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Abstract. We provide a constructive approach to the stratification of the representation- and the
orbit space of linear actions of compact Lie groups contained in GL,(R) on R" and we show that
any d-dimensional stratum, respectively, its closure can be described by d sharp, respectively, relaxed
polynomial inequalities and that d is also a lower bound for both cases. Strata of the representation
space are described as differences of closed sets given by polynomial equations while d-dimensional
strata of the orbit space are represented by means of polynomial equations and inequalities. All
algorithms have been implemented in SINGULAR V2.0.

Introduction

In 1983 Abud and Sartori [1] pointed out the relation between spontaneous symmetry breaking and
stratifications of linear actions of compact Lie groups and presented several applications in particle
physics. Spontaneous symmetry breaking can briefly be described as follows. Let G be a compact Lie
group which acts linearly on R"™, let ¢y € R™ be the ground state of a physical system and let V,(z) be a
G-invariant potential which determines ¢y and depends on the parameter . Varying v might change ¢
into ¢p and the stabilizer group Gy of ¢j may be “smaller” than the stabilizer G, (i.e., moving from ¢
to ¢, amounts to a loss of symmetry), which can be seen as a breaking of symmetry. In this way various
patterns of spontaneous symmetry breaking occur, which correspond to distinct phases of the model. It
is well-known (see for instance [15]) that the orbit space R"/G is a semialgebraic set and there exists a
disjoint decomposition of R™/G in finitely many semialgebraic sets, called strata, whereas any stratum
consists of points of the same symmetry type. The knowledge of a description of each stratum in terms
of polynomial equations and inequalities is important for numerous applications (e.g., construction of
invariant potentials, symmetric bifurcation theory, see [1], [4], [9], [10]).

There are several approaches for constructing the stratification of the orbit space of a compact Lie
group! starting with Abud and Sartori, see [1], while Gatermann [9] provides a systematic exposition for
compact Lie groups.

These algorithms (except [4], [5]) construct a stratification of the orbit space R™/G of a compact Lie
group G by using the matrix grad(z) which is defined on R™/G. We propose a different approach, namely,
to compute a stratification of the representation space of GG, and only then to construct the stratification
of the orbit space (or the images of relevant strata) by means of elimination theory (equations) and
refinements of results of Procesi and Schwarz (inequalities), see [15]. Additional, our algorithms describe
any d-dimensional stratum and its closure by at most d inequalities, which turns out to be optimal. This
approach has several advantages compared to the present approach?, namely: Primary decomposition is
done before the (nonlinear) Hilbert map is applied, no superfluous components in the orbit space are
computed, the association of strata and their stabilizers is quite obvious and, finally, it is possible to
compute only those strata, which are relevant for the application under consideration. We also show how
to compute inequalities which describe a stratum only up to generic equivalence but contain fewer terms.
For several applications, like the construction of continuous potentials on the orbit space, this approach
may lead to easier computations. For polynomial potentials, inequalities need not be calculated since the
Zariski-closure of a stratum suffices.

! Explicit algorithms for finite groups, which yield a minimal number of inequalities, are given in [5].

2 Equations for the (Zariski-closure) of strata are computed out of rank conditions on the matrix grad(z). The
locus where rank (grad(z)) < d contains all d-dimensional strata of the orbit space and must be decomposed in
irreducible components in order to obtain equations defining these strata. Some of these components may be
superfluous, i.e., grad(z) is not positive semidefinite for some points.



In addition, we show that each d-dimensional stratum, respectively its closure, can be presented by
at most d strict, respectively relaxed, inequalities and that d is also a lower bound.

1 On Invariant Theory of Compact Lie Groups and Orbit Spaces

We present some background on invariants of compact Lie groups and orbit spaces. In both sections we
use fundamental facts from semialgebraic geometry like the Tarksi-Seidenberg principle, for which we refer
to [7]. For short, an basic open (basic closed) semialgebraic subset of the algebraic set V' C R is of the
form {v € V | g;(v) > 0,1 < i < r}, respectively, > instead of >, where ¢1,¢2,...,9r € Rlx1,22,...,2,].
In the sequel we call an inequality of the form f > 0, respectively, f > 0 strict, respectively, relaxed. An
open (closed) semialgebraic subset of V' is a finite union of basic open (basic closed) semialgebraic subsets
of V.

1.1 Invariants of Lie Groups

Let G be a compact Lie group and p : G — GL,(R) be a faithful representation. In the sequel we identify
G and its image p(G) C GL,(R). It is well-known that R™ admits a G-invariant scalar product (-, _)g
on R™ (see for instance [8]). By the Gram-Schmidt orthonormalization process there exists A € GL,(n)
such that A-G-A~! C Og, i.e, the representation p is equivalent to an orthogonal representation. From
now on we assume G C Or and that G acts as usual on R™. In the sequel let K be on of the fields
R or C. For X C K" we define Z(X) := {f € Kl[t1,t2,...,t,] | f(x) =0 for all x € X}, the ideal of
X and for an ideal I C Kz1,x2,...,2,] we define V(I) := {x € K" | f(z) =0 for f € I}, the variety
associated to I. A subset U C K" is closed in the Zariski topology if and only if U = V(I) for some ideal
I C K[z1,79,...,2,). A polynomial f € K[z, xa,...,,] is invariant w.r.t. G if f(g~!-x) = f(x) for all
g € G. The ring K[z, xo, . .. ,xn]G, consisting of all invariant polynomials w.r.t. G, is called the invariant
ring of G (p will be omitted). By Hilbert’s Finiteness Theorem, the invariant ring is finitely generated
as a K—algebra. Homogeneous generators 7,7, ..., 7, of K[z, za,... ,xn]G are called fundamental
invariants (i.e., each invariant polynomial is a polynomial in 71, 7,...,T,,). Fundamental invariants
define the projection

m: K" — K"/GCK™

x — (m (%), m2(X), . .., T (X))

of K™ onto an embedding of the orbit space K™ /G C K™, also called the Hilbert map. Note that m maps
closed sets to closed sets® and that each fiber contains precisely one closed orbit (see for instance[13]).
For K = C the image of 7(C™) C C™ equals the variety of the ideal of relations of 71, 7o, ..., Ty (see
for instance[13]). Over R it is well-known that the image of 7 is a semialgebraic set.

