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Preface

The topic of this work is a special sort of algorithms summarized under the name of
Computer Algebra. Secondly, these algorithms are applied in the theory of dynamical
systems. This rare combination of research interests is the result of being a member
of the department Symbolik at ZIB and working together with people in the dynamical
systems community. This rare combination gives the chance to attack problems in a
challenging way.

WHAT 1s COMPUTER ALGEBRA? Basically, Computer Algebra means computation
with algebraic structures and answering questions from algebra and algebraic geometry in
an algorithmic way. A good algorithm reflects and exploits the underlying mathematical
stuctures as best as possible. While for combinatorial algorithms these are graphs, poly-
topes etc., for numerical algorithms these are analytical structures and structures from
functional analysis, the underlying structures of Computer Algebra are from commutative
and non-commutative algebra, algebraic geometry etc.

While in numerics the computed result may be a huge amount of real numbers en-
coding an approximate solution of a partial differential equation, in Computer Algebra
the result is an algebraic object such as a Hilbert series of a module of splines encoding
the dimensions of vector spaces of splines up to a certain degree [18, 42] or generators of
Lie algebras encoding the symmetry group of self-similar solutions of partial differential
equations [94, 95, 170, 193].

While numerical algorithms approzimate symbolic computations are exact. Even with
numbers this is obvious. The floating point numbers reflect the real numbers as a Banach
space, but in exact computation the numbers are considered as elements of a field.

In both numerics and Computer Algebra Newton’s method plays a prominent role.
In numerics the family of inexact Newton methods and Quasi-Newton methods produces
sequences in Banach spaces and Hilbert spaces [49], [105]. In symbolic computation
the Newton method is used in order to find factorizations of polynomials in Z[x] or
Zlxy,...,x,] in a completion space exploiting Hensel’s lemma [80], [196].

Although there are a lot of differences between symbolic computations and other areas
of algorithmic mathematics they share some main principles.

Restrict the computation to the essential information only.

Reuse information which is available anyway.

Use the underlying mathematical structure as best as possible.

- Exploit special structure.

The combination of algorithms of different types appears to be rather difficult. An ap-
propriate combination of symbolic algorithms with numerics requires that both algebraic



structures and analytic structures are simultaneously present without interfering each
other. First symbolic computations are performed followed by the numerical algorithm.
In general the data of a run of a numerical algorithm should not be the input of a symbolic
algorithm. If the analytic and algebraic structures interfere each other the combination
of symbolic and numerical methods appears to be inappropriate.

Successful examples of combination include the symbolic exploitation of equivariance
with respect to a linear representation of a finite group and numerical pathfollowing and
computation of bifurcation points as in Symcon [75, 69] and secondly the computation of
a mixed subdivision of a tuple of Newton polytopes in order to determine all solutions of
a sparse polynomial system numerically [187], [188].

But the most common use of Computer Algebra seems to be the automation of hand
calculations. Especially for theoretical investigations it can save a lot of time and make
tedious calculations more reliable.

Far beyond this Computer Algebra methods are alternative tools bringing a different
point of view to a problem. The algebraic algorithms are able to exploit much more struc-
ture of a problem than numerical algorithms which basically approximate. The purpose
of Computer Algebra is the computation of structural information. The demonstration
of this in the context of dynamical systems is the aim of this work.

WHAT 1S EQUIVARIANT DYNAMICS? In the theory of equivariant dynamical systems
long time phenomena are investigated which are structured and classified by the symme-
try. In engineering and science the symmetry enters in a natural way because geometric
configurations may be symmetric. The formal description of symmetry is done using group
theory, e.g. the linear representation of a compact Lie group. The main point is that the
problem remains unchanged under the group action. First of all the differential equations
remain unchanged, i.e. are equivariant. Secondly, the domain has the symmetry of this
group. Besides the symmetry the problem may depend on some parameters which have
a physical meaning such as temperature, aspect ratio, Rayleigh number etc. Of course
the solution and long time behavior change with values of the parameters. Bifurcation
theory deals with the study of dramatic changes in the solution quality depending on the
parameters. It is well-known that the genericity of bifurcation phenomena is essentially
dominated by the symmetry. Moreover, the dynamics is structured by the symmetry.

The theory of equivariant dynamical systems is motivated by several examples: In the
Taylor-Couette problem [35, 87] (see the description in Section 4.3) the flow of some liquid
between two rotating cylinders depends on the velocities of the cylinders. At different
velocities different patterns of the flow appear. In the Bénard problem [87] a liquid in a
thin plate is heated from below. The induced flow show hexagonal pattern and various
other regular configurations. Another source of motivation is the magnetic field of the
earth which has been going through a lot of pol reversals in the history of the earth [34].
This may be explained by heteroclinic cycles. For an introduction to heteroclinic cycles
and symmetry see [57]. In the Faraday experiment light is reflected by the surface of
a liquid which is vibrating and oscillating irregularly [141, pp. 255]. Especially in this
experiment the phenomena of ordered chaos has been studied since the symmetry puts
some structure on the chaotic attractors.

The aim of the theory of dynamical systems is the study of long time behavior and
invariant sets. Secondly, the influence of a parameter which may cause dramatic changes
is the goal of understanding. Analytical tools such as Liapunov-Schmidt reduction [86],
and center manifold reduction [92, 122] reduce a given dynamical system to a smaller one



which reflects the main phenomena. By now these became standard methods. For the
study of attracting sets ergodic theory became more and more important in the recent
years. Symmetric attractors using ergodic theory have been studied e.g. in [7, 9, 58], see
also [70, 72].

Working in analysis one does not expect the occurrence of Computer Algebra within
this context. But the symmetry brings in questions different from analysis. Symmetry
goes along with algebraic structures such as groups, invariant rings, algebras, and varieties
which are the objects of symbolic computation. Certainly, this modern tool will be used
much more in the future when more people are familiar with it.

SUMMARY Although some attempts have been made to use Computer Algebra in
dynamical systems the full power of constructive algebraic methods still needs to be
discovered. This book is a start and will hopefully lead in the right direction.

In this work three topics within equivariant dynamical systems theory are treated.
Once a symmetry of a problem class is described by a group action a general equivari-
ant vector field is created in order to study generically occurring bifurcation phenomena.
The derivation of the general equivariant vector field is the first point. Secondly, the
application of Computer Algebra to local bifurcation theory is demonstrated. The most
advanced topic is a special method known as orbit space reduction. The basic idea is to
exploit the symmetry by dividing out the group action. Our investigation concerns the
choice of symmetry adapted bases. In all three topics I use Grobner bases, especially vari-
ants of their efficient computation. In order to prepare their application an introduction
to Grobner bases is presented in the first chapter.

Using Grobner bases means algorithmic commutative algebra. Given a set of polyno-
mials fy ..., f,, € Clxy ..., 2,] one asks questions about their common zeros V' C C" such
as finiteness, number, dimension or structure. These questions are attacked indirectly by
investigating the ideal I = (f1, ..., fi) and the quotient ring Clz]/I. The desired answers
are given by the properties of the ring Cx]/I such as being a finite-dimensional vector
space, its dimension as vector space or the structure over a subring. With the help of
Grobner bases these questions are reduced to examining monomials.

In the beginning of Chapter 1 the Grébner basics are recalled and the efficient imple-
mentation details are discussed. Then three more advanced topics follow. The Hilbert
series driven Buchberger algorithm exploits a priori information. Sometimes a set of given
polynomials which needs to be investigated form already a Grobner basis with respect
to some term order, but which is not what one wants. On the other hand this enables
the computation of the Hilbert series and thus the usage of the efficient Hilbert series
driven variant. In a lot of cases the term order can be found by combinatorial methods
(Structural Grébner Basis detection). The exploitation of sparsity is treated here for the
first time. The third topic is the change of the term order during the Buchberger algo-
rithm (Dynamic Buchberger algorithm). In the last section of this chapter the standard
application of Grobner bases to the solution of polynomial equation systems is recalled
for sake of completeness. Throughout the text and especially in this section I try to keep
the description as simple as possible in order to address applied mathematicians as well.

In the third chapter the results from algorithmic invariant theory are presented which
are needed in order to construct a generic equivariant vector field and guarantee the
unique representation as required in the following chapters. The algorithms are classified
by the structures they are exploiting. Examples illustrate the usefulness for equivariant
dynamical systems theory. First the computations of invariants and equivariants using



the Hilbert series are described in detail. The famous algorithm by Derksen using the
algebraic group structure is recalled. Its generalization to the equivariant case is presented
here for the first time. The algorithms exploiting the Cohen-Macaulay structure are given
together with time comparisons. Then the algorithms follow which give generators such
that a unique representation is guaranteed. The computation of a Hironaka decomposition
by algorithmic Noether normalization and the computation of a Stanley decomposition
of the module of equivariants are presented.

In Chapter 3 the typical argumentation of local symmetric bifurcation theory is out-
lined and illustrated by an example. The result on secondary Hopf bifurcation with cyclic
symmetry shows the typical usage of Computer Algebra. The generic equivariant vector
field is achieved by symbolic computation and also some other more simpler usages of sym-
bolic computations are demonstrated. The invention of a different style of investigation
within dynamical systems theory is the aim of this section.

In the last chapter the full power of the algorithms developed in the third chapter
are exploited in the orbit space reduction, a very special method in equivariant dynamical
systems theory. Treating the equivariant system modulo the group action yields a related
system on a part of a real variety. In fact the domain of definition is stratified by semi-
algebraic sets. These are submanifolds corresponding to different orbit types. Coordinates
are introduced by choosing a Hilbert basis of the invariant ring. The group actions
typically investigated in equivariant dynamical systems theory have a special property
such the invariant ring is Cohen-Macaulay which implies a certain structure of the complex
variety, the solutions of the relations of the Hilbert basis. The exploitation of Cohen-
Macaulayness has not been done before. It yields new insight into the properties of the
method of orbit space reduction. In appropriate coordinates the orbit space shows its
structure in a clear form. Even more the differential equations on the orbit space reflect
the fixed point spaces which are as flow invariant sets the main structure in the theory of
equivariant dynamical systems. Also the Jacobians have a special structure simplifying
the determination of eigenvalues and thus simplifying the bifurcation analysis. Examples
such as the Taylor-Couette problem illustrate the advantages of special coordinates. The
methods of Chapter 1, the computation of Grobner bases, are exploited in multiples
ways. They are used for the computation of the generic equivariant vector field, the
computations of Chapter 2, rewriting an invariant in terms of a Hilbert basis, checking
radicals and many more aspects.

Altogether this work links very different areas of mathematics. Hopefully, it helps to
change the style in dynamical systems theory in the direction of making more usage of
computers instead of doing work by pencil and paper.

Berlin, May 1999 Karin Gatermann
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Die eine Kerze zur Rechten. Wie immer. Kaum wahrnehm-
bar das Atmen, mit dem sie sich verzehrt. Ihr Licht taugt zu
nichts. Die Helligkeit, die meinen Augen notig ist, kommt von
der Lampe links. Und doch habe ich sie angeziindet. Wieder
und wieder. Ein Jahr. Zwei Jahre. Ehe ich mich versah, waren
es zwanzig und mehr. Solange ich an diesem Schreibtisch sitze.
Wie auch die Lichtverhéltnisse waren - ich wollte sie unbe-
dingt, diese eine Kerze. Natiirlich handelte es sich nicht im-
mer um denselben Tisch, dieselbe Kerze. Fiir einen Moment
will es mir sogar scheinen, als ware ich niemals aufgestanden.
Als wére dieses Dasein, vorniibergebeugt am Schreibtisch,
mathematische Formeln auf ein Blatt Papier kritzelnd, das
eigentliche Leben gewesen. O diese Lust! Diese Klarheit!
Diese hochmiitigen Konstruktionen! Aber dann die Zusam-
menbriiche. Der scharfe Schmerz in der Scheitelgegend, gegen
den kein Haareraufen half. Der Zweifel an der eigenen Exis-
tenzberechtigung. Plotzlich, wenn schon alles verloren aussah:
ein neuer Einfall. Also wieder von vorn. Verglichen mit diesem
hollischen Pendeln zwischen Fegefeuer und Hosianna war das
iibrige Dasein fast eine Plattheit.

Helga Konigsdorf
Respektloser Umgang
Luchterhand 736 S. 7



Chapter 1
Grobner bases

[Kronecker| believed that one could, and that one must, in these parts
of mathematics, frame each definition in such a way that one can test in
a finite number of steps whether it applies to any given quantity. In the
same way, a proof of the existence of a quantity can only be regarded as
fully rigorous when it contains a method by which the quantity whose
existence is to be proved can actually be found.

K. Hensel  (cited in Mishra [145])

The algorithmic treatment of varieties is the topic of this chapter. This deals as
preparation for the investigation of varieties in equivariant dynamical systems in Chap-
ter 4. Secondly, the computation of invariants and equivariants in Chapter 2 necessitates
algebraic computations based on Grobner bases.

Since Grobner bases are the most important tool of this work their basic theory and
algorithmic determination is presented. The standard theory of Grobner bases may be
found in the books [3], [14], [41], [52], [61], [80], [145], [186], [192] and more advanced
theory in [177]. In the first section some elementary notions of Grébner bases are recalled
emphazising on easy understandable presentation and illustration of ideas by pictures.
Then the recent progress on this topic follows which is new or which is not included in text
books. The main points are our implementation of the Hilbert series driven Buchberger
algorithm, the exploitation of the sparsity of polynomials in the structural Grobner basis
detection, and the dynamic version of the Buchberger algorithm.

The exposition of the text is made for non-experts by including some elementary
explanations where it seems appropriate. Especially Section 1.5 contains easy readable
material and explains the purpose of Grobner bases.

1.1 Buchberger’s algorithm

For given polynomials fy,..., f, € Clzy,...,2,] we would like to study the solutions
x € C™ of the system of algebraic equations given by fi(x) =0, fo(x) =0, -, fru(x) = 0.
Since the solution set does not change by addition and multiplication one equivalently
studies the variety

VI)={zeC" f(x)=0,Vfel}

1
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of the ideal I = (fi,..., fm) which is generated by the given polynomials. Even more it
is possible to study the properties of the variety indirectly. The ideal I and the quotient
ring Clz]/I give insight into the variety, e.g. on the number of isolated solutions or the
dimension. So we are dealing algorithmically with ideals in a polynomial ring K[z 1, ..., ;]
where the field! K is in most practical computations Q. But we will as well discuss details
of computation for extensions of Q in Section 1.2.4. A Grobner basis is a special ideal basis
depending on an order of the monomials x* = x7* - - - 29" carrying essential information
on the properties of the variety.

Definition 1.1.1 (/1] p. 189) The relation < is called a term order, if for all monomials

28 27 € Klxy, ..., 2]
x* < z® (reflexive)
<zl and 2 <z¥ = z*<a (transitive)
<28 and 2 <z* = %= (antisymmetric)
r* < af oraf < a° (connezx)
1<a” (Noetherian)

<zl = o <P

The first conditions have the meaning of total ordering of the monomials while the last
two conditions assure that the term order is admissible with the polynomial structure.

Example 1.1.2 Ezamples of term orders on Klxy, ..., x,] with variable order
Ty > X9 > > 1, include

a.) the lexicographical ordering (>, ) defined by

% >, 20 & i with a; = B, 1 <3 <i—1 and o; > G,

b.) the graded lexicographical ordering (> g.e.) defined by
Y > griea P e Zak > Zﬁk or Zak = Zﬁk and % >, 0,
k=1 k=1 k=1 k=1

c.) the graded reverse lexicographical ordering (> g evies) defined by
i >grevle$ xﬁ -~ ZZ:I g > ZZ:I 6k or

Yoheq O = > 51 Br and 31 with
a;j=p;,i—1<j<nand a; < f;.

In Maple this order is called tdeg.

The term orders b.) and c.) use the notion of the degree of a polynomial. There is a
concept of a generalized degree which we will use later. Since it makes the notion of a
term order more transparent we recall it here.

'Fields in general purpose Computer Algebra systems are Q,Z, or extensions. The fields of real
numbers and complex numbers are not computable. Within symbolic computations the use of floating
point numbers does not make sense. Also the conversion of floating point numbers to rationals and then
computing exactly is of doubtful value.
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Figure 1.1: The ring K[z, z2] graded by W (zy) = 2, W (x9) =1

Definition 1.1.3 (/52] p. 29) A ring is called graded, if a direct sum decomposition
R =& _ . R; exists such that

R; - R; € Ry,
holds for alli,j € Z, where R; - R; is defined as R; - Rj := {r; - r;| r; € R; and r; € R;}.

Example 1.1.4 : The polynomial ring K[x] with the usual degree is a graded ring. Be-
sides this natural grading there are other gradings: Let wy,...,w, € Z be weights on
the variables xy,...,xn. (W :{z1,..., 2.} — Z,W(x;) = w;). The weighted degree is
defined by

degy (z%) = > we; = w'a.
i=1

Polynomials [ = Y ,ca aox® with degy, (z%) equal for all « € A C N™ are called W-
homogeneous. All homogeneous polynomials of degree i generate a vector space H)V (K [x])
yielding the graded structure

Kl = @ HY (K[a]).
The natural grading K|x] = &2 HN (K|[z]) is included by the weights 1,...,1. All grad-
ings of K[z| are given by weights in this way ([14] p. 467).
In Figure 1.1 the example of the grading W (x1) = 2, W (xz2) = 1 is illustrated. It is nice
to observe that the word grading has its origin in the German word Grad.

Of course a ring may be graded several times. For examples with two gradings Wy, W,
the vector space of all Wi-homogeneous and Ws-homogeneous polynomials of degree

deng,Wz (p(x)) = (Z>j) is given by

Hi " (Ka]) = HY (K[e]) 0 B (K ).
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Flgure 1 2: Two term orders deﬁned by linear mappings and their 1nterpretat10n as col-
lection of gradings

Writing W = (W3, W) the bigrading is

— @ YK = D @ HI(KD).

a€Z? 1=—00 Jj=—00

Almost all term orders are defined by certain matrices whose rows define various gradings.

Definition 1.1.5 : Let the matriz M € Z™"™ have the following properties:
i.) for each column j the first nonzero entry is positive.

vy 3k with m;; =0 Vi < k and my; > 0.

it.) M has full rank.

By Ma < Mp (which means there exists a k such that (Ma); = (Mp); for all 1 < k and
(Ma), < (MB)g ) a term order <, is defined.

The full rank of M assures that the relation <j; is connex. The condition i.) on
M assures that the constant is the smallest monomial, in other words the term order
is Noetherian. In [161, 190] all term orders are classified by (r x n)-matrices with real
entries.

The interpretation is that each row of M defines a grading. First the grading of the
first row sorts the monomials. The second grading sorts the monomials which have the
same degree in the first grading and so on. Term orders are given by distinction with
respect to different gradings. This principle is reflected in the examples in Figure 1.2.

For a polynomial f € K|x] one denotes by ht(f) its head term or leading term, i.e.
the monomial with highest order and non-vanishing coefficient he(f) in f:

f=he(f)- ht(f)+ lower order terms.

Definition 1.1.6 An ideal basis {fi,..., fm} of I = (f1,..., fm) is called a Grébner
basis, if the ideal of the leading terms equals the initial ideal generated by all leading
terms of elements of I:

(t(fr), - hi(fm)) = ({RE(HIS € 1}).
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The initial ideal carries structural informations about the variety. Knowing the Grébner
basis enables the computations which involve the initial ideal such as computation of di-
mension, parameterization or the number of solutions for zero-dimensional ideals.

Before we discuss the details of the algorithmic computation of Grobner basis the
geometric interpretation of the leading term is presented.

Definition 1.1.7 Let the polynomial f € K[z]| have a representation f(z) = > ,enn CaZ?,
with coefficients ¢, € K where only a finite number of coefficients is nonzero. Then

supp(f) ={a € N"| ¢, # 0},

is called the support of f and the convex hull of supp(f) in R™ is called the Newton
Polytope.

In general a polytope is a bounded convex set which is the intersection of a finite number
of halfspaces given by hyperplanes.

Each vector w € R"™ defines a linear functional w* : R® — R, a — w'a.

Definition 1.1.8 ([195]) A subset of a polytope P in R™ is called face if a linear func-
tional w* attains its maximum over the polytope at this set. The vector w is called an
outer normal of F' and we write F,, C P. The dimension of a convex set is the dimension
of the affine space generated by its points. A face F of dimension dimF' = dim P — 1 is
called facet.

In most cases polytopes of dimension n in R"™ are considered. Then the outer normal
of a facet is unique up to normalization.

In the context of Newton Polytopes NewP(f) we are interested in cases where the
linear functional is given by a grading W € Z" or a row of a matrix defining a term order.
Then F := Z" N Fyy picks some points of the lattice where Fy, is the face of NewP(f)
corresponding to the grading W. The polynomial inw (f) = > ,cznnp, Cax® is called the
wniatial form.

Lemma 1.1.9 Let M € Z" fulfill the conditions in Definition 1.1.5 denoting by <,s the
associated term order and let the rows be Wy, ..., W,. For each polynomial f € K|z]

hC<M(f) ’ ht<1\/[ (f) - Zan( ’ 'inWQ (inwl (f)) o )

The example in Figure 1.3 illustrates that the first row (grading) of a matrix term
order is often sufficient to determine the leading term.

We return to the definition of the Grobner basis and its importance for practical
computations. If F'={f1,..., fin} C K[z]is a Grobner basis with respect to a term order
then the question whether f € I := (fy,..., f,n) can be decided in finitely many steps. If
Jj €{1,...,m} and a monomial 2 with z® - ht(f;) = ht(f) and ¢ := he(f)/he(f;) exists,
the new polynomial r := f—caz®f; € K|[z] is easier than f in the sense that ht(r) < ht(f).
Observe that r is an element of the ideal I if and only if f € I. Repeating this procedure
which is called top reduction we end with a polynomial g which has lowest possible leading
term, ie. ht(g) < min;—; _,,(ht(f;)). If F' is a Grobner basis then f € I is equivalent
to g = 0. The repeated procedure is called division algorithm while the result g is called
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Figure 1.3: Support, Newton Polytope, and leading terms with respect to 2 term orders
of f(x) = zyxy + 22223 — 2323 + 4a] + 623wy + 3w129 + 27125 + 923. The initial form
ing,(f) = 2125 + 22223 — x3x2 with respect to the natural grading w = (1, 1) is visualized

as corresponding facet of the Newton Polytope

normal form. Tt is denoted by g = normalf( f) and more precisely g = normalf _(f(z), F),
if we want to express the dependence on the set F' and the term order <. Besides the top
reductions of course also elimination of other monomials of f is possible. Observe that
the reductions and thus the normal form depend on the term order. If F'is a Grobner
basis the normal form does not depend on how the division algorithm is performed. For
more details see [14] p. 195-204.

Lemma 1.1.10 (/177] Prop. 1.1, [14] p. 206) Let F = {f1, ..., fm} C K[z] be a Grébner
basis with respect to a term order < and denote by I = (f1,..., fm) the ideal generated by
them.

i.) The polynomials g which are in normal form with respect to F and < form unique
representatives of classes g + I of the quotient ring K[z|/I.

ii.) The classes of the monomials x* with x* & (ht(f1), ..., ht(fm)) form a vector space
basis of the quotient ring K|x]/I.

The importance of i.) is that one can decide algorithmically whether f is a member
of the ideal or not. One just applies the division algorithm.

The monomials in ii.) are called standard monomials.

Definition 1.1.11 (/41] p. 90, [177] Prop. 1.1) A Grébner basis {fi,..., fm} such that
{ht(f1),...,ht(fm)} form a minimal basis of the initial ideal and he(fy) =1 = --- =
he(fm) is called minimal Grobner basis.  If the f; are additionally inter-reduced F' is
called a reduced Grobner basis.
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Figure 1.4: The Newton Polytopes of g(z) = zjzy + 5x?z3 — 3x1 + 274 as well as of f
(Figure 1.3) are illustrated in the picture on top. The picture at the bottom gives the
support, the Newton Polytope, and leading term of the S-polynomial S(f, g) = x3 f(z) —
r3g(x) along with the Newton Polytopes of 23 f(z) and z3g(z)

For each term order and each ideal in K'[z] there exists a Grobner basis which generates
this ideal. Of course there may be many Grobner bases with this property. But the
reduced Grobner basis is unique. Although there exist infinitely many term orders for
each ideal only a finite number of reduced Grébner bases exists ([11, 149, 177]). This is
a consequence of the polynomial ring being Noetherian, see [177] Thm. 1.2.

The following classification of Grobner bases is the foundation of its algorithmic de-
termination. The next example clearly shows the point.

Example 1.1.12 Do the polynomials g(x) = xjws + 5xix3 — 3z1 + 229 and f(z) =
rxy + 22303 — 2iad + dat + 62 we + 3rxa + 22123 + 923 with leading terms ht(g) = xixs
and ht(f) = xix3 with respect to the matriz term order [[1,1],[1,2]] form a Grébner
basis? If they do form a Grébner basis, then each element of I = (f,g) can be reduced
to zero by the division algorithm. For example h(x) := x1 - x9 - g(x) + 5 -z - f(z) € I.
Since ht(h) = xq - ht(f) = xx3 the polynomial v := h — bxof gives a top reduction
h = 5xof + 1 with ht(r) < ht(h). The next reduction is with r = xy - x5 - g obvious and
gives normalf(h) = 0.

But for k(z) := 23 f(x) — 23g(x) the normal form computation is less obvious since
ht(k) < ht(x3f) = ht(z3g). The cancellation of leading terms in k(x) is the problem. For
tllustration see Figure 1.4.

Theorem 1.1.13 ([/1] p. 106) Let F = {f1,..., fm} C Klz] generate the ideal I =
(f1,- -y fm). Fiz a term order <. Then the following statements are equivalent

i.) F forms a Grébner basis of I with respect to <.
ii.) For all f € I the division algorithm gives normalf_(f, F') = 0.

iii.) For all (g1, ...,9m) € Klx]™ the division algorithm computes the normal form of
XiL1 9ifj to be zero, i.e. normalf_ (372, gi(x) fi(x), F') = 0.
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w.) For all (s1,...,sm) € K[x|™ with Y71, sj(x) - he(f;) - ht(f;)(x) = 0 the division
algorithm gives normalf_ (37, sj(x) f;(z), F') = 0.

Remark 1.1.14 The Condition ii.) enables to explain the link between Grébner bases
and H-bases as they have been introduced in [134]. The set F' = {f1,..., fm} of degrees
di,...,dy, is called a H-basis (nowadays called Macaulay basis) if for each f € I =
(f1,..., fm) of degree d there exists a representation f(x) = g1(x)- fr(x)++ - 4 gm () fin(x)
with deg(g;) < d—d;,i=1,...,m. Writing N = (1,...,1) for the natural grading this is
equivalent to (iny(f1)...,inn(fm)) = {inn(f)|f € I}). Instead of the natural grading
the definition can be extended to w-H-bases with respect to gradings w given by the first
row of a matriz term order. Condition ii.) means that each [ has a representation

f=agifi+ -+ gmfm with ht(g1fr) < ht(f), ..., ht(gmfm) < ht(f). If w is the first row
of the matrix term order this includes deg,(g1f1) < deg,(f),...,deg, (gmfm) < deg,(f).
Thus condition ii.) shows that Grébner bases are just a generalization of w-H-bases.
For more on the relation between Grébner bases and Macaulay bases see [147] and [182]
Section 2.3.

Because of their importance the elements in iv.) have a special name.

Definition 1.1.15 Given a set F' = {f1,..., fm} with leading terms ht(f;) a syzygy is a
tuple (s1,...,5m) € K[z]™ such that

i s; - he(f;) - ht(f;) = 0.

The set of all syzygies forms a K|[z]-module denoted by S(F'). Each syzygy s corre-
sponds to a polynomial in the ideal generated by F' by defining s- F' = Y7 s, f;.

The Buchberger algorithm is based on the fact that special sparse syzygies
SieS(F), 1<i<j<m, (1.1)
form a module basis of S(F), where S/ =0, Vk # i,k # j, and

i lem(nt(f;),ht(f;)) ii _ lem(at(f),ht(f5))
Sl == R(F) he(f;), S5 =~ ht(f;) he(fi).

S(fi, fj) == S%-F is called S-polynomial. Although S is defined for the index order i < j
only, the notation is often used in a sloppy way by defining S7* := 5%, S(f;, fi) :== S(fi, f;)-

Theorem 1.1.16 ([/1] p. 106) Let F = {f1,..., fm} C Klz] generate the ideal I =
(fi,.-., fm) and assume a term order <. The following statements are equivalent

i.) F forms a Grébner basis of I with respect to <.

ii.) All syzygies s € S(F') have the property that s - F' reduces to zero with respect to <
and F'.

iti.) All elements s in a module basis of S(F') have the property that normalf(s-F, F') = 0.

iv.) All S-polynomials S(fi, f;),1 < i < j < m reduce to zero.
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The basic version of the classical Buchberger algorithm is based on criterion iv. ).

Algorithm 1.1.17 (Buchberger [23, 24])
Input: F={f1,..., fm}, term order <
Output: Grébner basis GB of I = (f1,..., fm)

GgB.=F

m =

|F|

S:={(i,j)l <i<j<m}
while S # {} do

choose (i,7) € S,
S =5\ {(,5)}
g :=normalf(S(f;, f;)) wrt < and GB
if g # 0 then GB :=GB U {g}
m:=m+1
S:=Su{(i,m)| i=1,...,m—1}

# minimal Grobner basis
for each g € GB do

if ht(g) € ({ht(f)|f € GB, f # g} > then GB := GB\ {g}

# reduced Grobner basis
for each g € GB do

g :=normalf(g) wrt GB\ {g} and <
GB :=GB\ {g} U{g}

Although the set of pairs S is enlarged the terminates because the polynomial ring is
Noetherian.

Remark 1.1.18 For each g € (GB) one easily finds the coefficient polynomials in the
representation g(z) = Y regp g’ (x) - f(x) by the division algorithm. The coefficients g;
in the representation g = Y1, g;(x) - fi(x) can be computed as well. But a bookkeeping
of reduction steps during the Buchberger algorithm is required. For details see [3]. The
complexity of Algorithm 1.1.17 is discussed in [139, 123].

For the efficient computation various aspects are important.

software aspects: good data structures for storing multivariate polynomials and
determination of the leading term are important.

growth of coefficients: the computations in K = Q or Z respectively may lead to
enormous integer arithmetic with very long numbers. An attempt to get around this
is the computation modulo a prime number as is done in Macaulay [88]. Secondly,
the content of polynomials is extracted. A heuristic is necessary in order to decide
when contents (after each normal form computation or after each reduction step)
are computed and extracted.

parallel implementation [160].

ambiguity of division algorithm: Often several polynomials would fit for a reduction
step. A strategy proven to be efficient is to choose the oldest polynomial (the first
on the list which fits).
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- order of S-polynomials: The description in Algorithm 1.1.17 does not clarify which
of the S-polynomials to choose first for the normal form computation. A good
strategy is the so-called sugar selection strategy, introduced in [83] where a ghost
degree is associated to each polynomial and thus to each S-polynomial. For the
input polynomials this is just their degree. For all after polynomials the sugar is
determined recursively, see also [66].

- superfluous S-polynomials: most important for efficiency is to avoid the application
of the division algorithm to S-polynomials which will reduce to zero anyway. The
first point are the so-called Buchberger criteria which reflects the fact that the S-
polynomials correspond to a module basis of the module of syzygies which do not
form a minimal basis. Secondly, the Hilbert series may be exploited, see Section 1.2.

The main point for efficiency of the Buchberger algorithm is to avoid the treatment
of superfluous S-polynomials. Proposition 4 in [41] shows that if lem(ht(f;), ht(f;)) =
ht(f:) - ht(f;) the syzygy S € S(F') leads to a S-polynomial which automatically reduces
to zero (normalf_(S(f;, f;)) = 0 with respect to {f;, f;}). The occurrence of this case is
easily checked since only a property of leading terms needs to be tested:

1. Buchberger criterion: If ht(f;), ht(f;) are relatively prime then S(f;, f;) is superflu-
ous.

In [143], an improvement of the 1. criterion is formulated. But this criterion is more
expensive since it requires the factorization of polynomials.

Criterion D: If g(z) € K[z] is a common divisor of f; and f;, i.e. fi(x) = g(x) - f(x)
and fj(x) = g(x) - fi(z) and ht(f;) and ht(f;) are coprime then normalf(S(f;, f;)) = 0
with respect to < and f;, f;.

A second group of superfluous S-polynomials is given by the fact that in general S* do
not form a minimal module basis. If fj, divides lem(f;, f;) then SY = ¢z - S™ + ¢ S7%
for appropriate c;z{, c;r$, see Proposition 10 in [41] or Proposition 5.70 in [14].

2. Buchberger criterion: If ht(fy)|lem(ht(f;), ht(f;)) and normalf(S(f;, fr)) = 0 as
well as normalf(S(f;, fr)) = 0 are satisfied then normalf(S(f;, f;)) = 0.

The criterion characterizes a case where among the generators S%, S7* S% the generator
S% is superfluous in a generating set of the module of syzygies. Observe that

ht(fx) |lem(ht(f:), ht(f;))
< lem(ht(f;), ht(fi)) | lem(ht(fi), ht(f;))
< lem(ht(f;), ht(fr)) [lem(ht(f;), ht(f;))-

The use of the 2. Buchberger criterion becomes complicated, if one tries to use it before
S(fis fr), S(f;, fx) have been treated. In case lem(ht(f;), ht(fr)) = lem(ht(f:), ht(f;))
there is the danger to delete both pairs (i, k), (¢, j) without doing any normal form com-
putation which is wrong in general. Either S* or S% is superfluous, but not both. That’s
why Gebauer and Méller [79] split it into three criteria. The index order i < j is assumed.

Criterion M(7, j): If k exists such that k < j and lem(ht(fy), ht(f;)) is a divisor of
lem(ht(£,) ht(f;)), bt lem(ht(f), ht(f,) # lem(ht(f:), h(f;)), then S(fi, ;) is super-

fluous.

Criterion F(7, j): If k exists such that k < ¢ and lem(ht(f), ht(f;)) = lem(ht(f;), ht(f;)),
then S(f;, f;) is superfluous.
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Criterion By(i,j): If k exists such that k& > j and lem(ht(fy), ht(f;)) is a divisor

of lem(ht(f:), ht(f;)), and lem(ht(fy), ht(f;)) # lem(ht(fi), ht(f;)), lem(ht(fx), ht(fi)) #
lem(ht(f;), ht(f;)), then the S-polynomial S(f;, f;) is superfluous.

Experience shows that the correct exploitation of the second Buchberger criterion
is a tricky task. It requires the distinction between new and old critical pairs and a
sophisticated ordering of pairs and use of parts of the criterion, see [83], [66] and [14]
p- 230.

It is well-known that the standard implementations in the general purpose systems
Mathematica and Maple are rather pour. Better are special implementations such as GB
[55], Macaulay [12], Macaulay 2 [88], the Groebner package in REDUCE [142], CoCoa
[31], Singular [90], Magma [30], the package Mgfun [37] in Maple V.5, Bergman, Felix,
MAS, and the package moregroebner [66] in Maple.

Besides the Grobner bases in polynomial rings there are as well Grobner bases for
ideals where the coefficient field is a polynomial ring itself and secondly for ideals in
non-commutative algebras. For the computation over rings the theoretical results on
these so-called comprehensive Grébner bases are given in [191] and an implementation is
available in REDUCE. The non-commutative Grobner bases are needed for the solution
of differential equations and for the computation of recurrence formulas. In both cases it
is not the general non-commutative case. For theoretical results we exemplary cite [103].
Non-commutative Grobner bases are implemented in REDUCE, Bergman, and Mgfun.

The third type of generalization of Grobner bases is given by a modification of the
property of term orders. The standard bases are defined with respect to a term order
which do not insist to be Noetherian (property (v) in Definition 1.1.1) thus being inter-
mediate between the tangent cone algorithm by Mora and the traditional Grobner bases
as described in this chapter. Exemplary we cite [89].

Besides the generalization of Grobner bases also the restriction to special cases such
as the binomial ideals occurring in the context of integer programming ([42], Chapter 8)
are important. As an example of several articles in the literature I refer to [117].

1.2 The consequence of grading

For special ideals the definition of a truncated Grobner basis makes sense. The same idea
enables the extension of the Grobner basis concept to modules and gives rise to an efficient
version of the Buchberger algorithm. The explanation of these results is the purpose of
this section.

1.2.1 Definitions and the relation to Grobner bases

Definition 1.2.1 (/52] p. 42) Consider a module M over the ring R which is assumed
to be graded by R = @& __ R;. The module M 1is called graded, if it is a direct sum
M = 69]0.;700 Mj such that R; - Mj C Mi+j \ 1,] € Z.

Example 1.2.2 : Let W : {xy,...,2,} = Z,W(x;) = w; be a grading of K[z1,...,x,].

i.) Each ideal of K|x] which is generated by W -homogeneous polynomials is an example
for a graded module:

I:‘é HY(I).

1=—00
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For W (z1) = 1, W (x2) = 2 the ideal (xox+523, x3 —2w9x% — 1) is W-homogeneous.
On the other hand for each W -graded ideal there exists a set of generators which
are W -homogeneous each.

it.) If I is a W-homogeneous ideal the quotient ring Klz|/I is a W-graded module over
K[z] as well.

Definition 1.2.3 Let K[x] be graded by W. A W-homogeneous ideal I of K[z] is an
1deal which respects the grading, i.e. is a W-graded module.

It is well-known that homogeneous ideals are very valuable for the study of the solu-
tions of a system of polynomial equations by interpreting the affine zeros as curves in the
weighted projective space: Let I = (fy,..., fm) C Klz1,...,x,], and

V(I)={zeC"| f(x)=0,Vfel},

its affine variety and w = (wg,wy,...,w,) € N"™ a grading W on K[zg,z1,...,T,].
Then

r L —w1 W, —Wnp W degyy (fi) s

filzo, z1, .. xn) i= filag el .. xg ) - g ., i=1,....m,

defines W-homogeneous polynomials of degrees deg( ﬁ) = w,degy (fi) and thus a W-
homogeneous ideal I = (fi,..., f). Since homogeneous ideals are generated by homoge-
neous polynomials the varieties have special properties:

zeV(I) = (a"zg,a"xy,...,a""x,) €V (I), VaeC.

This one-dimensional torus action implies an equivalence relation in the natural way.
The classes [(1,21,...,2,)] € V(I)/~ correspond to the affine zeros (z1,...,z,) € V(I).
Secondly, it is sufficient to deal with Grobner bases of I. Choosing a matrix term order

wo wl...wn
! 1.2
oy (12)

0

a Grobner basis of I corresponds by substitution of 2y = 1 to a Grébner basis of I with
respect to the term order defined by M. This is obvious by the elimination technique
explained in Section 1.5. That’s why one restricts in Macaulay to ideals which are homo-
geneous with respect to a grading.

