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group:

(721, 722) i =
LZ1,lz29) = .
’ VA +2Z 2+ 2

EXAMPLE 1.20 TRANSLATION+REFLECTION. We resume Example 1.13 where
we considered the action of the direct product of the additive group R with the
two element group {—1,1} defined by

g: BRx{-1,1}) xR? — R?
(A1, A2), (21,22)) = (21 + A1, Aoza).

Outside of the z-axis, the orbits have two connected components. For any
smooth function h : R — R the manifold P = {(h(22), 22) | 22 € R} is a local
cross-section on Z,

Condition (3) becomes z1 + A1 = h(X222), and provides the moving frame map
defined by
p(z1,22) = (h(z2) — 21, 1),

which takes its values in the connected component R x {1} of the identity in G.

By Proposition 1.16 the normalized invariants are:

(tz1,122) = g (p(21, 22), (21, 22)) = (h(22), 22) -

In agreement with Theorem 1.8 Tz1 = h(z2) and iz = 29 are the unique smooth
local invariants that agree with z; and z5 on P.

The coordinate function zs is a local invariant (Definition 1.3) and all local
invariants can be written as smooth function of ze (Theorem 1.9). Note though
that it is not invariant under the full group.

Thus the moving frame map offers an approach to invariantization that is con-
structive up to the resolution of the implicit equations given by (3). We provide
an algebraic formulation of the moving frame map in Section 3.1. If one can
obtain the map p explicitly, the invariantization map can be computed using
Proposition 1.16. Even in this favorable case, the expression for p often involves
algebraic functions which can prove difficult to manipulate symbolically. The
purely algebraic approach proposed in Section 2.6 is more suitable for symbolic
computation.

2 Algebraic invariants

In this section we provide a global algebraic counterpart to the local smooth con-
struction presented in Section 1. It can be seen also as a constructive alternative
to [41].
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To a cross-section we associate a graph-section ideal. It is the ideal of the
intersection of a generic orbit with the cross-section. As such it is given as an
ideal in the polynomial ring over the field of rational functions. We show that
the field of definition of the graph-section ideal is actually the field of rational
invariants and that the ideal is prime over this field.

The replacement invariants are defined as the zeros of the graph-section ideal. A
replacement invariant is a tuple of algebraic invariants in terms of which rational
and algebraic invariants can trivially be written. It consequently generates, over
K, a field extension of the field of rational invariants. The ideal of the cross-
section is the set of relations among the components of a replacement invariant.
Accordingly the field of algebraic invariants is isomorphic to the field of algebraic
functions on the cross-section. The invariantization process introduced in this
section makes the isomorphism computable with an algorithm that is based
on algebraic elimination. In next section we shall see that the replacement
invariants are the analogues of the normalized invariants while the algebraic
invariantization provides a computational solution to smooth invariantization.

We shall assume in this section that the base field K is of characteristic zero and
K is its algebraic closure. The definitions we give attempt at being pragmatic
from a computational point of view and ready for use for an implementation
in a computer algebra system. In order to keep the presentations reasonably
self-contained, we included some proofs from [23].

2.1 Rational action of an algebraic group

We consider an algebraic group that is defined as an algebraic variety G in the
affine space K!. The group operation and the inverse are given by polynomial
maps. The neutral element is denoted by e. We shall consider an action of G
on an affine space Z = K.

Throughout the section A = (A\1,...,\;) and z = (z1,..., 2,) denote indeter-
minates while A\ = (Ay,...,\;) and Z = (Z;,...,%,) denote points in G C K/
and Z = K" respectively. The coordinate ring of Z and G are respectively
Klz1,...,2,] and K[A1,...,N]/G where G is a radical unmixed dimensional
ideal. By X - i we denote the image of (), i) under the group operation while
A~1 denotes the image of A under the inversion map.

In [41], a rational action of an algebraic group G on Z is a homomorphism from
G to the group of birational automorphisms of Z such that there is a rational
mapping G x Z — Z that agrees with it on some dense open subset. On an
open dense set of Z such an homomorphism can be defined by a rational map.
Because this latter rational mapping defines the action uniquely, we choose a
definition for a rational action that is closer to algebraic computations. Our
first condition actually imposes that we consider good actions.

DEFINITION 2.1 A rational action of an algebraic group G on the affine space
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Z is a rational map g: G X Z — Z that satisfies the following two properties

1. gle,z) =%2,Vze€ Z

2. g(fi,g(\, 2)) = g(jii - A\, 2), whenever both (\,%) and (ji - A, Z) are in the
domain of definition of g.

We may assume that the action is defined by rational functions with a common
denominator h. Let H = {1,h,h?,...} be the semi-group generated by h, then
H~'K[), 2] denotes the localization of the polynomial ring at H.

g\, z2) = (gl(;\,i),...,gn(j\j)) for gi,...,9n € H 'K[A1, ooy Ny 215+ -5 20)
(4)

We make the following additional assumptions about the group action

ASUMPTION 2.2 1. Forallz € Z, h()\, Z) € K[\] is not a zero-divisor modulo
G. This says that the domain of definition of gs: A — g(\, Z) contains a
dense open set of G.

2. For all X € Z, h(), z) € K[z] is different from zero. In other words, for
every element \ € G there exists Z € Z, such that (), z) is in the domain
of definition of g.

2.2 Rational and algebraic invariants

We base our approach on rational invariants. Algebraic invariants are elements
that are algebraic over the field of rational invariants. Such invariants arise in
differential geometry, as illustrated in Section 4.

A rational invariant is a rational function r : Z — Z which is constant along an
orbit: r(g(\, z)) = r(2) where defined. We give an equivalent definition that is
closer to algebraic computation and following [11, Section 2.1].

DEFINITION 2.3 A rational functionr € K(z) is a rational invariant if r(g(X, z)) =
r(z) mod G. In other word, if r = %, with p, q € K[z] of degree d or less, r is a
rational invariant if

h*(X, 2) (g(g(X, 2)) p(2) — p(g(N, 2)) q(2)) € G.

Basic results about rational invariants of a rational action are presented in
[41]. The set of rational invariants forms a field that we denote by K(2)¢. Its
transcendence degree over K is the codimension of the generic orbits of the
rational action. The number of generating rational invariants is thus at least
the codimension of the generic orbits. Though the emphasis of computational
invariant theory has been on polynomial invariants, rational invariants can also
be interesting in application as they separate generic orbits [42, 41].
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DEFINITION 2.4 An algebraic invariant is an element of the algebraic closure of

K(2)¢ that we denote K(Z)G.