Proposition 1. Let G C GL,(R) be a compact Lie group. The orbit space R™ /G of G is a semialgebraic
set semialgebraically homeomorphic to m(R™).

Proof. Tt is well-known that the orbits of G can be separated by fundamental invariants of G (see for
instance Theorem 3.4.3. in [14]). By the Tarski-Seidenberg principle (see for instance [7]) the real image
of 7 is a semialgebraic set (it equals the projection of the graph, which is a real algebraic set). O

Note that the orbit space of an algebraic group parameterizes all closed orbits. Hence the orbit space
of a compact Lie group G parameterizes all orbits of G since they are closed. Orbits which are not closed
cannot be separated by polynomials so group actions having non-closed orbits cannot be stratified by
using their invariant rings, see [16].

1.2 Inequalities defining Orbit Spaces

Procesi and Schwarz have constructed polynomial inequalities which have to be added to the equations
coming from the Hilbert map of a compact Lie group G, which need not be a subgroup of O,(R),
in order to describe an embedding of the quotient R"/G C R™. Essential parts of the proof are the
existence of a closed orbit in each fiber of 7 (see for instance [13]) and the existence of a G-invariant inner

3 Note that the map  is proper.



product (-,-) on R™, which is used to construct the m x m matrix grad(v) = (dm;(v),dm;(v))i j=1,...m

for v € C" where ™ = (m1,72,...,7,) is the Hilbert map. Here we have used the identification* of R"
with its dual Hom(R", R). They proved that a point z € V(I), where I C R][z1, 22, ..., 2] is the ideal
of relations among 71, T2, . .., Ty, lies in R"™/G if and only if the matrix grad(z) is positive semidefinite.

The constraint that grad(z) must be semidefinite yields inequalities for describing R"™/G. Recall that
the type of a real m x m Matrix M equals (p, q) where p, respectively, ¢ denote the number of positive,
respectively, negative eigenvalues counted with multiplicities. Obviously, rank (M) = p + q.

Proposition 2. Anmxm matriz M over R is positive semidefinite (denoted by M > 0) iff all symmetric
minors of M are non-negative. The matriz M is positive definite (denoted by M > 0) iff all principal
minors of M are positive.

Proof. We refer to, e.g., Section IX.72 in [18]. O

In order to define the matrix grad(z) on the orbit space we have to show that all entries are invariant
w.r.t. G. By dn(z) we denote the Jacobian matrix of 7 at z.

Proposition 3. Let G C GL,(R) be a compact Lie group. For o € G,, the Jacobian of the Hilbert map
m: R™ — R"/G satisfies dn(v) = dm(v) o 0. In particular, the functions v — grad(v);; are invariant.

Proof. Follows from 7(v) = w(o - v), the chain rule, and the fact that o is linear. O

Therefore the matrix grad(v) is also defined on K"/G C K™ and can be extended to the whole of
K™ . Procesi and Schwarz provided the following description of the orbit space.

Theorem 1. (Procesi-Schwarz [15]) Let G C GL,(R) be a compact Lie group and let m = (w1, 72, ..., Tm)
G . o
be such that my, s, ..., Ty generate Rlx1,xo,...,2,] . The quotient space is given by

R"/G=n(R")={z€R™ | grad(z) > 0,z € V(I)}
where I C R[y1, Y2, .-, Ym] is the ideal of relations of w1, 7o, ..., Tpm.
Proof. We refer to [15]. O

Inequalities for the orbit space can be obtained from the condition grad(z) > 0. This can be checked
by means of Proposition 1.2.2, i.e., testing if all 2" — 1 symmetric minors of grad(z) are > 0. In subsequent
sections we use the theorem of Procesi and Schwarz and a modification of Decartes rule of signs to provide
an optimal description® of the orbit space and all of its strata and their closures (defined in the following
section), which are useful for several applications.

Ezample 1. Consider the action of the compact Lie group G = Oy C GLo(R) on R?, given by (g- 2,9 -
y),9 € G,z,y € R?, and its complexification G¢ (see Section 3.1). We may choose three algebraically
independent fundamental invariants m; = t% + t%ﬂ'('g = titg + toty, M3 = t% + ti. The invariant ring of
G, respectively, Gc equals K[t1,to,t3,t4]¢ = K[, 72, m3] where K = R, respectively, K = C. The
Hilbert map is 7 = (71, m, m3) : K* — K3. Since 7, m, w3 are algebraically independent, we obtain
C*/Gc = C3 = im(7). Over the reals, we apply Theorem 1.2.1 and Proposition 2.2.10 to the matrix

4z1  2z9 0
grad(z) = | 222 21 + 23 222 | and obtain the description
0 22’2 42’3
21 2 2 2
4 . 3 | 21 +232>0,27 — 225 + 62123 + 25 > 0, 3
= = C .
RY/G = im(r) ? €R 2223+ 2125 — 2%(21+ 23) >0 R
3

Remark 1. (a) For practical purposes the dependence on a G-invariant scalar product may be problem-
atic.