Of course also multiple grading may occur in several situations. Its algorithmic exploita-
tion is the purpose of this section.

Example 1.2.4 Let W = {W1,..., W,} be a set of gradings of K[z1,...,x,] such that
Klz] = @?’;_OOH]M(K[x]),i =1,...,r. Then
Klz] = @ H" (K[z]) with H" (K[z]) = H"'(K[z]) N--- N H"(K[z)),

JEZT
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is a multiple grading of the ring Kl[z|. Consider K|z, z] with the Kronecker grading
C(zg) =0,k =1,....,n, () = 1,1 = 1,...,5. Then the module H} (K|z, z]) is multi-
graded by W = {Wq, ..., W,} by extension to K[z, z] by adding weights 0 on the z.

H{(K[z,z)) = @ Hi}" (K[x,z]).

jezr
Grading enables the definition of truncated Grobner bases and module Grobner bases.

Definition 1.2.5 Let W = {Wy,..., W, } be some gradings of K|x1,...,x,] with W; €
N"1=1,...,r and I a W-homogeneous ideal. Let < be a term order and d € N" be a
fixed degree. A finite set of W-homogeneous polynomials F' C I is called a d-truncated
Grobner basis of I with respect to W and term order <, if

{ht(f)l  f€F and degw,(f) < diyi=1,....r},
generates
d;
@ H;(LT(1)) = @ H,¥ (LT(D)),
15:=0 j<d
where LT(I) = ({ht(f)|f € I}) denotes the initial ideal. The truncated Grébner basis is
denoted by GB (@jgd H]W(I))

-

Remark 1.2.6 i.) Observe that the grading is restricted such that the weights are non-
negative. Then HY (K|x]) is the smallest part and there are no components with negative
index. 1i.) In [20] the truncated Grébner basis is defined in a similar way, but using
W -compatible term orders, i.e. putting rows Wh,..., W, as first rows of the matriz rep-
resenting the term order. But the compatibility is not necessary. In [26] is is only needed
for the formulation. FEwven if the Buchberger algorithm is started with non-homogeneous
generators of a W -homogeneous ideal and using a non-compatible term order the computed
reduced Grobner basis will consist of W-homogeneous polynomials. So the computation of
a truncated Grobner basis with respect to a non-compatible ordering is no problem as long
as we start with homogeneous polynomaials.

This definition is useful in at least two ways.

Definition 1.2.7 ([1}]) Consider K|z, z] together with the Kronecker grading I'(z;) =
0,0 =1,....,n,I'(¢;) = 1,7 = 1,...,s. A module Grébner basis of a submodule of the
module Hi (K|[z,z]) is a truncated Grobner basis of T'-degree 1.

Since every finitely generated, free K [x]-module is isomorphic to a module H{ (K|z, z|) the
truncated Grobner bases enables to deal algorithmically with finitely generated modules
and their submodules.

Lemma 1.2.8 Let W = {Wy,...,W,} be a set of gradings of K[x] and d € N" a fized
degree. Assume GB C K|[x] is a d-truncated Grébner basis of a W-homogeneous ideal I.
Let f € K[z] be a polynomial with degw,(f) < d;, i =1,...,r. Then

f el < normaf(f,GB) = 0.
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e ~ normalf(S(f,g))

Figure 1.5: The supports of g(z) = x5 + 25z, — x32? — 32323 and f(x1, 22) = w923 + 23,

and S(f,g) = z3f — x2g as well as normalf(S(f,g),{f,g}) = z!. The matrix term order
is [[1,1],[1,2]]. Since f and g are homogeneous with respect to the natural grading so is
S(f,g) and each other intermediate polynomial of the Buchberger algorithm

This is the generalization of Thm. 10.39, p. 471 in [14] from one grading to multiple
grading. As shown in [74] the restriction in degree can make difficult problems computable
in short time.

In the following I consider the efficient computation of truncated Grobner bases. The
gradings W = {W1,..., W, } give rise to gradings on the module of syzygies S(F’) for a
set F'={f1,..., fm} of homogeneous polynomials in the following way:

SeH5 " (S(F) e S ht(fy) € 'y (Kal), k=1,...,m.

Especially the syzygies S¥ corresponding to the S-polynomials (defined in (1.1)) are ho-
mogeneous of degree

degy, (lem(ht(fi), ht(f;)).

A W-homogeneous syzygy S of degree (ji, ..., j-) gives a W-homogeneous polynomial
S-F=51-fi+---+S,: fm. Even more the degree of S- F'is known before it is computed
since it is the degree of the syzygy. Additionally the division algorithm preserves the
homogeneity and the degree. Sloppy speaking the Buchberger algorithm is performing in
the slices H}¥ (K[z]). Figure 1.5 gives an illustration of this abstract concept.

Consequently, the following heuristic is suggested as selection strategy of S-polyno-
mials: sort the S-polynomials by their degree and treat the lowest first. On average this
will give the best exploitation of Buchberger criteria.
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Some structural information of an ideal is given by the grading which can be exploited
by a special variant of the Buchberger algorithm. The following concept goes back to
Hilbert.

Definition 1.2.9 (/8] p.116) Let M be a finitely generated module M graded by M =
D2y M; over a Noetherian graded ring R = @j2q R; such that Ry = K is a field. Then

HP(N) = fj dim(M;) - N,

is called the Hilbert-Poincaré series of M and h : N — N, h(i) = dim(M;) is the
generating function or characteristic function. Here dim(M;) denotes the dimension of
the K -vector spaces M;.

If M is multi-graded the multiple Hilbert series is defined in a similar way:

HPW (Ao A) = > dim (H 5™ (M) - XA

The series is always represented as a rational function in the variables A. This enables
the algorithmic use. Especially one compares the series of a module and some submodules.
Once this rational representation is known its Taylor expansion gives the dimension of
the vector spaces yielding some valuable structural information, see Section 1.2.3 and
Section 2.1.

Under some restriction the gradings on the polynomial ring Kz] fulfill the require-
ments in Definition 1.2.9 since H{" (K[z]) is a subring of K[z] and the spaces H}" (K[z])
are H)V (K[z])-modules.

Definition 1.2.10 (/26]) A tuple of gradings (Wy,...,W,) of K|x] is a weight system if

a.) Wi(z;) >0, forallj=1,...,ri=1,...,n,
b.) foralli=1,...,n exists j € {1,...,r} with W;(x;) > 0,
c.) Wi, ..., W, are linear independent.

The weight system guarantees Hj" (K|[x]) = K. For each W-homogeneous ideal I the
quotient ring K|[x]/I is a graded module and its series %P[V?M /1(A) is well-defined. Then
dim(H}" (K|[z]/I) equals the codimension of H}V(I) in H}V (K|z]).

Example 1.2.11 The Kronecker grading on K|z, z] in Example 1.2.4 is not a weight sys-
tem. Because Hy (K|[z,z]) = K|x] the condition for the definition of the Hilbert-Poincaré
series is not fulfilled. But on K|x1, o, x3] the grading Wi (x1) = 2, Wy (z2) = 1, Wi(x3) =0
together with the second grading Wa(x1) = 0, Wa(x9) = 3, Wa(x3) = 5 forms a weight sys-
tem. Since H(%l’WQ(K[x]) = K the homogeneous components are K -vector spaces of finite
dimension. The series of K|[x] is
1

(1= AN = A9 (1= A3)
For I = (x3) the quotient ring is K[z]/I = K|x1, 23] ® 12K [z1, 3] and its series is

1 N A3
IT=ADA=A3)  (A=ANA=A3)

HPRL (M, Ae) =

HPliysi (O, Ae) =
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Hilbert series are not only an abstract concept but have a meaning for varieties. As-
sume J C Klzy,...,x,] is an ideal and J C K|z, ..., z,] its homogenization with re-
spect to the natural grading. Then the codimension of J NP, in P; = &'_(H (K[z])

equals dim (HZN (Klx]/ j)) and thus ’HP%M /7(A) equals the affine Hilbert series of J,
Y52 codim (J NP, in Py)) - M| see [41] p. 434. The Hilbert polynomial satisfies p(j) =
codim(JNP; in P;)) for all j sufficiently big. It may be easily computed from the Hilbert
series, see [13]. An example is given in 1.2.17. The degree of p is the dimension of the vari-
ety V(J). If the Hilbert polynomial is a constant then the ideal is called zero-dimensional
and has only finitely many zeros. This constant (codimension of JNP; in P; for some big
J) is the number of affine zeros of J in C™ (counted with multiplicity), see [14] Thm. 8.32.
Consequently many Computer Algebra systems offer implementations of algorithms for
computation of Hilbert series or Hilbert polynomials. For example REDUCE has an
implementation of the affine Hilbert polynomial, based on [62].

1.2.2 Computation of a Hilbert series

Once a Grobner basis is known the computation of the Hilbert series pulls down to a
purely combinatorial problem.

Lemma 1.2.12 (Macaulay [135]) Let (W1, ..., W,.) be a weight system for K|x] and I a
W -homogeneous ideal. Let LT(I) be the initial ideal of I with respect to a term order of
K|z|. Then the Hilbert series of I and LT(I) are equal.

Since the leading terms {ht(f), f € GB} of a Grobner basis GBB generate the mono-
mial ideal LT'(I) the series HP g[,)/; is easily computed. We only need an algorithm for
monomial ideals.

Suppose we have a weight system {Wy,..., W, } for K[zq,...,x,] with W;(z;) = w;;.
Then the Hilbert-Poincaré series of the full ring is given by

W _
HPK[:B}()‘“ e h) = (1 — AP pwm) o (1 — AP \wrn)

The Hilbert series of an ideal has always a representation

w
/HPK[@"}/I()“’ M) = (1 — AP ywr) o (1 — AP o)

where the numerator num(7) := gf()) is a polynomial in \.

Lemma 1.2.13 Let 2°',... 2% € Klx] be a minimal generating set of J and x* ¢ J
such that x*, 2%, ... 2% € K[| is a minimal generating set of I = (J U {x“}). Let
{Wh,...,W,} be a weight system given by W;(z;) = w;j,i = 1,...,r,5 = 1,...,n. By
Wi(a) = degyy, () an abbreviation for the degree of a monomial is used. Then

a.) num({z®)) =1 — AV Wale)

b.) num(J N (x*)) =1— A AW(@) 4 A AW @) num(J : 2),
where J : x* denotes the ideal quotient {f € K[z]| f(z)-x*¢€ J}.
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Figure 1.6: Ilustration of Lemma 1.2.13: The monomials outside of (J N (z®)) with
J = (2°) equal the monomials outside of (z®) plus those outside of J minus those outside
of JN (z7) with 27 = lem(x?, 2°)

¢.) num(I) = num(J) — A" AW @) Ly 2®).

Proof: a.) In order to determine dim (HZW (Klx]/ ($a>)) we need to count the mono-
mials 27 with 27 ¢ (z*). These are the monomials in K[z] minus the monomials of
type 2 - * where 2° runs through all monomials in K[z]. Thus dim (HZW ((xo‘))) =

dim (HW (:Ea)(K[x])) and

i—degy,
HPLay(N) = Siene dim (HY ((z2))) - A - Al
= ZGNT dim (HZVVdegW LUO‘) [ ])) ) )‘211 T Ai‘r

1

>ienr dim (HW ) AW\ W (@)

= A AW P ()

T

This yields num({z®)) =1 — A¥Vl(a) AW (@)
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b.) Klz]/(J N (z*)) = K[z]fz*) & (x*)/(J N (2%)) yields
HP Ry naen (N = HPKpag ooy V) + HP Gy @y )

The first series is known from a.). For the second series J N (x®) ~ z*(J : z*) gives
(x*)/(J N{(x*)) ~ K[z]/(J : *). But a shift in the indexing has occurred.

num(J N (z%*)) = num((z*))+ A AW @) num(J : 2)
= 1-An@. AWr(@) 4 A AW @) pum(J : 2).

c.) The monomials outside of I = (J U {x®}) are counted by those outside of J, those
outside of (z®) minus those outside of J N (z%).

num(/) = num(J) + num((z®)) — num(J N (z®))
= num(J)+ 1 — AV — (1 — MW@ L AW@)  um(J xo‘))
= num(J) — A/ AW @ L pum(J : 29)
OMultiple use of c.) gives a recursive formula exploited in Algorithm 1.2.15.

Corollary 1.2.14 Let [ = (z®*,...,2%") C Klx]. Then

num(l) = num({z®*)) — i M@ (x4 %)

J=2

Lemma 1.2.15 (/13]) Let I be generated by monomials. Assume that the monomials
split the set of variables into disjoint sets X;, 1@ = 1,...,5. Furthermore assume that the
set of generating monomials split into disjoint sets M, ..., M; such that the monomials
in the set M; depend on the set of variables X; only. Define I, := I N K[X;]. Then

num(I) = num(ly) - - -+ - num(l;).

Algorithm 1.2.16 (Hilbert-Poincaré series)

Input: monomial ideal I minimally generated by Ims = {z**, ... z%"},
a weight system Wi(x;) = w;j,i=1,...,r,j=1,...,n,
variables xq, ..., Ty,
variables A1, ..., A\,

Output: HPlvg[x]/I(A) € K(\)

g := hilbinumerator(Ims, x, W, \)
HP =g

for i from 1 ton do

HP = HP/(1 — A% ... \wni)

return(H P)
Subroutine hilbinumerator(Ims, x, W, \) # I = (Ims)
if Ims = {} # Ims = {x™,... 2%}
then numlI =1
else x* = Ims|[1] # x® =™

numl =1 — A1 W) # num({z*))
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for j from 2 to m do # J; = (x*, . x%) sa
Jms = {lem(z®, x%) [z ... lem(z®-1 2%) /2% }
Jms :=minimal set of generators of J; # J; = (Jms)
{zj,,...,z;} = linear monomials in Jms
Jims = Jms\{z;,,...,z;}
numJy := hilbinumerator(Jyms, x, W, X) # num(J;)
numJ = (1= A" ) (1= AL ) S num
numl = numl — /\ijvl(aj) D T # Corollary 1.2.1/
return(numl ) # num(I)

An implementation is available in [66] and Macaulay. The algorithm is essential Algo-
rithm 2.6 variant A in [13] modified from the natural grading to multiple grading. Also
Lemma 1.2.13 and Corollary 1.2.14 are the improved versions of results in [13]. The algo-
rithmic computation of the affine Hilbert polynomial has first been attacked in [146] and
improved in [62]. The implementation in REDUCE is based on the latter. More recently
Bigatti [16] described an improved algorithm for the Hilbert series which makes use of
the splitting of the set of monomials depending on disjoint sets of variables according to
Lemma 1.2.15. Also in Maple V.5 Hilbert series and Hilbert polynomial are available.

Example 1.2.17 The cyclo hexane problem ([143, 71, 78, 1536]) is defined with the ma-
trices

) ] o1 1 1 1 1 1
o1 1 1 1 1
1 0 1 83 z1 8/3 1
1 0 1 8/3 z1 8/3
1 1 0 1 8/3 22 8/3
1 1 0 1 8/3 a2
A= , B:=|128/3 1 0 1 8/3 123 |,
183 1 0 1 8/3
1 21 83 1 0 1 8/3
1 21 83 1 0 1
18/3 22 83 1 0 1
1 8/3 22 8/3 1 0
1 1 8/3 23 8/3 1 0

and the polynomaials

fa(z) = det(B),
f3(x) = det(A), fi(w1,m2,23) = f3(x2, 3, 21), folw1, 12, 73) = f3(x3,21,22).
The Grobner basis with respect t0 <greview has leading terms

2 .2 2.2 3 2 2
Ty T3, Tg T3 , T1X3 , Tax1 , T3 L1, T2X1X3 .

Homogenizing the polynomials of the Grobner basis with respect to the natural grading
gives a Grobner basis of the homogeneous ideal. The set of leading terms remains the
same. The Hilbert series computed by Algorithm 1.2.16 is
/\4—)\3—3)\2—2/\—1_ -7 n 6

(17 DNy
Since the degree of the Hilbert polynomial p(A) = 6(1 + \) — 7 is one there is a one-
dimensional variety of solutions.

5 — AT — A +2

This example clearly illustrates the advantages of Grobner bases. Structural informa-
tion such as the dimension can be computed.
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1.2.3 The Hilbert series driven Buchberger algorithm

A variant of the Buchberger algorithm uses the structural information on the ideal given
by the Hilbert series. With this the number of remaining elements in a Grobner basis of
a certain degree are known. Consequently, S-polynomials can be dropped which means a
speed-up of the algorithm.

Lemma 1.2.18 Let W be a single grading on K[z] which forms a weight system. Let F' =
{fi,.- -, fm} C K[x] be a set of W-homogeneous generators of the homogeneous ideal I =
(fi,--., fm). Assume a term order < and denote by J = (ht(f1),...,ht(fn)) a subideal
of the initial ideal LT(I). Denote by %P[V(V[:E]/LT(,)(A) = 32,4\ and HP[Vg[$]/J(A) =
Yo biN' the Hilbert series of I and J. If a; = b;,i =0,...,d then F' forms a d-truncated
Grobner basis of I with respect to <. Furthermore if agi1 < bgy1 then d is the mazimal
degree with this property. A minimal Gréobner basis of I includes by 1 — aqy1 polynomials
of degree d + 1 which form (in HY,,(I)) a direct complement of

Hcll/zdegfﬁrl(c[x]) fite+ HcIl/Kdegferl(C[x]) “fm C Hc‘lﬁlrl(I) :

Proof: The module of syzygies is graded as well. For all syzygies S of degree < d
the associated polynomial S - F' has degree d or less. Since a; = b; for i = 0,...,d
we have &% (H (J) = &L HY(LT(I)) and the division algorithm reduces S - F to
zero. Considering the degree d + 1 the by.1 — a441 additional polynomials have leading
terms which are not members of J and are all different since we construct a minimal
Grobner basis. Amending these b1 — aq11 polynomials gives a truncated Grobner basis
of degree d + 1. O

Lemma 1.2.18 reflects the fact that W-homogeneous Grobner bases are W-H-bases.
It means that at exactly bg11 — ag.1 linear independent polynomials of degree d + 1 are
missing in a Grobner basis. This is the key for the Hilbert series driven Buchberger
algorithm. The idea is to climb up the degree and add polynomials at degrees where
some are missing. Once by 1 — agyq S-polynomials which are not reducing to zero are
found all remaining S-polynomials of degree d + 1 are dropped. The idea of the following
algorithm has been presented in [182].

Algorithm 1.2.19 (HP driven Buchberger algorithm)
Input: one grading W, forming a weight system
set of W-homogeneous polynomials F = {f1,..., fm},
term order <

Hilbert series HP[V(V[QE]/,(A) =320 @\’
Output: Grobner basis GB of I = (f1,..., fm)

gB.=F

m = |F)|

HT = {ht(f1),...,ht(fm)} # leading terms

HP = /HP%:C}/(HT)()‘) = 320 biN # tentative Hilbert series
d:=min{i | b; # a;} # minimal deg. of missing pols.
cg i =by — ay # nr of missing pols. of deg. d

S = {(i, )11 i < j <m, degy (lem(ht(f), hi(f;))) > d}
while S # {} do
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choose (i,7) € HYV(9), # a pair of degree d
S=5\{(,5)}
g :=normalf(S(f;, f;)) wrt < and GB
if g # 0 then
GB:=GBU{g}
HT := HT U{ht(g)}
m:=m-+1
cg:=cqg—1

if cq =0 then # all pols. of degree d found
HP = HPKW/ amy( # Algorithm 1.2.16
if HP = ’HPK[I]/I()\) then break# GB found (Lem. 1.2.18)
d:=min{i | b; # a;} # new degree d

Cq = bd — Qg
S = S\ {(i,j) | degy (S(fi. f;)) < d} ~ # skipping
S:=SU{(im)| i=1,...,m—1,degy(S(fi fn)) > d}

# reduce to minimal and reduced Grobner basis

This is still a basic version since the exploitation of the Bucherger criteria for deletion of
superfluous S-polynomials are missing. Also the possibilitity of truncation is not consid-
ered.

In the sequel I will generalize Algorithm 1.2.19 for multiple grading. Then the Hilbert
series is used in a more sophisticated way.

Lemma 1.2.20 (Lemma 3.5 in [26]) Let W = (Wy,...,W,) be a weight system of K|x]
such that the subsystem (W1, ..., W) forms a weight system of minimal length. Let I be
a W-homogeneous ideal and

/Hp%x}/z()\) = > a\, /HPK[:;j'/"I A= N,

iENT jEN®

the corresponding Hilbert-Poincaré series. Then ¢; = Y penr—s Q) and
W ’ )WG

HP l ()\1, ey AS) — HP}Vg[ﬂ/I()\l, ey As, 1, ey ]_)

Proof: The vector spaces are decomposed as
Wi, Wit r
H; Z Z H o K (K (2] /1), (1.3)

for all 7 € N*. Since W7y,..., W is a weight system the vector space at the left has finite
dimension and consequently the sum on the right hand side only runs over a finite number
of spaces. Denoting the dimensions as

¢; = dim (H""(K[2]/I)), ;= dim (H}}(K[2]/1)) ,

the formula ¢; = >"penr—s @ follows immediately. From this the formula for the Hilbert
series is obvious. O

Using the decomposition (1.3) Lemma 1.2.18 is refined to multiple grading.
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Lemma 1.2.21 Let W = (Wy,...,W,) be a grading of K|x] and the subgrading (W, ..., W)
be a weight system. Let I C K|[z| be a W -homogeneous ideal and F = {f1,..., fm} a set of
W -homogeneous generators. Assume a term order < and denote by J = (ht(f1), ..., ht(fm))
a monomial ideal J C LT(I). Denote by

) = SienrGA and

D) = S dN and
) = Yiens @\ and
) Yiens biX’

the Hilbert series of I and J. Let d € N* be a multi-degree. If a; = b;,7 < d then F
forms a d-truncated Grobner basis of I with respect to the order < and with respect to
(Wh,...,Ws). Let 6 = ds+1,0; = d;,j = 1,...,s — 1 be a greater multi-degree. If
a; = bj,i < d and as < bs then there ezists a finite number of degrees E = {e € N"*}
with the following properties:

i.) There are bs — as linear independent polynomials of (W, ..., Wy)-degree § missing
i Fin order to form a d-truncated Grobner basis of I.

ii.) For each degree e € E there are ds.—cs. linear independent polynomials of W -degree
(0, €) missing in F in order to form a §-truncated Grébner basis of I.

iii.) Assume the Grébner basis consists of (W1, ..., W, )-homogeneous polynomials. Each
missing polynomial of degree § has a W -degree (6, €) with e € E and

bs —as =Y dse— Ce.

eckE

Lemma 1.2.21 is the basis for the multi-graded Hilbert series driven Buchberger algorithm
in [26]. There the authors have restricted to the special case s = 1 which is reasonable since
a sufficient linear combination of gradings W, ..., W, will be a weight system consisting
of one single grading. Often we would like to compute truncated Grobner bases. In most
cases the truncation will be taken with respect to the weight system. But sometimes it is
convenient to consider as well the truncation with respect to a different set of gradings.

Lemma 1.2.22 For the ring Klz| let U = (Uy,...,U,) be a set of gradings and W =
(Wh,...,W,) be a weight system. Let the notations F,1,J, <, a;,b; and the Hilbert series
be as in Lemma 1.2.21. By S(F) we denote the module of syzygies and by S* its sparse
elements corresponding to the S-polynomials. Let d € N” be a given degree and

Jmaz = Max {j\ exists i < d and ng’-w (S(F)) # {0}} :

The following conditions are sufficient for F being a d-truncated Grobner basis of I with
respect to U.

i.)V S e HY(S(F)),i<d normalf (F-S,F)=0,

i.) vV S e HY(S(F)),i <d mnormalf_(F-S¥ F)=0,
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iii.) ¥ SK e HUW(S(F)),i<d,j € N normalf (F - S* F)=0,
w.) ¥ S" e HY(S(F)),j < jmae normalf_(F - S* F) =0,

’U.) VJ S jma:v CLj = bj.

If for a degree j € N" the coefficients a; and b; are equal, then for all syzygies S €
HY(S(F)) we have normalf_(F - S, F) = 0. Especially all S* € HZUJW(S(F)) reduce to
zero.

Proof: The induced grading on S(F) enables to restrict to the vector spaces HY (S(F)).
The definition of j,,,, was chosen such that a j,,.,-truncated Grobner basis with respect
to W is a d-truncated Grobner basis with respect to U. O

This suggests successive increasing of the degree 5 € N”. For small degrees we expect
a; = b; and thus we have treated a lot of HZUJW(S(F)) This is the case right from the
input polynomials or after some reduction of S-polynomials. If this criterion cannot be
used one needs to reduce all S-polynomials in the vector space slices H Z-[,]J’-W(S (F)),i<d.

In [26] a multi-graded Hilbert series driven Buchberger algorithm is presented. But
there no truncation to a different grading is considered and it is used that W is a weight
system. The following algorithm generalizes this concept for the case that one needs
several gradings in order to form a weight system. In several situations (see Chapter 2)
it is convenient to have an algorithm in this general form.

Algorithm 1.2.23 (multi-truncated, multi-graded HP driven algorithm)
Input: weight system W = (Wy,...,W,),

s minimal such that the subsystem (W1, ..., W) is a weight system,

set of gradings U = (Uy,...,U,),

set of (U, W)-homogeneous polynomials F' = {fi,..., fm},

term order <

Hilbert series ’HPIV(V[IW(A) = Y ienr G

degree d € N

Output: d-truncated Grobner basis GB wrt U of I = (f1,..., fm)

QB::F

HPK[:;} ( ) HPII/I(/IQ;} ()‘h SR )\sa 17 R 1) = ZieN’l‘ ai)\i
T (), )

HPy = HPWI """ s 7y(A) = X2 biX’ # tentative Hilbert series
of HPK[:;j'/'}WS()\) HPls then break

d :=min{i | b; # a;} # minimal deg. of missing pols.
if d < 6 then break
Cs :=bs — ag # nr of missing pols. of deg. &
AP AP ) =

={ee€ N’” Slese 7 dset # missing degrees (0, €)

€= min(E) # minimal missing deg. (0,¢€)
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Ds.e = dse — Cse # nr of missing pols of deg (9, e)
S:={(,7) |1 <i<j<m, degy(lem(ht(fi), ht(f;))) <d,

degyy (lem(ht(f3), ht(f;))) = (6,€)}
if S ={} then break

if HV.(S) = {} then update(é, ¢, E,Cs, Ds,)
S =S\ A{(i, )| degy (5™) < (d,€)}
while S # {} do
choose (i,7) € ®F_ HY (Hg(S)) : # a pair of degree (0, €)
S:=5\{(,5)}
g =normalf(S(f;, f;)) wrt < and GB
if g # 0 then
GB:=GgBU{g}
HT := HT U{ht(g)}
m:=m+1
C5 = C(; —1
D&G = D(;,e —1
S:=Su{(i,m)|i=1,...,m—1,
degy, (S™) > (0, ¢€), degy (S™) < d }
if Ds,e = 0 then
E:=FE\ {¢}
i E =} or @, HY(S) = {} then
update(H Pys, HP)
update(0, €, E,Cs, Ds )
S =S\ {(i,j)| degy (5™) < (d,€)}

update(e, E, Ds.) g
S = S\{(i, )| deg(59) < (3,)}
if Cs =0 then

update(H Py, HP)
update(0, €, E,Cs, Ds.)
S =S\ {(4,5)| degy (S™) < (5,€)}

# reduce to minimal and reduced Grobner basis

else

Algorithm 1.2.23 shows the full power of using gradings. The restriction with respect
to grading and the exploitation of the Hilbert series with respect to a weight system and
its refinement is done as best as possible. But there are still points which are not carried
out in Algorithm 1.2.23. The exploitation of Buchberger criteria needs to be taken into
account. Secondly, the computation of the tentative Hilbert series

HP ittty V) 30 HPRG1 1)y (V)
can be simplified in the beginning (for small degrees §). The computation of the series can
be restricted to the set {ht(f;)| degy,  w.(fi) < J} since only the dimensions bs —as and
ds.e—cs,e are essential. The third point is the consideration of the field. Since standard im-
plementations are dealing with Q (or Z by according multiplication of input polynomials)
for algebraic numbers such as V/2 additional tricks are necessary, see Section 1.2.4.
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Table 1.1: Timings in seconds on a Dec Alpha work station for the new Maple imple-
mentation moregroebner [66], the standard Maple package grobner, and the REDUCE 3.6
implementation [142]. The symbol — means that computation was not possible because
the implementation of the term order is missing

Maple 5.3 REDUCE 3.6

example term order moregroebner grobner groebner
cyclo hexane lex 2.9 3.3 0.2
[143] tdeg=revgradlex 3.3 3.4 0.1

tdeg in matrix form 7.7 - 0.2

gradlex 3.2 - 0.2

gradlex in matrix form 7.7 - 0.1

Complex n =4 tdeg=revgradlex 6.4 6.6 8
Complex n =5 tdeg=revgradlex 33.5 37.3 13
Complex n =6 tdeg=revgradlex 45.1 60.1 26
Complex n =7 tdeg=revgradlex 148.8 236.4 50
Lotka Volterra lex 46.1 422.8 871.9
[67], [71] inv.+ lex. 20.1 913.0 0.9
inv. 4+ weighted lex 56.8 - 0.6

This algorithm including the mentioned details has been implemented in Maple in [66].
It has been tested successfully. Timings for typical test examples are shown in Table 1.1
in comparison with the standard Maple package and the REDUCE package.

The experience has shown that the timings are very sensitive against good data struc-
tures (REDUCE handles multivariate polynomials as it is required in Buchberger’s algo-
rithm much better than Maple), implementation of basic routines (the determination of
leading terms depend at lot on the realization of the term order as condensed form or
in general form as a matrix term order), and use of tricks (adding polynomials involving
invariants of the symmetry of the system, see [71] and Section 4.1).

1.2.4 The computation with algebraic extensions

Since in some Computer Algebra Systems e.g. Maple the implementation of the Buch-
berger Algorithm is done for the field Q only one needs to use a special trick if the
coefficients of the polynomials are elements of an algebraic extension of Q.

Let the field K be given by Q and some additional elements wy,...,w, € C which
satisfy the algebraic relations hq(y),. .., h.(y) € Qy]. Thus

hl(wz):O, izl,...,r.

Let the polynomials fi,..., fs depend on the variables x, ..., z, and the coefficients be
elements of Q(wy, ..., w,). By appropriate multiplication one can always assure that the
coefficients are not fractions, but polynomials in wy,...,w,. It is well-known that one
may use wy,...,w, as additional variables, add hi(wy),..., h.(w,) € Qw] to fi,..., fs
and compute the Grébner basis of the ideal in Q[zy,...,z,, wy,...,w,] generated by
fis--+s fs, b1, ..., h, with respect to an appropriate term order.
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Lemma 1.2.24 Let fi,..., fs € Qw][x] be given. Let hy, ..., h, € Qw] describe the al-
gebraic extension of Q. Let I C Q|x,w] denote the ideal generated by fi, ..., fs,h1,..., h,
and J C Q(w)[z] the ideal generated by fi,..., fs € Qw][z]. Assume GB is a Grébner
basis of I with respect to a term order < which eliminates the variables xy,...,x,. Then
the polynomials in GB which depend on x and w minus the polynomials in GB which
depend on w only form a Grébner basis of J C Q(w)|[x] with respect to the term order
<|QE] (order < restricted to Qlx]). If there are no polynomials in GB really depending
on x then the Grobner basis of J is 1.

In the case of the Hilbert series driven Buchberger algorithm this trick can be modified.
We additional assume that the polynomials fq,..., fs € Qw][z] are homogeneous with
respect to a weight system W of K[z] with K = Q(w) and that the Hilbert series HP %ﬂ /7
of J C K|x] generated by fi,..., fs is known. There are infinitely many ways of extending
the weight system W to a set of gradings of Q[x,w]. But it does not extend to a weight
system of Q|x,w] such that hy(wy), ..., h.(w,) are homogeneous since these polynomials
define the algebraic extension of Q. Thus there is no Hilbert series of the ideal I C Q[z, w]
generated by fi,...,h,.

Nevertheless one can combine the Hilbert series driven Buchberger algorithm with the
trick described in Lemma 1.2.24. Let the ideal / and the term order < be as in Lemma
1.2.24.

(1) Compute the Grébner basis GB(hy, ..., h,) of hy, ..., h, with respect to <|qpu-

(2) Compute the Grobner basis GB of I by climbing up the degree and using the modified
tentative Hilbert series. For any set of intermediate polynomials g, in the Buchberger
algorithm choose the set of modified leading terms

LT :={m(x) € Q[z] | Fi and n;(w) with m(z) - n;(w) = ht(g;) € Q[z, w]}

The Hilbert series ’HPVQV[I] sy measures how close the set is to forming a Grobner
basis of I.

(3) While counting those S-polynomials which do not reduce to zero one has to modify
this count. If the S-polynomial is formed by one intermediate polynomial and one h ;
the reduced S-polynomial is just a multiple of the previous polynomials in Qw][x].
Thus it does not contribute. This case is easily recognized since the intermediate
polynomial and the new S-polynomial has the same degree with respect to the
grading of Qx| extended with weights zero on the variables w;.

The first step is superfluous if the term order is chosen such that hq,..., h, already form
a Grobner basis.

Observe that the ideal membership problem in Q(w)[z] can not be transported im-
mediately to the ideal membership problem in Q[w, x] since the leading coefficient may
depend on w considering Q(w)|x].

Example 1.2.25 Is f(z) = 23+ 3v/2x5 an element of (V223 + a1, 20— 1) ? The division
algorithm in Qw, xq, xs] with respect to the lexicographical term order and xo > x1 > w
yields normalf(f) = x3 + %ﬂxl which is not the correct answer. Only the division
algorithm in Qlw][z| gives the desired answer.
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Either one uses a pseudo division algorithm allowing for multiplication with polyno-
mials in w or one normalizes the system of polynomials by multiplication of the inverse
of the leading coefficient in Q[w;|/(h;) using the extended Euclidean algorithm.

1.3 Detection of Grobner bases

The algorithms 1.2.19 and 1.2.23 in Section 1.2 necessitates the knowledge of the Hilbert-
Poincaré series. There is only one chance in order to derive this series. One needs the
knowledge of a Grobner basis with respect to a term order and then compute the series
with Algorithm 1.2.16. Observe that this term order might be different from the order in
Algorithm 1.2.19. So the Grobner basis computation still makes sense.

There are several situations where one knows the Grobner basis with respect to the
'wrong’ term order.

- Computations with respect to graded orders are much cheaper than with respect
to purely lexicographical orders. So one might want to make a computation with
respect to gradlex or even better graded reverse lex (which has been proven to be
cheapest —remark in [41] p. 57) and then use the Hilbert series to speed up the
interesting lex computations.

- Sometimes the term order is obvious for which the given polynomials form a Grobner
basis by the 1. Buchberger criterion. This will used in Section 2.1.

- In [91] a combinatorial algorithm is presented for the detection of the term order
such that the input polynomials are a Grobner basis with respect to this term
order. Unfortunately, the complexity of this algorithm is too bad for practical
computations. Considering a special case of a Grobner basis as in [180] is much
easier. The complexity is less bad than expected since the complexity analysis is
done for dense polynomials which are rarely treated in Computer Algebra, see the
description of the algorithm and the discussion below.

The Hilbert series driven Buchberger algorithm is an example of several algorithms
which are exploiting the knowledge of one Grobner basis for the computation of another. A
straightforward way is the use of linear algebra technique as in the FGLM-class algorithms,
see [56] and the improvements. Implementations are available in [55, 31, 37]. Secondly, for
homogeneous ideals the structure of the state polytope (introduced in [11]) is exploited
in the Grobner walk [39]. Since the polynomial ring is Noetherian each ideal has only
finitely many reduced Grobner bases, although there exists infinitely many term orders.
Each vertex of the state polytope corresponds to a reduced Grobner basis and thus to a
monomial ideal. Along an edge two monomial ideals are connected by a non-monomial
ideal generated by all initial terms with respect to a vector not representing a term order.
The Grobner walk uses this intermediate ideal in the conversion from one Grobner basis
at one vertex to the Grobner basis at the neighboring vertex. The corresponding fan to
the state polytope was first introduced in Mora and Robbiano [149]. Implementations are
given for example in Magma [30] and [4]. Since this theory is described nicely by Sturmfels
in [177] there is no need to repeat it here. A recent improvement has been given in the
Fractal walk by Amrhein and Gloor [5] where a step through a low-dimensional face is
perturbed into several steps through facets.



vonarliniv 1. GRUDINLIV DASED

In the final of this section I will discuss the Groébner basis detection of a special case
in [180]. The ingredients are Buchberger’s 1. criterion, maximal weighted matching of a
bipartite graph and linear programming.

Lemma 1.3.1 Let fi,..., fm € K|x] and < be a term order. If the set of leading terms
ht(f1),...,ht(fm) are relatively coprime then {fi,..., fm} forms a Grébner basis with
respect to <.

Proof: By the 1. criterion of Buchberger (see Section 1.1) all S-polynomials reduce to
zero. This implies the Grobner basis property. O

The lemma reduces the problem of Grobner basis detection to inspection of the mono-
mials in f; and the appearance of variables in it. The second source of simplification is
a lemma by Ostrowski. Since all computations are done with finitely many polynomials
which are represented by finitely many monomials it suffices to order all monomials up
to a certain degree d. This relaxes the requirements for a term order.

Lemma 1.3.2 (Ostrowski, see [91] Lemma 1.3.1): Let < be a term order and d € N.
There exists a positive vector w € R} with the following property.

For all monomials z®,2° € ©_ HN(K|[z]) it is true that x* < z° is equivalent to
wha < w'B.

With this lemma the search of a term order is restricted to the search of a vector w €
R’} . Consequently, Sturmfels and Wiegelmann [180] formulate the following structural
Grobner basis detection problem which is an important special case of the general detection
problem.

(SGBD) Given {fi,..., fm} C K[z1,...,2,]. Does there exist a term order w € R
(and if so compute w) such that the leading terms ht(f1),. .., ht(fn) (with respect to w)
form a set of pairwise coprime monomials?

The solution of (SGBD) is based on results of Grobner basis detection for square
systems (m = n). In [180] a necessary condition is presented which leads to a bipartite
maximum matching problem and linear programming problem. But the general case is
treated in a way such that combinatorial bad behavior is expected. In contrast to [180] I
exploit the sparsity of polynomials

which is reasonable since most of the time special polynomials are treated in Computer
Algebra systems.