G
We choose to write K(z) ~ and not K(z)¢ for aesthetic reasons, though the latter
can be considered as more appropriate.

In Section 2.4 we introduce replacement invariants as specific n-tuples of alge-
braic invariants. The rewriting of a rational or algebraic invariant in terms of
them is a simple replacement of the coordinate functions by the corresponding
elements of the tuple. The relationships on the components of a replacement
invariants are provided by the equations of the cross-section, defined in next
section. They can thus be chosen with a lot of freedom.

2.3 Graph of the action and cross-section

Central in the construction of [23] as well as in [32, 9, 42, 41] is the ideal
0= (G+ (Z_g()‘vz)))mK[sz]a

where Z = (Zy,...,7Z,) is a new set of variables and (Z — g(},z)) stands
for the ideal (Z1 — g1(\,2), ..., Zn — gn(A, 2)) that is defined in H K[\, z, Z].
The ideal G + (Z — g(),2)) is also considered in H~'K[\, z, Z]. Note that:
(G+(Z—-g\2)NK[\z Z] =G+ (hZ; — hgi(A, 2)): h*°. The variety of O
is the Zariski closure of the graph of the action’®

O={(z7)|INegst.Z =g(\,2)} C Zx 2.

The set O is the projection of the image of the rational map G x Z — Gx Zx Z
that associates (X, Z,g(X, 2)) to (X, 2). As the corresponding elimination ideal,
O is the ideal of O.

We mainly use the extension O¢ of O in K(2)[Z]. The ideal O¢ is unmixed
dimensional [41, Lemma 2.2]. Its dimension s is the dimension of the generic
orbits.

Geometrically speaking a cross-section of degree d is a variety that intersects
generic orbits in d simple points. We introduce a definition in terms of ideals as
it provides an algebraic way to test if a variety is a cross-section.

DEFINITION 2.5 A prime ideal P in K[Z] of codimension s defines a cross-
section to the orbits of the rational action g : G x Z — Z if the graph-section
ideal I¢ = O°+P of K(z)[Z] is radical and zero dimensional. If d is the dimension
of K(z)[Z]/I¢ as a K(z)-vector space, we say that P defines a cross-section of
degree d.

6By the standard definition the graph of a map ¢: A — B is a subset of A x B, and
therefore the graph of the map g belongs to G x Z x Z. We choose, however, to follow the
terminology of [41] and use the term the graph of the action for the projection of the graph
of gto Z x Z.
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The cross-section is the variety P of P. It intersects generic orbits transversally
in d simple points [23, Proposition 3.2]. By Noether normalization theorem, we
can always choose a generic affine space of codimension s as a cross-section [23,
Theorem 3.3]:

THEOREM 2.6 To each point (a;;)1<i<s,0<;j<n outside of an algebraic subset of
K5(+1) we can associate a linear cross-section to the orbits defined by

n
P = aio—ZaiijHSigs

Jj=1

Let us note here an algorithmic way to check that P defines a cross-section.
Testing transversality beforehand, as explained in Section 1.3, is nonetheless
worthwhile. An ideal of K(z)[Z] is zero dimensional iff its Grobner basis has an
element whose leading term is Zfli, for all 1 <4 < n [2, Theorem 6.54]. Besides,
Seidenberg criterion [2] provides a test for a zero-dimensional ideal to be radical.
The degree of the cross-section is then the finite number of terms that are not
multiples of the leading terms of the elements of the Grobner basis.

The key observation for our algebraic construction is the following theorem. The
part concerning O¢ can be considered as a constructive version of [41, Lemma
2.4]: there exists a basis of O° that consists of polynomials in K(z)“[Z].

THEOREM 2.7 The reduced Grébner basis of the graph ideal O¢ and the graph-

section ideal I¢ with respect to any term ordering on Z consists of polynomials
in K(2)¢[Z].

PROOF: We first prove that if ¢(z, Z) belongs to O then ¢(g()\, z), Z) belongs
to O¢ for all A € G. A point (2,7') € O if there exists ji € G s.t. 2 = g(fi, 2).
Then for a generic A € G, z/ = g(ii - A1, g(\,2)). Therefore (g(, 2),2") €
O. Thus if ¢(z,Z) € O then q(g(\ 2),2") = 0 for all (z,2') in O. By the
Hilbert Nullstellensatz the numerator of ¢(g(X, z), Z) belongs to O and therefore
q(9(A,2), Z) € O°.

Let @ = {q1,...,qx} be the reduced Grobner basis of O¢ for a given term
order on Z. From what precedes, ¢;(g(), 2), Z) belongs to O¢. It has the same
support” as ;. As ¢;(g(\, 2), Z) and ¢;(z, Z) have the same leading monomial,
¢i(g(\, 2), Z) — qi(2, Z) is in normal form with respect to Q. As this difference
belongs to O, it must be 0. The coefficients of ¢; are therefore invariant.

The union of a reduced Grobner basis of O¢ and P forms a generating set for
I¢ = O° + P. The coefficients of a basis for P are in K, while the coefficients
of a reduced Grobner basis for O¢ belong to K(2)¢. Since the coefficients of
a generating set for I¢ belong to K(2)%, so do the coefficients of the reduced
Grobner basis with respect to any term ordering. [J

"The support here is the set of terms in Z with non zero coefficients.
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The result was proved in [23, Theorem 2.13 and Theorem 3.5]. We repeated
the proof here so that the paper is self-contained. We furthermore show in [23]
that the coefficients of a reduced Grobner basis of I¢, or O¢, form a generating
set for K(2)“. A simple algorithm to rewrite any rational invariants in terms of
this generating set is described there as well.

EXAMPLE 2.8 SCALING. The multiplicative group, already considered in Ex-
ample 1.19, is an algebraic group defined by the ideal

G= (1 — )\1)\2) - K[)\l, )\2]

The neutral element is (1,1) and (ﬂl,ﬂg); (A1, A2) ! = (fig e, fiah1). We con-
sider the scaling action of this group on K2. It is given by the following poly-
nomials of K[A1, Ag, 21, 22]:

g1 =Mz, g2 =AMz
A reduced Grébner basis of O¢ is {Z> — 22Z1} and we can check that 2> is a

rational invariant (Theorem 2.7).

The ideal P = (Z; — 1) defines a section of degree 1: a reduced Grébner basis
of I* = O° + P is given by {Z1 — 1,2, — 22}. We can see that Theorem 2.7 is
verified.

The unit circle defined by P = (Z? + Z3 — 1) is a cross-section of degree two:
2
a reduced Grobner basis of I¢ = O° + P is given by {Z% — Zfﬁ, Zy — 27}
1 2
Theorem 2.7 is still verified.