(b) It is not necessary that G C Og for computing inequalities if a G-invariant inner product is given in
an effective form.

* Note that dn; is a differential form, so dm;(z) : R™ — R is a linear form.
5 The description is optimal in the number of inequalities , i.e., we show that this number is an upper and lower
bound.



2 On the Stratification of the Representation and Orbit Space

Consider a compact Lie group G C GL,(R), the set of points having the same symmetry type w.r.t.
G form a partition of R™ in finitely many distinct open sets, also called a stratification. We present
underlying definitions and properties of of strata and their closures (Zariski- or Euclidean topology).
These properties will be used in subsequent sections to compute equations and inequalities for describing
strata and their closures.

2.1 On the Stratification of the representation- and orbit space

We provide the definition of strata, respectively, stratifications and associated objects like orbit type, etc.
In the sequel G C GL,(R) denotes a compact Lie group and clz(X), respectively, clg(X) denote the
closure of the set X in the Zariski, respectively, Euclidean topology.

Definition 1. Let E C R"™ be a semialgebraic set. A stratification of E is a finite partition E) of E
where each Ey is a semialgebraically connected locally closed® equidimensional semialgebraic subset (or a
finite set of points) of R™ such that ExNclg(Eg) # 0 and A # (8 implies Ex C Eg and dim E) < dim Eg.
For \ € A the set E is called a stratum and clg(E)y is called a semi-stratum of the stratification, and
if d = dimFE) then E) is called a d—stratum.

Given z € R", the set G(z) = {g -z | g € G} is called the orbit of x and the group G, = {g €
G | gz =z} is called the stabilizer of x.

Proposition 4. Let G be an algebraic group (defined over the field K) which acts algebraically (via o)
on K™. For x € K" the stabilizer G, and the set Xy = {x € X | dim G, > d} are closed.

Proof. Let w3 : X x X — X be the projection onto the second component, i, : G — G x X,i,(g9) = (g, )
be an injection for x € X and define ¢/ : G x X — X x X by o/(g9,2) = (a(g,z),x). All maps are
continuous (w.r.t. the Zariski-topology), hence the fibers of 3 o o’ o i are closed. The stabilizer of z is
closed since G, is isomorphic to o/ ~!(z,x) = {(g,7) | a(g,x) = z}. We also obtain that Xy = {z €
X | dim(mg 0@’ 04)~1(x) > d} hence the claim follows from upper-continuity of the fiber dimension. 0O

Definition 2. For a subgroup H C G we denote the conjugacy class of H in G by by [H] = {gHg™' | g €
G}. The orbit type of x € R™ is [x] := [Gy]. Foru,v € R"™ we define [u] < [v] if Gy, C H for some H € [v].
The associated stratum, respectively, semi-stratum of [z] is Xy := {y € R™ | [x] = [y]}, respectively,

The orbit type is a measure for the symmetry of the points of R™. We have [z] > [y] if the point =
has more symmetries than the point y, i.e., gG,g~! C G, form some g € G. The notation of strata is
justified by the fact that these sets, respectively, their images under the Hilbert map form a stratification
of the representation-, respectively, orbit space.

Proposition 5. Let G C GL,(R) be a compact Lie group.

(a) There are only finitely many different orbit types, i.e,. the set {|G,] | = € R™} is finite.

(b) The orbit types form a lattice. For v € X, := {xo € R" | rank (dn(x)zo) is mazimal} the orbit type
[v] is the least element.

(c) For each v € R™ there exists a small neighborhood U C R™ of v such that uw € U implies [u] < [v].

Proof. (a) see for instance Ch. IV.10 in [8].

(b) Note that rank (dm(z)v) is maximal iff dim N0 is maximal (see Section 2.2) hence the stabilizer of v
is contained in [w] for all w € R™.

(c) We refer, e.g., to [1].

The set 2, which is dense in R", is called the principal stratum of G.

Proposition 6. Let G C GL,(R) be a compact Lie group.

5 The set E is open in its metric closure clg (E)).



(a) For a subgroup H C G of G the set R, = {x € R" | H C G} is a vectorspace. In particular, the
set {r € R" | G, = H} is Zariski-open in RY;.

(b) For0 # x € R™ each stratum X, is open in its closure (both metric and Zariski) and G(x) is a proper
subset of Y.

Proof. (a) Let z,y € R}, and g € H. Obviously, ¢ (x +y) and g - Az, A € R, are contained in R%. The
set S = {z € R}, | G, D H} is of dimension less than R}, and can be written as the union of all
strata X, with [y] > [H] intersected with RY,. By Proposition 2.1.5, the set S is closed, hence R} \ S
is Zariski-open.

(b) The first claim follows from Theorem 2.2.2. For the second claim note that G(x) is compact, hence
the set {Az | A € R, A > 0} is not contained in G(z) but in X,.

O

Note that the closure of a stratum of the representation space need not be a finite union of vectorspaces,
as it is the case for finite groups, see Example 3.4.4. We conclude this section by giving a description
of the orbit space (and its stratification) in terms of equations and relaxed inequalities obtained from
Procesi’s and Schwarz’s Theorem. Here strata are described as differences of closed semialgebraic sets.

Corollary 1. Let G C GL,(R) be a compact Lie group, let x € R™ and y = mw(x).

(a) Let ¥, C R™ be a stratum. Then clg(X,) = n(clg(X;)) = {z € R™ | grad(z) >0,z € V(J)} where
J C Rz1, 22, ..., 2m] 1s the ideal of the image of X, under 7.