First the results for square systems are recalled. Here the problem (SGBD) is more special.

(SGBD),_,, Given F = {f1,..., f,} C Klz1,...,2,]. Does there exist a term order
w € R%} and a permutation o of indices {1,...,n} and exponents ay,...,a, € N\ {0}
such that in,(frq)) = 127", -+, inw(fom)) = cra with some non-zero constants c;?

an
n

Obviously, it is important to see whether f; is monic in x;. Thus one rewrites each
polynomial f; as a polynomial in the variable z; with coefficients which are polynomials
in the rest of the variables. Using the notation X; := {z1,...,z,} \ {z;} we write
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fir = o]+ (z2 + 23)zy + (2025 + 25 — a5 +7)
= a3+ (z1 +a3)ze + (27 — 25 + 2123+ 7)
= —a§ + 2925 + 2123 + (23 + 2] + 21200 + 7)
fo = zi+ (23 + 22023 +1) € K[, x3][21]
= (2.%3)& -+ (Z’% -+ T + 1) € K[[Bl, .Tg] [[BQ]
= :L’_% + (2z0)z3 + (11 + 1) € Klxy, 25][xs)
fa = (w2 +w3)w + 25 + 23

= a5 + 1129 + (1123 + 23)

= a3+ z123 + (1221 + 23)

Figure 1.7: A simple example of a weighted bipartite graph associated to three polyno-
mials in three variables. The maximal matching (f1,x3), (f2,21), (f3,22) corresponds to
a Grobner basis with respect to the term order w = (2.4,1.3,1). The number of complex
solutions equals the matching value 5-1-3 =15

fi € K[X,][z;] giving the representations for i = 1,...,n, j=1,...,n

Cij - x?” + ZZZ&lpk(x) xf where a;; > 0,¢;; € K\ {0},
and p; € K[X|]
fi(x) = or
bij b;i—1 <
Gij(x) -2 + 30 pr(T) x? where b;; > 0,¢;; € f([Xj] \ K,
and py, € K[Xj].
This gives rise to a weighted bipartite graph with one set of vertices f1, ..., f,, and a second
set x1,...,x, and edges (fi,x;) between these two sets (see Figure 1.7 for an example).

The tuple (f;,z;) is an edge if a;; > 0 exists in the above representation. Then a;; is
the weight of this edge. If f; does not depend on z; or the coefficient of x?ﬂ depends on

variables in X (the second case above) then the tuple (f;,z;) is not an edge and we set
Q35 = 0.

Lemma 1.3.3 ([180] Lemma 5) Let F = {f1,..., fa} C Klxy,...,z,] be a system of
polynomials and the integers a;; be given by the representations above. Assume there
exists a solution of (SGBD),_,., i.e. there exists a vector w € R and a permutation
o of indices such that in,(f;) = clxz(‘;)(), i=1,...,n with ¢; € K \ {0}. Then for each
permutation p the following inequality holds

1:[1 Qig(i) = 1:[1 Qip(i) -

Proof: Since w represents a term order we have

Wo (i) Big (i) = Wo(i)Tip(i), 1= 1,...,n,
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where strong inequality holds for (i) # p(i). Multiplication of the inequalities yields

1:[1 Wo (i) Aig (i) > 1:[1 Wo(i)Aip(i)

and thus the statement is proved by dividing through the common factor ]} ; w; > 0. O

This lemma is the key for the structural Grobner basis detection problem since it
reduces the problem to finding the permutation o with maximal value of [[;_; @i (bi-
partite maximum matching problem). Then one tests whether a term order w exists by
solving a linear programming problem as follows.

. Ao (4 .
mw(fi):cz-xa(i)“, i=1,...,n forweR],
is equivalent to

Wo(i)Gioi) > Wb, i =1,...,n, Vb € A\ {ais)€00)}
w; >0 1=1,...,n,

b

Aio(4)

where 2% runs through all monomials of f;(x) = 3,4, cp2” except of Ty i)

That’s why Algorithm 7 in [180] searches in the weighted bipartite graph the maximal
matching and tests whether the associated linear programming problem has a solution.
The largest matchings of a bipartite graph may be found by a reformulation as transship-
ment problem and solution of the associated linear programming problem [36].Comparing
the values [ a;,(;) of all matchings gives the maximal one. More efficient algorithms may
be found in the literature.

The key for the general problem (SGBD) is the reduction to the problem (SGBD),,—,
for square systems. Solutions of (SGBD),—,, imply solutions of (SGBD).

Lemma 1.3.4 Letm <nand FF = {f1,..., fm} C K[z1,...,2,] be given. Let Sy,...,S,,
be disjoint subsets of the variable set {xy,...,x,} (S;NS; = {} fori # j). The remaining
variable set is denoted by R = {x1,...,x,} \ UL, S;. The substitutions w(z;) = y; if
z; € S; and 7(x;) = Ym41 for x; € R results into a mapping on the polynomial ring T :
Klzy,...,%0) = K[y, ..., Yms1]. Assume there exists a term order <, on Kly| such that
(with respect to <, ) the leading terms ht(w(f;)) are powers of y,) fori=1,...,m, where
o denotes a permutation of indices. Then there exists a term order <, on K|x] such that
the leading terms ht(f;) = x® with respect to <, have a variable set T; = {x, | (a;)r > 0}
which is a subset of S,y for allt=1,...,m.

Proof: We define <, by any refinement of <,. O

Observe that the other direction is wrong in general.

Example 1.3.5 The polynomials fi(x) = z123 + xixs, fo(x) = x3' — 21 have leading
terms x1x3 and zi' with respect to w = (10,20,1). This is a solution of (SGDB). The
variable sets are Sy = {1, x9}, So = {x3}. The projected polynomials are 7(f1) = y3 +
Yiye, T(f2) = ya' — 1. There is no w € R2 such that y; is the leading term of w(f1). But
a different choice of ™ gives the desired solution of (SGBD)p—p. m(x1) = yi°, 7(z2) =
yi', m(ws) = yo yields w(f1) = y1° + 1%, 7(f2) = ya' — 1" With respect to w = (1,1)
they have leading terms yi° and ya' and thus 7(f1),7(f2) form a Grobner basis.
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Lemma 1.3.6 Let m < n and F = {f1,..., fm} C K[z1,...,2,] be given. Assume the

vector w € N, represents a term order such that ht(f1),. .., ht(fm) have pairwise disjoint
variable sets S; C {x1,...,x,},i=1,...,m. There exists a mapping 7 : K[zx1,...,x,] —
K[y1, ..., Ymy1] such that w(f1),...,7(fm) form a Grobner basis because of coprime lead-

ing terms, i.e. exists a vector w, € RTH representing a term order on K|y| such that
iy, (T(f1)) = agi™ - ing, (7(fm)) = cmypr with ¢; € K\ {0}, a; € N.

Proof: : The mapping 7 is given by the substitution 7(z;) = y;", z; € S; and 7(x;) =
Yma1 for x; € {xq, ... 2, P\ (S1U---US). O

The example and the lemmas show that Lemma 9 in [180] is wrong. Nevertheless the
statements based on the lemma remain valid, but needs an alternative proof as has been
communicated by Markus Wiegelmann. In [180] the idea of the algorithmic treatment is
the following. In order to solve (SGBD) for a given set {f1,..., fm} C K[z1,...,2,] it is
suggested to try for all partitions S; U---U S, of {z1,...,2,} to solve (SGBD),_—,, for
7(f1), - 7(fm) C Kly1,- -, Ym)-

For each partition this means the solution of a bipartite maximum weighting problem
and a linear programming problem. Unfortunately, there is no guarantee that one will
find an existing solution of (SGBD) by this approach. Nevertheless the developed tools
in [180] are very valuable and are able to find a lot of structural Grébner bases. The only
drawback is the expected complexity which is rather pessimistic although polynomial.

On the other hand this complexity analysis was done for dense polynomials. But
in symbolic computations usually sparse polynomials are treated. We generalize the
approach in [180] in two ways. First I exploit the sparsity of polynomials. Secondly, I
deal with partitions S; U ---U .S, U R consisting of m + 1 sets instead of m. Exploiting
the sparsity obviously the treatment of all partitions S; U ---U S, U R is reduced to a
small number of partitions S; U---US,, U R.

For i = 1,...,m denote the set of all variable sets of monomials in f; by

T'={S C {wy,...,7,}|exists a monomial z* in f; with variables(z®) = S}.

Then T'= T'U- - -UT™ consists of variable sets S C {xy,...,,} encoding the appearance
of variables in all monomials of f1,..., f,,. Instead of trying all partitions it suffices to
check all combinations S; U ---U S, with

i) S;NS,={}forall i # k.
ii.) There exists a permutation o with S; € T°W j=1... m.

If S;U---US,, is not a partition there are k = n—|U~, S;| additional variables z,, ..., z;,.
Thus S;U---US, U{z;,} U---U{z; } is a partition of {zy,...,x,}. A mapping 7 as in
Lemma 1.3.4 is defined.

Then one needs to solve the maximal bipartite matching problem induced from the
polynomials 7(f1),...,7(fm), Zj,, ..., x;, and the variables yi,..., Ym,Zj, ..., Zj,.

Algorithm 1.3.7 (Structural Grébner basis detection)
Input: n > m, polynomials F' = {fi,..., fm} C K[z1,...,2,] in encoding

[i(®) =Y peu Ca-2% ca€ K\{0} Vac A, CN" i=1,...,m
Output: Yes or No (if Yes then term order w € R'})
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1. determine set of all variable sets in F
T={SC{x,...,zn}| 3 and o € A; such that z* has variable set S}
for eachT; € T

associate the list I; = {i1,... i} and degrees A; = {a;;, . .. ,aikjj}
L= 1{}
fori=1,....,m do

Qg5 *= 1Max {deg(kaeTj Ty*) = 2upeT; Ok | ae A,
variables(z®) C T;}
for all o € A; do
if variables(z®) N Ty # {} and [1 er, 73* > ai; then a;; =0
ifaij 7é 0 then Ij = Ij U {Z}, Aj = Aj U {aij}

2. search for all m-tuples (j1,...,Jjm) of indices
1. such that
Jk 7 Ji Jor k #1

Ti,....T;, €T
T, Ny, ={} fork #1
exists v : {j1,- -, Jm} — {1,...,m} such that
a.) Y(k) € L, k=1,....,m
b.) v is injective
c.) ayGge 70,k =1,...,m  # matching in bipartite graph
I1. for each tuple (j1,...,Jm) with existing matching ~y
search in the bipartite graph of w(f1),...,7(fm) defined
by {j1,.-.,Jm} and degrees a;; the maximal matching,
i.e. the mapping v : {j1, ..., jm} — {1,...,m} satisfying
conditions a.), b.) and c.) such that T}, @y, . % mazimal
I11. if a mazimal matching v was found then solve the linear
programming problem according to {1}, ..., T}, } and

the polynomials w(fy1))s - T(fyGm))-
if solution w exists then STOP

For dense polynomials the set 7' of variable sets is a huge set and combinatorial bad
behavior can be expected. On the other hand if only a few monomials appear in each
polynomial and even more only part of the variables appear this algorithm has a much
better behavior than the one given in [180]. The following example is a typical example in
algorithmic invariant theory as discussed in Chapter 2. In order to compute the algebraic
dependencies of the three polynomials z} + 23, 2§ — 3z123, xxw, — 23 one considers
polynomials with slack variables and computes a Grébner basis with respect to a special

term order, see Section 1.5.

Example 1.3.8 In order to compute algebraic relations one considers

2 0 0

fi = x3— (2] +123) 0 P 0
fo = my— (23— 3x122) with A, = 0,1 01],[1 ,

e (P 13 0 0 0

f3 5 ( 142 3 2) 0 O O
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Table 1.2: Mlustration of the structural Grobner basis detection as in Algorithm 1.3.7.
All possible combinations in Example 1.3.8 are presented

T; {z1}  A{xo} {z3} {za} {25} {z1,22} [Ta; term order w

L {L2y {1,3) {1} {2} {3} {123}
degs a;; {2,3} {2,3} {1} {1} {1} {2,3,3}

T} X X X
Y1 2 3 1
degree 3 3 1 9 —
T} X X
M 1 3 2
degree 2 3 1 6 —
T} X X X
Y1 2 1 3
degree 3 2 1 6 —
T} X X X
Y1 2 1 3
degree 3 1 1 3 (1,0.1,10,0.1,10)
T} X X
M 1 3
degree 2 1 1 2 (1,0.1,0.1, 10, 10)
T} X X
§a! 3 1
degree 3 1 1 3 (0.1,1,10,10,0.1)
T} X X
71 1 2 3
degree 2 1 1 2 (0.1,1,0.1,10, 10)
T} X X X
Y1 1 2 3
degree 1 1 1 1 (0.1,0.1,1,1,1)
T} X X X
Y1 1 2 3
degree 1 1 3 3 (2,1,10,7,0.1)
T} X X X
71 1 3 2

degree 1 1 3 3 (1,2,10,0.1,7)
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and Ay = As =

S OO DO W
OO\'Ol\Db—\
OH“OOO
S OO N
OO“OQDO
HO“OOO

The list of all variable sets is

T = {{z1}, {z2}, {wa}, {za}, {75}, {21, 22} .}

The associated index sets are
L = {17 2}7 I, = {173}7 I3 = {1}7 I, = {2}7 Is = {3}7 Jg = {17 273}7

and their degrees are
22100 2
(@ij)i=1,...,3,j=1...,6 = 300103
030013

In Table 1.2 we list all possible combinations of variable sets and their weight of matching.
There are only 10 possibilities which we need to consider instead of the 25 partitions by
neglecting the sparsity of the polynomials. There are 7 possibilities of classes of term orders
such that the input forms a Grobner basis. The maximal bipartite matching problems are
all trivial since only one matching exists for each problem. Note that the algorithm would
stop at the first Grobner basis found. The three input polynomials are homogeneous with
respect to the grading (1,1,2,3,3). Thus the state polytope of the generated ideal { f1, fa, f3)
1s a polytope in four-dimensional space. It has at least 7 vertices.

1.4 Dynamic Buchberger algorithm

In several situations the input polynomials do not form a structural Grobner basis as
defined in Section 1.3 or the complexity of the detection problem prevents one from
starting these algorithms. Nevertheless one might want to determine the Grobner basis
with respect to any term order in the cheapest way. There may be several reasons for this.
Possibly, one is only interested in some structural information on the variety such as the
dimension. Then it suffices to know the initial ideal with respect to any term order. Or
one wants to convert to the Grobner basis with respect to the desired term order. Then
the knowledge of a Grobner basis with respect to the 'wrong’ term order can be exploited
in the Hilbert series driven Buchberger algorithm (see Section 1.2) or in the FGLM-class
algorithms or in the Grobner walk.

Gritzmann and Sturmfels presented in [91] the idea of a dynamic Buchberger algo-
rithm. It exploits the observation of Lemma 1.3.2 that term orders are represented by a
vector and the fact that only finitely many term orders exists. First one uses the Hilbert
series in order to measure the closeness to a Grobner bases. Secondly, one changes the
term order within the Buchberger algorithm whenever it seems to be appropriate.
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Definition 1.4.1 (/91] p. 268) Let a weight system W on K|xq,...,x,] consist of one
grading. Let the W -homogeneous ideal I be generated by W -homogeneous polynomaials
fiooos fm. A term order wy € R is preferable to the term order wy, € R if in the
tentative Hilbert-Poincaré series

=0 i=0

where HTy = (ing, (f1), ..., i, (fm)) and HTy := {(ing,(f1),...,in.,(fm)) there exists
an index j such that a; = b;,1 =0,...,7 —1 and a; < b;.

Remark 1.4.2 [t suffices to compare indices from 0 to 2R — 1 where R is the mazimal
degree degy, (f;) of the given polynomials. This follows from the fact that all S-polynomials
which maight reduce to something unequal zero have degree < 2R — 1.

The definition reflects the fact that the true Hilbert series of I bounds all tentative
Hilbert series. Compare as well with the results in Section 1.2.

Of course Definition 1.4.1 has a generalization to multiple grading.

Algorithm 1.4.3 (Dynamic Buchberger algorithm)
Input: one grading W on K|z, ..., x,] which forms a weight system
W -homogeneous polynomials F' = {f1,..., fm}

Output: Grobner basis GB and term order w

1.) Find an initial term order:
determine mazximal degree R of F with respect to W
HP = Y5 )\ with a; = dim (HV (K[2])) i =0,...,2R 1
choose randomly several vectors w; € R, j=1,..., N and
— compute by Algorithm 1.2.16 the Hilbert series
HP; = HP;VE/[:UMHTJ_)()\) of the monomial ideal
(HTj) = (ht(f1), ..., ht(fm))
— expand into a Taylor series HP; = Y2 b\ 4 - -
— fori:=0to2R—1 do # choose the preferable term order
if a; < b; then stop;
if a; > b; then stop; HP := HP;; w:=w; HT := HT}
2.) Buchberger algorithm with adaptive change of term order
gB.=F; t=1;, w :=w # initialization
J=A{1,...,m} # indices of elements in Grobner basis
S:={(i,7) |1 <i<j<m} # generators for module of syzygies wrt wy
while S # {} do
choose (i,7) € S; S =95\ {(,))}
# degyy (lem(hty, (fi), hte,(f;))) minimal
if criterial((i,j)) then # use 1. Buchberger criterion
g :=0 else
g :=normalf(S(f;, f;)) wrt term order w; and GB
if lem (ht(f;), ht(f;)) = ht(f;) then
J:=J\{j} # delete superfluous f;
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if tem (WE(f), Bt (f;)) = ht(f;) then
J = J\{i} # delete superfluous f;

if g # 0 then

i1 :=9; J:=JU{m+1}; R:=max(R,degy (fmni1))

GB:=GBU{fnu}; HT := HT U{ht,,(fm+1)}

S=Su{(m+1)| jeJ}

m:=m-+1

choose randomly several term orders w € R} and

compute the Hilbert series of (ht,(f;),7 € J)
if the series is preferable in comparison to HP then

Wi = W # dynamic adaptation
t:=1t+1
forj e J do # update set S

if htwtq(fj) # hth(fj) then
S:=8SU{(d)|ieci>jtu{(i,j)] i€ i<y}
HT := (HT\ {to_,(17)}) U {hte, (1)}
fi
fi

3.) reduce {f;|j € J} to minimal and reduced Grobner basis wrt w;

Remark 1.4.4 While an inter-reduction of input polynomials is not appropriate in the
classical Buchberger algorithm, the dynamic version might profit from that.

The key idea of this algorithm appeared in [91] as Algorithm 3.1.3. Also Caboara suggests
in [25] a dynamic version of the Buchberger algorithm. Choosing the first term order
by comparing Hilbert series information as in [91] the term order is only refined after
each computation of a new polynomial. Previous computations stay valid since only a
refinement of the cone is done. In [25] the computational experience is reported that
during the final phase the choice of new term orders should be dropped due to overhead
computations.

Theorem 1.4.5 Algorithm 1.4.3 computes a Grobner basis and terminates.

Proof: Correctness: The algorithm computes a Grobner basis since all S-polynomials
with respect to the last term order reduce to zero which is sufficient by Theorem 1.1.16.
The S-polynomials are either reduced by the division algorithm and amended onto the
list or the 1. Buchberger criterion implies that they reduce to zero. If the term order
changes then the critical pairs are put on the list of S-polynomials again. The algorithm
also includes the elimination of superfluous elements. If lem (ht(f;), ht(f;)) = ht(f;) then
S(fi, ;) = f; — cix® f; for an appropriate constant ¢; and a monomial z®. This shows
ht(S(fi, f;)) = ht(f;) and that f; is not necessary nor its critical pairs (i, 7).

Termination: For each homogeneous ideal there exist only a finite number of inequivalent
term orders wy, ..., w,. Thus the set {f;|j € J} gives rise to a tuple of monomial ideals
HT™ = (htw,(f;),j € J) x -+ x (hty,(f;),7 € J). Each new polynomial f,, .1 gives
a new tuple. These tuples are ordered by inclusion. Each w; is equivalent to one w;.
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Thus the actual HT in the algorithm is a generating set of a component H7 " of the
tuple of monomial ideals. Since the polynomial ring is Noetherian each ascending chain
of monomial ideals becomes stationary. This is true as well for tuples of monomial ideals.
From this it follows that the algorithm terminates. O

An important point which needs to be discussed is the exploitation of Buchberger criteria.

The new term order is chosen by comparing the associated tentative Hilbert series. Alter-
natives might be able to exploit the faces of the Newton polytope of the new polynomial
fm+1. Especially, for fewnomial polynomial ideals as for example the binomial ideals in
the context of integer programming the dynamic Buchberger algorithm might be an in-
teresting alternative. Once a Grobner basis is found the Hilbert series driven version will
give the Grobner basis with respect to the true term order.

1.5 Elimination

In the engineering literature e.g. [10] one finds the statement that a computation of a
Grobner basis is the method which converts a set of equations into upper triangular form

g1(x1,29,...,2,) = 0
92(1'2,..:,1'”) : O (1.4)

gn(zn) = 0.
Indeed, given a system of polynomial equations f1(z) = 0,..., f,(z) = 0 one manipulates
this system into a different set gi(z) = 0,..., g;(z) = 0 having the same set of solutions

(even with the same multiplicity). This means that the two sets generate the same
ideal. Obviously, the existence of one g; depending only on one variable z; is preferable.
After the solution of this single equation the substitution of the solutions z; = a; €
C,k=1...,deg(g;) yields a couple of smaller and easier systems. Below we will discuss
the question which term orders have the property that the Grobner basis of the ideal
(f1, ..., fm) contains such a polynomial depending on just one variable. The best situation
would be the case of an upper triangular form as in (1.4). Even if the original system
fi(z) = 0,..., fu(x) = 0 has finitely many solutions such a triangular form does not
necessarily exist. A counterexample is given in Figure 1.8. On the other hand each
system with finitely many solutions can be decomposed into smaller subsystems which
can be written in upper triangular form, see Lazard [128].

There are other approaches in elimination theory such as the characteristic sets of Ritt-
Wu ([14] p. 520, [145] Chapter 5, [41] Section 6.5) and the resultants. Even in numerics
the concept of resultants is used (detection of
Hopf bifurcation, see [112] p. 289). Of course the sparsity of the polynomial system is used
in the computation of the resultant. All resultant methods for multivariate homogeneous
polynomials (Dixon, Macaulay, sparse) have in common that a matrix is built and some
determinant is computed, for an introduction see [178], [42] Chapter 3. The sparse mixed
resultant has been applied for problems in robotics.

For the case of infinitely many solutions one likes to identify a subgroup of variables
(e.g. z1,...,x4) such that the system of equations has for each value of z = a € C?
only finitely many solutions (a,b) € C". Grdbner basis computation can test whether
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X2 X2

31 3L

Gi(ry, 1) = x> =371 +2,

g%(ﬁl,fm) = 11Ty — 271 — 239 + 4, 28 2 +— o e V()

= (29 —2)(x1—1) Vo)
g2(z2) = 292 — 319 + 2 1 1L .
(g —2)(z2 — 1)
0 o
1 2 3 X

Figure 1.8: A variety consisting of three isolated points and a Grobner basis of the
associated ideal I = (g%, g1, go) with respect to the lexicographical order which is not in
triangular form. The primary decomposition of I consists of three prime ideals having
Grobner bases in upper triangular form. The variety of the elimination ideal J = I N
Cl[zs] = (g2) consists of 2 points

this situation occurs. Obviously this is a parameterization of the variety. The number
d is called dimension and equals the degree of the Hilbert polynomial. The variables
x1,...,xq are called parameters. By linear or nonlinear change of coordinates one can
always convert the variety into such a form, the so-called normal form. This process is
called Noether normalization and can be performed algorithmically, see [132].

The advantage of Grobner bases is that characteristics of the variety are computed
without knowing the variety itself. The dimension is computed from the degree of the
Hilbert polynomial and for zero-dimensional ideals the number of solutions is computed
from the codimension of the ideal in the ring.

Let I C Klzy,...,2n,y1,--.,y)] be an ideal which is given for example by fi,..., fm.
We are searching for polynomials which depend on the variables y1, ...,y only and have
the same solutions than I. This means one computes the generators of the elimination
ideal.

Definition 1.5.1 The ideal I N K|y| is called elimination ideal of I in Kly].

A set of generators of the elimination ideal can be computed with the Buchberger
algorithm, if one chooses a term order with a special property.

Definition 1.5.2 A term order < of K|z, y| is called an elimination order, if for all cases
with x® # 1 we have

x*yT >y°.

By [14] p. 257 Lemma 6.14 it is sufficient to demand 2 > 3° Va® # 1,7°. One says the
variables x4, ..., x, are eliminated.

Example 1.5.3 Elimination orders include

a.) the lexicographical order,
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b.) all matriz orders with matric M = (M;;) with entries in the first column My; =
l,i=1,...,n, M;; =0,t=n+1,....,n+1. This includes the elimination order by
Bayer and Stillman.

c.) block orders > consisting of orders >, and >, on Klx] and Kly|, respectively.
(x%y" > 2Py’ & 1% >, 28 or 2% = 28 and i >y y5).

If GB forms a Grobner basis of I with respect to an elimination order then GB N K[y] is
a Grobner basis of the elimination ideal with respect to <gpy.

Remark 1.5.4 In subsection 1.2.4 an elimination order was used for the handling of alge-
braic extensions in case the implementations are restricted to the field Q). It is also useful
for the relation between Grobner bases of the affine ideal and the associated projective
ideal.

If we want to compute an upper triangular form as above we need a term order which
successively eliminates x; than xy, xs, next xy,xs, r3 and so on. It is well-known that a
lexicographical order fulfills these requirements of nested multiple elimination.

Remark 1.5.5 In Section 1.4 the idea of the dynamic Buchberger algorithm is presented.
The term order represented by one vector is updated during the Buchberger algorithm such
that the polynomials are as close to a Grobner basis as possible. A variant of this is possible
i elimination although the elimination orders are restricted. One only has to assure that
the weights on x; are much larger than on y;. Just start with one bound. If during
computation the degrees of the intermediate polynomials become too high one enlarges the
bound.

Algorithm 1.5.6 (Test for Noether normal form)

Input: one grading W forming a weight system
W -homogeneous polynomials fi,..., fm € K[x1,..., 2]
assume the parameters are x1,...,2q

Output: Yes or No

1.) Choose a term order

w1 c. Wa—1 Wq Wg+1 -+ Wp—1 Wp

—wWi ... —Wg_1 —Wq 0 . 0 0

0 0 0 1 0 0

M=1 9 0 0 0 10

1 0 0 0 0 0

0o .. 1 0 0O --- 0 0

and compute the Grébner basis of (f1, ..., fm) with respect to this term order.

2.) If the leading terms of GB do not contain any monomial which depends on the param-
eter variables xy, ..., x4 only and for each of the remaining variables there exists a monic
leading term in this variable then indeed the variables xi,...,xq form a homogeneous

system of parameters and the output is YES.
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In the algorithm it is important to use an order which eliminates the non-parameter
variables and then successively eliminates all variables one after each other.

Algorithm 1.5.6 is inspired by subroutine 3.9 in [179] where a gradrevlex order has
been used. We come back to the topic of Noether normalization in Chapter 2, Section 4.

The algorithmic Noether normalization shows some typical features of Grobner bases.
The use of Grobner bases pulls difficult questions of commutative algebra down to the
question whether a variable appears in a monomial or not. In turn these algebraic prop-
erties give the structural information on varieties.



Chapter 2

Algorithms for the computation of
invariants and equivariants

Haben Sie auch ein Beispiel gerechnet?

Did you compute an example?

Lothar Collatz!

In Chapter 3 and Chapter 4 the investigations are started with a symmetric vector
field having arbitrary coefficients. This dynamical system might be thought of as the re-
sult of a center manifold reduction or of a Liapunov Schmidt reduction of a bigger system
of ordinary differential equations or of a partial differential equation. Each equivariant
vector field can be written as a combination of fundamental invariants and fundamental
equivariants. These fundamental invariants and fundamental equivariants can be com-
puted by algorithms in a systematic way. In this chapter I give several algorithms where
I emphasize on those aspects which are essential for efficient computations. Some theo-
retical background is recalled where it is necessary. But the development of theory is not
the aim since there are several textbooks on invariant theory, see e.g. [50], [174]. In [176]
Sturmfels presents invariant theory together with its algorithmic treatment. Chapter 4
of [176] also includes Hilbert’s classical algorithm which we do not follow here since it is
not appropriate to generalize it to equivariants. Two alternatives of the classical way are
both based on the canonical cone and algorithmic normalization, see Chapter 4.7 of [176]
and [46] p. 85 using algebraic groups.

2.1 Using the Hilbert series

For the rest of this chapter G will denote a real compact Lie group and ¥ : G — GL(R")
a linear representation on the vector space R". Of course only faithful representations
are considered, that means G' and ¥(G) are isomorphic as groups. Often ¥ is extended to
a representation on C”.

IProf. Dr. L. Collatz (1910-1990), a famous applied mathematicsm, used to ask this question. He
liked to tell a story about a special publication. The topic of the paper was an algorithm for a highly
specialized problem class with certain properties, but no example was included. After this paper had
been published, people realized that the class of problems with these specific properties is the empty set.

41
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6 x X X A A X X 6 x x x 0O 0O x x
5 X X A X X X 5 X X X X X X
4 x x A X X 4 x 0O O x x
3 X X A X 3 X X X X
2 X A X 2 x O x

1 X X 1 X X

0 X 0 X

Figure 2.1: The polynomial ring C[z 1, 25| and the dimensions of its homogeneous parts
are symbolized by x, /A, 0. The invariant rings Clz1, 79]P% and Clxy, 29?4 are graded
C-algebras. The dimensions of vector spaces of homogeneous D3 or D,- invariants are
visualized by A, O, respectively

In equivariant dynamical systems one focuses on dihedral groups D,, Si, H x S,
0(2) x S1, SO(3), O(3). That means that the group G is of one of the following types

a.) finite group

b.) a torus or a semi-simple Lie group (that means that the group is connected as
manifold and has an associated Lie algebra which as complexified Lie algebra is
semi-simple, i.e. has no nontrivial solvable ideals)

c.) a direct product H x Gy of a finite group H and a Lie group Gy of type b.)

d.) a semi-direct product of a finite group H and a Lie group G from b.) being normal
in G.

The theoretical statements are as general as possible. But for practical computations we
restrict to one of these types. Especially, the equivariant Reynolds projection exploits the
Cartan decomposition valid for semi-simple Lie algebras.

In this section we start with definitions and give the first basic algorithms.

2.1.1 Invariants

Definition 2.1.1 A polynomial p(z) € K[xy,...,x,] is called invariant (with respect to
a representation ¥ of a compact Lie group G), if

p(I(s)z) =p(x), Vs € qG.

The set of all invariant polynomials is called invariant ring and is denoted by K[z]® or
more precisely by K|[x]"(@).
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In fact K[z] is a graded K -algebrawhere the grading is induced by the natural grading
on K|[z]. That means that elements of H;(K|[x]%) are homogeneous polynomials consisting
of monomials of degree i. In Figure 2.1 this is visualized for R[z]P? and R[z]P+.

Theorem 2.1.2 (Hilbert [97, 98]) The invariant ring C[x]¢ of a compact Lie group G is
generated by finitely many homogeneous invariant polynomials.

A finite set of invariants which generates the invariant ring is called Hilbert basis
and the elements are called fundamental invariants. If the fundamental invariants of
C[z]¢ have real coefficients they generate the real invariant ring R[z]“. That means that
for theoretical purposes it is sufficient to deal with the field of complex numbers while
practical computations often will be performed for a subfield of R, especially Q.

Definition 2.1.3 A polynomial mapping f : C* — C™ is called equivariant, if
F@(s)z) = 9(s) - f(z), ¥ s € G.

The set of all equivariants forms a module over the invariant ring and is denoted by C[z]G
or more precisely by Clx]y.

Also the module of equivariants is finitely generated over C[x]“ ([87] p. 51). The genera-
tors are called fundamental equivariants. Finite generation means the following. Given a

Hilbert basis 7y, ..., T € R[z] and a set of fundamental equivariants by, ..., b, € R[z]¢
each equivariant polynomial mapping f : R™ — R" can be written as
f(z) =pi(m(x)) - by(x) + - - - + ps(m(x)) - bs(), (2.1)

where the p; are polynomials in r variables with real coefficients. The question of a
unique representation will be discussed in Section 2.4, see also Remark 2.1.19 and Algo-
rithm 2.3.20.

Sometimes one generalizes the concept of equivariants to mappings f which fulfill

f(s)x) = p(s) - f(x), Vs €,

where p is another representation of GG. Of course the module of these ¥-p-equivariants is
finitely generated over C[z]"(%) as well.

In the following we first present a naive algorithm for the computation of a Hilbert
basis of a given group action followed by a similar algorithm for the equivariants. Climbing
up the degree candidates for fundamental invariants are produced and the next degree
is determined at which fundamental invariants are missing. While the production of
candidates may be done with a certain projection the dimension of the vector space of
homogeneous invariants of degree d is given by the Molien series.

Definition 2.1.4 The Molien series of the invariant ring Clx]% is defined by

HP g (N) = 3 dim () (Clal)) - X.

=0
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Remark 2.1.5 i.) The Molien series is a special case of the Hilbert-Poincaré series in
Definition 1.2.9. i.) In case the representation of G is reducible and the coordinate
system is such that the representation matrices have all the same block diagonal structure
a modified series may be defined. Decomposing the variables x = [X1,...,X]] into [
groups according to the blocks some Kronecker gradings are defined by W;(z) = 1,z €
Xi, Wile) =0,z € X;,5#4, 5=1,....L,i=1,...,1. Since W = (Wy,..., W) is a
weight system the series HP&I}G(Al, .oy A1) is well-defined.

It is well-known that the Molien series can be computed, for finite groups see [176] p. 29
and for compact Lie groups see [174].

Lemma 2.1.6 For finite groups G' we have
1
\G! 2 2 det(id — AJ(s))

HPcpe(A) =

For compact Lie groups similarly it holds
L d
o det(id — A 9(s)) e

where g is the unique normalized Haar measure of G.

HPcpe(A)

In order to explain the evaluation of the integral I need to exploit the group structure.
Let Gy denote the connected component of the identity in G. The representation ¢ :
G — GL(R") is restricted to the connected Lie group Gy. Each connected compact Lie
group Gy contains a maximal torus group T (maximal Abelian subgroup) which is non-
unique in general. Then the Weyl group W is defined as the normalizer of 7" in G', modulo
the torus T (Ng,(T)/T ~ W). This is a finite group and its order is denoted by |W]|.
Moreover we denote by g the Lie algebra associated to Gy. Since we restrict to semi-simple
Lie groups Gy the theorem of Cartan-Chevalley (see e.g. [63]) is valid and the Cartan
subalgebra is denoted by h. As a vector space the Lie algebra decomposes as g = h@ g/h
and the adjoint mapping Ad : Gy — Aut(g), Ad(go)(X) = % (go exp(sX)go’l)SiO
be restricted to the complement g/h. With these notations the Weyl integral formula in
[19] yields

1 .
HP oo (N) = /Go f(g0; Ndug, = W /Tdet(zdg/h — Ady-1)g/n) - f(t; N)dpr,

1
with S (90 ) = Getid = A (go))
where |IW| denotes the order of the Weyl group and p¢,, iy denote the unique normalized
Haar measures. Moreover, t is an element of the torus group 7" and gg € Gy. Observe

that one uses the property of f to be equal on conjugacy classes of GGy. Analogously, the
Molien series of G (direct or semi-direct product of finite H and G) is derived as

1 1
= det(id Ady— dpr .
‘H’ seH W] / et(idgn = Ads- ‘g/h)det(zd A(st)) pr

may

HPcppje(N)

The integral over the torus can be written as a curve integral which is solved with the
theorem of residues. Since Maple includes the computation of residues the Molien series
is computed in [73] along this way. Experience shows that most of the time is spent in
the simplification of expressions obtained from the theorem of residues.
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Example 2.1.7 The group SO(3) is generated by three rotations around one coordinate
azis. Thus the associated Lie algebra so(3) is generated by

0 0 0 0 01 0 10
Li=10 0 11|, L= 0 00|, Ly=| -1 0 0 |.
0 -1 0 -1 0 0 0 0 O

Considering so(3) as a Lie algebra over C a different set of generators is Jo = —iLs, Jy =
1Ly = Ly. It has the advantage that the Cartan subalgebra h is generated by Jy and
J_, Jy are elements of the so-called root spaces. (For more on the Cartan decomposition
of semi-simple Lie algebras see [63] and Thm. 2.1.15.) A mazimal torus group T of
SO(3) is given by T = {exp(sLsz)|s € [0,2n[}. The Weyl group W = Ngo@)(T)/T has
order 2. The images of the adjoint action Ad : SO(3) — Aut(so(3)) are represented by
matrices with respect to a vector space basis of SO(3). In oder to deal with the restriction
Adip T — Aut(so(3)) we use the splitting so(3) = h @ so(3)/h and choose L1, Ly as a
vector space basis of so(3)/h. This gives

Ad [ cos(s) —sin(s)
exp(sLs)|so(3)/h — sin(s) COS(S) 3
which is used in the Weyl integral formula yielding the Molien series

1
N = d
HPoppsow () so) det(id — A ¥(go)) Hs0@)

/ det (idso3)/n — Adi=1150(3)/n)
2 det(id — A 9(t))
Representations 9 of SO(3) are usually presented by the actions ¢ of the Lie algebra so(3)
for the generators Jo, Jy, see [166]: for each | = 1,2,... there is a representation of
degree 21 + 1. Denoting a vector space basis of C* by {f_1, fois1s .- fo, f1,- .-, fi} the
representation in this coordinate system is given by

C(']O)fm :mfm> C(Ji)fm = :l:’ymfmila m = —l,...,l,

Y =/l —=m)( +m+1).
where we use the convention f_ 1 = 0 = fi;1. Additionally, f,, = (=1)™f_pn,m =
0,1,...,0 can be chosen, see e.g. [166] p. 140. By Y¥(L3) = exp(—i((Jy)), V(L) =
exp(—3((Jy + J-)),(Le) = exp(3¢(J4 — J-)) a real representation of SO(3) on the

real vector space

{(for,..., ) eC fro=(-1)"fm,m=0,...,1}

1s given. Using a parameterization of the torus group T the rules for integration yield for

R = C[z]%°®

dpr

L 27 det(idsos)/n — Ad(exp(sLs))~1]s0(3)/h)
N = - : d
HPr(A) 2 Js=0 det(id — AN Y(exp(sLs))) °

1 27 (1 — (cos(—s) +isin(—s)))(1 — (cos(—s) — isin(—s)))d
2 Js=0 L (1= Xexp(ism))

m=—I

S

11 (1-2)(1—z")dz

2mi 2 =1 1L (1 — Aem) 2
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The curve integral is evaluated by the theorem of residues. Forl =2 and |A\| < 1 the poles
inside the curve are \, =v/\. With

1-2)01-2"
2Z(T=X272)(1 = X271 (1 = A)(1 — A2)(1 — Az?)

h(M\ z) =

1
HPgpsom(N) = 5 (Res,\h()\, z) + Res sh(X, 2) + Res_ ;5h(A, z))
1
(1—X2)(1 =A%)’

where the residues are computed with the help of Maple. The package Symmetry [73]
includes an operator for the computation of the Molien series along this lines.