EXAMPLE 2.9 ROTATION. The special orthogonal group, already considered in
Example 1.17, is an algebraic group defined by the ideal

G=(M\+X-1) CK[\;, A\l
The neutral element is e = (1,0) and (fi1, fiz)- (A1, Xo) ™1 = (fix Ay + fiadg, fia 1 —
fi1A2).
Its linear action on K? is given by the following polynomials of K[\1, A2, 21, 22

g1 =M 21— Aaza, g2 = A221+ A1 22

A reduced Grébner basis of O¢ is Q = {Z? + 72 — (224 23)}. The ideal P = (Z5)
defines a cross-section of degree 2: the reduced Grobner basis of I¢ w.r.t. any
term order is {Zs, Z% — (2% + 23)}. Theorem 2.7 is verified.

EXAMPLE 2.10 TRANSLATION4REFLECTION. We consider the algebraic group
K x {—1,1}. It is defined by

G = ()\% — 1) C K[/\1,>\2]
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This group has two components: G = (Ay — 1) N (Ay + 1). The neutral element

is (0,1) while (fi1, fi2) - (A1, A2) ™1 = (i1 — A1, fi2A2).
We consider the action of G on K2 as translation parallel to the first coordinate
axis and reflection w.r.t. this axis. It is defined by the following polynomials of
K[)\17 )‘27 21, ZQ]:

g1 =21+ A1, g2= Az

A reduced Grébner basis of O°¢ is Q = {Z3 — 23}. The ideal P = (Zy — Z»)
defines a cross-section of degree 2: A reduced Grébner basis of I¢ is given by
{Zl — Zo, Z22 - Z%}

This example is to be compared with Example 1.20. In contrast with the lo-
cal construction illustrated there, we produce here rational functions that are
invariant with respect to the entire group.

2.4 Replacement invariants

Given a cross-section P of degree d we introduce d distinct n-tuples of elements
that are algebraic over the field of rational invariants. Each n-tuple has an im-
portant replacement property: any rational invariant can be rewritten in terms
of its components by a simple substitution of the variables by the corresponding
elements from the tuple.

A reduced Grébner basis @ of I¢ = O° + P is contained in K(2)¢[Z] (Theo-
rem 2.7) and therefore is a reduced Grébner basis of 19 = I° NK(2)%[Z]. The
dimension of K(2)%[Z]/I¢ as a K(z)%-vector space is therefore equal to the
dimension d of K(z)[Z]/I¢ as a K(z)-vector space. Consequently the ideal I¢

has d distinct zeros whose components belong to K(z) [11, Proposition 2.15].

G G
We call such a zero a K(z) -zero of I¢. A K(z) -zero of I¢ is a K(z) -zero of
I¢ and conversely.
——G
DEFINITION 2.11 A replacement invariant is a K (z) -zero of I¢ = I°NK(2)%[Z],
ie. an-tuple & = (&1,...,&,) of algebraic invariants that forms a zero of I°.

Thus d replacement invariants £V, .. . £(@ are associated to a cross-section of
degree d. The name owes to next theorem which can be compared with the
Thomas replacement theorem discussed in [12, page 38] and revisited in this
paper as Theorem 1.9.

THEOREM 2.12 Let & = (£1,...,&,) be a replacement invariant. If r € K(z)¢

then r(z1,...,2n) =1r(&1,..., &) in K(2)

PROOF: Write r = £ with p, g relatively prime. By [23, Lemma 2.14], p(z) ¢(Z)—
q(z)p(Z) € O¢ C I°¢ and therefore p(Z) — 28 q(Z2) =p(Z) —r(2)q(2Z) € I°.
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Since & is a zero of I, we have p(§) — r(z)q(§) = 0. By [23, Lemma 3.6]
p(Z),q(Z) can not belong to P and therefore cannot be zero divisors modulo
I¢. Thus ¢q(§) # 0 and the conclusion follows. [

When the cross-section is of degree 1, there is a unique replacement invariant.
The dimension of K(z)[Z]/I¢ as a K(z) vector space is 1 so that, independently
of the chosen term order, the reduced Grobmer basis of I¢ is given then by
{Z; — ri(2)|1 < i < n}, where the r; € K(2)¢ according to Theorem 2.7.
The unique replacement invariant is thus (r1,...,7r,). Theorem 2.12 implies
then that K(2)¢ = K(ry,...,7,). A generalization of this fact appears in [23,
Theorem 3.6]: K(2)€ is generated by the coefficients of the Grébner basis of O¢
or I°.

EXAMPLE 2.13 SCALING. Consider the group action from Example 2.8. The
cross-section defined there by P = (Zy; — 1) is of degree 1. Since I¢ = (Z, —
Z2 Z2

1,75 — Z)’ the unique replacement invariant associated to P is £ = (1, Z) and

therefore K(2)¢ = K (2—2)

21

EXAMPLE 2.14 ROTATION. Consider the group action from Example 2.9. The
cross-section defined there by P = (Z5) is of degree 2. Since I¢ = (Zy, Z? —
(22 + 23)) the two replacement invariants associated to P are £+) = (0, £p),
where p is algebraic over K(z)¢ and defined by p? = (22 + 22).

EXAMPLE 2.15 TRANSLATION4REFLECTION. Consider the group action from
Example 2.10. The cross-section defined there by P = (Z; — Zs) is of degree 2.
Since I¢ = (7, — Z3, Z3 — 23), the two replacement invariants are £V = (2, 23)
and €? = (—22,—22). Though rational functions, their components are not
rational invariants but only algebraic invariants.

As an introduction to the next section, note that I¢ = (Z1 — z9, Zo — 29) N (Z1 +
29, Zo + 23) is a reducible ideal of K(z)[Z], while I€ = I° NK(2)%[Z] is a prime
ideal of K(2)¢[Z].

2.5 Algebraic invariants as functions on the cross-section

Let P be a cross-section of degree d defined by a prime ideal P of K[Z]. The
field of rational functions on P is denoted by K(P). It is the fraction field of the
integral domain K[Z]/P = K[P]. We use the replacement invariants to show

that K(P) is an algebraic extension of degree d of the field of rational invariants
K(2)¢

The field K(&), for any replacement invariant £, is an algebraic extension of
K(2)¢. Indeed K(2)¢ C K(€) and ¢ is algebraic over K(z)¢. This leads to the
following results.
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LEMMA 2.16 I¢ = I° NK(2)%[Z] is a prime ideal of K(2)%[Z].