(b) Let clp(X;) = X U By be a disjoint union (B is a finite union of lower-dimensional strata). Then
5, = n(2) = 2(dp(5,) - 7(By), icc.,

. ={zeR™ | zecz(n(X,)),z &n(B,),grad(z) > 0}

2.2 Properties of Strata

We describe properties of strata and semi-strata on the representation and orbit space. In the representa-
tion space closures of strata, respectively, strata can be described by closed sets, respectively, differences
of closed sets. For a description of the orbit space Procesi and Schwarz have derived the condition that
grad(z) > 0 (see Theorem 1.2.1), but they only provide the criterium given in Proposition 1.2.2, which
yields 2¢ — 1 inequalities (provided that d equals the dimension of the orbit space). These inequalities
may also be used to describe all topological closures of strata on the orbit space and therefore also all
strata by forming differences of closed sets (see Corollary 2.1.1). We show that a d-dimensional stratum
respectively, its closure can be described by d sharp, respectively, relaxed inequalities and the ideal of its
Zariski-closure in R™/G and that d is also a lower bound. In particular, we provide effective descriptions
relying on equations and inequalities.

The stratification of the representation space of a compact Lie group is completely determined by the
matrix dm(z)v. Since R™ admits a G-invariant inner product (_,_)¢ we may define the orthogonal com-
plement N, to T,,(G(v)) and the decomposition NoN? & N}, where N? = {w € N, | w is G\-invariant}
and N} is the orthogonal complement of N? in N,. Note that G need not be a subgroup of the orthogonal
group.

Proposition 7. Let G C GL,(R) be a compact Lie group. We have
ker dr(z)zo = Ty, G(z0) & N, and imdr(z)zo = N .

Proof. Note that v € T,,G(xg) implies v € kerdm(zg) since 7 is G-invariant. Let V' be the the vec-
torspace generated by the gradients (considered as elements of R™) dmy(xg), dma(x0), .. ., dmm(xo), ie.,
V = im dn(x). Note that v € kerdm(z¢) implies dm;(xg) - v = 0 so v € N,,. By Proposition 2.2.3 we
have dm;(20) o 0 = dmi(xo) for o € Gy, hence V. C NJ. Now v € N2\ V implies v € ker dn(z¢). Hence
the rank of the matrix dm(zg) augmented by the column v equals the rank of dn(zg) and sov € V. O

Proposition 8. Let G C GL,(R) be a compact Lie group. We have

Ty Loy = Ty G(z0) & N .

In particular, Tr(ye)Xey = N2

o "



Proof. One has to show that any curve through z¢ and contained in X, has a tangent vector at x¢ which
is contained in Ty, G(z¢) ® N2, . This proof can be found in Section V of [1]. O

Corollary 2. We have dim ¥, = dim Ty, +dim N) = dim G — dim G, + dim N and dim ﬁ‘ﬂ(mo) =
dim N2 .
zo

Theorem 2. Let G C GL,(R) be a compact Lie group and m : R™ — R"/G C R™ be the Hilbert map.

(a) The union X of all strata whose image under 7 is of dimension d equals the open semi-algebraic
set
2@ = [y eR" | rank (dr(v)) =d}.

(b) The union X% of all strata whose image under 7 is of dimension at most d equals the closed semi-
algebraic set
»?={veR" |rank (dn(v)) < d}

In addition, clz(X@) = clp(X@) = x4

Proof. (a) Note that a stratum is a smooth semi-algebraic set, so by Proposition 2.2.8 we have rank (dr(v))
dim 1m(d7r(v)) = dim TW(U)EW(U) = dim Eﬂ.(v).
(b) The set ¢ can be defined by the vanishing of all (d + 4) x (d + i) minors of % where ¢ > 1. If
d > min{n,m} then X% = R™. Note that X(4) = x4\ yd-1,
O

So far we have only considered semistrata, respectively, strata on the representation space. Unfortu-
nately, we need at most 2" — 1 inequalities, obtained from the symmetric minors of grad(z). A direct
description of a d-dimensional stratum by means of equations and (strict) inequalities can be obtained
from the constraint that the type of grad(z) equals (d,0). We apply Decartes rule of sign to the charac-
teristic polynomial of the matrix grad(z) in order to obtain an optimal number of inequalities.

A sequence ag, a1, . . ., a, has a sign change if there exists 4, j s.t. a;a;4; < 0and a;a;4, > 0for1 <k <
j. For a polynomial f = Y7 a;t" we define the number of sign changes N (f) respectively alternative
sign changes N_(f) by the total number of sign changes of the sequence ag, a1, ...,a, respectively of

the sequence ag, —ay, as, ..., (—=1)%a;,...,(—1)"a,. By Z,(f) respectively Z_(f) we denote the number
of positive respectively negative real roots of f.

Proposition 9. (Descartes rule of sign; see [18]) Let f € R]t] be a nonzero polynomial. There exist
P+, p— ENst. Ny (f)=Z:(f) —2p4+ and N_(f) = Z_(f) —2p—. Moreover, if f has only real roots then

Ny (f) = Z4(f) and N_(f) = Z_(f).
We state a refinement of a well-known result in matrix analysis (see for instance Ch. 7 in [12]).

Corollary 3. Let M € Mat, (R) be a symmetric matriz of rank (M) = d > 0 and p(t) = Y ., a;t" be
its characteristic polynomial. Then M is of type (d,0) iff (—1)‘a,_; >0 for 1 <i < d.

Proof. Note that a,_q—1 = ... = ag = 0 and all roots of p(t) are real. By Proposition 2.2.9 we have
Ni(p) = Z4(f) as required. O

By relaxing all inequalities obtained from conditions about sign changes of the characteristic polyno-
mial we obtain a criterium for positive semidefiniteness without assumptions about the rank. This yields
an upper bound for the description of closures of strata.