Given some homogeneous invariants 71 (x), ..., m(z) one would like to know how the
invariant ring C[z]% compares with the ring Clm(z), ..., ()] generated by the given
invariants. The key to this question is given by the relations or syzygies r € Cly, . . ., Yk
with r(m(z),...,m(z)) = 0. Denoting by I the ideal of relations the ring Clr(z)] is
isomorphic to Cly]/I. Moreover they are isomorphic as graded C-algebras where C[r(z)]
is graded by the natural degree and Cly] by W(y;) = degy(mi(x)),i = 1,...,k, the
induced grading. Since I is a W-homogeneous ideal the grading W on C|[y| induces to the
quotient ring Cly]/I. This is illustrated in Figure 2.2. It is well-known that a basis of the
ideal of relations is computed by means of Grobner bases. Moreover a Grobner basis of 1
is determined and thus the Hilbert series of C[y]/I (equal to the series of C[z]/init(I))
is known by Algorithm 1.2.16. Since this is the same series as of Clr(x)] this gives the
method in [176] Algorithm 2.2.5 p. 32 for the determination of complete generation of the
invariant ring. In [74] it has been improved by two details, the truncation at degree d
and the Hilbert series driven Buchberger algorithm for the algorithmic determination of
algebraic relations.

2
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Figure 2.2: The invariant ring of D3 acting on a plane is generated by two algebraic
independent polynomials 7 (z), ma(x) of degrees 2 and 3, respectively. The dimensions
of the homogeneous components of K[m(x), m(x)] are given on the left. On the right
K{y1,yo] with respect to the induced grading W (y;) = 2, W (y2) = 3 is pictured
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Algorithm 2.1.8 (Completeness of invariant ring up to degree d, [176])
Input: Homogeneous invariant polynomials m(x),. .., m(z) € K[z]¢
Molien series HP ryc(A)
degree d

Output: TRUE or minimal degree of missing invariant

Js :={y1 —m(x),...,yx — m(x)} # generators of ideal J
define grading W (z;) = 1,i=1...,n, W(y;) =degn(m),i =1,...,k
HP :=1/(1-X\)" # series of K|x,y|/J wrt W

compute a Grobner basis GB(X4_, HYV (J))
with respect to an order which eliminates x
using the Hilbert series driven Buchberger algorithm with series H P

and truncation at degree d # using Algorithm 1.2.23
Is:=GBnNKly|
HTs :={ht(f), f € Is}
HP, = HPEEMWHTS)(A) # using Algorithm 1.2.16

if HPy = HPgye(A) then Ting is completely generated’
else compare Taylor expansions HPy = by + bi\ + baA? + - - -
HPkje(N) = ag + ar A + apA* + - - -
din := min{i | a; > b;}
if d < dpin, then TRUE else OUTPUT(dmin)
fi

The polynomials y; — m (), ...,y — mx(z) with slack variables y; generate an ideal J C
Clz,y]. Since an elimination order is chosen a Grobner basis of the ideal of relations
I = JNCly] is computed. So far this is standard. The natural grading on C|x] gives rise to
the weighted grading W on Clz, y]. Then the polynomials y; — m;(x) are W-homogeneous
which enables truncation. With respect to a suitable term order the monomials y; are the
leading terms of the polynomials y; — m;(x). Since the y; are coprime the set {y; — m;(z)}
forms a Grobner basis. Consequently, the Hilbert series of C[x,y]/J equals the series of
the ring Clz,y|/{(y1,...,yr). Obviously, the series is 1/(1 — A)™. This enables the use of
the Hilbert series driven Buchberger algorithm as it has been pointed out in [182] and has
been used independently in [74]. These two details gain efficiency.

Example 2.1.9 In order to investigate a Takens-Bogdanov point with Ds-symmetry in
[138] a generic equivariant vector field is investigated for the action of D3 decomposing as
two times the two-dimensional natural representation. The real representation ¥ : Dy —
GL(R?) is written in a different way by changing coordinates from (v, v;, w,, w;) € R*
to (v,0,w,w) € C* by v = v, +1i-v;,w = w, +i-w; and identifying {(x1, T2, x3,74) €
C| 2y = Ty, 13 = T4} as real vector space. In these complex coordinates the group action
18 nicely written as

flip(v, w) = (v,w), and rotation(v, w) = (ei%wv, ei%ﬂw).
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Since the author of [138] did not know about Algorithm 2.3.17 he suggested the invariants

S = VU = vr2+vi2, Sg = WW = wr2+wi2,

ty = w? + 0 = 2w, — 6w, w;2, ts =03+ 02 =203 — 60, 9,2,
Sg =vw+vw =20, w, + 2v; w;,

t; =vw? + 0w? =20 w2 —2v w?— 4w w;,

ty = V2w + 020 = 2 v, 2w, — 4 v, v; w; — 2 v;2w,,

and showed that they generate the invariant ring Clv, v, w, w|P* completely. Since they
are real polynomials they generate R[v,, v;, w,, w;|P* as well. In [7}] this was alternatively
shown by Algorithm 2.1.8. By Lemma 2.1.6 the Molien series is

AN 20+ 02+ 1
(1—A3)% (1 —A2)?

The relations with respect to the revgradlex term order are

4 593ty — 4 59°t185 + 195253% — tate? + tot12,

t355281 — tits? + tgto? + 4 513t — 4 5,%t283,

4 53597ty — 4 s283%t1 + tos3® — tsto® + tilato,

4 s381%t1 — 4 s183%to + t383° — t3%to + tatits,

482—812 — 83281 -+ tltg - t22, 4@ - 83282 + tgto - t12,

4 538981 — 83° + tato — tat1, tasy + tos1 — t1S3, t3Sy + t151 — tass,

(2.2)

with tysess?, t3s32s1, t0s3>, 13535, 52512, 59251, 835951, tos1, t3se as leading terms. The Hilbert
series of the quotient ring with respect to the ideal generated by these leading terms with
respect to the induced grading

W(sy) = Wi(ss) = 2, W(to) = W(ts) =3, W(ss) = 2, W(t1) = W(ts) = 3,

equals the Molien series. Thus the invariant ring is completely generated.

Now we turn our attention to the Reynolds projection
R : Clz] — Clx]%, (2.3)

which obviously respects the degree: Ry : Hq(Clz]) — Hy(C[z]).
For finite groups the projection is easily realized by (see e.g. [176] p. 25)

R(p(z)) = ﬁ S p(9(s)z).

seG

For compact Lie groups the description of the projection is more involved.

Recall that Gy denotes the connected component of the identity of G and Res(¢, Gy)
the restriction of ¥ : G — GL(R"™). The representation Res(V, Gy) corresponds to a
representation ¢ : g — M(R™) of the associated Lie algebra g of Gy where ((Y') are real
(nxn)-matrices. BEach Y € gisgiven by a path v : [-1,1] = Go,7(0) = €, Ly(s)js0 =Y.

The group action Res(), G) gives rise via the representation

0 : Gy — Aut(Clz]), O(t)(p(z)) =p(t ), teaq,
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gamma

Figure 2.3: A connected compact Lie group G viewed as a differential manifold. The
tangent space at the identity is the associated Lie algebra g. A path ~(u) through the
identity in G defines by differentiation an element Y € g. The conjugation G — G, s —
tst™! of group elements gives rise to the Lie bracket [X,Y] = adx(Y) in the Lie algebra

Table 2.1: Data structure of a compact Lie group which is semi-simple or a direct or a
semi-direct product of a semi-simple compact Lie group with a finite group H

structure of the abstract group G: representation 9 of G:

— connected component G, — action ((Y") of generators YV’

— finite subgroup H, of the Lie algebra g,

— generators t of torus group 7' — action Res(9, H)(s) for all s € H
— order of the Weyl group W, — indices for maximal weight spaces
— generators of the Lie algebra ¢ — matrix for change of coordinates

associated to Gy, distinguished by
elements of the Cartan subalgebra
and of the root spaces,

— Adjoint action Adi-1|4/s,

to an action of the Lie algebra on the polynomials. Elements of the tangent space of
Tye)V(Go) are given by paths
vi[FL1] = Go, (0)=e, (0)=Y € g,

Ci 9= M(CY), (V) = 200(8)) o

Analogously, we have Tg)©(Gp) by 0 : g — Aut(C|z])

0Y)(f(x)) = Z[OO()(f())]s=0
(
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From this construction it is obvious that a polynomial f is invariant with respect to
Res(9, Gp) iff
0Y)(f(x)) = =V[f(z)(Y)z =0, (2.4)

for a set of generators of g. This is well-known, see e.g. [186] p. 206. It is the key for
Algorithm 2.1.10.

Provided a vector space basis V = {vi(x),...,v,(x)} of a subvector space V' of Clz]
(e.g. the monomials in Hy(Clz]) is given the projection Ry : V — V N Clz]% is realized
in the following way: We make an ansatz f(z) = Y .y ayv(z) € Clay,,. .., ay,][z]. The

conditions (2.4) result in a linear system of equations in the unknowns a, by comparing
coefficients. By solving this system and substitution of the result back into f one easily
determines a vector space basis of V' N C[z]%.

If G is a direct product G = H x Gy with a finite group H the application of the
Reynolds projection of H on Gy-invariants yields G-invariants. Since H and Gy commute
the Reynolds projections commute and thus we have R = RERG = RERH,

In case of a semi-direct product the system of linear equations above is amended by
the equations resulting from comparing coefficients for all generators s of the finite group

H in f(z) — f(I(s)x).

Algorithm 2.1.10 (Computation of fundamental invariants up to degree d)
Input: representation ¥ of G:
— action (YY) of the generators Y of the Lie algebra g
— action Res(v, H)
Molien series HP gizc(A) = 120 a; N
mazximal degree d

Output: invariants

II:={},m:=0 # set of invariants
choose term order < on K|z]
GB :={}
k:=min({i| a; #0,7>1} # minimal missing degree
HP =1 # tentative Hilbert series HP gin(zy(A) = i b’
while k < d do
s :=a — by # number of missing invariants
V = { monomials in HY (K|[z])}
M := { monomials in HY (K[y1,...,Ym])}
# W =~ induced weighted grading
M = {q(ht(p1), ..., ht(pm)) € Klz]| q € M}
Vi=V\M
Q :=R(V) 4 vector space basis Q = {q1,...,q} of HN(K[z]%) NV
P:={} # new invariants of degree k

for i from 1 to | do
h := normalf_(¢;, GB)
if h(z,y) & Klyr, ..., ym] then
p:=¢q; — h(0,m(x))
# p € P with HY(K[z]¢) = HN(K[r(x)]) & P
p :=normal f-(p, P)
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# linear combination yields ht(p) # ht(p),p € P

if p#0 then P:= PU{p} # ht(p) & (ht(m),...,ht(7y))
M:=TU{py,...,ps} =TUP # invariants found

k:=min({i| a; # b;, i > k}

if k> d then OUTPUT(II)

else # compute relations
extend elimination order < to K[x,y1, ..., Ymss| eliminating x
GB :=GB(GBU{Ym+1 —P1y- -, Ymis — Ds}) # Gréobner basis
- using the Hilbert series driven version
- using truncation at degree d
m:=m-+s
HT = {ht(f) | f € GB N K[y]}
HP :=HPR ) = HP e nioy V) = ZibiX - # Algorithm 1.2.16
k:=min({i| a; # b;} # minimal missing degree

if k > d then OUTPUT(II)

Remark 2.1.11 i.) The step h = normalf_(q;, GB) rewrites the polynomial q;(z) =
h(mi(z),..., () in terms of invariants if the result h(x,y) depends on y only. (Com-
putation in a ring, see [14] p. 270.) Once a term order has been fized the representation
in fundamental invariants is unique, but h depends on the term order in general. 1ii.)
The linear combination from p; to p; is necessary in order to skip some monomials in
the set V. For this it is preferable that all p € P have different leading terms. Never-
theless in general it is not possible to derive a direct complement P of Hy(C[n(z)]) in
H(C[z]9) since Clmi(z),...,m(z)] and C[ht(m(x)),..., ht(r.(x))] are not isomorphic
as graded algebras in the general case. (If they were {m;} would be called a SAGBI basis
[162, 104], Chapter 11 in [177], p. 199 in [186]) iii.) A part of the input polynomials
of the Buchberger algorithm forms a Grobner basis. An implementation of the Buch-
berger algorithm taking advantage of this fact would be desirable. Secondly, as far as
the computation of the Hilbert series is concerned the computation of a minimal Grobner
basis suffices. The final intermediate reduction could be skipped. iv.) The advantage of
this algorithm is that it also works if only a Taylor series expansion of the Molien series
HPe(N) = 1+ar A+ -+ag\*+- - - up to degree d is known. v.) The second advantage
is that it is very flexible. In case a set of fundamental invariants of a subgroup G of G
is known one only needs to replace the set of monomials V' by a vector space basis of
G-invariants of degree k. Secondly, in case the user knows some candidates of invariants
these can easily be incorporated.

Example 2.1.12 In [129] Leis has investigated a bifurcation problem with O(2) x Si-
symmetry and computed the fundamental invariants and equivariants. With Algorithm
2.1.10 the systematic computation of the Hilbert basis is possible. The real representation
Y 0(2) x S — GL(R®) is written as a representation on {y € C°| ewists z_, 20, 22 €
C with y1 = z_9,Y2 = Z_2,Y3 = 20, Y1 = 20, Y5 = 22, Ys = 2o} which is a real 6-dimensional
vector space. By z_o = %(xl +ix3),20 = \%(1’3 +ixy), 29 = %(.%5 + ixg) a change of
coordinates y = Ax is def{;zed resulting in

D:0(2) x Sy — GL(CY), d(s) = A7W(s)A, se€O(2)x Sy,

7§("¢)(£2,20722) = (22,20,272)7
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(ro)(2-2,20,22) = (¢ "2 9,2,¢"2),
D(P) (22, 20, 22) = (€2 9,2y, 2).

A torus group is generated by rg and ¢. The action  of the associated Lie algebra on C°
s given by

I

—~

=<

N—

I
OO OO O
[N eBelNoll =
S O OO OO
O O OO OO
O = OO OO

I

—~

S

N—

I
SO OO O
(sl sl el =
O OO = OO

|
OO = OO O
O R OO OO
_ o O O O O

Additionally, there is the finite group Zo = {id,r}. In the Maple package symmetry
[73] the representation matrices (Y1), ((Yz2) with respect to the complex coordinate system
and 9(k) with respect to the original real coordinate system are stored as well as the
transformation matriz A. The invariant generators of C[z]°®*% are easily computed to
be

_ _ _ _ _ _92 _ 2_
ZoZ9 + Z_9%_9, 20R0, Z2R2R_2%-2, Z224Z-2, 2220 Z-2,
once the Molien series

14+ M\

HPSO(Q)X&()‘) = (1 _ /\2)2(1 _ /\4)2’

is known. The invariants of R[y]|%®*5t with real coefficients are easily obtained by linear
combination. The experience shows that the possibility to restriction in degree is very
valuable for efficiency.

2.1.2 Equivariants

The treatment of equivariants is analogously. The most important fact on ¥-v-equivariants
is the correspondence to invariants of degree one.
The representation ¥ : G — GL(C") induces a representation

V:G — GL(C™), 9(s)(z,2) = (9(s)z,9(s)z), VseG xzeC (2.5)

Naturally the ring C[z, z]” is bigraded by the weight system (U, W) with U|x(z) = 0, Ujg[s] =
N, Wk} = N, Wk = 0. The module of equivariants C[z]¥ is isomorphic to H{ (C[z, 2]

by identification of an equivariant f(z) with a ¥-invariant (z, f(z)), where (-,-) is a ¥-
invariant inner product on C™. By this isomorphy a lot of results for invariants imme-

diately generalize to the module of equivariants. Moreover, this relation is important

for computations. In practice ¥(s) are orthogonal (unitary) matrices. (For compact Lie

groups a unique normalized Haar measure exists such that one has a G-invariant inner

product. For groups with G-invariant inner product the coordinate system may be chosen

such that the representation matrices are unitary or orthogonal, respectively.) Instead of
computing with tuples f(z) one computes with polynomials 2* f(z).
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C[z]y is graded by the natural degree and thus the Hilbert-Poincaré series is well-
defined. Analogous to the case of invariants we obtain

5 trace(V(s™1))
]G\ 2 det(id — X\J(s))’

for finite groups G (see e.g. [166], [194] or [71]) and

trace(V(s™1))
HPop5(Y) = /G det(id — A i(s)) He:

for compact Lie groups [166]. For groups of cases b.), ¢.) and d.) this is evaluated by

1 trace(d(gg 's™1))
det(id,, — Ad
|H| £ |W|/ etlidg/n — Ady- 1‘g/h)det(¢d—w(sgo))

HPC[x]g()\ dpr (2.7)

where ¢ is an element of the torus 7' and |W| denotes the order of the Weyl group
Ney(T)/T.

Given some homogeneous invariant polynomials 7(z), ..., mx(z) and some homoge-
neous equivariants fi(x), ..., fi(x) one likes to know whether they generate the module of
equivariants. Comparing the Hilbert series HPg[I]g(A) of the C[z]%-module of equivari-

ants with the Clr(z)]-module generated by fi(x),..., fi(x) gives the answer. Analogous
to the syzygies of invariants the computation of the latter series is based on the relations

R={reCly,u]|r(y,u) =ri(y)us + - +r(y)u, r(r(z), f(xr)) =0}.

Lemma 2.1.13 Given some homogeneous polynomials wi(z), ..., mx(x) € Clx] and some
homogeneous polynomial tuples fi(x),..., fi(x) € Clz]* we denote by M the module gen-
erated by fi,..., fi over C[m(x),...,m(x)]. We define a Kronecker grading Ucjz,y =
0, Uicpu] = N and denote by M C ®._HY (Clz,y, z,u]) the Clz,y|-module generated by

yi — (@), yk — (), un — Z(fl(x))jzja ceey U — Z(fz(fﬂ))jzj :
j=1 Jj=1
Denote by GB a Grobner basis of M which is truncated at degree 1 with respect to U with
respect to a term order which eliminates x and z. Then the Hilbert series HPY,(\) of the
Cln(z)]-module generated by fi,..., fi is given by

HPY,(\) = \deslf) . ’HPC[y (HT1>(>\)+---+/\deg(fl)-HP%’[y]/<HTl>(/\),

where W is the induced weighted grading with W (y;) = degy(m),i = 1,...,k and HT;
denote the sets of all monomials y* where y®u; is a leading term of an element of GB.

Proof: Recall the ideal J = (y; — mi(z),...,yr — mx(z)) and the elimination ideal I =
J N Cly]. The rings C[r(z)] and C[y]/I are isomorphic as rings and even more as graded
algebras where the natural grading and the induced weighted grading W are taken. The
Grobner basis of the theorem includes a Grobner basis of J and of .

The module of relations R as defined above is equal to MNHY(Cly, u]). Tt is a C[y]/I-
module. The quotient ring Cly]/I is graded by W and so R is a W-graded module where
we define W(w;) = degn(fi). As W-graded module R is isomorphic to M graded by
the natural degree. Thus R can be used for the computation of the Hilbert series. By
Lemma 1.2.12 the leading terms of the Grobner basis give the Hilbert series. O
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Remark 2.1.14 i.) The Hilbert series driven version of the Buchberger algorithm 1.2.23
can be used with the bigrading (U + W, W) and the series

1
U+W,wW —
HP Cfogy oy (M5 A2) = (1= A" (1 = AAg)™

SINCE Y1y -y Yk, UL, - - ., Uy are the leading terms of a Grobner basis with respect to an
appropriate term order and Clx,y, z,u]/(y,u) = Clz, z].

ii.) For efficiency it is important to observe that truncation of the Grébner basis of J with
respect to W is possible. Then only a truncation of the Hilbert series is guaranteed to be
correct.

In [74] this Lemma has been used in order to show that the module of O(2) x S;-
equivariants is generated completely by the equivariants suggested by Leis in [129].

The natural grading of C[z]} is respected by the equivariant Reynolds projection
R : (Cz])™ — C[z]y.
For finite groups G the projection is realized by

R(f(x) = 7 32 0(s ™) f(0(s)), (28)
‘G| seG
see [71] for more theoretical background.
For connected compact Lie groups GGy the computation of the projection is done with
the help of the associated Lie algebra g. Analogous to equation (2.4) for the case of
invariants we have: A polynomial mapping f(x) € (Clz|)™ is equivariant, iff

0(=Y)(f(x)) = C(YV)f(x), (2.9)

for a set of generators Y of g. Observe that this easily generalizes to the 1J-p-equivariants
by using the representation of the Lie algebra ¢ associated to p.

The realization of the projection is similar to the case of invariants. Given a vector
space basis of Hy((C[z])") a projection to Hy((Clz])" N C[z]Y) is realized by a formal
ansatz with unknown coefficients and condition (2.9) for a set of generators of g which
gives by comparing coefficients of monomials x® in the tuple a system of linear equations
in the unknown coefficients. Additionally, the vector space basis can be chosen much
smaller, if one exploits that the group Gy is semi-simple and thus the associated Lie
algebra has special properties. This was first described in [166] for SO(3) and generalized
for arbitrary semi-simple Lie groups by Guyard in [74].

Assume the Lie algebra ¢ is semi-simple. Then there exists a decomposition of ¢ as a
C-vector space
g=h®g & D g, (2.10)

having the additional property that for each g; a linear from «a; : h — C exists such that
(X, Y]=ad(X)(Y)=a(X)-Y, VXehY €g.

That means that ad(X) acts diagonally on g. Moreover, for each «; there exists one a;
with a; = —a;. Collecting the forms «; in a set R, one usually uses « as index and writes
the well-known Cartan decomposition (2.10) as g = h @ @,cr ga- The g, are called root
spaces.
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Theorem 2.1.15 (Cartan-Weyl, see [63]) Assume the Lie algebra g is semi-simple. Then
there exists a vector space basis {Hi,...,H,} of the Cartan subalgebra h and for each
a € R some Y, generates g, such that

ad(HZ)Ya = [H’w Ya] = Od(HZ')Ya,
ad(Ya)Y o = [Ya, Y] € I,
ad(Yo)Ys = [Ya,Ys] = NopYais with Ny g =0 unless o+ 5 € R,

with Na,ﬁ = —Ng,a = N_57_a = —N_a7_5.

Example 2.1.16 The Lie algebra so(3) is generated by Ly, Lo, Ly or over C by Jo, J4, J_
(see Example 2.1.7). There are two root spaces go, = span(Jy), ga, = span(J_). The
linear forms o; : h — C,i = 1,2 are defined by a1(Jy) = 1, as(Jy) = —1 since [Jo, J1] =
+J.. Additionally we have [J1, J_| = 2J,.

Moreover, one might choose a special coordinate system on C™ such that the repre-
sentation matrices of ( : ¢ — M(C"™) are sparse. The vector space is decomposed into
weight spaces

Cc" = @ﬁngg,

where W is a set of linear forms on A, such that
Yo e Vg, VX e h, ((X)v)=aX)-v.
The rest of the Lie algebra g acts in the following way

C(ga)(vﬁ) CVarpg Ha+peW,
C(ga)(vﬁ) =0 fa+pggW.

Furthermore there exists a decomposition into positive and negative root spaces R =
R™ U R~ and there exists a mazimal weight space Vg, such that

C(Ya)Vs, =0 VaeR"

It also holds that for each v € Vj, the vectors v, ((Y,)v,« € R~ generate a vector space
such that the restriction of { to this space is an irreducible representation. In an irreducible
representation the maximal weight space is one-dimensional and unique.

In order to work with an efficient Reynolds projection we assume that the matrices
¢(Y) are given in a coordinate system such that the spaces Vj are generated by unit vec-
tors. For an equivariant F' this means that each component F; corresponds to an element
of one of the V. One makes an ansatz Fi(x) = 3,,cpr abym(z) (M basis of H,(Clx])) for
the components Fj, i € I,,,, corresponding to the maximal weight space. Conditions for
the coefficients a’ are given by the Lie algebra elements of the Cartan subalgebra and
the positive roots. The conditions 6(—H)(F(z)) = ((H)F(z) for generators H of h and
O(—Y,)(F(z)) = ((Yo)F(z) for « € R result into

(O(—H)(F(x)); = C(H)uFi(x), i € Iaz, H € h,
(0(=Y,)(F(x)); =0, i € Ipaz, @ € R,



20 vnarliiv 4. ALGURLLONVID FURV 1R VUNMPUILIALIUIN UL LINVARUAIN LD

The other components Fj;, ¢ & I, of the equivariant are derived successively by shifts.
The condition (6(—Y,)F(z)); = ((Ya)ijFj(x), o € R~ for some i € I,,,, and some j ¢

L0 implies .
Fi(z) = C(Ta)w (0(=Ya)F()), -

Once Fj is known other components are derived analogously. Of course this only works
if the matrices ((Y) are taken in a coordinate system according to the weight spaces V.

Example 2.1.17 Consider the representationl = 1 of the Lie algebra so(3). With respect
to a basis {f_1, fo, [1} of C? the coordinates are denoted by z_1, 29, z1 and the representa-
tion matrices are

0 vV2 0 0 0 0
CJy)=10 0 V2|, <¢J)=[V2 0 0
0 0 0 0 vV2 0

The third coordinate corresponds to the mazimal weight space. An equivariant of degree 3
18
F(2) = [221201° — 20%2_1, 2212021 — 20°, —2120% + 2 21%2_1]".

Once F5(z) is determined Fy(z), Fi(z) are derived by J_ by
S S
V2 V2

The Lie algebra so(3) has one shift operator only. For other Lie algebras there might be
more. Then a component F; may be derived in several ways. The package symmetry [73]
contains a routine which automatically finds out which root o € R~ and which previous
index to use provided the matrices ((Y') and the index set [,,4, of the maximal weight
space are known.

If G is a direct or semi-direct product of a semi-simple Lie group Gy with a finite
group H the Reynolds projection of G consists of the Reynolds projection of Gy and the
projection for the finite group H. In the direct case one may just apply the Reynolds
projection of H to an Gp-equivariant. In the semi-direct case one considers GG y-equivariants
fi,--., fr € R[z]4. Then comparing coefficients in f(J(s)xr) = 9(s)f(x) for a set of
generators s of H and for f = " a; f; yields a system of linear equations in the unknowns a;.
While the usage of the Cartan decomposition produces Gy-equivariants with complex
coefficients it is important here to start with Gy-equivariants with real coefficients.

Fy(z) = —=VF5(2) - ((J-)z, Fi(z) = —=VFy(z)-((J-) =

Algorithm 2.1.18 (Computation of fundamental equivariants up to degree d)
Input: representation ¥ of G:

— action ((Y) of generators Y of the Cartan subalgebra h of g and

of generators 'Y of the root spaces

— action Res(V, H)

homogeneous invariants m (), ..., 7 (z)

Hilbert-Poincaré series HPK[:D}%()\) =30 a; N

mazximal degree d

Output: homogeneous equivariants f, ..., f; which generate the module of
equivariants over Clr(z)| up to degree d
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M :={},m:=0 +# set of equivariants generating module M over K|r(z)]
choose term order < on K[xy,...,Zn, Y1, ...,y eliminating x
GBinv := GB(yy — m(x),...,yr — m-(x)) # compute Grobner basis wrt <
- using Hilbert series driven version
- using truncation at degree d
GB:= GBinv # Grobner basis of module in ®_ HY (K|x,y, z,u)
k:=min({i| a; # 0}) # minimal missing degree
HP =0 # Hilbert series HPY,(\) = X Xt of module M
while k < d do
s :=a — by # number of missing equivariants
V = { monomials in HY (K|z])}
forje{g, -, Jaim} do # dim - dimension of weight space
Vj ={w(z) € Kz]"|w;(z) =0,i=1,...,n, 1 # j, wj(x) € f/}
Vi=ViU---UVym
Q :=R(V) # vector space basis Q = {q1,...,q} of HY(K[z]&) NV
F:={} # new equivariants of degree k
for i from 1 to | do
p = normalf(327_1(¢;);2;, GB)
if p(x,y, z,u) € Klyr, ..o Yry Uty - - ., U then
p = 371(0);%

_p(ov 7T(:L‘), 0, Z?:l(Ml(I))jzjv T ?zl(Mm(I))jzj)
pi= normalf(p, ) # p(z,2) = fi@)a+ -+ ful)on
if p#£ 0 then F:= FU{f}

m:=m-+s
M:=MU{fi,....fs}=MUF
# equivariants M = {M, ..., M,,} found
k:=min({i| a; # b;, i > k}
if k > d then OUTPUT(M)
else # compute relations
extend < t0 K[Z, Y1, .-, Yry 215« Zny ULy - « 5 U]
eliminating x and z
J =GBU {um—S-i-l - Z?:l(fl)jzﬁ sy Um Z?:l(fé‘)jzj}
GB :=GB(J) # compute Gréibner basis by Algorithm 1.2.23
— using grading W and Kronecker grading U
W(x;) =1, W(y:) = degy(mi(z)),
W(z;) = 0, W (u;) = degy(fi(z))
U(x;)) =0,U(y;)) =0,U(z) =1,U(u;) =1

— wusing the Hilbert series

U+WW . 1
HP kel ey )M A2) = Gorpmisang)s

— using truncation at degree d (wrt W) and 1 (wrt U)

HT :={ht(p)|p € GBNK[y,u]}  # leading terms of relations

HP:=0

forjg=1,...,m do # Lemma 2.1.13
HTj:={p|u;-pe HT}

Il
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HP := HP + X' SUDUPE v ry () # Algorithm 1.2.16
HP = HPpm(N) =3, b\ # Hilbert series of M
k:=min({i| a; # b;} # minimal missing degree

if k > d then OUTPUT(M)

Remark 2.1.19 i.) Ezperience shows that it is more efficient to compute the relations
for the invariants first. ii.) If the degree d is oo the algorithm terminates provided the
module of equivariants is finitely generated over K|m(x)| where m(x), ..., m.(x) are the
given invariants. This is fulfilled for a homogeneous system of parameters. iii.) The
division algorithm (step p := normalf. (Z?:l(Qi)ij, GB)) computes a representation of an
equivariant q; of degree < d in terms of invariants and equivariants since an elimination
order has been chosen and by Lemma 1.2.8. Once the term order has been fixed the
representation in (2.1) is unique. iv.) The algorithm is very flexible. If the user already
knows some fundamental equivariants this knowledge can easily be incorporated. v.) If the
group is a connected semi-simple group then less slack variables are needed. In the right
coordinates system the components of the equivariants f;, M; correspond to the weight
spaces. The other components of the tuple are given by the shift operators in the root
spaces of the Lie algebra. For efficiency this is an important point since the complexity of
the Buchberger algorithm increases dramatically with the number of variables.

Example 2.1.20 In [34] P. Chossat, F. Guyard and R. Lauterbach investigate mode
interaction, a dynamical system with symmetry of O(3) acting on R®. The representation
decomposes into two irreducible representations. The restrictions to SO(3) act as the
irreducible representations denoted by l =1 and |l = 2 (see Example 2.1.17). Since O(3)
is the product of SO(3) with Zy it remains to explain the action of the reflection. For
both representations the natural action is assumed. That means that for | = 1 the action
is faithful and for 1 = 2 it is non-faithful. The first step in [34] is the determination of
the general equivariant vector field. The Molien series of the invariant ring is

1
(1 =A%) (1 =A%) (1= \1)’

HPC[$]O(3) (/\) =

while the equivariant Molien series is

2A+ 3N+ 223 + N
HP A) = .
ctigy ) (1= 227 (1= 23)2 (1 — )

By Algorithm 2.1.10 we computed the invariants

[ z121 — %3502, YaY—2 — Y1y—1 + %9027
Yor_1® + y_or1® + %\/gyoxlel + %\/63/0%2 — Y131 20V2 — ToT_1Y1V2,
—192y-1*V6 — $ 1%y 2V6 + 3 Y1yoy—1 + Yaboy—2 — § Yo’
%\/gylyflxlel - %\/63/1?/—1%2 + %\/6923/—29502 - i\/éy—fiﬁ2
+1—2x1%Yo — %\/6923/—195&571\/i — %\/63/1?/—2%950\/é
+3 Yoy—12120V2 + Y2y —1% + 1 Y1YoToT_1V2 — g\/éyﬂ/fﬂwq
— V6?1 % + 2V6 3oy — V6 yo iy .
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The following equivariants have been computed with truncation at degree 3 within two
hours.

[ [ $,1,$0,$1,O,0,0,0,0], [070,079—279—1790,Z/1,y2]>

[ Yor_1— \/§y_1xo + \/5\/3@—2951, \/gylx—l — 2yoTo + \/39—19517
YoT1 — ywox/g + y2$—1\/§\/§, 0,0,0,0,0],

[ 0,0,0, 335712, 3 \/59571950, \/6170711751 + \/655027 3 \/51750451, 357512 ]>

[0,0,0,4y0y—2 — y-12V6, —2yoy_1 + 201y2V6,4 92y 2 + 21191 — 2%,
29 1y2V6 — 2110, —12V6 + 4ya10 |,

[ 20V3y-190 — 3V22011Y—2 + 2y—2vV2V3yor1 — 3y_1%x1 — Syry_17_1 + 22_1Y0°
+8 Yoy 2T 1, —T_1Y1%0V3 + 3 V2u1y_271 — V3Y_ 19071 + 3 V22 _1yay_1 + 5 Toyo?
—8X0Y1Y—1 + 2Y2Y—2T0, —3 Y2y—120V2 + 2 Yoot 1V 23 + 8 Yoy o1
+2 21902 — 3y127_1 + Y1YoroV3 — 5y1y_121,0,0,0,0,0 ],

[ 0, O, 0, 6 y0$_12 —6 x_lxoy_l\/§ + 6 x_ly_gxl\/é\/g,
322 V2V3 4+ 3z 1y 121v2V3 — 3V2V3y_170% + 6 10y _221V3—3 112040V 2,
31207 1V2 + 6 Y 22124+ 2 V2V 3yor17 1 — 4 V2V 3yoz0? + 3y 12170V 2+6 yor 12,
6 2oy2r—1V3 + 3y_1212V2V3 + 3z_1p111vV2V3 — 320*y1v2V3 — 3 zoyor1 V2,
692$1$—1\/§\/§ + 6 yor1? — 6y1$1$0\/§ 11

2.2 Using the nullcone

In this section we concentrate on algebraic groups. While Lie groups are additionally to
the group structure endowed with the structure of a manifold, algebraic groups have the
additional structure of a variety. An algorithm by Derksen [48] (see also [186] p. 205)
for the computation of invariants is recalled and generalized to equivariants. Hilbert’s
first proof has been criticized to be non-constructive last century. Derksen replaced the
non-constructive argument by an algorithm exploiting Grobner bases. We start with the
definition of the nullcone which is the most important object in invariant theory.

Definition 2.2.1 Let ¥ : G — GL(C") be a faithful representation of a group G and

C[z]Y the ring of invariants. The ideal generated by all homogeneous invariants over C|z]
is denoted by I C Clz]. The variety V(1) C C™ is called nullcone.

Of course all homogeneous invariants generate an ideal in C[z]” as well. Projecting a
set of generators of Iy to a set of generators of IyyNC[z]? gives the Hilbert basis. (This is
recalled in Lemma 2.2 in [48].) The non-constructive argument of existence of generators
of I could be replaced by a computational way, see the algorithm below.

A variety G with the structure of a group is called algebraic group if p : G x G —
G, i(z,y) =zy and ¢ : G — G, 1(x) = 27! are mappings of varieties. Finite groups and
most of the compact Lie groups are algebraic groups.

Algorithm 2.2.2 (Computation of invariants of an algebraic group)
(Derksen [48])
Input: algebraic group, represented by hi(z),...,h.(z) € K|z1,..., 2, and
(@ij(2))ij=1,..n where a;;(z) € K[2]/Jg with Jo = (h1,..., hy)
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and its representation as a compact Lie group
degree d

Output: invariants

1.) Compute a Grébner basis GB of
IF = <h1(2), SR hr(z)7y1 - Z alj(z)xj7 sy Yn — Z an](z)x3>
j=1 j=1

in K[x,y, z| with respect to a term order which eliminates z,
using truncation at degree d with respect to
W) =1=W(y),i=1,....,n,W(2;)=0,7=1,...,s.

2.) Substitute zeros: In = {f(x,0)| f(z,y) € GBN K[z, y]}.
This gives generators of In .

3.) Compute a Grébner basis GB = {f1,..., fm} of the ideal (Iy)
(truncate at degree d).

4.) Apply the Reynolds projection: R(f), f € GB in the following way:
Denote by 11, ..., 1 the sorted degrees of elements in GB
Invs :=={f € GB|deg(f) =11}
forj=2,...,k do
1= 1
Apply the projection to the vector space spanned by
{m(z) fi(z) | fi € GB,deg(fi) < i,deg(m) =i — deg(f1),
m(z) monomial, ht(fs) fm(x)ht(f;) for all s <1}
Update(Invs)

Remark 2.2.3 i.) The examples presented in [48] show that in general the set of gen-
erators is not minimal. ii.) The ideal Iy is homogeneous with respect to the grading W
given by W(x;) =1=W(y;),i=1,...,n,W(z;)=0,i=1,...,s. So the computation of
the Grobner basis may be restricted in degree. Consequently, only the low-degree part of
IrN K|z, y] and the low-degree part of Iy is computed. iii.) For finite groups the Reynolds
projection is easily realized while for compact Lie groups the Reynolds projection may be
realized as in Section 2.1 with the Lie algebra associated to the connected compact Lie

group.
The proof in [48] is based on the ideal b = {h € Clz,y||h(x,9(g9)x) = 0}. Since in
Section 4.1 analogous arguments are given the proof is not recalled here.