PROOF: Let I and I® be prime divisors of I¢ in K(2)%[Z] and consider

replacement invariants £ and €3 that are m -zeros of I and I® re-
spectively. Due to Theorem 2.12 K(£®) = K(2)%(¢@). There is therefore
a K(z)%isomorphism K(2)%[Z]/I1%) = K(¢@) for i = 1 or 2. On the other
hand we have K(¢(?) = K(P) since P is the ideal of all relationships on the
components of £() over K [23, Proposition 3.4]. Thus

K(2)912)/TY 2 K(W) 2 K(P) 2 K(®) 2 K(2)¢[2]/1®.

We have an isomorphism between K(2)%[Z]/I") and K(2)%[Z]/I? that leaves
K(2)¢ fixed and maps the class of Z modulo I™") to the class of Z modulo I(?).
Therefore IV = I so that I¢ is prime. O

THEOREM 2.17 The field K(P) is an algebraic extension of K(2)% of degree d,
the degree of the cross-section P.

PROOF: For any replacement invariant ¢ we have K(2)¢[Z]/I¢ = K(¢) = K(P).
Since the dimension of K(2)%[Z]/I¢ as K(z)“-vector space is d, the field K(P)
is an algebraic extension of K(2)¢ of degree d. O

~

In particular if P is a cross-section of degree one we have K(P) 2 K(2)¢. In all

~

———G
cases we have the isomorphism K(P) 2 K(z) obtained in [41, Section 2.5] by
different means.

2.6 Algebraic invariantization

In this section we introduce invariantization as a projection from the ring of uni-
variate polynomials over K[z] to the ring of univariate polynomials over K(z)%.
It depends on the choice of a cross-section and is computable by algebraic elimi-
nation. As this projection extends to univariate polynomials over K(P) it can be

understood as the computable counterpart to the isomorphism K(P) = K(z)
that follows from Theorem 2.17.

The ideal of the cross-section P is taken alternatively in K[z] and in K[Z]. To
avoid confusion we shall use in this section P, and Pz to distinguish the two
cases. The localization of K[z] at P, is denoted by K[z]p. By [23, Lemma 3.6],
K(Z)G - K[Z]p

The first approach to algebraic invariantization that [12] suggests is to consider
a replacement invariant ¢ associated to P and the following chain of homomor-
phisms:
T e —G
Klzlp — K®P) — K(2) (5)
r(z) — r@@)+ P — 1§
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The restriction of 1¢ = ¢¢ om: K[z]p — K(2)  to K(2)¢ is the identity map by
Theorem 2.12. We call the image of a rational function r(z) € K[z]p under ¢
its &-inwvariantization.

If P is a cross-section of degree d there are d distinct associated replacement
invariants ¢, ... ¢@. The image t¢(r(z)) = r(€) depends on the chosen re-
placement invariant . This is not the case of the minimal polynomial of (&)
over K(2)¢ which depends only on P, as we shall see below. We therefore de-
fine the P-invariantization as a map taking a univariate polynomial over K[z]p
to a univariate polynomial over K(z)“. This second approach corresponds to
the definition of smooth invariantization given in Section 1.4 as is detailed in
Section 3.

DEFINITION 2.18 The P-invariantization ta of a monic univariate polynomial
a € K[z]p[(¢] is the squarefree part of]_[fl:1 (€W, ), where V). .. () are the
d replacement invariants associated to the cross-section P.

Readers familiar with computer algebra techniques can see that ta belongs
to K(2)¢[¢] with the following line of argument. The replacement invariants
€M@ are the d distinct zeros of the zero dimensional prime ideal I¢
of K(2)¥[Z]. By a transcription of the primitive element theorem, see for in-
stance [19, Proposition 4.2.2-3], they are thus the images by a polynomial map
V0 (P1(0),...,1n(0)) over K(2)€ of the roots 1) ... (D) ¢ mg of an
irreducible univariate polynomial of degree d with coefficients in K(z)¢. The
coefficients of the polynomial

d d

[Te€®,0) =] a@®),0)

i=1 i=1

are elements of the field extension K(2)% (M), ... 0(®) of K(z)“ that are in-
variant under all permutations of the (Y. By [47, Section 8.1] or [15, Theorem
8.15], that polynomial belongs to K(z)“[¢] and thus so does its squarefree part
e [47, Section 8.1].

For a Galois theory oriented reader the direct proof is provided below. By
definition 1o belongs to the extension K(¢M, ..., @), which we denote by
Ke. Due to Theorem 2.12 K¢ = K(2)9(¢W, ... ¢(@). In order to prove that
ta € K(2)¢[¢] we will show that this polynomial is preserved by the Galois
group of the extension K¢ D K(2)¢. We need the following proposition.

PROPOSITION 2.19 Let {¢M), ... (D} be the set of replacement invariants cor-
responding to the cross-section P of degree d. Then the field K¢ = K(f(l), . ,f(d))
is a splitting field of a univariate polynomial 3(z,¢) € K(2)¢[(] of degree d. The
Galois group of the extension K¢ D K(2)¢ permutes the n-tuples IO ICOR

PROOF: Due to the replacement Theorem 2.12 one has the equality K(¢(M)) =
K(2)¢(¢M). From Corollary 2.17 it follows that K(z)(¢(M)) is an extension of
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degree d of K(2)¢ for i = 1..d. Since K assumed to be of characteristic zero,
the components 59), R 7(3) of n-tuple £ are separable over K(z)G. Hence
there exists a primitive element §; € K(£(), such that K(¢) = K(2)% (M) =
K(2)%(6,), where 6, is a root of an irreducible univariate polynomial 3(z,¢) €
K(2)“[¢] of degree d [7, Theorem 5.4.1].

Let 0;;: K(€@) — K(¢U)) be the K(z)%-isomorphism induced by exchanging
€@ and €). Then 0; = 0j1(;) is a primitive element of the extension K(£()) 5
K(2)¢. Indeed, since 6; is the primitive element of K(2)%(¢M), for each i =
1..n, there exists polynomial ¢; over K(z)¢ such that 51‘(1) = ;(01). Since
oj1 is a K(z)%-isomorphism, it follows that {Z(J) = ajl(ffl)) = 0j1(¢i(61)) =
Yi(oj1(61)) = ¥;(0;) for i = 1.n. Thus 6; is a primitive element of K(¢()) D
K(2)%, and so K¢ = K(2)%(61,...,04)

In addition, we proved that n-tuples €1, ... @ are imagei of 4,...,04 under
the polynomial map ¢ = (¢1,...¢,) : K(z) — [K(z)u} , where the coefli-

cients of the univariate polynomials 11, ..., are in K(2)“. Since €W @D

are distinct tuples, then 61, ..., 60, are distinct elements of K(z) . We will now
show that 6;,...,0, are roots of the minimal polynomial 3 € K(2)“[¢] that
defines 6.