Proposition 10. Let M € Mat, (R) be a symmetric matriz and p(t) = > 1, a;t" be its characteristic
polynomial. Then M is positive semidefinite iff (—1)'a,_; >0 for 1 <i < n.

Proof. Let M be a symmetric matrix of rank (M) = d > 0 having a negative eigenvalue. Note that
ap—d—1 = Gp—d—2 = ... = a9 = 0 and a, = 1. By Decartes rule of sign (Proposition 2.2.9) there
exists a minimal i > 0 s.t. (—1)"(—=1)""%a; < 0. For n even we obtain (—1)""%a; < 0 a contradiction
to (—=1)""‘a,_; > 0 since (—1)" = (=1)""%. In case n odd the sign change gives (—1)(—1)""%a,_; =
(=1~ lq, ; <0, a contradiction to (—1)a,_; = (—1)" """ ta,_; > 0. O

Theorem 3. Let G C GL,(R) be a compact Lie group, let m1,7a, ..., T be fundamental invariants of
G and let I be their ideal of relations. Let d < dimR"™/G be an integer and I be the ideal of all d x d
minors of grad(z). By pa(t) = > iv(—1)™""6;t" we denote the characteristic polynomial of grad z modulo
I



(a) We have
{z € Vr(I) | grad(z) > 0,rank (grad(z)) =d} = {z € Vr(lq) | 1(2) > 0,02(2) > 0,...,04(z) > 0}.

(b) Relazing the strict inequalities in part (a) gives the set {z € Vr(I) | grad(z) > 0}.

(¢) Let J be the ideal of the Zariski-closure of a d-dimensional stratum X4 and &, = &; mod J. Then
Sa={zeVr(J) | &(2) > 0,85(2) > 0,...,8,(2) > 0}. For the topological closure of 4 we obtain
dp(Xy) ={z € Vr(J) | §(2) > 0,04(2) > 0,...,8,(z) > 0}.

(d) Let J be the ideal of the Zariski-closure of a d-dimensional stratum Y4 and suppose that grad(z) is
so arranged that the first d principal minors do not vanish identically on Yy. Then X4 is generically
equivalent (the symmetric difference has codimension at least 1) to {z € Vr(J) | A1(z) > 0, Ax(z) >
0,...,44(2) > 0} where Ay, Ay, ..., Ay are the first d principal minors of grad(z).

(e) Suppose that w1, ma, ..., mq are algebraically independent. The principal stratum of R™/G is given by
S, ={2€R%| Ay(2) >0,A5(2) >0,...,A4(2) > 0} where Ay, As, ..., Aq are all principal minors
of grad(z).

Proof. Part (a),(b), and (c) follow from Proposition 2.2.9. For Part (d) note that A;(z) = 0 defines a
hypersurface in Yy. Part (e) follows from I = {0}, i.e, V(I) = R? and from rank (grad(z)) = d for all
z € Xy ad

For a given d-dimensional stratum respectively its topological closure, the number of d inequalities
obtained from the previous theorem is optimal, as shown by the following example.

Ezample 2. Let G C GL,(R) be the finite group generated by all n x n diagonal matrices of the form
(1,1,...,1,—1,1,...,1). Fundamental invariants are given by ¢ 3 ... ¢2. Hence the orbit space is the
positive orthant z; > 0,29 > 0,...2, > 0 and any d-dimensional stratum respectively its topological
closure is given by equations z;, = ... = z;,_, = 0 and inequalities z;,_, ., > 0,...,2;, > 0 respectively
< instead of >, where i1,42,...,i, is a permutation of 1,2,...,n. It is well-known that any such set
cannot be described by fewer than d inequalities (see for instance [7]).

We obtain the following geometric statement:

Corollary 4. Let 3, be a d-dimensional stratum of a compact Lie group G C GL,(R). The semialgebraic
set Xy is basic open in its Zariski-closure. The topological closure of Yy is a basic closed semialgebraic
set in its Zariski-closure. Moreover both sets can be described by at most d strict respectively relaxed
mequalities, which is optimal.

Remark 2. (a) Brocker and Scheiderer have proved that any basic open set of dimension d can be de-
scribed by at most d sharp inequalities (unpublished, see Chapter 6.5 in [7]) and that d is also a lower
bound. For basic closed sets of dimension d Scheiderer has proved that @ is an upper and lower
bound for the number of (relaxed) inequalities required for a description (see [17]). Since Theorem
2.2.3 states that for the (topological) closure of a d-dimensional stratum d inequalities suffice, closures
of strata (in particular orbit spaces) form a class of basic closed sets which are easier to describe.
Note that the dimension is still a lower bound. Hence there is no gain in efficiency when using generic
descriptions.

(b) Suppose that there exist algebraically independent fundamental invariants w1, 7s,..., 7, of G. If
|G| < o0, any d-dimensional stratum can be described by the first d principal minors of grad(z) (after
a permutation of 1,7, ..., Ty ), see [5]. If G is not finite, this is no longer true, see, e.g., Example
3.4.4 or Example 3 in [1].

(¢) The upper bound d holds for all d-dimensional basic closed sets, where inequalities are obtained from
positive-semidefiniteness conditions on matrices.

3 Constructing the Stratification

As shown in Section 2.2 the d-dimensional components of the strata can be computed by conditions on
the rank of the matrix dm(v). In this section we provide an algorithm together with necessary tools for
the construction of a stratification of the representation- and the orbit space.