Algebraic groups include especially torus groups. A torus action is defined as a matrix
B = (bij)i=1,. nj=1,.a With b;; € Z. It is most convenient to split it uniquely into

B = B — B with B, B € N"*? with B, B as sparse as possible. The matrix A = (a;;) is
defined by a diagonal matrix

d - .
bij _bij -,
ai(21, -, 24) = | 27 2415, a5 =0, i # J.
j=1
The restrictions in z are given by hy(2) = z12411—1, ..., hq(2) = z4299—1. This shows that

Algorithm 2.2.2 is a generalization of Algorithm 1.4.5 in [176] which computes invariants
of torus group actions.
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Example 2.2.4 In [100] Igor Hoveijn investigates Hamiltonian systems where the Jaco-
bian has eigenvalues +i,+i, +2i. This case is called 1:1:2 resonance. In the Birkhoff
normal form of the dynamical system this leads to the study of the torus group action on
a 6-dimensional space. The group acts with t = e2™® on the real vector space

R62{[B€C6‘.’ﬂ4:f1, $5:f2, xﬁzfg},

as (1, To, T3, Ty, s, ) — (b1, txo, t2 w3, t Ly, 7 w5, 72 26).

This may be considered as a one-dimensional torus action with t € C on C®. It is
written as algebraic group by introducing t = z1,t™' = 23 and hy(2) = 21 20— 1. The group
action 1s a diagonal matrix

2 0 - 0
0 21 0 :
: 2 e
Alz) = | 0 = 0 mod Jg = (h).
. 0 Z9 0
0 Z9 0
0 0 27

There are 11 invariants:
2 2 2 2
T1T4, TeX3, T5XL2, Lo, T1T2Te, L1 L6, LaT5X3, L3Ta , T5X1, L5 T3, T2 Tg-

The algorithmic computation of torus invariants is also interesting for other group
actions. In case the torus 7' is normal in the group the group G/T is acting on the set of
T-invariants and their conjugates. Then G-invariants are derived from G/T-invariants.
This is described in [110].

Equivariants

Since equivariants correspond to certain invariants of degree one, Algorithm 2.2.2 imme-
diately generalizes to the computation of equivariants. The invariants of degree one are
taken with respect to the representation in (2.5). We restrict to orthogonal (unitary)
group representations.

Let the matrix A(z) € C[z]™" and the polynomials hy(z), ..., h.(2) define an algebraic
group. Assume A(z) is a matrix with

A(z)-A(z)=1d mod Jg=(hi,...,h).
Decompose the variables x1, ..., X9, and yy, . . ., Yo, into two groups X; = {xy,...,z,}, Xo =
{xn+17 cee 7x2n} and }/1 - {yla ) yn}7 }/2 = {ynJrla s 7y2n}' Then

()= (7 ) (5

is the algebraic group action corresponding to the representation in (2.5) for the case of
equivariants. Defining the grading W with W(z;) = W(y;) = 0,i = 1,...,n,W(z;) =
W(y;)=1,i=n+1,....2n,W(z) =0,i=1,... the ideal I+ defined in Algorithm 2.2.2
is W-homogeneous. Thus a truncation to degree one with respect to W is possible. Since
the projection It N Kz, y] — Ly, f(x,y) — f(x,0) and the Reynolds projection respects
the degree a computation of a generating set of equivariants is possible.
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Algorithm 2.2.5 (Computation of invariants and equivariants of
an algebraic group)
Input: algebraic group, represented by
hi(z),...,he(2) € K[z1,..., 25| generating Jo = (h,...,h)
and matriz A = (a(2)i;)ij=1,..n
and its representation as compact Lie group
degree d
Output: invariants and equivariants generating the ring and the module up
to degree d

1.) a.) Compute a Grobner basis GBy of It C K[X1,Y1, 2] generated by
hl(z)a sy hr(z) ,y Y1 — Z?:l al](z)x] y oy Yn — Z?:l ang(z)xja

with respect to a term order which eliminates z.
One may truncate at degree d with respect to
Wi(x)=W(y)=1,i=1,...,n,W(z))=0,j=1,...,s.

b.) Substitute the second group of variables

GBy = {[(X2,Y2,2) | [(X1,Yi,2) €GBy, degu(f) < 1}

where the degree is taken with respect to the Kronecker grading
Ulw;))=1=U(y;),i=1,....,n,U(z;) =0, =1,...,s.

c.) Compute a truncated Grobner basis GB of the K|[z]-module Hy'\(Ir)

generated by GBy and G By with respect to a term order which elimi-
nates z. Here Iy C Klx,y, z] denotes the ideal which is generated by

hi(z), ..., h(2),
Y1 — i (2T, -y Yn — Xy ang(2)y,
Ynt+1 — E?:l al,j(z)xn-i-jv ceey Yo — E?:l an,j(z)xn-i-jv
The Grobner basis is truncated at degree 1 with respect to the
grading U given by U(x;) =U(y;)) =0,i=1,...,n,
Ulx))=Uly;)) =1,i=n+1,...,2n
and truncated at degree d with respect to the grading
Wi(x,))=W(y)=1,i=1,....2n,W(z;) =0,7=1,...,s.
2.) Substitute zeros: Iy = {f(x,0)]| f(z,y) € GBN K[x,y|}.
3.) Compute a truncated Grobner basis GB of @ B, H%’-W(UN)).
4.) Apply the Reynolds projection: R(f), f € GB.

5.) Polynomials of degree zero with respect to U are invariant polynomials.
Polynomials of degree one correspond to equivariants.

Remark 2.2.6 The precomputation of GB1 and G By are just done for efficiency reasons.
One may generalize the algorithm to the case of general ¥-p-equivariants, but then Step
1.) b.) is not valid any longer.

Example 2.2.7 In [87] p. 328 the group action of O(2) x Sy on the four-dimensional real
vector space {(x1, @y, Ta, @y) € C*| Ty = @y, Ty = s} is considered. In these complex
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coordinates this group action is nicely written as
9(0)(z1, 12) = (¥, e2),

I(p) (w1, 29) = (e7xy, e%my),
(k) (21, 22) = (22, 21),

0 e Sy,
¢ € 0(2),
K flip in O(2).

As algebraic group this group representation is written with 5 variables Z, Zo, Z3, Z4, Zs,
where hl(Z) = 2123 — 1, hQ(Z) = ZQZ4 — 1, h3(Z) = Z52 —1 and

A(Z) =

74 71 75 (Z541)

2

0

72 71 75 (25 1)

2

0

0

72 73 75 (Z5+1)

2

0

74 23 75 (Z5—1)

2

Z4 71 25 (Z5-1)

2

0

22 71 25 (Z5+1)

2

0

0

72 73 75 (Z5—1)

2

0

74 28 75 (Z5+1)
2

Denoting by z1, ¢z, 29, o the second group of variables for the correspondence between
equivariants and linear invariants the 3 Grobner basis computations yield the generators

of In:

2.2 2 2
[ To~Cl2"™, XToCla™ 22, T2 "oz, 21X2CC9 — X122CL2,

Z1T9Cy — (X1 &ZaTy, ToCly + T1Cr1, 222 + 21C01, Toa&s + 21X ]

such that the Reynolds projection gives the well-known Hilbert basis
T1Cry + Taa,

(wocry — 551@1)2,
and the set of fundamental equivariants

( 2 ) , (zoee — xycrq) - < _I;Z ) .

A truncation to degree 4 has been used. During the big Griobner basis computation 14024
S-polynomials have been treated. 22022 pairs were neglected because of the restriction in
degree and 11747 pairs were superfluous because of the Buchberger criteria.

Discussion of Table 2.2: We tested the algorithms for computation of invariants and
equivariants for a couple of group actions. For a final judgment the algorithms have to
be tested for more examples and with different and more efficient implementations of
the Buchberger algorithm. Especially, one reason for different timings is that heuristics
are involved in the computation of Grobner bases which may be well tuned for one class
of problems and for others not. Since Derksen’s idea (computation of the basis of the
zero-fiber ideal) is valid for algebraic groups, but the other algorithms work for compact
Lie groups it is kind of unfair to compare the algorithms. Algorithm 2.2.2 implementing
Derksen’s idea and its generalization to equivariants (Algorithm 2.2.5) have much wider
application than the other algorithms. But this is also the reason for their efficiency. By a
rule of thumb algorithms exploiting more special structure are faster. Viewing a group as
a differential manifold (compact Lie group) gives much more structure than the algebraic
structure as a variety. The compact Lie group structure enables the computation of the
Molien series and the implementation of the Reynolds projection which gives a lot of
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Table 2.2: Time comparisons of the computation of invariants and equivariants for various
group actions. The degree d indicates the restriction of the computation with respect to
this degree. The sign > means that the computation has been canceled or collapsed after
the given timing

Group Dim Literature Invariants

HP d Alg.21.10 d Alg 2.2.2

SO(3),l=2 5 38 sec 14 sec 2 54117 sec

0(2) x Sy 6 (87, 144] 217 sec oo 6309 sec oo 56758 sec

[163] 12 1497 sec 6 34617 sec

0(2) x S1 4  [87] p.- 331 42sec 3sec 00 904 sec

0(2) x Sy 6 [129] 263 sec 0 59 sec oo 70836 sec
Group Literature Equivariants

HP d Alg. 2.1.18 Alg. 2.3.21 Alg. 2.25

SO(3),l = 37 sec 00 131 sec 5 sec

O(2) xSy [87,144] 340sec oo >4 days 189 sec
[163] 6 3839 sec > 2 weeks

3 90 sec 42 sec
O(2) xSy [87] p.331 30sec o0 61 sec 15 sec 13202 sec
0(2) x S1 [129] 278 sec oo 37526 sec 202 sec > 5 days




4.0. UDIING A OUNMUGLINDUUS O1rol vl U FARANVIE L RN

structural insight of the invariant ring. Secondly, Algorithms 2.1.10 and 2.1.18 are able to
use the Hilbert series driven Buchberger algorithm, are more flexible, and are able to use
additional input (e.g. candidates of fundamental invariants) given by the user. For the
equivariants Algorithm 2.3.21 behaves best because it additionally exploits the Cohen-
Macaulay property of the module of equivariants for those cases where this property is
known to be true. Derksen’s idea is important because it replaces a non-constructive
argumentation in Hilbert’s first proof by an algorithmic step. But mathematical deepness
does not necessarily equal algorithmic efficiency.

2.3 Using a homogeneous system of parameters

In this section I explain the algorithm by Sturmfels for computation of invariants for finite
groups along with its implementation details and the generalization to equivariants. In
order to explain the algorithm some concepts from commutative algebra are recalled and
explained first. Along the way we derive Algorithm 2.3.11 testing for parameters and
integral elements.

Definition 2.3.1 ([137] p. 71) Let R be a ring and Iy D I; D --- D I}, a chain of prime
tdeals. The mazimal length of a prime chain is called height of Iy. The maximal height
of a chain of prime ideals in R is called Krull dimension.

The dimension of a quotient ring C|z]/J is computed by the degree of the Hilbert poly-
nomial as mentioned in Example 1.2.17 or by inspecting the leading terms of a Grobner
basis of J with respect to a lexicographical order as suggested in [132] Proposition 2.1.

Definition 2.3.2 ([137] p. 73) Let R be a local ring and M its mazimal ideal. An ideal
I with MY C 1 C M for some v > 0 is called an ideal of definition.

The ideal of the nullcone (I in Definition 2.2.1) is maximal and homogeneous, even
more it is the unique maximal homogeneous ideal. Rings with unique maximal ideal are
called local rings.

One can show that there are ideals of definition generated by d elements where d
denotes the Krull dimension.

Definition 2.3.3 (/137 p. 78) Let R be a local ring of Krull dimension d and I an

ideal of definition generated by x1,...,xq. Then the set xq,...,x4 is called a system of
parameters. If R is graded, the mazximal ideal is homogeneous, and x1,...,xq are chosen
homogeneous then x1,...,xq are called a homogeneous system of parameters.

Example 2.3.4 Consider the ideal J generated by y1° — 11712, y1y2, Yo — Yoo, Y3 — T1 — T2
in Cly1, Y2, Y3, x1, T2]|. Since the polynomials are homogeneous the ring Cly, z|/J is a local
ring. The mazimal ideal M 1is generated by all homogeneous rest classes. The polynomaials
form a Grobner basis with respect to the matrix term order with y; > ys > ys > x1 > X3
and with matrix

11 1 11
0 0 0 -1 -1
0o 0 0 1 0],
1 0 0 0 0
0 1 0 0 0
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which is eliminating yi,vs, ys. They have leading terms yi13, y1ys, Y22, y3. Since there are
no monic terms in x1 or xy an ideal of definition is given by I = ([x1], [x2]). For other
rest classes [y1], [yo], [y3] € M the relations show that M?® C I, e.g. [y1]® = [n][2?] € I.
The element [y;] € Cly,z]/J solves the monic relation y; — [x1]*y; = 0 with coefficient
23 € Clzy,x2]. The parameters are x1, x5 and the dimension is two. Indeed the variety
V(J) = {(y,z) € C°ly = (£21,0,21 + 22) ory = (0,0,21 + 22) ory = (0,29, 71 +
xg), x1,22 € C} has a parameterization over x1,x5. The number of leaves equals four
which is as well the number of standard monomials of J in Cly].

Definition 2.3.5 (/8/) Let R D S be two rings. An element r € R is called integral, if it
is the solution of a monic polynomial y™ + 1= a;y* with coefficients a; in S.

Imagine we have a polynomial in two variables which is not monic (e.g. f(u,y) =
u?y? —uy+u—1) by a change of coordinates one can always achieve that we have a monic
polynomial. For example z = u—y leads to f(x,y) = y*+2 x>+ (2*—1)y*— (z—1)y+x—1

such that [y] € C[y, z]/(f) is integral over C[z]. The advantage is that in these coordinates

the variety V'(f) is much clearer. For each x € C there are four points (z,y) € V(f). The
ring Clxz,y|/(f) is a C[x]-module generated by 1, [y], [v?], [¢®] which are four generators.
This principle is valid more generally. We refer for example to [22] Appendix A p. 370.

Theorem 2.3.6 (Noether’s normalization) Let R be an affine algebra over a field k, and
let I be a proper ideal of R then there exist x1,...,xq € R such that

a.) x1,...,xq are algebraically independent over k;

b.) R is an integral extension of klxy, ..., x4 (and thus a finite k[, ..., x4)-module);

c.)
[ﬂk‘[.’ﬂl,...,l’d] = Z xik[xl,...,xd] = <$r+1,...,$d>,

for some r,0 < r < d.
Moreover, if x4, ..., x4 satisfy a.) and b.), then d = dim R.

Also a variant with respect to grading exists which is much older. It dates back to
Hilbert’s work from 1893 [98], see [22] p. 37 or [46] Thm. 1.7 p. 68.

Definition 2.3.7 ([22] p. 3) Let R be a ring and M o R-module. An element v € R is
called M-regular if it is not a zero-divisor of M (x -z =0 with z € M implies z =0). A
sequence x1, . ..,xq € R is called an M-sequence if

(i) x; is an M/(xq,...,x;—1)M-reqular element fori=1,...,d and

(1)) M/(xy,...,xq)M # 0.

An R-sequence is simply called a regular sequence.

Definition 2.3.8 (/22] p. 10) If R is a local ring and M the mazximal ideal then the
mazimal length of a M-reqular sequence x1,...,xrq € M 1is called depth.

The following example shows that in general the Krull dimension is unequal the depth.
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Example 2.3.9 (Ezample 2.5.4 modified) Additional to the generators of J in Exam-
ple 2.3.4 we amend (2zy — x1) (112 — 21%) xo. This modifies the variety. The variety has
still the property that for each wvalue of xy,xy there are finitely many zeros, but their
number varies.

V = {(y,x) € C°| y=(Fx1,0,21 +x2), 21 # 229, 220 #0}

U{(y,z) € C°| y = (£2x9,0,3x3) ory = (0,0,3z2) ory = (0,3, 3xs),
Ty = 2Ty, o # 0}

U{(y,z) € C°| y=(+x1,0,21) ory=(0,0,21), 1 # 219, 25 =0}
u{(0,0) e C> }.

The leading terms of a Grobner basis with respect to the term order used in Fxample 2.3.4
are

3 2 3 2
Y221, T2T1Y1, Y15 Y1Y2, Y2, Y3-

Since there are no monic terms in x1 or xo an ideal of definition is still given by I =
(|z1], [xa]). For other rest classes [v1], [y2], [ys] € M the relations show that M? C I, e.g.
[11]> = [y1][z3] € I. But the difference is that now some leading terms involve x1 or .
Substituting special values of x1 or xo the polynomials may or may not form a Gréobner
basis. First consider the case that they still form a Grobner basis. Then the variety for the
specialization of x1,x9 1s zero-dimensional and the number of isolated solutions is given
by Thm. 8.32 in [14] by the codimension of the ideal in the ring. This is easily read off
from the leading terms of a Grobner basis and is in this case two. If the specialization
destroys the Grobner basis property there are more isolated solutions. But y3,y3,ys are
leading monomials and thus there are at most four standard monomials in Cly|. This
shows that the number of leaves varies between two and four.

The depth of the homogeneous maximal ideal is one, since in the sequence x1,xo the
second element x5 is not reqular. Denoting by R = Cly,x|/J the ring we have to show
that x5 is not R/xy R-reqular. Although in R/x1R we have (2xo —x1)(y? —x3) # 0 it holds
(229 — x1)(y? — 23)wy = 0 in R since this is an element of J.

Observe that R has a regular sequence is equivalent to the fact that R is a free module
over the ring in the parameters. In [176] (Thm. 2.3.1 p. 38) it is proven: if a ring is
a finitely generated free module over a system of homogeneous parameters then it is a
finitely generated free module for every system of homogeneous parameters.

Definition 2.3.10 ([137] p. 103) A local ring is called Cohen-Macaulay if the dimension
equals the depth.

For example the quotient ring in Example 2.3.4 is Cohen-Macaulay. Algorithm 1.5.6 in
Section 1.5 gives a procedure for testing whether some variables are the parameters of the
quotient ring. It has been inspired by Subroutine 3.9 in [179] where a special property of
the graded reverse lexicographical order is exploited.

Algorithm 2.3.11 (Test for parameters, module basis and free module basis)
Input: W-homogeneous polynomials p1,...,pm € K[x1,...,2Zd,Yar1,-- -, Yn)
suggestion for parameters xy,...,xq
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1.) Compute a reduced Grébner basis of J = (p1,...,pm) with respect to a
term order which
— eliminates Yay1, - - -, Yn as a block (y*x? > a7 Va #0,3,7)
— and y* > 2Py Va # 0,58 # 0,7 with degy, (y*) = degy, (z°y")
(e.g. eliminates each variable Ygi1, .. ., Yn Successively
for W -homogeneous ideals).
2.) Inspect leading monomials:

If there are no monic leading terms x{*, ..., xy then K[z,y]/J
is a K|xq, ..., xq4]-module.
If additionally there are monic leading terms ygfll, ., yem then

Klz,y]/J is a finitely generated K[z]-module.

If additionally there are no mized leading terms x“y” with
a; >0,8; >0 for at least one i € {1,...,d} and
oneje€{d+1,...,n} then Klx,y]/J is Cohen-Macaulay.

Observe that the term order in [176] Subroutine 2.5.6 p. 52 for the representation in the
Hironaka decomposition does not have the desired property.

This test is the key for an iterative Noether normalization in Algorithm 2.4.1.

Lemma 2.3.12 Let J = (p1,...,pm) C K21, ..., Zq,Yar1,---,Yn] be an ideal. The fol-
lowing two statements are equivalent.

a.) The leading terms of a Grobner basis with respect to a term order which eliminates
Ydil, - - - Yn contain monic monomials y;*, a; > 0 for alli = d+1,...,n, but no
monomials x.

b.) The variables 1, ...,xq are algebraic independent in Klx,y|/J and K|x,y]/J is a
finitely generated module over the subring K[z1, ..., x4

Proof: Assume we have a Grobner basis with the properties in a.). The standard mono-
mials Std represent the quotient ring K|z, y]/J uniquely as a K-vector space. Thus

Klz,yl/J= P y*2’ K.

yezBeStd

Since no leading terms z? appear all monomials in K[z] are standard monomials. This
means that xy, ..., z4 are algebraically independent and K{[z,y|/J is a K[z]-module. Be-
cause for each i = d+1,...,n there is a leading term y;" the quotient ring K[z,y|/J is a
finitely generated module over K|[z].

For the opposite direction assume that xq,..., x4 are algebraically independent in
Klz,y]/J and K|[z,y]/J is a finitely generated K[z]-module. Then no term z® appears
as leading term in a Grobner basis. Suppose it would. By the elimination property there

exists a polynomial p(z) in the Grobner basis. This is a contradiction to z1, ..., x4 being
algebraic independent in K[z,y]/J.
Secondly, for each ¢ = d + 1,...,n there is a monic monomial y;* as a leading term

in the Grobner basis. If it where not then all y;, y?, 42, ... would be standard monomials
and thus K|[z,y|/J would not be finitely generated as a K[z]-module. O
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Lemma 2.3.13 Let J = (p1,...,pm) C Kl|x1,...,Za,Yas1,- -, Yn) be a W-homogeneous
ideal with respect to a grading W(z;) > 0,W(y;) > 0 of Klz,y]. The following two
statements are equivalent.

a.) The reduced Grobner basis of J with respect to a term order which eliminates

Yast, - Yn and fulfills y* > 2Py Ya # 0,8 # 0,7 with degy, (y*) = degy, (z°y)
has leading terms which are all in K[y].

b.) The ring K[x,y|/J is a free module over K[zy,...,x,4].

Proof: Assume a reduced Grébner basis with respect to a term order as in a.) such that
all leading monomials are in K[y]. Then all monomials in K[z| are standard monomials.
The standard monomials Std consist of y®z” where y* € Std, = StdN K|y| is a standard
monomials and z is any monomial in K|[z]. Thus

Klz.y)/J= @ vy’ K= @ y* Kl

yexBeStd y*eStdy

This shows that Std, form a free K[z]-module basis.

For the converse direction assume that K[z,y|/J is a free K[z]-module. We have to
show that each leading term of a reduced Grobner basis with respect to a term order
fulfilling the requirements in a.) is in K[y]. Let us assume the contrary. There exists a
polynomial p in the reduced Grobner basis with leading term y®z?, 3 # 0. Then p has a
representation

p(z,y) = y*2’ + Z Cys Yz, cys € K.
yTxdCACStd
By the second property of the term order § = 0 is not possible. (Then we would have a
different leading term.) Since p = 0 in K|z, y]/J we have

v+ Y ey’ =0 in Klz,yl/J

yrxdeA

Division by an appropriate monomial ¢ leads to an identity

c-y’ + Zc/%é Lyl = in  Klz,y|/J.

There has to be a monomial 47" since otherwise the quotient ring is not free over K|[z].
This polynomial is an element of J and has leading term 37" by the second property of
the term order. But ¢ divides a monomial in p properly. This is a contradiction to the
assumption that p is an element of a reduced Grobner basis. O

The theory and algorithm above yield the following interpretation of Cohen-Macaulay
rings: Assume an ideal J C K[z, y] with K a subfield of C such that zq,...,z4 form
parameters and Klx,y]/J is a finitely generated, free module over K[z]. Then the
variety V(J) C C™ has a special form. For each value x = a € C¢ the reduced
Grobner basis pi(a,y),...,pm(a,y) is a minimal Grébner basis of an ideal I C K]y].
Since there are leading terms yg{i', ...,y the ideal I is zero-dimensional. For zero-
dimensional ideals the number of solutions (counted with multiplicity) equals codim([I)
in K[y] which is equal to the number of standard monomials. This gives solutions

(a,07) € C",j = 1,...,dim(K][y]/I). What happens if we vary a? Because K|x,y]/J
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Table 2.3: Relations of primary and secondary invariants of an action of D3

TL_22 —t3t0n2 -+ 3 322512n1 -2 t182281t3 -2 82812t2t0 + t38283t081
—12 823813 -+ 813t02 + t32823 s
NNy —S281Ng — t1512t0 — t382%ts — t3Satosy,
tlﬂ"‘toslnl — totltg — 3t2$2281 + 83822t3 -3 82812t0 s
tQﬂ_'_t:}SQn]_ — 3t1$2812 — tgtzto + 83812t0 -3 8%81153 s
S3Ng +89851M1 — titzsy — tatgs) — 4 597817,
n_12 -5 SoS1M1 + t1t382 -+ tgtoSl — S3t3t0 + 4 822812 s
t1nyg —Sat181 — S3tos1 — 3827,
tong —S1tass — S3tzsa — $1%to,
83N +ng — 4 835951 — 3t ,
112 +s9n1 — toty — 4 59781,
% —nNg,
ﬁ+81n1 — t1t3 —4 82812 R
—1289 —tpS1 + 183,
—1389 —1181 + 1283,
8_32—7L1 .

is free no mixed leading terms appear. This means the initial ideal of I is independent of
the choice of @ € C? and thus the number of solutions (a,»’). Comparing Examples 2.3.4
and 2.3.9 we get the impression that non-Cohen-Macaulay rings are exceptional.

Example 2.3.14 (Ezample 2.1.9 continued) The polynomials in (2.2) generate a homo-
geneous ideal J with respect to the induced grading. Thus Clsy, so, o, t3, S3,11,t2]/J is a
local ring. Recomputing a Gréobner basis with respect to s1 > s9 > tg > t3 > s3 > t1 > 1
and the matrixz term order given by

2 2 3 3 2 3 3
-2 -2 -3 =3 0 0 O
Os.3 0y  ides  0Og

) )

tds 3 02 O35 02

)

girves

—4 538981 + 83° — tato + taty, —4 sa%s1 + s32s9 — taty + 112,
—4 59817 + 83751 — tits + to®, —lasg — tos1 + t183, —t382 — t151 + lass,

with leading terms s3®, 112, 192, t153, tass. The term order is eliminating ss, ti,ts because
of the second row. Since no monic terms in si, So, to, t3 appear these four variables are a
system of homogeneous parameters of Cls,t|/J. Moreover, the parameters do not appear
at all in the leading terms. Consequently, Cls,t]/J is a free module over Clsy, s9, g, t3].
The generators are the standard monomials 1, s3, s3, t1, ta, t1ta. The ring Cls,t]/J is
Cohen-Macaulay. Since the ring is isomorphic to the invariant ring of a finite group action
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this agrees with the theorem that invariant rings of finite groups are Cohen-Macaulay.
In this case of the invariant ring the parameters are called primary invariants and the
generators of the free module secondary invariants. In this example the two new secondary
wmvariants are introduced by new variables ny,no and new relations n; — sg, Ny — tits.
Similarly to the term order in [176] p. 52 the relations with respect to sy > s9 > tg > t3 >
83 > t1 >ty > ny > ng and the matrix term order

2 2 3 3 2 3 3 4 6]
2 2 -3 -3 Ous
015 01 1 1 1 1],
033 03 id33 03,2
ids 3 03 033 032

are giwen in Table 2.3. The relations have the classical form where the product of two
generators of the free module is a combination which involves the generators only linearly.
Cohen-Macaulay rings have a Hironaka decomposition

l
R= @UiC[’/Tl,...,’/Td].

i=1

So for each pair of generators o, 0; of the free module R we have a relation

l
oio; =Y oppe(m), 1<i<j<lI,
k=1

since 0; 0; € R and as a module over C[r] a different representation exists. Secondly, from
the Hironaka decomposition the Hilbert series is easily determined ([176] Corollary 2.3.4):

b Adee(n)
;.1:1(1 — Adeg(m;)) "
The following theorem due to Hochster and Roberts [99] can be found in [22] (Thm. 6.5.1

p. 280) and Vasconcelos [186] (Thm. 7.4.3 p. 203). For finite groups see also Sturmfels
[176] p. 40 Thm. 2.3.5).

HPr(N) =

Theorem 2.3.15 [nvariant rings of groups which are linear reductive are Cohen-Macaulay.

From this it is clear that finding a Hilbert basis of an invariant ring can be done by
finding a homogeneous system of parameters (the so-called primary invariants) and then
finding the free module basis (secondary invariants). For finite groups there is a criterion
for parameters: Since N' = V(Iy) = {0} one has V((my,...,m,)) = {0} and d = n. This
is the key for the well-known Algorithm 2.3.17. Secondly, the form of the Hilbert series
deduced from the Hironaka decomposition is a great help since it gives the degrees of the
secondaries.

Here it is reasonable to comment on common misunderstandings about invariant the-
ory by scientists working in dynamical systems, see e.g. Appendix A in [27].
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A form of the Molien series of type 3-; ¢;A% / T[;(1— ) does not necessarily correspond
to a Hironaka decomposition, see the example in the paper by Sloane [173] due to Stanley.
Secondly, the primary invariants nor their degrees are unique. Thirdly, the parameters
are algebraic independent. But not every set of n algebraic independent homogeneous
polynomials form a homogeneous system of parameters.

Example 2.3.16 Let Zy = {id,s} act on C? by (x1,72) — (=11, —x2). Although the
invariants x3, x1xy are algebraic independent they do not form parameters. The relation
in the invariants T = x3, 0y = T1T9, Ty = X3 18 given by T T = 05 and 75 & (71, 03).

The following algorithm appeared in [179] and in [176] p. 57 Algorithm 2.5.14.

Algorithm 2.3.17 (Computation of invariants of a finite group)
(Sturmfels [176] p. 57)
Input: finite group G, given by matrices ¥(s),Vs € G

Output: primary and secondary invariants

1. Compute Molien series HP (X)) = X2, a; N’ # Lemma 2.1.6
2. Compute primary invariants
II:={} S:={} # lists of primary and secondary invariants

d = min{i|a; > 0,7 > 0}
My = { monomials of degree d }, by :=0
while |II| < n or V(II) # {0} do # Subroutine 2.3.19
if |Mg| =0 then d :== min{i|a; > 0,7 > d}
My = { monomials of degree d }, by := 0
choose m € My, My := My \ {m}
p:=R(m) # Reynolds projection 2.3
if p € Rad(Il) then # Kantorovich trick
II:=TTU{p}, bg:=bg+1
if by = aq then d := min{i|a; > 0,i > d}
My = { monomials of degree d }, by :=0
while |I1| > n do
choose m € 11
if V(IT\ {r}) = {0} then I1 := 11\ {7}
S:=SuU{r}

3. Determine degrees of secondary invariants
/HPKMG()\) : H?:1(1 — )\deg(m)) = cel)\el + .-+ CeT/\er

4. Search secondary invariants

Jor each o € S do Caeg(o) = Cdeg(o) — 1
compute truncated Grobner basis GB(®yy 7 H;(Il(x))  # cheap order
S = {normalf(c,GB| o € S)} # prepare test

foree{ey,...,e.} do
while ¢, > 0 do
choose m € M., M, := M, \ {m}
o :=R(m) # Reynolds projection 2.3
& = normalf(o, GB)
if & is linear independent of S then
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S:=Su{s}, S:=5SU{s}

Co :=cCe— 1

Table 2.4: Performance of computation of fundamental invariants and equivariants by
Algorithm 2.3.17 and Algorithm 2.3.20 for various group actions on a Sun

group dim use in reference invariants equivs
dynamics primaries sec.
D3, 9 +19% 3 Cs-Hopf bif. 77 4.4 sec  44sec  41.5 sec
D3, 93+ 93 4 TB-pkt. [125, 138] 28.3 sec 20.9 sec 254.5 sec
Dy, 9*+19° 3 C,-Hopf bif. [125] 8.1sec T7.2sec 91.2sec
Dy, ¥ +19° 3 secondary bif. [29,125] 12.0sec  3.5sec  75.5 sec
Dy, 9 +19° 4 TB-pkt. [125] 42.3 sec  42.2 sec  475.9 sec
Zy- 73 4 sym. chaos [194]  240.7 sec  69.2 sec 1297.9 sec

Remark 2.3.18 i.) The implementation details are taken from Invar [106].

it.) Other implementations are available in Magma [30], Singular [96] and in Maple [75].
iti.) The key in step 2 is that the primary invariants have as common solution the zero
point only. This means in algebraic notation Rad({(m(x),...,m,(z))) = (x1,...,2,). So
in order to decrease the variety by a new m; one needs to test whether the new candidate ;
satisfies m; € Rad({my,...,mi—1(x))). This can be done by the usual Kantorovich trick for
testing radical membership. In [107] it is suggested to decrease the dimension of the variety
which is an even stronger requirement. In order to assure this a factorized Grobner basis of
(mi(x),...,m_1(x)) is computed which is close to a primary decomposition. This enables
to test for decreasing dimension. In [47] it is suggested to compute the dimensions and
compare them. iv.) In [107] another variant is suggested. After primaries have been found
first secondary invariants for a subgroup are computed and then a module intersection gives
the required secondaries. v.) In [108] improvements are suggested in order to achieve the
lowest possible degrees of the primary invariants. (Implementations exist by Steel and
Kemper in Magma [30]). Also [150] address this question. But the work in Section 4.3
shows that in the context of dynamaical systems with symmetry the minimality might be
unnecessary. vi.) In [109] another variant for the search of secondaries is presented.
One first tries to use products of previously computed secondary invariants. This is a
helpful approach in order to find a minimal Hilbert basis which is important for dynamical
systems [163]. wvii.) In [7}] other possibilities for the module membership test (secondary
invariants) are presented and tested. The presented variant turned out to be most efficient.

The test V(II) = {0} could be done by multiple application of the Kantororich trick
since the condition is equivalent to Rad({m1,...,m,)) = (x1,...,x,) where we denote by
Rad(I) = {f|3r with f" € I'} the radical of an ideal. The condition f € Rad({g1, ..., gs))
is tested by computing the Grobner basis of (g1,...,¢9s, 1 — zf) with a slack variable z.
If GB = {1} then f € Rad({(¢1,...,9s)), see [41] p. 177. Since in this context we have a
special situation a more efficient variant is preferable.
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Subroutine 2.3.19 (Test V({my,...,m4)) = {0}) (Kemper [106])
Input: homogeneous polynomials m, ..., 74

Output: Yes or No

Compute a Grébner basis GB of (m(1, 29, ..., %), ..., 7a(1, 22, ..., 2,))
if GB # {1} then OUTPUT(No)

else 1 =2
Repeat
compute a Grobner basis GB of
(m1(0, ..., 0, L, @i, ooy @)y ey ma(0, 00,0, 1, gy ooy ) >
1:=1+4+1
if GB # {1} then OUTPUT(No) Stop
until it =n

In [71] and [194] it was shown that for finite groups the module of equivariants is
Cohen-Macaulay. The proof in [71] is easily derived from the fact that the modules
of semi-invariants are free modules over the ring in the primary invariants as stated in
[175]. Thus Algorithm 2.3.17 easily generalizes to equivariants. Applications are given in
Section 3.2 and [76], [125].

Algorithm 2.3.20 (Computation of equivariants of a finite group) ([71, 74])
Input: finite group G, given by matrices 9(s),Vs € G
primary mvariants Ty, . .., Tn

Output: equivariants

1. Compute the Hilbert series HPgpe(A) = 320 a; N # Formula (2.6)
2. Determine degrees of equivariants
HP g (V) - T (1L — AER)) = e A9 4o A

3. Prepare computation
II:={m,...,m} # list of primary invariants
S:={}S:={} # lists of equivariants
compute truncated Grobner basis GB(®yy 7 H;(Il(x))  # cheap order
4. Search equivariants
fore e {ey,...,e.} do
M, :={ monomials of degree e}
M, = { tuples consisting of zeros and one monomial in M,}

while c. > 0 do # wvector space basis of H.(K[x]")
choose m € M., M, := M, \ {m}
f:=R(m) # Reynolds projection 2.8

f 1= normalf(3°5_, fj(x)zj,glij’)
if fis linear independent of S then
S:=SU{f}, S:=SU{f}

Co:=Co — 1

In equivariant dynamics it has been an open question for a long time whether the
module of equivariants is Cohen-Macaulay for non-finite groups as well. In general this
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is not true, see [20, 183]. If the module is Cohen-Macaulay (a free module over a ring
generated by a system of parameters of the invariant ring) the Algorithm 2.3.20 for com-
putation of equivariants of finite groups generalizes to equivariants of compact Lie groups
which are algebraic groups. Only the computation of the Hilbert series and the Reynolds
projection are different. But one requires a set of primary invariants whose computation
from a given set of invariants is the goal of the next section.

Algorithm 2.3.21 (Computation of equivariants of an algebraic and
compact Lie group)
Input: data structure of a compact Lie group G,
with two representations ¥ and p
Hilbert series HP a9 (A) = 1320 a;\' # Formula (2.7)
primary invariants m, . .., Tq
Assumption: module of equivariants is Cohen-Macaulay

Output: free module basis of module of equivariants
1. Determine degrees of equivariants
HP oz (V) - TIE (1= XIBOD) = e A - e A

if one ¢, is negative then STOP print(module is not CM)
2. Prepare computation
Il:={m,...,mq} # list of primary invariants
S:={}S:={} # lists of equivariants
compute truncated Grobner basis GB(®j—y 7 H;(T1(x)) # cheap order
3. Search equivariants
foree{ey,...,e.} do
V := { monomials in HY (K|[z])}
forj € {1, Jaim} do # dim - dimension of weight space
V; = {w(z) € Kz]™ |wi(z) =0,i=1,...,m, i # j, w;(z) € V}
Vi=ViUe UV
Q = R(V) # vector space basis Q = {qi,...,q} of HN(K|x ]}Z) nv
while c. > 0 do # wector space basis of Ho(K|x]™)
choose next equivariant g;
Gi == normalf(371(¢i(2)) 2, GB)
if ; is linear independent of S then
S:=SuU{g}, S:=5U{G}

Co = Ce — 1

The algorithm has been implemented and tested. Since it exploits more structure than
the other algorithms it is reasonable that it performs best as Table 2.2 demonstrates.

2.4 Computing uniqueness

While the Hilbert basis for a finite group computed with Algorithm 2.3.17 guarantees
that each invariant polynomial p has a unique representation

l

Zgz pz 7Tl ) ">Wn(x))’

=1
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this is not true for the Hilbert bases computed by Algorithm 2.1.10 and Algorithm 2.2.2.
The basis computed by Algorithm 2.2.2 is not even minimal. For equivariants this is
analogously.

On the other hand invariants of linear reductive groups are known to possess a Hi-
ronaka decomposition (Theorem 2.3.15). Given any Hilbert basis an algorithmic Noether
normalization respecting the weighted degree converts the Hilbert basis to a set of primary
and secondary invariants. This algorithm was inspired by [132] where the algorithmic
Noether normalization without degree distinction is presented. There linear changes of
coordinates y;— > yi,...,Yn—1— > y,,_, are performed such that y, then becomes integral
(analogous to [8] p. 69). This is recalled in [186] p. 35pp. Our approach is analogous, but
it allows nonlinear changes of coordinates.