Indeed, since the field K(2)€ is fixed under o1, for j = 1..d, then so is the
polynomial §. Thus 6; = o0;1(61) are roots of the polynomial 3. It follows
that K¢ = K(2)%(01,...,04) is the splitting field of an irreducible univariate
polynomial 8 € K(2)%[¢] of degree d.

The elements of the Gal(K¢/K(2)) permute the roots 61, ...,604 of the poly-
nomial 3, and therefore it permutes the tuples ¢ = ¥(6;) for all j = 1..d.
O

COROLLARY 2.20 Let a(z,() € K[z]p be a univariate polynomial over K[z]p.
Then its P-invariantization ta is a polynomial over K(2)%.

PROOF: The Galois group of the extension K¢ D K(2)¢ induces permutations of
the n-tuples €M), ... ¢(@ . Thus the polynomial p(¢) = H?Zl (€@, ¢) € Ke[¢]
is fixed under Gal(K¢/K(2)“). Hence its coefficients belong to K(z)¢. By
definition t«v is the square-free part of p(¢), and hence it is also fixed under the
Galois group, since it has the same roots in K¢ as p(¢) itself [7, Proposition
5.3.8], and the Galois group permutes these roots. Thus its coefficients of t«
are in K(2)¢. O

The following properties follow directly from the definition of the map «:

1. A K(z)G—zero of 1B is a K(Z)G—Zero of a B(£™,¢) and conversely.

2. If 8 € K(2)¥[¢] then 13 = f3 since B(¢®),¢) = B(2,¢) by Theorem 2.12.

3. If « = mod P, then tov = 13 since the elements of P, vanish on all £,
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The last property shows that ¢ induces a map ¢ from the set of monic polyno-
mials of K(P)[¢] to the set of monic polynomials of K(2)“[(] s.t. + = ¢ o .

From the first property it follows that 3(¢(%), ¢) divides 13(z,¢) in K(£®)[¢] D
K(2)%[¢] when B(¢(),¢) is squarefree. Since K(P) = K(£(*) this amounts to
the following proposition that will be used in Section 3.3.

PROPOSITION 2.21 Let 3 be a monic polynomial of K[z]p[¢]. If 5 is squarefree
when considered in K(P)[¢] then it divides 15(z,¢) in K(P)[(], that is there

exists q(z, () € K[z]p[(] s.t. 18(2,¢) = q(2,¢)B(2,{) mod P,.

Also we recognize in the definition of the invariantization map the norm of
a polynomial in an algebraic extension [15, Section 8.8]. We reformulate the
results extending those of that text, namely:

- 18 can be computed by algebraic elimination.

, . — G
- if B(£™,¢) is the minimal polynomial over K(¢(9) € K(z)  of an element

in K(z) , then 3 is the minimal polynomial of this element over K(z)%.

The algebraic elimination to compute ¢3 can be performed by several tech-
niques. For a strict generalization of [15, Section 8.8] one could introduce a
resultant formula, as developed in [8]. We propose here a formulation in terms
of elimination ideals.

PROPOSITION 2.22 Consider a monic polynomial 8 in K[z]p[(]. Its P-invariantization
13 is the squarefree part of the monic generator of (I¢ + a(Z,¢)) NK(2)¢[(]
where a(z,() € K[z][¢] is the numerator of (3.

PROOF: The leading coefficient of a(Z,{) € K[Z][¢] does not belong to Pz, and
therefore it does not belong to I¢. Tt follows that (I¢+a(Z,¢))NK(2)9[¢] # (0)
since I¢ is zero-dimensional.

Let ¥(z,¢) be the monic generator of (I¢ + a(Z,()) N K(2)¢[¢]. We first
prove that (3 divides the squarefree part of v(z,(). The fact that v(z,() be-
longs to I¢ 4+ a(Z,¢) can be written as ~(z, C) = q(z Z,0)a(Z,¢) mod I¢
where q(z,Z,¢) € K(2)%[Z,¢]. Substituting £® for Z we have ~(z,¢) =
q' (2,69 ,0)B(EW,¢) where (2,6 ,¢) and ¢/(2,£@,¢) differ by the factor in
K[¢(®)] that distinguishes a(£®),¢) from B(£(®), (). Therefore all the factors
B(ED ) of 13 divide v(z,(¢). Since ¢f is the squarefree product of B(£(), () it
divides the squarefree part of v(z, ().

——G
Conversely, we prove that the squarefree part of v(z, () divides ¢8. The K(z) -
zeros of a(Z, ) + 1% are the (n+ 1)-tuples (€@, f; ;), where f; ;, 1 < j < deg 3,

are the roots of 3(¢€(, ¢). Since v(z,¢) belongs to a(Z, () + I its set of K(Z)G—
roots includes all the f; ;. Thus v and ¢ have the same set of roots. Therefore
the squarefree part of vy divides (3. [J
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Note that the monic generator of (I¢+a(Z, ¢))NK(2)%[¢] is the monic generator
of (I°* + a(Z,¢)) N K(2)[¢]. Indeed this latter is an element of the reduced
Grobner basis of (a(Z,¢) + I¢) w.r.t a term order that eliminates Z. It follows
from Proposition 2.7 that it belongs to K(2)¢[¢]. Therefore computations over
K(z) lead to the correct result over K(2)%.

The last proposition provides the computable counterpart of the isomorphism

—  ——C ———G
K(P) = K(z) , elements of K(P) or K(z) being represented by irreducible
monic polynomials over K(P) or K(2)¢ respectively.

PROPOSITION 2.23 Let « be a monic polynomial of K[z]p[(]. The polynomial
e € K(2)9[¢] is irreducible if and only if o is a power of an irreducible polyno-
mial when considered in K(P)[¢].

PROOF: Note that «(87), for 3, v € K[z]p[(], is the squarefree part of the
product ¢B¢y. So if « considered in K(P)[¢] is the product of two relatively
prime factors then v cannot be irreducible.

We can replace a by its squarefree part when considered in K(P)[¢] without
loss of generality and thus assume for the converse implication that «(z,()
is irreducible there. Let & € K]z][¢] be obtained from « by cleaning up the
denominators. Then &(Z, () is irreducible modulo I so that (a(Z,¢) 4+ I¢) is
prime. The monic generator ta of (a(Z,¢) +1¢) NK(2)[(] is thus irreducible.
g

The following example illustrates various properties of the P-invariantization
map .