More precisely, given a d-dimensional connected component C of a stratum (obtained from rank
conditions), the corresponding stratum is given by the orbit of C. The same holds true for the associated



semistrata. In this way we construct the stratification of the orbit space out of the stratification of the
representation space by computing the image of 7 (recall Corollary 2.2.1). It remains to add a set of
inequalities obtained from the Theorem of Procesi and Schwarz (Theorem 1.2.1), and its refinement
(Corollary 2.2.3 and Theorem 2.2.3). We also present an algorithm for computing the stabilizer of a
given vector subspace of K™, which may be used to distinguish the symmetry type of strata’ of the same
dimension.

All used algorithms but the computation of inequalities rely on algebraically closed ground fields. For
this reason we present properties of complexifications of real varieties below.

3.1 On the Complexification of a Group-Action

We briefly mention some relations between a compact Lie group G and its complexification and the real-
and complex orbit space. More precisely, given fundamental invariants 71, s, ..., T € Rz, T2, ..., 2y]
of G, in order to describe the orbit space we have to compute the image of the morphism 7 by Elimination
Theory, i.e., one computes the ideal I of relations among 7, ms, ..., Ty, which requires an algebraically
closed ground field. As we have already seen, the orbit space of G may be properly be contained in the
real algebraic set V(I) C R™. Therefore we have to take care if the computations performed over an
algebraically closed field are valid over R. Several important results are based on Kempf-Ness Theory.
We refer, e.g., to [19].

Let G C GL,(R) be a compact Lie group defined by the ideal® I C R[s1,s2,...,8m]. The com-
plexification of G is the zero set of I over the complex numbers, denoted by G¢. Note that G¢ is a
complex reductive group with coordinate ring Cls1, g, ..., Sm|/Ic = R[s1, S2, ..., $m]/Ic ®r C and that
G is Zariski-dense in G¢. The ideals defining the (real) orbit and the stabilizer of a point v € R™ can be
computed by Elimination Theory from the ideal I and the necessary constructions.

By Hilbert’s Finiteness Theorem the invariant ring of G is finitely generated, hence R[ty, s, .. .,t,]% =
R[h1, ha, ..., hy] for some homogeneous invariants hi, ho, ..., h,. The action of G complexifies to an
action of Gc on C™ and the invariant ring of G equals Clty,ta, ..., t,]9¢ = R[hy, ho, ..., hn] ®r C.
Hence the Hilbert map 7 : R — R™ complexifies to 7¢ : C"* — C™ and 7c(C™) = clz(w(R™)) (closure
in C™). Let I be the ideal of relations of hy, ha, ..., hy. Since V(I) = clz(w(R™)) over R, by Procesi and
Schwarz (see Theorem 1.2.1) we have R"/G = {z € V(I) NR™ | grad(z) > 0} where the latter closure
is taken in R™.

3.2 Stratification of the Representation Space

By using the results stated in Section 2 we are now able to provide an algorithm for computing a
stratification Xq, X5, ..., X, of the representation space of a compact Lie group G. The stratification of
the orbit space R™ /G is obtained by computing the ideals of the images w(X1), 7(X2),...,n(X,) and
adding appropriate inequalities to each set of equations.

Algorithm 1 REPSPACESTRATA (Ig,v)
In: Ideal defining a compact Lie group G C GLnR, 1 a list of polynomials in R[s1, sa, ..., Sk, t1,t2,. .., 1)
defining the action of G.
Out: list of equations defining the closures X1,X, ..., X, of G and their generic stabilizer .
begin
w = (m,ma,...,m); // algebra generators of R[t1,ta,. .. ,tn}G;
d=dimR™/G // dimension of the orbit space
for i =1 to d do
Ja = d x d minors of dr; // all d x d minors of the Jacobian
collectedSpaces = primary decomposition of \/Jgq.
c:=1;
for each V € collectSpaces[i] do
orbitV = y(G,V); // orbit of V
if orbitV ¢ U;;} Semistratald][j] then begin
Semistratald][c] = Semistratald][c] U orbitV;

7 Strata of the same dimension may have different stabilizers of the same dimension but different number of
connected components
8 Compact Lie groups are algebraic groups, see for instance [14].



stabilizer|d)[c] = Stabilizer(Ig,¥,V); // representative of the orbit-type
c=c+1;
end
end-for;
end-for;
return([Semistrata, stabilizer]);
end REPSPACESTRATA.

A set of fundamental invariants for G may be computed by the algorithm given in [6], which works
for all reductive groups. Algorithms restricted to compact Lie groups can be found in [9].

We are left with the problem of computing a representative of an orbit type [v], i.e, given the closure
clz(X,), find equations for the ’generic’ stabilizer G of clz(X,). By computing a primary decomposition
of the ideal of G¢ we obtain the index G¢/(G¢)o

Proposition 11. Let G be an algebraic group defined by the ideal I C K[s1,82,...,8m], let a :
G x K" — K™ be a linear action, let V. C K™ be an irreducible variety of dimension d, defined
by the ideal Jy and let J, = (t; —a;: 1 <i<n) C K(a,as,...,aq)[t1,t2,...,tn]. Define the ideals
I = (Ig,Jv,Jo,ai(s,t) —t; : 1<i<n) C K(ai,ag,...,ar)[s1,52,.-,8m,t1,t2,...,t,] and J = 1N
K(ai,azg,...,ak)[s1,82,...,8m] and the (partial) substitution map @y : K(a1,az,...,aq) — K, a; — b;
for (by,ba,...,b,) € K% There exists a non-empty Zariski-open set U C V such that u € U implies
eu(J) = Z(Gu).