Algorithm 2.4.1 (Iterative Noether normalization of a W-homogeneous

ideal)
Input: grading W on Ky, . ..,y with degy, (v;) =w; >0,i=1,...,n
W -homogeneous polynomials f1, ..., fm

Output: new homogeneous coordinates:
parameters p; = P;(y) € Klyl,j=1,....,d,
integral elements z; = Ci(y),i=1,...,r, and
Grébner basis g1(p, 2), - ., gs(p, 2)

1.) Check for parameters and integral elements:
We assume the variables are blocked into groups Yi,...,Ys having
the same degree dy < --- < dg, respectively.
a.) Choose a term order which
— eliminates groups of variables of the same degree
— first eliminates Ys, ..., Yy, then Yy, Y3, , ..., Y, etc.
— eliminates successively all variables.
b.) Compute a Grébner basis GB with respect to this term order.
c.) Inspect the leading terms:
IT = { wvariables not appearing }
Z = { wvariables y; such that a monic leading term y;" appears}
R=Y\(ITUZ)
2.) while R # {} do
a.) Choose a change of coordinates p = P(y) € Hy(K|y])
depending weighted homogeneous on the variables y € r of degree
d <lemyer(degw(y)) (first try lowest possible degree)
— add new variable {p} of degree W (p) :=degy (P(y)): Y =Y U {p}
— new set of polynomials GBU {p — P(y)}.
b.) Choose a term order which
— eliminates Z U R as a block
— eliminates the variables in Z and 11U {p} successively
for W-homogeneous ideals
— then break ties.
c.) Compute a Gribner basis GB of GBU {p — P(y)} with respect to <.
d.) Check for parameters and integral elements:
IT = { wvariables not appearing }
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Z = { variables such that a monic leading term appears}
e.) If 1 =T1U {p} and |Z| > |Z| then accept this step and set
M=TIU{p}, Y =YU{p}, Z=2, R=Y \ (IUZ) GB =GB
else try another guess P in step 2.)a.).

Lemma 2.4.2 For sufficiently generic choices of polynomials P in step 2.) a.) the
algorithm computes a set of homogeneous parameters of K[y|/J.

Proof: The existence of a set of homogeneous parameters follows from Noether’s lemma.
Algorithm 2.3.11 explains the choice of the term order and the three sets of variables.
Since in each step the number of parameters increases the algorithm stops after finitely
many steps. O

Example 2.4.3 (Ezample 2.2.4 continued)

Recall the torus action associated to the 1 :1 : 2 resonance from Example 2.2.4. The ring
of invariants Clz]T is generated by 11 invariants. In [155] the determination of primary
wnwvariants is discussed with the help of circuits. Unfortunately, we are interested in the
real fundamental invariants of the real algebra which is not considered in [155]. From the
given invariants we deduce 11 real generators of the real invariant ring R[x]|”:

pi(z) = 1174, pa(T) = w529,

p3(x) = wews, pa(r) = T521 + 214,
ps(z) = i (w521 — 0274) pe(z) = x1%x6 + 13247,
pr(z) =i (21726 — T324%) ps(z) = x’x6 + 1573,
po(z) =i (z22wg — 57552453) ) P10(T) = Ta523 + T1T2%6,

p11(x) = i (v12206 — T4T523) .

In the following we use the variables m;,7 = 1,...,11 for representing these invariants.
The relations fi(m), ..., fm(7) are computed in the standard way by computation of a
Grobner basis of mj —pj(x),j = 1,..., 11 eliminating x and restricting to the elements in

K|[n] only. The relations are homogeneous with respect to the induced weighted grading
Wim;) = 2,5 =1,...,5, W(m;) = 3,5 = 6,...,11. (A more careful analysis shows
that they are homogeneous with respect to 3 different gradings.) Another Grébner basis
computation of J = (fi1,..., fm) checks for possible parameters and integral elements by
choosing a term order with matriz

2 2 2 2 2 3 3 3 3 3 3
-2 -2 -2 -2 -2 0 0 0 0 0 O

B = ,
—idyy 04 04,5 04
05,4 05 —ids 5 05
and the variable order m;;1 = 1,...,11. The leading terms

2 2 2
[ TeT4T9, TT4TeTg, 11", T11710, 710~ , 1179, T107T9, 9™, T1177, T1077,

2 2
T9T7, TgT7, 7™, 1175, T1075, T9T5, TRTNs5, T7T5, TeT5, T1174, T1074, 75 ],
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yields that 11 = {my, mo, w3} are parameters, Z = {ms, w7, m9, 19,11} are integral over
the rest, and for R = {my,ms,ms} no decision can be made. The new variables are
(701, 9, T3, T4, T, Pes, W7, Ts, Tg, W10, T11] With pes = e + mg which is simply substituted
into the relations. One may choose whether one drops mg or mg. We decided for mg.
A Grébner basis computation with respect to m,...,Ts, Pes, T7,...,T11 and the matriz
term order given by

2 2 2 2 2 3 3 3 3 3 3
-2 -2 -2 0 0 -3 0 0 0 0 O
— Z'd373 03 03,4 03,3
C= o o0 o o0 1 0 0 0 0 0 0 ,
o o o o0 o o0 1 0 0 0 0
0373 03 03,4 id3,3
0 0 0 -2 0 00 0 0 0 0

which eliminates Z U {my, ms} by the second row yields the leading terms

2 2 2
[ TyTmg™, M7=, M9Tr, M10T7, T1177, T8T7, T9~, 1079, M1179,
2 2 2
T9Tg, 10~y T11 5 T7Ts5, TY9Ts5, T10T5, T1175, 8T, T7T4, T1074, T1174, T5 ]
This confirms the set of parameters 11 = {my, o, w3, pes} and the integral elements Z =
{ms, w7, M9, M0, ™11 }. So we are left with R = {my, ms}. Since degy, (m4) = 2 # degy (13) a

nonlinear change of coordinates is required. We add the polynomial pys — % — m* and
the new variable pyg. A Grobner basis with respect to the matrix

2 2 2 2 2 3 3 3 3 3 3 6
-2 -2 -2 0 0 -3 0 0 0 0 0 -6

— id3,3 03 03,4 03,3 03
0o o0 0 0 0 —

1 0
o o0 o o 1 o0 0 0o 0 0 0 O
0 1

033 03 03,4 tds 3 03
0 0 0 1 0 o o0 0 0 0 O 0

and the ordering of variables [y, o, T3, T4, T5, Des, T7, Ts, To, T10, T11, Pag] has the following
leading terms:
[ 7784a7T87Tll7T1077T827T1077T1178277T47T8277T7277T97T777T107T77
7T117T7,7T87T7,7T92,7T107T9,7T117T9,7T97T8,7T102,7T112,7T43,
7T77T577T97T5,7T107T5,7T117T5,7T87T5,7T77T4,7T107T4,7T117T4,7T52 ]

This shows that 11 = {my, T, T3, pes, Pas} are parameters and over R[II| the elements
{my, 75, m7, T8, T, W10, W11 } are integral. So each invariant f(x) has a unique representation

flx) =" Ay (pu(x), pa(), p3(x), Pes(), pas(x)) - n(x),
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where pes(z) = pe(x) + ps(x) and pas(z) = (pa(x))® + (ps(2))? and A, are polynomials
i 5 variables. The n are polynomials associated to the standard monomials in the non-
parameter variables not appearing in the leading terms. There are 18 standard monomaials.
That means that for each choice Il = a € C® there are 18 possibilities Z = b € C7,j =
1,...,18 such that (a,V’) solves the relations. Of course there might be less than 18 leaves
for the restriction to the real variety. In Fxample 4.3.6 this will be continued.

Remark 2.4.4 [t remains to be discussed what are sufficiently generic coefficients in Step
2.) a.). In applied mathematics genericity means that the set of exceptional values has
measure zero. In algebra non-generic means that the values are zeros of a special polyno-
mial. For the special case of the natural grading one can restrict to linear combinations
Pi = cal1 + -+ + CinYn and choose all parameters at once. In [53] a polynomial H(c) in
the coefficients c;j, the so-called Chow form, is considered such that H(c) # 0 guarantees
that p; form parameters. Sturmfels and Eisenbud [53] also give a Greedy algorithm based
on the primary decomposition for a sparse choice of the coefficients c;;. For the case
of different weights on the variables the idea of Dade’s algorithm (see [176] p. 56) is to
consider powers of the variables such that all powers have the same degree. This reduces
to the case of linear combinations above. However, in Algorithm 2.4.1 the degree of the
generic polynomial P is not fixed. For the investigation of the genericity the coefficients
of P? or P? or ... have to be considered in the Chow form. One just exploits the fact that
if P1,...,pa forms a system of parameters so does pi*,. .., py".

Applications of the Noether normalization are shown in Section 4.3. Observe that the
Noether normalization is useful as a preparing step of Algorithm 2.3.21.

For the equivariants the question of unique representations is more complicated. In
many practical situations the module is a free module over the ring in the primary invari-
ants. The key for the general question is the Stanley decomposition of rings.

Definition 2.4.5 ([179] p. 277) Let R = Klz]/I be a quotient ring of an ideal I C
Klzy,...,x,]. Then a decomposition as direct sum of free modules

R= @ K[ X,

acF

where F' is a finite subset of N™ and each X, is a subset of {x1,...,x,} is called a Stanley
decomposition.

Of course there may exist several Stanley decompositions of R. But once a Stanley
decomposition is fixed each r € R has a unique representation. A Stanley decomposition
can be algorithmically determined. As usual the computations are based on the initial
ideal. Thus first a Grobner basis needs to be computed.

Algorithm 2.4.6 (Stanley decomposition, Sturmfels and White [179],

see [186] p. 24)
Input: generators fi,..., fm of ideal I C Klzy,...,x,]

Output: Stanley decomposition
1.) Compute a Grébner basis GB of (fi,..., fm)-

2.) Choose x,, as special variable: there exists monomials my, ..., my
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in K([xy,...,x,-1] and degrees dy < dy < --- < d; such that
myxdt mlxdl are the leading terms of the Grobner basis and thus
init(1) = (ht(g) | g € GB) = (myah, .., myah)

3.) SD(K|x]/{(mixd ... myad))

Subroutine SD(K[z1,...,x,|/{g1,- -, 3s))
(g: are expected to be monomials)

reduce to minimal monomial generators myz®, ... myxd
with dy < dg <---<d; and my,...,m; € K[xq,..., T, 1].

if n =1 then
K®or,K®or’?K® - @b 1K
else

B! @), - SD (Klar, .. e/ ({mi | di < j}))
D rd - Klx,) - SD(K|xy, ..., 20 1]/{m1, ma, ... ,my))

Proof: Grobner bases enable the unique computation in the residue ring K[z|/I. That
means that K[z|/I and K|[z|/init(I) are isomorphic as vector spaces. Since Stanley
decompositions are invariant under this isomorphism we need to show that the recursive
algorithm computes a Stanley decomposition of K[x]/init(I) which restricts the discussion
to the standard monomials.

The proof is done by induction on the number of variables.

If n =1then [ = 1,m; = 1 and init(I) = (). Then K|[x]/init(I) is isomorphic to the
vector space spanned by the standard monomials 1, x4, ... ,a:‘fl_l.

For n > 2 we have to show that each standard monomial z® = 7" --- 22" occurcs
exactly ones. By the distinction of the degree «,, it is clear that z is either in the last
summand (for o, > d;) or in the summand j = «,, (for a;,, < d;). Then existence and

uniqueness follows from the induction hypothesis. O

Example 2.4.7 In [164] Sanders and Wangrefers to the C-algebra R generated by

5 2 3 2 5,3 2 3 3
U Ug, UU{Ug, U UTUy, U Uy, U U2Uyg, UiU3, UUZ, U1U, UUy .

These 9 generators are abbreviated by yi,...,y9. The algebra R is isomorphic to the
quotient ring Cly|/I where I is the ideal of relations. Observe that I is generated by
binomials since it is a toric ideal. There are various ways of finding generators of I in
this special case, see [177] Algorithm 7.2 and [2] Theorem 2.1. We used the traditional
way of using slack variables and a Grobner basis computation with respect to a term order
with elimination property. A Grobner basis of I with respect to a lex term order has been
computed in Macaulay 2 (modulo 31991) yielding the leading terms

YeYo, YaYo, YaYrYs, YsYo, YsYrYa, YsYs, YaYrYs, YsYr, Yoo,
Y2Yrys, Y2Ys, Y2Y4a, Y2Ysyr, ?J%y% Y1Ya, Y1Y7, Y1Y5, Y1Y4, Y1Y3-

Various choices of ordering of variables are possible. The variable order yg, ys, . . ., Yy1 gives
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in the beginning of the recursion

1. S‘D (K[y97 cee 7y2]/<y6y97 cee 7y%y7>)
Dy - K[Z/l] -SD (K[ym e 792]/@6?/9, e 7933/7799797, y5,y4,y3))

= 1-SD K[y, ..., ysl/(ysyo, - - ,Z/gy?»
®yo - SD (K Yo, .-, ysl/(YeYo: - - - YsYr: Yo - - - Y3y7))
DY - Klya] - SD (Klyo, - - -, ysl/ Ye¥Yo, - - - Y3y7, Yo, - - -, Y3Yr, Y7))
Sy - K] - Klys, Y6, y2]
= 1-SD(Kly,--,ys)/(YeYo; - - -, Y3y1))
Dya - SD (Klyo, .-, ysl/YeYos - - - Y3Y7, Yo, - - -, Y3yr))
®Ys - Klys, ye. ys, ve]
Dy - Klys, Vs, Y2, v1)

and finally the Stanley decompostion

ys y7 - Klyr, ve, v ® vy yr - Klyz, v, vs, vy © y7 ys*ys - Kyr. ye. ys, uy)
®ys y7 Ys - Kyz, ve, uy) ® ys® - Klys. Yo, Y4, ys) © ¥s - K[ys, y7, Vs ys]
®ys*yr - Klyr, ve. vl ® yr ys vy - Klyz, 6, ys, 4] © 1 Klya, ys, Yz, ys)
®y; - Klys, s, Y5, u4) © ys* - Klys, ve. vs) © ys - Klys, ve. y4]

Dys y2 - Klys, Ys, y3| © y2 y7 - K[y7, ys] ® y2 - Klys, ys]

By - Klys, Yo, ys, y2] ® Y1 - Kys, ye, Yz, y1] -

Definition 2.4.8 Let R = K|[z]/I be a quotient ring of an ideal I in K[xq,...,x,]. For
the restriction to modules we define the Kronecker gradingW (z;) = 0,7 =1,...,n,W(y;) =
l,e=1,...,s. Let

(7= (oo £ € KT | S wifie) = 0) = 7 € Y (K[ )

be a submodule and M = H}Y (K|[z,y])/J the corresponding R-module. A Stanley decom-
position of M is a direct sum of free modules

M = ESB @ yir® K[Xa],

i=1 ach;
where the F; are finite subsets of N™ and each X, is a subset of {x1,...,2,}.

Theorem 2.4.9 Let I be an ideal in K|x| and J C H}Y (K|[z,y]) a submodule, where W is
the Kronecker grading W (z;) =0, W(y;,) = 1. Ify;,f € J forall f €I andy;,i=1,....s
then the K|x]/I-Module M = HV(K|x,y])/J has a Stanley decomposition.

Proof: Consider the ring K[z, y]/S where the ideal S is generated by I and J and y;y;,1 <
i < j < s. By Algorithm 2.4.6 a Stanley decomposition of K|x,y]/S or K[z,y]/init(S)
is computed. If we choose a special term order for the Grobner basis this gives a Stanley
decomposition of M. We are choosing an order which is eliminating y and then uses the
Kronecker grading W. The corresponding Grobner basis of S includes a Grobner basis
of I (by the elimination property) and includes the monomials y;y;,1 < ¢ < j < s (by
the use of W) and some generating elements of J. In the algorithm we are choosing the
variable order x1, ..., Ty, Y1, ..., ys. Then a Stanley decomposition of K|z, y]/S is a direct
sum of a Stanley decomposition of K[z]/I and a Stanley decomposition of M. O
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Example 2.4.10 (Example 2.4.7 continued) The monomials

2 2 2 4 2,3 3.2 7
generate a module over the ring R from Example 2.4.7. We abbreviate the monomials by
bi,...,bs. One Stanley decomposition is computed to be

yr by - Ky, ) @ y7°by - Ky, y7] @ ys y7 by - Ky © ys by - K[yz, ys]
Dys by - Klya, ys] ® ys br - Klys, y2] ® y; bs - Klys, y]
®yYs Yy b1 - Klys, ] © by - Klys, y2] ® yy yr ba - Klys, vy, y7]
©ys y7 b2 - Ky, ys, y7] © ys y; be - Klys, y;] © ys5 by - Klyz, ys]
©ys by - Ky1, Y2, ys] © vy ba - Klys, ;] ® ys bs - K[y, ys]
DYz bs - K[ys, ys, y7] ® ys be - Kys, ys] ® bs - K[y;, ye]
®yYs y7 bs - K[ys, y2, ys) ® y; bs - Kys, ys, y4] © vs y1 bs - K[ys, vz, y1]

®y; bs - Klys, Y2, y1] © Y6 y2 bs - K|ys, ys, y2| © ys bs - Kys, ys]

®ys bs - Klys, Y5, Y2] ® y2 y7 bs - Klys5, y2] ® y; y7 bs - Klys, ys, y4]

©ys bs - Kys, y2, ys] © y7 bs - Klys, yo, ys] © bs - K[ys, yg, ys]

Sy by - Kys, Y7, Y6, Y5 D vy by - Klyz, ys, Ys, Y4 ) ® y2 by - Klys, Ys, Y5, ye|

DYs y7 by - Kly7, Ys, Ys, 2] © y1 by - Klys, ye, Y2, y1]
Dys b/, 'K[Z’M, Y5, Y2, ZU&’] D b4 ‘K[y8> Y7, Y9, y5] ® bs - K[yg, yg]
©bs - K[yg,y7] ® ys by - K[Z’Jz] ® by - K[yz] D bs - K[Z’J& yg] .

Corollary 2.4.11 Let 9 : G — GL(K"),p: G — GL(K™) be two linear representations
of a compact Lie group. Then the module of equivariants K[x])f has a Stanley decomposi-
tion.

Proof: Let denote the generators of the invariant ring by y; = m(z), .. .,y, = m.(z) and
the ideal of relations by I C Kly]. Analogously, denote the generators of the module of
equivariants by u; = fi(z),...,us = fi(z) and J C H}V(K|y, u]) the module of relations.
W denotes as usual the Kronecker grading. The module of equivariants is isomorphic
to the Kly]/I-module H}" (K|y,u])/J where the invariant ring is isomorphic to K|[y]/I.
Thus the previous theorem induces its Stanley decomposition

M:@@ulyaK[YaL Yac{ylw”ayr}7
i=1 a€F;
to the Stanley decomposition
Klzly =@ @ filz) -m(a)™ - mo ()™ Kmy, (2), ..., w5, ()]
i=1 a€F;

with y;,,...,y;. € Y,. This means that every equivariant f has a unique representation

F@) =50 5 fila) - (m(@)™ - (@) - Palmyy (1), . (2),

i=1 acF;
where the P, are polynomials in [, = |Y,| variables. O

Additionally, we may distinguish primary invariants y; = m1(z),...,yqs = 74(z) and
secondary invariants z; = 1,20 = 03(2),...,2n = op(x). In order to adjust to this

situation we choose a term order < which is
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- eliminating u (u® > y?27 Va # 1, 3,7),
- uses the Kronecker grading W (degy, (u®) > degy (u®) = u® > v, Va, B)
- and uses a Kronecker grading U(y;) = 0,U(z;) = 1,U(u) = 0.
Then a representation as a direct sum of free modules over subrings of K[y| is the result
M:éé D wi-z -yt K[Ya].
i=15=1 qepi

From this decomposition the Hilbert series can easily be computed.
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Chapter 3

Symmetric bifurcation theory

“Hinter der Mathematik stecken die Zahlen. Wenn mich jemand fragen wiirde, was
mich richtig giicklich macht, dann wiirde ich antworten: die Zahlen. Schnee und Eis
und Zahlen. Und weifit du warum?” ... “ Weil das Zahlensystem wie das Men-
schenleben ist. Zu Anfang hat man die natiirlichen Zahlen. Das sind die ganzen
und positiven Zahlen. Die Zahlen des Kindes. Doch das menschliche Bewuftsein
expandiert. Das Kind entdeckt die Sehnsucht, und weifit du, was der mathema-
tische Ausdruck fiir die Sehnsucht ist?” ... “ Es sind die negativen Zahlen. Die
Formalisierung des Gefiihls, daf§ einem etwas abgeht. Und das Bewuftsein erweitert
sich immer noch und wachst, das Kind entdeckt die Zwischenrdaume. Zwischen den
Steinen, den Mosen auf den Steinen, zwischen den Menschen. Und zwischen den
Zahlen. Und weifit du wohin das fiihrt? Zu den Briichen. Die ganzen Zahlen plus
die Briiche ergeben die irrationalen Zahlen. Aber das Bewufitsein macht dort nicht
halt. Es will die Vernunft iiberschreiten. ...”

Peter Hgeg
Fraulein Smillas Gespiir fiir Schnee

In this section I show how symbolic computations enter symmetric bifurcation theory.
The aim is to demonstrate the usage of Computer Algebra in this area of research. Tradi-
tionally papers in this area are full of hand calculations and basic manipulations. My aim
is to introduce a different working method. As a simple example I investigate secondary
Hopf bifurcation with Ds-symmetry showing the reliability and efficiency of automatic
manipolation of formulas. Here the results of Section 2.3 on algorithmic determination of
invariants and equivariants are applied in order to find a generic equivariant vector field.
In the presentation of this chapter we assume again that the reader is familiar with linear
representation theory of groups.

3.1 Local bifurcation analysis

It is a common understanding that the symmetry of a bifurcation problem strongly de-
termines the bifurcation scenario and structures the dynamics.
Symmetry is formally described by a faithful representation of a group operating on

85
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the system of differential equations. In the system
&= f(z,)\), f:R"™" = R" (3.1)
where f is sufficiently differentiable and is even more equivariant
f(W(s)x,\) =9(s)f(z,\), VseGqG,

with respect to a representation ¥ : G — GL(R").

The aim of symmetric bifurcation theory is the study of solutions of (3.1) (stationary
or more complicated dynamical phenomena) and their stability depending on the values
of the parameters \.

The following definitions are standard in symmetric bifurcation theory.

Definition 3.1.1 Let ¥ : G — GL(R") be a representation of a compact Lie group G.
i.) Assume that H is a subgroup. Then
Fiz(H) :={z e R"|V(s)r =2, Vse H},
15 called the fixed point space of H.
ii.) For any given x € R™ the set
O, ={yeR"| exists s € G, such that ¥(s)z =y}
15 called orbit.
iii.) For any given x € R™ the subgroup
H,:={seG|V(s)x =z},
1s called isotropy group of x.

w.) The isotropy group H, together with its conjugates sH,s™', s € G is called orbit
type.

Of course the structure of a group orbit O, depends on the isotropy group of z. All
conjugates sH,s™! of H, appear as isotropy groups of elements of O,.

For finite groups it is possible to determine the isotropy subgroup lattice for a repre-
sentation of a group G if the inequivalent irreducible representations of all finite groups
being isomorphic to a subgroup H of G are known. It uses the fact that a fixed point
space is the isotypic component corresponding to the trivial irreducible representation
in the isotypical decomposition. The dimensions of an isotypic decomposition are easily
computed by a trace formula.

Algorithm 3.1.2 (Computation of isotropy subgroup lattice, Symcon [69])
Input: linear faithful representation ¥ : G — GL(R™), given by
group table of G and matrices ¥(s), ¥V s € G

Output: list of isotropy subgroups
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1.) Compute subgroup lattice
2.) For each subgroup H determine dim(Fiz(H)) = |_1ir\ Ssem trace(9(s))
3.) for each subgroup H in G do
for each subgroup K of G such that H is a proper subgroup of K do
if dim(Fiz(K))= dim(Fiz(H)) then
H is not an isotropy group for ¥

In Symcon additionally conjugate groups and normalizers of groups are determined since
these have a meaning for the bifurcation scenario.

The first and basic result of symmetric bifurcation theory is the equivariant branching
lemma by Vanderbauwhede [185] for one-parameter problems (I = 1). Bifurcation of
steady states from a stationary solution (zg, Ag) is dominated by a zero-eigenvalue of the
Jacobian f,(zo, Ag). Since the matrix f,(zg, \g) commutes with the isotropy group G,
of xg it is generic for one-parameter problems that the eigenspace of the eigenvalue zero
of f.(xg, Ag) defines an absolutely irreducible representation ﬁiGmO of G,. Restriction to
subgroups H of G,, with fixed point space with respect to ﬁiGmO of dimension one enables
the application of standard functional analytic results. Generically branches of stationary
solutions with isotropy H bifurcate?.

Definition 3.1.3 Let G be a group and 9° an absolutely irreducible representation of G.
A subgroup H of G is called a bifurcation subgroup of type ¥, if the fized point subspace
of H has dimension one and H is a mazimal proper subgroup of G with this property.

Algorithm 3.1.4 (Computation of relevant bifurcation subgroups, Symcon [69])
Input: linear faithful representation ¥ : G — GL(R™), given by
group table of G and matrices ¥(s), ¥V s € G

Data Basis: for finite groups H :
group table of H
characters 1% of inequivalent irreducible representations ¥

Output: list of relevant bifurcation subgroups

1.) Compute all subgroups
2.) For each subgroup K of G
determine a group isomorphism ¢ : K — H to a subgroup H in the
data basis.
3.) For all absolutely irreducible representations ﬁfp(G) of G do
find all bifurcation subgroups H of type U5,
- searching through all subgroups

- check ﬁ Seen trace(9(p(s))) =1
- check whether there exist no subgroup K such that
H is a proper subgroup of K and
i Saexc trace((p(s))) = 1
4.) For all previously found bifurcation subgroups H do
For all absolutely irreducible representations ﬁZo(H) of H do

LOf course this does not exclude the existence of other branches with other isotropy.
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find all bifurcation subgroups of type ﬂfp(H)
5.) Erase all bifurcation subgroups which are not isotropy subgroups with
respect to 1

The computation of the bifurcation subgroups is one topic of the Computer Alge-
bra part of Symcon. It prepares the automatic symmetry exploitation of the numerical
computations. In the numerical part of Symcon the bifurcation points and bifurcat-
ing branches are computed numerically taking into account all possibilities due to the
equivariant branching lemma. Motivated by Symcon the Computer Algebra system GAP
provides an operator for the computation of bifurcation subgroups.

But there are still other phenomena in the bifurcation analysis to be investigated.
The analysis typically uses reduction techniques such that the essential phenomena can
be demonstrated for a small sized system but are valid for the original system.

There are three standard ways of how a low-dimensional vector field may be derived:

i.) Liapunov Schmidt reduction,
ii.) Center manifold reduction,

iii.) Symmetry adapted ansatz for a solution of a PDE by Fourier modes, see e.g [115].

This yields a low-dimensional vector field f : R"xR" — R" with f € C* and @ = f(x)
such that the Jacobian has zero-eigenvalues or complex eigenvalues on the imaginary axis
only. Once f is obtained the general line of idea is to restrict to the investigation of local
bifurcation phenomena which leads to the investigation of germs (classes of C'*°-functions)
and use of singularity theory. For an introduction to the application of singularity theory
to bifurcation theory see [86, 87]. The idea of identifying similar bifurcation phenomena
leads to the notion of contact equivalence classes. Representatives of these classes may
be taken to be polynomial vector fields (at least if the codimension - number of unfolding
parameters - is finite). It remains to check at which order the Taylor expansion may be
truncated.

So the bifurcation phenomena of polynomial vector fields show the typical bifurcation
phenomena of huge sized systems and (to some extent) of partial differential equations.

3.2 An example of secondary Hopf bifurcation

In this section I present a simple example in order to demonstrate the argumentation in
the previous section and the appropriate usage of Computer Algebra within this theory.
This result on secondary Hopf bifurcation first appeared in [77].

Theorem 3.2.1 Let ¥ : D3 — GI(R") be a linear representation such that both non-
trivial irreducible representations appear at least once in the isotypic decomposition. Let Z3
denote the cyclic subgroup of order 3. Let 2° € Fiz(D3) = {x € R"|d(s)z =z V s € D3}
and \° € R? define our point of interest. Assume f : U(x°, \°) — R™ is an equivariant
function which means

f(s)x,\) =V(s)f(z, ), Vs€ Dy V(z,\) €U\,
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where U(x°, \°) is an open surrounding of (z°,\°) in R"™. Moreover, we assume that
[ is C° in its domain of definition and f(2°,\°) = 0 and that the Dz-invariant kernel
of the Jacobian f,(x°, \°) is a subspace W of R™ such that the subrepresentation 9" de-
composes into the alternate and the two-dimensional irreducible representation of Ds.
Then generically there exists locally a branch (x(t), A(t)) of Zs-invariant Hopf bifur-
cation points such that (z(0),A(0)) = (2% A%, (z(t),A\(t)) € U(z° \°) for all t and
(x(=t),A\(—t)) = (I(s)z(t), A(t)) for all t and some reflection s € Ds. For all t # 0
the point x(t) has isotropy Zs and is a Hopf point, i.e. there exists a vector a € R? such
that (x(t),0) is a Hopf bifurcation point of

i:g(.f,ﬁ), (32)

where g(x, B) = f(z, \(t) + Ba) is defined for all (x, ) € R"™ such that (z, \(t) + Ba) €
Uz, \°). Fort # 0 a branch of periodic orbits of (3.2) emanates from (x(t),0).

Proof: By the Liapunov-Schmidt reduction it is sufficient to investigate a generic
germ in €, ) being equivariant with respect to a representation of D3 decomposing into
the alternate and two-dimensional irreducible representation. Assume the generators of
D3 are operating as

-1 0 0 1 0 0
s=| 0 1 0 |[,r=|0 —1/2 £ ]
0 0 -1 0 - —1/2

The primary invariants 7y, 79, 73 and secondary invariant o, of the Hironaka decompo-
sition are computed to be

primary_invs = [21?, 2% + 8% 22° — 322 3%,

123
secondary_invs = [1, 21 12%23 — & ; ]
while the generators b;,7 = 1,...,6 of the module of equivariants are computed as
equivariants = | [z1,0,0],]0,22, 23], [0,z 28, —x1 x2],

[0, 222 — 282, 222 3], [0, 1 22 23, 2122 _ 2125%]

2
(22228 — 222,0,0] ].

By the Theorems of Schwarz and Poénaru (see [87] p. 46 and p. 51) each equivariant
germ has a representation 3-0_, A;(m(z), oo(x))b;i(x) where the A; are germs in 4 variables.
By a standard argumentation it suffices to study Taylor series expansions up to a certain
degree. A generic equivariant polynomial vector field has a unique representation

Sgeneric = A1(m1, ma, T3)by + Ag()by + As(m)bs + Au(m)by 4 As(m)bs + Ag(7)bs,

where A; are polynomials in three variables. A generic polynomial equivariant f(z) of
degree 3 has a representation

c1101 + c1202 + c2,3b3 + €3.1,101T1 + €3.1,201T2 4 3210271 4 €32 20279,
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where the coefficients ¢; ;  are arbitrary real numbers. If we are choosing \; = ¢11, A2 =
c12 as unfolding parameters then f(z, ) has the properties that f(0,\) = 0 and that the
Jacobian f,(0, \) has the structure

A 000
0 X O
0 0 X

By the generalized equivariant branching lemma one gets a branch of equilibria with
isotropy Z3. The restriction of the equivariant f(z, A) on Fiz(Z3) = {(21,0,0)|z; € R}
is given by [A1zl + c31121%,0,0] with solutions

[{z1 =0} {xl =X ' —03,1,1)\1} {1’1 = st }]
C3,1,1 7 C3,1,1

The last two correspond to the pitchfork bifurcation of Zs-equilibria. For Hopf bifurca-
tion the eigenvalues of the Jacobian needs to be inspected. On Fiz(Z3) the Jacobian
f2((21,0,0), A) has the form

)\1 + 3637171$12 0 0
0 )\2 + 0372711’1 2 02731’1
0 —02731’1 )\2 -+ 6372711’12

The second block has complex conjugate eigenvalues. If the two entries on the diagonal are
zero the eigenvalues are on the imaginary axis. This condition together with the property
of being a solution yields a branch {x] =11, \y = —c39171 2N = —c3 1171 2} of potential
Hopf bifurcation points. In order to proof the bifurcation of periodic orbits one needs to
show that there are no other eigenvalues on the imaginary axis (A; + 3cz1121% # 0)
and that the real part of the complex eigenvalue crosses the imaginary axis with nonzero
speed. Choosing a direction @ € R?\ {0} in the A-plane the derivative in this direction
of the real part of the eigenvalue pair is given by

_nG321 T .

C3,1,1

If c311 # 0 it is possible to choose a such that this expression is unequal zero and thus
periodic orbits bifurcate. u

The formulas in the proof have been computed with the Maple commands given below
and by the command latex they have been converted to the form presented in the text
above. More examples of usage of the symmetry package within dynamical systems theory
are given in [125], but deeper results concerning singularity theory, Computer Algebra and
symmetric bifurcation theory are presented in [76].

Remark 3.2.2 i.) In order to make the proof complete one still needs to arque that
a truncation of the vector field at degree 3 is no restriction. An argumentation would
use the concept of contact equivalence classes and show that each other vector field h(x, \)
with the same properties is contact equivalent to f(x, \) (existence of S, X, N with S(z, \)-



O.4. AN DAANMPLE U OEUUNDANRY OUNE DIFURUALIUIN

(X (z,\),A(N) = f(z,\)). In [81] an argumentation in a similar case is performed using
Maple. ii.) The period (or frequency) of the periodic orbits close to the Hopf bifurcation
point is determined by the pair of complex conjugate eigenvalues. Periodic orbits close to
the mode interaction point (%, \°) have almost period infinity.

Maple 5.5 worksheet

secondary Hopf bifurcation caused by mode interaction
load packages first

with(linalg): # Maple built in package

read (moregroebner) ; # tool for algebraic computation

see: http://www.zib.de/gatermann/moregroebner.html

read (symmetry) ; # tool for computation of invariants + equivariants
see: http://www.zib.de/gatermann/symmetry.html

?symmetry

7finitegroup

What is a generic equivariant vector field for D37

D3:=dihedral(3,[2,3]);

latex(D3[generators]);

varias:=[x1,x2,x3];

cmb:=CMbasis(D3,varias); # compute primary and secondary invariants

latex(cmb[1]); latex(cmb[2]);

prims:=rhs(cmb[1]):

aequivarias:=equis(D3,D3,varias,prims); # compute equivariants

latex(aequivarias[1]); latex(aequivarias([2]);

define equivariant up to degree 3

pl:=prims([1]; p2:=prims[2]; p3:=prims[3];

for i from 1 to 6 do b.i:=rhs(aequivarias[2]) [i]; od;

fgeneric:=A[1] (pil[1],pil[2],pi[3]1)*b[1]1+A[2] (pi)*b[2]+A[3] (pi)*b[3]
+A[4] (pi)*b[4]+A[5] (pi)*b[5]+A[6] (pi)*b[6];

latex(fgeneric);

f:= c[1,1]*%b[1]+c[1,2]*b[2] + # degree 1
c[2,3]*b[3] + # degree 2
c[3,1,1]1*b[1]*pi[1]+ c[3,1,2]*b[1]*pi[2] # degree 3
+ c[3,2,11*b[2]*pi[1] + c[3,2,2]*b[2]*pi[2];

latex(f);

fsub:={pi[1]=pl,pi[2]=p2,b[1]l=evalm(bl) ,b[2]=evalm(b2) ,b[3]=evalm(b3)}
f:=subs(fsub,f);
f :=map (expand,evalm(f));
We assume that the truncation at degree 3 is okay.
fixed point space of D_3
£fixD3:={x1=0,%x2=0,x3=0};
fD3:=subs(fixD3,evalm(f));
linearization at fixed point space of D3
jacf:=matrix (3,3, [
[diff(£f[1],x1), diff(f[1],x2), diff(f[1],x3)],
[diff (f[2],x1), diff(f[2],x2), diff(f[2],x3)],
[diff(£[3],x1), diff(£[3],x2), diff(£[3],x3)]11);
subs (£ixD3,evalm(jacf));

VVVVVH#HVV HFHVVVVVVVVVVVVVV H$fxV VVVVVVV HYV YV HV HV YV HHH
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The coefficients c_1_1 and c_1_2 are unfolding parameters
c[1,1] :=lambdal1];c[1,2] :=1lambdal[2];
f:=map(eval,f);
jacf:=map(eval, jacf) ;
latex(subs(fixD3,evalm(jacf)));
A generalization of the equivariant branching lemma states that
at (x1,x2,x3,lambda_1, lambda_2)=(0,0,0,0,0) bifurcation of solutions
with Z_3-isotropy happens. Obviously, Fix(Z_3)=<(1,0,0)>.
fix73:={x2=0,x3=0};
vector field restricted to Fix(Z_3)
£Z3:=subs(fixZ3,evalm(f));
latex(£fZ3);
solsZ3:=[solve(£fZ3[1],{x1P)];
latex(solsZ3);
We see the trivial solution x_1=0 and two branches beeing conjugate
to each other. Depending on whether the generic coefficient c_3,1,1
s positive or negative both solutions branch in the direction
of positive or negative lambda_1.
Linearization in Fix(Z_3)
A:=subs(fixZ3,evalm(jacf));
latex(evalm(A));
For c¢_2,3 <> 0 there are a pair of pure complex eigenvalues.
If the two entries on the diagonal are zero, the necessary condition
for the Hopf bifurcation is fullfilled.
search Hopf bifurcation points with Z_3 Isotropy
Hopfs:=[solve({fZ3[1],A[2,2]},{x1,1lambda[1],lambda[2]})];
latex (Hopfs[2]);
The case x1=0 refers to the steady states with D_3 isotropy and
bifurcation of type of 2-dimensional irreducible representation
leading
to steady states with Z_2-isotropy. The other case defines a curve of
of (possible Hopf points).
But we still need to check the transversality conditiomn.
transversality condition, Hopf points
(Parametrization of Z_3 branch by lambdal)
eigenvalue:=simplify(A[2,2],

{normal (£Z3[1]/x1)},{x1}) + I*simplify(A[2,3],{normal (£Z3[1]1/x1)},

{x11);
realval:=simplify(A[2,2],{normal (£Z3[1]1/x1)},{x1}) ;
derivative in direction of alphal[l]*lambda[1]+alpha[2]*1lambda[2]
transcond:=alphal[1]*diff (realval,lambdal1])
+alpha[2]*diff (realval,lambdal2]);
latex(transcond) ;
Other eigenvalue has to be nonzero
eigenvalueO:=simplify(A[1,1],{normal (£Z3[1]1/x1)},{x1}) ;
Let’s consider the l-parameter bifurcation problem defined by
(lambda_1,lambda_2)=(-c_3,1,1 x1°2, -c_3,2,1 x172)
+ (alpha[1],alpha[2])*beta.