EXAMPLE 2.24 SCALING. We return to the scaling action of Example 2.8 with
the unit circle as cross-section of degree 2. For Py = (Z? + Z3 — 1) we have

2
I¢ = (7% - zzzﬁ, Zy — 2 71) so that the two replacement invariants are
1 2
g(i) _ ZI:Zl ’ :I:ZQ )
VEEERVEEE
. . . . . 2 22
The invariantization of « = ( — z1 is ta = (* — P We have tao = ((+21)a+
1 2
2
Z%izg (22 + 25 — 1) = (( + z1)a mod P,. We obtained ta by computing the
2
reduced Grobner basis of the ideal (C — Z1, 27 — 577, Z2 — 2 Z1) with a term

order that eliminates Z1 and Zs. Note that, although « defines a polynomial

function, its invariantization defines two algebraic invariants + \/;{ng

The invariantization of f = (3 + (> + z2(+ 1is 18 =5 +2¢° + ¢+ 28 +
2 2

21250 (2 4 1. We have 18 = (3 4 (2 — 2¢( +1)3 mod P..

2 2
z7+z5
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In the next two instances the monic polynomial is equal modulo P, to a polyno-

a
mial in K(z) [¢]. As a consequence, the invariantization equals to the original
polynomial modulo P,

2
The polynomial v = ( — 27 is equal to its P-invariantization 1y = ¢ — 22222 =~
1 2

mod P,.

2, .2
z7+z5—1
. 22 C

The irreducible polynomial § = (? — - — z—z becomes a reducible modulo
2 2

2
21

P,: 0 =(*~7% mod P,. Its invariantization is thus reducible: 16 = (¢—21)(¢+

Z.

2) =4 mod P,.
22

3 Algebraic approach to smooth constructions

We establish a connection between the smooth and the algebraic constructions.
We show that the normalized invariants (Section 1.5) can be viewed as smooth
representatives of the replacement invariants (Section 2.4), and that algebraic
invariantization (Section 2.6) provides a constructive approach to smooth in-
variantization (Section 1.3). We start nonetheless by providing an algebraic
formulation of a moving frame map of Section 1.6 so as to point out the com-
putational advantages of our new algebraic approach.

To be at the intersection of the hypotheses of the smooth and the algebraic
settings we consider a real algebraic group, that is the set of real points of an
algebraic group defined® over R. It is a real Lie group [45, Chapter 3, Section
2.1.2]. Lie groups appearing in applications often satisfy this property.

The local action is given by a rational map that satisfies Assumption 2.2. This
guarantees semi-regularity of the action on an open set Z of R™ as the orbits of
non-maximal dimension are contained in an algebraic set defined by minors of
the matrix V' of (1), in Section 1.3.

It follows from Theorem 1.6 that, through every point of Z, there exist local
cross-sections defined by linear equations over R. Conversely, let P be an ideal
defined over R that defines a cross-section (Definition 2.5) and whose real and
complex varieties have the same dimension. Then for any point Z € ZNP where
the matrix (1) is of maximal rank, there is a neighborhood U on which P defines
a local cross-section, and such points are dense in P.

3.1 The moving frame map and ideal

In Section 1.6 we discussed how the condition p(2) - z € P leads to the moving
frame map p: Z — G that underlies the Fels-Olver construction. In this section

8This implicitly means that we know the ideal G (Section 2.1) from a set of generators
with coefficients in R.
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we define a moving frame ideal, which is an algebraic counterpart of the moving
frame map, and explain the advantage of an approach based on cross-sections.

In the algebraic setting the condition p(z) - z € P is described by the ideal
M = (Z —g(\2)+ G+ Pz)NK[z,\]l. Indeed, if (2,)) is a zero of M, in an
appropriate open set of Z x G, then \-zZ € P. The action is locally free if and
only if the extension M*¢ € R(z)[)] is zero dimensional. In this case, the smooth
zero F : U — G of M€, that is the identity of the group when restricted to P,

provides a moving frame map p on U.

EXAMPLE 3.1 SCALING. We return to the action of the multiplicative group
R* of Example 1.19. The multiplicative group R* corresponds to the algebraic
group G C R? defined by the ideal G = (A \g — 1), which insures that \; # 0.
The corresponding algebraic action is described by the ideal J = (Z1—M\121, Zy—
A122,>\1A2 — 1)

In Example 2.8 we first chose an algebraic cross-section of degree 1 defined by the
ideal Pz = (Z; — 1). The unique zero of the corresponding moving frame ideal
Me = (A — %, A2 — z1) defines the moving frame map p(z1,22) = (L,21): Z —
G. Note that on P the map p produces the identity of the group (1, 15. The map
p can be use to invariantize any function as described in Section 1.4. If f(z)
is a locally smooth function on Z, then tf(z) = f(g(p(z),2)). For instance,
the invariantization of the coordinate functions (z1,z2) produces normalized
invariants (izl, izg) =(1,2).

In Example 2.8 we also considered a circular cross-section of degree 2 defined

by the ideal Pz = (Z? + Z2 —1). The corresponding moving frame ideal M¢ =

()\1 — ﬁ/\g, A — (2 + zg)) has two zeros p*(z1, 29) = (i\/zfljzg’ +/22 + z%)
The condition that p produces identity of the group at the points of P leads to
the choice: p(z1,22) = (szlz%’ Vi + z%) The invariantization of the coordi-

21

22
s .
VA2 2+

nate functions g (p(z1, 22), 21, 22) produces normalized invariants <

EXAMPLE 3.2 ROTATION. We return to the SO(2)-action considered in Exam-
ple 1.17. This action is free on R? \ {(0,0)}.

In Example 2.14 we defined the corresponding algebraic action by the ideal
J = (Z1 — M21 + Aaza, Zy — Aoz — A122, M2 + A2 — 1) and chose the algebraic
cross-section P defined by Z; = 0. The corresponding moving frame ideal

2

e 22 2 21
Me= (A — 2002 L
(1 a (zf+z§)>

has two zeros so that the moving frame map is:
z

+ 2 21
21,%2) = + ’:I: .
prlarz2) < N W%w;)
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The cross-section P defines a local cross-section on two open subsets:
UT) =R2\ {(0,2) | 22 <0} and U =R2\ {(0, 22) | z > 0}.