Proof. After a finite number of steps we obtain a Grobner basis of I. In each step we collect the following
data: If multiplication by a polynomial f occurs then let Py be the set of all coefficients of monomials in
f which contain some a;. When computing f — g then add all rational functions in ay,as,...,aq which
are obtained from solving f — g = 0 by comparing coefficients. Exclude these sets from K. a

Algorithm 2 STABILIZER (Ig, ¥, Iv)
In: ideal I of a compact group G, ideal Iy of a component of a stratum.
Out: equations of the stabilizer
Note: Basering is K(ay,as,...,ax)[s1,82, -, Sk, t1,t2, -, tn].
begin
I = GroebnerBasis(Iy);
c=0;
for i=1ton do
if deg(NormalForm(¢;,I)) > 0 then begin

c:=c+1;
I = GroebnerBasis(I U {t; — ac});
end-if
end-for

IT=TU{y; —t;:1<i<n};

J = GroebnerBasis(I) N K(ay, az, ..., ax)[s1,S2, - -, Sk];
return(J);

end STABILIZER.

Remark 3. An alternative way to compute the number of connected components of the stabilizer is as
follows. Compute the generic orbit G(£) of V and determine a primary decomposition and the multiplicity

of G(&) (see [4]).

3.3 Stratification of the Orbit Space

Given a (semi-)stratification of the representation space, the computation of the stratification of the orbit
space is essentially the computation of the matrix grad(z) and its symmetric minors. If G is not finite
then the dimension of the representation space is strictly greater than the dimension of the orbit space.

The algorithm returns a list of strata of the orbit space of G sorted by dimension. Each stratum ﬁd,i
is described as a triple [[f1, fa,-- -, fr], [91, 92, - - - g2a_1], [R1, B2, - . ., hs]] where Z:’d,i ={zeR™| fi(z) =
0,...,fr(2) =0,91(2) >0,...,90a_1(2) > 0,h1(2) #0,...,hs(2) # 0}.



Algorithm 3 ORBITSPACESTRATA (7, repStrata)
In: m = my,mo, ..., T fundamental invariants of G C OR,list of closures of strata of the representation
space. Assume that d = dimR"/G.
Out: list of strata of the orbit space (given by equations and inequalities)
begin _
grad(z) = (dm;, dm;)]—) "
c=0;
p(t) = det(grad(z) — t -id,,); // assume p(z) = t™ ¢ Z‘Zzo(—l)iéiti, characteristic polynomial of grad(z)
for k =1 to |repStrata| do
for i =1 to |repStratalk]| do
J = image of repStratalk][i] under w. // by Elimination Theory
ineq = {NormalForm(d;, J) >0 | 1 <i <d}
strata[d][i] = [semistratumlk][i], I, J];
end-for
end-for
return (strata);
end ORBITSPACESTRATA.

Remark 4. A stratification up to generic equivalence can be obtained by replacing the line defining I by
the line

I := set of first d x d principal minors of grad(z); // grad(z) arranged s.t. no principal minor
vanishes identically on repStratalk][d].

Ezample 8. We consider the compact Lie group G = O3 X Zs C GL2(R) (O2 acts on the first two coordi-
nates, Zo acts on the third coordinate) defined by the ideal <s% +55 — 1,83+ 52 —1,5183 + 85284, 5% — 1>.
2ty 2t2 0

The Jacobian of 7 : R3 — R2, (t1,t2,t3) — (13 +13,3) equals ( 0 0 2
3

) , hence we have (all variables
range over R)
2o = {’U = (av b, C) | rank (dﬂ(’l))) = 0} = {(0707 0)}
Z1aUX 9 ={v="(a,b,c) | rank (dn(v)) =1} = {(a,b,0) | a # 0 or b # 0} U {(0,0,¢) | ¢ # 0}
Yo ={v=(a,b,c) | rank (dm(v)) = 2} = {(a,b,c) | ac # 0 or be # 0}
By using the algorithm STABILIZER we obtain for the associated stabilizers the table

Stratum 20 2171 2172 22
Stabilizer 02 X 22 Z2 X Z2 02 Z2

As an example, the ideal I C R(a1, a2)[s1, s2,. .., S5] defining the generic stabilizer of Xy ; is given by

3 2 2 3 2 3
I = <a183 + ass4 — ag,aise + ar1as83 + ajas + ays4 — ajas — asy,

2 2 2.2 2 2
a181 + G282 — a1, S; — 1,a7 + a3sy + a1a283 — a384 — ay)

Substitution of (a,b) € X 1 for (a1, as) yields the the ideal of the stabilizer of the point (a, b). Inequalities

for describing strata of the orbit space are derived from the matrix grad(z) = (%1 zO >:
2

Lo ={(0,0)}
BiaU B = {(21,0) | 21> 0} U{(0, ) | 22 > 0
Sy ={(z1,22) | z1 > 0,212 > 0}

3.4 Examples

We present three examples, two from [1], in order to demonstrate our algorithms. Note that in all three
examples the ideals of minors of grad(z) contain primary components, which do contribute to the strat-
ification, while our algorithms avoid the occurrence of superfluous components. All computations have
been performed in the computer algebra system SINGULAR 2.0 [11], wherein all algorithms have been
implemented. Fundamental invariants have been computed by means of the algorithm given in [6], but
in example 5 we have used invariants given in [1].



Ezample 4. (See Example 1.2.1) We consider the action of the representation id ®id on R* of G = Oy C
GL,(2)R, where id : G — GL,(2)R. Note that the chosen fundamental invariants are algebraically
independent. The representation- and orbit space can be decomposed in three strata of dimension 0,2, 3

421 222 0

respectively. The matrix grad(z) is given by grad(z) = | 229 21 + 23 222 |. Note that the ideal of 3 x 3
0  2zp 4dz3

minors of grad(z) contains the ideal (z; + 23) as a primary component, but z; = —z3, 21 # 0 prevents

grad(z) to be positive semidefinite, hence this component does not contribute to the stratification. Strata
of the representation space are obtained from rank conditions on dr(x).