For a special value of x1 there is one possible Hopf point.
For alphal[1l],alpha[2] such that transcond<>0 and eigenvalueO <> 0
there is a bifurcation of periodic orbits.



Chapter 4

Orbit space reduction

“But if I have a weather system that I start up with a certain temperature and
a certain wind speed and a certain humidity- and if I then repeat it with almost
the same temperature, wind, and humidity-the second system will not behave
almost the same. It’ll wander off and rapidly will become very different from the
first. Thunderstorms instead of sunshine. That’s nonlinear dynamics. They are
sensitive to initial conditions: tiny differences become amplified.”

“I think I see.” Gennaro said.

“The shorthand is the ’butterfly effect.® A butterfly flaps its wings in Peking,
and weather in New York is different.”

“There is a problem with that island. It is an accident waiting to happen.”

Michael Crichton
Jurassic Park

The idea of the orbit space reduction is the investigation of the system of differential
equations modulo the group action. Dividing out the group action the system of differen-
tial equations to be studied is transported to another system on a space with a complicated
structure. The stratification of this set is deduced from the structure of orbit types of
the group action. The orbit space reduction is performed with the help of a Hilbert basis
of the invariant ring. The new idea in this chapter is the use of a special Hilbert basis
reflecting the orbit type structure as best as possible. Since steady state solutions are the
most fundamental objects in dynamics we first recall the influence of symmetry and the
symbolic methods on the exact solution of symmetric polynomial systems using invariant
theory.

In Section 4.2 and Section 4.3 we will study a low-dimensional system of differential
equations

.T:f(.T,)\), f€€x7)\

close to (0,0) where the right hand side f is a C'*°-germ and X are parameters. Addition-
ally, we assume that f is equivariant with respect to an orthogonal faithful representation
of a compact Lie group G. The restriction to orthogonal representations is natural since
a lot of group actions in nature or engineering science are orthogonal anyway. Secondly,
whenever a G-invariant inner product exists (e.g. for finite groups and compact Lie groups)
the coordinate system can be chosen such that the representation matrices are orthogonal.

93
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Following a standard argumentation based on singularity theory we are left with a
polynomial system

= f(x,N), fieR[Nz],i=1,...,n, (4.1)
where f € R[\[z]Y of some degree < d. The first goal is the computation of equilibria.

4.1 Exact computation of steady states

For the discussion of orbit space reduction it is helpful to know the ideas of exact solution
of symmetric polynomial systems

fle)=0, feR[a]y, (4.2)

v: G — GL(R"), p: G — GL(R™) orthogonal representations of a compact Lie group G,
¥ being faithful. In exact computations we will assume that the coefficients are elements
of a subfield K C R.

The most basic idea for the solution, the restriction to fixed point spaces, has been
mentioned in Chapter 3 already. The aim of this section is to examine the role of invariants
for the solution of systems. Let us first consider the case that each f; is G-invariant.
Denote a Hilbert basis by 7y, ..., m.. By the theorem by Hilbert a representation

filz) = gi(w(x)), i=1,...,n,

exists and decomposes the system (4.2) into the ’easier’system g(y) = 0 and the resolution
of orbits into its elements m(x) = y. The advantage is that the g; have smaller degrees
than the f;. The polynomials g; are easily found using Grébner bases (computation in a
subring, see e.g. [14] p. 269).

Definition 4.1.1 Given a Hilbert basis 7y, ..., 7. of the invariant ring the mapping
7:C"—=C", zw— (mx),...,m(x))
15 called the Hilbert mapping.

This mapping is contracting orbits as illustrated in Figure 4.1. The following well-known
lemma means that the Hilbert mapping is distinguishing group orbits.

Lemma 4.1.2 For finite groups the Hilbert mapping is an isomorphism between the set of
orbits C"/Y(G) and the image w(C™) C V(J) C C" where J is the ideal of relations. For
orthogonal representations of compact Lie groups the Hilbert mapping is an isomorphism
between the real orbits R™/Y(G) and the image 7(R™) C VE(J) CR".

Proof: The first statement means that for finite groups the nullcone consists of 0 only.
Assume a,b € C™ are two points such that no s € G exists with ¥(s)a = b and 7(a) =
7(b). Since G is finite we can find a polynomial p € C[z] with p(a) = 1,p(b) = 0
and p(J(s)b) = 0, Vs € G and p(¥(s)a) = 0 for all s € G with ¥(s)a # a. Then
P(z) =R(p(x)) = ﬁ > scq P(U(s)z) is an invariant polynomial with P(a) = ﬁ, P(b) = 0.
Since 7(a) = m(b) there is no representation P(z) = g(w(z)). This is a contradiction to
the fact that 7, ..., m, form a Hilbert basis.
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Figure 4.1: Three D4-orbits of different types mapped by the Hilbert mapping onto the
orbit space. Here the invariants 7y (z) = 2% + 23 and my(z) = 2?22 have been used

For the second statement assume a,b € R™ are real and a # 0 and w(a) = 7(b). Since
¥ is orthogonal the norm is invariant. Thus we may assume m(z) = ||z||3 = 23+ - - - +22.
We distinguish two cases:
a.) The set {¥(s)a for all s in the torus 7" of G} generates R™ as a vector space. Then
for each b € R™ with 7 (b) = m1(a) there exists t € T with J(t)b = a.
b.) The set J(s)a for all s € T generates a proper subvector space V' € R"™. Then there
are finitely many group elements si,...,s,, € G modulo 7" and modulo GG, such that
Y(s;)a # a and Y(s;)a € V. Let p € Rlz] be a polynomial with p(a) = 1,p(9(s;)a) = 0
and p(¥(s)b) = 0 for all s € G. Then P(z) := R(p(z)) is a G-invariant polynomial with
P(a) # 0, but P(b) = 0. This yields the same contradiction than above. O
An alternative proof of the second statement may be found in [144] p. 50.

If the f; are not invariant one nevertheless wants to use invariant theory. Obviously,
I={fi,..., fn) is G-invariant and I¢ = I N K[z]” is an ideal of invariant polynomials in
K[z]”. But I¢ generates an ideal I¢ in K[x] as well. In general one expects I # I¢.

Lemma 4.1.3 Assume G is a compact Lie group and 9, p are two linear representations
of G. Furthermore let the polynomial mapping f be V-p-equivariant. Let I = (f1,..., fm)
denote the G-invariant ideal and 1€ = I N R[] and IS = (I¢) C Rlz]. If G is a
finite group then the complex solutions are the same: V(I) = V(IF) C C™ (equivalently
Rad(I) = Rad(IS) in C[z]). If 9 : G — GL(R") is an orthogonal group action then the
real solutions are the same: VE(I) = VE(IF) c R™.

The proof of the finite group part may be found in [176] p. 61. Each f € I is represented
as f(x) = g(m(x),...,m(r)) giving rise to an ideal Z C R[z]/J where J denotes the ideal
of relations. Since Z carries the information on solutions it is appropriate to compute a
set of generators of (Z,J) C Rly|. In Algorithm 2.6.2 p. 59 [176] the Grobner basis of

\7 = <f1($), e '7fm(x)7y1 - 7T1(I), e Yr — WT(I» C K[I7y] (43)

is computed with respect to a term order eliminating z. (For efficiency reasons one might
want to precompute the Grobner basis of the last set of polynomials.) The Grébner basis

G1(y)s ..., gm(y) of T N Kly] yields a generating system g;(7(z)),. .., gm(7(x)) of IS or
I¢, respectively. The obvious disadvantage of (4.3) is the doubling of variables.
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A more recent variant was derived as a remark by Derksen [48].

Lemma 4.1.4 (Derksen [48] Remark 3.3) Let I = (fi(z),..., fm(z)) C Klz] be a G-
invariant ideal, where G is an algebraic group given by A(z ) € Klz]™ modulo Jo =

(hi(2),...,hs(2)). Consider the ideal

Ir = <h1(2)7 o he(2), 1 — Zalj(z)%‘ yree oy Yn T Zanj(2)$j> )
j=1 j=1

in K[x,y,z| and
b={g(x,y) € K[x,y]|g(x,0(s)x) =0,Vs € G, Va} = Ir N K[z, y].

Then
(I+b)NK[x] = IS

Proof: Let g(x) € I¢. Since I¢ is generated by invariant polynomials we may assume
that g(z) is invariant. Then g(z) = (g(z) — g(y)) + g(y). Since I C I¢ we have g(y) € I.
Because ¢ is invariant (g(x) — g(y))(z,¥(s) ) = 0. This means g € I + b.

For the other direction let g(x) € K[z] and even more g(z) € I +b C Klz,y]. Then

one has a representation

o() = Y () ily) + la.v),
with ¢;(z) € Klz] and b(z,y) € b. Consider the linear representation Id + v : G —
GL(K®™), (x,y) = (x,9(s)y). The corresponding Reynolds projection R14*7 is a K|[z]-
module homomorphism which gives

RI(g(x)) = glx) = R i) fily) + b(z,y))
= i@ R(fi(y) + R (b, y))
= Ez Cz(x)R( z(y))
Substituting y = x yields
9(x) = Y e@R(fi()).
Since the R(f;(x)) are invariant this means g(x) € I¢. O
This proof is essentially the proof of Theorem 3.1 in [48]. The role of (y1,...,y,) has
been replaced by I. That’s why this proof also proves the correctness of Algorithm 2.2.2
in Section 2.2. Concerning the ideal b a comment is in favor. Knowing a Hilbert basis
T, ..., . the ideal (m(z) — m1(y), ..., (7. (x) — m-(y)) is a subideal of b. But in general
the inclusion is proper.
Lemma 4.1.4 suggests an algorithm for the solution of symmetric systems. I like to
thank H. Derksen for pointing out to me in an email that his work might be interesting
for symmetric system solving.

Algorithm 4.1.5 (Solution of symmetric systems)
Input: hom. fi,..., fm generating a G-invariant ideal I C K|x]
generators ki(x,y), ... ks(x,y) of
b={g(z,y)|g(z,0(s)z) =0, Vs € G}
homogeneous invariants w(z), ..., m(z) generating K|x]’
Grobner basis GB of ideal of relations (uy — m(z). ..., u, — m-(x))
with respect to a term order < eliminating x.
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1.) Compute a Grébner basis GB of

(i) - ), Ba(m,y), - ks(@,y), ) C Kz, 9],
with respect to a term order eliminating x.
2.) J:={}
for f € GBN KJy] do
g(u) = normalf_(R(f)(z),GB) or
9(x, u) = normalf(f(x), GB), g(u) := g(0, u)
J=JU{g}
3.) Compute a Grébner basis of (J) C K[u] with respect to a lex term order.
4.) For each solution u € C" the resolution of orbits is obtained

with the Grobner basis GB.

Proof of Correctness: The algorithm first computes an ideal basis of I¢ as shown in
Lemma 4.1.4. Since I is a homogeneous ideal a Reynolds projection of the generators yield
an ideal basis of 19 C K[y]® by Nakayama’s lemma. Then these invariant polynomials are
rewitten in terms of the Hilbert basis. These steps may be realized in several ways. Either
one uses the Reynolds projection and performs the rewriting with the help of Grébner
bases (or with the subduction algorithm if a SAGBI basis is available) or one uses Grébner
bases for the projection right away. O

The bottleneck of this algorithm is that an ideal basis of b is required. Typically it
is computed by an elimination ideal computation from Ip. A speed up can be obtained
by using additionally (mi(z) — m1(y),..., 7 (x) — 7-(y)) C b as input of the elimination
computation.

In case the input polynomials fi,..., f,, are not homogeneous one needs to use ho-
mogenization of a Grobner basis with respect to grevlex and dehomogenization as a final
step.

The second ideal in the invariant ring is derived with equivariants and still carries the

information on real solutions. The following lemma has been used in [194] and [71] for
the exact solution of symmetric systems.

Lemma 4.1.6 (Jaric, Michel, Sharp [102]) Letv :G — GL(R"), p: G — GL(R™) be
two orthogonal linear representations of a compact Lie group G, as usual ¥ being faithful,

and f € R[z]" a ¥-p equivariant vector field (f(0(s)x) = p(s) f(x), Vs € G). Denote the
v-invariant ideal (f1, ..., fm) C Rlz] by I. Assume by(x),...,bs(z) € (R[z])™ generate
the module of ¥-p equivariants R[w]fz. Then the polynomials

vif,..., b f € Rlx)?,

are invariant (with respect to ¥) and the ideal I9 C Rlz] generated by them has the same
set of real solutions than I.

Proof: Let a € R" be a common zero of f1,..., f,,. Then obviously (b;(a))'f(a) = 0 for
alle=1,...,r.

As the module of equivariants is finitely generated the vector field f has a representa-
tion

fa) = épxw(x)) bi(x)
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Table 4.1: The first set of polynomials is a Grobner basis of the ideal in the invariant ring
of the cyclo hexane problem. The second set is the resolution of orbits

[ 81m3% — 2165475 — 956880 7y — 11815656 m, — 775404 7,2 + 478098 7,
+77727320 — 60156 7, * + 3564 m° — 81 7%,
27 m3my — 1089 75 + 28455 o + 287496 71 + 45969 712 — 13293 m,° — 2325620
+990 Tt — 27,
9 mg — 99 5 — 1080 my — 3286 m; — 2262 112 + 297 1% + 89870 — 91,4,
9 7my2 — 1686 my — 3432 — 1702 7,2 + 264 1, + 77440 — 91,4,
—22m +29m %2 + 15w — 313 + 3mm — 1210 |

[ =71+ 2+ 2y + s,
2[E22+2$3ZE2+2I32 —2ZE27T1 —21'371'1 +7T12 — T,
6.(533 —61'327T1 +3.CE37T12 —351737'(2 —’/T13—|—37T17T2 —2’/'(3 ]

where 7y, ..., is a Hilbert basis and the p; are polynomials in R[yy, ..., y,].

Then ||f(a)|3 = (f(a)) f(a) = Xi_; pi(r(x))bi(a)f(a). If @ € R™ is a common zero
of bif,i =1,...,s, then ||f(a)|]3 = X7,(fi(a))*> = 0. Since a is real f(a) = 0 follows
immediately. a

Remark 4.1.7 i.) In case the representation matrices p(g) are not orthogonal, but a G-
invariant inner product (-, -) exists an analogous result is still valid with the polynomials
(b1, f), ..., (bs, f). 1i.) Ford = p Jaric et al. even show a sharper variant. It is sufficient
to use the equivariants b; = Vi = 1,...,r, the gradients of a Hilbert basis. iii.) From
the proof it is not clear that the complex solutions remain the same. Since [9 C IS it
remains the question whether fg might have more complex solutions than I even in the
case of finite groups.

Algorithm 4.1.8 (Solution of symmetric systems)
Input: J-p-equivariant f(z) generating a G-invariant ideal I = (f1,..., fm)

homogeneous invariants m(z), ..., m.(z) generating R[x]”
homogeneous equivariants by(x),. .., bs(x) generating Rlx]"
Grobner basis GB of ideal of relations (uy — m(z). ..., u, — m-(x))

with respect to a term order < eliminating x.

1.) Compute g1 = normalf_(V} f,GB), ..., gs = normalf_(V%f,GB)

2.) Compute a Grébner basis of (q1,...,gs) C K[u] with respect to a lezico-
graphical term order.

3.) For each solution u € R of (g1, ..., gs) the resolution of orbits is
obtained with the Grobner basis GB.

In contrast to the approach in [176] the doubling of variables appears in this algorithm
only in the problem independent part, in the computation of relations which is done once
for one group action.
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Table 4.2: Nested ideal quotient computations of the first ideal in Table 4.1 give three
ideals with Grobner basis in upper triangular form. Since the coordinates x; have to be
positive and thus the invariants 7; have to be positive the first basis is irrelevant

[18 75 + 135y — 875, =562 + 4475 + 32,5 + 7]
(975 — 1075) (975 — 1331),3m — 121, 71y — 11]

[—3m° +66m2 —388m +3my — 20, —m 2+ Hm 202 4 7

Example 4.1.9 We compare the three different approaches for the simple example of the
cyclo hexane with Ds-symmetry which has already been investigated in Fxample 1.2.17.
(The cyclo heptane has been studied by Levelt [130].) Recall that the polynomials are
defined with determinants of matrices

fa(z) = det(B), f3(z) = det(A),

f1($1,1’2,903) f3(1’2,953>$1), f2(1’1>372,1’3):f3(373,901,902)-

This surely defines an equivariant system with respect to D3 = S3 acting by permutation of
variables. The invariants are m(x) = x1+xo+a3, m(x) = ¥i+ai+a3, m3(x) = xi+ai+a3
and the fundamental equivariants are (1,0,0,0)%, (0,1,1,1)%, (0, 21, 22, 23)%, (0,22, 23, 23)".

All three approaches yield the same Grobner basis (Table 4.1), but the timings differ
(Table 4.3). In order to use Derksen’s approach one needs the ideal b which is computed
by elimination technique from Ir. The permutation group D3 is written as algebraic group
with the matriz A(z) equal to

Lz Lz 0] [22+2252+2 a1z a
1—2z2 12& 01l- a 22+ 222 +2 a2
0 0 1 a19 a 221+2212+2

with ajg := 2 — i\/ng — 2%+ i\/gzl -z, a:=2+ i\/5212 — 22— i\/gzl -z,

and hy(z9) = 23 — 1, ho(z1) = 2z} — 1. Although I first computed a Grobner basis of
(mi(x) — m(y), ma(x) — ma(y), m3(x) — m3(y), h1(2), ha(2)) and then a basis of the ideal
generated by this plus Ir, the computation needed 14013 sec. As a consequence of the
time comparison I recommend the approach using equivariants. Here no doubling of the
number of variables appears while in both the two other algorithms this doubling happens.

Example 4.1.10 Kotsireas gives on the webpage [118] the following system G(x) = 0,G :
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Table 4.3: Comparision of three different methods for solving symmetric systems. The
timing has been taken in a way such that the steps depending on the group only have not
been taken into account. Only the steps depending on the problem contributed to the

time given here
Alg. 2.6.2 in [176] Alg. 4.1.8 Alg. 4.1.5

problem G n Sturmfels Jaric  Derksen
cyclo hexane [143] D3 3 85 s 7s 12 s
celestial mechanics Z5 6 > 2 days 45675 s 3 days
(Kotsireas [118])

Lotka Volterra D; 3 42 s 8s 2505 s

(Noonburg [153])

R® — RS with variables x = (B, D, F,b,d, f) related to celestial mechanics.

Q

= (b—d)(B—D)—2F+2=0,
= (b—d)(B+D—2F)+2(B— D) =0,

x)

)

) = (b—d)?=20b+d)+ f+1=0,
)._

)

)

1

Q

2\T

Q

8

2

8

B2 — 1 =0,
D*d® —1 =0,
F2f%—1=0.

4

N

5\ T

(
(
s(
(
(
(

D

6l

The system is equivariant with respect to Zo = {id, s}. While the reflection operates
on the variables as 9(s)(B, D, F,b,d, f) = (D, B, F,d,b, f) on the image of G it operates
as p(s)(Gy,...,Gs) = (G, —Ga,Gs, G5, Gy, Gg). The methods described above apply and
their timings are given in Table 4.3. For the approach in Algorithm 4.1.5 we need to write
Zy as algebraic group

Mz +1) 21—-2) 0 0 0 0

1(1—2) 3(z+1) 0 0 0 0

A2) 0 0 1 0 0 0
z ey

0 0 0 3(z+1) 3(1—2) 0

0 0 0 21—2) 3(z+1) 0

.0 0 0 0 0 1]

modulo hy(z) = 22 —1. Algorithm 4.1.8 requires the knowledge of invariants and equivari-
ants which are computed by Algorithm 2.3.17 and Algorithm 2.3.20. For these Zy actions
there are seven invariants and 12 fundamental equivariants.

Example 4.1.11 Noonburg investigates in [153] a Lotka-Volterra system. First the steady
states needs to be found yielding the Ds-equivariant system

1—cxy — a:lx% — xw% = 0,
1—cxy — IQ!E?)) — xgx% = 0,

1—cx3— Ig[[’% — x;»,x% = 0.
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The computations are more complicated since they depend on a parameter ¢ requiring
computations over the ring K|c|. Since the D3 action on this system is similiar than in
FExample 4.1.9 the computed invariants and equivariants are used again. The timings of
the three solution methods are given in Table 4.3.

In the end of this section I like to make a few more comments on the different ap-
proaches of the solution of symmetric systems.

i.) The most basic idea is the restriction to fized point spaces. One solves f\Fix( ) (x) =0,
for x € Fix(H), f : R™ — R™ for a subgroup H of GG and finds all solutions with isotropy
group H or higher. For example this can be done by computing the Grobner basis of
((fPixany)1 - - - (| Pixry )r) with 7 = dim Fix(H). Searching for solutions of isotropy less
than H means the consideration of the original system (4.2). Except one computes the
ideal quotient (f1,..., fn) : <(f|FiX(H))1’ e (f|Fix(H))r> or even the saturation.

ii.) Another idea leads to a splitting of the system into smaller subsystems. As described
in [67] the case of a group generated by reflections with respect to hyperplanes leads to
polynomials having linear factors.

iii.) In the same paper a transformation of coordinates y = Az with respect to symmetry
adapted bases is suggested for finite Abelian groups. By linear combination one finds
polynomials which are elements of the isotypic components of the isotypic composition
K[z] = " | K[z];. For Abelian groups these polynomials have a dense representation
in terms of monomials. Since this property is automatically exploited in the Buchberger
algorithm a system in the transformed form requires less computing time.

iv.) Consider the k-th elimination ideal I, = I N K|xgy1,..., 2, of a G-invariant ideal.
Assume there exists a subgroup H of GG such that the action decomposes into two blocks,
operating on 1, ...,z and gy, ..., T,, respectively. Then [ is H-invariant.

v.) If the polynomials fi, ..., f,, are invariant itself one may even more use the structure
of the invariant ring or moreover of the field of invariants being generated by the primary
invariants and one additional element. In [38] computations are carried out for the n-cyclic
root problem.

4.2 Differential equations on the orbit space

The idea of Lemma 4.1.6 on the steady states carries further on to the dynamics of a
system. For a Hilbert basis m1(z), ..., n.(z) the computation of derivatives with respect
to time yields

iz (t) = (V@) a(t) = (V) f(z(t), N) = gi(n(x(t),N), i=1,...,r

The first equality is given by the chain rule. The second exploits that the trajectory z(t)
satisfies the differential equation (4.1). Since (V;)" f is invariant for orthogonal represen-
tations there exists a polynomial g; € R[A|[y1, ...,y with (V) f(x,A) = gi(m(x), \).
This yields a differential equation

y=F(y,A), foryen(R")CR". (4.4)

The dynamics of this system is closely related to the dynamics of (4.1). The relation
of steady states has been investigated in Section 4.1. But there is no correspondence of
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periodic orbits or homoclinic orbits of (4.1) and of (4.4). For example a drift along a
group orbit is contracted to an equilibrium by the Hilbert mapping. A second difficulty
is the determination of stability. Nevertheless orbit space reduction has been applied
successfully in [32, 33, 34, 127, 129, 184]. In [1] p. 336 an old example with S3-symmetry
is presented.

First we will investigate the structure of the domain of (4.4), the image m(R"™). De-
noting by I C Ry, ..., v, the ideal of relations of 7i(z),...,m.(z) and by VE(I) C R"
the corresponding real variety the inclusion 7(R") C VE(I) is trivially satisfied. Procesi
and Schwarz give in [157] an even sharper characterization.

Theorem 4.2.1 ([157] p. 5/1) Let my, ..., m,. be a Hilbert basis of an orthogonal, n-dimen-
sional representation of a compact Lie group G and VE(I) the real variety of the ideal of
relations. The matriz B(y) = (bj(y))ij=1,..r» with entries b;; € Rly1, ..., y.] is defined by

(Vmi(2))'Vri(x) = by (mi(z),. .., 7 (2)).

Then
m(R") ={y e R" | y € V(I), B(y) > 0},

where the sign > means that the matrix is positive semidefinite.

The proof is based on complexification, the existence of a closed orbit and the slice
theorem.

Next we recall more refined structures of the image of the Hilbert mapping, the sub-
division into manifolds.

Definition 4.2.2 A stratification of a set S is a finite collection of subsets {S1,...,Sm}
such that

a.) each stratum S; is a smooth manifold;
b.) S=S1U -+ USp;
c.) If S;NS; £ {} for some i # j then S; C S; and dim S; < dim S;;

On R"/9(G) there exists a natural stratification by orbit type. There exists a unique
stratum of maximal dimension which is called principal stratum. But in this natural
stratification there may be some strata which decomposes into non-connected sets. The
stratification into connected smooth manifolds is called secondary stratification.

On the other hand also the image 7(R"™) C R" processes a stratification. The strata
are semi-algebraic sets, that means they are part of a real variety which is bounded by
polynomial inequalities or is a finite collection of such sets.

The main result on the structure of the stratification of the orbit space is given by a
Lemma by Bierstone.

Theorem 4.2.3 (Bierstone [15] Thm. A p. 246)
The semi-analytic stratification of the orbit space m(R™) coincides with the stratification
of R™ by components of submanifolds of given orbit type.

In the next section a systematic way is gained to describe the strata by equalities and
inequalities.
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4.3 Using Noether normalization

The description of the orbit space reduction in the last section focuses on one group G
only. Since fixed point spaces Fix(H) are flow-invariant often the restriction of (4.1)
to Fix(H) is studied first. Thus one also likes to study the corresponding restriction
of (4.4). That’s why the aim of this section is to exploit the isotropy group lattice and to
choose symmetry adapted coordinates according to this lattice, or at least for a chain of
subgroups G D Hy D Hy D --- D H,.

Lemma 4.3.1 Let 9 : G — GL(R™) be a linear representation of a compact Lie group G
and mwy, ..., 7. a Hilbert basis. Denote by I the ideal of relations in Ry, ..., y,|. Suppose
H s an isotropy subgroup of G. The relations of T\ Fiary - T Fia) define a second
ideal J in Rly]. Then

IcJ, V(J)cv), VEJ) cVEI)

©(R™) c VE(I), =(Fia(H)) c VE(), =(Fis(H)) C 7(R™).

The lemma has a meaning for the description of the (primary) semi-algebraic stratifi-
cation. The principal stratum is given by

S:{yERT‘ fz(y)zovlz]-?am? mj(y)z()?]:]-??ra
for all minimal isotropy subgroups H
exists k € {1,...,my} with g/ (y) #0 },

where fi,..., f, is an ideal basis of I and m;(y) are the determinants of the principal
minors of B(y). For an isotropy subgroups H denote by gif, ..., gnIfH a basis of the ideal
of relations of Ty Fixy - T Fix () modulo /. For the other strata Sy corresponding
to orbit types H the description is analogously. The role of I is replaced by J and the
role of the minimal isotropy subgroups H of G by isotropy subgroups K with H C K
which are minimal with this property. Doing some simple manipulations one easily sees
that each stratum is defined by a set of equalities and a set of inequalities. Observe that
for the strata of the secondary stratification the distinction into connected manifolds still
needs to be done.

Example 4.3.2 In [116] Koenig investigates the standard example of a D3 action on the
plane which is generated by

1 0 -1/2 B
19(8):{0 —1]7 W):{—@ —1/2]'

2

The invariant ring is polynomial and is generated by mi(x) = x% + a3, ma(x) = 23 — 3w123.
Then

4y Gy
2

B(y) = { ] with — det(B) = 36 y1° — 36 1>

6ya
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Figure 4.2: For the two-dimensional standard action of D3 in the plane one may choose
T = a3 + 13, o = 2} — 3123 or Ty, = my, To(r) = (23 +23)° — (23 — 31122)?, Gy = Ty as
invariants. In both cases the stratification has 4 strata. The principal stratum is either
given by {7} — 72 > 0} or in the second case by {7 > 0,7y > 0,55 = +/7} — T2}. The
fixed point space Fix(Z3) decomposes into three strata and corresponds to {(my,ms) €
R? |7} — 13 = 0} or {(71, 7z, 52) € R® |72 = 0,60 = £,/77}

There is an isotropy subgroup Zs and its conjugates. The restriction to Fix(Zy) = {(x1,0)}
gives the relation y3 — y3. Thus the strata as illustrated in Figure 4.2 are given by

Sig = {yeR?* | y1 >0, y? —y3 >0, yi —y5 #0}
= {yeR?* |y >0, yi —y3 >0},
Sz, = {yeR*|yf—y3=0, 11 >0, y¥ —y3 >0, y1 #0, y2 # 0}
= {yeR?’|yi —y3 =0, y1 >0}
= {n>0,49—y3=0, y2 >0} U{y1 > 0,57 —y5 =0, y2 <0},
Sp, = {(0,0)}.

Our aim is to investigate the structure which is imposed on the polynomials f;, gif by
the Cohen-Macaulayness of the invariant ring.

Lemma 4.3.3 Let the homogeneous invariants wy, ..., m, € K[zy,...,x,] form a Hilbert
basis of a faithful representation ¥ of a compact Lie group G. Assume H is an isotropy
subgroup of G with respect to ¥ and Fiz(H) the corresponding fixed point space. Then
there exists invariants

with g;, h; € K[y, ..., y.] such that

i.) gi, h; are homogeneous with respect to the grading

W(y;) = deg(mi(z)),i=1,...,r;

iM.) T, ..., 7Tq are algebraic independent;
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iii.) ToFign 20, t=1....cand T, pyppp =0, i=c+1,....d;

iv.) 7~T1|F7;x(H), ey ﬁc\F@]}(H) are algebraic independent;

v.) T1,...,Tq form a system of hom. parameters and &1 = 1,09,...,0; form the sec-
ondary invariants, i.e. the invariant ring has a Hironaka decomposition R[z]% =
®i_, a:R[7].

vi.) O\ Fiaien) Z%20,1=2,...,8 and Oy Figy = 0,0 =s+1,..., L The number t — s is
the mazimal number of secondaries vanishing on Fix(H ).

Proof: : Basically this is Noether’s normalization. Let I C Kly1,...,y,] be the ideal
of relations. The polynomials Wi\FiX(H)’i = 1,...,r fulfill relations f € Rlyi,...,y,]
with f (7 Fixa)» - - - ’WTJFiX(H)). =0 as well. Let this ideal of relations .be denoted by
J. Of course I C J. Since H is an isotropy subgroup I # J. So there is a non-trivial
ideal J C Rly]/I. By Noether’s Lemma 2.3.6 there exists elements uy,...,uq € Rly|/I
given by uy = g1(y), ..., uq = ga(y) where g; are representatives of rest classes in R[y]/I
such that 7 (x) = ¢g1(n(2)),...,Ta(z) = ga(w(x)) are algebraic independent. Moreover,
Rly]/I is integral over Rluy,...,uq) and J N Ruy, ..., ug] = (Uer1,...,uq). But u; € J
means 7, piy ) = 0 for i = ¢+ 1,...,d and J N Rlu] = (ucy1,...,uq) means that
7~T1|Fix( Yy %C\Fix( oy Are algebraic independent. Of course uq,...,uy may be chosen to
be homogeneous which means that the g; are weighted homogeneous with respect to W.
Since Cly|/I is Cohen-Macaulay there exists elements z; = 1,29,...,2 € Rly]/I given
by zo = ha(y), ..., 2 = hi(y) which generate Rly|/I as a free module over Rluy, ..., ugq].
Equivalently, 61 = 1,62(z) = hao(n(2)), ..., 6:(x) = hy(m(x)) form a module basis of R[z]%
over R[7(z)] which generates R[z]% as a free module. Moreover, h; may be chosen to
be homogeneous (with respect to W) which enables the special choice in vi.) by the
following construction. The idea is to climb up degree by degree. Let d2(x),...,d;(z) be
the secondaries of degree < k. The vector space Hy(R[z]%) of homogeneous invariants
of degree k is partially generated by ds(x),...,0;(z) over R[m(x),..., Tq(x)]. A vector
space basis of a direct complement in H,(R[x]%) gives a choice of secondaries of degree k.
The condition 5\Fix( 0= 0 defines a subvector space of this direct complement. Choosing
a vector space basis of this subvector space and a vector space basis of a complement
gives the maximal number of secondaries of degree k which vanish on Fix(H).

Once all secondaries are found there are relations
t
fij(u, 2) = ziz; — Z 2B (u1, ... ug) — BY(u), 1<i<j<t (4.5)
k=2

with fi; € Rlus, ..., ua, 22,..., 2] such that f;;(g(y),h(y)) = 0 in Rly]/I and as well
fij(7(x),6(x)) = 0 in R[z]. They are weighted homogeneous with respect to U(u;) =
deg(7i(x)),i=1,...,¢,U(z) = deg(6;(x)),j = 2,...,t. Theideal I C Rlu, 2] of relations
of 7 and & is generated by the polynomials f;; in (4.5). In these coordinates the ideal
J of relations for the restriction to Fix(H) is generated by wei1, .. ., Ug, Zet1, - - -, %, the
representatives of relations f;;(u, z) for 1 <i < j <'s of type

¢
22 — Z 2 BY (u1, .., ue, 0) — BY (uq, . . ., ue, 0)
k=2
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and those for 1 <1 <t, s <j <t of type

szB,ij(ul,...,uc,O) + BY(uy,. .., u.0),

k=2
being linear in z and may be some other elements F, € Rluy,..., u., 29,..., 2] which
are homogeneous with respect to U and linear in z. Observe that the third condition of
Noether’s lemma J N (Rly, u]/I) = (uy, ..., u.) is satisfied. O

Remark 4.3.4 [t is not guaranteed that the module generated by &1’&2|Fz'x(H)> cee &S|Fz'x(H)
over R[ﬁuFix(Hy e ’ﬁc\Fix(H)] 1s free. But in many practical situations this will be the

case. In turn this gives a simpler structure of the relations in J. Observe that in many
cases there is still the group Ng(H)/H acting on Fiz(H). The stratum corresponding to
the orbit type H decomposes in the secondary stratification into its connected components.
The group Ng(H)/H is permuting these connected components.

Now we like to discuss the special case that already sets of primary and secondary
invariants 7 (x), ..., me(x), 02(x),...,0n(x) are given. Then the choice of the polyno-
mials g¢;, h; is more special. Denote by W(y;) = deg(mi(x)),i = 1,...,d,W(z;) =
deg(oj(x)),j = 2,...,m the weighted grading and by U(y;) = 0,i = 1,...,d,U(z;) =
1,7 =2,...,m the Kronecker grading. Then

g9i,h; € HY (Kly, 2]) + H{ (K[y, 2)),

and they are homogeneous with respect to W each. The restriction on the polynomials
g; is that

Rad({m (), ..., ma(z))) = Rad((71(2), ..., 7a(x))),

since the parameters have the nullcone as common solutions. This imposes conditions on
the coefficients of ¢1, ..., gq which are easily checked by Groébner bases since the radical
containment is done by the Kantorovich trick (see [41] p. 177).

Example 4.3.5 (Ezample 4.3.2 continued) For the Ds-action in Example 4.3.2 one may

as well choose the invariants Ty = Ty, Gy = Ty, T = T — w2 with relation 63 — (7} — 7).

Applying the rules above the strata are given by

S’i = {(7}17%2?6—2) € R3 ’ O—% - (77-% - 7~r2) = 07 7~T1 Z Oa 7}2 2 07 7~T2 7£ O}
= {(7?1,7?2,5'2)61:{3 | 5'2::|:\/’ﬁ'%—’ﬁ'2, ’ﬁ'l>0, ﬁ2>0},
522 = {(7?1,7?2,62)€R3 ’ U%—(frf’—frg):(),ﬁlz(),ﬁgz(),

Tg=0,m #0,50#0 }
= {(7?1,7?2,6’2) € R3 ’ o9 ==+ ﬁ%, o =10, T > 0},
Sp, = {(0,0,0)}.
Figure 4.2 is showing the stratification in these coordinates in comparison to the orig-

inal coordinates. The symmetry adapted coordinates correspond to a subdivision of the
symmetry cell in R2.
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Example 4.3.6 (Ezamples 2.2.4 and 2.4.3 continued) In Example 2.4.3 we found the five
primary invariants T, T, T3, Pes, Pag and the integral elements my, w5, 77, T8, Tg, T10, T11 Of
a torus action which are real generators of the real invariant ring.

In order to describe the image of the Hilbert mapping we need the matriz B of The-
orem 4.2.1 which s in this case a 12 X 12 matriz whose entries are polynomials in

T, Pes, Pas- In Example 2.2.4 the invariants are computed in the 'complex’ coordinates
(21, %2, %3, %1, T2, T3). Changing to the 'real’ coordinates x; = xr; + i - xi; enables the

computation of the gmdients and thus bij(x) = (Vm)'Vr;. As usual a Grobner basis
of the ideal (my — mi(z),...,) gives the representation of the b;; in terms of invariants
by the division algomthm bi have chosen the matriz term order with order of variables
T, .. xl?ﬂ7T177T277T37p687p4877r477r577T777T877T977T1077T11 and matrix
[ 1 1 11 1 1 2 2 2 36 2 2 3 3 3 3 3]
1 1 1 1 1 1 0 0 0 0 0O 0 0 O 0 0 0 O
0 0 0 0 O 0 -2 =2 -2 -3 -6 0 0 O 0 0 0 O
046 —Idy 4 048
06,11 Idg s (1
| 05 —Ids5 05,12 ]
since it is eliminating xry, ..., xis and has the properties on K[| as required in Lemma

2.8.13 distinguishing between parameters and integral elements. Restriction to degree 10
with respect to the induced weighted grading may be used (9274 sec). The computation of
derivatives and normal forms takes 13270 sec yielding

Biy B' B?
B=| B" B;s B?
B* B By,

Y

with
T 0 0 —Ts + Des
0 Up) 0 8
Bl4 -
’ 0 0 R} PT
—Tg + Peg  Tg p% 47T17T3+27T27T1+7T12+47T27T3+7T22—7T52
and By 12 equal to
47T27T3+7T22 0
0 A roTms + o2 —TsT3 — T2 T4y +
71'47'('3,—}-”47‘-2 — 7573 — ﬂ527r2 T3 + T + ToT3 0
7'('471'3—|—7r7T 0 T3 + T + ToT3

Then

m(R%) = {y e R?| y; > 0,92 > 0,y3 > 0 + conditions,
Yi =gl (Y1, ., ys),i=6,...,12, foraje{1,...,18} }.
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Since Fiz(Zy) = {(0,0,z3,0,0,73) € C®} ~ {(0,0,0,0,zrs, ziz) € R®} the stratification
1S given by

Srqa = {yeR¥| y1 >0,y > 0,93 > 0,94 # 0,95 # 0, +conditions,
yi=g (yr,...,ys),i=6,...,12,j=1,...,18},

Sz, = {yeRY?| y;=0,ie{l,...,12}\ {3}, ys > 0},

Sr = {yeR”| y=0}

Since Birkhoff normal forms of Hamiltonian systems in resonance have the symmetry of
the associated torus action the Hamiltonian function H s assumed to be invariant with
respect to this torus action as well. Intersections of m(RS) with H = const. are sets with
equal energy or analog. Since solutions of Hamiltonian systems preserve the Hamiltonian
(e.g. energy) it is interesting to study all possible intersections for arbitrary invariant
Hamultonians. This classifies the dynamics of Hamiltonian systems close to resonance.