Since pH) | pryytr = (1,0) is the identity of the group, the moving frame map
p=pH) onU). Similarly, p=)|prgs—) = (1,0) so that the moving frame map
p = p(f) on u(f)

The invariantization g (p(z1, 22), 21, 22)) of the coordinate functions (z1, z2) pro-

duces normalized invariants (0, VA + z%) on UH), and (0, -2+ z%) on
U,

EXAMPLE 3.3 TRANSLATION4REFLECTION. The action of the Lie group G =
R x {—1,1} defined in Example 1.20 by

g: G x R2 — R2
(A1, A2), (21,22)) = (21 + A1, A2 22),

where \; € R and \y = £1, is locally free on R?.

In Example 2.15 we chose the algebraic cross-section P defined by P = (Zy— 7).
The corresponding moving frame ideal M¢ = (/\1 — 2909 + 21, A\ — 1) has two
zeros pt(z1,22) = (=21 & 22, %1). The condition that p produces identity of
the group at the points of P leads to the choice: p(z1,22) = (—21 + 22,1). The
invariantization of the coordinate functions g (p(z1, z2), 21, 22) produces normal-
ized invariants (za, z2).

We note that in the all of the above examples we considered a one-parameter
locally free action, for which a local moving frame map p can be easily explic-
itly defined, and then the invariantization map and the normalized invariants
can be easily computed. The expressions for p often involve radicals, which
provides a problem when one intends to use them to compute invariantization
symbolically. Moreover, for non locally free actions, or even for more com-
plicated locally-free actions, finding a smooth representative for zeros of the
M*€ might be hard or impossible. Therefore it is computationally preferable
instead of working with ideal M = ((Z — g(\,2)) + G + Pz) N R[z, A], to use
the ideal I = ((Z — g(\, 2)) + G + Pz) NR[z, Z], whose extension I¢ € R(2)[Z]
leads to replacement invariants of Section 2.4, and the invariantization process
and the algebraic invariantization process of Section 2.6. The theorems of the
next section formalize the correspondence between the smooth and the algebraic
invariantization.

3.2 Normalized and replacement invariants
Rational invariants are obviously local invariants. We show that so are smooth

representatives of algebraic invariants. The following definition formalizes the
notion of a smooth representative of an algebraic function.
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DEFINITION 3.4 A smooth map F : U C Z — R* is a smooth zero of a set of
polynomials {p1,...,px} C R(2)[C1,...,Cx] if the coefficients of the p; are well
defined on U and p;(z,F(Z)) =0 for all Z € U. In this case we also say that F

is a smooth zero of the ideal (p1,...,Dx).
PROPOSITION 3.5 Assume F : U — RF is a smooth zero of {p1,...,p} C
R(2)%[C1, - -+, Ck). IF(p1, ..., px) is a zero dimensional ideal then the components

of F are local invariants.

PROOF: Let p € R(2)9[(], that is p(z,{) = Y ,cnn @a(2)C*, where aq(z) €
R(2)Y. Assume that p(z, F(2)) = 0 for all Z € /. For any z € U and an infinites-
imal generator v there exits € > 0, such that exp(ev, zZ) € U whenever |¢] < e.
Then p(exp(ev, 2), F'(exp(ev, 2))) = > enn @a(exp(ev, 2))F(exp(ev, 2))* = 0.
Since the coefficients a, are invariant ) yn aa(2)F(exp(ev,2))* = 0 for all
Z € U and small enough e. Thus for a fixed point Z all the values F(exp(ev, z))
for all sufficiently small ¢ are the common roots of the set of polynomials
{p1,...,px}- Since by the assumption the number of roots is finite, we con-
clude that F(exp(ev, z)) = F (exp(0v, z)) = F(2) and thus the components of
F(z) are local invariants. O

The replacement invariants are the R(z) -zeros of the zero dimensional ideal
I = (G+(Z —g()\ 2))+P)NR(2)%[Z]. According to the previous proposition
the smooth zeros of this ideal are local invariants. Such zeros exist: we show
that the tuple of normalized invariants (Section 1.5) is one of those.

THEOREM 3.6 Let P be an algebraic cross-section which, when restricted to
an open set U, defines a local cross-section. The tuple of normalized invariants
1z = (iz1,...,02,) is the smooth zero of the ideal I whose components agree
with the coordinate functions on P NU.

PROOF: Let Z € U be an arbitrary point, and let Zy be the point of intersection
of P with the connected component of Oz NU, containing Z. Then there exists
X in the connected component of the identity of G, such that Z, = AZ so that
(%,%0) is a zero of the ideal I = O 4+ P. By definition 72(Z) = Z, and therefore
(2,72(2)) is a zero of the ideal T for all z € U. Equivalently 7z is a smooth zero
of I¢. By Theorem 1.8 it is the unique tuple of local invariants that agree with
the coordinate functions on PNYU. O

Therefore the components of a replacement invariant not only generate algebraic
invariants but the components of its smooth representative also generate local
invariants.

EXAMPLE 3.7 ROTATION. We return to Example 3.2, that extends Exam-

ples 1.17, 2.9 and 2.14, to illustrate the relation between the replacement and
normalized invariants.
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The replacement invariants associated to the cross-section P = {(z1,22) | 22 =

G
0} are the R(z) -zeros of the ideal I¢ = (Zy, Z? — (2% + 22)).

The smooth maps FF) : R?\ {(0,0)} — R? s.t. FH) (2, 29) = (0,4+/27 + 23)
are smooth zeros of I¢. Their components are thus local invariants.

The manifold P defines a local cross-section on
U =R\ {(0,22) | z2 < 0} or UT) =R\ {(0,2) | 22 > 0}

As F) |5 = (21, 22), the tuple of normalized invariants are (0, /23 + 23)
on U, Similarly as F(—) |pru— = (21, 22), the tuple of normalized invariants

are (0, —+/22 4+ 22) on U(7).

EXAMPLE 3.8 TRANSLATION4REFLECTION. We return to Example 3.3 that
draws on Examples 1.20 and 2.15.

g: Rx{-1,1} xR? — R?
(A, A2, 21,22) = (214 A1, A 22).

with the cross-section defined by zo = z1. In Example 2.15 we found two re-
placement invariants associated to P: €¥) = (42, +25). They both correspond
to smooth maps F(&) : R? — R? the components of which are local invariants.

The manifold P is a local cross-section on U = R2. Only (22, z2) coincides with
the coordinate functions on P. The normalized invariants are thus (zq, z2).

3.3 Smooth and algebraic invariantization

In this section we link the smooth invariantization introduced in Section 1.4
and the algebraic invariantization introduced in Section 2.6. Recall that the
algebraic invariantization is a map that associates a univariate polynomial over
R(2)“ to a univariate polynomial over K[z]p (Definition 2.18).