Dim.|strata on rep. space strata of orbit space
0 %o =1{(0,0,0,0)} Yo ={(0,0,0)}
t1
t2 1 3 Z9 — 2123 = 0
2 22 = t3 |t1t4 — t2t3 =0 \Eo 22 S R 21+ 25 > O,Z% + 42112’3 + z§ S 0
3

ta

z21
3 23:R4\(20U22) {(ZQ)ERB
Z3

Note that the inequality 22 4+ 42123 + 232 > 0 for the description of 55 can be omitted. The inequality
z1 + z3 > 0 cannot be substituted by the principal minors 2, respectively z3, which do not vanish
identically on ClZ(§2)7 since such a choice excludes points of the form z = (0,0, z3), z3 > 0, respectively
z =(21,0,0), 21 > 0. By using the algorithm STABILIZER we obtain for the associated stabilizers the table

z1+ 23 >O,zf—22§+62123+z§ > 0,
2123 + 2123 — 22 (21 + 23) > 0

Stratum 20 22 23
Stabilizer|O2|Zy|{id}

Ezample 5. The action of id @ id of the group G = SO; on R* (cf. Example 1 in [1]). The polynomials
T =1+ 2 tdmy =13 12 — 13 — 13, my = —2t1ty + 2atz, my = 2t1t3 + 2taty, as given in [1],
form a minimal set of fundamental invariants of RJ[t1,to, ... ,t4]G. Since 71, 7y, . .., T4 satisfy the relation
73 — 3 — 73 — 75, the orbit space is embedded in the hypersurface of R*. There are only two strata of the
42’1 422 423 42’4

orbit space. The 4 x 4 matrix grad(z) has rank at most 3 and is given by grad(z) = jzz 4(2)1 42 8
3 1
424 0 0 421

Note that the ideal of 3 x 3 minors of grad(z) contains the ideal (z;) as a primary component, but, as in
the previous example, z; = 0, z; # 0 for some 1 < i < 4 prevents grad(z) > 0, hence this component does
not contribute to the stratification. We obtain the following description.

Dim.|strata on rep. space|strata of orbit space
0 [Xo=1{(0,0,0,0)} 1{(0,0,0,0)}

21 2 2 2 2
21 —25 —23 —25 =0

3 X =R\ X jz ER' | 21 >0,22+23+23>0, y CR.
23 21258 + 2125 + 2123 > 0
4

Obviously, 55, respectively R*/G can be described by the inequality z; > 0, respectively z; > 0. The
stabilizer associated to Xy, respectively, X3 is SOq, respectively, {id}.

Ezample 6. We consider the action of the representation id @ det - id on R of G = O3 C G L, (3)R, where

id: G — GL,(3)R (i.e., (g, (x,y)) — (g-x,det(g)g-y). Algebraically independent fundamental invariants

are given by my = 3 + 2 + 2, mo = 13 + t3 + 13, m3 = 132 + 1312 — 2tytotats — 2titatate + tt3 + t5t2 —

totststs + tat3 + t3t2. The representation- and orbit space can be decomposed in six strata of dimension
421 0 423

0,1,1,2,2,3 respectively. The matrix grad(z) is given by 04z 4z3 |. As above, the ideal
4z3 423 42123 + 42923

of 3 x 3 minors of grad(z) contains the primary component (z1 + z2), which must be excluded, because

grad(z) # 0 for z; = —29 # 0. A decomposition of the representation- and the 3-dimensional orbit space

is given in the table below.



rk|strata of rep.space strata of orbit space

0]%o = {(0,0,0,0,0,0)} 5 = {(0,0,0)} € R®
0
1211 = {(t1,t2,15,0,0,0)} \ Xo Dia = 2| €RP | 2>0
0
21
1212 ={(0,0,0,ta,t5,t6)} \ Zo Do = 0 |eR®|21>0
0
. 4 | 223+ 2525+ 23 > 0,
2| Y1 = {t | tita + tats + tate = 0} \ (X110 U X1 2 U Xp) I B
Z122
tate — tats =0 21
2| Y22 =t | tite —tasta =0 » \ (Z1,1 U T1,2U o) z | ERY | 214 22>0,2122 >0
tits — toty =0 0
21 21 >0,21220 >0
B i Il [ M P S B
3

Without Theorem 2.2.3.(e), the description of the principal stratum is

2 2 2 2
Z1 212223 + 212523 — 2123 — 2225 > 0

& 3 2 2 2

Xy = z2 | ER 2123 + 2212023 + 2523 + 21290 — 225 > 0
z3 z123 + 2223 + 21+ 22 >0

The algorithm STABILIZER yields equations defining the stabilizer for each stratum, in particular, the
dimension and the number of connected components. After some (easy) calculation for the strata X 1
and X o we obtain the following table.

Stratum EO 2171 2172 2271 2272 Ep
Stabilizer 03 02 Zg X SOQ Z2 SOQ {ld}

Conclusion

We have presented an alternative approach for the computation of stratifications of compact Lie groups
and have pointed out, that the dimension of a stratum, respectively, its closure is an upper and lower
bound for the number of inequalities, which are necessary in order to describe it. In particular, the
number of inequalities for describing orbit spaces is bounded by their dimension. The advantage of the
approach lies in the fact, that several applications (like the construction of polynomial potentials) do not
necessarily need inequalities at all, and that primary decomposition is faster on the representation space
than on the orbit space. Additionally, if the representation of GG is not orthogonal, out approach may be
used to compute the Zariski-closures of the strata of the orbit space. From a practical point of view, the
dependence on orthogonal representations should be avoided.
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