Example 4.3.7 In [32] Chossat investigates the group O(2) acting on the vector space
R'~{z€ Ch| z3=17, 24 = Z} given by

19(@(21,22) = (€i¢21,€22'¢22),
(k) (21,22) = (%1, Z2).

The Molien series is computed in 23 sec to be 1/(1 — X3)(1 — \*)?. By Algorithm 2.1.10
the Hilbert basis m1(2) = 2121, Ta(2) = 2272, m3(2) = 232y + 222y is computed in 7.5 sec.
The isotropy subgroups are Zs(7), Za(k), Id with Fix(Zy(m)) = {(0, 29,0, Z2)} and the fized
point space Fiz(Zy(k)) = {(a,b,a,b)|a,b € R}. The relations for the restriction to
Fiz(Zy(r)) are generated by m and w3. For Fiz(Zy(k)) the generator is 4mwime — m5. The
subgroup Zs X Zy 1s an isotropy subgroup as well. Since the fized point spaces of the
conjugates fill all of Fix(Zy(m)) this subgroup is not considered.

For the subgroup tower Id C Zy(mw) C O(2) the invariants are symmetry adapted
according to Lemma 4.3.3, namely the relations for the restriction to Fix(Zy(m)) are gen-
erated by (my, m3).

Since the matriz B is given by

st 0 T3

— 3

B(m)=1| 0 my B
T3 % 7T12+47Tl7TQ

with det(B) = —

4 )
the strata in these coordinates are

Sra = {0<m,0<m,0< —(m +4m) (—4mm® + m5°),
7T17é0,7T37é0,47T27T12—7T327é0}
= {0<7T1,0<7T2,0<47T27T12—7T32},

SZQ(n) = {7T1 =0,m3=0,m9 >O}7
SZQ(K) = {7T1 > 0,my > 0,4#%7@ — 7T§ = O}’
So@ = {(0,0,0)}.
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The Hilbert series of the module of equivariants is (2X + 2X?)/(1 — X3)(1 — A?)? which is
derived in 19 sec. The four equivariants

21 0 2129 0
2
29 0 2]

21 ’ 0 ’ 21 22 ’ 0 ’
0 Z 0 z2

are computed in 298 sec by Algorithm 2.1.18. The equation with generic equivariant
f= Zf‘zl A;(m)b; is projected on the orbit space to

’/:Fl = 2A17T1 + A37T3 s
Ty = 2Apmy + Ayms,
7:('3 - 2A47T% -+ 4A37T17T2 -+ (2A1 -+ AQ)’/Tg .

The restriction to Fiz(Zy()) is just
7:('2:2142(0,71'2,0)71'2 and 1 :0, 7T3:0.

For the restriction to Fiz(Z3(k)) of the differential equations on the orbit space one needs
to use a parameterization. Or one chooses a symmetry adapted set of invariants according
to the subgroup tower Id C Zy(k) C O(2). For the invariants T, = my, Ty = T, T3 =

Ay — T3, Gy = T3 we have the relation 63 = —73+ 4727 . Then the strata are written as
Srqa = {7~T1,’/'~T2,7~T3,62)€R4’7~T1>0,’/’~T2>0,fr3>0,62::i:\/47?%’7r2—7~r3},
Stomy = {7y, 7o, 73, G2) €R4’7~T1:0,7~T2>0,7~T3:O,62:O},
Sty = {7y, 79, 73, G2) €R4’77T1>0,77T2>0,7?3:O,62::i:\/47?%ﬁ2 1
Sop = {0}

For the generic equivariant f = Zf‘zl Ai(fr, a)b; the equations on the orbit space read
T o= 2A1ﬁ1+1‘1352,
Ty = 2AsTy + Ayoo,
’/%'3 — (4141 + 21212)7}3 5
Gy = 24,72 +4As7 70 + (241 + A3)5y

Gy = /7y + 4727y .
Then the equations on Fix(Zy(k)) are easily derived as
T o= 2417 + A352 )
Ty = 2A9T9 + Ay02,
Gy = 2447 +AAsT Ty + (24 + Ay)6s,
5’2 - :l: 47}%7}2 5

where A; = 1212-(7?1,7?2,0,52) do not depend on ws. The stability of an equilibrium x with
isotropy Za(k) (71, T2, T3, 02) = (71(x), 72(x),0,52(x))) outside of Fiz(Zy(k)) is deter-

mined by the expression (4A; + 2A,).
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This example clearly illustrates the advantage of choosing appropriate coordinates of
the invariant ring. The restriction to the flow-invariant fixed point spaces is obvious on
the orbit space. The second advantage is the transparance of the description of the strata.
They are mainly described by linear equalities and linear inequalities in the parameters.
The secondaries are expressions in the parameters. The third advantage concerns the
computation of stability. If an equilibrium has isotropy H then one distinguishes between
stability inside of Fix(H) and outside of Fix(H). On the orbit space the restriction to

Fix(H) corresponds to the restriction to my, ..., 7, 09,...,0s and the corresponding dif-
ferential equations 7; = Fj(m,0),j =1,...,¢, ¢; = F(7,0),j = 2,...,s. The restricted
Jacobian
oF; Ok
or; 0 .
(6;3 6;}%), 1,]=2,...,¢c, k,l=1,...,s,
om; doy

and their eigenvalues determine the stability in Fix(H). Choosing a subgroup Ho C H
and the associated invariants one finds the stability in Fix(H,), but outside of Fix(H).
Here one profits from the fact that the right hand side F' has a special form.

Changing the coordinates 7; = g;(m,0),6; = hj(m, o) (linear in o) also changes the
representation of the vector field

fl) = Y Aa(o). o)) - bi(a)

S

to

= 3 (Aete) + 3 A 10)) 0G0

by Ai(7,6) = A;(0(7,5), p(7,5)) where 6, p expresses the inverse nonlinear change of
coordinates. For a unique representation of the vector field see the Stanley decomposition
in Section 2.4.

With this change of coordinates also the differential equations on the orbit space
changes. Either one evaluates

ZA &)Va)h = Y A7, 5)by (7, 5),

by first computing V7;, Vg, then the inner products with the equivariants b;, applying
the division algorithm in order to receive representations in the invariants, multiplication
with the coefficients A; and finally using the relations again gives unique descriptions.
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reflection

Figure 4.3: In the Taylor-Couette experiment the velocity of a liquid between two centered
cylinders is studied. Depending on the velocity of the rotating cylinder different pattern
are observed

Or one uses the already computed differential equations 7; = Fj(m,0),j = 1,...,d,
o;=Fj(m,0),j=2,...,7. By the chain rule

. d agz T
T, = Zaﬂ'jﬂj_'_jz:

J=1

= k‘i(’/T,O') == k’t(e(ﬁ’a—%p(ﬁ’a—))a

agz - d agz
anUj N ;&er Z

—2

392

oh; Tah
— Om;

fori=1,...,dand v =1,...,t is obtained. Observe that the derivatives g‘”_, ggi_, gh?, gh?
Ty 0057 0057 00

are needed only. Use of relations implies the unique representation once more.
There is also a second aspect concerning the elimination of lower order terms analog
to Birkhoff normal form. If the symmetry adapted coordinates of Lemma 4.3.3 (for a
tower of subgroups) are not unique the coordinates may be chosen such that some lower

order terms in the differential equations vanishes.

Finally, I give an example with relevant application.

Example 4.3.8 The Taylor-Couette experiment is the topic of the book [35]. It is de-
scribed in [87] pp. 485ff as well. A liquid is between two centered cylinders. While the
outer cylinder is rotating the velocity field of the liquid shows interesting pattern varying
with the velocity of the cylinder. The velocity field satisfies the Navier-Stokes equations
on the cross section times an interval [0, h] fulfilling no-slip boundary conditions on the
cylinders and periodic boundary conditions in axial direction. Thus the problem has the
symmetry of O(2) x SO(2) where the reflection is the reflection with respect to a cross
section, see Figure 4.3. In order to study bifurcations the linearization of the PDE around
the trivial Couette flow is considered and a Fourier expansion is performed.
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Table 4.4: Correspondence of steady states and periodic orbits as solutions of the differ-
ential equations on the orbit space to the solutions of the system of differential equations
obtained by center manifold reduction

name meaning on orbit space isotropy strata

Couette flow  steady state equilibria O(2) xS1 So@)xs:
Taylor vortex  steady state equilibria ~ Zs(k) X S1 Szye)xs:

spiral wave flow  periodic orbit equilibria S 5v(2) S $0@)
(rotating wave)
ribbon flow  periodic orbit equilibria Z5(k) X Zo(m,m) Sz,x2,

(standing wave)

wavy vortex flow  periodic orbit equilibria Zoy(km, ) Szy(erm)
twisted vortex flow  periodic orbit  equilibria Zo(K) S 7 (1)
mod. spiral wave  quasiperiodic equilibria Id S1a
quasiperiodic drift  quasiperiodic equilibria Zo(m,m) S 2 ()
2-tori + drift 3-tori periodic orbit S Z,(x)

A center manifold is a manifold being tangent to the generalized eigenspace of eigneval-
ues on the imaginary axis attracting the dynamics in a neighborhood. Thus a small dynam-
ical system on the center manifold is representing the essential dynamics. The symmetry
of the eigenspace inherits to equivariance of the dynamical system. Taylor expansions of
the center manifold mapping and the dynamical system may be computed. However, often
one starts with a generic polynomial equivariant vector field on the center manifold and
studies its typical behavior. Thus one can read off bifurcation behavior of the Navier-Stokes
equations once one has calculated a Taylor expansion of the reduced dynamical system on
the center manifold. If the group action on the generalized eigenspace (with respect to
eingenvalues 0 and twi) is the sum of two real irreducible representations one calls this
situation mode interaction.

The equations on the center manifold for a mode interaction problem has been investi-
gated in [144, 163, 168] with the method of orbit space reduction. The group action of this
problem is a real representation of O(2) x Sy on {(z0, 21, 22, 23, 24, 25) € C°| 23 = 29, 24 =
Z1, 25 = Za} given by

19(,{)(207 21, 22) = ( 20, 29, 21 )7
19(@)(20721,22) = ( ei‘pzo, ewzb e %z, ),
19(0)(207 21, 22) = ( 20, 619217 €i922 )7

where SO(2) ~ Sy describes the geometry of the apparatus (two cylinders) and O(2)
comes 1 by assuming a cylinder of infinite length with periodic boundary conditions.
The isotropy groups (orbit types) and the corresponding fized point spaces are given in
Figure 4.4 and Table 4.5.
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( —
SO(2
K) X Zy(m,m) ‘

@)
/
2(K) X Sy
\ :
. / \
Zy(km, )
\ |Id /

Z
Figure 4.4: Isotropy subgroup lattice of the representation of O(2) x Sy

2)><Sl

Z )

Zo(m,m)

The question of the generic equivariant vector field has been treated with the methods
in Chapter 2. The Molien series
M=+ A 41

(1=M)(1=X2)% (1=X2)*(1 =)~

has been computed within 217 sec. The Hilbert basis is derived by Algorithm 2.1.10 within
6309 sec to be

= = = 5.2 | 20 52 = = 22,22 = | = 2 2=
(2020, 2121 + %222, 202120° + 217, Z22aZ1 21, 221" 1% + 120" %2° ).

The first 4 are real functions which we denote by my, wy, T3, T4.

With w5 = i(222120° — 22122) (220 — Z121) derived from the last invariant we have a
Hilbert basis of the invariant ring over the reals which differs from the Hilbert basis given
in [87] p. 459 in the third and fourth element.

There is only one relation (g — 4my) (4 m°my — m32) — m5° derived in 4081 sec. This
computation is an example of a computation over an algebraic extension as discussed in
Section 1.2.4. The extension can be avoided by first converting to real coordinates. But
then the computation of the relation needs 13484 sec. Obuviously, m,me, 73,74 form a
homogeneous system of parameters and w5 can be chosen as secondary invariant.

Using the fized point spaces as in Table 4.5 and computing the relations of the restricted
invariants one sees that these invariants are symmetry adapted with respect to SO(2) and
Zo(m,m). The relations for Zy(mw, ) are generated by my, 73, m5. For Zs(m,m) X Za(k) the
generators are Ty, T3, W5, T3 — 4wy, For SO(2) the set my, w3, w4, 5 form generators. Some
special strata are given by

SZ?(“',W) = {’/T € R5 ’ ™ = Oa T3 = 077T5 = O>7T4 7& Oa ’/T% - 47T4 7& 0}7
Szaxzy = {WGRSWHZO,W:S:O;?TE’20773—47T4=0,7r27£0}7
SS’O\(JQ) - {W€R5’7r1:0?71-3:()777-4:077-‘-5:077(27&0}
In order to find the generic equivariant vector field the Hilbert series of the module of

T 3N 3M46XM343) ; e
equivariants T = o on)? S deriwed within 340 sec.
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Table 4.5: Isotropy groups of the repr. of O(2) x Sy and their fixed point spaces

Isotropy Fixed point space dim Fix
0(2) x Sy {(0,0,0)} 0
Zy(K) x Sy {(20,0,0) | 2o = a € R} 1

S0Q@2)(p=—0) {(0,0,2)} 2
Zo(k) x Za(m,m) {(0,21,22) | 21 = 20} 2
Zs(K) {(20,21,22) |[zo=a €R, 21 =22} 3

Zo(m,m) {(0,21,22)} 4

Zo(km, ) {(20,21,22) |20 =1b, bER, 21 = 25 } 3
Id {(20,21,22)} = RS 6

Thus Algorithm 2.3.21 yields the equivariants of Table 4.6 in 188 sec. A coordinate
transformation z = Az to the normal embedding of R® in C® yields 12 equivariants
bi(x) = A7 f;(Az) with real coefficients and the invariants 7;(x) = m;(Azx). The mod-
ule of equivariants is a free module over R[m(z), m(x), m3(x), m4(x)] and thus a generic
equivariant polynomial vector field has a unique representation

fz) = ;Ai(ﬂ(fv)) bi(z).

The reduction onto orbit space is given by n; = Vu,f = gj(w),j = 1,...,5. The
polynomials are easily determined by use of Grobner bases. Once the Grobner basis of
(y1 —mi(x), ..., ys —ms(x)) with respect to an elimination order (which also considers that
5 is a secondary invariant as in [176] Alg. 2.5.6) is known the polynomials g; are derived
by the division algorithm. (Observe that one can use the Hilbert series driven version
1.2.19 and the truncation with respect to degree 10 with respect to the induced weighted
grading). The computation of the 5 gradients, scalar products, and normal forms is done
within 2642 sec yielding

o= 2Ay + Asys + Awoys

Yo = 2Agys® + Arayays + 2 Asys + 2 Azys — 4 Agys — Aniys

Us = 2A71%ys + 4 Aoyi®ya + 4 Asyiya + Agyays + 2 A1ys + 2 Asys
—(2A4 — Ag) ys,

Yo = Aryays +2 Agyoys + 2 Araysys + 4 Asys + Aeys

Us = 2Ay1°ys® — 4 Anyi®yaya — 16 Agyr®ys + 4 Aroy1y2’ya — 16 Aroy1y4®
—Asyo?ys + 2 Ayyoys + An1yoys® + 2 Asys® — 8 Ayysys + 4 Asysya
+ (3 Agys + Aroys +4 A5 +2 A1) ys .

By the choice of the special term order the invariant s appears only linearly. Since
the coordinates are symmetry adapted according to Zy(m,m) and SO(2) the restrictions to
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Table 4.6: Equivariants of O(2) x S}

[

20, 20, 0,0, 0, 0],

0,0,0 21, —1 21,1 22, —i 2],

0,0, 21, 21, 22, 2],

1202121 — 1 20522, —1 202121 + 1 202222, 0,0, 0, 0],

%21 %, 222120, 0,0, 0, 0],

0,0, 2020%, —1 222,71 212, —1 21207,

0,0, 2020%, 22, 2122, 21207,

0,0,1 21212, —i 2221, 1 2% %, —1 22 29],

0,0, 2121%, 2 21, 22° B, 75 %),

i B’ — Zz0z22221, —1 2022z1 2 +120%29%7,0,0,0, 0],
0 ZZ() 212221, —1 ZO 212122,120 222221, —1 20 222221]

[
0,
0,
[
[
0,
0,
0,
0,
[
0,
0,

=2 =2
0,0, Zo NN 29, WD), 2212, BaZaZ 2 ] ] )

Fir(Zy(m,m)) = {m = 0,73 =

the orbit space are easily given as

Y2
Ya

= 2Agy3 + 243y, — 4Aqys
= 2Agyoys + 4A3ys

Vo = 2Agys + 2A3y,.

119

0,75 =0} and sz(SO( ) ={m =m3 =my =m5 =0} on

The Jacobian of the full system have for points with orbit type Fiz(Zy(m, 7)) or SéYQ)
the special structures

*

*

*

*

*

0 *= 0 = *x 0 * 0 %
x % % % x % x % %
0 = 0 = and * 0 % 0 %
x k% % * 0 % % %
0 * 0 =« * 0 x 0 %

respectively. For example the stability of a point with isotropy SE)V(2) within Fiz(Zy(m,m))

18 determined by

the expression 2Agys + 4A3.

The fifth differential equation for w5 has a special meaning. For given my, o, 3, 74 the
value of s is already determined by the relation. So the fifth differential equation means
that a trajectory stays on the orbit space. Consequently, the derivative of the relation with
respect to time should yield zero once the F; are substituted and the relation is exploited.

A computation verified the result is zero. The Maple Code is included, see last pages.

A second choice of symmetry adapted coordinates is derived by the principles described
in the beginning of this section. In order to receive symmetry adapted coordinates with
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respect to Zy(k) and Za(k) x Sy we choose
2
Uy = Ty, Ug = Ty — 4Ty, Uz = T Ty — T3, Uy = Ty, O = T, 03 = T5.

Obviously (uy(x), uz(x), ug(x), us(z)) and (my (), m2(x), m3(x), m4(x)) have the same radical
and thus uy, us, us, us qualify as parameters. The secondary invariants are given by os, o3
and the product o903 which we will not use. Then the ideal of relations is generated by

2 2 2 2
UQ+4U4—0'2 , Ug (—ul U2+2(TQU3U1 — Usj ) — 03 .

The strata are derived in these coordinates in a systematic way by changing the in-
equalities in B > 0 and the relations on the fized point space by the division algorithm
with respect to a Grébner basis in K|m,u, o).

Sra = {(u,0) €RE | up > 0,u3 > 0,uz > 0,uy > 0,00 = Vug + 4uy,
03 — :l:\/UQ (—U12U2 + 2 SaUszU1 — U32) },
SZ2(,€) = {(U,U)€R6 ‘ up > 0,u = 0,u3 =0,uq > 0,09 = 2 \/uy,

o3 =0},
Szamm = {(u,0) € RO | u; > 0,uy = 0,u3 = 2u109,us >0,
oy = 2/us, 03 = 0},
Starmy = {(u,0) € RO | up =0,uy > 0,u3 =0,us >0,
09 = \/ug + duy, 03 = 0},
Szamxs; = {(u,0) € RO | uy >0,uy =0,u3=0,us =0,00=0,03 =0},
Szoxzy = {(U,O)ER6\ up = 0,up = 0,u3 = 0,uy > 0,00 = 2 /g,
o3 =0},
Siom = {(u,0) e RO | w3 =0,up > 0,u3=0,us = 0,00 = \J/uz,
o3 =0},
SO(E)szl = {(u,0) e RS | u=0=0}.

The differential equations in these new coordinates are computed from the old differential
equations by use of chain rule and the diwvision algorithm. QObserve that the module of
equivariants is free over Rlu] as well, but the basis is bj, o2b;. This introduces the arbitrary
polynomial functions A; = Aj1 + 02A;9 with A;; depending on u.

U = A5,2U2U1 + A10,2€73U2 + A10,1€73 - A5,2U302 + 2 A171u1 - A5,1u3+
(2A12 + A5 1) uros + 4 As suquy,
uy = 16 A9,2U4U2 —2 A11,2U203 -8 A11,2U403 + (—2 A11,1 - 4A6,2) 0302

—4 A6,10'3 + (4 A372 + 4 Ag,l) U909 + 4 A972u22 -2 A1272UQU30'2
+4 Az qus + 2 A1 1usuion + 8 Appsugustuy + 2 Ajg gty us?
-2 A12,1U3U2>

Uy = —Apousuius + (Agy + As ) usuy — 2 Az juguy + A12,2U1202U2
+Aj00u203 — 4 Ayg 2usuiug + 4A10,2u403
+ (A1o1 — Aso +2A42) 0309 + (—As1 + 2A41) 035 — Aj1103u
+(=As1 +2A32+2A12+ Ag1) uzor + (—2 Aro — A121) o2usy
+ (24110 +2A571) us + (Ag2 + As2) ust109 + A12,1U12U2
— A1 203u109 + (—As9 + Ag o) usus + (—4 As 5 + 4 Ag ) ugus,
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Uy = Arjusuy + (4 Aso+2Ag1) usos — 2 Ajapususos + 2 Ag stgus
+8 A9,2U42 + Ag 20300 + Ag 103 + (2 A1a1 + 4 Az o) uguioo
— A7 uzos + A7 gusu 09 + 8 A ous®uy +4 As 1ug + 2 Ao ouguouy
+4 Az juguy + (=2 Ao — 4 A7) ugug — Az sugus,

oy = (2A7,2 + A12,1) Uty + 2A9 2us09 + 4Ag 2uso9 — Ay120309 + 2 A3 109
—A11103 +4 A sugug oo + (—2 Azo — Aja1) uson
+(2A32 +2Ag1) us — 2 A7 qus + Aj20ust1 09 + 2 A7 1uq09
+ (4 Ag1 +8A30) ug + (8 A7+ 4 A1a1) uguy — Ajaousus
—4 A12,2U4U37

é’g = (4143,1 + 2A1,1) 03 + 2A6,1U32 — A11720'32 + 4A6,1U12U2 + 1214972”40-3
—Ajo103u3 + 3A9 2us03 + (2462 + A111) us?oy + 4A11,2U4U32
+ (4A394+ 2A1 2+ 3A91) 0300 + (As1 — 2 Ay1) ugusg
+ (2 Ago — Ago) urug® + 4 Ajq sugur®ug + (—Ag 1 + 2 Agp) uguyog
—Aq2203u309 + (—2 Ay + Ag ) U309
+ (8 A472 —4 Ag’g +4 AIO,I) UgUoU7 + 4 A12,2U40'3U1 —4 A6710'2U3U1
+4 Ajp2ususuy 09 + Aj9103u109 + Ajg 2Us03U
+ (—8 A11,1 — 16 A6,2) Uz ug — 8 A11,202U3U1U4
+ (4 Aga + A111) ur?oqus + (—2 A1 — 4 Ag2) usuqus .

The equations look more complicated, but there is some obvious structure. The restriction
to Fiz(Zy(k) x S1) simply is 1q = 2 Ay 1uq , the restriction to Fia(Zy X Zs) is

Uy = (4 Ag,g + 2 A971) ug09 + 8 A9,2u42 + 4A3’1U4,

O = 2 V Uy,
while the restriction to Fiz(Zy(k)) is easily given by

W = 2A10u + (2415 + As1) ur0g + 4 As suguy,

Uy = (4A32+2Ag1) usos + 8 Agoua® + (2 Ara1 + 4 A7) usug 09
+8 Appous®ur + 4 Az ug + 4 Az juguy,

0y = 4Agous09 + 2 A3 109 + 4 Ajgousu oo + 2 A7 1ui0o
-+ (4 Ag,l -+ 8 A372) Uy + (8 A7,2 -+ 4 Alg,l) UgUsy,

09 = 2\/U_4
The second structural property is that the Jacobian evaluated at a point in a stratum which
has symmetry adapted coordinates has a special shape.

Rumberger [163] has investigated a Hopf bifurcation in Fix(Zs(k)) of this Taylor-
Couette problem by first choosing a certain parameterization of the differential equations
on Fix(Zs(k)). In turn this means a bifurcation of periodic orbits to 2-tori in the original
system.

The advantages of Noether normalization are demonstrated in this context. The flow-
invariance of the orbit types is clearly present in the differential equations on the orbit
space. Secondly, the stratification is much more transparent. Moreover, the Jacobians
have a special structure according to the fixed point spaces.

So far we have discussed the consequences of Cohen-Macaulayness and the Noether
normalization for the structure of the differential equations on the orbit space. Of course
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there are many more aspects. From the literature we cite the following results. Krupa
decomposes in [121] the vector field f(z) into one part being tangent to the orbit and
the relevant part being normal to the orbit. This implies some theoretical results on the
structure of the dynamics. Rumberger [163] relates the Poincaré mappings of periodic
orbits of the vector field and the projected vector field to each other. In case the orbit
space reduction becomes too complicated one also uses a local version of it, see for example
[34]. In [116] Koenig investigates the relation of the linearization D, f(0) of the equations
at the origin on the original space and the linearization D, F'(0) of the equations on the
orbit space. The eigenvalues of D, F'(0) are linear combinations with positive coefficients
of the eigenvalues of D, f(0), if the Hilbert basis is chosen in an appropriate way. In
order to define hyperbolicity of relative equilibria a variant of the tangent cone for semi-
algebraic sets is introduced. Tangent cones of varieties (or a basis of their corresponding
ideal) are computed by the tangent cone algorithm by Mora [148], see also [42] p. 170.
Note that the computation of standard bases as in [89] is intermediate between Grobner
bases and tangent cones. Also Rumberger [163] discusses the question of relation of
eigenvalues of D, f(0) and D,F(0). He exploits that the Hilbert basis is minimal. A
stable equilibrium of & = f(x, \) relates to a stable equilibrium of § = F(y,\). An
unstable equilibrium of & = f(x,\) relates to an unstable equilibrium of § = F(y, \).
This gives two cases where bifurcation may be studied on the orbit space. The symmetry
adapted coordinates as discussed in this section enable a more distinguished investigation
of bifurcation phenomena on the orbit space.
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# load packages
with(linalg): read(moregroebner): read(symmetry) :

> infolevel [symmetry]:=1; infolevel [moregroebner]:=1; # print infos

go2:=51([1,1,-1]1);

C:=matrix(6,6,0):
Cc[1,1]:=1:C[2,2]:=-1:C[3,5]:=1:C[4,6]:=1:C[5,3]:=1:C[6,4] :=1:
evalm(C) ;

Z2:=mkfinitegroup({_s=evalm(C)},_Z2);

go2[_fgnoncommute] :=op(Z2) ;

s1:=51([0,1,1]);

g:=ProductCG(go2,s1);

# compute invariants

mol:=Molien(g,lambda); # Molien series of invariant ring
expand (simplify(mol*(1-lambda”2) "2*(1-lambda~4)~2)); # degrees
series(mol,lambda=0,11);

complexvars:=[z0,cz0,z1,czl,z2,cz2];

Hominvs (g, complexvars,4,_coords=complex) ;
iis:=Invariants(g,complexvars,mol,6,_coords=complex);
konjugate:={z0=cz0,cz0=20,z1=czl,czl=z1,22=cz2,cz2=22}:
realinvs:=[iis[1..4], I*(iis[5]-subs(konjugate,iis[5]))];

# compute relations
rel:=invrelations([seq(pilil=realinvs[i],i=1..5)],complexvars);
rel:=factor(rel+pi[5]°2)-pi[5]"2;

realvs:=[x0,y0,x1,y1,x2,y2];

invs:=map(convertinv,realinvs, complexvars,realvs,g,_coords=real) ;
relationpireal:=invrelations([seq(pili]=invs[i],i=1..5)],realvs);
slacks:=[seq(pil[i],i=1..5)]; vs:=[op(slacks),op(realvs)];
MM:=matrix(3,11,0):

for i from 1 to 6 do MM[1,5+i]:=1: od: # elimination property
for i from 1 to 5 do MM[2,i] :=degree(invs[i],{op(realvs)}); od:
MM[3,5]:=1: # matrix term order showing Hironaka form

evalm(MM) ;

totaldeg:=mktermorder (vs,tdeg):

eliorder:=mktermorder (vs,mat,evalm(MM),op(totaldeg)):
eligrad:=table([_Hseriesvar=lambda,minint=0,maxint=10]):

for i from 1 to 5 do eligrad[pil[il]:=degree(invs[i],{op(realvs)});
od:

for i from 1 to 6 do eligrad[realvs[i]]:=1: od:
gls:=[seq(slacks[jl-invs[j]l,j=1..5)]: hp:=1/((1-lambda)"6);
gb:=homgroebner (gls,op(eliorder),{op(eligrad)}, [op(eligrad)],hp);
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> # compute strata

> for i from 1 to 5 do

> grad[i] :=vector(6): # gradients

> for j from 1 to 6 do grad[i] [j]:=diff(invs[i],realvs[j]) od;
> od:

> B:=matrix(5,5); # semi-positive matrix

> for i from 1 to 5 do

> for j from i to 5 do

> B[i,j]:=innerprod(gradl[i],gradl[j]):
> B[i,j]:=normalform(B[i,j],gb,vs,op(eliorder));
> B[j,il:=B[i,jl:

> od;

> od;

> evalm(B);

> bs:=[seq(det(submatrix(B,1..i,1..1i)),i=1..5)];

> bs:=map(normalform,bs,{rel},vs,op(eliorder));

> bs:=map(factor,bs);

# find generic equivariant vector field
emol:=Equimolien(g,g,lambda); # Hilbert series
Equivariants(g,g,complexvars,realinvs,emol,5,_coords=complex) ;
Homequis(g,g, [2z0,cz0,z1,cz1,22,cz2],3,_coords=complex) ;
paras:=[realinvs[1l..4]];
equivs:=CMEquivariants(g,g,complexvars,paras,emol, _coords=complex) ;
f:=vector(6,0);
for j from 1 to nops(equivs) do

f:=evalm(f+A[jl*equivs[jl);
od;
# conversion to real coordinates
ff:=convertvectorfield(f,complexvars,realvs,g,g,_coords=real);
diffgl:=[]; # compute differential equations
for j from 1 to 5 do

p:=innerprod(evalm(grad[j]),evalm(ff));
diffgl:=[op(diffgl) ,normalform(p,gb,eliorder [vars],op(eliorder))]

od:
diffgl; # right hand side of differential eq.
dglfixZ2pi:=subs({seq(rels[Z2pi] [1]1=0,i=1. .nops(rels[Z2pi]))},diffgl);
dglfixS02:=subs ({seq(rels[S02] [1]1=0,i=1. .nops(rels[S02]))},diffgl);
# derivative of relation
define(di,binary, forall([x,y,t], di(x+y,t)=di(x,t)+di(y,t)),

forall([integer(a),x,t], di(a*x,t)=a*di(x,t)),

forall([x,y,t], di(x*y,t)=di(x,t)*y+x*di(y,t)),

forall([x,y,z,t], di(x*y*z,t)=di(x*y,t)*z+x*di(y*z,t)+y*di(z*z)),

forall([integer(n),x,t], di(x"n,t)=n*x"(n-1)*di(x,t)));
h:=di(rel,t);
hh:=expand (subs ({seq(di(pili],t)=diffgl[i],i=1..5)},h));
normalform(hh,{rel},eliorder[vars],op(eliorder));
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Further Reading

A lot of people have explored how Computer Algebra methods are useful for the qualita-
tive study of differential equations. Of course qualitative study means something different
than looking for closed form solutions as done in symbolic computations based on differ-
ential Galois theory. Lie symmetry analysis is the second traditional branch of Computer
Algebra methods for partial differential equations. In contrast to these algebraic compu-
tations the combination of Computer Algebra in the qualitative study within dynamical
systems often restricts to the use of linear algebra techniques although in some cases ad-
vanced Lie group theory is involved. However, we mention the symbolic manipolations
in the context of Birkhoff normal forms, center manifold reductions, and related topics
(28, 43, 44, 45, 60, 64, 65, 82, 119, 126, 140], [144, 151, 158, 159, 172, 181, 189]. This list
is far from being complete.

The most important link of dynamics to Computer Algebra is that to Computational
Algebraic Geometry. Obviously, the steady state solutions x(t) = z¢o € R™ of & = f(x)
where the right hand side f is polynomial form a real variety. Thus the Grobner basis
method of Chapter 1 is applicable. Many other questions indirectly lead to the study of
varieties.

i.) How many limit cycles may a polynomial vector field in the plane have? One
attempt to this question is the study of bifurcation of this special trajectories at a point
where the linearization has eigenvalues +i. Typically the degenerate situation is studied
with the help of Liapunov functions which help to investigate the stability of this special
point. Requiring multiple bifurcation of periodic orbits leads to a system of polynomial
equations in the coefficients of the vector field and the coefficients in the ansatz of the
Liapunov function. Because of the nature of the question the only way to solve this system
of equations is by Computer Algebra, see [131]. For more computations in this direction
see [51, 93, 156, 169].

ii.) In [101] normal forms of reversible discrete systems are investigated exploiting the
combination of Grobner bases with a factorizer. With factorization the ideal is decom-
posed as intersection of other ideals which almost gives the primary decomposition.

iii.) In [124] a bifurcation problem being equivariant with respect to a group G is
investigated for cases where the equivariant branching lemma by Vanderbauwhede [185]
does not apply because the fixed point space with respect to a subgroup does not have
dimension 1. For multidimensional fixed point spaces a blow up is performed leading to a
different polynomial system. Blow up technique is a method from algebraic geometry in
order to study singularities. The introduction of another variable transports the study of
the affin object into projective space. Solvability and nonsingular Jacobian (application of
the Theorem of Implicit Functions) guarantees the existence of bifurcating branches. Since
the system is small, Grébner bases are well suited. Especially the degeneracy conditions
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are computed, see [124].

The second point I like to mention is the combination of numerics and symbolic com-
putation.

i.) The most elementary point is to use the C-Code generator in order to produce
the differential equations as numerical source Code, see [120] for multibody system.
The same group of people came up with a symbolic-numerical method for the detec-
tion and computation of bifurcation of special trajectories of & = f(x) called periodic
orbits (z(t +T) = z(t),V t), especially of higher codimension. The bifurcation depends
on the coefficients of the Taylor polynomial approximation of the Poincaré map. The
Poincaré map is a mapping in the phase space. A surrounding of a point on the orbit
which is a transverse intersection with the orbit is mapped onto this surrounding. The co-
efficients of the Taylor expansion of the Poincaré map satisfy itself a system of differential
equations which is solved numerically. But the explicit form of the differential equation
for the coefficients involve higher order derivatives of the right hand side f of the original
system. Setting up this system is a typical task of Computer Algebra, see [113, 114]. Of
course this method is restricted to rather small systems.

ii.) Much more algebraic computations are performed in Symcon [75, 68, 69] where
the group-theoretical computations automate the numerical investigation of steady states
and their bifurcations of parameter dependent equivariant systems. Since the group ac-
tion forces eigenvalues to be multiple the symmetry must be exploited in the numerical
determination of bifurcation points. Computer Algebra automates the exploitation of
symmetry. The underlying data basis of Symcon consists of group tables for some small
finite groups (Zs, D3, Dy, A4, Sy etc.) and their irreducible representations (group actions
which cannot be decomposed). The problem independent part computes the subgroup lat-
tice, group homomorphisms, conjugate groups, normalizers and the bifurcation subgroups
which describe the symmetry of generically bifurcating branches of equilibria. Then the
equivariant system is prepared for the numerical algorithm. The isotropy subgroups de-
scribe the possible symmetry of equilibria. They are determined using the trace formula
for multiplicities of irreducible representations [54, 171]. This algorithmic determination
of isotropy subgroups is given in Algorithm 3.1.2. The numerical treatment necessitates
even more functions such as the restriction to the fized point subspaces and the evaluation
of the Jacobian blocks, monitor functions, offset directions for handling of bifurcation
points. They are generated by the Computer Algebra part in a C-Code file. This means
that the symbolic part produces the numerical algorithm. Nevertheless, Symcon has often
been misunderstood as a purely numerical algorithm.

In Chapters 3 and 4 we have seen that algorithmic invariant theory is a powerful
tool in equivariant dynamics. In [27] algorithmic invariant theory is used in symmetric
bifurcation theory, especially in [125] problems of mode interactions are studied. Another
example is [76].

Finally, I like to present literature on using singularity theory within bifurcation theory
and algorithmic approaches therein. The unfolding of bifurcation problems of higher
codimension is investigated by inspecting the linearization of the family of bifurcation
problems, the so-called tangent space. See [86, 87] for an introduction to singularity theory
and bifurcation theory. The codimension of the tangent space in the full space of germs
means the number of parameters which are required in order to unfold the bifurcation
problem to the generic situation. With Grobner bases the codimension of an ideal in
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the ring is easily determined. This fact was first used in [6]. A different approach has
been used in [76]. Instead of starting with a bifurcation problem one starts with spaces
which might be possible tangent spaces and deduces from this the associated bifurcation
problems. Grébner bases help to classify the possible tangent spaces.

However, instead of Grobner bases the standard bases for ideals in local rings (such as
the ring of formal power series) are much more suitable for bifurcation theory. Standard
bases bases for K[z1,..., %], 4. and other local rings are implemented in Singular
[90]. A nice introduction is given in Chapter 4 of [42]. For example in [21] this is used
for studying unfoldings of Hamiltonian systems. In [133] Lunter improves the techniques
of standard bases since in his study of a singularity in a Hamiltonian system he needs to
compute the codimension of a direct sum of an ideal, an algebra, and a module. Thus he
needed to generalize SAGBI-bases of algebras to the local case. Secondly, he adjusts the
theory of Grobner bases, standard bases, SAGBI bases altogether to this particular case.

I am looking forward to learning more on useful application of Computer Algebra to
the theory of dynamical systems.
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