THEOREM 3.9 Let P be a cross-section which, when restricted to an open set
U, defines a local cross-section. Let f : U — R be a smooth zero of a univariate
monic squarefree polynomial 3 € K(z)[¢]. The smooth invariantization tf of f
is a smooth zero of the algebraic P-invariantization 13 € R(2)%[¢] of 3.
PROOF: The polynomial ¢5(z,() = Ele bi(2)¢t, where b; € K(2)¢. Any point
Z € U can obtained from the point Zy € P by a composition of flows along
infinitesimal generators of the group action. The argument will not change if
we assume that Z = exp(ev, Zp) is obtained by the flow along a single vector
field. Then from the invariance of b;(z) and local invariance of 7f(z) it follows
that Vz e U:

k _ k
WB(2,1f(2)) = Y _ bi (exp(ev, 20)) f (exp(ev, 20))" = Y bi(Z0)if (20)" = 13 (Z0,1f (20)) ,

i=1 =1
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where zZy € P NU. From Proposition 2.21 it follows that (3 is divisible by
when restricted to P. Thus (t3(Zo, f(Z0)) = 0VZy € P NU, since B(Z, f(2)) =0
on U. Tt follows that 7f(z) is a smooth zero of a polynomial 73(z,¢) € K(z)9[(].
g

In particular if r(z) is a rational function that is well defined on U, then its
smooth invariantization 7r(z) is a smooth zero of the P-invariantization ¢(¢ —
r(2)) of the polynomial ¢ — r(z). To determine the right one we only need to
check that its restriction to P NU coincides with r(z).

4 Two geometric examples

We take two classical examples in differential geometry to illustrate the ma-
jor points of the algebraic construction we offer. We aim here at being ped-
agogical by reviewing well known cases and we reserve novel and challenging
computations for future work. We treat first the action of the Euclidean group
E(2) = 0(2) x R? on the second order jets of plane curves and then the action
of the special affine group SA(2) = SL(2) x R? on the fourth order jets of plane
curves.

EXAMPLE 4.1 E(2) ACTION ON CURVES IN R2. The group E(2) can be de-
fined algebraically by G = (a? + 32 — 1,62 — 1) C Ko, 8,a,b,¢]. The neu-
tral element is (1,0,0,0, 1), the group operation (¢, 3',a’,b',€) - (o, 8,a,b,€) =
(ad — BB, 08d" + af';a + ad’ — B ,b+ ad’ + ab e€’) and the inverse map
(o, B,a,b,€)7t = (o, =B, —ava — bB3, Ba — ab, ).

The variables x,yo,y1,y2 stand for the independent variable, the dependent
variable, its first and second derivatives respectively.

The rational action on R* we consider is given by the rational functions:

g1 =ax—Byo+a, g2=efr+eayo+0,
P o Y

o— Py’ g (v = PByr)3

We consider the cross section defined by P = (X, Yy, Y1). The reduced Grébner
basis of the graph-section ideal 1¢ = O¢ 4+ P is then

g3 =

2

Ys
X, Yo, Y, v2— %2 L
{ oo (1+y%)3}

The only non trivial coefficient, y3 (1 + y?)~3 is a rational invariant (Theo-
rem 2.7). We actually recognize the square of the curvature. The curvature
itself, like many other classical differential invariants, is an algebraic function.
It appears as a component of a replacement invariant. Indeed the two replace-
ment invariants associated to the cross-section are the tuples ) = (0,0,0,+k)
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where k is the algebraic function defined by

2
/€2:7y22 5
(1+yi)

For any rational invariant r we have the following equalities (Theorem 2.12).

T(Z‘, Yo, Y1, yQ) = T(O’ 07 07 K) = T(O’ 07 07 _K’)'

Let U = {((z,y0,y1,y2) € R* | yo2 > 0}. The algebraic cross-section contains
the local cross-section P = {(x,y0,y1,y2) € R* | 2 = yo = y1 = 0,92 > 0} for
U. The corresponding normalized invariants are

w=0, wyo=0, =0, ZyF(lfW
1

(Theorem 3.6). Thus for any local invariant f : Y — R we have (Theorem 1.9)

Y2
J(x,yo0,y1,92) = f (0’0’07 (1+y12)3/2> :

EXAMPLE 4.2 SA(2) ACTION ON CURVES IN R2. The group SA(2) is defined
by the ideal G = (ad — By — 1) C Ko, 8,7,0,a,b]. The neutral element is
(1,0,0,1,0,0), the group operation (/,3',7'¢',d’, V') - (o, 8,7, 0,a,b) = (¢’ +
Oy, B+ 086,y a+8v,v8+806,da+ f'b+ad,va+d'b+ 1) and the inverse
map (Ol, ﬂv s 5; a, b)il = (57 7ﬂa -, &, bﬂ - a5, ay — bOZ)

The variables x,yo, Y1, Y2, Y2, y4 stand for the independent variable, the depen-
dent variable, and up to the fourth order derivatives of the dependent variable
Yo with respect to x.

The rational action on R® we consider is given by the rational functions:

g1 = ax + Byo + a, g2 = vz + Byo + b,

oty 4o = V3t Blysyr — 345)
By +a’ (Byr + @)®’ (Byr +a)®
g = 2201593 = 1091925 + yiva) + 0B(2y19s — 10923) + o’ys

(By1 + )"

We consider the cross section defined by P = (X, Yy, Y1,Y2—1,Y3). The reduced
Grébner basis of the graph-section ideal I¢ = O¢ + P is then

3 — 5y2)3
{vabaYthQ - 1,}/?3,Y43—7"} where r = (y4y227—8y3)
Y2

36



The only non trivial coefficient, r, is a rational invariant (Theorem 2.7). We
recognize that r = k3, where k, is the affine curvature

a’

~ (yay2 — 3 93)
a — 8 )
Ys
a differential invariant that plays a central role in plane affine geometry. The
affine curvature is an algebraic function. The three replacement invariants as-
sociated to the cross-section are the tuples € = (0,0,0,1,0,04k4), 1 <i < 3
where o; € C are three distinct cubic roots of 1. For any rational invariant q we
have the following equalities (Theorem 2.12).

q(x7y03y17y27y37y4) = Q(Oa 0707 17 Oa O—i’fa)'

The normalized invariant is the only real replacement invariant

_ 5,2
tx=0, =0, w=0 1wp=1 1y3=0, @wM-
3

Y3
Thus for any local invariant f : U — R we have (Theorem 1.9)

(Yay2 — % y%))

8
3

f(x»y07y1ay2vy3ay4) = f <070707 ]-703
Y
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